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Abstract

A new Cu(II) complex of CuL(ClO4)2 (here, L = N,N,N 0,N 0-tetrakis[(2-benzimidazolyl)methyl]-1,3-diaminopropane) has been synthe-
sized and characterized by elemental analyses, UV–Vis, FT-IR, cyclic voltammogram and X-ray single crystal diffraction. The Cu(II)
environmental in complex is distorted octahedral. p–p stacking interactions stabilize the crystal packing together with the hydrogen-
bonding interactions. The interaction of the complex with DNA has been investigated using equilibrium dialysis, UV spectra, fluorescent
spectra, and gel electrophoresis. The results show that the Cu(II) complex can electrostatically bind to the phosphate group of DNA
backbone, and partially intercalate into the double helix of DNA because of the bulky structure of the complex and the planarity of
the benzimidazole rings.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The interaction of small molecules with DNA has been
an active area of research at the interface of chemistry
and biology [1–6]. These small molecules are stabilized in
binding to DNA through a series of weak interactions,
such as the p-stacking interactions associated with interca-
lation of a planar aromatic group between the base pairs,
hydrogen-bonding and van der Waals interactions of func-
tionalities bound along the groove of the DNA helix [7],
and the electrostatic interaction of the cation with phos-
phate group of DNA [8]. Studies directed toward the
design of site- and conformation-specific reagents provide
rationales for new drug design as well as a means to
develop sensitive chemical probes of nucleic acid structure.
Benzimidazole ring functions as ligand toward transition
metal ions in a variety of biologically important molecules
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[9]. The presence of a rigid aromatic system in the benz-
imidazole structure gives rise to particular spectroscopic,
which make it a potential probes for nucleic acids. Crystal-
lographic [10–12] and NMR studies [13–15] show ligands
incorporating benzimidazole can selectively interact with
a specific nucleotide sequence, which bind to the minor
groove of A–T tract duplex DNA and the benzimidazole
unit is a conformationally stable and appropriate platform
on which to build further DNA sequence recognition.
Metal complexes involving benzimidazole are an important
class of biologically active compounds that can efficiently
hydrolyze phosphonate diester [16] and cleave the super-
coiled pBR322 DNA [17–19].

In this paper, we report the synthesis of the ligand
[20,21] that contains four benzimidazole groups and the
crystal structure of CuL(ClO)2 (here, L = N,N,N 0,N 0-tetra-
kis[(2-benzimidazolyl)methyl]-1,3-diaminopropane). The
interaction of the complex with DNA has been investigated
using equilibrium dialysis,UV spectra, fluorescent spectra
and gel electrophoresis.
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Table 1
Crystal data and structure refinement for complex

Empirical formula C35H34Cl2N10O8Cu
Formula weight 857.17
Temperature (K) 203(2)
Crystal system monoclinic
Space group C2/c
a (Å) 17.360 (3)
b (Å) 10.733(2)
c (Å) 19.209 (3)
a (�) 90
b (�) 94.971 (2)
c (�) 90
V (Å3) 3565.5 (10)
Z 4
Dcalc (g cm

�3) 1.597
Crystal size (mm) 0.40 · 0.30 · 0.30
F(000) 1764
Reflections collected 7280
Unique reflections 3130
h Range for data collection (�) 2.23–26.58
Index ranges �20 6 h 6 15,

�12 6 k 6 12,
�20 6 l 6 22

Absorption coefficient (mm�1) 0.832
Data/restrains/parameters 3130/6/262
Final R indices [I > 2r(I)] R1 = 0.0439, Rw2 = 0.1092
R indices (all data) R1 = 0.0494, Rw2 = 0.1121
Goodness-of-fit 1.081
Largest difference in peak and hole (e Å�3) 0.441 and �0.284
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2. Experimental

