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Abstract

Two series of bis(1‐alkylbenzimidazole)silver(I) nitrate and bis(1‐alkyl‐5,6‐

dimethylbenzimidazole)silver(I) nitrate complexes, in which the alkyl substituent is

either an allyl, a 2‐methylallyl, an isopropyl or a 3‐methyloxetan‐3‐yl‐methyl chain,

were synthesized and fully characterized. The eight N‐coordinated silver(I)

complexes were screened for both antimicrobial activities against Gram‐negative

(Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumoniae, and Acinetobacter

baumannii) and Gram‐positive (Staphylococcus aureus, Staphylococcus aureus MRSA,

and Enterococcus faecalis) bacteria and antifungal activities against Candida albicans

and Candida glabrata strains. Moderate minimal inhibitory concentrations (MIC) of

0.087 μmol/mL were found when the Gram‐negative and Gram‐positive bacteria

were treated with the silver complexes. Nevertheless, MIC values of 0.011 μmol/mL,

twice lower than for the well‐known fluconazole, against the two fungi were

measured. In addition, molecular docking was carried out with the structure of

Escherichia coli DNA gyrase and CYP51 from the pathogen Candida glabrata with the

eight organometallic complexes, and molecular reactivity descriptors were calculated

with the density functional theory‐based calculation methods.

K E YWORD S

antifungal activity, antimicrobial activity, benzimidazole, molecular docking, silver

1 | INTRODUCTION

Heterocyclic compounds, organic cyclic molecules generally com-

posed of at least one nitrogen, oxygen, or sulfur atom, are an

important family of organic compounds whose chemical and physical

properties depend on the size, the number, and the nature of the

heteroatom. Among heterocyclic compounds, aromatic derivatives

are particularly present in a large number, about 85%, of biologically

active compounds such as serotonin (neurotransmitter) or nicotine.[1]

In particular, among the nitrogenous heterocyclic compounds, the

benzimidazole moiety, a bicyclic hetero‐aromatic molecule incorpo-

rating two nitrogen atoms, plays an increasing role. These derivatives
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have wide potential applications such as antibacterial, antiviral,

antiparasitic, anthelmintic, antitumor, anti‐inflammatory, antioxidant,

antiulcer, antihypertensive, anticoagulant, antidepressant, anticon-

vulsant, antihistaminic, antiasthmatic, and antidiabetic agents.[2–11]

Although the use of compounds with an aromatic ring derived

from benzimidazole as a biological agent is quite old, the study of the

antimicrobial properties of these compounds accelerated in the early

1990s. For example, the group of Opferkuch, in vitro, investigated the

bactericidal activities of substituted benzimidazoles against Helicobac-

ter pylori, which is responsible for gastric acid secretion.[12] In the

following years, various compounds derived from benzimidazole were

synthesized and they demonstrated strong activity against various

bacteria;[13–15] currently several of these derivatives such as albenda-

zole, as an anthelmintic and antiprotozoal agent, mebendazole, used

against parasitic worm infestations, or tiabendazole, an antifungal and

an antiparasitic agent, are commercially available drugs (Figure 1).

Although there are many antibacterial drugs currently available,

microbial resistance to antibiotics comes a major problem. Therefore,

the development of new drug candidates against antimicrobial

resistance is a necessity and therefore of interest to researchers.

Consequently, the benzimidazole platform is particularly interesting

due to its nitrogen atom being able to coordinate with transition

metals[16–19] and especially with silver[20,21] or as a precursor of

N‐heterocyclic carbenes, for example, for bis‐silver complexes.[22,23]

In this context, we now report the synthesis of eight cationic

silver(I) complexes, in which two benzimidazole entities were

coordinated through their nitrogen atom to the metal, and their

antimicrobial activities against Gram‐negative, Gram‐positive, and

Fungi strains. To better understand the antimicrobial and antifungal

mechanisms of these silver salts, molecular docking analysis, and

global reactivity descriptors complete the present study.

2 | RESULTS AND DISCUSSION

2.1 | Chemistry

Two series of bis(1‐alkyl‐benzimidazole)silver(I) nitrate (2a–d) and bis

(1‐alkyl‐5,6‐dimethyl‐benzimidazole)silver(I) nitrate (2e–h) in which

the alkyl substituent is either an allyl, 2‐methylallyl, isopropyl or

3‐methyloxetan‐3‐yl)methyl chain, were synthesized in two steps

starting from benzimidazole or 5,6‐dimethyl‐benzimidazole scaffold

according Scheme 1. In the first step, the alkylation of benzimidazole

or 5,6‐dimethyl‐benzimidazole using NaH and the adequate alkylated

agent in tetrahydrofurane (THF) led to the N‐alkylated benzimidazole

derivatives 1a–h.[24–28] Afterwards, the silver(I) complexes (2a–h)

were obtained, in 77%–85% yield, by reaction of AgNO3 with two

equivalents of nitrogenated ligands 1a–h in ethanol for 4 h at room

temperature protected from light with an aluminum foil.

