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Abstract: Due to increasing infections caused by microbes, 
there is an urgent need for the development of new effec-
tive antimicrobial agents. Silver-N-heterocyclic carbene 
(silver-NHC) complexes are a new class of antimicrobial 
agents. In this study, we aimed to synthesize highly lipo-
philic silver-NHC complexes. Four new complexes were 
synthesized by the reaction of the corresponding benzi-
midazolium salts and Ag2O in dichloromethane at room 
temperature. The synthesized compounds were charac-
terized by 1H NMR, 13C NMR, IR and elemental analysis. 
The antimicrobial performances of benzimidazolium salts 
and silver complexes were tested against the standard 
bacterial strains Enterococcus faecalis, Staphylococcus 
aureus, Escherichia coli, Pseudomonas aeruginosa and 
the fungi Candida albicans and Candida tropicalis. Mini-
mum inhibitory concentrations (MICs) of all compounds 
were determined. The obtained data demonstrate that all 
benzimidazolium salts and silver complexes inhibit the 
growth of bacteria and fungi. Silver complexes are more 
active than the corresponding benzimidazolium salts 
(MIC: 6.25 μg/mL for Gram-positive bacteria and fungi).

Keywords: antimicrobial; benzimidazole; cycloheptyl; 
N-heterocyclic carbine; silver.

Introduction
Infections caused by bacteria and fungi are a major threat 
to world health. In recent decades, antibiotic-resistant 
microbes have emerged due to overuse of antibiotics [1, 2]. 

Therefore, discovery of more effective antimicrobial com-
pounds is an important challenge. For this purpose, many 
classes of compounds are being investigated for potential 
use as antimicrobial agents. It is known that silver salts 
and silver-based compounds show significant antibacte-
rial effects. For example, silver nitrate was known as an 
antimicrobial agent before the 1800s and it had been used 
in wound care for more than 200 years [3]. Another silver-
based compound, silver sulfadiazine, was also used as an 
antimicrobial agent in the past [4]. Although silver-based 
compounds are well known as antimicrobial compounds, 
their mechanisms of action are not clear. It is assumed 
that a slow release of silver cation at the wound sites is 
responsible for antimicrobial activity [5]. Silver nitrate and 
silver sulfadiazine lose their effects quickly, which causes 
the wound site to be re-infected [6, 7]. Therefore, the usage 
of these silver-based compounds as antimicrobial agents 
has limitations. Due to these problems, researchers began 
searching for new and more effective silver-based antimi-
crobial agents. In 2004, Young and co-workers reported 
silver N-heterocyclic carbenes (silver-NHCs) as a new class 
of antibiotics [8].

After the first isolation of a stable NHC by Arduengo 
[9], metal-NHC complexes attracted much attention and 
today NHC ligands have an important place in organo-
metallic chemistry [10–12]. These carbenes act as excel-
lent σ-donor ligands and they can form stable complexes 
with metal cations [12, 13]. The NHC complexes release 
silver ion more slowly than traditional silver-based anti-
microbial compounds. Thus, the effect of the silver NHC 
complexes is retained over a longer period of time [10]. 
Metal-NHC complexes are generally used as catalysts in 
organic reactions but after the first report of their antimi-
crobial properties, studies of their biological properties 
increased rapidly [14–17].

It is known that lipophilicity of benzimidazolium 
salts and their metal complexes is important in contribut-
ing to their antimicrobial effects [18]. We have previously 
reported the antimicrobial properties of coumarin func-
tionalized silver-NHC complexes and observed that lipo-
philicity of complexes is a primary factor for antimicrobial 
activity [19]. Therefore, in this study, we aimed to prepare 
highly lipophilic new benzimidazole-based silver-NHC 
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complexes and evaluate their antimicrobial properties. 
We used cycloheptyl moiety as the lipophilic substitu-
ent on the benzimidazole scaffold. For this purpose, 
N-cycloheptyl substituted benzimidazolium salts were 
synthesized first. The antimicrobial activities of salts and 
silver complexes were tested against Gram-positive, Gram-
negative bacteria and fungi Candida albicans and Candida 
tropicalis.