2.1. Materials and instruments

Elemental analysis was performed on a Perkin–Elmer
240C instrument, 1H NMR and 13C NMR spectra were
obtained on a Bruker DRX-300 spectrometer, absorbance
spectra were recorded on a Hewlett–Packard HP-8453
Chemstation spectrometer, fluorescence measurements
were made with a Perkin–Elmer LS-50B fluorescence spec-
trophotometer. IR spectra were recorded on a Shimadzu
FT-IR-8300 spectrometer with KBr as discs. Cyclic vol-
tammetry was carried out on a CHI660B electrochemical
workstation (CH Instruments, Shanghai, China) connected
with a three-electrode cell at room temperature. A glass
carbon (GC) working (3 mm in diameter) and a Pt wire
counter electrode were employed. The reference electrode
is Ag/AgCl (saturated). Solution was prepared by dissolv-
ing the complex in DMF, using 0.1mol L�1 NaClO4 as sup-
porting electrolyte. Plasmid DNA products were analyzed
with a UVP GDS8000 complete gel documentation and
analysis system. Calf thymus DNA was obtained from
Sigma, UV–Vis spectrometer was employed to check
DNA purity (A260:A280 > 1.80) and concentration
(e = 6600 L mol�1 cm�1 at 260 nm). All the measurements
about interaction of the complex with CT DNA were con-
ducted using solutions of the complex in Tris–HCl buffer
(pH 7.5) containing 10 mmol L�1 Tris and 5 mmol L�1

NaCl. All other reagents were obtained commercially and
used without further purification.

2.2. Synthesis

6.13 g (20 mmol) of 1,3-Diaminopropane-N,N,N 0,N 0-
tetraacetic acid was combined with 8.65 g (80 mmol) of o-
phenylenediamine in 50 mL of glycol. The solution was
refluxed for 24 h. The resulting yellow solution was poured
into 200 mL of water. The white precipitate was collected,
recrystallised from hot methanol and dried in vacuo. Anal.
Calc. for C35H34N10 Æ 2CH3OH Æ 2H2O: C, 63.98; N, 20.17;
H, 6.63. Found: C, 63.91; N, 20.16; H, 6.70%. UV–Vis
spectrum in ethanol kmax/nm (em/L cm�1 mol�1): 276
(36000), 282 (35740). IR (KBr, cm�1): 2920 (br, s), 1620
(m), 1439 (s), 1272 (s), 740 (s). 1H NMR (DMSO-d6):
7.49–7.52 (m, 8H), 7.13–7.16 (m, 8H), 3.97 (s, 8H), 2.61
(s, 4H), 1.83 (m, 2H). 13C NMR (DMSO-d6): 24.09,
51.93, 52.08, 115.24, 121.98, 138.96, 152.92.

To a solution of 0.139 g L (0.2 mmol) in methanol
(10 mL), was added dropwise a methanol solution (5 mL)
of 0.074 g Cu(ClO4)2 Æ 6H2O (0.2 mmol). The resulting
solution was stirred at room temperature overnight, and fil-
tered. The filtrate were kept at room temperature and the
green crystals were crystallized from the solution after 1
week, by slowly evaporating the solvent. Anal. Calc. for
C35H34N10Cu (ClO4)2: C, 49.04; N, 16.33; H, 3.97. Found:
C, 49.25; N, 16.18; H, 3.72%. UV–Vis spectrum in ethanol
kmax/nm (em/L cm� 1 mol�1): 273 (21840), 279 (21600). IR
(KBr, cm�1): 3050 (br, s), 1624 (m), 1454 (s), 1276 (s), 1118
(s), 1029 (s), 925 (m), 748 (s), 625 (s).

2.3. X-ray crystallographic studies

The raw data of complex was obtained on a Bruker
SMART APEX CCD automatic diffractometer. Reflection
data were collected at 203 K using Mo Ka radiation
(k = 0.71073 Å). The collected data were reduced using
the program SAINT [22] and empirical absorption correc-
tion was carried out using SADABS [23] program. The struc-
ture was solved by Patterson methods (SHELXS97) [24] and
then refined on F2 by a full-matrix least-squares procedure
using anisotropic displacement parameters [25]. H atoms
attached to C atoms were placed in geometrically idealized
positions, with Csp3 = 0.97 Å and Csp2 = 0.93 Å, and con-
strained to ride on their parent atoms, with Uiso

(H) = 1.2Ueq(C). H atoms on N atoms were located in a
difference Fourier map and isotropically refined. Atomic
scattering factors are from International Tables for X-ray
crystallography [26] and molecular graphics from SHELXTL

[27]. A summary of the crystal data, experimental details,
and refinement results is given in Table 1.

