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Au(I)- and Pt(II)-N-heterocyclic carbene complexes with picoline

functionalized benzimidazolin-2-ylidene ligands; synthesis, structures,

electrochemistry and cytotoxicity studiesw
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Novel Au(I)-N-heterocyclic carbene complexes, 1-methyl-3-(2-pyridylmethyl)-

benzimidazolylidenegold(I)-chloride, 1; 1-benzyl-3-(2-pyridylmethyl)-

benzimidazolylidenegold(I)chloride, 2; and Pt(II)-N-heterocyclic carbene complexes 1-methyl-3-(2-

pyridylmethyl) benzimidazolylidene platinum(II)chloride, 3; and 1-benzyl-3-(2-pyridylmethyl)

benzimidazolylidene platinum-(II)chloride, 4, have been synthesized, based on CN-donor proligands

1-alkyl-3-(2-pyridylmeth-yl)-benzimidazoliumchloride L1 and L2 [alkyl, R = –CH3 = L1;

R = –CH2Ph = L2]. All the compounds have been synthesized and characterized by different

spectroscopic methods. The Au(I) complexes 1 and 2 have been synthesized by a silver carbene

transfer method. The solid-state structures of 1 and 3 have been determined by single crystal

X-ray diffraction studies. The square planar Pt(II) complexes 3 and 4 show a reversible

Pt(II)/Pt(IV) couple at 0.69 eV and 0.67 eV respectively. Among the complexes 1–4, complexes 1

and 3 have been used for cytotoxicity studies on the cell lines B16F10 (mouse melanoma), HepG2

(human hepatocarcinoma) and HeLa (human cervical carcinoma). IC50 values are compared with

cisplatin, among 1 and 3, the Au(I) complex 1 is more effective than Pt(II) complex 3.

Introduction

N-Heterocyclic carbenes (NHCs) are defined as singlet carbenes,

in which the divalent carbenic center is coupled directly with at

least one nitrogen atom within the heterocycle.1–5 Ofele et al.

and Wanzlick et al. in 1960 first reported the existence of

NHCs6–8 and in 1991 Arduengo and his co-workers first

successfully isolated the same.9 Thereafter, N-heterocyclic

carbenes (NHCs) have become universally accepted ligands

in organometallic and inorganic chemistry.10,11 Contrarily to

other carbenes, which are generally found to be electrophilic,

N-heterocyclic carbenes are electron-rich nucleophilic scaffolds,

in which the carbene center enjoys the benefits from the

stabilization related to both the s-electron-withdrawing and

p-electron-donating nature of the nitrogen centers. Due to their

strong s-electron donating properties, they can be treated as

alternatives of phosphine.12–14 Because of their unique electronic

dedication, they can bind to a broad range of transition metals,

which participate in catalysis.15–19 On the other hand, fine

delicate tuning of physical and electronic properties of NHCs

is very possible, which donates different electron density to the

metal centers with efficient catalysis.20–24

The metal based drugs occupied a considerable room in

pharmaceutical chemistry where metal plays an important

role.25–29 After successful isolation of NHC by Arduengo in

1991 it is mainly being used in catalysis; recent studies of NHC

complexes as anticancer agents have opened the door to

another emerging field.30–41 Among the other available drugs,

newly modified artilleries to fight against cancer are constantly

needed and it’s a huge challenge to design a suitable drug.

Advances in the metal-drug research boosted after discovery

of anticancer activity of cisplatin, PtCl2(NH3)2.
25 Though

cisplatin and related platinum-based drugs have been extensively

used as anticancer agents for a long time, they suffered from

several drawbacks; some cancer lines are resistant to cisplatin.

Other platinum anticancer drugs like platinum(II)-containing

oxaliplatin, carboplatin, picoplatin (JM473), nedaplatin (JM118),

or redox-active platinum(IV)-based satraplatin, tetraplatin

and ormaplatin are used in clinical practice, or in current
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clinical trials.42 Yet, tremendous efforts are being expended

to develop better platinum drug therapies. As metal-NHCs

(M-NHCs) are being used as anticancer agents, Pt(II) complex

of 1-alkyl-3-(2-pyridylmethyl)benzimidazolylidene would be the

right choice because of long antifungal history of benzimidazole

and occurrence in bio-organometallic compound vitamin

B12 etc.

