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Synthesis, structural and spectral properties of
Au complexes: luminescence properties and
their non-covalent DNA binding studies
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Gold complexes of 1,3- bis-pyridylimidazolium chloride (L1), 1,3-bis-[2,6-diisopropylphenyl]imidazolium chloride (L2) and
1,3-bis-[benzyl]benzimidazolium chloride (L3) were synthesized and characterized by analytical methods. For the complexes,

electronic spectral results show that there is a marked difference in the band feature observed in the spectra, ascribed to the
greater relativistic effect of gold. In fluorescence studies, the complexes develop emission bands in the visible region (400–600nm)
after excitation at around 350nm. Au complex–DNA binding was studied, and it was observed that genomic DNA isolated from the
U373-GB cell line was fragmented and in some cases degraded by the Au complexes. Furthermore, the intensity of the DNA band
increased when concentration of the metal complex was augmented. This study shows that the DNA cleavage is mediated by the
Au complex. Copyright © 2013 John Wiley & Sons, Ltd.
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Introduction

Development of metal-based drugs has prospered consistently
since the discovery of cisplatin, cis-[Pt(NH3)2Cl2], as basic chemo-
therapeutics [1,2] because the adduct formation of cisplatin with
DNA triggers apoptosis (therapeutic effect).[3] Along with cisplatin,
other platinum(II) drugs, such as carboplatin and oxaliplatin, also
continue to play a central role in the treatment of cancer and are
used in chemotherapeutic regimes of around half of all cancer pa-
tients.[4] Despite tremendous efforts to improve therapy and recent
advances, the spectrum of available effective drugs is compara-
tively limited and there is a considerable need for the development
of new drugs and treatment alternatives. Although cisplatin is one
of the most active anticancer drugs and is curative in some tumor
types, it causes a severe problem in clinical treatment because of
its side effects and acquired cellular resistance.[5,6] These drawbacks
motivate the search for alternative chemotherapeutic strategies
that can eliminate tumors without side effects and this is now a
challenging task, requiring an understanding of the mechanisms
by which tumors and cells distribute and process metal-based
drugs. For clinical use, anticancer agents have to be proved by
showing that they damage DNA or block DNA synthesis. Thus
the development of new anticancer drugs based on non-platinum
metal complexes is growing rapidly so as to develop new
agents with a mode of action and clinical profile different from
the established platinum metallodrugs.[7–9] Among the new non-
platinum drugs, gold species have gained particular attention
because of their generally strong tumor cell growth-inhibiting
effects and the observation that many of these compounds inhibit
the enzyme thioredoxin reductase (TrxR), a key enzyme for cell
growth and survival, with high potency and specificity.[10]
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In the literature, gold complexes have been studied for poten-
tial antitumor properties,[11–15] and it was shown that complexes
of the type [(R3P)Au(thiolate)] exhibit antitumor properties;[16–18]

furthermore, gold(I) phosphane derivatives or gold(I) complexes
of bisphosphanes have also shown significant activity in murine
tumor.[16,19] In addition, although gold(I) complexes like [(dppe)

2Au]
+ (dppe= 1,2-bis-(diphenylphosphino)ethane) exhibit prom-

ising cytotoxicity in preclinical studies,[20–22] they produce other
severe adverse effects (cardiac, hepatic and vascular toxic-
ity).[23,24] Therefore, considerable effort has now been focused
on the development of new anticancer drugs based on Au com-
plexes of different ligands. In this work we studied the structural,
spectral and DNA binding properties of a series of gold com-
plexes with 1,3-bis-pyridylimidazolium chloride (L1), 1,3-bis-[2,6-
diisopropylphenyl]imidazolium chloride (L2) and 1,3-bis-[benzyl]
benzimidazolium chloride (L3) (Fig. 1). The ligands are used to
Copyright © 2013 John Wiley & Sons, Ltd.



Figure 1. Structures of ligands: L1=1,3-bis(aminopyridyl-2-yl)imidazolium
chloride; L2=1,3-bis-[2,6-diisopropylphenyl]imidazolium chloride; L3= 1,
3-bis-[benzyl] benzimidazolium chloride.

DNA cleavage mediated by Au complexes
tune the solubility and lipophilicity of the gold complexes, which,
in turn, have a marked influence on their binding properties
against the cancer cell lines. The structural and electronic
parameters of the Au complexes were described by density func-
tional theory (DFT).
Experimental/Computational Details

Physical Measurements

Elemental analyses for the compounds were carried out on a
Fisons (Model EA 1108 CHNSO) element analyzer. 1H NMR spectra
were recorded for the compounds on a Varian Gemini (300MHz)
spectrometer using tetramethylsilane as an internal standard. A
mass spectrometer (FAB-MS) (model Thermo-Electron) equipped
with double focus sector was used to analyze the mass fragments
of the compounds. For the complex, the electronic spectrum was
measured in methanol by a PerkinElmer Lambda-25 double
beam UV–visible/NIR spectrophotometer. A fluorescence spectro-
photometer (Varian Eclipse) was employed to analyze the lumi-
nescence properties of the compounds.
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Computational Procedure