2.4. [CuL]2+–DNA interaction studies

A 1 mL sample of calf thymus DNA (0.6 mmol L�1)
was dialyzed against 10 mL of buffer plus varying amounts
of added complex. These solutions were dialyzed for 3 days



Table 2
Selected bond lengths (Å), angles (�) and torsion angles (�)

Cu–N1 2.459 (2)
Cu–N2 1.970 (2)
Cu–N3 2.090 (2)
N1–Cu–N2 90.37 (9)
N1–Cu–N3 76.39 (8)
N1–Cu–N1A 79.74 (8)
N1–Cu–N2A 78.02 (9)
N1–Cu–N3A 155.69 (8)
N2–Cu–N3 97.53 (9)
N2–Cu–N2A 164.94 (9)
N2–Cu–N3A 89.11 (9)
N3–Cu–N3A 127.74 (9)
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with continuous agitation on a shaker bath at 30 �C. Free
complex concentrations were determined from the dialy-
sate by absorbance measurements at 279 nm (e = 17164
L cm�1 mol�1).

The Cu(II) complex was dissolved in DMSO at a con-
centration of 0.002 mol L�1. The absorption titrations were
performed by keeping the concentration of CT DNA
(7.8 · 10�5 mol L�1) constant while varying the complex
concentration (0–1 · 10�5 mol L�1). The absorption was
recorded after each addition of the complex. It has been
verified that the low DMSO percentage added to the
DNA solution would not interfere with the nucleic acid
[28]. The fluorescent spectra (kex = 520 nm) were also
recorded at room temperature. All solutions were allowed
to equilibrate thermally for about 30 min before measure-
ments were made.

The interaction of pBR322 DNA by Cu(II) complex was
carried out with 10 lL reaction mixture containing of
10 mmol L�1 Tris–HCl (pH 7.5 containing 5 mmol L�1

NaCl) buffer, varying concentrations of complex, 0.5 lL
of pBR322 (0.5 lg/lL) and DMSO fixed to 1 lL. After
mixing, the DNA solutions were incubated at 37 �C for
4 h. The reactions were quenched by the addition of EDTA
and bromphenol blue. The gel was stained with EB (ethi-
dium bromide) for 0.5 h after electrophoresis, and then
photographed.

3. Results and discussion

3.1. The characterization of Cu(II) complex

The crystal of the complex is built of [CuL]2+ cations
and perchlorate anions. A crystallographic twofold rota-
tion axis passes through the C18 and Cu(II). The structure
of the cation is depicted in Fig. 1. The selected geometric
parameters are listed in Table 2.

In the molecular structure of the cation, the copper (II)
ion lies in a highly distorted octahedral geometry, in
Fig. 1. The structure of [CuL]2+ in 30% probability ellipsoids (left) and the sc
clarity. [Symmetry code: A �x, y, 0.5 � z].
which the two bis(2-benzimidazolylmethyl)amine moieties
of the ligand are coordinated to two faces of the octahe-
dron. The angles between the two atoms in trans position
about Cu(II) are 164.94(9)� and 155.69(8)�, a deviation of
nearly 25� from the ideal bond angle of 180�. The ideal-
ized 90� octahedral bond angles vary from 76.39(8)� to
127.74(9)�. The benzimidazole rings are nearly planar,
the mean deviation from plane 0.038 and 0.017 Å, respec-
tively. The dihedral angles between plane 2 (C8–C14, N2,
N5), plane 4 (C8A–C14A, N2A, N5A) and the adjacent
planes, viz., plane 1 (C1–C7, N3, N4) and plane 3
(C1A–C7A, N3A, N4A), are 97.3� and 72.8�, respectively.
The Cu–Nimidazole bond lengths (1.970(2) and 2.090(2) Å,
respectively) are shorter than the Cu–Namino bonds
(2.459(2) Å), in agreement with values reported previously
[29]. This highly distorted geometry is probably a conse-
quence of the geometrical requirements of the chelating
ligand. In contrast to the geometric parameters of the
ligand and copper(II) in the 1:2 chelate [20], the Cu–N
bond lengths and N–Cu–N bond angles vary consider-
ably. The Cu–Nimidazole bond lengths (1.970(2) and
2.090(2) Å, respectively) in the 1:1 complex are somewhat
longer than those of the 1:2 complex (1.953(7) and
1.955(7) Å, respectively), whereas, the Cu–Namino bond
heme of [CuL]2+ (right). H atoms and counter-ions have been omitted for
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distance (2.459(2) Å) obviously increases about 0.35 Å as
compared with that of the 1:2 complex (2.102(7) Å). The
Nimidazole–Cu–Namino bond angles are 90.37(9) and
76.39(8)� in the 1:1 complex, and 80.9(3) and 81.9(3)� in
the 1:2 complex, respectively. The large difference between
the two complexes is that Nimidazole–Cu–Nimidazole bond
angle in the 1:1 complex (89.11(9) �C) is 72.4 �C less than
that of 1:2 complex (161.5(3)�). The above differences are
presumably a consequence of the stereochemical require-
ments of the ligand in the different coordination mode.

