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Graphical Abstract

1. Introduction

4-Amino-6-(1H-benzimidazol-2-ylsulfanyl)benzene-1,3-dicarbonitrile derivatives are created by modifying the parent
compound's structure while retaining its core chemical framework.The target compounds, 4-amino-6-(1H-benzimidazol-2-
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ylsulfanyl)benzene-1,3-dicarbonitrile derivatives, possess structural features that are often associated with biological
activity'. The presence of the benzimidazole moiety is known for its diverse pharmacological properties.

Benzimidazoles are a type of nitrogen containing heterocyclic molecules in which a benzene ring is fused to the 4 and 5
positions of an imidazole ring, also known as 1H-benzimidazole or 1,3-benzodiazole. It has been demonstrated that the
functional group present in the benzimidazole molecule has a significant impact on the molecule's physical and chemical
properties’. Benzimidazole is an important heterocyclic template for significant research in chemical sciences due to their
well-known uses and fascinating biological activity profile>®. Benzimidazole is thought to be a physiologically active
molecule with a wide range of biological properties, including antimicrobial®'3, anti-HIV'#"7, anti-inflammatory and
analgesic'® 20, antioxidant?*23, anticancer?*~%°, anti-diabetic?’, and anti-malarial>*2%,

The biological activity of benzimidazole derivatives is affected by both the type of substituent and the position at which
it is linked to the benzimidazole ring?’. The mechanism for the biological activity of benzimidazole derivatives is complex
and varies depending on the specific compound and its intended use. The electron-rich nitrogen heterocycles of
benzimidazole could readily accept or donate protons and offer an advantage for it to bind with a broad spectrum of
therapeutic targets, thereby exhibiting wide-ranging pharmacological activities?®. The presence of nitro-groups in organic
molecules often enhances cycloaddition®** and additive bioactivity functions**3°as they demonstrate vast efficacy in
fighting bacteria, fungus, and parasites®’. Benzimidazole inhibits protein synthesis in microbes because benzimidazole has
structural similarity with purine®. The benzimidazole pharmacophore resembles naturally occurring purine nucleotides and
exerts its biological activity through targeting specific molecules or non-gene-specific strategies”. The physical and
chemical properties of imidazoles and benzimidazoles, which are potential starting materials for a large number of important
chemicals, are currently being actively studied’. Benzimidazole compounds that are sold as pharmaceuticals include
albendazole, omeprazole, pantoprazole, lansoprazole, rabeprazole, and tenatoprazole, as well as etonitazine, galeterone,
mavatrep, and dovitinib **#°, Benzimidazole is a favoured structure found in a variety of compounds with diverse biological

functions, and it represents a number of important classes in drug discovery*'~¢.

In general, the synthesis of 2-substituted benzimidazoles involves treating 1,2-phenylenediamines with carboxylic acids
or their derivatives under intensely acidic conditions, which are sometimes paired with extremely high temperatures*”45.
These compounds are frequently produced by oxidatively combining phenylenediamines with aldehydes utilizing a variety
of oxidative and catalytic reagents as well**.Despite the effectiveness of the aforementioned conditions in promoting the
reaction, they often involve homogeneous catalysts, and several of these methods exhibit one or more drawbacks. These
drawbacks may include the use of stoichiometric or excessive amounts of reagents, the high cost of catalysts, extended
reaction times, the occurrence of multiple side reactions, stringent reaction conditions, challenges in separating products
from the reaction mixture, and the strong oxidizing nature of the reagents®°.

In light of benzimidazole's extensive pharmacological applications®® and the need for an environmentally friendly
process, this study constructed ten new 4-Amino-6-(1H-benzimidazol-2-ylsulfanyl)benzene-1,3-dicarbonitrile derivatives
(4a-j) using ZnONPs as a catalyst in the synthetic route. The ZnONPs catalyzed approach offers advantages such as mild
reaction conditions, eco-friendly and high yields as reported by number of reasearchers*->!* Following the synthesis, a
comprehensive evaluation of the pharmacological properties of the synthesized compounds was performed. This included
investigating their potential antimicrobial, anticancer, and anti-diabetic activities. Additionally, we conducted
computational studies utilizing molecular docking, ADMET and DFT studies to gain insights into the binding modes and
interactions of these compounds with specific target proteins.

In this study, we carried out the synthesis of 4-amino-6-(1H-benzimidazole-2-ylsulfanyl) benzene-1,3-dicarbonitrile
derivatives 4(a-j) through one pot reaction. Initially 10mL1:1(v/v) EtOH-H>O was taken in a round bottom flask, an
aldehyde(10mmol)(1) and propanedinitrile (20mmol)(2) added to start the reaction with stirring in presence of catalyst
ZnONPs. The mixture was stirred at room temperature for 1 minute and then the substituted thiol (10mmol)(3)was added,
refluxed for 2 hours® to get the desired solid product. The ZnO nanoparticle was synthesized according to the reported
procedure by Davood Raoufi*® The reaction pathway involved in the synthesis of target compounds (4a-j) has been given
in scheme 1.
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Scheme 1. Synthesis of 4-amino-6-(1H-benzimidazol-2-ylsulfanyl)benzene-1,3-dicarbonitrile derivatives 4(a-j).
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2. Results and Discussion
2.1. Synthesis

2.1.1.  Synthesis of 2-amino-4-(2,4-dichlorophenyl)-6-((6-methoxy-1H-benzo[d]imidazol-2-yl)thio)  pyridine-3,5-
dicarbonitrile(4a)

In a 100 mL round bottom flask containing 10 mL 1:1(v/v) EtOH/H0, the 2.,4-dichlorobenzaldehyde (10 m mol) (1),
propanedinitrile(20m mol) (2), catalyst (ZnO NPs) were added with stirring at room temperature for Imin then 6-methoxy-
1H-benzimidazole-2-thiol(10mmol)(3) was added and refluxed for 2hr to afford a solid compound (4a).

Yield: 98%.Light brown solid; mp: 158-160°C.IR(KBr, v cm) ;3101(N-H), 3048(Ar-CH), 2226(C=N), 1619(C=C),
1578(C-0); '"H NMR (400 MHz, DMSO-ds, § ppm):3.32(s, 3H, OCH3), 6.66-6.73(m, 3H, ArH), 7.03(d, J=8Hz 1H, Ar-H),
7.71(dd, J/=8Hz J,=8Hz 1H, Ar-H,),7.92-8.63(m, 1H,Ar-H , 2H, NH,), 12.37(1H, NH)."3C NMR (100 MHz, DMSO-d6, &
ppm):55.50(0OCH3), 87.00(C-CH), 94.42, 109.6(C-N), 109.9, 112.1, 113.3, 126.3, 128.2, 128.5, 130.0, 130.8(C=C), 133.0,
135.3, 138.7(C-S), 155.7(C-NH,), 156.6, 167.7(C=0).LCMS: m/z 467[M+1].Anal. Cald. For C,H;3CL,NsOS Found:
C;56.66, H;2.81, N;15.02% Found: C;56.60, H;2.80, N;15.01%

2.1.2.  Synthesis of  2-amino-4-(1H-indol-3-yl)-6-((6-methoxy-1H-benzo[d]imidazol-2-yl)thio) pyridine-3,5-
dicarbonitrile(4b)

In a 100 mL round bottom flask containing 10 mL 1:1(v/v) EtOH/H,0, the 1H-indole-3-carbaldehyde (10 m mol) (1),
propanedinitrile(20m mol) (2), catalyst (ZnO NPs) were added with stirring at room temperature for I min then 6-methoxy-
1H-benzimidazole-2-thiol(10mmol) (3) was added and refluxed for 2hr to afford a solid compound (4b).

