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The reaction of cis-[RuCl2(dmso)4] with [6-(2-pyridinyl)-5,6-dihydrobenzimidazo[1,2-c]
quinazoline] (L) afforded in pure form a blue ruthenium(II) complex, [Ru(L1)2] (1), where
the original L changed to [2-(1H-benzoimidazol-2-yl)-phenyl]-pyridin-2-ylmethylene-amine
(HL

1). Treatment of RuCl3 � 3H2O with L in dry tetrahydrofuran in inert atmosphere led to a
green ruthenium(II) complex, trans-[RuCl2(L

2)2] (2), where L was oxidized in situ to the neutral
species 6-pyridin-yl-benzo[4,5]imidazo[1,2-c]quinazoline (L2). Complex 2 was also obtained
from the reaction of RuCl3 � 3H2O with L2 in dry ethanol. Complexes 1 and 2 have been
characterized by physico-chemical and spectroscopic tools, and 1 has been structurally
characterized by single-crystal X-ray crystallography. The electrochemical behavior of the
complexes shows the Ru(III)/Ru(II) couple at different potentials with quasi-reversible
voltammograms. The interaction of these complexes with calf thymus DNA by using
absorption and emission spectral studies allowed determination of the binding constant Kb and
the linear Stern–Volmer quenching constant KSV.

Keywords: Ruthenium(II) complexes; Benzimidazole; Quinazoline derivatives; Crystal
structure; DNA-binding

1. Introduction

Nitrogen heterocyclics bearing benzimidazole and also quinazoline derivatives often

reveal interesting biological and pharmaceutical activities [1–7]. Recently, several

polycyclic DNA-targeting agents having a quinazoline planar fragment have been

shown to be cytotoxic and have superior antitumor activity over kinase inhibitors [8].

These compounds interact with double stranded DNA and also present selective

recognition of DNA sequences. Although medicinal chemistry is predominately focused

on design of organic molecules, there is increasing interest toward the design of metal-

based therapeutic and diagnostic agents [9–12]. Such metal–ligand assemblies allow

convergent synthetic approaches and give access to structural motifs that differ from

purely organic molecules.
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Owing to the spectroscopic and redox properties of ruthenium(II) complexes with

heterocyclic N-donor ligands, the study of their interaction with proteins, DNA, and

lipids have received considerable attention for applications in biochemistry and clinical
diagnosis [13–16]. Moreover, six-coordinate ruthenium complexes are good scaffolds as

ruthenium is kinetically inert and forms compounds that display properties and

stabilities comparable to purely organic molecules [17].
Continuing our ongoing interest to interaction of metal chelates with calf thymus

DNA (CT-DNA) [18–22], herein we report the synthesis, characterization, and DNA-

binding study of two ruthenium(II) complexes of heterocyclic ligands resulting from a

benzimidazole-based quinazoline derivative (L). The complexes were characterized by
physico-chemical and spectroscopic tools and the solid state structure of 1 have been

established by single-crystal X-ray crystallography. Redox behavior of these complexes

in acetonitrile by cyclic voltammetry (CV) and the interaction with CT-DNA have also

been studied.

2. Experimental

2.1. Materials and physical measurements

All chemicals and reagents were obtained from commercial sources and used

as received. Solvents were distilled from an appropriate drying agent.
RuCl3 � 3H2O (Aldrich) was used without purification. cis-[RuIICl2(dmso)4] was

synthesized according to the literature method [23]. Tetra-n-butylammonium perchlo-

rate (TBAP) was prepared by addition of sodium perchlorate (taking the usual

precaution for handling perchlorate salts!) to a hot solution of tetra-n-butylammo-

niumbromide (Aldrich). Commercially available silica gel (60–120 mesh) from SRL was

used for chromatographic separation. The products were recrystallized from aqueous
ethanol.

C, H, and N elemental analyses were performed on a Perkin Elmer model 2400

elemental analyzer and ruthenium analyses were carried out with a Varian atomic

absorption spectrophotometer model-AA55B, GTA using a graphite furnace.