The eight white silver complexes 2a–h were stable to air and

moisture in solid and solution but sensitive to light. These complexes

were further characterized by elemental analysis, fourier‐transform

infrared spectroscopy (FT‐IR), and multi‐nuclear magnetic resonance

(NMR) spectroscopy (1H and 13C) (see Section 4 and Supporting

Information Materials). The presence of two nitrogenated ligands

(L = 1a–h) was unambiguously deduced from their elemental analysis,

which perfectly fitted with the formation of [AgL2]
+NO3

− salts. Note

that, the presence of a water molecule in the elemental analysis of

compounds 2b, 2c, 2d, and 2g. The presence of water, coming from

the solvent of the reaction, was also visible on the FT‐IR spectra as a

wide band around 3500–3400 cm–1. The coordination of a water

molecule with [AgL2]
+ cation is common and forms a

T‐shaped arrangement ([AgL2(H2O)]+) as described by single crystal

X‐ray crystallography.[29]

The FT‐IR spectra also displayed two characteristic bands, the first

one in the range 1316–1335 cm–1 assigned to NO3
– anion and the

second one in the range 1503–1515 cm–1 assigned to C═N vibration

of the benzimidazole moieties. Note that the values of the C═N bands

were redshifted from 9 to 41 cm–1 in regards to the aromatic

precursors 1a–h. NMR analysis carried out on the silver complexes

2a–h revealed for each compound the presence, as expected, of

singlets in the range 8.50–8.77, with a shift of about +0.7 ppm with

regard to the free ligand (Figure 2), and 142.76–146.04 ppm in their 1H

and 13C{1H} NMR spectra, respectively, for the NCHN signals (Table 1).

2.2 | Biology

Silver complexes 2a–h were tested as antimicrobial agents against

Gram‐negative (Escherichia coli, Pseudomonas aeruginosa, Klebsiella

pneumoniae, and Acinetobacter baumannii), Gram‐positive (Staphylococ-

cus aureus, Staphylococcus aureusMRSA, and Enterococcus faecalis) and

fungal (Candida albicans and Candida glabrata) strains, which were

obtained from the American Type Culture Collection (ATCC). The

antimicrobial activities of complexes 2a–h were defined by their

minimum inhibitory concentrations (MIC) values, which were defined

as the lowest concentration of the antimicrobial that visibly inhibits the

growth of microbes after incubation overnight. Ampicillin, amikacin,

Ciprofloxacin, fluconazole, vancomycin, and tigecycline served as

positive controls in all antimicrobial and antifungal experiments.

As shown inTable 2, the tested complexes displayed antimicrobial

activity at certain concentrations from 0.011 to 0.206 μmol/mL. The

eight complexes displayed higher activity against fungi with MIC

values between 0.011 and 0.026 μmol/mL than against Gram‐positive

F IGURE 1 Example of commercially
available drugs based on benzimidazole
skeleton.
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SCHEME 1 Synthesis of the bis‐N‐coordinated silver(I) complexes 2a–h.

F IGURE 2 1H NMR spectra of 5,6‐
dimethyl‐benzimidazole 1e (bottom) and its
corresponding silver complex 2e (top).
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and Gram‐negative bacteria strains. Although these activities are lower

than classical drugs, we can observe that the MIC values measured for

the silver complexes 2a–h are highly dependent on the nature of the

alkyl benzimidazole substituent. In addition, the substitutes on the

aromatic ring play a crucial role and a match between them is

necessary to obtain the strongest antibacterial activities. Thereby, the

association of (3‐methyloxetan‐3‐yl)methyl with benzimidazole (com-

plex 2d) or isopropyl with 5,6‐dimethyl‐benzimidazole (complex 2g) led

to the lower MIC values (0.087 and 0.091 μmol/mL, respectively)

against both Gram‐positive and Gram‐negative bacteria strains.

Additionally, these latter complexes displayed lower MIC values of

0.011 μmol/mL, twice lower than those measured for the standard

Fluconazole drug, against Candida albicans and Candida glabrata.

2.3 | Molecular docking

In the aim to obtain useful pictures of the interactions of our silver

complexes 2a–h with bacteria and fungal strains, molecular dock-

ing[30] was carried out on the crystal structure of Escherichia coli

deoxyribonucleic acid (DNA) gyrase (PDB ID: 1kzn)[31] and CYP51

from the pathogen Candida glabrata (PDB ID: 5jlc) (Table 3).[32]