Yield: 96%.Light yellow solid; mp: 208-210°C.IR (KBr, v cm™) ;2949(N-H), 2886(Ar-CH), 2216(C=N), 1633(C=C),
1590(C-0);'H NMR (400 MHz, DMSO-dg, 6 ppm):3.34(s, 3H, OCH3), 6.67-6.74(m, 2H, ArH), 7.03(d,J=8Hz 1H, Ar-H,),
7.38(m, 2H, Ar-H, ),7.58(d, J=8Hz 1H, Ar-H,), 8.53-8.71(1H,Ar-H , 2H, NH,), 12.72(s, 1H,NH).3*C NMR (100 MHz,
DMSO-d6, 6 ppm): 55.51(OCHs), 69.26, 84.9(C-CH), 94.4, 109.6(C-N), 109.9, 110.9, 113.0, 115.8, 115.9, 119.0, 122.5,
123.9, 126.3, 126.6, 133.0(C=C), 133.2, 136.1(C-S), 152.5, 155.7(C-NH>), 167.7(C=0).LCMS: m/z 437[M+1].Anal. Cald.
For C4H¢N¢OS C;56.66, H;2.81, N;15.02% Found: C;56.60, H;2.80, N;15.01%.

2.1.3.  Synthesis of  2-amino-6-((6-methoxy-1H-benzo[d]imidazol-2-yl)thio)-4-(3-nitrophenyl) pyridine-3,5-
dicarbonitrile(4c)

In a 100 mL round bottom flask containing 10 mL 1:1(v/v) EtOH/H,O, the 3-nitrobenzaldehyde (10 m mol) (1),
propanedinitrile (20m mol) (2), catalyst (ZnO NPs) were added with stirring at room temperature for Imin then 6-methoxy-
1H-benzimidazole-2-thiol(10mmol) (3) was added and refluxed for 2hr to afford a solid compound (4¢)

Yield:  97%.Light  brown  solid; mp: 148-150°CIR  (KBr, v cm™');3120(N-H),  3081(Ar-CH),
2228(C=N),1641(C=C),1572(C-0);'H NMR (400 MHz, DMSO-d¢, & ppm):3.41(s, 3H, OCH3), 6.67-6.73(m, 2H, ArH),
7.03(d,J=8Hz 2H, Ar-H,), 7.89(t,J=8Hz 1H,Ar-H,),8.32(d,/=8Hz 1H, Ar-H,),8.47-8.73(m, 1H, Ar-H, 2H, NH, ),12.39(s,
1H,NH)."3C NMR (100 MHz, DMSO-d6, & ppm):55.44(OCH3), 84.82(C-CH), 94.40, 109.6(C-N), 109.9, 112.5, 113.6,
124.7, 126.3, 127.8, 131.0(C=C), 132.38, 133.0, 135.8(C-S), 147.9, 155.7(C-NH,), 159.1, 167.7(C=0).LCMS: m/z
443[M+1].Anal. Cald. ForC,H;405S C;56.66, H;2.81, N;15.02% Found: C;56.60, H;2.80, N;15.01%.

2.1.4.  Synthesis of 2-amino-4-(3-(benzyloxy)phenyl)-6-((6-methoxy-1H-benzo[d]imidazol-2-yl)thio)  pyridine-3,5-
dicarbonitrile(4d)

In a 100 mL round bottom flask containing 10 mL 1:1(v/v) EtOH/H,0, the 3-(benzyloxy)benzaldehyde (10 mmol) (1),
propanedinitrile (20mmol) (2), catalyst (ZnO NPs) were added with stirring at room temperature for Imin then 6-methoxy-
1H-benzimidazole-2-thiol(10mmol) (3) was added and refluxed for 2hr to afford a solid compound (4d)

Yield:  98%.Light yellow  solid; mp: 138-140°CIR  (KBr, v cm™);3300(N-H),  3060(Ar-CH),
2224(C=N),1621(C=C),1567(C-0);'H NMR (400 MHz, DMSO-d¢, 8 ppm):):3.71(s, 3H, OCH3), 5.13(s,2H, CH>), 6.65-
6.71(m, 3H, ArH), 7.01(d,J=8Hz1H, Ar-H,), 7.49-8.46(m, 4H, Ar-H, 2H, NH,),12.37(s, 1H,NH)."*C NMR (100 MHz,
DMSO0-d6, 6 ppm):55.50(0OCH3), 69.54, 81.88(C-CH), 94.41, 109.6(C-N), 109.9, 113.1, 114.1, 116.3, 120.8, 123.0, 126.3,
127.8, 128.0, 128.4, 130.7(C=C), 132.4, 133.0, 136.3(C-S), 155.7(C-NH,), 158.5, 161.2, 167.7(C=0).LCMS: m/z
504[M+1].Anal. Cald. ForC»,H4sN¢O3S C;56.66, H;2.81, N;15.02% Found: C;56.60, H;2.80, N;15.01%.
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2.1.5.  Synthesis of  2-amino-4-(4-fluorophenyl)-6-((6-methoxy-1H-benzo[d]imidazol-2-yl)thio) pyridine-3,5-
dicarbonitrile(4e)

In a 100 mL round bottom flask containing 10 mL1:1(v/v) EtOH/H,O, the 4-fluorobenzaldehyde (10 m mol) (1),
propanedinitrile (20mmol) (2), catalyst (ZnO NPs) were added with stirring at room temperature for Imin then 6-methoxy-
1H-benzimidazole-2-thiol(10mmol) (3) was added and refluxed for 2hr to afford a solid compound (4e)

Yield:  97%.Light  yellow  solid; mp:  148-150°CIR  (KBr, v  cm™);3300(N-H), 3059(Ar-CH),
2228(C=N),1639(C=C),1575(C-0);'H NMR (400 MHz, DMSO-ds, & ppm):):3.75(s, 3H, OCH3), 6.68-6.74(m, 2H, ArH),
7.03(d,J=8Hz,1H, Ar-H,), 7.49(t,J=8Hz, 2H,Ar-H,), 8.04-8.53(3H, Ar-H, 2H, NH>),12.35(1H,NH).!*C NMR (100 MHz,
DMSO-d6, 6 ppm): 55.50(OCH3), 81.12(C-CH), 94.41, 109.6(C-N), 109.9, 113.1, 114.1, 116.7, 117.0, 126.3, 127.9, 128.0,
133.0(C=C), 133.46, 133.56(C-S), 155.7(C-NH,), 160.1, 163.8, 166.4, 167.7(C=0).LCMS: m/z 416[M+1].Anal. Cald. For
C2H14FN;sOS C;56.66, H;2.81, N;15.02% Found: C;56.60, H;2.80, N;15.01%.