The anticancer potential of gold complexes has been recently

reviewed.43 Auranofin, an antirheumatic agent and other gold(I)

complexes bearing the linear S-Au-PR3 moiety were found to be

very effective as metallo drugs. The idea of replacing phosphines

by NHCs—which are better s-donor substituents—has emerged

and NHC analogues of Auranofin have been synthesized;44,45

capitalizing the same idea Berners-Price and Barnard obtained

excellent results against mouse cancer cells using Au(I)-NHC.46

Panda and Ghosh have also developed the Au(I)-NHC with

excellent efficiency against HeLa cell proliferation.38 Berners-Price

and Filipovska et al. made a new approach to mitochondria-

targeted antitumor agents in the design of Au(I)-N-heterocyclic

carbene compounds, where they carry both selective mitochondria

targeting and selective thioredoxin reductase inhibition properties

within the same single molecule.47 Being inspired by the recent

findings, we became interested to study the anticancer activity of

1-alkyl-3-(2-pyridylmethyl)-benzimidazolylidenegold(I)-chloride.

Result and discussion

Synthetic strategy

The synthesis of 1-methyl/benzyl-3-(2-pyridylmethyl)benz-

imidazoliumchloride was started from 1-methyl/benzyl-benz-

imidazole and picolyl chloride hydrochloride in ethanol at

basic medium as reported earlier49,50a and synthesis and study

of other chelating benzimidazolylidene ligands coordinated to

transition metals have also been reported.50b,c Here, strategically

we have introduced the N-donor centre in the 1-methyl/benzyl-

3-(2-pyridylmethyl)benzimidazoliumchloride by incorporating

the N-(2-pyridylmethyl) group to make the system more softer

than 1,3-bis[-methyl/benzyl]benzimidazoliumchloride and to

mimic with a ppy like system (shown in Chart 1). Au-NHC-Cl

complexes 1 and 2 were synthesized from L1 and L2 in

dichloromethane at room temperature (as shown in Scheme 1)

by a silver carbene trans-metallation method.55–57 Formation of

the Au-NHCs from the pro-ligands was confirmed by the

absence of imidazolium CH2 proton at ca. 10.56 ppm and down

field shift of all aromatic protons. Their 1H and 13C NMR

spectra and CHN data are consistent with the proposed

formula. In complex 2, a 14 ppm shift (154 ppm–168 ppm]

of carbenic carbon was observed in 13CNMR spectra. The

platinum complexes 3 and 4 were also synthesized by using the

precursors sodium acetate, K2PtCl4 and respective proligands.

Formation of 3 and 4 was confirmed by the disappearance of

imidazolium CH2 proton;
13C NMR spectra exhibited singlets

at 184.5 and 184.2 ppm for 3 and 4, respectively, characteristic

of the carbenic carbon resonances.58

Spectroscopic description

The electronic spectra of the complexes 1 and 2 were studied in

dichloromethane, the absorbance was observed at 325 and 327 nm,

respectively, with two other peaks near 206 and 255 nm, blue

shifted in comparison with Au(ppy)2
+ (ppy= phenylpyridine)

due to strong s-donor and weak p-acceptor properties of

electron-rich NHC ligands compared to bpy (2,2/-bipyridine)

and ppy ligands. Indeed, the NHC ligands have higher electron

donating capability than 2,2/-bipyridine or phenylpyridine and

the energy level for the p* orbital (LUMO) is higher; therefore

the HOMO–LUMO energy gap of 1 and 2 is higher than in

analog complexes of a ppy system.59,60

The UV-Vis absorption spectra of Pt-NHC complexes were

investigated and also compared with those of Pt(ppy)2Cl.
59,60

The absorption spectra of 3 and 4 have intense bands appearing

in the ultraviolet region of the spectrum 300–390 nm. The

p–p* transition is accompanied by weaker bands extending

into the region from 300–320 nm that have been assigned for

spin-forbidden transitions. Theoretical studies sometimes are

helpful to explain the absorption spectra. Theoretical studies

under B3LYP/LANL2DZ of the complex 3 show the HOMO

(E0 = �0.21368 au) to be mainly centered on the platinum and

benzimidazole, whereas, the LUMO (E0 = �0.08670 au) is

populated by benzimidazole. Therefore, it is assumed that the

charge transfer fromHOMO toLUMO ismixed ILCT (interligand

charge transfer)/MLCT (metal to ligand charge transfer).59,60

X-Ray crystal structural description of Au-complex, 1

The molecular structure of 1 is established by X-ray diffraction

studies and depicted in Fig. 1. The crystallographic parameters

are listed in Table 1 and selected bond parameters are listed in

Table 2.