The DFT calculations were performed by means of Gaussian-09
software[25] for 1,3-bis-pyridylimidazolium chloride (L1), 1,3-bis-
[2,6-diisopropylphenyl]imidazolium chloride (L2) and 1,3-bis-
[benzyl]benzimidazolium chloride (L3). For the ligands, calculations
were carried out at B3LYP with base set 6-311G,[26,27] while for
the complexes [Au(L12)]

+, [Au(L22)]
+ and [Au(L32)]

+ B3LYP with
unrestricted spin method LANL2DZ[28] was used. The exchange
correlation was treated and the choice of this method was based
on results obtained from the previous calculation used for C, N,
Cl and H atoms. For Au+, pseudo-potential was used. The struc-
tures of L1, L2 and L3 were fully optimized and the data were then
used as the input for the optimization of gold complexes.
Appl. Organometal. Chem. 2013, 27, 578–587 Copyright © 2013 Jo
Materials

All commercially available reagents employed were: formaldehyde
99%, 2-aminopyridine, 2,6-diisopropylphenylamine, benzylamine,
aqueous glyoxal, tetrahydrothiophene, HAuCl4.4H2O (Aldrich); all
solvents MeOH, EtOH, ethylic ether and CH2Cl2 (Baker) were utilized
without any further purification.

Preparation of 1,3-bis(aminopyridyl-2-yl)imidazolium
chloride (L1)

Ligand L1 was prepared following the reported procedure.[29] To
a stirred solution of 2-aminopyridine (10.0mmol) in MeOH
(40.0ml) was added aqueous glyoxal (5.0mmol) and paraformal-
dehyde (5.0mmol), followed by dropwise addition of HCl
(5.0mmol). The resulting mixture was refluxed for 36 h with stir-
ring and then cooled to room temperature. The brown oily com-
pound was obtained by evaporating the solvent in a rotary
evaporator. The compound was recrystallized by dissolving with
a minimum amount of methanol and ether solvent (yield
53.0%). Elemental analysis for C13H11N4Cl. Calcd: C, 60.34; H
4.25; N 21.66. Found: C 60.45; H 4.29; N 21.76. 1H NMR
(300MHz, CD3OD) δ (ppm): 8.73 (s, 1H, ―N―CH¼N―, imidazole
H); 8.21 (d, 2H, ―C¼N―CH¼CH―, pyridyl H); 7.82 (d-d, 2H,
―N¼C―CH¼CH―CH, pyridyl H); 7.32 (d, 2H, ―N―CH¼CH―N,
imidazole H); 6.86 (t, 2H, ―N¼C―CH¼CH―CH¼CH, pyridyl H);
6.89 (d, 2H, ―N¼C―CH¼CH―, pyridyl H).

1,3-Bis(2,6-diisopropylphenyl)imidazolium chloride (L2)

Synthesis and structural characterization of gold(I)[30] and silver
(I)[31] complexes using the ligand L2, which was then prepared
by the published method;[32,33] although these complexes were
synthesized from NHC (N-heterocyclic carbene) rather than the
imidazolium chloride, for the present work ligand L2 was pre-
pared following the reported procedure.[34] A mixture of glyoxal
(5.0mmol) and formaldehyde (5.0mmol) was added to a solution
of 2,6-diisopropylphenilamine (10.0mmol) and methanol
(40.0ml), followed by dropwise addition of HCl (5.0mmol). The
reaction mixture was refluxed for 36 h and then cooled to room
temperature. An oily compound was obtained by evaporating
the solvent in a rotary evaporator. The compound was
recrystallized by dissolving in a minimum amount of methanol
and ether solvent (yield 84.6%). Elemental analysis for
C27H37N2Cl. Calcd: C, 76.32; H, 8.71; N, 6.59. Found: C, 75.30; H,
8.49; N, 6.79. 1H NMR (300MHz, CD3OD) δ (ppm): 10.07 (s, 1H,
―N―CH¼N―, imidazole H); 8.39 (d, 2H, N―CH¼CH―N, imidaz-
ole H); 7.69 (t, 2H, ―C¼C―CH¼CH―CH, phenyl H); 7.52 (d, 8H,
―C¼C―CH¼CH―, phenyl H); 2.84 (m, 4H,―CH―(CH3)2, isopro-
pyl H); 1.29 (d, 24H, ―CH3―CH―, isopropyl H).

1,3-Bis(benzyl)benzimidazolium chloride (L3)

Even though a different synthesis of ligand L3 was reported in the
literature,[35] the compound was prepared as cited for L1. To a
stirred solution of benzylamine (10.0mmol) in MeOH (40.0ml),
aqueous glyoxal (5.0mmol) and paraformaldehyde (5.0mmol)
were added, followed by the dropwise addition of HCl (5.0mmol).
This mixture was refluxed for 36 h under continuous stirring and
then left to cool to room temperature. The yellow oily compound
was obtained after the evaporation of solvent in a rotary evapo-
rator. Recrystallization was achieved by dissolving the product
with a minimum amount of methanol and ether (yield 64.0%).
hn Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/aoc
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Elemental analysis for C21H19N2Cl. Calcd: C, 75.33; H, 5.72; N, 8.37.
Found: C, 75.84; H, 5.96; N, 8.12; 1H NMR (300MHz CD3OD) 8.08 (s,
1H, ―N―CH¼N―, imidazole H); 7.70 (d, 2H, ―C―CH¼CH,
benzimidazole H); 7.26 (m, 2H, C―CH―CH¼CH, benzimidazole
H); 7.14–7.18 (m, 4H, CH―CH¼CH, phenyl H); 7.06 (m, 6H,
C¼C―CH¼CH, phenyl H); 4.99 (s, 4H, N―CH2―C(phenyl)).
Synthesis of Au(I) Complexes