Results and discussion

Chemistry

The ligand precursors, cycloheptyl substituted benzimi-
dazolium chlorides 2, were synthesized by quaternization 
of N-(2-cycloheptylethyl)benzimidazole (1) with various 
substituted benzyl chlorides. Compound 1 was synthe-
sized by treatment of benzimidazole with 2-cyclohepty-
lethyl chloride in tetrahydrofuran (THF) in the presence 
of sodium hydride (NaH). The reaction conditions for the 
synthesis of compound 1 and benzimidazolium chlorides 
2a–d are given in Scheme 1. The structures of benzimida-
zolium salts were confirmed by the 1H NMR, 13C NMR, IR 
spectroscopic methods and elemental analysis [20].

Various procedures have been reported for the syn-
thesis of silver-NHC complexes. Among them, reaction of 
an azolium salt with an alkaline silver compound is the 
most commonly used method [21, 22]. In this study, Ag2O 
was used as the source of alkaline silver (I). Silver-NHC 
complexes 3a-d were synthesized in 16%–34% yields by 
reaction of the benzimidazolium chlorides 2a–d with 
0.5 equivalent Ag2O in dichloromethane. All reactions 
were carried out in the dark and complexes were also 
stored in the dark. The synthetic route to the silver-NHC 
complexes 3a–d is given in Scheme 1. The structures of 
complexes were established by spectroscopic data and 
elemental analysis. In the 1H NMR spectra of 3a–d, the 

disappearance of a downfield signal of acidic benzimida-
zolium proton (NCHN) is consistent with the formation of 
silver-NHC complexes. In the 13C NMR spectra of 3a–d, the 
lack of the signal for the imino carbon (NCHN) also sup-
ports the proposed structures. Unfortunately, the signal 
of the carbene carbon could not be detected because of 
the fluxional behavior of silver-NHC complexes. This 
feature has been discussed in the literature [22]. Flux-
ional behavior between (NHC)AgX and [(NHC)2Ag] +[AgX2]- 
species in solution has been shown for many complexes 
[22]. However, it has been demonstrated that monomeric 
(NHC)AgX species are the most favorable form in dichlo-
romethane [23]. All attempts to obtain a single crystal of 3 
suitable for X-ray crystallographic analysis failed.

Antimicrobial evaluation

Minimal inhibitory concentrations (MICs) were determined 
against Staphylococcus aureus, Enterococcus faecalis (Gram-
positive), Escherichia coli and Pseudomonas aeruginosa 
(Gram-negative) bacterial strains and fungal strains C. albi-
cans and C. tropicalis. The MIC values of synthesized com-
pounds are summarized in Table 1. Ampicillin, ciprofloxacin 
and fluconazole were used as standard drugs for comparison. 
As shown in Table 1, MICs against bacteria and fungi are in the 
range of 800–6.25 μg/mL. All compounds inhibit the growth 
of the selected bacteria and fungi strains. The silver-NHC 
complexes are more active than benzimidazolium chlorides.

Benzimidazolium salts and complexes are more active 
against Gram-positive bacteria compared to Gram-neg-
ative bacteria strains. The activities of the newly synthe-
sized silver complexes are comparable with the activities 
of standard drugs ampicillin and fluconazole for S. aureus 
and fungi strains. As already mentioned, the lipophilicity 
of complexes is the primary factor for enhanced antimi-
crobial activities. The lipophilicity enhances the passage 
of the drug through a lipid that surrounds the microor-
ganism’s cell wall [18, 24]. We previously reported the 
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Scheme 1 Synthesis of benzimidazolium salts and silver(I)-NHC complexes.
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synthesis and antimicrobial properties of coumarin func-
tionalized silver-NHC complexes [19] and when antimicro-
bial activities of complexes 3a–d are compared with those 
of the complexes of the coumarin derivatives, it is obvious 
that complexes 3a–d have better antimicrobial properties.