The gold complex crystallizes in the monoclinic space group

‘P-1’. Its asymmetric unit consists of an independent gold atom,

which is bonded together by carbene carbon of 1-methyl-3-

(picolyl)benzimidazolydene ligands and a chloride atom.Chart 1

Scheme 1 Synthesis of Au(I) and Pt(II)–NHC complexes.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

A
ri

zo
na

 o
n 

10
 J

an
ua

ry
 2

01
3

Pu
bl

is
he

d 
on

 0
6 

Ja
nu

ar
y 

20
12

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2N
J2

09
28

D

View Article Online

http://dx.doi.org/10.1039/c2nj20928d


This journal is c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2012 New J. Chem., 2012, 36, 759–767 761

TheNpyridine remains uncoordinated like the earlier Ag-complex.50

The Au–Ccarbene and Au–Cl bond distances of 1.999(8) and

2.290(2) Å, respectively, are consistent with those of known

Au(I)–NHC complexes having a Ccarbene–Au–Cl motif.56,57

Mononuclear gold-NHC complexes often show intermolecular

gold–gold interactions.56,57,61,62 The closest intermolecular

Au–Au distance is 3.813 Å for 1 and it shows weak aurophilic

interaction. The molecules are arranged face to face in trans

orientations, where Au� � �Au interaction leads to an infinite

chain (shown in Fig. 2). The weak H-bonding through

C(12)–H(12)� � �Cl(1) 2.626(5) Å and C(4)–H(4)� � �Cl(1)
2.776(9) Å brings two Au(I) closer to each other.

The existence of metal–metal interactions of the coinage

metals is widely acknowledged, particularly for gold(I). The

structural discussion will remain incomplete if we ignore

d10–d10 interactions. Gold has been shown to form complexes

with particularly strong aurophilic interactions due to relativistic

effects.56,57 The strength of the d10–d10 interactions for

metal(I)–metal(I) systems is weaker than covalent bonds, but

stronger than London dispersion forces. Given this, it is not

surprising that aurophilic interactions play a key role in the

formation of diverse gold(I)–gold(I) architectures in the solid

state, that is really observed in 1.

Analysis and description of X-ray crystal structure of 3

The solid state structure of 3 is identified by X-ray crystallo-

graphy, the ORTEP view of the molecule is shown in Fig. 3.

The potentially bidentate picoline-functionalized benz-

imidazolin-2-ylidene ligand should be capable of forming a

square planar platinum carbene complex like 3. However,

reaction of the 1-methyl-benzimidazolin-2-ylidene with Ag(I)

and Au(I) leads to a linear structure. The coordination geometry

around Pt(II) is close to square planar through the C, N,

Cl-binding motif. It is believed that the –CH2– group releases

some strain in the molecule resulting in an almost square-planar

geometry. The selected bond parameters are listed in Table 3.

The Pt–Ccarbene bond length [1.958(6) Å] in 3 is shorter than

reported Pt-NHC complexes [1.972(8)–1.978(9) Å]58 and

Pt[(ppy)2]Cl system [1.973(9)–1.988(8) Å].59,60 On the other

hand, Pt–Npy bond length 2.039(5) Å in 3 is comparable with the

Pt–Npy distances [1.968(5)Å] observed in Pt-CNC pincer NHC

complexes of 2,6-bis(1-methylimidazoliumpyridine)-chloride

ligands that has been reported recently.63 Ccarb–Pt (1)–Cl (1)

angle 177.44(16)1, Npy–Pt–Cl (2) angle 176.33(14)1 and other

chelate angles vary from 86.9(2)–92.17(17) around Pt(II) and

support its square planar geometry.

Fig. 1 Single crystal X-ray structure of complex 1 (50% probability,

H atoms are removed for clarity).

Table 1 Crystallographic parameters of 1 and 3

1 3

Empirical formula C14 H13 N3 Au Cl C14 H13 Cl2 N3 Pt
Formula weight 455.69 489.25
Crystal system Triclinic Monoclinic
Space group P%1 Cc
Temperature/K 150(2) 293
Cell dimensions
a/Å 7.5072(14) 15.6488
b/Å 9.1676(17) 13.2247
c/Å 10.705(2) 7.1603
a (1) 79.845(4) 90
b (1) 84.056(4) 99.624
g (1) 72.958(3) 90
Volume/Å3 692.3(2) 1460.97
Z 2 4
Density/Mg m�3 2.186 2.224
Absorption coefficient (m) 10.806 10.0
Theta range 1.5–25 2.0–31.9
Index ranges �8 r h r 8;�10 r k r 10;�12 r l r 12 �19 r h r 19;�19 r k r 18; 9 r l r 10
Reflections collected 6197 3667
Independent reflections 2410 0.037
Observed data/restraints/parameters 2322/0.055/173 3155/0.0370/182
GOF 1.139 0.884
Final R indices [I 4 2s(I)] R1 = 0.0356, wR2 = 0.0966 R1 = 0.0531, wR2 = 0.0502
R indices (all data) R1 = 0.0371, wR2 = 0.0976 R1 = 0.0371, wR2 = 0.0540