Preparation of chloro(tetrahydrothiophene)gold(I) [Au(tht)]Cl

[Au(tht)]Cl was prepared by following the reported proce-
dure.[36] To a solution of HAuCl4 (15.0mmol) dissolved in
solvent mixture (water:ethanol, 1:5), tetrahydrothiophene
(31.75mmol) was added slowly with stirring in dark conditions.
In the initial stage of the reaction, a yellow-colored precipitate
of AuCl3(SC4H8) was formed and it then changed to colorless
product after the addition of tetrahydronthiophene was com-
pleted. The resulting mixture was stirred for 30min at room
Table 1. Optimized geometrical structural data of ligands and the compl

B3LYP/6-31G**

L1 L2

Bond distance (Å)

C1―N1 1.357 1.354 1.

C1―N2 1.357 1.353 1.

N1―C2 1.406 1.401 1.

N2―C3 1.406 1.401 1.

C2―C3 1.371 1.376 1.

N1―C4 1.451 1.467 1.

N2―C4′ 1.451 1.465 1.

N3―C4 1.342 —

N3′―C4′ 1.342 —

C4―C5 — 1.419 1.

C4―C6 — 1.422

C4′―C5′ — 1.418 1.

C4′―C6’ — 1.418

Au1―C1 — —

Au1―C1′ — —

Angle (°)

N1―C1―N2 108.17 108.90 11

C1―N1―C4 127.65 125.64 12

C1―N2―C4′ 127.65 125.62 12

C1―N2―C3 108.81 108.44 10

C1―N1―C2 108.81 108.32 10

C4―N1―C2 123.53 125.79 12

N1―C4―N3 113.54 —

C4′―N2―C3 123.53 —

N1―C2―C3 107.10 107.23 10

N2―C3―C2 107.10 107.09 10

N3―C4―N1 113.54 —

N3′―C4′―N2 113.54 —

C5―C4―C6 — 123.35

C5′―C4′―C6′ — 123.65

N1―C4―C5 — — 11

N2―C4′―C5′ — — 11

C1―Au1―C1′ — —

N1―C1―Au1 — —

N2―C1―Au1 — —

wileyonlinelibrary.com/journal/aoc Copyright © 2013 John W
temperature. The colorless product obtained was filtered,
washed with ethanol (30ml) and dried under vacuum. Yield
92.4%. The analytical and spectral data of the product were
in good agreement with the reported values.

Preparation of gold complexes ([Au(L12)]Cl.3EtOH, [Au(L
2
2)]Cl.2H2O

and [Au(L32)]Cl.H2O

The preparation of gold complexes was made through a modifica-
tion of techniques previously reported.[29,37–39] Gold(I) complexes
were prepared by the reaction of imidazole/benzimidazole ring-
based ligands with [Au(tht)]Cl in CH2Cl2.

([Au(L12)]Cl.3EtOH. To a solution of [Au(tht)]Cl (0.75mmol) in
CH2Cl2 (10.0ml), a solution of ligand (L1, 1.5mmol) in CH2Cl2
(20.0ml) was added slowly under stirring. The resulting solution
was stirred for 25min at 308 K in the absence of light and the
resulting oily product was obtained after evaporation; the prod-
uct was recrystallized with a mixture of acetonitrile–ethanol and
finally washed with ether. Pale-yellow solid; yield 76.4%. Anal.
exes

B3LYP/LANL2DZ

L3 [AuL12]
+ [AuL22]