Conclusion
The synthesis, characterization and antimicrobial proper-
ties of cycloheptyl substituted benzimidazolium salts and 
their silver(I)-NHC complexes are described. The com-
plexes are candidates for practical antimicrobial agents.

Experimental
All reactions for the preparation of benzimidazolium salts and their 
silver derivatives were carried out in standard Schlenk-type flasks 
under an atmosphere of dry argon. Chemicals and solvents were pur-
chased from Sigma-Aldrich (Istanbul, Turkey). THF was dried and 
distilled over Na/K alloy. Dichloromethane was dried over P2O5. Melt-
ing points were determined in open capillary tubes on an Electrother-
mal-9200 melting point apparatus. Fourier transform infrared (FT-IR) 
spectra were recorded on a Perkin-Elmer 100 spectrophotometer. 1H 
NMR and 13C NMR spectra were recorded using a Bruker FT spectrom-
eters operating at 300 MHz (1H) and 75 MHz (13C). Elemental analyses 
were performed using an LECO CHNS-932 elemental analyzer.

Synthesis of 1-(2-cycloheptylethyl)benzimidazole (1)

A mixture of benzimidazole (3 g, 25 mmol) (50 mL) and NaH (600 mg, 
25 mmol) in anhydrous THF (50 mL) was stirred for 1 h at ambient 

temperature, then treated with 1-chloro-2-cycloheptylethane (4 g, 
25 mmol) and heated at 70°C for 48 h with continuous stirring. After 
cooling, the mixture was filtered through celite and the filtrate was 
concentrated. Compound 1 was obtained in 68% yield as a yellow 
oil; 1H NMR (CDCl3): δ 8.14 (s, 1H, -NCHN-), 7.07–7.59 (m, 4H, ArH), 4.13 
(t, 2H, J = 7 Hz, -NCH2CH2C7H13), 0.85–1.70 (m, 15H, -NCH2CH2C7H13); 13C 
NMR (CDCl3): δ 143.9, 143.4, 133.7, 122.1, 121.3, 119.4, 110.3, 44.0, 34.9, 
32.1, 29.5, 25.2, 24.6.

General procedure for preparation of benzimidazolium 
salts 2a–d

A solution of 1 (3 mmol, 0.73 g) in dried dimethylformamide (DMF) 
(5 mL) was treated with the corresponding benzyl chloride (3 mmol) 
and the mixture was heated for 24 h at 80°C, after which it was cooled 
and concentrated under reduced pressure. The residue was crystal-
lized from ethanol/ether (1/1).

1-(2-Cycloheptylethyl)-3-(2,4,6-trimethylbenzyl)benzimidazo-
lium chloride (2a) The salt was obtained in 84% yield as a white 
solid; mp 203–205°C; IR: 1554 cm− 1 (N=C); 1H NMR (DMSO-d6): δ 9.29 
(s, 1H, -NCHN-), 7.12–8.15 (m, 4H, ArH), 7.02 (s, 2H, ArH), 5.67 (s, 2H, 
-NCH2Ph), 4.48 (t, 2H, J = 7.1 Hz, -NCH2CH2C7H13), 2.29 (s, 3H, ArCH3), 
2.25 (s, 6H, ArCH3), 0.94–1.84 (m, 15H, -NCH2CH2C7H13); 13C NMR 
(DMSO-d6): δ 141.1, 138.7, 138.3, 131.6, 131.2, 129.5, 126.7, 126.6, 125.8, 
113.9, 113.7, 46.6, 45.0, 34.7, 32.0, 24.8, 24.6, 20.6, 19.3. Anal. Calcd for 
C26H35ClN2: C, 75.98; H, 8.58; N, 6.82. Found: C, 75.88; H, 8.51; N, 6.84.