Table 2 Selected bond lengths (Å) and bond angles (1) of 1

Bond lengths (Å) Bond angles (1)

Au(1)–C(7) = 1.999(8) C(7)–Au(I)–Cl(1) = 108.5(7)
Au(1)–Cl(1) = 2.290(2) N(2)–C(7)–N(3) = 176.1(2)
N(2)–C(7) = 1.352(10)
N(3)–C(7) = 1.332(11)
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Theoretical studies

Calculations on the electronic ground states of Pt complexes of

L1 and L2 were carried out using the B3LYP density functional

theory (DFT). LANL2DZ52 and 6–31 G(d) basis sets were

employed for Pt and Au atoms respectively. For the calculated

ground-state geometries, the electronic structures were

examined in terms of the highest occupied molecular orbitals

(HOMOs) and the lowest unoccupied molecular orbitals

(LUMOs). The molecular orbital energy calculations show

that the HOMO (E0 = �0.21368 au) is electronically more

populated by benzimidazole and Pt; whereas the LUMO

(E0 = �0.08670 au) and higher LUMOs i.e. LUMO + 1,

LUMO + 2 etc. are more populated by pyridine as shown in

Fig. 4. Therefore, it is assumed that the charge transfer

Fig. 2 (a) Au� � �Au interaction and (b) ID polymer through H-bonding

(C–H� � �Cl) of complex 1.

Fig. 3 ORTEP view of single crystal X-ray structure of complex 3

(50% probability, H atoms are removed for clarity).

Table 3 Selected bond lengths (Å) and bond angles (1) of 3

Bond lengths (Å) Bond angles (1)

Pt(1)–C(1) = 1.9(6) C(1)–Pt(1)–Cl(2) = 108.5(7)
Pt(1)–N3 = 2.0(5) N(3)–Pt(1)–Cl(1) = 176.1(2)
Pt(1)–Cl(1) = 2.2(16) C(1)–Pt(1)–Cl(1) = 92.1(17)
Pt(1)–Cl(2) = 2.3(16) C(1)–Pt(1)–N(3) = 86.9(2)
C(1)–N(1) = 1.3(7) N(3)–Pt(1)–Cl(2) = 91.1(14)
C(1)–N(2) = 1.3(8) Cl(1)–Pt(1)–Cl(2) = 89.9(6)

N(1)–C(1)–N(2) = 107.9(5)

Fig. 4 Frontier MOs of complex 3.
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from HOMO to LUMO is mixed ILCT (interligand charge

transfer)/MLCT (metal to ligand charge transfer) as described

earlier.

Electrochemical studies

The cyclic voltammetric studies were carried out using a

platinum electrode as working electrode in dry acetonitrile

under an argon atmosphere at 50 mV s�1 scan rate. The cyclic

voltammetric behaviors revealed the bielectronic reversible

oxidation of the Pt(II)/Pt(IV) couple at 0.69 for complex 3

(shown in Fig. 5) and 0.67 eV for 4 similar to the reported

Pt-N-heterocyclic carbene system.64

The lower oxidation potentials are expected because of strong

s-donor and weak p-acceptor properties of the N-heterocyclic

carbene ligand in the Pt-N-heterocyclic carbene complex. The

electrode potentials of 3 and 4 are also lower than that of

the CN donor phenylpyridine system,59,60 which indicates the

comparatively less p-acidity of the present ligands.

Anti-proliferative activity

Out of four Au(I) and Pt(II) complexes we succeeded to study

N-methyl substituted compounds 1 and 3 for cytotoxicity

studies. The solubility of benzyl functionalized gold(I) and

platinum(II) complexes 2 and 4 in culture media is very poor

which keeps us away for the same study. As the benzyl group is

more hydrophobic than the methyl group that may be the reason

for low solubility. Antiproliferative effect of the compounds with

varying concentrations (0–100 mM) was examined on B16F10

(mouse melanoma), HepG2 (human hepatocarcinoma) and

HeLa (human cervical carcinoma) cell lines. The compounds

show different degrees of cytotoxicity on tested cell lines. Fig. 6

shows the level of cell viability (change of optical density, O.D.) of

the compounds on the three different cell lines of different origin.

The gold(I) complex, 1, shows higher cytotoxic effect than

the platinum(II) complex, 3, on almost all the three cell lines

tested. IC50 values of the compounds 1 and 3 and cisplatin

(a platinum complex anticancer drug) on these cell lines are

presented in Table 4.

IC50 (mM) values of 1 were found to be nearly thrice higher

than cisplatin. 100 mM of 1 was treated on normal human

peripheral blood mono nuclear cells and it did not show any

significant cytotoxic effect (data not shown), whereas 10 mM of

cisplatin showed 75 � 4.5% cytotoxicity on normal human

peripheral mononuclear blood cells. Apparently, potency of

compound 1 was found to be relatively low to cisplatin and

Fig. 5 Cyclic voltammogram of 3 in dry acetonitrile at 50 mV s�1

scan rate.