2.1.6.  Synthesis  of  2-amino-4-(2,4-dichlorophenyl)-6-((6-methyl-1H-benzo[d]imidazol-2-yl)thio)  pyridine-3,5-
dicarbonitrile(4f)

In a 100 mL round bottom flask containing 10 mL 1:1(v/v) EtOH/H,0, the 2,4-dichlorobenzaldehyde (10 m mol) (1),
propanedinitrile (20mmol) (2), catalyst (ZnO NPs) were added with stirring at room temperature for 1min then 6-methyl-
1H-benzimidazole-2-thiol(10mmol) (3) was added and refluxed for 2hr to afford a solid compound (4f)

Yield:  98%.Light  yellow  solid;  mp: 158-160°C.IR  (KBr, v cm);3429(N-H),  3098(Ar-CH),
2220(C=N),1688(C=C),1580(C-0);'H NMR (400 MHz, DMSO-d¢, & ppm):2.34(s, 3H, CH3), 6.98(dd, J;=8Hz, J,=8Hz,
3H, ArH), 7.72(dd,J;=8Hz, J,=8Hz, 2H, Ar-H), 8.05(d, J=8Hz 2H, Ar-H), 8.64(s, 2H, NH>), 12.42(s,1H, NH)."*C NMR
(100 MHz, DMSO-d6, & ppm):20.9(CH3), 87.1(C-CH), 94.41, 109.1(C-N), 109.6, 112.2, 113.3, 123.2, 128.3, 128.6, 130.0,
130.2, 130.3, 131.0, 131.6, 135.3(C=C), 138.7(C-S), 156.7(C-NH,), 167.6(C=0).LCMS: m/z 451[M+1].Anal. Cald. For
CH3CLNsS C;56.66, H;2.81, N;15.02% Found: C;56.60, H;2.80, N;15.01%.

2.1.7.  Synthesis of 2-amino-4-(1H-indol-3-yl)-6-((6-methyl-1 H-benzo[d]imidazol-2-yl)thio)pyridine-3, 5-
dicarbonitrile(4g)

In a 100 mL round bottom flask containing 10 mL 1:1(v/v) EtOH/H,O, the 1H-indole-3-carbaldehyde (10 m mol) (1),
propanedinitrile (20mmol) (2), catalyst (ZnO NPs) were added with stirring at room temperature for 1min then 6-methyl-
1H-benzimidazole-2-thiol(10mmol) (3) was added and refluxed for 2hr to afford a solid compound (4g)

Yield: 97%.Light yellow solid; mp: 219-220°C.IR (KBr, v em') ;3277(N-H), 2995(Ar-CH), 2220(C=N), 1602(C=C),
1565(C-0);'H NMR (400 MHz, DMSO-de, & ppm):2.34(s, 3H, CHs), 6.98(dd, J,=8Hz, J,=8Hz, 1H, ArH), 7.047 to
7.60(m,7H, Ar-H), 7.36(m, 2H, Ar-H, ), 8.51(s, 2H, NH,), 12.43(s, 1H, NH).*C NMR (100 MHz, DMSO-d6, &
ppm):20.9(CH3),87.1(C-CH), 109.1(C-N), 109.6, 110.0, 113.0, 115.9, 116.0, 119.0, 122.6, 123.2, 124.0, 126.7, 130.2,
131.6, 132.5, 133.2(C=C), 136.1(C-S), 152.5(C-NH,), 167.7(C=0).LCMS: m/z 421[M+1].Anal. Cald. For C2sH;eN¢S C;
56.66, H;2.81, N;15.02% Found: C;56.60, H;2.80, N;15.01%.

2.1.8.  Synthesis of 2-amino-6-((6-methyl-1H-benzo[d]imidazol-2-yl)thio)-4-(3-nitrophenyl)pyridine-3,5-
dicarbonitrile(4h)

In a 100 ml round bottom flask containing 10 ml 1:1(v/v) EtOH/H>O, the 3-nitrobenzaldehyde (10 m mol) (1),
propanedinitrile(20m mol) (2), catalyst (ZnO NPs) were added with stirring at room temperature for 1min then 6-methyl-
1H-benzimidazole-2-thiol(10mmol) (3) was added and refluxed for 2hr to afford a solid compound (4h)

Yield:  98%.Light brown solid; mp: 128-130°C.IR  (KBr, v cm'); 3377(N-H), 3080(Ar-CH),
2951(C=N),1601(C=C),1527(C-0);'H NMR (400 MHz, DMSO-ds, 8 ppm):2.33(s, 3H, CH3), 6.95(m, 1H, ArH), 7.96(t,
J=8Hz 2H, Ar-H), 8.39(d, J=8Hz 2H,Ar-H), 8.32(d, J=8Hz 2H, Ar-H),8.77(s, 2H, NH; ),12.38(s, 1H,NH)."*C NMR (100
MHz, DMSO-d6, & ppm): 20.9(CH3), 84.8(C-CH), 109.1(C-N), 109.6, 112.6, 113.6, 123.1, 123.9, 124.8, 127.9, 128.5,
130.2, 130.9, 131.1, 131.6, 132.4, 132.4(C=C) 134.9, 135.8(C-S). 147.9, 159.2(C-NH,), 167.7(C=0). LCMS: m/z
426[M+1].Anal. Cald. For C22H14N¢OS C;56.66, H;2.81, N;15.02% Found: C;56.60, H;2.80, N;15.01%.

2.1.9.  synthesis of 2-amino-4-(3-(benzyloxy)phenyl)-6-((6-methyl-1 H-benzo[d]imidazol-2-yl)thio)pyridine-3, 5-
dicarbonitrile(4i)

In a 100 mL round bottom flask containing 10 mL 1:1(v/v) EtOH/H,0, the 3-(benzyloxy)benzaldehyde (10 m mol) (1),
propanedinitrile(20m mol) (2), catalyst (ZnO NPs) were added with stirring at room temperature for 1min then 6-methyl-
1H-benzimidazole-2-thiol(10mmol) (3) was added and refluxed for 2hr to afford a solid compound (4i)
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Yield:  97%.Light  yellow  solid;  mp: 138-140°C.IR  (KBr, v cm');3399(N-H), 3033(Ar-CH),
2958(C=N),1639(C=C),1572(C-0);'H NMR (400 MHz, DMSO-ds, & ppm):):2.30(s, 3H, CH3), 3.41(s,2H, CHy), 7.54(m,
2H, ArH), 7.27(m, 5H, Ar-H), 7.56(d, J=8Hz, 2H, Ar-H), 8.00(d, J=8Hz ,2H, Ar-H), 8.52(s, 1H, Ar-H), 8.66(s, 2H,
NH,),(12.41(s,1H,NH).}*C NMR (100 MHz, DMSO-d6, § ppm): 20.9(CH3), 69.5, 81.8(C-CH), 94.40, 109.1(C-N), 109.6,
113.1,114.1, 116.3, 120.8, 123.0, 123.1, 127.8, 128.0, 128.5, 130.2, 130.7, 131.6, 132.4(C=C), 136.3(C-S), 158.5(C-NH,),
161.2, 167.7(C=0).LCMS: m/z 487[M+1].Anal. Cald. For C23H20N¢OS C;68.83, H;4.13, N;17.20, 0;3.27, S;6.56% Found:
C;68.73, H;4.10, N;17.10, O;3.20, S;6.50%.

4.2.2.  synthesis of 2-amino-4-(4-fluorophenyl)-6-((6-methyl-1H-benzo[d]imidazol-2-yl)thio) pyridine-3,5-
dicarbonitrile(4j)

In a 100 mL round bottom flask containing 10 mL 1:1(v/v) EtOH/H,O, the 4-fluorobenzaldehyde (10 m mol) (1),

propanedinitrile (20mmol) (2), catalyst (ZnO NPs) were added with stirring at room temperature for 1min then 6-methyl-
1H-benzimidazole-2-thiol(10mmol) (3) was added and refluxed for 2hr to afford a solid compound (4j)
Yield:  98%.Lighty  yellow solid; mp: 148-150°C.IR  (KBr, v cm');3110(N-H),  3059(Ar-CH),
2235(C=N),1630(C=C),1595(C-0);'H NMR (400 MHz, DMSO-d¢, 6 ppm) :2.34(s, 3H, CH3), 6.97(m, 3H, ArH), 7.50(m,
2H, Ar-H), 8.05(m, 2H,Ar-H), 8.54(s, 2H, NH,), 12.42(s,1H,NH)."*C NMR (100 MHz, DMSO-d6, & ppm):20.34(CHs),
81.1(C-CH), 109.1(C-N), 109.60, 113.1, 114.1, 116.8, 117.0, 123.1, 128.0, 130.2, 131.6, 132.4, 133.5(C=C), 133.6(C-S),
160.1(C-NH>), 163.9, 166.4, 167.7(C=0).LCMS: m/z 399[M+1].Anal. Cald. ForC»H4FNsS C;56.66, H;2.81, N;15.02%
Found: C;56.60, H;2.80, N;15.01%.