Electronic absorption spectra were recorded on a JASCO UV-Vis/NIR

spectrophotometer model V-570 from 1100 to 200 nm. IR spectra (KBr discs,

4000–300 cm�1) were recorded using a Perkin-Elmer FTIR model RX1 spectrometer.
1H NMR spectra were recorded on a Bruker AC300 spectrometer using TMS as

internal standard in CDCl3. Room temperature magnetic susceptibility measurements

were performed with a vibrating sample magnetometer PAR 155 model. Molar

conductances (�M) were measured in a Systronics conductivity meter (model 304) in

acetonitrile with �10�3mol L�1. The measurement of pH of the reaction mixture was

done with a Systronics digital pH meter (Model 335). Electrochemical measurements

were recorded on a CH-instrument electrochemical system (Model 620D) using Pt-wire
and Ag/AgCl as working and reference electrodes, respectively, with TBAP as

supporting electrolyte. All the measurements were made at 298K by using 10�3–

10�4mol L�1 in acetonitrile purged with dry nitrogen for 3–4min in order to remove

dissolved oxygen.
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2.2. Preparation of quinazoline derivatives

[6-(2-pyridinyl)-5,6-dihydrobenzimidazo[1,2-c]quinazoline] (L): An ethanolic solution
of 2-(2-aminophenyl)benzimidazole (2.09 g, 10.0mmol) was added to pyridine-2-
carboxaldehyde (1.07 g, 10.0mmol) in ethanol (25mL) at room temperature and the
mixture was allowed to reflux for 4 h. A white crystalline precipitate of L was obtained
from the yellow solution through slow evaporation of the solvent. Single crystals of L
suitable for X-ray crystallography were obtained from a methanolic solution of the
white product on slow evaporation at room temperature.

C19H14N4: Anal. Found: C, 76.56; H, 4.75; N, 18.49; Calcd: C, 76.48; H, 4.73;
N, 18.78; m.p. 231� 1�C. Yield: 90%. MS: [MþH]þ, m/z, 299.3; IR (KBr, cm�1):
�N–H, 2950, �C¼N, 1477. 1H NMR (�, ppm in DMSO-d6): 8.44 (d, 1H, J¼ 3.9);
7.91 (d, 1H, J¼ 7.2); 7.77–7.70 (m, 2H); 7.63 (d, 1H, J¼ 7.2); 7.35–7.10 (m, 7H);
6.85–6.77 (m, 2H).

6-pyridin-yl-benzo[4,5]imidazo[1,2-c]quinazoline (L2): The synthesis of L2 was
carried out by oxidation of L following the literature method [24]. KMnO4 (0.5 g)
was added to 0.298 g of L in dry acetone (100mL) and allowed to reflux for 6 h. The
resulting mixture was filtered and the solid mass obtained from this filtrate was poured
into water (50mL) and then extracted by chloroform (2� 25mL). Anhydrous sodium
sulfate was added to the organic species and then filtered after vigorous stirring of the
mixture. The filtrate was dried in a rotary evaporator giving L2 as white solid.

C19H12N4 (L
2): Anal. Found: C, 77.19; H, 4.05; N, 18.76; Calcd: C, 77.01; H, 4.09;

N, 18.91; m.p. 211� 1�C. Yield: 97%. MS: [MþH]þ, m/z, 297.3; IR (KBr, cm�1):
�C¼N, 1477.

1H NMR (�, ppm in CDCl3): 8.85 (d, 1H, J¼ 4.8); 8.74 (d, 1H, J¼ 7.8);
8.08–7.92 (m, 4H); 7.80–7.60 (m, 3H); 7.45 (t, 1H, J¼ 7.2); 7.12 (t, 1H, J¼ 7.2); 6.54
(d, 1H, J¼ 8.4).

2.3. Preparation of ruthenium(II) complexes

Synthesis of fac-[Ru(L1)2] (1): To the ethanolic solution of L (0.298 g, 1.0mmol), a
solution of cis-[RuCl2(dmso)4] (0.242 g, 0.5mmol) in dry EtOH (20mL) previously
purged with N2 was added dropwise and the resulting solution was stirred for 6 h
under N2. The solvent was evaporated off and the solid mass dissolved in the minimum
amount of dichloromethane and chromatographed over a silica gel column prepared in
dichloromethane. The first band was washed out by CH2Cl2–MeOH (9 : 1)
while the blue band was collected through the column with a 3 : 1 solvent mixture of
CH2Cl2–MeOH to isolate fac-[Ru(L1)2] isomer.