Fig. 6 Cell viability assay: 2 � 105 cells were treated with varying

concentrations [0–100 mM] of complexes 1 and 3 for 24 h and an MTT

assay was performed. O.D. at 595 nm presents the viability of

(a) B16F10 (b) HeLa and (c) HepG2 cells. Results are from one of

the three representative experiments. Values are mean � S.D.
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Au(I)-NHC complexes reported by Gautier’s group.30

Compounds which are capable of inducing cell death via

apoptosis are regarded as potent anticancer drugs. Cell shrinkage

and rounding, membrane blebbing, chromatin condensation and

nuclear fragmentation are important characteristics of apoptosis.

40-6-Diamidino-2-phenylindole (DAPI) is a nuclear staining dye

that intercalates within the base pairs and fluoresces when it is

excited with UV light. Any nuclear change can be visualized by

using DAPI. In our study, prominent morphological changes,

which are associated with apoptosis, like cell rounding and

shrinkage and nuclear fragmentation, were observed when

B16F10, HepG2 and HeLa cells were treated with the more

potent complex 1 (25 mM) for 24 h (Fig. 7).

Conclusion

This article presents a survey of synthesis, structures, and

electrochemistry of the metal-N-heterocyclic carbenes of Au(I)

and Pt(II) complexes (1–4). Novel gold(I) and platinum(II)

complexes were synthesized and well characterized in detail

by NMR and X-ray analysis. The Pt(II) is in a square-planar

coordination environment with the ligand having a bidentate

(C,N) chelating motif, whereas Au(I) adopts the bi-coordinated

linear geometry. Both the compounds 1 and 3 show modest

in vitro cytotoxic properties against various cancer cell lines,

e.g.B16F10 (mousemelanoma), HepG2 (human hepatocarcinoma)

and HeLa (human cervical carcinoma). IC50 values are compared

with cisplatin and the results revealed that complex 1 possesses

better activity than 3. More detailed studies are needed to

understand the mechanisms of action at the cellular level and

the role of the metals.

Experimental section

General procedures

All the reagents 1-methylbenzimidazole, Ag2O, K2PtCl4,

2-poicolylchloride hydrochloride were purchased from Sigma-

Aldrich, UK, and were used without further purification.

Au(SMe2)Cl was prepared according to the literature48. All

manipulations were carried out under an open atmosphere

unless otherwise stated. All the solvents were distilled over

appropriate dry agents and N2-saturated prior to use. Electronic

spectra of the complexes were obtained on a Shimadzu

UV-1601. 1H and 13C NMR spectra were recorded on

Table 4 IC50 (mM) values of different cancer cell lines

B16F10 HeLa HepG2

Au(I)-compound, 1 33.79 � 0.94 26.97 � 2.4 29.48 � 3.4
Pt(II)-compound, 3 62.41 � 3.0 52.675 � 5.3 48.43 � 5.1
Cisplatin 7.4 � 1.66 6.5 � 1.7 6.5 � 1.7

Fig. 7 Cells treated with or without 25 mM of 1 for 24 h. Morphological changes: DAPI staining also revealed bluish intact nuclei in control cells

along with nuclear condensation, nuclear blebbing and nuclear fragmentation on the treated cells. These characteristic changes indicate that

complex 1 induced cell death is mostly via apoptosis (shown by arrows).
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Bruker 400 and 300 MHz spectrometers. Chemical shifts, d,
are reported in ppm relative to the internal standard TMS for

both 1H and 13C NMR. J values are given in Hz. Elemental

analyses are performed using a Perkin–Elmer 2400 C elemental

analyzer. The cyclic voltammetric studies were carried out in

a CH 600 analyzer using a platinum electrode as working

electrode.

