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Abstract The synthesis, structures and antibacterial stud-
ies of silver complexes of N-heterocyclic carbene (NHC)
ligands are reported. The NHC precursors, 2,6-bis(3-allyli-
midazol-1-ylmethyl) pyridine hexafluorophosphate (1) and
2,6-bis(3-allylbenzimidazol-1-ylmethyl)pyridine dibromide
(2) were treated with Ag,0 to yield 2,6-bis(3-allylimidazol-
1-ylmethyl)pyridine disilver bis(hexafluorophosphate) (3)
and  2,6-bis(3-allylbenzimidazolium-1-ylmethyl)pyridine
disilver bis(hexafluorophosphate) (4). All four compounds
were characterized by physico-chemical and spectroscopic
techniques and by single-crystal X-ray diffraction. The
compounds were screened for their antibacterial activities
against Staphylococcus aureus (ATCC 12600) as a Gram-
positive and Escherichia coli (ATCC 11303) as a Gram-
negative bacteria. Compounds 1 and 2 showed no inhibition
while 3 and 4 inhibited the growth of these bacteria. The
nuclease activities of the compounds were evaluated by gel
electrophoresis, and the results indicate that complexes 3 and
4 can degrade both DNA and RNA.

Introduction

N-heterocyclic carbene (NHC) complexes of silver(I) are a
well-studied class of organometallic compounds with rel-
evance to organic, organometallic and carbene transfer
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chemistry [1]. The development of Ag(I)-NHC complexes
and their applications are usually connected with the yield
and cost of their synthesis [1]. Ag(I)-NHC complexes are
easily prepared by reactions of azolium salts with silver
bases like Ag,0, Ag,CO3; and AgOAc, and silver salts
under basic phase transfer conditions [2—4]. Among these
methods, in situ deprotonation of the azolium salts with
silver bases is the most convenient and commonly used
method. Ag-NHC complexes have proven to have inter-
esting antimicrobial [5-8], antifungal [9] and anticancer
[10, 11] properties.

Silver sulfadiazine and silver nitrate have been used
widely as topical antimicrobial agents. However, they lose
their effectiveness quickly, resulting in reinfection of the
wound site. In addition, the development of drug resistance
of some pathogenic bacteria to sulphonamides has reduced
the use of some common antibiotics [12-14]. Hence, there
is a need to develop novel silver compounds that can release
silver ions gradually into the wound [15, 16]. To date, a
large number of studies have been carried out on Ag(I)-
NHC complexes as potential antimicrobial and anticancer
agents, and their carbene transfer ability [17-21].

NHC metal complexes containing pincer-type ligands
based on pyridine with several donor groups have been
thoroughly explored [22-24], but the Ag(I)—carbene com-
plexes with pincer-type ligands containing NHCs are rel-
atively scarce compared to the monocarbene complexes
[25, 26]. Imidazole-derived ligands based on bis(imidazo-
lin-2-ylidene)-2,6-pyridine were first reported in 2000 [27],
but it was in 2004 that the first pyridine-linked pincer
Ag(I)-NHC complexes were reported, along with their
antimicrobial activity [19]) Despite the encouraging early
results, research on pincer-type NHC complexes has been
focussed mostly on catalysis [28-31]. Our interest in pyr-
idine-linked pincer silver NHC complexes is due to their
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ability to offer stability while retaining their activity in
addition to the common electron-donating capabilities of
the carbon [31]. This may lead to a degree of stabilization
of the silver complexes, thereby controlling the release of
Ag” into the culture medium. Allyl substituents on such
ligand precursors are capable of coordinating to the metal
centre leading to a coordination environment made up of
sp>-carbon donors [32]. Inspired by this, we became
interested in the coordination chemistry of N-heterocyclic
carbenes bearing N-allyl substituents. We have previously
reported that xylyl-linked bis-benzimidazolium salts and
their respective dinuclear Ag-NHC complexes have
potential activities against different types of cancer
[33-36]. Therefore, compounds 1-4 were synthesized to
further investigate this phenomenon in relation to their
antimicrobial activities. Herein, we report the synthesis and
crystal structures of Ag(I) benzimidazole and imidazole
complexes stabilized by pyridine-based NHC ligands with
allyl group as substituents. Their antimicrobial activities
were investigated against Staphylococcus aureus as a
Gram-positive and Escherichia coli as a Gram-negative
bacterial strain.