The pyrrole nitrogens N5, N4 of the benzimidazole rings
are involved in hydrogen bonding, the former with O1 and
the latter with O2 of ClO4

�[N5� � �O1(�x,1 � y,�z)
= 2.784(4) Å, N4� � �O2(1/2 � x, �1/2 + y, 1/2 � z) =
2.883(4) Å], respectively. Neighboring benzimidazole rings
(plane 2 which contains C14 and 5 which contains
C14(�x,�y,�z)), are parallel in an offset fashion and sepa-
rated by a face-to-face distance of 3.496 (4) Å. This fact
indicates the existence of p–p stacking interactions, which
stabilize the crystal packing together with the hydrogen-
bonding interactions.

Compared to the spectrum of the free ligand, Two
absorption bands at 276 and 282 nm ascribed to the
intra-ligand p–p* transitions of the benzimidazolyl groups,
is blue-shifted coordination (273 and 279 nm, respectively),
showing C@N coordination to copper center [29]. In the
IR, the 1620 cm�1 band attributed to mC@N stretching
and 1439 cm�1 band assigned to ms(-C@N-C@C-) of the free
ligand, are considerably shifted towards lower frequencies
(1624 and 1454 cm�1, respectively), implying direct coordi-
nation of the benzimidazolyl nitrogens to copper(II) [30].
These results agree with those of the single-crystal X-ray
diffraction study.

Fig. 2 depicts the electrochemical property of the CuL
complex in DMF solution containing 0.1 mol L�1 NaClO4

at scan rate 20 mV/s. The CV diagram of complex shows a
pair of redox peaks with Epa = �0.206 V (ipa = �1.24 ·
Fig. 2. Cyclic voltammogram of CuL (1 · 10�4mol L�1) in DMF
solution.
10�7A) and Epc = �0.357 V (ipc = 2.04 · 10�7 Å). The cou-
ple was quasi–reversible one-electron redox with DE =
0.151 V and ipa/ipc = 0.6 (ipa and ipc are the anodic and
cathodic currents, respectively) corresponding to the
Cu(II)/Cu(I). The DE and ipa/ipc values imply that there
is some irreversibility to the electron transfer reaction,
which suggests that a coordination change takes place at
the copper ion upon oxidation or reduction on the electro-
chemical time scale [31].