2.2. Chemistry

The possible mechanism for some new4-amino-6-(1H-benzimidazol-2-ylsulfanyl)benzene-1,3-dicarbonitrile
derivatives4(a-j) as shown in Scheme 1.1.%All the obtained derivatives are represented in Fig. 1.

)
(N Q k’\{\\
~ _.Zn0 HK\)—-NH CN
e A en Ho O HN
w)( ;, - N N
CcN @[ ys on
N
H

|

W, [2n0

NH, (N
Qi Qs
A A AR

N">s N~ s
H CN H CN
T l -Zn0
NH

H\
NH, NH
N H\A\ CN N HN oN
e Ny LN
I L W
N ST N7 s H &
H CN H CN

Scheme 1.1: General mechanism of synthesis of 4-amino-6-(1H-benzimidazol-2-ylsulfanyl)benzene-1,3-dicarbonitrile
derivatives
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Fig. 1. 4-amino-6-(1H-benzimidazol-2-ylsulfanyl) benzene 1,3 dicarbonitrile derivatives 4(a-j)
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2.3. Pharmacological activities
2.3.1.  Anti- microbial activity

All the synthesized compounds were evaluated for their in vitro antimicrobial activity against two bacterial strains
(Staphylococcus aureus MTCC-7443 and Escherichia coli MTCC-7410), as well as two fungal species (4spergillus flavus
MTTC-9606 and Pichia anomala MTCC-237) and results are tabulated in Table 1. Zone of inhibition for different
microorganisms was recorded for all the compounds at concentrations 20, 40, 60 and 80pg; Rifampicin (30pg) and
fluconazole (30pg) served as a positive control against bacteria and fungi respectively while DMSO as a negative control.
In this study, zone of inhibition values of the studied compounds were investigated to detect their antibacterial and antifungal
activities, and thus to determine the sensitivity of the microorganisms. The antimicrobial properties of the synthesized
derivatives (4a-j) are tabulated in Table 1. It was found that compounds 4¢ and 4h were exhibited higher antimicrobial
effect against all the strains of bacteria and fungi (S. aureus, E. coli, A. flavus and P. anomala) compared to other compounds
and equivalent to standard antibiotic at higher concentration of 80pg. It was noticed that S. aureus, E. coli, A. flavus and P.
anomala found to be resistant to compounds 4b, 4e, 4i and 4j at different concentrations (20, 40, 60 and 80pg). All other
compounds exhibited significantly lesser antimicrobial effects than the standard antibiotic rifampicin and fluconazole (p
value <0.01). Since the late 1990s and early 2000s, the antibacterial potential of the benzimidazole moiety has been widely
explored, and numerous compounds have showed significant antimicrobial activity due to the presence of electron
withdrawing groups®’. The benzimidazole scaffold which present in these derivatives contributes to their antimicrobial
properties>’

Table 1. Antimicrobial activities of the synthesized compounds 4(a-j)

Sl. Sample Name Conc.ug S. aureus E. coli A. flavus P. anomala
40 5.33+£0.58" 0+0 5.33+0.58" 0+ 0
1 4a 40 5.3310.58: 0+0 5,3310.58: 00
60 9.33+0.58 5.33+0.58 9.33+0.58 0+0
30 10.67+1.15" 7.67+0.58 10.67+1.15" 0+0
) b 60 0+0 5.33+0.58 0+0 0+0
80 0+0 6.67+0.58 0+0 0+0
20 5.67+0.58" 6.33+0.58 5.67+0.58" 0+0
3 e 40 10.33+0.58" 10.67+0.58" 10.33+0.58" 0+0
60 12.3340.58* 13.3340.58* 12.33+0.58* 6.33 +£1.52%
80 13.67+0.58* 15.67+0.58* 13.674+0.58* 10.33 +1.52*
40 0+0 5.33+0.58%* 0+0 0+0
4 4d 60 5.33+0.58* 6.33+0.58%* 5.33+0.58* 0+0
80 6.67+0.58* 8.33+0.58* 6.67+0.58* 0+0
5 e 60 0+0 6.33+0.58%* 0+0 0+0
80 0+0 7.33+0.58* 0+0 0+0
20 5.3340.58%* 5.67+0.58%* 5.33+0.58 0+0
g 4h 40 7.67+0.58%* 7.67+0.58%* 7.67+0.58%* 5.66 +0.57*
60 9.3340.58%* 9.67+0.58%* 9.33+0.58* 10.33 £ 1.52*
30 12.67+0.58* 12.67+0.58* 12.67+0.58* 13.33 £ 1.15
9 4i 80 0+0 7.33+0.58* 0+0 00
10 4 60 0+0 7.67+0.58%* 0+0 0+0
80 0+0 10.33+0.58* 0+0 0+0
Rifampicin 30 2533+1.15 25.33+£0.57 - -
Fluconazole 30 -- - 14.33 £0.57 12.33 £0.57

* *p value <0.001 for test compounds Vs standard antibiotics; n=3;

2.3.2.  Invitro a-amylase inhibitory activity

All the synthesized compounds 4(a-j) were screened for in vitro a-amylase inhibitory activity using different
concentrations (20, 40, 60, 80 and 100 pg/mL) and acarbose was used as a standard for comparison. The a-amylase enzyme
activity results revealed that, obtained compounds among all the derivatives 4a and 4c¢ possessed highest inhibition
efficacies of 56.36% and 67.82% respectively with respect to their concentration at 100pug/mL as compared to standard at
same concentration (90.11%). Fig. 2 exhibits the percent inhibition of different compounds with varying concentrations
(20, 40, 60, 80 and 100 pg/mL). The potencies of ICsg values varying from 0 to 166.57+3.63ug/mL.Among all compounds,
4g, 4i and 4jexhibited no inhibition and compound 4c¢ exhibited good ICsovalueof 72.59+2.25 pg/mLas compared to
standard drug acarbose (52.33+1.89ug/mL) (Fig. 3). The results are shown in Table 2. The compounds 4a and 4¢ show
excellent a-amylase inhibitory activity. The presence of electron withdrawing nitro and chloro groups in their ring structure
may be the possible reason for the admirable anti-diabetic activity. These structural features can potentially interact with
the active site of a-amylase, interfering with its catalytic activity and inhibiting the breakdown of carbohydrates’®.
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o ® 20(ug/mL)

W 40(pg/mL)
67.82 = 60(pg/mL)
B 80(pug/mL)
m 100(pg/mL)

56.36

42.70
39.09

36.89

Percentage inhibition (%)

Acarbose 4a 4b 4c 4d 4e 4f 4g 4h 4i 4j

. J

Fig. 2. In vitro a-amylase inhibitory activity of the synthesized derivatives4 (a-j)-A graph of % inhibition of synthesized
compounds at different concentration