Experimental
Materials and measurements

All chemicals were used as received. All solvents were
redistilled except for acetonitrile and dimethyl sulfoxide,
which were of AR grade. NMR spectra were recorded on
a Bruker 500 MHz spectrometer at RT in DMSO-dg,
using TMS as an internal standard. FTIR spectra were
recorded on a Perkin-Elmer-2000 system spectrometer in
the range 4,000-400 cm™'. Elemental analysis was carried
out on a Perkin-Elmer series II, 2400 microanalyser.
Melting points were measured using a Stuart Scientific
SMP-1 (UK) instrument. The instruments are available at
the School of Chemical Sciences, Universiti Sains
Malaysia (USM). The X-ray single-crystal structure ana-
lysis was obtained using a Bruker smart ApexII-2009
CCD area detector diffractometer.

Synthesis of 2,6-bis(3-allylimidazol-1-
ylmethyl)pyridine hexafluorophosphate (1)

A mixture of imidazole (1.00 g, 14.69 mmol) and KOH
(1.23 g, 22.00 mmol) in DMSO (20 mL) was stirred at RT
for 1 h. 2,6-Bis(bromomethyl)pyridine (1.95 g,
3.75 mmol) was then added portionwise, and the mixture
stirred at RT for 2 h. The mixture was poured into water
(200 mL) and extracted with chloroform (4 x 25 mL).
The combined extract was filtered through four plies of
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Whatman filter papers in order to dry the extract. This
process of filtration was repeated thrice to collect a clear
solution of the desired compound, which was subsequently
evaporated under reduced pressure. The desired compound,
2,6-bis(N-imidazole- 1-ylmethyl)pyridine, was character-
ized by NMR and compared with the literature data before
further use [37]. Next, a mixture of 2,6-bis(N-imidazole-1-
ylmethyl)pyridine (0.50 g, 2.09 mmol) and allyl bromide
(0.51 g, 4.18 mmol) in acetonitrile (35 mL) was refluxed at
80 °C for 20 h. The solvent was removed under reduced
pressure to give 2,6-bis(3-allylimidazolium-1-yl
methyl)pyridine dibromide as a yellowish oil, which was
reacted with a solution of KPF¢ (0.70 g, 3.80 mmol) in
methanol (20 mL) to yield compound 1. Recrystallization
from methanol gave the compound as colourless crystals.
Yield: 0.68 g (76 %). Melting point: 166-167 °C. "H NMR
(500 MHz, DMSO-ds, 298 K, & ppm): 4.88 (4H, d,
J =6.0 Hz, 2 N- x CHy); 5.31-5.43 (4H, d.d, J = 6.0,
5.5Hz, 2 x CHy); 5.55 (4H, s, 2 x CH,-pyridine);
6.00-6.13 (2H, m, 2 x CH); 7.69 (4H, d, J = 6.0 Hz,
imidazolium H4', H5'); 7.49 (2H, d, J = 8.0 Hz pyridine-
H); 7.97 (1H, t, J = 8.0 Hz, pyridine-H); 9.16 (2H, s,
2 x imidazolium H2'); *C {'H} NMR (125 MHz,
DMSO-dg, 298 K, 6 ppm): 51.0 (N-CH,), 52.7 (CH,-pyr-
idine);120.4 (-.CH=CH,);142.6 (imidazole Ar-C); 136.1 (-
CH = CH,) 138.9 (imidazolium-C2), 123.4, 134.7, 153.4
(pyridine Ar-C). FTIR (KBr disc) cm ™', ~2,966, 3,079 v
(C-H), 1,601 v (C=N, imidazole), 1,578 v (C=N, pyridine),
1,646 v (C=C). Anal. Calc. for C;oH,3NsF,P,: C, 37.3; H,
3.8; C, 11.5. Found: C, 37.7; H, 4.0; N, 11.8.

Synthesis of 2,6-bis(3-allylbenzimidazol-1-
ylmethyl)pyridine dibromide (2)