Escherichia coli DNA gyrase is a bacterial protein of the

topoisomerase II family involved in the replication and transcription

of DNA and more particularly in the catalysis of the negative

supercoiling of closed‐circular DNA. Since this function is crucial for

DNA replication and transcription, this gyrase has become a target

for antibacterial agents. Molecular docking analyses of the silver

complexes 2a–h carried out with Escherichia coli DNA gyrase

revealed that binding energies values in the range –6.99 to

–8.53 kcal/mol, values close to those observed by the group of

Soni with phenyl substituted 3‐chloro 2‐azetidinones.[33] The lowest

binding constant was calculated for the 2b complex, for which a

concentration of inhibition of 7.48 µM was determined, and the

strongest interactions with the protein involved Ala96 (H‐bond),

Ile78, Ile90, Asn46 (π‐interactions), Val43, Ala47, Val71, Val120,

and Val167 (alkyl interactions). As an attempt in view of

antibacterial results, the highest binding energies were obtained

for 2d and 2g with values of –8.53 and –8.28 kcal/mol, respectively

with concentrations of inhibition calculated of 557 and 853 nM,

respectively. The most important interactions between the com-

plexes 2d and 2g and the gyrase were due to Val43, Asp73, Ile90,

His95, Thr165 (H‐bonds), Asn46, Glu50 (π‐interactions), Ile78,

TABLE 1 Spectroscopic data of silver complexes 2a‐h.

Silver complex

FT‐IR (cm−1) NMR (ppm)

ν(NO3) ν(CN) 1H (NCHC) 13C (NCHC)

2a 1329 1507 8.63 145.94

2b 1328 1503 8.68 146.04

2c 1320 1507 8.77 143.45

2d 1331 1511 8.73 145.96

2e 1328 1511 8.50 144.98

2f 1331 1507 8.55 145.20

2g 1316 1515 8.63 142.76

2h 1335 1515 8.59 145.01

TABLE 2 Minimal inhibitory concentrations (μmol/mL).

Compound

Gram‐negative Gram‐positive Fungi

Escherichia coli
Pseudomonas
aeruginosa

Acinetobacter
baumannii

Klebsiella
pneumoniae

Staphylococcus
aureus

Staphlococcus
aureus MRSA

Enterococcus
faecalis

Candida
albicans

Candida
glabrata

2a 0.103 0.103 0.206 0.103 0.206 0.206 0.206 0.013 0.026

2b 0.097 0.097 0.194 0.097 0.194 0.194 0.194 0.012 0.024

2c 0.204 0.204 0.204 0.204 0.102 0.102 0.102 0.025 0.025

2d 0.087 0.087 0.087 0.087 0.087 0.087 0.087 0.011 0.022

2e 0.184 0.184 0.184 0.184 0.092 0.092 0.092 0.023 0.023

2f 0.175 0.175 0.175 0.175 0.175 0.175 0.175 0.022 0.022

2g 0.091 0.091 0.091 0.091 0.183 0.183 0.183 0.011 0.011

2h 0.159 0.159 0.159 0.159 0.159 0.159 0.159 0.020 0.020

Ampicillin 0.009 / / 0.004 0.004 / 0.004 / /

Amikacin / 0.003 0.005 0.003 / / / / /

Ciprofloxacin 0.005 / / 0.005 / / / / /

Fluconazole / / / / / / / 0.020 0.020

Vancomycin / / / / / 0.002 / / /

Tigecycline / / 0.003 / / / / / /

Note: MRSA, methicillin‐resistant Staphylococcus aureus.
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Val120, Val167 (alkyl interactions), and Thr165 (H‐bond), Asn46,

Ile90 (π‐interactions), Val43, Ala47, Val71, Ile78, Ala96, Val120,

Val167 (alkyl interactions), respectively (Table 3 and Figure 3). The

interaction between these residues and a family of pyrazolyl‐

imidazole‐triazole derivatives as pro‐drugs was also highlighted by

the group of Verma and confirmed the active region of the target

gyrase.[34]

Lanosterol 14 alpha‐demethylase is a key enzyme in the

ergosterol biosynthesis of fungi as its removal inhibits fungal growth.

Azole derivatives are frequently used to provide effective prophylaxis

and treatment against superficial and disseminated fungi by

coordination with the iron atom in the heme group and therefore

inhibiting the latter enzyme.[32,35]

Molecular docking interactions between the silver complexes

2a–h and the CYP51 crystal structure revealed that the eight

complexes interacted with approximately the same region of the

target molecule. The highest binding energy, –10.14 kcal/mol, was

determined for complex 2h and was mainly due to H‐bonds with

Thr319 and Arg389 and π‐interaction with Arg471 and Lys152. On

the other hand, complex 2a displayed the lowest interaction value

with the target molecule (–8.04 kcal/mol), only one H‐bond with

Thr319 was calculated, and no π‐interaction was detected. No

interaction with the iron atom in the heme group was detected.

Additionally, inhibition concentrations for complexes 2a–h were

calculated and were in the range of 37 (2 h) to 1280 (2a) nM (Table 3

and Figure 4).