fac-[Ru(L1)2] (1): C38H26N8Ru: Anal. Found: C, 65.60; H, 3.44; N, 16.11; Ru, 14.34;
Calcd: C, 65.12; H, 3.37; N, 15.98; Ru, 14.50. Yield: 70–72%. IR (cm�1): �C¼N, 1472;
Conductance �o (��1 cm2mol�1) in methanol: 52. 1H NMR (�, ppm in CD3OD): 8.78
(s, 2H), 8.73 (d, 2H, J¼ 5.1), 8.20 (d, 2H, J¼ 7.2), 7.86 (d, 2H, J¼ 7.8), 7.51 (m, 8H),
7.16 (m, 6H), 7.05 (d, 2H, J¼ 5.4), 6.78 (t, 2H, J¼ 7.5). ESI-MS (m/z): [MþNa]þ,
718.0 (10% abundance).

Synthesis of trans-[RuCl2(L
2)2] (2): Nitrogen was bubbled in a brown solution of

RuCl3 � 3H2O (0.130 g, 0.5mmol) in dry tetrahydrofuran (THF) (10mL). Then 0.298 g
(1.0mmol) of L in 20mL of THF (previously purged with N2) was added, refluxing the
mixture for 2 h under N2. During this process the color turned into green with a
precipitate. The solution was cooled to room temperature and the green solid was

Ruthenium(II) complexes 1291
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collected through filtration, followed by washing thoroughly with water, etha-
nol, and finally diethylether. It was then dried in a vacuum desiccator over P4O10.
Yield: 80–82%.

A parallel reaction was performed with reactants in same mole ratio in dry ethanol.
Here, the solution mixture of L2 (0.296 g, 1.0mmol) and RuCl3 � 3H2O (0.130 g,
0.5mmol) in 25mL of dry ethanol was refluxed for 4 h under N2. The reaction
proceeded in the same way and the green precipitate was collected and dried as above.
Yield: 80–84%.

trans-[RuCl2(L
2)2] (2): C38H24N8Cl2Ru: Anal. Found: C, 59.12; H, 3.26; N, 14.53;

Ru, 13.33; Calcd: C, 59.69; H, 3.16; N, 14.65; Ru, 13.22. Yield: 80%. Conductance �o
(��1 cm2mol�1) in methanol: 68. IR (cm�1): �C¼N, 1471; �Ru–Cl, 342;

1H NMR (�, ppm
in CDCl3): 8.52 (d, 1H, J¼ 3.1); 8.14 (d, 1H, J¼ 7.1); 7.85 (d, 1H, J¼ 8.2); 7.46 (t, 1H,
J¼ 7.4); 7.30 (t, 1H, J¼ 7.2); 7.21–7.06 (m, 3H); 6.83–6.73 (m, 4H). ESI-MS (m/z):
[MþNa]þ, 787.1 (10% abundance).

2.4. X-ray crystal structure analysis

Diffraction data of L and 1 were measured with Mo-Ka radiation (�¼ 0.71073 Å) at
293K on a Marresearch Image plate diffractometer. The crystals were positioned at
70mm from the image plate and 95 frames were measured at 2� intervals with a
counting time of 2min. Analysis of data sets was carried out with the XDS
program [25].

The structures were solved with direct methods [26] and refined by full-matrix least-
squares based on F2 with all observed reflections [26]. Six residuals were interpreted as
oxygen of water (two of these refined with half occupancy). Hydrogen atoms at carbons
were included at geometric positions with thermal parameters¼ 1.2 times that of the
associated carbon, while those of water molecules were located on DF map and refined
with distance constraints. An empirical absorption correction was applied to 1 using
DIFABS [27]. Crystal data and details of refinement are reported in table 1.

2.5. DNA-binding experiments

The tris-HCl buffer solution (pH 7.4), used in all the experiments involving CT-DNA,
was prepared using deionized and sonicated HPLC grade water (Merck). The used CT-
DNA was sufficiently free from protein with the ratio of UV absorbance of the DNA in
tris-HCl solution at 260 and 280 nm (A260/A280) of ca 1.9 [28]. The concentration of
DNA was determined with the help of its extinction coefficient " of 6600Lmol�1 cm�1

at 260 nm [29]. The stock solution of DNA was always stored at 4�C and used within
4 days. Concentrated stock solution of complex was prepared by dissolving the
ruthenium(II) complex in DMSO and suitably diluting with tris-HCl buffer to the
concentration required for all experiments. Absorption spectral titration was performed
by keeping constant the concentration of ruthenium(II) complex while varying the
CT-DNA concentration. To eliminate the absorbance of DNA itself, an equal solution
of CT-DNA was added to the ruthenium(II) complex solution and to the reference.