+ [AuL32]
+

352 1.378 1.374 1.374

352 1.381 1.338 1.374

414 1.400 1.404 1.412

414 1.399 1.344 1.412

418 1.375 1.352 1.412

491 1.447 1.611 1.478

491 1.445 1.436 1.478

— 1.346 — —

— 1.345 — —

522 — 1.407 1.524

— — 1.452 —

522 — 1.409 1.524

— — 1.370 —

— 2.054 1.955 2.056

— 2.069 2.086 2.056

0.67 105.18 107.03 106.66

5.39 127.67 136.03 125.15

5.39 120.71 126.43 125.15

8.11 110.62 108.40 110.38

8.11 110.61 102.19 110.38

6.48 121.69 120.65 124.43

— 122.25 — —

— 128.64 — —

6.55 107.24 107.20 106.28

6.55 106.32 106.91 106.28

— 113.64 — —

— 114.57 — —

— — 116.70 —

— — 120.25 —

3.50 — — 113.98

3.50 — — 113.97

— 177.27 169.61 179.82

— 138.34 135.86 126.78

— 116.36 116.98 126.55

iley & Sons, Ltd. Appl. Organometal. Chem. 2013, 27, 578–587



Figure 2. Optimized structures of ligands: L1=1,3-bis(aminopyridyl-2-yl)
imidazolium chloride; L2=1,3-bis-[2,6-diisopropylphenyl]imidazolium
chloride; L3=1,3-bis-[benzyl] benzimidazolium chloride.
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Calcd for [C26H20N8Au]Cl.3CH3CH2OH: C, 47.15; H, 4.70; N, 13.75. Found:
C, 47.90; H, 4.35; N, 14.96; IR (KBr, cm�1): 3300 (O―H), 3061–2866
(C―H, py), 1715 (C¼N, py), 1468–1434 (C¼C; C¼N, im), 768 (C―H).
1H NMR (300MHz, acetone-d6) δ (ppm)=8.36–8.40 (d, 4H,
―N¼CH―CH―, pyridyl H); 8.11–8.22 (d, d, 4H,
―N¼C―CH¼CH―CH―, pyridyl H); 7.84 (d, 4H,―N―CH¼CH―N―
imidazole H); 7.22 (d, d, 4H,―CH―CH―CH―N¼C―, pyridyl H); 6.88
(d, 4H,―N¼C―CH¼CH―, pyridyl H ). 13C NMR (300MHz, CDCl3)
δ (ppm) = 150.1, 142.4, 115.2, 108.9 (20C, pyridyl C); 129.9 (2C,
―N―C¼N― , imidazole C); 115.2 (4C, ―N―CH¼CH―N―, im-
idazole C); FAB-MS (m/z %): 815 [M+, C32H38AuClN8O3]

+, 663
(6.0%) [C26H26AuN8O]

+, 309 (12.0 %) [C4H8AuN4]
+, 153 (100%)

[C7H13N4]
+, 136 (90.0 %) [C6H9N4]

+, 107 (54.0%) [C6H7N2]
+, 57

(66.0 %) [C3H7N]
+.

Au(L22)]Cl.2H2O. To a stirred solution of [Au(tht)]Cl (0.75mmol) in
CH2Cl2 (10.0ml), the solution of ligand L2 (1.5mmol) in 20.0ml
CH2Cl2 was added dropwise in the absence of light. The reaction
was heated to 308 K and left for 30min to react; the resulting yellow
precipitate was filtered and finally recrystallized in a mixture of ace-
tonitrile–ethanol and washed with ether. Colorless solid; yield
89.3%; Anal. Calcd for [C54H72N4Au]Cl.2H2O: C, 62.03; H, 7.33; N,
5.36. Found: C, 60.95; H, 6.41; N, 5.23; IR (KBr, cm�1): 3281 (O―H),
2967 (C―H, bz), 2931 (C―H), 1544 (C¼C; C¼N, im). 1H NMR
(300MHz, acetone-d6) δ (ppm)= 8.24 (d, 4H, N―CH¼CH―N, imid-
azole H,); 7.66–7.62 (t, 4H,―C¼C―CH¼CH―CH―, phenyl H); 7.51
(d, 8H,―C¼C―CH¼CH― phenyl H); 2.46 (m, 8H,―CH (CH3)2, iso-
propyl H); 1.33 (d, 48H,―CH (CH3)2, isopropyl).

13C NMR (300MHz,
CDCl3) δ (ppm) = 149.9, 136.8, 135.1, 129.4 (24C, phenyl C); 144.5
(2C, ―N―C¼N―, imidazole C); 131 (4C, ―N―CH¼CH―N―, im-
idazole C); FAB-MS (m/z %): 1042 [M2+, C54H76AuClN4O2]

2+, 389
(100%) [C27H36N2]

+, 186 (10.0%) [C12H14N2]
+, 91 (3.0%) [C6H5N]

+.

[Au(L32)]Cl.H2O. To a stirred solution of [Au(tht)]Cl (0.75mmol) in
CH2Cl2 (10.0ml), a solution of L3 (1.5mmol) in CH2Cl2 (20.0ml)
was added dropwise under continuous stirring. The resulting so-
lution was left to react for 30min at 308 K and in the absence of
light. The resulting pale-brown oil was obtained by evaporation
of solvents and recrystallized in acetonitrile–ethanol. Finally, the
product was washed with ether and the precipitate was filtered.
Pale solid; yield 85.5%. Anal. Calcd for C42H38N4Au]Cl.H2O: C,
59.54; H, 4.52; N, 6.61. Found: C, 60.95; H, 4.41; N, 6.23; IR (KBr,
cm�1): 3650 (O―H), 3086–3023 (C―H), 1522 (C¼C; C¼N, im),
728 (C―H). 1H NMR (300MHz, acetone-d6) δ (ppm) = 7.66 (d,
4H, ―C―CH¼CH―, benzimidazol H); 7.46–7.52 (t, 4H,
―C―CH¼CH―CH― , benzimidazol H); 7.33 (d, d, 8H,
―C¼CH―CH¼CH―, phenyl H); 7.21–7.31 (m, 12H,
―C¼CH―CH― phenyl H); 5.55 (s, 8H, ―N―CH2―C(phenyl)).
13C NMR (300MHz, CDCl3) δ (ppm) = 132.8 (2C, N―C¼N, imidaz-
ole C); 132.0, 119.3, 111.2 (12C, benzimidazole C); 129.6, 127.8,
125.8, 125.0 (24C, phenyl C); 50.2 (4C, ―N―CH2―C (phenyl));
FAB-MS (m/z %): 846 [M+, C42H37N4AuCl].H2O

+, 663 (38.0%)
[C20H30N2]

+, 613 (62.0%) [C15H21N2]
+, 299 (25.0%) [C9H18N2]

+,
154 (100%) [C9H15N]

+, 136 (88.0%) [C9H15N]
+, 91 (54.0%) [C6H5]

+.
Note: Although we tried to grow single crystals of the com-

plexes for X-ray structure analysis under different conditions in
different solvents, we were unsuccessful, in that the crystals
obtained were not suitable for structural analysis.