Table 2. a-amylase enzyme activity results of the synthesized compounds4(a-j)

Concentration (pg/mL)
Sample 20 40 60 30 100 (o)
Acarbose 19£1.27 37.83+2.98 57.77+3.77 75.2+£3.27 90.11£2.77 52.33+1.89
4a 8.16+0.91" 22.92+1.13" 36.89+0.91" 47.57+0.98" 56.36+1.06" 83.4+3.40"
4b 1.73£1.06" 10.83+1.27° 22.14+0.70" 33.91+0.49" 42.7+0.63" 110.41+3.41°
4c 11.77+0.32" 28.89+1.27" 39.09+0.63" 53.85+0.63" 67.82+1.13" 72.59+2.25"
4d 0.940.70" 10.05+1.34" 20.41£0.77° 27.94+0.77" 36.89+£1.27 126.75+2.47"
4e 2.04+0.84" 12.4+0.63" 24.33+1.06" 29.51+0.91" 39.09+0.98" 94.37+3.35"
4f 1.26+0.26" 7.69+0.77" 17.11+0.84" 24.49+0.70" 29.83+0.49" 148.88+4.08"
4g 0+0 0+0 0+0 0+0 0+0 0+0
4h 0.78+0.09" 6.75+1.07" 15.86+1.52" 21.19+1.35" 26.37+£1.21° 166.57+3.63"
4i 0+0 0+0 0+0 0+0 0+0 0+0
4j 0=+0 0+0 0+0 0+0 0+0 0+0
Values are Mean +Std, N=3, *P<0.01 vs. Control
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Fig. 3. In vitro a-amylase inhibitory activity of the synthesized compounds 4(a-j)-A graph of ICs, value of compounds
2.3.3. In vitro cytotoxicity
In vitro cytotoxicity was evaluated against the Human liver tumour cell line HepG2. A graph describing the

concentrations versus cell inhibition of the derivatives were plotted (Fig. 4). Doxorubicin was used as reference standard
for comparison. Significantly higher percent of inhibition (86.72+1.08%) was exhibited by compound 4¢ when compared
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to standard doxorubicin at concentration of 50mg/ml (73.82+0.27%). The activity result revealed that, synthesized
compounds exhibited good sensitivity against the Hep G2 cell line with ICso values ranging from 21.12+1.59 to
74.1743.07ug/mL (Figure5). Among them, the compound 4¢ and4h shows significant cytotoxicity effect with good ICsg
value of 21.12+1.59and 28.05+1.48 pg/mL as compared to reference standard doxorubicin (16.62+0.34pug/mL) and the
obtained results were listed in Table 3. Suppression of genotoxic effects, improved antioxidant and anti-inflammatory
activities, suppression of proteases and cell proliferation, protection of intracellular communications to modify apoptosis
and signal transduction pathways may all be part of the preventative strategy*. The compound 4¢ shows significant cytotoxic
effect, due to the presence of electron withdrawing groups in their ring structure, the presence of electron withdrawing group
is assumed to be the key explanation for the compounds' remarkable anticancer activity®.
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Fig. 4. A graph of percentage inhibition of cells by synthesized derivatives 4(a-j) at different concentration against HEP
G2cell line
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Table 3. Percentage of cell inhibition against Hep G2 (Humanliver cancer cell line) cell line results of the synthesized
compounds4(a-j)

Mean percentage inhibition of Hep G2(Human liver cancer cell line)

Sample Concentration (ug/mL) 1Cs
10 20 30 40 50
Standard 16.33+0.98 37.87+1.08 49.234+0.89 59.134+0.47 72.83+0.27 16.62+0.54
4a 17.36+0.53 28.48+0.36 34.96+0.62 44.67+1.00 54.15+0.81 43.84+2.60"
4b 10.23+0.53 20.18+0.36 32.29+0.54 38.8540.17 47.21+0.44 50.43+2.02"
4c 29.80+0.80 47.63+0.26 64.85+0.54 76.26+0.73 86.72+1.08 21.12+1.59"
4d 9.62+0.37 18.72+0.54 30.27+0.54 37.07+1.53 46.18+0.97 51.82+2.58"
4e 3.99+1.11 12.11+0.44 19.80+0.47 25.25+0.67 31.39+0.17 74.17+3.07"
4f 0+0 0+0 0+0 0+0 0+0 0+0
4g 0+0 0+0 0+0 0+0 0+0 0+0
4h 27.87+0.89 38.90+0.62 49.98+0.54 60.96+0.47 77.80+1.00 28.05+1.48"
4i 0+0 0+0 0+0 0+0 0+0 0+0
4j 0+0 0+0 0+0 0+0 0+0 0+0

Standard-Doxorubicin; Values are in Mean £STD, N=3, *P<0.01 vs. Standard
2.4. In silico molecular docking studies

We have screened the synthesized compounds 4(a-j) for in silico molecular docking studies as the study of intermolecular
interactions between synthesized compounds and enzyme are necessary for the development of novel therapeutic
drugs®! . Molecular docking helps to predict the binding modes of the compounds with enzymes. Using HIF alpha as a target
protein, the in vitro anticancer effects of benzimidazole derivatives were validated using in silico molecular docking
simulation studies. HIF-1 functions as a transcription factor, upregulating genes involved in cell survival, angiogenesis,
cancer progression, glucose metabolism, and metastasis, among other things. Currently, 60 putative HIF-1 target genes have
been identified. Furthermore, HIF-1 targets proteins involved in the upregulation of Reactive Oxygen Species (ROS) and
inflammation®. As a result, HIF-1 regulation is regarded as an important therapeutic target in the current study. The binding
energy, number of hydrogen bonds, hydrophobic interactions, and docking score (affinity) of the synthesized compounds
were compared to Axitinib. According to the insilico studies, all of the synthesized compounds have the nearest binding
energy when compared to Axitinib.

Table 4. Docking results of4(a-j) compounds against VEGFR2

Ligand Binding affinity ~ Hydrogen bond ~ Hydrogen Bond Electrostatic Hydrophobic and Other interactions
(kcal/mol) interaction length in A interaction
4a -7.4 ASP1046 2.38 - ARG1027, LEU889, VAL899, VALI16,
ASP1028, HIS1026, LYS868, GLU8SS
4b -7.0 ASP1046, 2.21,2.33,2.58, LYS868 CYS1045, ARG1027, LEU889, VALI16,
GLU885 2.30 ALA866, VAL848, ASP1028, HIS1026
4c 212 ASP1046 2.12 - ARG1027, LEU889, VAL899, VAL9I16,
ASP1028, HIS1026, LY S868, GLU8S5
4d -7.1 GLU88S 2.18 LYS868 CYS1045, ARG1027, LEU889, VAL9I16,
ALAB66, VAL848, ASP1028, HIS1026,
LYS1023
de -71.3 ASP1046 2.36 - CYS1045, ARG1027, LEU889, VALI16,
ALAB866, VAL848, ASP1028, HIS1026,
LYS1023
4f 212 ASP1046, 2.22,2.48 ASP1046, CYS1045, ARG1027, CYS1045, ARG1027,
GLU885 LYS868 LEU889, VAL916, ALA866, VALS4S,
ASP1028, HIS1026
4g =72 ASP1046, 2.63,2.18,2.36 LYS868 CYS1045, ARG1027, LEU889, VALI16,
GLU885 ALAB66, VAL848, ASP1028, HIS1026
4h -7.0 GLUS8s, 2.87,2.58,2.71 LYS868, CYS1045, ARG1027, LEU889, VALI16,
ASP1046 ARG1027 ALAB866, VAL848, ASP1028, HIS1026,
VAL914, ILE892, ILE915
4i -1.8 GLU885, 2.89,2.98,2.53 LYS868, CYS045, VAL899, LEU8S89, ALA66,
ASP1046 ASP1046 VALR48, VALI916, ARG1027, HIS1026,
ILE1025, ILE888
4j -7.0 - - GLU885 LEUS889, LYS868, ARG1027, ASP1046,
HIS1026, LYS868
Axitinib -9.5 ASN923, 2.46,2.55,2.56 CYS1045 PHE1047, VAL899,
CYS919, ALA866,VAL848,LEU1035, LEU840,
PHE921 THR926, ASP1046