A mixture of benzimidazole (1.00 g, 8.46 mmol) and KOH
(0.71 g, 12.68 mmol) in DMSO (20 mL) was stirred for 1 h
at RT. 2,6-Bis(bromomethyl)pyridine (1.12 g, 4.23 mmol)
was added portionwise; the mixture was stirred at RT for
2 h, then poured into water (200 mL) and cooled on ice; the
resulting white precipitate was filtered off, washed with
water (4 x 5 mL) and dried at 70 °C. The desired com-
pound, 2,6-bis(N-benzimidazole-1-ylmethyl) pyridine, was
characterized by NMR and compared with literature data
before further use [37]. Next, a mixture of 2,6-bis(/N-benz-
imidazole-1-ylmethyl)pyridine (0.72 g, 2.10 mmol) and
allyl bromide (0.51 g, 4.20 mmol) in acetonitrile (35 mL)
was refluxed at 80 °C for 20 h. The solvent was removed
under reduced pressure to give 2,6-bis(3-allylbenzimida-
zolium-1-ylmethyl)pyridine dibromide as a white solid.
Recrystallization from methanol gave the compound as
colourless crystals. Yield: 0.65 g (74 %). Melting point:
177-178 °C. 'H NMR (500 MHz, DMSO-ds, 298 K, &
ppm): 5.15 (4H, d, J = 6.0 Hz, 2 x N-CH,); 5.38 (4H, d,
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J =6.0Hz, 2 x CHy); 541 (4H, s, 2 x CH, pyridine);
6.00-6.13 (2H, m, 2 x CH); 7.43 (2H, t, J = 8.5 Hz, Ar—
H); 7.55 (2H, d, J=8.5Hz, Ar-H); 7.66 (2H, t,
J = 7.5 Hz, Ar-H); 7.94 (2H, d, J = 8.5 Hz, pyridine-H);
801 (1H, t, J= 8.5 Hz, pyridine-H) 9.83 (2H, s,
2 x benzimidazolium H2'); '*C {'H} NMR (125 MHz,
DMSO-dg, 298 K, 6 ppm): 48.9 (N-CH,), 50.6 (CH,-pyr-
idine); 113.8 (-.CH=CH,); 113.5, 120.6, 142.6 (benzimid-
azole Ar-C); 130.8 (-.CH=CH,) 138.9 (benzimidazolium-
C2), 122.5, 131.1, 153.0 (pyridine Ar—C). (KBr disc) cm ™!,
~3,104, 3,159 v (C-H), 1,596 v (C=N, imidazole), 1,574 v
(C=N, pyridine), 1,664 v (C=C); Anal. Calc. for
C,7H»9NsBr,O: C, 54.1; H, 4.8; N, 11.7. Found: C, 54.6; H,
5.1; N, 11.9.

Synthesis of 2,6-bis(3-allylimidazol-1-
ylmethyl)pyridine disilver(I) bis(hexafluorophosphate)
3)

An acetonitrile solution (30 mL) of 1 (0.50 g, 0.82 mmol)
and Ag,O (0.38 g, 1.64 mmol) was stirred at 50-60 °C
temperature for 24 h. The mixture was filtered through a pad
of Celite, and the filtrate was slowly evaporated to precipitate
a white solid. The solid was redissolved in acetonitrile, and
diethyl ether was added to reprecipitate a solid, which was
isolated by filtration and vacuum-dried to yield 3. Crystals
suitable for X-ray diffraction were obtained by slow diffu-
sion of the salt solution using diethyl ether and acetonitrile at
ambient temperature. Yield: 0.53 g (76 %) Melting point:
222-224 °C. '"H NMR (500 MHz, DMSO-d;, 298 K, &
ppm): 5.11 (4H, d, J = 5.0 Hz, 2 x N-CH,); 5.16-5.25
(4H,d.d,J = 6.0,5.5 Hz,2 x CH,);5.67 (4H,s,2 x CH,-
pyridine); 6.00-6.13 (2H, m, 2 x CH); 7.69 (4H, d,
J = 6.0 Hz, imidazolium H4', H5"); 7.73 (2H, d,
J = 8.0 Hz, pyridine-H); 7.80 (1H, t, J = 8.0 Hz, pyridine-
H); '*C {'"H} NMR (125 MHz, DMSO-dj, 298 K, & ppm):
53.2 (N-CH,), 55.5 (CH,-pyridine); 121.6 (—CH=CH,);
122.9 (-CH=CHy,); 139.0 (imidazolium C4’and C5'); 138.9,
155.7 (pyridine Ar-C), 179.6 (imidazolium C2-Ag). (KBr
disc) cm™', ~3,104, 3,159 v (C-H), 1,595 v (C=N, imid-
azole), 1,578 v (C=N, pyridine), 1,601 v (C=C); Anal. Calc.
for C38H42N]0Ag2F12P2: C, 398, H, 37, N, 12.2. Found: C,
40.4; H,4.1; N, 12.8.

Synthesis of 2,6-bis(3-allylbenzimidazol-1-
ylmethyl)pyridine disilver(I) bis(hexafluorophosphate)
C))

This compound was prepared in a similar way 3, except
that 1 was replaced with 2 (0.68 g, 0.96 mmol) and Ag,O
(0.44 g, 1.92 mmol). Yield: 0.63 g (70 %). Melting point:
235-237 °C; 'H NMR (500 MHz, DMSO-d,, 298 K, &
ppm): 5.15 (4H, d, J = 6.0 Hz, 2 x N-CH,); 5.16-5.25