General syntheses

Synthesis of 1-methyl-3-(2-pyridylmethyl)-1H benzimidazolium-

chloride, L1. Synthesis of the bromide salt of the proligand is

reported earlier.49 We have synthesized chloride salt of the same

with slight modification; 1-methylbenzimidazole (500 mg,

3.79 mmol) and 2-picolylchloride hydrochloride (621 mg,

3.79 mmol) and NaHCO3 (414 mg, 4.93 mmol) were taken

in EtOH and refluxed for 24 h. Then the solvent was removed

and the gummy mass was suspended in dichloromethane, then

filtered; to the clear tea red solution cold Et2O was added and

the ppt was filtered to get a moisture sensitive solid mass. Yield

was 855.6 mg, 3.29 mmol, 87%. 1H NMR (400 MHz,

CD3CN): d = 9.10 (s, 1 H, NCHN), 8.53 (d, J = 5.2 Hz,

1H, pyridine-H), 7.90–7.82 (m, 3H, Ar-H), 7.75–7.66 (m, 2H,

pyridine-H and pyridine-H), 7.56 (d, J=4.8 Hz, 1H, pyridine-H),

7.39–7.36 (m, 1H, Ar-H), 5.77 (s, 2H, NCH2-pyridine), 4.10

(s, 3H, NCH3) ppm. 13C NMR (400MHz, CD3CN): d=152.1,

149.6, 141.8, 137.3, 131.8, 131.2, 126.8, 126.7, 123.6, 122.5,

113.3, 113.1, 51.2, 33.1 ppm. Anal. calcd for C14H14N3Cl:

C, 64.74; H, 5.395; N, 16.185%. Found: 64.45; H, 4.89;

N, 15.79%.

Synthesis of 1-benzyl-3-(2-pyridylmethyl)-1H benzimidazolium-

chloride, L2. 1-Benzylbenzimidazole (500 mg, 2.4 mmol) and

2-picolylchloride hydrochloride (316 mg, 1.93 mmol) and

NaHCO3 (211 mg, 2.51 mmol) were taken in EtOH and refluxed

for 28 h, rest of the procedure has been repeated as for L1. Yield

was 564 mg, 1.68 mmol, 70%. The synthesis of the proligand L2

is reported earlier.50

1-Methyl-3-(2-pyridylmethyl)benzimidazolinegold(I)chloride, 1.

Silver oxide (600 mg, 2.59 mmol) and 1-methyl-3-(2-pyridyl-

methyl)-1H benzimidazoliumchloride,L1 (337.4mg, 1.30mmol),

were taken in dry dichloromethane and the solution was

stirred for 4 h in dark, then the solution was filtered through

celite to remove excess Ag2O. Into the clear filtrate,

Au(SMe2)Cl (383 mg, 1.30 mmol) was added dropwise and

immediate white ppt was observed, the mixture was stirred for

1.5 h and filtered through celite. The solvent was removed and

the white mass was recrystallized from dichloromethane and

diethyl ether. Yield was 414 mg (0.91 mmol, 70%). 1H NMR

(400MHz, CD3CN): d= 8.62 (d, J= 5.2 Hz, 1H, pyridine-H),

8.19 (t, J= 7.8 Hz, 2H, Ar-H), 7.85 (d, J= 8.2 Hz, 1H, Ar-H),

7.69 (d, J = 8.1, 1H, -pyridine-H), 7.78 (d, J = 8.2 Hz, H,

Ar-H), 7.69 (d, J = 8.0, 1H, -pyridine-H), 7.57 (t, J = 7.8 Hz,

1H, -pyridine-H), 6.12 (d, J = 14.0 Hz, 2 H, NCH2-pyridine),

4.08 (s, 3H, NCH3) ppm. 13C NMR (400 MHz, CD3CN):

d = 168.4, 155.5, 152.2, 141.8, 134.0, 132.6, 125.5, 125.1,

124.5, 124.2, 112.0, 111.5, 55.4, 34.6 ppm. Anal. calcd for

AuC14H13N3Cl: C, 36.88; H, 2.85; N, 9.22%. Found: 36.65;

H, 2.93; N, 9.14%.

1-Benzyl-3-(2-pyridylmethyl)-benzimidazolinegold(I)chloride, 2.

Silver oxide (600 mg, 2.59 mmol) and 1-benzyl-3-(2-pyridyl-

methyl)-1H benzimidazoliumchloride L2 (435 mg, 1.30 mmol)

were taken in dry dichloromethane and the solution was stirred

for 4 h in dark, then the solution was filtered through celite to

remove excess Ag2O. Into the clear filtrate Au(SMe2)Cl

(382 mm, 1.30 mmol) was added and immediate white ppt was

observed, the mixture was stirred for 1.5 h and filtered through

celite. The solvent was removed and the white mass was recrys-

tallized from dichloromethane and diethyl ether. Yield was 469mg

(0.88 mmol, 68%). 1H NMR (400 MHz, DMSO-d6): d 8.54

(d, J = 4.4 Hz, pyridine, 1H), 7.92 (m, 1H), 7.76 (m, 1H), 7.71

(m, 2H), 7.40–7.38 (m, 2H),7.33–7.27 (m, 3H), 5.98 (s, CH2, 2H),

5.78 (s, CH2, 2H). 13C NMR (400 MHz, DMSO-d6): d 168.5,

155.7, 153.4, 149.9, 137.7, 136.7, 134.3, 133.7,129.2, 129.1,

128.4, 127.7, 124.7, 122.7, 112.8, 55.7, 53.3. Anal. calcd for

C20H17N3AuCl: C, 45.16; H, 3.20; N, 7.90%. Found: C, 44.64;

H, 3.08; N, 7.64%.