1-(2-Cycloheptylethyl)-3-(2,3,4,5,6-pentamethylbenzyl)benzimi-
dazolium chloride (2b) This salt was obtained in 89% yield as a 
white solid; mp 212–214°C; IR: 1561 cm− 1 (N=C); 1H NMR (DMSO-d6): 
δ 9.18 (s, 1H, -NCHN-), 7.72–8.23 (m, 4H, ArH), 5.72 (s, 2H, -NCH2Ph), 
4.48 (t, 2H, J = 7.1 Hz, -NCH2CH2C7H13), 2.26 (s, 3H, ArCH3), 2.22 (s, 6H, 
ArCH3), 2.19 (s, 6H, ArCH3), 0.96–1.82 (m,15H, -NCH2CH2C7H13); 13C 
NMR (DMSO-d6): δ 140.9, 136.2, 133.8, 132.9, 131.5, 131.2, 126.8, 126.6, 
125.7, 113.9, 113.8, 46.5, 46.3, 34.7, 32.0, 28.9, 24.8, 24.6, 17.0, 16.7, 16.4. 

Table 1 Minimal inhibitory concentrations (μg/mL) of benzimidazolium salts 2a–d and silver NHC complexes  3a–d against tested bacteria 
and fungi.

Compound  
 
 

Bacteria 
 

Fungi

Gram-positive  
 

Gram-negative

Staphylococcus 
aureus

  Enterococcus 
faecalis

Escherichia 
coli

  Pseudomonas 
aeruginosa

Candida 
albicans

  Candida 
tropicalis

2a   25   25   100   200  25   25
2b   25   25   100   200  25   25
2c   25   25   800   800  25   25
2d   25   25   100   200  25   25
3a   6.25   6.25   25   25  6.25   6.25
3b   6.25   6.25   25   25  6.25   6.25
3c   6.25   6.25   25   25  6.25   6.25
3d   6.25   6.25   50   50  6.25   6.25
Ampicillin   3.12   1.56   3.12   –  –   –
Ciprofloxacin   0.39   0.78   1.56   3.12  –   –
Fluconazole   –   –   –   –  3.12   3.12
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Anal. Calcd for C28H39ClN2: C, 76.59; H, 8.95; N, 6.38. Found: C, 76.61; 
H, 8.71; N, 6.49.

1-(2-Cycloheptylethyl)-3-(3,4,5-trimethoxybenzyl)benzimidazo-
lium chloride (2c) This salt was obtained in 92% yield as a white 
solid; mp 219–220°C; IR: 1572 cm− 1 (N=C); 1H NMR (DMSO-d6): δ 10.28 
(s, 1H, -NCHN-), 7.67–8.18 (m, 4H, ArH), 7.02(s, 2H, ArH), 5.67 (s, 2H, 
-NCH2Ph), 4.53 (t, 2H, J = 7.1 Hz, -NCH2CH2C7H13), 3.78 (s, 6H, ArOCH3), 
3.63 (s, 3H, ArOCH3), 1.00–1.93 (m, 15H, -NCH2CH2C7H13); 13C NMR 
(DMSO-d6): δ 153.1, 142.4, 137.6, 131.2, 130.8, 129.3, 126.6, 126.5, 114.0, 
113.8, 106.5, 59.9, 56.1, 50.1, 46.7, 34.9, 32.1, 28.6, 24.9, 24.6. Anal. Calcd 
for C26H35N2ClO3: C, 68.03; H, 7.69; N, 6.10. Found: C, 68.08; H, 7.61; 
N, 6.05.