Structure–activity relationship studies were realized and the

highest occupied molecular orbitals (HOMOs) and the lowest

unoccupied molecular orbitals (LUMOs), which are approved as the

most reactive regions of the molecules, were calculated for

complexes 2a–h. Determination of HOMO and LUMO orbitals gives

useful information about the chemical and biological activities of the

drugs.[36,37] The HOMO region generally behaves like a Lewis acid,

while the LUMO region acts as a Lewis base.[38] In this present study,

LUMOs and HOMOs of the eight silver complexes 2a–h were located

on the benzimidazole ring, except for 2d and 2h, which, due to the

methyloxethane moieties, modified the HOMOs (Figure 5). For each

silver complex, the HOMO–LUMO energy gap (ΔE), ionization

potential, electron affinity, electronegativity, chemical hardness (η),

and global softness were calculated from the energies of frontier

HOMO and LUMO and were reported in Table 4. The latter

parameters are important for getting insight into their

structure–activity relationships.[39,40] Theoretical calculations have

shown that for the eight silver complexes, the gap between HOMO

and LUMO varies in the order 2d (3.188 eV) < 2h (3.293 eV) < 2f

(3.738 eV) < 2e (3.741 eV) < 2g (3.766 eV) < 2a (3.967 eV) < 2b = 2c

(3.971 eV). Additionally, the global softness of the complexes 2a–h

follows the same order with a value of 0.314 eV for 2d. It is well

TABLE 3 Active sites of the crystal structure of Escherichia coli DNA gyrase and CYP51 from the pathogen Candida glabrata with silver
complexes.

Silver complex Binding energy (kcal/mol) Amino acid residues

Escherichia coli DNA gyrase (1kzn)

2a –7.10 Ile78, Ile90, Ala47, Val71, Val120, Val43, Asn46, Glu50, Gln72, Asp73, Met91…

2b –6.99 Ala96, Ile78, Ile90, Asn46, Val43, Ala47, Val71, Val120, Val167, Glu50, Gln72…

2c –7.41 Thr165, Asn46, Ile90, Val43, Ala47, Val71, Ile78, Ala96, Val120, Val167, Glu50…

2d –8.53 Val43, Asp73, Ile90, His95, Thr165, Asn46, Glu50, Ile78, Val120, Val167, Val71…

2e –7.97 Thr165, Ile90, Ala47, Val71, Ile78, Val120, Val43, Asn46, Glu50, Gln72, Asp73…

2f –7.95 Thr165, Asn46, Ile78, Ile90, Val43, Ala47, Val71, Val720, Glu50, Gln72, Asp73…

2g –8.28 Thr165, Asn46, Ile90, Val43, Ala47, Val71, Ile78, Ala96, Val120, Val167, Glu50…

2h –8.08 Asp73, Gly77, Ile78, Ile90, Val43, Ala47, Val120, Asn46, Glu50, Val71, Gln72…

CYP51 from the pathogen Candida glabrata (5jlc)

2a –8.04 Thr319, Ala209, Leu213, Val312, Leu375, Pro380, Leu381, Phe465, Cys472, Ile473…

2b –8.35 Thr319, Phe465, Val312, Leu375, Pro380, Leu381, Cys472, Ile473, Leu482, Val155…

2c –8.27 Thr319, Phe465, Leu159, Leu213, Val312, Leu375, His379, Pro380, Leu381, Cys472…

2d –8.63 Val312, Arg386, His470, Leu381, Phe465, Cys472, Leu159, Leu213, Ile473, Phe477…

2e –9.01 Thr319, Phe465, Arg471, Ala478, Phe114, Lys152, Leu375, His379, Leu384, Phe477…

2f –9.38 Gly315, Gly316, Thr319, Arg471, Phe114, Leu148, Lys152, Leu375, His379, Pro380…

2g –9.25 Thr319, Phe465, Arg471, Ala478, Phe114, Leu375, His379, Pro380, Leu384, Cys472…

2h –10.14 Thr319, Arg386, Lys152, Arg471, Tyr127, Tyr141, Leu148, Val312, Pro380, His470…

Note: blue, H‐bond; red, π‐interaction; purple, alkyl interaction; green, van der Waals interaction.
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established that the compound with the lowest HOMO–LUMO gap is

considered, due to lower kinetic stability and higher polarity, to be

softer and more reactive.[41] Therefore, the complex 2d with the

highest softness, the lowest HOMO–LUMO gap, and the lowest

chemical hardness should be considered the most reactive molecule.

It is interesting to note that these results are corroborated by

antimicrobial tests for which complex 2d displayed the lower MIC

values.

F IGURE 4 Interaction residue (middle), and interaction type of silver complexes 2a–h with CYP51 from the pathogen Candida glabrata
crystal structure 5jlc (dark green and turquoise, H‐bonds; green, van der Waals; orange, pi‐anion/cation; pink, alkyl and π‐alkyl; yellow, π‐sulfur;
fuchsia, π–π stacked and π–π T shaped).

F IGURE 3 Interaction residue (middle), and interaction type of silver complexes 2a–h with Escherichia coli DNA gyrase crystal structure 1kzn
(dark green and turquoise: H‐bonds; green: van der Waals; orange: pi‐anion/cation; pink: alkyl and π‐alkyl; yellow: π‐sulfur; fuchsia: π–π stacked
and π–π T shaped).
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3 | CONCLUSION

Eight silver(I) complexes, in which two 1‐alkyl‐benzimidazole or 1‐

alkyl‐5,6‐dimethyl‐benzimidazole were coordinated the metal, were

synthetized and fully characterized by FT‐IR, elemental analysis, 1H

and 13C{1H} NMR spectroscopy. The N‐coordinated complexes

were displayed moderate minimal inhibitory concentrations (MIC) of

0.087 μmol/mL for both Gram‐negative and Gram‐positive bacteria.