1-Methyl-3-(2-pyridylmethyl)-benzimidazolylideneplatinum(II)-

chloride, 3. 1-Methyl-3-(2-pyridylmethyl)-1H benzimidazolium-

chloride, L1 (600 mg, 2.31 mmol), and sodium acetate (189.4 mg,

2.31 mmol) were taken in 10 ml acetonitrile and stirred for 3 h;

K2PtCl4 (959 mg, 2.31 mmol) was added to the same mixture

and stirring was continued for another 2 days. Finally, the

mixture was filtered through a pack of celite; solvent was

removed. The white mass was washed with water and dried over

silica; the compound was recrystallized from acetonitrile and

diethyl ether. Yield was 621.2 mg (1.27 mmol, 55%). 1H NMR

(400 MHz, CD3CN): d = 8.84 (d, J = 5.4 Hz, 1H, pyridine-H),

8.25 (t, J = 7.8 Hz, 1H, pyridine-H), 7.91 (d, J = 7.6 Hz, 1H,

Ar-H and pyridine-H), 7.82 (d, J = 7.8 Hz, 2H, Ar-H),

7.57–7.51 (m, 2H, Ar-H), 7.48 (m, H, pyridine-H), 6.14

(d, J = 14.6 Hz, 2H, NCH2-pyridine), 4.10 (s, 3H, NCH3) ppm.
13C NMR (400 MHz, CD3CN): d= 184.5, 157.4, 153.8, 143.6,

136.5, 133.2, 126.4, 125.4, 125.2, 125.5, 112.2, 111.6, 56.3,

34.8 ppm. Anal. calcd for PtC14H13N3Cl2: C, 34.35; H, 2.66;

N, 8.59%. Found: 33.15; H, 2.76; N, 8.05%.

1-Benzyl-3-(2-pyridylmethyl)-benzimidazolylideneplatinum(II)-

chloride, 4. Compound 4 was prepared similar to 3; L2 (600 mg,

1.79 mmol), sodium acetate (147 mg, 1.79 mmol) and K2PtCl4
(743 mg, 1.79 mmol) were taken in acetonitrile and rest of the

method is the same as that reported earlier. Yield was 525 mg

(0.93 mmol), 52%).1H NMR (400 MHz, DMSO-d6): d 8.83

(d, J = 5.2 Hz, 1H, pyridine-H), 8.26 (t, J = 7.8 Hz, 1H,

pyridine-H), 7.93–7.91 (m, 1H, pyridine-H), 7.91 (d, J= 7.8 Hz,

2H, Ar-H), 7.76 (t, J = 7.8 Hz, 2H, Ar-H), 7.71–7.68 (m, 2H,

Ar-H), 7.65 (t, J=7.6 Hz, 1H, Ar-H), 7.33–7.27 (m, 2H, Ar-H),

6.12 (d, J=14.6Hz, 2H, NCH2-pyridine), 5.98 (s, 2H, NCH2-Ar).
13C NMR (400 MHz, CD3CN): d= 184.2, 157.1, 153.6, 143.7,

136.5, 133.2, 126.4, 126.2, 125.5, 125.3, 125.0, 124.8, 112.5,

111.2, 111.1, 56.3, 54.4. Anal. calcd for PtC20H17N3Cl2:

C, 42.48; H, 3.01; N, 7.43%. Found: 41.44; H, 3.13; N, 7.45%.

Crystal structures determination

Single crystals suitable for data collection were grown from

slow diffusion of diethyl ether into a saturated dichloromethane

solution in the case of 1; whereas slow diffusion of diethyl ether
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into a saturated acetonitrile solution of 3 leads to block shaped

colourless crystals. The crystal data and details of the data

collections for 1 and 3 are given in Table 1. X-Ray data were

collected on a CCD diffractometer (graphite monochromated

MoKa radiation, l = 0.71073 Å) by use of o scans. The

structures were solved by direct methods and refined on F2

using all reflections with SHELX-97.51 The nonhydrogen

atoms were refined anisotropically. Hydrogen atoms, which

were not bound to imidazolium-C2 atoms, were placed in

calculated positions and assigned to an isotropic displacement

parameter of 0.08 Å. CCDC No. 834096 and 834097 for

compound 1 and 3, respectively, contain the supplementary

crystallographic data for this paper.