1-(2-Cycloheptylethyl)-3-(anthracen-9-ylmethyl)benzimidazo-
lium chloride (2d) This salt was obtained in 66% yield as a yellow 
solid; mp 216–217°C; IR: 1544 cm− 1 (N=C); 1H NMR (DMSO-d6): δ 9.15 
(s, 1H, -NCHN-), 8.92 (s, 1H, ArH), 7.59–8.41 (m, 12H, ArH), 6.76 (s, 2H, 
-NCH2Ant.), 4.36 (t, 2H, J = 7  Hz, -NCH2CH2C7H13), 0.83–1.71 (m, 15H, 
-NCH2CH2C7H13); 13C NMR (DMSO-d6): δ 141.2, 131.7, 131.1, 131.0, 130.4, 
129.4, 127.8, 126.8, 126.7, 125.6, 123.4, 122.0, 114.3, 113.9, 46.4, 43.5, 34.6, 
32.0, 28.7, 24.6. Anal. Calcd for C31H33ClN2: C, 79.38; H, 7.09; N, 5.97. 
Found: C, 79.42; H, 7.11; N, 5.84.

General procedure for preparation of silver complexes 
3a–d

A mixture of Ag2O (120  mg, 0.5  mmol), a benzimidazolium salt 
2a–d (1 mmol) and activated 4 Å molecular sieves in dichlorometh-
ane (25  mL) was stirred at room temperature for 48  h. Then the 
mixture was filtered through celite and the filtrate was concen-
trated under reduced pressure. The residue was crystallized from 
dichloromethane/n-hexane at ambient temperature and washed 
with n-hexane (3 × 5 mL). All manipulations for the synthesis of sil-
ver-NHC complexes were carried out in the dark.

[1-(2-Cycloheptylethyl)-3-(2,4,6-trimethylbenzyl)-2-benzimida-
zolylidene]silver(I) chloride (3a) This complex was obtained in 
23% yield as a white solid; mp 113–117°C; IR: 1598 cm− 1 (N-C); 1H NMR 
(CDCl3): δ 7.17–7.41 (m, 4H, ArH), 6.91 (s, 2H, ArH), 5.41 (s, 2H, -NCH2Ph), 
4.30 (t, 2H, J = 7.3 Hz, -NCH2CH2C7H13), 2.28 (s, 3H, ArCH3), 2.16 (s, 6H, 
ArCH3), 0.92–1.82 (m, 15H, -NCH2CH2C7H13); 13C NMR (CDCl3): δ 138.5, 
136.4, 133.2, 132.7, 129.3, 125.6, 123.1, 123.0, 110.7, 110.4, 49.1, 46.8, 38.9, 
34.6, 31.6, 29.5, 24.9, 24.1, 20.2, 19.4. Anal. Calcd for C26H34N2AgCl: C, 
60.30; H, 6.62; N, 5.41. Found: C, 60.14; H, 6.54; N, 5.28.

[1-(2-Cycloheptylethyl)-3-(2,3,4,5,6-pentamethylbenzyl)-2-ben-
zimidazolylidene]silver(I) chloride (3b) This complex was 
obtained in 31% yield as a white solid; mp 180–183°C; IR: 1612 cm− 1 
(N-C); 1H NMR (CDCl3): δ 7.31–7.38 (m, 4H, ArH), 5.39 (s, 2H, -NCH2Ph), 
4.27 (t, 2H, J = 7.3, Hz -NCH2CH2C7H13), 2.22 (s, 3H, ArCH3), 2.21 (s, 
6H, ArCH3), 2.11 (s, 6H, ArCH3), 0.92-1.79 (m, 15H, -NCH2CH2C7H13); 
13C NMR (CDCl3): δ 137.3, 134.2, 132.9, 126.6, 124.2, 123.9, 111.5, 111.4, 
50.4, 47.7, 40.0, 35.6, 32.6, 30.5, 25.9, 25.1, 17.4, 17.2, 17.1. Anal. Calcd for 
C28H38N2AgCl: C, 61.60; H, 7.02; N, 5.13. Found: C, 61.44; H, 7.14; N, 5.22.