In fluorescence displacement experiment with ethidium bromide (EB), 5 mL of EB
solution (1.0mmol L�1) in tris-HCl were added to 1.0mL of DNA solution at saturated
binding levels [30] and stored in the dark for 2.0 h. The ruthenium(II) complex solution

1292 H. Paul et al.
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was titrated into the DNA/EB mixture and then diluted in tris-HCl buffer to 5.0mL,
making solutions with varied mole ratio of the metal complex to CT-DNA. Prior to
measurements, the mixture was shaken and incubated at room temperature for 30min.
The fluorescence spectra of EB bound to DNA were obtained at an emission
wavelength of 584 nm.

3. Results and discussion

3.1. Syntheses

L was synthesized by refluxing 2-(2-aminophenyl)benzimidazole and pyridine-2-
carboxaldehyde in equimolar ratio in methanol (scheme 1), giving white

Table 1. Crystal data and details of refinement for 1 � 5H2O.

Empirical formula C38H26N8Ru � 5H2O
Formula weight 785.82
Crystal system Monoclinic
Space group P21/c
Unit cell dimensions (Å, �)
a 16.351(18)
b 12.645(14)
c 17.578(19)
� 90.00
� 92.50(1)
� 90.00
Volume (Å3), Z 3631(7), 4
Calculated density (g cm–3) 1.438
Absorption coefficient (mm�1) 0.487
F(000) 1616
� range for data collection (�) 1.98–26.00
Collected/unique reflections 20,544/6672
Reflections [I4 2	(I)] 3120
Parameters 514
Goodness-of-fit on F2 0.928
Final R indices [I4 2	(I)] R1¼ 0.0736,

wR2¼ 0.1006
R indices (all data) R1¼ 0.1243,

wR2¼ 0.1814
Largest difference peak and hole (e Å�3) 0.432 and �0.453

MeOH

Reflux
Rearrangement

L L2

KMnO4

Acetone
N NH

NH2

NOHC

+

N

NH

N
N

N

N

N
N

Scheme 1. Synthetic procedure of organic moieties.
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[6-(2-pyridinyl)-5,6-dihydrobenzimidazo[1,2-c]quinazoline] as product. Structural anal-
ysis by spectroscopic tools and X-ray diffraction confirmed the cyclic rearranged

product. On reaction with KMnO4 in acetone, L is converted to its oxidized product,
6-pyridin-yl-benzo[4,5]imidazo[1,2-c]quinazoline (L2).

During the reaction with ruthenium(II) a [1,5] sigmatropic-type shift of L occurred

prior to metal coordination (scheme 2), giving in situ HL
1 [31] which behaved as a

tridentate monobasic ligand to form [Ru(L1)2] (1). The synthetic procedure of 1

is shown in scheme 3. When the reaction was conducted with 1 : 2 molar ratio of

cis-[RuCl2(dmso)4] and L in ethanol at reflux, 1 was obtained with low yield, but on
stirring the reaction mixture of cis-[RuCl2(dmso)4] and L (same solvent and molar ratio)

at ambient temperature the yield of 1 was significantly improved. The blue
band corresponding to pure fac-isomer 1 was eluted by mixture of CH2Cl2–MeOH
(3 : 1) from the silica gel column and charged with the resulting solid mass of the

reaction mixture between cis-[RuCl2(dmso)4] and L in 1 : 2mole ratio at room
temperature.

Reaction of L with RuCl3 in dry THF under dinitrogen afforded a ruthenium(II)

complex [RuCl2(L
2)2] (2) via spontaneous reductive chelation of ruthenium and

concomitant oxidation of L to L2. From the cooled reaction mixture, green crystalline
compound was obtained in high yield. The same 2 was directly obtained when L2 reacts

with RuCl3 � 3H2O in ethanol via spontaneous reduction of Ru(III) by the solvent
(scheme 4).