(4H, d,d, J=6.0, 55Hz, 2 x CH,); 5.67 (4H, s,
2 x CH,.pyridine); 6.00-6.13 (2H, m, 2 x CH); 7.18 (2H,
t, J = 8.5 Hz, Ar-H); 7.29 (2H, d, J = 8.5 Hz, Ar-H);
7.40 2H, t, J = 7.5 Hz, Ar-H); 7.35 (2H, d, J = 8.5 Hz,
pyridine-H); 7.75 (1H, t, J = 8.5 Hz pyridine-H); '*C {'H}
NMR (125 MHz, DMSO-d,, 298 K, & ppm):): 50.7 (N-
CH,), 52.9 (CH,-pyridine); 111.8 (-CH=CH,); 112.1,
118.2, 138.5 (benzimidazole Ar-C); 133.0 (-CH=CH,)
121.2, 133.4, 154.9 (pyridine Ar-C), 171.6 (benzimidazo-
lium C2-Ag). (KBr disc) cm™', ~3,104, 3,159 v (C-H),
1,596 v (C=N, imidazole), 1,570 v (C=N, pyridine), 1,664
A% (C=C) Anal. Calc. for C54H51N10Ag2F12P2: C, 482, H,
3.8; N, 10.4. Found: C, 48.5; H, 4.1; N, 10.8.

Antibacterial studies

Stock solutions of all compounds were prepared using
DMSO. Antimicrobial tests were performed using the
Kirby—Bauer disc diffusion method [38]. Single colonies of
E. coli (ATCC 11303) and S. aureus (ATCC 12600) from
fresh culture agar plates were, respectively, cultured in two
bottles containing nutrient broth solution and incubated
overnight at 37 °C. The turbidity of each culture was
adjusted by comparing it to 0.5 McFarland standard, which
is equal to 1.58 x 10® CFU/mL or 0.5 (O.Dgoo reading).
Using sterile cotton buds, each bacterial lawn culture was
spread uniformly on different agar plates before placing the
antimicrobial assay discs on the plate. Four discs were
placed on the agar plate, and 5 pL volumes of the com-
pounds was loaded on the discs with concentrations at 100
and 50 pg/mL. The plates were incubated at 37 °C for
24 h, and the diameters of the inhibition zones were
measured in millimetre. The effectiveness of these com-
pounds in relation to inhibition zone was compared to
silver nitrate, based on its established antimicrobial prop-
erties [39], and streptomycin that were used as positive
controls. The minimum inhibitory concentration (MIC) of
each compound was determined based on the lowest con-
centration of the compound that inhibited the growth of
bacteria using the broth dilution method [40]. Single col-
onies of S. aureus and E. coli were isolated from agar
plates and were grown in 5.0 mL LB broth. The solutions
were incubated at 37 °C and shaken at 180 rpm overnight
to yield bacteria solutions. Stock solutions of the com-
pounds were prepared by dissolving each in DMSO to
prepare stock concentrations at 50 mg/mL. From each
stock solution, 2 pl. of the compounds, AgNO; and
streptomycin, was dissolved in 2 mL of the broth culture
and used to prepare four serial dilutions of 75, 50, 25 and
12.5 pg/mL, respectively. Serial dilutions were done for
each compound by transferring 0.5 mL (75 pg/mL) of the
compound solution from the first tube to the second tube
already containing 1 mL of nutrient broth. Next, 1 mL
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from tube 2 was again transferred into tube 3, and same
was repeated for tube 4 to give concentrations of 50, 25 and
12.5 pg/mL, respectively. Prepared bacteria solution
(5 pL) was added to each tube, and the tubes were incu-
bated at 37 °C for 16 h in a shaking incubator at 180 rpm.
Bacteria growth was noted by turbidity of the solution in
the tubes, and MIC was determined by the lowest con-
centration lacking turbidity.

Gel electrophoresis

The electrophoresis method was employed to study the
efficiency of cleavage by the test compounds [41]. The
extracted plasmid DNA and RNA, pTS414 (10 pg/mL),
and 1 pL of the test sample (50 pg/mL) were mixed in
50 mM Tris—HCI buffer (pH 8.00). The contents were
incubated for 8 h at 37 °C. Plasmid extraction was done
using a plasmid purification kit (Intron biotechnology,
Korea) without the addition of RNase in order to extract
both RNA and DNA. The electrophoresis was performed
using 0.8 % agarose gel. For each sample, 5 pL of the
mixture was loaded into the well. The voltage used was
90 V running on 0.5 x Tris—Acetate EDTA (TAE) buffer,
and the gel was stained with ethidium bromide solution
(10 pg/mL) for 15 min. The gel was subsequently exposed
to UV light and captured by a gel documentation system
(FluorChem HD2; Cell Bioscience). The nucleating ability
of the synthesized imidazolium and benzimidazolium salts/
Ag complexes (1-4) was determined by its efficiency in
cleaving/degrading the plasmid DNA and RNA.