[1-(2-Cycloheptylethyl)-3-(3,4,5,-trimethoxylbenzyl)-2-benzimi-
dazolylidene]silver(I) chloride (3c) This complex was obtained 

in 34% yield as a white solid; mp 143–144°C; IR: 1608 cm− 1 (N-C); 1H 
NMR (CDCl3): δ 7.20–7.44 (m, 4H, ArH), 6.47 (s, 2H, ArH), 5.43 (s, 2H, 
-NCH2Ph), 4.35 (t, 2H, J = 7 Hz, -NCH2CH2C7H13), 3.74 (s, 9H, ArOCH3), 
0.97–1.86 (m, 15H, -NCH2CH2C7H13); 13C NMR (CDCl3): δ 152.7, 137.2, 
132.8, 132.7, 129.6, 123.3, 123.2, 111.0, 110.6, 103.7, 59.9, 55.3, 52.5, 48.8, 
38.9, 34.6, 31.6, 29.6, 25.0, 24.1. Anal. Calcd for C28H38N2O3AgCl: C, 
55.18; H, 6.06; N, 4.95. Found: C, 55.27; H, 6.13; N, 5.09.

[1-(2-Cycloheptylethyl)-3-(anthracen-9-ylmethyl)-2-benzimida-
zolylidene]silver(I) chloride (3d) This complex was obtained in 
16% yield as a yellow solid; mp 223–225°C; IR: 1582 cm− 1 (N-C); 1H NMR 
(CDCl3): δ 8.56 (s, 1H, ArH), 8.00–8.15 (m, 4H, ArH), 7.00–7.50 (m, 8H, 
ArH), 6.36 (s, 2H, -NCH2Ant.), 4.26 (t, 2H, J = 7.4 Hz, -NCH2CH2C7H13), 
0.90–1.78 (m, 15H, -NCH2CH2C7H13); 13C NMR (CDCl3): δ 134.2, 133.8, 
131.5, 131.2, 130.4, 130.1, 127.7, 125.3, 124.1, 123.1, 122.9, 112.1, 111.4, 50.1, 
46.5, 39.9, 35.6, 32.6, 30.5, 25.9, 25.1. Anal. Calcd for C31H32N2AgCl: C, 
64.65; H, 5.60; N, 4.86. Found: C, 64.54; H, 5.43; N, 4.96.

Antimicrobial activities of benzimidazolium salts and 
silver complexes

Antimicrobial performances of the benzimidazolium salts 2a–d and 
silver-NHC complexes 3a–d were determined by using the agar dilu-
tion procedure recommended by the Clinical and Laboratory Stand-
ards Institute [25, 26]. MICs were obtained against standard bacterial 
strains S. aureus ATCC 29213, E. faecalis ATCC 29212, E. coli ATCC 
25922 and P. aeruginosa ATCC 27853 and the fungal strains C. albicans 
ATCC 10231 and C. tropicalis ATCC 13803 purchased from American 
Type Culture Collection (Rockville, MD). Bacterial strains were sub-
cultured on a Muller Hinton broth (HiMedia Laboratories Pvt. Ltd. 
Mumbai, India). The fungal strains were subcultured on an RPMI 
1640 broth (Sigma-Aldrich Chemie GmbH Taufkirchen, Germany). 
Their turbidities matched that of a McFarland no. 0.5 turbidity stand-
ard [27]. The stock solutions were prepared in dimethyl sulfoxide 
(DMSO). All dilutions were done with distilled water. The concentra-
tions of the tested compounds were 800, 400, 200, 100, 50, 25, 12.5 
and 6.25 μg/mL. Ampicillin and ciprofloxacin were used as antibac-
terial standard drugs, while fluconazole was used as an antifungal 
standard drug. A loopful (0.01 mL) of the standardized inoculum of 
the bacteria and yeasts (106 CFUs/mL) was spread over the surface 
of agar plates. All inoculated plates were incubated at 35°C and the 
results were evaluated after 16–20 h of incubation for bacteria and 
48 h for yeasts. The lowest concentration of the compounds that pre-
vented visible growth was considered to be the MIC.
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