Microanalytical data confirm the formulation of 1 and 2. Conductivity measurements

indicate that both ruthenium(II) complexes are non-electrolytes in methanolic solution,
and the magnetic moment studies demonstrate the complexes are diamagnetic.

in dry EtOH
RuCl2(dmso)4

2 : 1

L
1 (with low yield)

Stir / r. t. 1 (with high yield)
N2

+ Reflux

      N2

fac-[Ru(L1)2] (1), blue

N

N

N
N

N

Ru
N

N

N

Scheme 3. Synthetic strategy for 1.

N

N
H

N

N

[1,5] sigmatropic-type shift

Ru(II) ion

N

N

N
H

N

N

N

N

N
H

HL1
L

Scheme 2. [1,5] Sigmatropic-type shift of L.
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3.2. Structural characterization

Since the X-ray diffraction analysis of L has already been reported [32], its molecular

structure will be not described here; figure S1 and crystal data have been included as

‘‘Supplementary material.’’
The ORTEP view of 1 is illustrated in figure 1, and a selection of bond distances and

angles are listed in table 2. The complex has approximate C2 symmetry with the two-

fold axis bisecting the angles subtended at Ru by pyrrolic nitrogen atoms and imine

nitrogen atoms (almost normal to picture of scheme 3). The metal ion, in a distorted

Figure 1. Solid state structure of [Ru(L1)2] (1) with ellipsoids at 35% probability.

EtOH/ N2

Dry THF

Ru(III) Ru(II)

Ru(III) Ru(II)

L2

+ RuCl3.3H2O

2 : 1

L

Reflux / N2

t rans-[RuCl2(L2)2] (2), green

2 : 1

L L2

Oxidation

ReductionGreen
solution

Reduction

+ RuCl3.3H2O

N

N
N

N

N

N
N

N

Ru

Cl

Cl

N

N

NH

N

N

N

N

N

Scheme 4. Synthetic methodologies of 2.
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octahedral geometry, has a N6 chromophore from nitrogen atoms of two tridentate
ligands coordinating facial. Ru–N bond distances range from 1.968(5) to 2.074(5) Å.
Making allowance for the esd’s, the Ru–N(py) bonds, trans to each other, are slightly
different (2.074(5) and 2.045(6) Å), while the cis located Ru–N(pyrrole) ones of 2.048(5)
and 2.059(5) Å are more comparable. The significant difference between Ru–N(imino)
bonds of 1.968(5) and 2.004(5) Å are mainly due to ligand geometrical requirements in
order to accomplish a strain coordination from six- and a five-membered rings.
Distortions in bond angles are clearly evidenced by the N(py)–Ru–N(py) angle of
160.8(2)�, while the other N–Ru–N angles, of trans donors, are 177.8(2)� and 177.4(2)�,
closer to ideal octahedral. The variability in coordination bond distances, imputable
also to the different nature of N-donors, are detected in other Ru complexes [33, 34].
The conformation of the tridentate ligands are comparable, with torsion angle about
the C¼N imino bond of 160.9� and 159.5�.

The metal complexes stack along the [100] direction connecting by 
–
 interactions
occurring between benzimidazole phenyl moieties related by inversion centers (centroid-
to-centroid distance of ca 3.6 Å). The crystallographic analysis revealed the presence of
six residuals interpreted as water molecules (two at half occupancy, thus five per
complex unit) and these lattice molecules fill channels outlined by the complexes and
running parallel to the crystallographic axis a (figure 2). These water molecules are
connected through H-bonds, the shortest distance being 2.47 Å between O(4w) and
O(5w), and two of these weakly appended to the uncoordinated benzimidazole nitrogen
(O(1w) � � �N(8) 3.065(7) Å; O(3w) � � �N(4) 2.998(8) Å).

3.3. Spectral characterization

The IR spectrum of L showed a characteristic band at �2950 cm�1 for �N–H, which is
absent in the spectra of the ruthenium(II) complexes and in 6-pyridin-yl-benzo[4,5]i-
midazo[1,2-c]quinazoline (L2). The �C¼N band in L is 1477 cm�1, shifted to lower
wavenumbers in the complexes, suggesting coordination. The green complex
[Ru(L2)2Cl2] (2) displays a sharp, single stretch at 342 cm�1 attributable to �Ru–Cl

[35], indicating chlorines bound to ruthenium(II) trans [33].
The 1H NMR spectra have been recorded in deuterated solvents. Signals for L and L2

appeared in the spectra supporting the proposed structural formulas. Integration of
proton signals clearly indicates the lack of two-protons in L2 in comparison to L.