The most significant results, with MIC as low as 0.011 μmol/mL and

twice lower than those obtained with the commercially available

drug flucanozol, were obtained with the Candida albicans fungus

strain. Additionally, molecular docking on the crystal structures of

Escherichia coli DNA gyrase and CYP51 from the pathogen Candida

glabrata revealed that the higher binding energies (up to

–10.14 kcal/mol) were calculated for the silver complexes and

CYP51. Further studies aim at optimizing the benzimidazole ligand

of silver complex to enhance its interactions with the protein

CYP51.

4 | EXPERIMENTAL

4.1 | Chemistry

4.1.1 | General

Melting points were recorded in glass capillaries under air with an

Electrothermal‐9200 melting point apparatus, melting points are

reported as uncorrected values. FT‐IR spectra were recorded with

Perkin Elmer 100 spectrometer. Elemental analyses were done by

İnönü University Scientific and Technology Center. 1H and 13C{1H}

NMR spectra were recorded with a Bruker Avance III 400MHz

NMR spectrometer. 1H NMR and 13C{1H} NMR spectra were

referenced to residual protonated solvents (δ = 7.26 ppm and

77.16 ppm for CDCl3 with tetramethylsilane, respectively, and

2.50 ppm and 39.52 ppm for (CD3)2SO, respectively). 1‐Allyl‐

benzimidazole (1a),[24] 1‐(2‐methylallyl)‐benzimidazole (1b),[24] 1‐

isopropyl‐benzimidazole (1c),[25] 1‐(3‐methyloxetan‐3‐yl)methyl‐

F IGURE 5 Graphical illustrations and the energies of the HOMO and LUMO of silver complexes 2a–h.

TABLE 4 Global reactivity descriptors of the complexes (in eV).

2a 2b 2c 2d 2e 2f 2g 2h

HOMO–LUMO gap (ΔE) 3.967 3.971 3.971 3.188 3.741 3.738 3.766 3.293

Ionization potential (IP) 8.640 8.628 8.593 7.882 8.217 8.199 8.179 7.792

Electron affinity (EA) 4.673 4.657 4.622 4.694 4.476 4.461 4.413 4.499

Electronegativity (χ) 6.657 6.642 6.607 6.288 6.347 6.330 6.296 6.146

Chemical hardness (η) 1.983 1.985 1.986 1.594 1.870 1.869 1.883 1.647

Global softness (S) 0.252 0.252 0.252 0.314 0.267 0.267 0.265 0.304

Electrophilicity Index (ω) 11.172 11.112 10.993 12.404 10.769 10.719 10.526 11.467

Abbreviations: HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital.
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benzimidazole (1d),[26] 1‐allyl‐5,6‐dimethyl‐benzimidazole (1e),[27]

1‐(2‐methylallyl)‐5,6‐dimethyl‐benzimidazole (1f)[28] and 1‐(3‐

methyloxetan‐3‐yl)methyl‐5,6‐dimethyl‐benzimidazole (1h)[26] were

prepared by literature procedures.

The InChI codes of the investigated compounds, together with

some biological activity data, are provided as Supporting Information.

4.1.2 | Procedure for the synthesis of 1‐isopropyl‐
5,6‐dimethyl‐benzimidazole (1g)

The 5,6‐dimethyl‐benzimidazole (10mmol) dissolved in dry THF

(30mL) was deprotonated with NaH (10mmol). The reaction

mixture was then stirred for 1 h at room temperature before the

dropwise addition of isopropyl chloride (10.1mmol). The reaction was

the heated at 60°C. After 24 h, theTHF was removed and the resulted

solid was dissolved in dichloromethane (50mL). The mixture was

filtered and the obtained clear solution was concentrated under

vacuum to afford compound 1 g in 77% yield. FT‐IR: ν(CN) 1471 cm–1;
1H NMR (400MHz, CDCl3): δ = 1.59 (d, 6H, NCH(CH3)2,

3JHH = 6.8 Hz),

2.36 (s, 3H, NC6H2N(CH3)2), 2.40 (s, 3H, NC6H2N(CH3)2), 4.56 (hept.,

1H, NCH(CH3)2,
3JHH = 6.8Hz), 7.19 (s, 1H, CH arom), 7.56 (s, 1H, CH

arom), 7.88 (s, 1H, NCHN): 13C{1H} NMR (100MHz, CDCl3): δ = 20.27,

(s, NC6H2N(CH3)2), 20.59 (s, NC6H2N(CH3)2), 22.64 (s, NCH(CH3)2),

47.65 (s, NCH(CH3)2), 110.38, 120.35, 130.94, 131.76, 131.85, 142.66

(6 s, arom Cs), 139.50 (s, NCHN) ppm.