Cell culture. The U373-GB cell line derived from human astrocy-
tomas grade III (ATCC, Manassas, VA, USA) was employed to ana-
lyze the binding properties of the complexes. The culture
experiments were performed as described elsewhere.[40,41] The
Appl. Organometal. Chem. 2013, 27, 578–587 Copyright © 2013 Jo
cells (300 000) were incubated on six tissue culture plates
(10 cm dishes) and maintained in Dulbecco's modified Eagle's
medium (DMEM), then supplemented with fetal bovine serum
(10%), pyruvate (1.0mM), glutamine (2.0mM) and non-essential
amino acids (0.1mM) (GIBCO, NY, UDA). The experiment was car-
ried out at 37 °C for 24 h under an atmosphere of 95% air and 5%
CO2. The cells were treated with each complex (1μM) at different
concentrations (500 nM to 10.0μM). DMSO (10%) in water was
used as vehicle. After treatment, the cells were lysed and
processed with Spin Micro DNA Kit (Invisorb) to isolate and purify
the DNA.

DNA binding studies with Au complex. The interaction of Au
complexes with genomic DNA isolated from the U373-GB cell line
(1.0μg) was studied and analyzed on 1.0% agarose gel and
stained with gel red (Biotium, CA, USA); in the experiment, a
loading buffer, i.e. a mixture of bromophenol blue (25%),
xylene cyanol (0.25%) and glycerol (3.0 ul, 30%) was added.
hn Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/aoc
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Electrophoresis was performed at 70 V for 2.0 hours in Tris–ac-
etate–ethylenediaminetetraacetic acid (EDTA) buffer (40mM Tris
base, 20mM acetic acid, 1.0mM EDTA). The image was captured
under a UV transilluminator using a Canon SD1400IS camera.
Results and Discussion

Geometrical Analysis of Ligand and Gold Complexes

For 1,3-bis-pyridylimidazolium chloride (L1), 1,3-bis-[2,6-
diisopropylphenyl]imidazolium chloride (L2) and 1,3-bis-[benzyl]
benzimidazolium chloride (L3), the ground state geometrical data
(Table 1 and Fig. 2) show that for all the ligand structures the
bond distance of C―N was around 1.34–1.45 A. The charge distri-
bution over the ligands, particularly on imidazolium centers, was
analyzed (Table 2). The results indicate that there is present an
excess electron density over the imidazolium ring that can facili-
tate bond formation with the metal. Besides, the hardness of the
ligand, determined by (LUMO-HOMO)/2),[42,43] shows that the li-
gand can coordinate efficiently with Au+. In the molecular orbital
analysis, since the energy difference between HOMO (�6.14 eV),
Table 2. Charge density data of ligands and complexes

Mullikencharge B3LYP/6-31G**

L1 L2

C1 �0.042 �0.109 �0.

C2 �0.143 �0.172 0.

C3 �0.157 �0.190 0.

C4 0.249 �0.057 �0.

C5 — 0.525 0.

C6 — 0.529 —

C4′ 0.249 �0.113 �0.

C5′ — 0.481 0.

C6’ — 0.519 —

N1 �0.157 �0.236 �0.

N2 �0.157 �0.243 �0.

N3 �0.080 — —

N3′ �0.080 — —

Au1 — — —

Table 3. Molecular orbital energy data of ligands and data

Molecular
Orbital (eV)

B3LYP/6-31G**

L1 L2

LUMO+3 �4.51686 �3.42846 �
LUMO+2 �4.6257 �3.59172 �
LUMO+1 �4.76175 �3.70056 �
LUMO �5.82294 �4.65291 �
Delta 4.84338 4.92501

HOMO �10.66632 �9.57792 �
Delta 0.2721 0.08163

HOMO-1 �10.93842 �9.65955 �
HOMO-2 �11.07447 �10.09491 �
HOMO-3 �11.26494 �10.17654 �
Hardness 2.421 2.462

Softness 0.412 0.406

wileyonlinelibrary.com/journal/aoc Copyright © 2013 John W
and HOMO-1 (�6.28 eV) is very small, both orbitals can be in-
volved cooperatively in bonding with the metal (Table 3). Thus,
in the ligand, the orbitals HOMO and HOMO-1 are localized over
N1―C1¼N3 of the imidazole ring (see supporting information,
Fig. S7), which favors the formation of bonds with Au(I). This is
consistent with the Mulliken charge densities.