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

Ru–N(1) 2.074(5) Ru–N(5) 2.045(6)
Ru–N(2) 1.968(5) Ru–N(6) 2.004(5)
Ru–N(3) 2.048(5) Ru–N(7) 2.059(5)

N(1)–Ru–N(2) 76.9(2) N(2)–Ru–N(7) 177.8(2)
N(1)–Ru–N(3) 93.5(2) N(3)–Ru–N(5) 98.7(2)
N(1)–Ru–N(5) 160.8(2) N(3)–Ru–N(6) 177.4(2)
N(1)–Ru–N(6) 89.2(2) N(3)–Ru–N(7) 98.2(2)
N(1)–Ru–N(7) 101.0(2) N(5)–Ru–N(6) 78.7(2)
N(2)–Ru–N(3) 81.4(2) N(5)–Ru–N(7) 91.9(2)
N(2)–Ru–N(5) 90.2(2) N(6)–Ru–N(7) 81.4(2)
N(2)–Ru–N(6) 99.2(2)
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This spectral study and mass spectra ([MþH]þ, m/z 299.34 for L and m/z 297.34 for L2)
support the proposed structures for L and L2.

In the 1H NMR spectrum of 1 protons are in accord with the proposed structure.
A new singlet (at 8.783 ppm) assignable for CH attached to the imine-N corresponding
to the azomethine (CH¼N) is present in [Ru(L1)2] (1). This peak was absent in the
1H NMR spectrum of L and its singlet nature indicates a similar electronic environment
of both azomethine protons. The peak at m/z¼ 718 (10% abundance) along with other
peaks in the ESI-MS spectrum of 1 gives evidence the existences of [MþNa]þ.

The signals of the protons of 2 are similar with those of L2 but at relatively high field
compared to those in free L2. This may be due to the presence of two coordinated
chlorides trans in the coordination sphere of ruthenium. Here the peak of azomethine
proton observed in 1 was not detected. The peak at m/z¼ 787.0544 with 10%
abundance along with other peaks in the ESI-MS spectrum corresponds to the
[MþNa]þ ion (where M¼ formula weight of 2).

Electronic absorption spectra of all the complexes were recorded at room temper-
ature using acetonitrile as the solvent and data are listed in table 3. The spectra of the
complexes exhibit the characteristic transitions at 237–239 nm and 293–298 nm
corresponding to intramolecular 
!
* and n!
* transitions, respectively. The
bands at 581 and 598 nm in 1 and 2, respectively, were observed due to the d(Ru)!
*
(ligand) MLCT transitions.

Figure 2. Crystal packing of 1 viewed down the a-axis showing the channel filled by lattice water molecules.

Table 3. UV-Vis spectral data and electrochemical data.a

Compound
� nm (")

(", dm3mol�1 cm�1)
Electrochemical
data E1/2, DE (V)

1 581 (3572), 293 (16,462), 239 (16,126) 0.91 (0.105)
2 598 (3563), 298 (29,708), 237 (28,245) 1.11 (0.084)

aIn acetonitrile.
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3.4. Electrochemical behavior

Electrochemical properties of 1 and 2 have been studied by CV on a Pt working
electrode in MeCN from �2.0 to þ2.0V at 25�C. Each complex exhibits a redox wave
(E1/2: 1, 0.91; 2, 1.11V vs. Ag/AgCl) (table 3) assignable to the Ru(II)/Ru(III) couple.
On recording the cyclic voltammetric responses at different scan rates (50–400mV), the
plot of ipa versus �

1/2 gave a straight line passing through the origin in each case.
Linearity of these plots [36] indicates that the redox processes occurring at the

electrode are diffusion controlled. The peak potential separations DEp (84–105mV) are
generally larger than the ideal Nernstian value of 59mV for a one-electron transfer, but
commonly observed for complexes of this type, apparently due to uncompensated
solution resistance. The high anodic potential for the Ru(III)/Ru(II) couple for green 2

in comparison to that of the blue 1 is due to strong 
-acceptor property of L2 (obtained
from L by oxidation) compared to L1. This electrochemical behavior of the ruthenium
ion is in agreement with the electronic property of the ligand.