4.1.3 | General procedure for the synthesis of
silver(I) complexes 2a–h

The complexes were synthesized according to the reported proce-

dure.[21] In a Schlenk tube under argon, AgNO3 (0.05mmol) was

added to a stirring solution of benzimidazole (0.10mmol) in ethanol at

room temperature in the dark (wrapped in aluminum foil). After 4 h,

the formed precipitate was filtered, washed with diethyl ether

(3 × 10mL) and dried under vacuum to give complexes 2a–h.

Bis(1‐allyl‐benzimidazole)silver(I) nitrate (2a)

Yield: 85%; m.p.: 136–137°C; FT‐IR: ν(NO3) 1329 and ν(CN)

1507 cm–1; 1H NMR (400MHz, CDCl3): δ = 4.66 (d, 4H, NCH2,
3JHH = 6.0Hz), 5.19 (d, 2H, NCH2CHCH2,

3JHH = 17.2Hz), 5.29 (d,

2H, NCH2CHCH2,
3JHH = 10.4Hz), 5.85–5.95 (m, 2H, NCH2CHCH2),

7.31–7.39 (m, 6H, CH arom), 7.82 (d, 2H, arom CH, 3JHH = 8.0 Hz),

8.63 (s, 2H, NCHN); 13C{1H} NMR (100MHz, CDCl3): δ = 48.22 (s,

NCH2), 119.75 (s, NCH2CHCH2), 132.57 (s, NCH2CHCH2), 110.85,

119.49, 123.83, 124.18, 132.57, 141.46 (6 s, arom Cs), 145.94 (s,

NCHN) ppm. Elemental analysis (%): calcd for C20H20AgN5O3 (486.28):

C: 49.40; H: 4.15; N: 14.40; found C: 49.33; H: 3.89; N: 14.42.

Bis[1‐(2‐methylallyl)‐benzimidazole]silver(I) nitrate (2b)

Yield: 77%; m.p.: 130–131°C; FT‐IR: ν(NO3) 1328 and ν(CN) 1503 cm–1;
1H NMR (400MHz, (CD3)2SO): δ = 1.68 (s, 6H, NCH2C(CH3)CH2), 4.75

(s, 2H, NCH2C(CH3)CH2), 4.97 (s, 2H, NCH2C(CH3)CH2), 5.02 (s, 4H,

NCH2), 7.36‐7.41 (m, 4H, CH arom), 7.67–7.70 (m, 2H, CH arom), 7.88‐

7.80 (m, 2H, CH arom), 8.68 (s, 2H, NCHN); 13C{1H} NMR (100MHz,

(CD3)2SO): δ = 19.58 (s, NCH2C(CH3)CH2), 50.40 (s, NCH2), 113.06 (s,

NCH2C(CH3)CH2), 140.24 (s, NCH2C(CH3)CH2), 111.66, 119.27,

123.14, 123.83, 132.91, 141.39 (6 s, arom Cs), 146.04 (s, NCHN)

ppm. Elemental analysis (%): calcd for C22H24AgN5O3•H2O (532.35): C:

49.64; H: 4.92; N: 13.16; found C: 49.39; H: 4.34; N: 13.85.

Bis(1‐isopropyl‐benzimidazole)silver(I) nitrate (2c)

Yield: 79%; m.p.: 132–133°C; FT‐IR: ν(NO3) 1320 and ν(CN) 1507 cm–1;
1H NMR (400MHz, (CD3)2SO): δ = 1.60 (d, 12H, NCH(CH3)2,

3JHH = 6.8

Hz), 4.92 (hept, 2H, NCH(CH3)2,
3JHH = 6.8Hz), 7.36–7.43 (m, 4H, CH

arom), 7.82–7.85 (m, 2H, CH arom), 7.90–7.92 (m, 2H, CH arom), 8.77

(s, 2H, NCHN); 13C{1H} NMR (100MHz, (CD3)2SO): δ = 22.08 (s, NCH

(CH3)2), 48.17 (s, NCH(CH3)2), 111.79, 119.32, 123.14, 123.66, 132.06,

141.53 (6 s, arom Cs), 143.45 (s, NCHN) ppm. Elemental analysis (%):

calcd for C20H24AgN5O3•H2O (508.33): C: 47.26; H: 5.15; N: 13.78;

found C: 47.53; H: 4.75; N: 14.12.