The structures of [Au(L12)]
+, [Au(L22)]

+ and [Au(L32)]
+ were optimized

and the results show (Fig. 3) that two ligands L1 are coordinated
with Au(I) ion in such a way that the metal ion exhibits a linear ge-
ometry. In the structure, Au(I) is bondedwith twoCcarb (imidazolium
ring), forming a linear structure consisting of C(1), C′(1′) atoms and
their distances with the metal ion are 2.054, 2.069Å ([AuL12]

+ );
1.955, 2.086Å [AuL22]

+; 2.056, 2.056Å ([AuL32]
+) (Table 2); the a

bond lengths calculated are agreed with the published bond
lengths.[30,44] The resulting bond angles for trans bonded atoms
around the metal center are: 177.27° for C(1)―Au(1)―C(1′)
([AuL12]

+); 169.61° for [AuL22]
+, 179.82° for [AuL32]

+, showing that
the metal presents a distorted linear structure. This is consistent
with reported results that a two-coordinate gold(I) linear structure
presents a twofold axis[30,45]. For the case of [AuL22]

+ and
[AuL32]

+, a similar observation was found and the bond distance
B3LYP/LANL2DZ

L3 [AuL12]
+ [AuL22]

+ [AuL32]
+

085 �0.159 �0.182 �0.235

250 �0.152 �0.201 0.202

250 �0.138 �0.205 0.204

519 0.134 �0.001 �0.508

504 — �0.037 0.496

— �0.032 —

519 0.158 �0.014 �0.508

504 — �0.037 0.496

— �0.033 —

150 �0.207 �0.237 �0.198

150 �0.200 �0.266 �0.197

�0.034 — —

�0.041 — —

0.877 1.637 0.677

B3LYP/LANL2DZ

L3 [AuL12]
+ [AuL22]

+ [AuL32]
+

3.401 �6.802 �5.550 �2.802

3.564 �7.237 �5.578 �2.938

3.646 �7.482 �5.850 �3.809

5.197 �8.326 �6.965 �4.108

4.598 4.163 1.659 4.952

9.795 �12.489 �8.625 �9.060

0.027 0.680 0.707 0

9.822 �12.598 �9.333 �9.060

9.850 �12.652 �9.387 �9.088

9.850 �12.652 �9.795 �9.115

2.299 2.272 0.83 2.476

0.434 0.440 1.204 0.403
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Figure 3. Structures of Au complexes.
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and dihedral angles obtained for the complex are almost equal to
the angles resulting for [AuL12]

+. Among the ligands, the formation
of complexes using L2 with other metals (iron(II),[46] In(III),[47] Ga
(II),[48] Cu(I),[49] Ge(II)[50]) is well established.

Furthermore, molecular orbital (MO) analysis (Fig. 4) estab-
lishes the formation of bonds through the mixing of the orbitals
of Au(I) with those of the ligands; all low-lying HOMOs resulted
from the overlap of metal and ligand orbitals. For instance, for
[AuL12]

+ , the HOMO orbitals were obtained through combina-
tions of d [Au(I)] and p orbitals of L1; the orbitals (HOMO to
HOMO-X; X=1–8) (Fig. 4a, b, c) resulted from the mixing of the
d orbital (metal) with π/p of the ligand, where L1 contributes con-
siderably to the π/p character of Au(II), the LUMO being derived
through the combination of the π* type [C(1), C(1′)] of ligands
with d (Au+). The LUMO is generated because of the dz

2 (Au) mix-
ture with the orbitals of atoms, thus confirming the existence of
an Au(I)―C bond in the geometry. Moreover, the π-character of
the ligand moiety presented in the complex was corroborated:
the HOMO, and other low-lying orbitals (HOMO-x (x= 1–8) for
[AuL]+ were observed. Similarly, the HOMO orbitals were
obtained through the combinations of d [Au(I)] with the p or-
bitals of L2 or L3 for [AuL22]

+ or [AuL32]
+.
Appl. Organometal. Chem. 2013, 27, 578–587 Copyright © 2013 Jo
Electronic Absorption and Emission Spectra

The absorption spectra of the Au complexes recorded (Fig. 5 and
Table 4) in MeOH and CH2Cl2 show that there are peaks in the
high-energy region (192–216 nm ); it was seen that all the com-
pounds exhibit similar spectral features and the substituent
groups present in the ligand produce negligible variation in the
spectra. This is consistent with reports[51,52] that substituents
hardly present a variation in the electronic spectra of Au com-
plexes. However, a low-energy band appears at 392 nm for [Au
(L12)]Cl.3EtOH that is blue shifted to 282 nm for [Au(L22)]Cl.2H2O
due to the inductive effect of N-substituted diisopropyl phenyl
of the imidazolium ring (L2). But the spectral behaviors of [Au
(L22)]Cl.2H2O and [Au(L32)]Cl.H2O were similar. This observation
is consistent with reported results[30,31] that the alkyl-substituted
NHCs are expected to be better donors than their aryl counter-
parts; however, the aryl-substituted NHC ligands are slightly more
donating when they are bound to gold. The analysis of the Au―C
(NHC) bond lengths as determined in structural studies[30]

suggests that no major electronic differences between the
various NHC ligands examined on coordination with the gold
center. In the spectra, the intense bands have been assigned to
hn Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/aoc



Figure 4. Molecular orbital energy diagram of Au complexes : (a) [Au(L12)]
+; (b) [Au(L22)]