3.5. DNA-binding studies

3.5.1. Electronic absorption titration. To examine the binding of ruthenium(II)
complexes with DNA, the absorption spectra of the complexes were recorded during
titration with CT-DNA. As shown in figure 3, spectra indicate a significant
hyperchromism centered around 300 nm, suggesting a strong interaction between the
ruthenium(II) complexes and DNA. The spectral change might be interpreted as due to
groove binding of the adducts [37], since ruthenium(II) complexes containing fused
polyaromatic systems having coplanar atoms (organic ligand) facilitates formation of
van der Waals contacts or hydrogen bonds during interaction with DNA grooves.
From these titration data the intrinsic binding constants (Kb) of the complexes with CT-
DNA have been determined using the following equation [38]:

DNA½ �=ð"a � "fÞ ¼ DNA½ �=ð"b � "fÞ þ 1=½Kbð"b � "fÞ�,

0.20
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0.30
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0.40

0.45
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0.55
Complex (2)

A
bs

or
ba

nc
e

Wavelength (nm)

a

f

260 280 300 320 340260 280 300 320

0.16

0.20

0.24

0.28
Complex (1)

A
bs
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ba

nc
e

Wavelength (nm)

a

f

Figure 3. Electronic spectra of 1 and 2 through titration with CT-DNA in tris-HCl buffer;
(1)¼ 1.60� 10�5mol L�1; (2)¼ 1.31� 10�5mol L�1; [DNA]: (a) 0.0, (b) 2.0� 10�6, (c) 4.00� 10�6,
(d) 6.0� 10�6, (e) 8.0� 10�6, and (f) 1.0� 10�5molL�1. The increase in DNA concentration is indicated
by an arrow.

1298 H. Paul et al.

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

45
 1

3 
O

ct
ob

er
 2

01
3 



where [DNA] represents the DNA concentration, "f and "b are the extinction

coefficients for the free and fully bound ruthenium(II) complex, respectively, and "a
the metal complex extinction coefficient during each addition of DNA. The [DNA]/

("a� "f) plot against [DNA] gave a linear relationship (figure 4). The intrinsic binding

constants (Kb) for the complexes were calculated from the slope to intercept ratio and

reported in table 4. These values are in agreement with those of well-established groove

binding rather than classical intercalation [39].

3.5.2. Ethidium bromide fluorescence displacement experiments. EB fluorescence
displacement experiments were also performed to investigate the interaction mode of

the complex with CT-DNA. In fact EB fluorescence intensity will be enhanced in the

presence of DNA because of its intercalation into the helix, and it was quenched by

addition of another molecule that displaces EB from DNA [40]. Here, the significant

decreases of the fluorescence intensity of EB bound to DNA at 620 nm were recorded

by increasing the concentration of the complexes as shown in figures 5(i) and 6(i). The

observation of EB fluorescence quenching due to the releasing of some EB molecules

from the EB-DNA system is supportive to the interaction of the ruthenium(II)

complexes with CT-DNA through groove binding. Here the quenching of EB bound to

2 4 6 8 10 12
0

10

20

30

40

50

60

(1)

(2)

[D
N

A
]/(

ε a
-ε

f)x
10

10

[DNA]x106

Figure 4. Plot of [DNA]/("a� "f) vs. [DNA] for titration of CT-DNA with 1 and 2 in tris-HCL buffer; for 1
binding constant Kb¼ 7.381� 105 (mol L�1)�1 (R¼ 0.98811, n¼ 5 points); for 2 Kb¼ 0.221� 105 (mol L�1)�1

(R¼ 0.99674, n¼ 5 points).

Table 4. DNA experiment Kb and Ksv values for complexes.