Bis(1‐(3‐methyloxetan‐3‐yl)methyl‐benzimidazole)silver(I)

nitrate (2d)

Yield: 76%; m.p.: 160–161°C; FT‐IR: ν(NO3) 1331 and ν(CN)

1511 cm–1; 1H NMR (400MHz, (CD3)2SO): δ = 1.26 (s, 6H,

NCH2CCH3), 4.26 and 4.59 (AB spin system, 8H, CCH2O, 2JHH = 6.0

Hz), 4.63 (s, 4H, NCH2), 7.36–7.44 (m, 4H, CH arom), 7.84–7.89 (m,

4H, CH arom), 8.73 (s, 2H, NCHN); 13C{1H} NMR (100MHz,

(CD3)2SO): δ = 21.86 (s, NCH2CCH3), 40.68 (s, NCH2CCH3), 50.30

(s, NCH2CCH3), 78.92 (s, CCH2O), 111.65, 119.25, 123.60, 123.92,

133.72, 141.02 (6 s, arom Cs), 145.96 (s, NCHN) ppm. Elemental

analysis (%): calcd for C24H28AgN5O5•H2O (592.40): C: 48.66; H:

5.10; N: 11.82; found C: 47.01; H: 4.60; N: 11.44.

Bis(1‐allyl‐5,6‐dimethyl‐benzimidazole)silver(I) nitrate (2e)

Yield: 79%; m.p.: 156–157°C; FT‐IR: ν(NO3) 1328 and ν(CN)

1511 cm‐1; 1H NMR (400MHz, CDCl3): δ = 2.38 (brs, 12H,

C6H2(CH3)2), 4.74 (d, 4H, NCH2,
3JHH = 5.6 Hz), 5.20 (d, 2H,

NCH2CHCH2,
3JHH = 17.2 Hz), 5.30 (d, 2H, NCH2CHCH2,

3JHH = 10.0

Hz), 5.91–6.00 (m, 2H, NCH2CHCH2), 7.15 (s, 2H, CH arom), 7.55 (s,

2H, arom CH), 8.50 (s, 2H, NCHN); 13C{1H} NMR (100MHz, CDCl3):

δ = 20.43 (s, C6H2(CH3)2), 20.69 (s, C6H2(CH3)2), 48.18 (s, NCH2),

119.33 (s, NCH2CHCH2), 131.25 (s, NCH2CHCH2), 110.97, 119.45,

131.29, 133.09, 133.80, 140.27 (6 s, arom Cs), 144.98 (s, NCHN)

ppm. Elemental analysis (%): calcd for C24H28AgN5O3 (542.39):

53.15; H: 5.20; N: 12.91; found C: C: 53.60; H: 5.19; N: 12.90.

Bis[1‐(2‐methylallyl)‐5,6‐dimethyl‐benzimidazole]silver(I) nitrate (2f)

Yield: 81%; m.p.: 171–172°C; FT‐IR: ν(NO3) 1331 and ν(CN) 1507 cm‐1;
1H NMR (400MHz, (CD3)2SO): δ=1.68 (s, 6H, NCH2C(CH3)CH2), 2.33 (s,

6H, C6H2(CH3)2), 2.35 (s, 6H, C6H2(CH3)2), 4.70 (s, 2H, NCH2C(CH3)CH2),

4.95 (brs, 6H, NCH2C(CH3)CH2 and NCH2), 7.45 (s, 2H, CH arom), 7.66 (s,

2H, CH arom), 8.55 (s, 2H, NCHN); 13C{1H} NMR (100MHz, (CD3)2SO):

δ=19.61 (s, NCH2C(CH3)CH2), 19.91 (s, NCH2C(CH3)CH2), 19.99
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(s, C6H2(CH3)2), 20.16 (s, C6H2(CH3)2), 50.33 (s, NCH2), 112.80 (s, NCH2C

(CH3)CH2), 140.34 (s, NCH2C(CH3)CH2), 111.48, 119.03, 131.39, 132.02,

132.95, 139.84 (6 s, arom Cs), 145.20 (s, NCHN) ppm. Elemental analysis

(%): calcd for C26H32AgN5O3 (570.44): C: 54.74; H: 5.65; N: 12.28; found

C: 55.98; H: 5.26; N: 12.66.

Bis(1‐isopropyl‐5,6‐dimethyl‐benzimidazole)silver(I) nitrate (2g)

Yield: 78%; m.p.: 205–206°C; FT‐IR: ν(NO3) 1316 and ν(CN)

1515 cm–1; 1H NMR (400MHz, CDCl3): δ = 1.65 (d, 12H, NCH

(CH3)2,
3JHH = 6.4 Hz), 2.41 (s, 6H, C6H2(CH3)2), 2.42 (s, 6H,

C6H2(CH3)2), 4.64 (hept, 2H, NCH(CH3)2,
3JHH = 6.4 Hz), 7.27 (s, 2H,

CH arom), 7.55 (s, 2H, CH arom), 8.63 (s, 2H, NCHN); 13C{1H} NMR

(100MHz, CDCl3): δ = 20.44 (s, C6H2(CH3)2), 20.76 (s, C6H2(CH3)2),

22.49 (s, NCH(CH3)2), 48.97 (s, NCH(CH3)2), 111.27, 119.33, 130.79,

132.93, 133.44, 140.58 (6 s, arom Cs), 142.76 (s, NCHN) ppm.

Elemental analysis (%): calcd for C24H32AgN5O3•H2O (564.43): C:

51.07; H: 6.07; N: 12.41; found C: 50.75; H: 6.77; N: 13.24.