+; (c) [Au(L32)]
+.
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metal-to-ligand charge transfer (MLCT) from the filled gold d-
orbitals.[53] Furthermore, it was noted that the intensity of the
bands increased when the spectra were recorded at low
temperature, due to the fact that interaction of the metal ion
with the ligand became stronger at low temperature.
Additionally, for the complexes, luminescence properties were

analyzed. The emission and excitation spectra of the complexes
are shown in Fig. 6 and Table 5.
As seen in the electronic spectra, the low-energy emission

band (428 nm) was observed for [Au(L12)]Cl.3EtOH; however, for
[Au(L22)]Cl.2H2O, the emission band appeared at higher energy
(350 nm) than that for [Au(L12)]Cl.3EtOH (428 nm) due to the
structural inductive effect caused by the N-substituted
diisopropyl phenyl of the imidazolium ring (L2), and for [Au
(L32)]Cl.H2O there is no resonating current between the
methylpyridyl group and the imidazolium ring, thus no signifi-
cant change was seen in the spectra. The excitation profile (black
line) shown was obtained while the emission was monitored in
the fluorescence spectra (red and blue lines). It was seen that
the emission spectra were dependent on the excitation
wileyonlinelibrary.com/journal/aoc Copyright © 2013 John W
wavelength because the change in the emission bands occurred
when the excitation wavelength was changed. Although the
excitation was carried out at different wavelengths, only at a
specific excitation wavelength (see Table 5) was a considerable
intense emission band observed. For example, for ([Au(L12)]
Cl.3EtOH (Fig. 6a), the excitation at 373 nm yields an intense
emission band at 430 nm in the visible region; furthermore, the
intensity of the emission band increased when the temperature
of the compound solution was lowered from 25 to 2.0 °C, which
is attributed to the increase of aurophilic interactions at the low
temperature. For the fluorescence spectra, the excitation maxi-
mum was present at lower energies than the MLCT absorption
band. The differences in the excitation profiles and the absorp-
tion spectra of these complexes reinforce the notion that the lu-
minescence arises from the unique intermolecular interactions
present in solution. Although the UV–visible spectra of the com-
plexes are nearly identical, the luminescent features (λ max exci-
tation and λ max emission) of each compound exhibit different
behaviors at different temperatures. The aurophilic attractions
in the compounds allow overlap of the occupied gold 5d orbitals
iley & Sons, Ltd. Appl. Organometal. Chem. 2013, 27, 578–587



Figure 5. UV–visible absorption spectra (red: absorption at 20 °C; blue:
absorption at 2 °C): (a) [Au(L12)]Cl.3EtOH ; (b) [Au(L22)]Cl.2H2O; (c) [Au
(L32)]Cl.H2O.

Table 4. UV–visible absorption data of Au complexes

Compound Solvent Electronic absorption bands (nm)

[Au(L12)]Cl.3EtOH MeOH 244, 282, 392

CH2Cl2 241, 282

[Au(L22)]Cl.2H2O MeOH 248, 262

CH2Cl2 242, 262

[Au(L32)]Cl.H2O MeOH 258, 325

CH2Cl2 245

Figure 6. Excitation/emission spectra (black: excitation; red: emission at
20 °C; blue: emission at 2 °C) for Au complexes: (a) [Au(L12)]Cl.3EtOH; (b)
[Au(L22)]Cl.2H2O; (c) [Au(L

3
2)]Cl.H2O.
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to produce a filled orbital band, while overlap of the empty gold
6p orbitals produces a corresponding band of unoccupied or-
bitals. The excitation of an electron from the filled 5d band to
the empty 6p band strengthens the bonding along these chains
by removing what is effectively an antibonding electron from the
5d band and transferring that electron to the bond 6p band. The
emission results from the reverse process transfer of an excited
electron from the 6p band back to the 5d band. In addition, lumi-
nescence of the complexes has been attributed to self-associa-
tion of the cation through aurophilic interactions, involving a
pair of such d10 complexes to form a fully occupied set of σ(dz

2)
and σ*(dz

2) molecular orbitals involving the interaction of the
filled dz

2 orbitals, Generally, in the gold(I) complexes, it is
observed that C(imidazole)←M (M–L) back bonding character,
Appl. Organometal. Chem. 2013, 27, 578–587 Copyright © 2013 Jo
ascribed to the greater relativistic effect of gold resulting from
contraction of s and p orbitals, while the d and f orbitals remain
diffuse. Specifically, the Ccarb→M donation occurs at multiple
MOs of gold(I) complexes (L1, L2 and L3), thus a larger L–M inter-
action is expected, i.e. there is interaction of the carbine lone pair
of the NHC ligand fragment with the unfilled s orbital of the
metal ion. Furthermore, in the complexes, a simultaneous dona-
tion from an unfilled p orbital to a π* anti-bonding orbital of
the ligand takes place. Since the ligand L has σ-donor orbitals lo-
calized on N and π-donor and π*-acceptor orbitals delocalized on
imidazole rings, the back-donation between the ligand and the
Au(I) orbitals is significant. The strongest absorption in the UV
region can be assigned as an intraligand π–π* transition.
DNA Binding Studies

Among the non-platinum-based antitumor agents, gold com-
plexes have recently gained attention because of their strong
hn Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/aoc