Table 4 shows the compounds' binding affinities, hydrogen bonds, and hydrophobic interactions. The binding affinities
of all benzimidazole derivatives ranged from -7.0 to -7.8Kcal/mol. 4i had the highest binding affinity with TNF-, with a
binding energy of -7.8Kcal/mol and 3 hydrogen bonds. CYS045, VAL899, LEU889, ALA866, VAL848, VALII16,
ARG1027, HIS1026, ILE1025 and ILE888 were the most abundant amino acids in hydrophobic interactions. Table 5
depicts the 2D and 3D interactions of ligand and protein. Chronic inflammation is frequently linked to a number of
degenerative diseases, including cancer, diabetes, and cardiovascular disease®.Inhibiting this protein is considered to be a
prominent strategy in treating several types of Cancer®*.
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Table 5. 2D and 3D interactions of ligand and protein
Protein ligand interaction 3D Interaction 2D Interaction
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2.5. DFT studies

Tables 6-8 show theoretically designed optimized structures, E HOMO, E LUMO levels as well as MEP structures.
Table 9 shows their respective energy level values, to provide a direct understanding of their optimized electronic structure.
The frontier orbitals HOMO and LUMO are electron donors and acceptors, respectively. The distribution of red and green
colours in the molecular orbital wave function represented the positive and negative phases. Frontier molecular orbitals
(FMOs) containing the highestoccupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), as
well as the energy gap (AE = EHOMO —ELUMO) were considered to be very effective parameters in chemical quantum
chemistry®. FMOs also delivered important information about chemical reactivity, biological activity and kinetic stability
of the molecules®. The optimized HOMO and LUMO structures of synthesized compounds (4a-j) are shown in Table 6
and 7.

DFT results reveal that, the energy gap (4E) of compounds 4(a-j) in the range 0f 2.84eV to 3.59 eV. In that, the compound
4cshowed less energy gap at 2.84 eV and more softness value(0.70 eV).Hence, compound 4cwas chemically more reactive
compared to other molecules. Also, 4ccompound had more electronegative value of 1.42¢V, due to the presence of an
electron-withdrawing nitro group on phenyl ring. Therefore, it has greater tendency to attract a bonding electron pair
compared to other molecules.A smaller energy gap influences the chemical reactivity and polarizability of the title
molecules®”%°. The low electrophilicity index indicates the less toxicity of the synthesized compounds™.
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Table 6. The optimized molecular structures of compounds 4(a-j)

Structure of optimized molecule

Compounds

Structure of optimized molecule

Compounds

4b

4a

4d

4c

4f

4e

4h

4g

4

4i

Table 7: HOMO LUMO structures of compounds 4(a-j)

Structure of LUMO

Structure of HOMO

Compounds

-~

4a

=
-
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Table 8. MEP structures of compounds 4(a-j)

MEP

Compounds

MEP

Compounds

4g

< 9 D
A -+ <+
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Table 9. The quantum chemical parameters evaluated for 4(a-j) compounds by DFT method B3YLP/6-311++G (d,p)

Electronic parameters 4a 4b 4c 4d 4e 4f 4g 4h 4i 4j
HOMO(eV) -5.93 =575 -5.99 -5.84 -5.89  -621 -6.01 -627 -6.11 -6.18
LUMO(eV) -2.63 -239  -3.14 -2.53 -2.65  -2.67 242 -317 -256 -2.68
Energy gap(eV) 33 335 284 3.31 324 354 359 31 354 349
Dipole moment(D) 6.2 3.51 9.43 4.25 6.13 6.13 444 952 446  6.19
Electro negativity(y) 1.65 1.68 1.42 1.65 1.62 1.77 1.79 1.55 1.77 1.75
Chemical potential(y) -1.65 -1.68  -1.42 -1.65 -1.62 -1.77 -1.79 -1.55 -1.77 -1.75
Chemical Hardness(n) 1.65 1.68 1.42 1.65 1.62 1.77 1.79 1.55 1.77 1.75
Chemical Softness(c) 0.60 0.59  0.70 0.60 0.61 0.56  0.55 0.64 056  0.57
Nucleophilicity Index(N) 1.23 1.19 1.40 1.21 1.23 1.13 1.12 1.29 1.13 1.14
Electrophilicity index(m) 0.81 0.84  0.71 0.82 0.81 088 089 0.77 0.88 0.87
Tonization potential(I) 5.93 5.75 5.99 5.84 589 621 6.01 627  6.11 6.18
Electron affinity(A) 2.63 239 314 2.53 265 267 242 317 256  2.68
Total energy (Hartree) -1649 - -1854 -1689 - - - - - -

2.6. In silico ADMET studies

Physiochemical descriptorswas evaluated through parameters such as molecular weight, number of rotatable bonds, H-
Acceptor, H-Donor, Surface area, LogP, CaCO, Permeability, molecular refractivity, atom counts, Pgp-Inhibitor, HIA (%),
PP-Binding (%), BBB, CYP,Dg (inhibitor), Clearance, Half life and topological polar surface area (TPSA) of synthesized
compounds 4(a-j) and results are tabulated in Table 10.

Table 10. /n silico ADMET screening of designed 4(a-j) molecules

Attributes 4a 4b 4c 4d 4e 4f 4g 4h 4i 4j
Molecular Weight 467 437 443 504 416 451 427 426 487 399
number of rotatable bonds 4 4 5 7 4 3 3 4 6 3
TPSA (A?) 111.51 127.3 120.74 154.65 111.51 102.28 118.07 145.42 111.51 102.28
Molar refractivity 122.51 124.35 119.14 143.26 112.45 120.69 122.53 117.33 141.45 110.63
Total number of atoms 44 48 46 58 44 43 47 45 57 43
H-Acceptor 6 6 8 7 6 5 5 7 6 5
H-Donor 2 3 2 2 2 2 3 2 2 5
Surface area 124.40 437.11 167.54 133.63 124.40 115.17 130.96 158.31 98.38 115.17
Log P 5.09 4.21 3.85 5.11 4.04 5.42 4.51 4.14 5.89 436
CaCO, Permeability -5.07 -5.47 -5.08 -5.14 -4.95 -5.03 -5.44 -5.03 -5.30 -4.95
Pgp-Inhibitor* A - - 4 A - - s + A

HIA (%) - - - - - - - - - -
PP-Binding (%) 101.95 101.17 101.26 101.26 101.48 102.15 101.44 101.40 102.71 101.70
BBB - - - - - - - - - -
CYP2D6 (inhibitor) - + = = ) = + = = =
Clearance 5.86 5.09 6.11 6.02 6.02 6.00 5.20 6.07 6.63 6.24
Half life 0.06 0.19 0.18 0.18 0.09 0.06 0.180 0.18 0.08 0.08

*+=No, - =Yes

Because of the importance of pharmacokinetic features in therapeutic applications, pharmacokinetic estimation is
considered the first stage in the development process. The drug-likeness profiles were calculated using Lipinski's (MW <
500; HBA < 10 and HBD < 5), Ghose's (160 < MW < 480; 40 < MR < 130 and 20 < atoms < 70), Veber's (rotatable bonds
<10 and TPSA < 140), Egan's (TPSA < 131.6), and Muegge (200 < MW < 600; number of aromatic rings < 7)’"""2. Table
11 shows the calculated drug-likeness features of the synthesized compounds. The compound 4d, 4h and 4iviolated more
than one rule which may impact its drug-like properties, whereas rest of the compounds was found to violate not more than
one rule.The Lipinski rule was followed by all the compounds whereas Muegge rule was violated by all the compounds.
These findings indicate that compounds 4a, 4b, 4c, 4e, 4f 4g, and 4j have better drug like characteristics than rest of the
compounds with good bioavailability which obeyed four filters (Lipinski, Ghose, Veber, and Egan) out of five.