Bis(1‐(3‐methyloxetan‐3‐yl)methyl‐5,6‐dimethyl‐benzimidazole)

silver(I) nitrate (2h)

Yield: 83%; m.p.: 284–285°C; FT‐IR: ν(NO3) 1335 and ν(CN)

1515 cm–1; 1H NMR (400MHz, (CD3)2SO): δ = 1.25 (s, 6H,

NCH2CCH3), 2.34 (s, 6H, C6H2(CH3)2), 2.37 (s, 6H, C6H2(CH3)2), 4.25

and 4.53 (AB spin system, 8H, CCH2O, 2JHH = 6.0Hz), 4.60 (s, 4H,

NCH2), 7.62 (s, 2H, CH arom), 7.64 (s, 2H, CH arom), 8.59 (s, 2H,

NCHN); 13C{1H} NMR (100MHz, (CD3)2SO): δ = 19.87 (s, C6H2(CH3)2),

20.20 (s, C6H2(CH3)2), 21.87 (s, NCH2CCH3), 40.65 (s, NCH2CCH3),

50.25 (s, NCH2CCH3), 78.93 (s, CCH2O), 111.45, 119.00, 131.80,

132.24, 133.97, 139.57 (6 s, arom Cs), 145.01 (s, NCHN) ppm.

Elemental analysis (%): calcd for C28H36AgN5O5 (630.49): C: 53.34;

H: 5.75; N: 11.11; found C: 53.27; H: 5.66; N: 10.96.

4.2 | Biological assays

The antimicrobial activity assays of silver(I) complexes 2a–h substances

were carried out using the modified agar dilution method recommended

by the Clinical and Laboratory Standards Institute (CLSI).[42,43] The MIC

values of the compounds were determined using the microwell dilution

method for the bacterial and fungal strains (American Type Culture

Collection ATCC). Bacterial strains: Staphylococcus aureus ATCC 29213,

Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 25922,

Pseudomonas aeruginosa ATCC 27853, Staphylococcus aureus MRSA

ATCC 43300, Klebsiella pneumoniae ATCC 700603, and Acinetobacter

baumannii ATCC 19606; mushroom strains: Candida glabrata ATCC

90030 and Candida albicans ATCC 14053.

Bacterial strains were grown in Muller Hinton Broth (Merck)

medium, and fungal strains were grown in RPMI 1640 Broth (Sigma‐

Aldrich Chemie GmbH Taufkirchen) medium. Turbidity of bacteria

and fungi matched that of a McFarland no. 0.5 turbidity standard.[44]

The prepared bacterial and fungal standard inoculums were

inoculated into the media as two series for control and growth was

detected in all of them. Solutions of all compounds were prepared in

DMSO. All dilutions were made with distilled water. Concentrations

of test compounds are 800, 400, 200, 100, 50, 25, 12.5, and 6.25 µg/

mL. The MIC values were further expressed in μmol/mL

Ampicillin, ciprofloxacin, amikacin, tigecycline, and vancomycin

were used as antibacterial standard drugs, while fluconazole was

used as an antifungal standard drug. Standard inoculum of bacteria

and fungi (106 CFUs/mL) were inoculated with a sterile plastic ring‐

tipped loop (0.01mL) on agar plates containing 800, 400, 200, 100,

50, 25, 12.5, and 6.25 µg/mL material. All planted plates were

evaluated after they were kept in an oven at 35°C for 16–20 h for

bacteria and 48 h for fungi. MIC was determined as the lowest

concentration preventing bacteria and fungi growth.

4.3 | Molecular docking

ORCA package version 4.0[45,46] was used for geometry optimization

with BP86[47,48] functional and with a def2‐SVP def2‐SVP/J basis set.

density functional theory (DFT) calculations were restricted with

KDIIS SOSCF and tightscf options. The crystal structures of the

target molecules were downloaded from RCSB Protein Data Bank

(https://www.rcsb.org/) (PDB ID: 1kzn and 5jlc).[31,32] The molecular

docking calculations were performed with AutoDock 4.2.[49,50] Only

polar hydrogens were evaluated and Kollman charges were used

during the procedures. The water molecules were removed from the

targets. The processes were started with randomized positions for

silver complex with Gasteiger charges. Lamarckian genetic algorithms

were employed with 150 genetic algorithm populations.[51]

4.4 | DFT‐based calculation methods

ORCA package version 4.0[45,52] was used for geometry optimization

with BP86 functional and with a def2‐SVP def2‐SVP/J basis set.[47,48]

DFT calculations were restricted with KDIIS SOSCF and tightscf

options. The chemical reactivity descriptors were calculated with

Koopmans Theorem according to following equations.[53,54]

IP EIonization potential: = − ,HOMO (1)

EA EElectron affinity: = − ,LUMO (2)

χ I AElectronegativity: = −( + )/2, (3)

η I AChemical hardness: = ( – )/2, (4)

S ηGlobal softness: = 1/2 , (5)

ω μ ηElectrophilicity index: = ˆ/2 . (6)
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