Results and discussion
Synthesis

The bis(imidazolium/benzimidazolium) salts possessing
pyridine spacers show an interesting pincer-type ligand
framework, which gives an additional N-donor site that is
capable of developing a stable backbone scaffold for
increased stability and reactivity. The imidazolium and
benzimidazolium salts 1 and 2 were prepared from imid-
azole and benzimidazole, respectively, by stepwise alkyl-
ation with 2,6-bis(bromomethyl)pyridine in the presence of
KOH in DMSO at room temperature for 2 h. The reactants
were subsequently converted into their respective quater-
nary salts by the reaction with allyl bromide, followed by
treatment with KPFg¢ to obtain stabilized pincer-type NHC
salts (Scheme 1). The salts 1 and 2 exhibit good solubility
in polar organic solvents such as CH,Cl,, CH;CN and
DMSO, but are insoluble in dioxane, ethyl acetate, diethyl
ether and hexane. The enhanced acidity of the benzimid-
azole and imidazole H2 is a primary factor in the synthesis
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of Ag(I)-NHC complexes [42, 43]. The Ag(I)-NHC
complexes 3 and 4 were prepared via the reaction of the
ligand precursors 1 and 2, respectively, with Ag,O in 1:2
ratio in acetonitrile at 50-60 °C for 24 h.

Spectroscopy studies

Solution studies of these complexes were essential in order
to identify the bioactive species resulting from dissolution
of the solid complex and so to understand the underlying
biochemical mechanism involved in the antibacterial
activity. This study is also relevant to the antibacterial
studies since the complexes have to be maintained in cul-
ture medium for at least 24 h. Therefore, we have deter-
mined the stabilities of the Ag-NHC complexes 3 and 4 in
both 10 and 100 % DMSO-ds aqueous solution. Both
complexes are stable in aqueous solution for 24 h, since
their "H NMR spectra remained unchanged after 24 h. The
'"H NMR spectrum of complex 3 after 24 h in 10 %
aqueous DMSO is shown in Fig. 1 and is identical to the
spectrum obtained after 30 min (see supplementary data).

In order to further assess the stability of the complexes
in the broth mixture, 10 mg/mL stock solutions of 3 and 4
in DMSO was prepared and added in a 1:1 ratio to LB
broth prepared in DMSO. This was done to imitate the
conditions of the MIC evaluation experiments. The 'H
NMR and ">C NMR spectra were taken after 15 min and
48 h. Both complexes demonstrated stability in the LB/
DMSO broth mixture at 0 °C, room temperature and
37 °C, as shown by the unchanged 'H and '>C NMR
spectra after 48 h.

The FTIR spectra of the carbene precursors show a band
of medium intensity at around 2,928-3,431 cm™!, which is
assigned to v(C—H) (both aliphatic and aromatic) in benz-
imidazolium and imidazolium salts. The spectra of the salts
show a band of medium intensity at around 1,561 cm ™" for
1 and 1,595 cm™' for 2 assigned to the pyridine ring
vibrations. Complexation of these NHCs with silver alters
their spectra, which is evident in range of
1,200-1,610 cm™!, assignable to imidazole ring v(C=N)
vibrations [44]. These signals have a noticeable shift of
about 35 cm™! for 3 and 60 cm™! for 4, arising from the
rigid pyridine moiety. A moderate intensity band observed
in the range 1,601-1,664 cm ™! is ascribed to the stretching
vibration (C=C) of the allyl functionality in the carbene
precursors [45], and this remains unchanged in the carbene
complex spectra. This is an indication that the allyl func-
tionality is outside the coordination sphere of the coord-
inatively saturated Ag(I) centre [46]. The NHC carbon
upon complexation with silver undergoes spectroscopic
changes, this is observed in the range 1,190-1,570 cm ™,
and a characteristic “four fingers (f.fs)” pattern was
observed for both 3 and 4. This pattern is quite different
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from the spectra of corresponding benzimidazolium and
imidazolium salts 1 and 2, which has been previously
reported by our research group [47].

The 'H NMR spectra of compounds 1-4 were in accor-
dance with the expected structures. In the 'H NMR spectra of
3 and 4, the absence of resonances for the benzimidazolium
and imidazolium carbene protons (NCHN) confirms the
formation of the expected Ag(I)-NHC complexes [48].
Likewise, the '*C NMR signals for the carbene carbon
(NCN) were observed downfield as expected for Ag(I)-NHC
complexes [49]. The benzimidazolium and imidazolium C2-
H groups show characteristic signals in the "H NMR spectra
of 1 and 2 in the range & 9.16-9.83 ppm. Three typical sig-
nals due to the allyl protons were observed in the range of &
4.88-5.43 ppm, and the presence of sharp singlets and
multiplets at 6 6.0 and 6 7.49-8.01 ppm in all spectra were
assigned to the pyridyl and aromatic protons. Apart from the
absence of the benzimidazolium and imidazolium protons,
no other significant changes were observed in the spectra of
the complexes compared to the free ligands. In the '>*C NMR
spectra of complexes 3 and 4, the signals for the carbene

carbon were observed at & 171.61 and 179.61 ppm,
respectively.