Table 5. Fluorescence data of Au complexes

Compound Fluorescence, λmax (nm), 2 °C Fluorescence, λmax (nm), 2 °C

Excitation Emission Excitation Emission

[Au(L12)]Cl.3EtOH 373 430 390 428

[Au(L22)]Cl.2H2O 300 324 300 350

[Au(L32)]Cl.H2O 300 361 300 370
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antiproliferative effects.[20,22,54–57] The successful use of auranofin
(triethylphosphinegold(I) tetraacetyl thioglucose) in oral adminis-
tration for the treatment of rheumatoid arthritis has gained much
attention;[10,58] furthermore, auranofin and its chloro analogue
Et3PAuCl exhibit their antitumor activities due to inhibition of
the enzyme thioredoxin reductase (TrxR);[54,59] in particular,
auranofin has been tested for anticancer activity in in vivo studies
of P388 leukemia in mice.[16] This means that both gold(I or III)
compounds exhibit outstanding cytotoxic properties;[60–62] for
example, Au(Phen)Cl2]PF6, [Au(DPQ) Cl2]PF6, [Au(DPPZ)Cl2]PF6
and [Au(DPQC)Cl2]PF6 (Phen= 1,10-phenanthroline, DPQ=
dipyrido[3,2- d:2′,3′-f]quinoxaline, DPPZ=dipyrido[3,2-a:2′,3′-c]
phenazine, DPQC=dipyrido[3,2-d:2′,3′-f]cyclohexyl quinoxaline)
exhibited anticancer activity in both cisplatin-sensitive and cis-
platin-resistant ovarian cancer cells.[63,64] In previous studies, it
was shown that the phosphine ligand is more important for bio-
logical potency than halide or thioglucose because exchange of
the carbohydrate ligand of auranofin (or the chlorine ligand of
Et3PAuCl) does not lead to a loss of antitumor activity.[18,45,55,59]

Therefore, there is considerable interest in N-heterocyclic
carbenes (NHCs) as alternatives to phosphines as ligands for the
soft gold(I) ion. The relative ease of systematic modification of
the NHC substituents and the comparable donor properties of
NHCs to phosphines render NHCs attractive ligands.
In the present work, DNA extracted from the U373-GB cell line

derived from human astrocytoma grade III (ATCC) was used for
binding studies with Au complexes. The U373-GB cell line was
cultured with Au complexes as described elsewhere.[40,41] We ob-
served that the DNA was fragmented after treatment with Au
complexes (Fig. 7). As shown in Fig. 7, the results reveal that in
contrast to the control (lane 1) Au complexes (lanes 2–13)
induced different degrees of DNA fragmentation, showing that
the complexes trigger DNA fragmentation ([Au(L12)]Cl.3EtOH
and [Au(L22)]Cl.2H2O (10–100μ M) but not degraded DNA
Figure 7. Effects of Au complexes on DNA aggregation, fragmentation
and degradation. U373-GB cell line was treated or not (10% DMSO in wa-
ter was used as vehicle) with Au complexes at different concentrations.
DNA was isolated and 1μg was separated and analyzed on 1% agarose
gel and stained with gel red. The image was captured under a UV transil-
luminator. Arrow 1 indicates DNA free and arrows 2–4 indicate
fragmented DNA. The bracket indicates degraded DNA.

wileyonlinelibrary.com/journal/aoc Copyright © 2013 John W
(lanes 2–9); meanwhile, after treatment with [Au(L32)]Cl.H2O,
both DNA fragmentation and degradation (lanes 10–13) were
noted; this is probably because the presence of the benzyl ring
at C3–C4 of the imidazolium ring, i.e. the substitution at C3 and
C4 of the imidazolium ring could facilitate DNA degradation
due to its higher DNA affinity than the N-imidazole-substituted
compounds; this observation is consistent with reported stud-
ies.[45] At a concentration of 500 nM, [Au(L32)]Cl.H2O induced
DNA fragmentation (lane 10); but at 10μM both fragmentation
and degradation were clearly observed (lanes 11–13); especially
in lane 13, where complete degradation of DNA was observed.
Besides, DNA fragmentation and degradation increased when
the concentration of the complexes was augmented. We also
observed an increase in band intensity that could be related to
DNA aggregation produced by the complexes as the result of
its binding with DNA.
Conclusion

Gold(I) complexes of 1,3-bis-pyridylimidazolium chloride (L1), 1,3-
bis-[2,6-diisopropylphenyl]imidazolium chloride (L2) and 1,3-bis-
[benzyl]benzimidazolium chloride (L3) were prepared and their
spectral properties studied. A considerable intense emission
band was observed for the compounds due to strong aurophilic
interactions; for example, for [AuL12]

+ excitation at 373 nm, an in-
tense emission band was observed at 430 nm in the visible re-
gion. The intensity of the emission was further increased when
the temperature of the compound solution was decreased be-
cause of the increasing aurophilic interactions at the low temper-
ature. Furthermore, the binding nature of the gold complexes
with DNA isolated from the U373-GB cell line shows that the
complexes, particularly [Au(L32)]Cl.H2O, fragment and degrade
genomic DNA at high concentrations. Furthermore, the intensi-
ties of the fragmented bands increased when the concentration
of the metal complex augmented; this increase in band intensity
could be related to DNA aggregation produced by the Au com-
plex as the result of its DNA binding.
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Supporting information may be found in the online version of
this article.
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