3.2. Equilibrium dialysis

The binding constant of complex binding toDNAmay be
determined by classical dialysis experiment. Data of Fig. 3
were obtained by equilibrium dialysis and performed by
nonlinear least-squares fitting of the data of Fig. 3 to
McGhee–von Hippel equation [7]. The binding constant
obtained for CuL(1.21( ± 0.14) · 104 L mol�1) is 2–3 orders
of magnitude lower than those measured for the proven
intercalators ethidium (2.5 · 106 L mol�1) and daunomycin
(2.5 · 107 L mol�1) [8] (extrapolated to the ionic strength of
our buffer), implying that interactionofCuL toDNAmaybe
essentially electrostatic binding or partial insertion [32]. It is
understandable from the structure of the complex. The octa-
hedral coordination around the Cu(II) precludes effective
stacking of the complex between base pairs. When one of
the four benzimidazole rings inserts into the helix, the adja-
cent two benzimidazole rings actually protrude above and
below the face of the planes and decrease the effective area
of overlap due to the stereochemistry effect. Hence, a single
benzimidazole ring cannot completely intercalate because
of the bulky structure of CuL. Partial intercalation may
occur. The small region of overlapwith only partial insertion
is necessary for a stabilizing interaction with the duplex [32].
Concomitantly, the hydrogens of pyrrole N atoms in the
benzimidazole rings may favor their hydrogen bonding to
DNA [33] and thus stabilize the complex bound to DNA.
Fig. 3. Scatchard plot of the binding of CuL with calf thymus DNA in
buffer at 30 �C, where r is the ratio of bound CuL to total nucleotide
concentration, Cf is the concentration of free CuL.



Fig. 5. Fluorescence emission spectra (excited at 520 nm) of EB(10), EB–
DNA complexes in the absence (1) and presence (2–9) of increasing
concentrations of the complex (2 mmol L�1, 1 lL per scan).
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3.3. UV spectroscopic studies

‘‘Hyperchromic effect’’ and ‘‘hypochromic effect’’ are
the spectra features of DNA concerning its double-helix
structure [34]. Fig. 4 shows the absorption spectra of
DNA alone in the presence of CuL with various concen-
trations (with subtraction of CuL absorbance). The
absorption decreased significantly upon addition of com-
plex, indicating interaction of the complex with DNA.
CuL2+ can make a contraction in the helix axis of
DNA by electrostatic binding to the phosphate group of
DNA backbone. Concomitantly, partial intercalation act
as a ‘‘wedge’’ to pry apart one side of a base pair stack
but not fully separate the stack as required by the classi-
cal intercalation model [8]. The possible result is a static
bend or kink in the helix, which results in a reduction
in helix end-to-end distance. Those cause the hypochro-
mism of DNA [34].

3.4. Fluorescence spectroscopic studies

3.4.1. Effect of complex on the fluorescence spectra of DNA–
EB complex

In order to investigate the mode of the Cu(II) complex
binding to DNA, the competitive binding experiment has
carried out. The fluorescent emission of EB (2 lmol L�1)
bound to DNA (20 lmol L�1) in the absence and the pres-
ence of complex is shown in Fig. 5. EB is a conjugate pla-
nar molecule. Its fluorescence intensity is very weak, but it
is greatly increased when EB is specifically intercalated into
the base pairs of double-stranded. When EB is free from
DNA, the fluorescence of DNA–EB complex is quenched
evidently. Therefore, EB can be used as a probe for
DNA structure detection [35]. CuL does not itself show
appreciable fluorescence in the spectral region studied,
either free or bound to DNA, and does not quench the
Fig. 4. Absorption spectra of calf thymus DNA (1, 7.8 · 10�5mol L�1) in
Tris–HCl buffer upon addition of CuL (2–7, 1, 4, 6, 8, 9,
10 · 10�6 mol L�1, respectively.).
fluorescence of EB in the absence of DNA under the con-
ditions of our experiments (as shown in Fig. 6). The emis-
sion band at 600 nm of the DNA–EB system decreased in
intensity on increasing the Cu(II) complex concentration.
When the complex was added to 1 · 10�5 mol L�1

(Rt = CCuL/CDNA = 0.5), the fluorescence intensity did
not obviously decrease any more. It may be due to the
binding of the cationic CuL2+ to the negatively charged
oxygen of phosphodiester of DNA, and it causes a contrac-
tion of DNA which drives a few EB molecules out of DNA.

3.4.2. Scatchard plots

To get a better insight into the nature of complex-DNA
binding, we have carried out a fluorescence study of EB to
DNA in the presence of a competing metal complex. The
characteristics of the binding of EB to DNA can be
expressed by Scatchard equation [35].
Fig. 6. Fluorescence quenching of CuL to EB–DNA complex (d) and EB
(m).