Table 11. Drug likeness, of compounds 4(a-j)

L Lipinski Ghose Veber Egan Muegge
Compounds  Lipinski  Ghose  Veber Egan Mucgge #Viglation #violation #violation #Vio%ation #Viola%téi,on
4a Yes Yes Yes Yes No 0 0 0 0 1
4b Yes Yes Yes Yes No 0 0 0 0 1
4c Yes Yes Yes Yes No 0 0 0 0 1
4d Yes No No No No 0 2 1 1 1
4e Yes Yes Yes Yes No 0 0 0 0 1
4f Yes Yes Yes Yes No 0 0 0 0 1
4g Yes Yes Yes Yes No 0 0 0 0 1
4h Yes Yes No No No 0 1 1 1 1
4 Yes No Yes Yes No 0 1 0 0 1
4 Yes Yes Yes Yes No 0 0 0 0 1
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CaCO, permeability, Pgp inhibitor, and Pgp substrate were found to be in a reasonable range, with gastrointestinal
absorption and no BBB crossing. The plasma protein binding of derivatives was shown to be greater than 90%, which
affects the ligands' oral bioavailability and elimination (Table 10). The half-life and clearance of the medication exhibited
a considerable range. The carcinogenicity of the target chemicals demonstrated that they are less hazardous.
Metabolism influences both drug bioavailability and drug-drug interactions. Metabolism factors determine whether
chemicals behave as a substrate or non-substrate for specific proteins. The substances (4a-j) were examined for metabolic
characteristics, revealing that all (except 4b) are P-gp substrates. The P-gp protein is vital in determining active efflux via
biological membranes and cytochrome Puso (CYP) enzymes’. All of the compounds(except4b and 4h) were determined to
be CYP,Ds substrates (Table 10).

To determine if compounds were soluble in aqueous or non-aqueous conditions, the mean projected lipophilicity values
were examined and determined using the consensus log P7!. According to this, if a molecule is more soluble then its log P
values will be more negative. Compounds (4a-j) were found to be insoluble in non-aqueous media. Table 10 shows that
the compounds were soluble in an aqueous solution based on log P values (log P <10 for poorly soluble, <6 for moderately
soluble, <4 for soluble, <2 for extremely soluble, and <0 for very soluble).

The synthesized compounds 4(a-j) were subjected to an in silico toxicity evaluation. Toxicological endpoints results
suggested that all the compounds were predicted to be non-hepatotoxicity, non-immunotoxicity, non-cytotoxicity and non-
carcinogenic. The toxicity class ranges from 1 to 6 are Class I: fatal if swallowed (LD50 < 5mg/kg) Class II: fatal if
swallowed (5 mg/kg< LDso < 50 mg/kg) Class III: toxic if swallowed (50 mg/kg< LD50 < 300 mg/kg) Class IV: harmful if
swallowed (300 mg/kg< LDsy < 2000 mg/kg) Class V: non harmful if swallowed (2000 mg/kg< LDs¢ < 5000 mg/kg), Class
VI: non-toxic (LDs¢> 5000 mg/kg)”'. The predicted LDsoresults suggested that the synthesized compounds were non-
harmful if swallowed and belong to class V (Table 12)

Table 12. Toxicity study of the synthesized compounds 4(a-j)
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4a Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic 3720 A%
4b Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic 3470 \'%
4c Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic 3410 \%
4d Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic 3940 \%
4e Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic 3430 \%
4f Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic 3800 \%
4g Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic 3640 \%
4h Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic 3600 \%
4i Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic 4290 \%
4j Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic Non-Toxic 3620 \

3. Conclusions

In this report, we have developed an effective protocol for the synthesis of some new4-Amino-6-(1H-benzimidazol-2-
ylsulfanyl)benzene-1,3-dicarbonitrilederivatives(4a-j)through catalyzed by ZnOnanoparticlesand screened for their
pharmacological and in silico investigations. We investigated the antimicrobial, cytotoxicity, anti-diabetic activities of all
the 10 high-yield derivatives. In terms of cytotoxicity, compounds 4c and 4h were identified as the most promising
molecules among the freshly synthesized ones. Compounds 4¢ and 4h outperformed the other compounds in terms of
antibacterial activity. 4i had the highest binding affinity of all the ligands, with a binding energy of -7.8 Kcal/mol and three
hydrogen bonds, according to the in silico docking studies. Strong hydrogen bonds, hydrophobic interactions, and binding
affinities were found in all other compounds too. ADMET profiles indicate that, our synthesized compounds obeyed five
rules of drug likeness with good bioavailability. Pharmacokinetic parameters suggested that, our compounds have high GI
absorption, no blood-brain permeant & less skin permeant. Hence there was no possibility of causing harmful toxicants.
Lipophilicity based on LogP values indicated that the new derivatives were soluble in aqueous medium. Toxicological
endpoints data revealed that all the compounds were expected to be non-hepatotoxic, non-immune toxic, non AMES toxic,
non carcinogenic and non-cytotoxic in nature. The anticipated LDsy result indicated that the produced chemicals were not
harmfull upon swallowing. The ten distinct benzimidazole derivatives (4a-j) synthesized in this study revealed a wide
spectrum of biological activity, making it important pharmacophore in drug development.
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4. Experimental
4.1. Materials and methods

The synthesis was carried using high-purity analytical grade reagents, solvents, and compounds supplied from Sigma-
Aldrich. Alumina TLC plates were used to monitor the reaction's progress.Ethyl acetate:hexane (1:4) was used as the mobile
phase for TLC plates. A UV chamber was used to identify spots. The melting points were determined using electro thermal
equipment with open capillary tubes(uncorrected). FTIR spectra were acquired on a Bruker spectrophotometer using KBr
pellets in the 400-4000 cm™" area. Using a Bruker spectrometer at 400 MHz and 100 MHz, respectively obtained the spectra
for "TH NMR and '3C NMR. Chemical shifts (8) were recorded in ppm relative to tetramethylsilane. The mass spectra of the
compounds were validated using the LC-MS 2010, SHIMADZU mass analyzer.

4.2 Biological Studies

Various biological activities such as antibacterial activity, cytotoxicity, anti-diabetic activity, molecular docking, and
DFT of newly synthesized compounds were performed systematically’™.