Theoretical studies

Geometries of Au(I) and Pt(II) complexes were optimized at the

B3LYP/LANL2DZ level of theory using the Gaussian 03W52

program. The number of imaginary frequencies of all the

molecules turns out to be zero, implying that they correspond

to minimum energy structures on the potential energy surface.

The frontier molecular orbitals of these complexes were

generated in Gaussview using the same level of theory.

Electrochemical studies

Cyclic voltammetry was studied under an argon atmosphere

on a CH 600 analyzer using a platinum electrode as working

electrode, Ag/AgCl as reference electrode, tetrabutylammonium

hexaflurophosphate (0.1 M) as supporting electrolyte and dry

acetonitrile as solvent.

Antiproliferative assay in vitro

The anti-proliferative tests were performed on mouse and

human cancer lines B16F10 (mouse melanoma), HepG2 (human

hepatocarcinoma) and HeLa (human cervical carcinoma).

Twenty four hours before addition of the tested compounds,

the cell lines were plated in 96-well plates (Sarstedt, Germany)

at a density of 104 cells per well and were cultured in the

mixture medium. An MTT [3-(4, 5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] assay was used to evaluate cell

viability as previously described.53 Briefly, cells were seeded

into 96-well culture plates in triplicate. Monolayers of cells

were treated with compounds 1 or 3 at concentrations ranging

from 0–100 mM for 0–24 h. At the end of the culture period,

20 ml of 5 mg ml�1 MTT stock solution was added into each

well. After additional 4 h incubation at 37 1C, the resultant

intracellular formazan crystals were solubilized with acidic

isopropanol and the absorbance of the solution was measured

at 595 nm using an ELISA reader (Model: Emax, Molecular

device, USA). The in vitro cytotoxic effect of all compounds

was examined after 24 h exposure of the cultured cells to

varied concentrations of the tested compounds, using the

3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide

assay for adherent cells. The results are presented as an IC50

(inhibitory concentration 50%) concentration (mg ml�1 of

tested agent, which inhibits proliferation of 50% of cancer

cells population). IC50 values are calculated separately for each

experiment. Each compound was tested at every concentration

in triplicate in a single experiment, which was repeated 3 times.

Microscopic study

To detect cellular death, treated and untreated cells were

washed twice with PBS and viewed under a light microscope.

Morphological changes were observed. To detect nuclear

damage or chromatin condensation, cells were fixed with 3.7%

para-formaldehyde at room temperature for 2 h. Fixed cells

were stained with 10 mg ml�1 of 40,60-diamidino-2-phenylindole

(DAPI) and observed under a fluorescence microscope (Model:

OLYMPUS IX70, Olympus Optical Co. Ltd., Shibuya-ku,

Tokyo, Japan) with excitation at 359 nm and emission at

461 nm54 and images were acquired.

Acknowledgements

JD thanks Department of Science and Technology, DST, India,

for financial support under SERC Fast Track Young Scientist

Scheme (SR/FT/CS-046/2009) and Prof. N. Bhattacharya, HIT

for constant encouragement.

References

1 D. Bourissou, O. Guerret, F. P. Gabbai and G. Bertrand,Chem. Rev.,
2000, 100, 39–92.

2 P. de Fremont, N. Marion and S. P. Nolan, Coord. Chem. Rev.,
2009, 253, 862–892.

3 Y. Canac, M. Soleilhavoup, S. Conejero and G. J. Bertrand,
J. Organomet. Chem., 2004, 689, 3857–3865.

4 M. Melaimi, M. Soleilhavoup and G. Bertrand, Angew. Chem.,
Int. Ed., 2010, 49, 8810–8849.

5 O. Schuster, L. Yang, H. G. Raubenheimer and M. Albrecht,
Chem. Rev., 2009, 109, 3445–3478.

6 K. Ofele, E. Tosch, C. Taubmann andW. A. Herrmann,Chem. Rev.,
2009, 109, 3408–3444.

7 H.-W. Wanzlick, Angew. Chem., Int. Ed. Engl., 1962, 1, 75–80.
8 H.-W. Wanzlick and H. J. Scheonherr, Angew. Chem., Int. Ed. Engl.,
1968, 7, 141–142.

9 A. J. Arduengo III, R. L. Harlow andM. A. Kline, J. Am. Chem. Soc.,
1991, 113, 361–363.

10 W. A. Hermann and C. Kocher, Angew. Chem., Int. Ed. Engl.,
1997, 36, 2162–2187.

11 W. A. Hermann, Angew. Chem., Int. Ed., 2002, 41, 1290–1309.
12 F. E. Hahn and M. C. Jahnke, Angew. Chem., 2008, 120,

3166–3179.
13 Recent developments in the organometallic chemistry ofN-heterocyclic

carbenes (ed. R. H. Crabtree), 2007.
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