Fig. 8. Fluorescence quenching of CuL to EB–DNA system at different
temperature.

Fig. 9. Electrophoretic analysis of pBR322 DNA (72 lmol L�1 (p)) mixed
with various concentrations of the complex. Lane 1: DNA control; Lanes
2–8: 0.1, 0.5, 1, 2, 3, 5, 10 · 10�5 mol L�1 the Cu(II) complex, respectively.
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r=Cf ¼ Kðn� rÞ.
Here, r is the ratio of bound EB to total nucleotide concen-
tration, Cf is the concentration of free EB, n is the number
of binding sites per nucleic acid, K is the intrinsic binding
constant for EB. Fluorescence Scatchard plots for the bind-
ing of EB to CT DNA (2.0 · 10�5 mol L�1) in the presence
of CuL (5 · 10�6 mol L�1) are given in Fig. 7. Both the K

and n change, which indicates that the complex binds to
DNA by a mixed mode, namely, by both uncompetitive
and competitive inhibitions [36]. The uncompetitive inhibi-
tion is due to the binding of the CuL2+ to DNA via the
phosphate group. The competitive inhibition is probably
due to partial insertion of the planar benzimidazole ring
into DNA, blocking potential intercalation sites of EB
and competing for the intercalative binding sites with EB.

3.4.3. Mechanism for the fluorescence quenching

In order to investigate the effect of temperature, the
fluorescence intensity of DNA–EB complex with various
concentrations of CuL was measured at different tempera-
ture. The fluorescence quenching data follows the Stern–
Volmer equation:

I0=I ¼ 1þ K½Q�;
where I0 and I are the fluorescence intensities from the ex-
cited DNA–EB in both the absence and the presence of the
given copper(II) complex concentrations, respectively, [Q]
is the concentration of the Cu(II) complex. As shown in
Fig. 8, in the presence of 2.0 · 10�5 mol L�1 DNA and
2.0 · 10�6 mol L�1 EB, from 0 to 9.0 · 10�6 mol L�1

CuL, the plots of I0/I versus [Q] are linear, as expected
from the Stern–Volmer quenching equation. Since the dy-
namic quenching is due to the diffusion, the slope (K)
should be increased with increasing temperature. On the
contrary, increasing temperature will make the stability
of the CuL–EB–DNA compound decrease, therefore, K

in static quenching process should be decreased with the
Fig. 7. Fluorescence Scatchard plots of the binding of EB to CT DNA in
the absence (m) and the presence (d) of the complex (5 · 10�6 mol L�1).
increasing temperature. As it is expected for a static
quenching, our experimental observation indicates that its
efficiency diminishes as the temperature increases. This fact
suggests that the quenching observed in steady state exper-
iments is mainly static [37].

3.5. Electrophoretic analysis

Further insight into the interaction between the Cu(II)
complex and DNA was obtained using gel electrophoresis.
As shown in Fig. 9, no evidence was found for DNA cleav-
age by the complex. The fluorescence became gradually
weak with the increase of the concentration of the Cu(II)
complex. It maybe due to the extensive binding of CuL2+

into double helix of DNA, and there are few binding sites
on DNA for EB. When Rt > 0.5, the fluorescence intensity
didn�t obviously change. The data show the decreased
emission from EB in lanes 2–8 indicative of the same phe-
nomena that gave rise to this reduced emission in Fig. 5.

4. Conclusions

In summary, a new Cu(II) complex, CuL(ClO4)2, has
been synthesized and characterized by elemental analyses,
UV–Vis, FT-IR, cyclic voltammogram and X-ray single
crystal diffraction. Equilibrium dialysis, UV spectra, fluo-
rescent spectra, and gel electrophoresis studies suggest that
the complex can electrostatically bind to the phosphate
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group of DNA backbone and partially intercalate into the
double helix of DNA because of the bulky structure of the
complex and the planarity of the benzimidazole rings. Fur-
ther studies will be performed in order to fully clarify the
mode of the interaction.

5. Supplementary material

CCDC 278361 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
e-mailing data_request@ccdc.cam.ac.uk, or by contacting
The Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
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