Crystal structures

The pro-ligand 1 crystallized in the monoclinic space group
C2/c (see Table 1 for the crystal data details) with the
asymmetric unit consisting of one 2,6-bis(3-allylimidazo-
lium-1-ylmethyl)pyridine cation and two hexafluorophos-
phate anions (Fig. 2). The central pyridyl ring makes
dihedral angles of 110.22(13)° and 114.46(14)° with the 1H-
imidazol-3-ium ring and the minor components of the dis-
ordered 1H-imidazol-3-ium ring. The internal ring angles of
the imidazole ring, N1-C1-N2 and N4-C13-N5 at the two
carbene centres are 108.35(8)° and 108.49(10)°, respectively
(Table 2). The pyridine rings in adjacent molecules are
observed to form intermolecular m—7 interactions, with the
distance between the two centroids of the adjacent pyridyl
rings being 3.507(5) A (see supplementary data).
Compound 2 crystallizes in the triclinic space P — 1
with 2,6-bis(3-allylimidazolium-1-ylmethyl)pyridine, two
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Table 1 Crystal data and

structure refinement details for Formula C1oH23NsF 2P, C27H29NsBr,0 C3sHyoN1oAZF 1Py Cs4HsiN1oAgF 1P
ligand precursors 1, 2 and Formula wt 611.36 599.35 1144 1345.73
complexes 3, 4 Crystal system Monoclinic Triclinic Monoclinic Orthorhombic

Space group C2/c P—-1 P2,/c P2,2,2,

aA) 27.3566(3) 8.7124(3) 8.7558(2) 14.3558(4)

b (A) 9.6888(1) 9.6690(3) 12.0410(2) 17.5411(5)

c (A) 19.0222(3) 15.8832(5) 20.8690(4) 22.1365(6)

o (9 90 80.776(2) 90 90

B (% 103.942(1) 84.473(2) 94.211(1) 98.377(1)

7 (9 90 81.764(2) 90 90

Vv (A3) 4898.35(11) 1303.39(7) 2194.25(7) 5574.3(3)

V4 8 2 2 4

Pcal (gecm™)  1.660 1.527 1.732 1.604

Temperature (K) 100 100 100 100

w/mm™! 0.289 3.139 1.059 0.847

Crystal size 0.25 x 0.39 x 047 0.26 x 040 x 0.5 0.17 x 0.28 x 0.29 0.03 x 0.17 x 0.50

(mm)

6 range (°) 2.2-30.1 1.34-30.00 2.0-30 1.7-27.5

Rine 0.028 0.035 0.039 0.071

Fooo 2480 608 1144 2708

R, WR,, S 0.0488, 0.1331,1.02  0.0347, 0.0505, 0.1330, 0.0347, 0.0927,

0.0929,1.02 1.04 1.02

bromide anions and one water molecule contained in the
asymmetric unit (Fig. 3). The benzimidazolyl units in 2 are
on either side of the central pyridine core, with a dihedral
angle of 125.37(17)°. Internal ring angles of the imidazole
moiety, NI-CI-N2 and N4-C18-N5 at the two carbene
centres are 110.29(17)° and 110.94(15)°, respectively. The
two benzimidazole units and the central pyridine core form
a z shape and are also perpendicular to the plane of the
central pyridine unit. Face-to-face m—m interactions are
observed between benzimidazole rings (back to back), with
the distances between the centroids of the aromatic rings
ranging from 3.522 to 3.544 A, giving rise to the formation
of a 1D supramolecular network (see supplementary data).
One of the bromide ions acts as a bifurcated hydrogen bond
acceptor to adjacent water molecules in the lattice. The
formation of C-H---Br hydrogen bonds in the structure
helps to stabilize the crystals.