Entry Compound Kb ((mol L�1)�1) KSV

1 fac-[Ru(L1)2] (1) 7.381� 105 1.745� 104

2 trans-[RuCl2(L
2)2] (2) 0.221� 105 0.393� 104
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DNA by the ruthenium(II) complexes is in agreement with the linear Stern–Volmer

equation:

I0=I ¼ 1þ KSV complex½ �,

where I0 and I represent the fluorescence intensities in the absence and presence of

quencher, respectively. KSV is the linear Stern–Volmer quenching constant and

[complex] the molar concentration of the quencher. From the slope of the regression

(ii)(i)

0

50

100

150

200

250

300

350
In

te
ns

ity

Wavelength (nm)

a

f

550 600 650 700 750
10 20 30 40

1.0

1.2

1.4

1.6

1.8

I 0
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Figure 5. (i) Emission spectra of CT-DNA–EB system in tris-HCl buffer based on the titration of 1.
�ex¼ 522 nm; [EB]¼ 0.96� 10�6mol L�1; [DNA]¼ 0.1� 10�4; [Complex]: (a) 0.0, (b) 8.05� 10�6,
(c) 1.6� 10�5, (d) 2.4� 10�5, (e) 3.2� 10�5, and (f) 4.0� 10�5mol L�1. (ii) Plot of I0/I vs. [complex] for
titration of CT-DNA–EB system; Stern–Volmer quenching constant Ksv¼ 1.745� 104 (R¼ 0.99433, n¼ 5
points).
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Figure 6. (i) Emission spectra of CT-DNA–EB system in tris-HCl buffer based on the titration of 2.
�ex¼ 522 nm; [EB]¼ 0.96� 10�6mol L�1; [DNA]¼ 0.1� 10� 4molL�1; [Complex]: (a) 0.0, (b) 6.81� 10�6, (c)
1.36� 10�5, (d) 2.04� 10�5, (e) 2.72� 10�5, and (f) 3.4� 10�5mol L�1. (ii) Plot of Io/I vs. [complex] for
titration of CT-DNA–EB system; Stern–Volmer quenching constant KSV¼ 0.393� 104 (R¼ 0.99336, n¼ 5
points).
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line in the derived plot of I0/I versus [complex] (figures 5(ii) and 6(ii)), the KSV values for
the complexes were determined as 1.745� 104 for 1 (R¼ 0.99433, n¼ 5 points)
and 0.393� 104 for 2 (R¼ 0.99336, n¼ 5 points), indicating a strong affinity of
ruthenium(II) complexes to CT-DNA.

From these DNA-binding studies, the trends of KSV and Kb are of same order. The
KSV values obtained in this study increase with increasing values of Kb, indicating the
same mode of interactions of the ruthenium(II) complexes with CT-DNA.

4. Conclusion

The reaction of [6-(2-pyridinyl)-5,6-dihydrobenzimidazo[1,2-c]quinazoline] (L) with
cis-[RuCl2(dmso)4] led to the formation of a blue complex [Ru(L1)2] (1) as L changed to
[2-(1H-benzoimidazol-2-yl)-phenyl]-pyridin-2-ylmethylene-amine (HL1) via a [1,5]
sigmatropic shift in situ. In reaction with RuCl3 � 3H2O, L got oxidized to 6-pyridin-yl-
benzo[4,5]imidazo[1,2-c]quinazoline (L2) isolating green trans-[RuCl2(L

2)2] (2), which
could also be obtained from the reaction of RuCl3 with L2. The crystal structure of 1
shows tridentate L1 coordinating ruthenium(II) with facial configuration. Both
complexes interact with CT-DNA through groove binding, but 1 exhibits a higher
binding constant (Kb¼ 7.38� 105 (mol L�1)�1) with respect to 2 (0.221� 105

(mol L�1)�1). The Kb of 1 is comparable to that (Kb¼ 7.2� 105 (mol L�1)�1) of
the reported water-soluble [Ru(MeIm)4(tip)]

2þ, MeIm¼ 1-methylimidazole, tip¼
2-(thiophene-2-group)-1H-imidazo[4,5-f][1,10]phenanthroline) [41]. But, Kb of 2 is
comparable to that (Kb¼ 2.3–3.3� 104 (mol L�1)�1) of [Ru(dmp)2(APIP)]2þ

(dmp¼ 2,9-dimethyl-1,10-phenanthroline, APIP¼ 2-(2-aminophenyl)imidazo[4,5-f]
[1,10]phenanthroline) [42] suggesting that 2 binds to CT-DNA in partial intercalation,
with 
–
 stacking on the DNA surface [43].

Supplementary material

Crystallographic data for 1 and L have been deposited with the Cambridge
Crystallographic Data Centre, CCDC Nos 651979 and 651980, respectively. The data
can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or
from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; Fax: (þ44) 1223-336-033; or E-mail: deposit@ccdc.cam.ac.uk
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