4.2.1  Antimicrobial activity

Samples were tested against two bacterial strains, gram-positive Staphylococcus aureus MTCC-7443 and gram-negative
Escherichia coli MTCC-7410, as well as two fungal species, Aspergillus flavus MTCC-9606 and Pichia anomala MTCC-
237. The inoculum was prepared with a concentration of 5X105 CFU/mL using sterile saline solution. As a stock solution,
samples were dissolved in DMSO at a concentration of 20 mg/mL and deposited in various concentrations of 20, 40, 60,
and 80g for separate wells. For bacteria, Muller Hinton agar was employed, while for fungi, Czapek's-Doxagar media was
utilized. For bacteria, Rifampicin (30g) was employed as a positive control antibiotic, whereas Fluconazole (30g) was
utilised for fungus. The diameter of the inhibitory zone (mm) was determined after 72 hours of incubation at 37 °C for
bacteria and 28 °C for fungi.

4.2.2  Cytotoxicity property of synthesized compounds
4.2.2.1 Cell culture technique

The Human tumour cell line Hep G2was provided by the National Centre for Cell Sciences (NCCS) in Pune, India. Cells
were maintained in DMEM supplemented with 2mM I-glutamine and balanced salt solution (BSS) adjusted to contain
1.5g/L Na,COs, 0.1mM nonessential amino acids, ImM sodium pyruvate, 2mM l-glutamine, 1.5g/L glucose, |0mM HEPES
(4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid) and 10% fetal bovine serum (GIBCO, USA). The penicillin and
streptomycin concentrations (100 IU/100 g) were adjusted to 1mL/L. The cells were maintained at 37°C with 5% CO, in a
humidified CO; incubator.

4.2.2.2  Evaluation of cytotoxicity

An MTT test was used to calculate the inhibitory concentration (ICsp). Cultured cells (1x10°) were sown in a 96-well
plate and cultured at 37 °C in a 5% CO- incubator for 48 hours. After 48 hours, the monolayer was washed with media, and
100uL of various test concentrations of samples were added to the monolayer, and the cells were incubated again under the
same circumstances. After removing the growth medium, 100uLL of MTT solution was added to each well and incubated at
37 °C for 4 hours. Following the removal of the supernatant, 100puL of DMSO was added to each well and incubated for 10
minutes to dissolve the formazan crystals. At 590nm, the optical density was observed. The percentage growth inhibition
was calculated and results were expressed as ICsy values using dose-response curve.

Formula for % inhibition: (OD of blank — OD of test/OD of Blank) x100
Formula for ICsy was calculated by linear regression equation Y=mX-+b

4.2.3  Anti-diabetic studies
4.2.3.1 a-Amylase inhibition properties

The o-amylase inhibition properties of samples were performed as described in Poovitha et al., 20167. Porcine
pancreatic a-amylase (3units/mL) was dissolved in 0.1 M phosphate buffered saline, pH 6.9. The different concentrations
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of samples (0-125 pg/mL) were pre-incubated with enzyme for 10 min at 37°C. The reaction was initiated by adding
substrate (0.1% starch) to the incubation medium. After 10 min incubation, the reaction was stopped by adding 250 puL
dinitro salicylic (DNS) reagent (1% 3, S-dinitrosalicylic acid, 0.2% phenol, 0.05% Na,SOs3 and 1% NaOH in aqueous
solution). The reaction was stopped by holding the reaction mixture in boiling water bath for 10 min. Thereafter, 250 pL of
40% potassium sodium tartrate solution was added the absorbance was recorded at 540 nm at room temperature. The
percentage of inhibition was calculated by the formula: (OD of blank — OD of test/OD of Blank) *100 and the results were
expressed in ICsy values in comparison with Acarbose as a positive control.

4.3 Molecular docking
4.3.1  Preparation of ligand

The Ligands are drawn using ChemDraw software and the build of 3D structure and energy of each ligand was
minimized using the USCF chimera tool by applying the AMBER force field and then ligands were converted into PDB
format®77,
4.3.2  Preparation of the Receptor

The 3D crystal structure of VEGFR2 protein (PDB: 4AG8) was accessed through database (https://www.rcsb.org) and

Co-crystal ligand was removed from protein. Using the USCF Chimera V2021 tool, optimization of hydrogen, refinement
of protein, and minimization of energy were executed’®”.

4.3.3  Docking and Visualization

Setting of a grid box around the active sites of proteins, designed ligands were docked against the receptor using
AutodockVina in the PyRX workstation. The AutodockVina docking algorithm has been used to search for the best docked
ligand and target conformation, Ligands with the lowest binding affinity will be considered as the best conformation, docked
protein and target converted into pdb format by Schrédinger PyMol and interactions visualized Biovia Discovery studios®*-
85

4.3.4 DFT studies

DFT (Density functional theory) studies in Gaussian 09W software were performed on the synthesized compounds (4a-
4j) using a hybrid functional B3LYP, which is a combination of Beckeexchange and LYP correlation functional %47, and
basis set 6-311++G(d,p) was used for optimizations in gas phase. Using DFT studies, the total energies, Dipole moment,
HOMO, LUMO, and band gap of the synthesized derivatives were calculated. The global parameters such as Electron
affinity (A), Ionization potential (1), Mullikan electronegativity (y,) chemical potential (i), chemical hardness (1)), global
electrophilicity index (w) and MEP were calculated®®.To study the electronic properties of compounds (4a-4j), we first
calculated HOMO (Enomo) and the LUMO (Erumo) energies. Using the value of E nomo and E rumo energy band gap can
be estimated using following equation,

E1.n=E rumo —E nomo

The HOMO and LUMO of compounds were used in determining of various global reactivity parameters such as
ionization energy(I = —-EHOMO), electron affinity (A = —ELUMO), chemical hardness(s7 = 1/2 (I — A)), chemical softness
(o = 1/n), electronegativity(y = 1/2 (I + A)), chemical potential (u = —), and electrophilicity index (o = x2/25) to study
about donor—acceptor interaction and intramolecular charge transfer (ICT)ability of synthesized compounds®.
Nucleophilicity index (N) is a Conceptual Density Functional Theory-based reactivity descriptor which was used to define
variety of physicochemical behaviors®. N is a measure of the electron donating power of an atom, molecule or ion and it is
the inverse of electrophilicity index (®)°"%2.

Electrophilicity index (w) is the electron attracting power of the species and calculated the electrophilicity index by
using equation

2
Ey+E
2 [H L]

w=t_1 21
2n  [E, — Eyl
where

p=electron chemical potential
n= electron chemical hardness
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En and E; = Electron energies of frontier molecular orbital HUMO and LUMO

4.4 In silicoADMET studies

The pharmacokinetic properties of each target molecule were designed using the ADMET descriptor module via a web
server (https://admet.scbdd.com/). This stage of the screening involved compounds with high binding energy values.
Lipinski (2001), Ghose (1999), Veber (2002), Egan (2000), and Muegge (2001) Rules were used to assess the drug-likeness
candidature of synthesize compounds™. A variety of ADMET descriptors, including LogP, CaCO, Permeability, molecular
weight(MW), molecular refractivity (MR), atom counts, and topological polar surface area (TPSA), Plasma Protein Binding
Percentage, CNS Blood-Brain Barrier, Cytochrome P.Ds models, and toxicity descriptors, such as Carcinogenicity, Half-
life, and Drug Clearance, were used to predict pharmacokinetic properties®®%3-%.

4.5 Statistical analysis

Each experiment was carried out in triplicates, and the findings were reported as mean+SE (standard error). The
difference between the means of the groups was calculated using one way analysis of variance. The derivative results were
compared to the control results. The P value < 0.0l was deemed statistically significant. R version 4.1.0 was used to perform
all statistical analyses.
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