Complex 3 crystallizes in the monoclinic space group
P2,/c with half of the molecule in the asymmetric unit.
Two silver ions are interposed between two units of 1, in
which each ligand displays a p-x'(C)Ag:k'(C")Ag’ coor-
dination mode, binding the Ag(I) through the imidazole
carbene carbons to give an overall dinuclear complex
structure (Fig. 4). The presence of two hexafluorophos-
phates in the lattice balances the charge on the complex.
The dihedral and internal ring angles of 3 are about 15-16°
and 6-7° smaller when compared with the salt of the free
ligand. This could be ascribed to the fact that the NHC
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Fig. 2 Molecular structure of 1 with thermal ellipsoids shown at
50 % probability. Hexafluorophosphate anions in the lattice and
hydrogen atoms are omitted for clarity

Table 2 Selected bond lengths [A] and angles [°] for pro-ligands 1
and 2

1 2
CI-N1 1.332(4) 1.330(5)
CI-N2 1.334(5) 1.336(5)
CI13-N4 1.330(5) 1.340(4)
CI13-N5 1.328(4) 1.325(5)
N1-CI1-N2 108.35(8) 110.29(17)
N4-C13/C18-N5 108.49(10) 110.94(15)

carbon atom, upon complexation with Ag(I), donates
charge density to the metal cation, resulting in modulation
of the ring shape. The Ag(I) ions in complex 3 display a



Transition Met Chem (2014) 39:281-290

287

Fig. 3 Molecular structure of 2 with thermal ellipsoids shown at
50 % probability. Hydrogen atoms, bromide ions and water molecule
in the lattice are omitted for clarity

linear coordination geometry, having the Cl-Agl-Cl4!
(and symmetry equivalent) angle at 171.19(14)°. The Ag-C
bond distances for both sets of imidazolium rings, Agl-Cl
and Agl-C14i which are 2.096(8) and 2.094(12) A,
respectively, are in close accordance with other compara-
ble imidazolium complexes of Ag(I) [50]. The separation
between the two Ag(I) ions in this dinuclear complex is
4.784(5) A respectively (Table 3).

Complex 4 crystallizes in the orthorhombic space group
P2,2,2, with the entire molecule in the asymmetric unit.
This dinuclear complex is constructed from two ligands of
2 that sandwich two silver cations through the NHC carbon
atoms, while two hexafluorophosphate anions in the lattice
neutralize the cationic molecule (Fig. 5a). The benzimi-
dazolyl units lie on either side of the central pyridine core
with a dihedral angle of 111.5(6)°. The N-C and P-F bond
distances are in the range of 1.333(11)-1.488(9) and
1.575(6)-1.612(5) A, respectively. The internal ring angles
of benzimidazole (N-C-N) at the carbene centre are
106.57(7)° for N1-C1-N2 and 105.31(9)° for N6—C28-N7
(Table 4). The separation between Ag(I) ions is 4.468(5)
A. The bond angle at the carbene carbon contracts from
110.31° to 104.1°, and these internal ring angles are 4°-5°
smaller relative to the angles in the free ligand. This is also
in line with the shifts in charge density from the NHC
carbon to the metal, which is responsible for the observed
deviation in ring shape. There are m—m interactions
between phenyl rings in the benzimidazole moieties that
link adjacent complexes with a distance of 3.663 A,
leading to the formation of a 1D stepped chain network
(Fig. 5b).

Fig. 4 Molecular structure of 3 with thermal ellipsoids shown at
50 % probability. Hydrogen atom and molecules in the lattice are
omitted for clarity. Symmetry elements used: '=2 — x, 1 — y, z

Table 3 Selected bond lengths [A] and angles [°] in complex 3

Agl-Cl1 2.096(8) CI-N2 1.356(9)
Agl-C14! 2.094(12) Cl14-N4 1.358(11)
CI1-N1 1.361(8) CI14-N5 1.356(8)
Cl-Agl-C14! 171.20(12) N4-C14-N5 104.14(11)
N1-CI-N2 103.87(11) N4-C14-Agl 130.21(9)
N1-Cl-Agl 132.60(8) N5-Cl4-Agl’ 125.02(10)
N2-Cl-Agl 123.47(9)

Symmetry element used: =2 x1-— v, 2

Antibacterial activities

Stock solutions of all the compounds were prepared in
DMSO. All dilutions were carried out with distilled water.
The concentrations of the test compounds were 100, 75, 50,
25 and 12.5 pg/mL, using silver nitrate for positive control
and streptomycin as the standard drug. Compounds were
screened for their antibacterial activity against E. coli and
S. aureus using the disc diffusion method, and the MIC was
determined based on the lowest concentration that inhibited
the growth of the bacteria.

A comparative study of the ligand precursors and their
complexes (inhibition zone in mm in Table 5) indicates
that the complexes exhibited good inhibition against both
the Gram-negative and Gram-positive bacteria, while their
corresponding free ligands (1 and 2) showed no inhibi-
tion. Although there is evidence that some imidazolium
salts can display antimicrobial activity [51, 52], the
present results are consistent with studies on other
reported ligand precursors in the literature [53-55]. Both
of the new complexes were effective at inhibiting the
growth of Gram-positive and Gram-negative bacteria,
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Fig. 5 a Molecular structure of
4 with thermal ellipsoids shown
at 50 % probability. Molecules
in the lattice and hydrogen
atoms are omitted for clarity.

b The stepped chain section of
face-to-face m—m stacking.
Symmetry elements used:

=x - Ly z'=l+x0z

Table 4 Selected bond lengths [A] and angles [°] in complex 4

Agl-Cl 2.088(7) C18-N4 1.374(8)
Agl-C28 2.087(5) CI8-N5 1.356(8)
Ag2-CI18 2.074(5) C28-N6 1.346(6)
Ag2-C45 2.076(8) C28-N7 1.337(7)
CI-N1 1.347(7) C45-N9 1.340(8)
CI-N2 1.366(8) C45-N10 1.358(6)
Cl-Agl-C28 175.54(9) N6-C28-N7 105.31(9)
C18-Ag2-C45 172.69(8) N9-C45-N10 105.70(9)
N1-CI1-N2 106.57(7)

N4-C18-N5 106.14(8)

with MIC values between 75 and 25 pg/mL for 3 and 4,
respectively. These values are comparable to the MIC for
silver nitrate (50 pg/mL) and some other related results in
the literature [53-55], showing that these new Ag—NHC
complexes are quite potent. The MIC values are sum-
marized in Table 6. Generally, the complexes show
greater antibacterial activities when compared with the
ligand precursors, which is in general agreement with the
literature [56].

@ Springer

Table 5 Antibacterial activities of the compounds against E. coli and
S. aureus obtained by the disc diffusion method (zone of inhibition)

Strain Diameter of inhibition zone (mm)

Test compound

3 (ug/mL) 4 (ug/mL) AgNO;3

(ng/mL)
50 100 50 100 50 100 50 100

Streptomycin
(ng/mL)

E. coli 145 16.3
S. aureus 160 18.8

17.5 235
19.0 27.0

17.0 220 27.0 29.0
180 250 27.0 325

Compounds 1 and 2 showed no activity

Test compound volume = 5 pL; test compound concentrations = 50
and 100 pg/mL

Nuclease activities

Gel electrophoresis was used to evaluate the nuclease
properties of compounds 1-4. An agarose gel image
showing the nuclease activity of the compounds is shown
in Fig. 6. Compounds were studied for their nuclease
activity against plasmid pTS414 DNA/RNA. The imi-
dazolium salts 1 and 2 displayed no visible activity towards
either DNA or RNA degradation (Lane 3 and 4). However,



Transition Met Chem (2014) 39:281-290

289

Table 6 Minimum inhibitory concentration (MIC) values of test
compounds against E. coli and S. aureus

Test compound E. coli (pg/mL) S. aureus (pg/mL)

MIC MIC
3 75 50
4 25 25
AgNO; 50 50
Streptomycin 12.5 12.5

Compounds 1 and 2 showed no activity

e —
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Fig. 6 Nuclease activity; Lane I marker; Lane 2 DNA/RNA alone;
Lane 3 DNA/RNA + sample 1; Lane 4 DNA/RNA + sample 2;
Lane 5 DNA/RNA + sample 3; Lane 6 DNA/RNA + sample 4

their respective complexes 3 and 4 displayed distinct
nuclease activity, especially for complex 3, which clearly
degraded the nucleic acids as can be seen in lane 5. The
plasmid DNA was totally degraded, leading to the loss of
the associated bands on the gel [57]. The appearance of
smearing in lane 6 reveals some degradation of the nucleic
acids. The control DNA alone (Lane 2) does not show any
apparent cleavage. Complexes 3 and 4 probably have
similar pathways of action, as they both show nuclease
activity against both DNA and RNA.

Conclusions

The two silver NHC complexes reported here both showed
good-to-moderate activity against both Gram-negative and
Gram-positive bacteria; however, the benzimidazole-based
compound (4) showed better activity than the imidazole-
based compound (3). Both complexes also showed nucle-
ase activity. Considering their stability in solution which

may enhance the slow release of Ag", we may conclude
that the results of this work are promising, and further work
is currently under way to improve these results by varying
the substituents on the imidazole and benzimidazole rings
in order to improve the biological activity. This should lead
to enhanced solubility, stability and activity in biological
media.

Supplementary Material

Crystallographic data for the structure in this work have
been deposited at the Cambridge Crystallographic Data
Centre, CCDC 951179, 939065, 945699 and 941463.
Copies of these materials can be obtained from the director,
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:

+44-1223-336033;  e-mail:  deposit@ccdc.cam.ac.uk/
deposit.
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