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Two new Cu(II)–hydrazone complexes, [Cu(L)(Hbpe)ClO4]·ClO4·[Cu(L)Cl] (1) and [Cu
(HL)2]·1.5ClO4·0.5OH (2) (where HL = (E)-N′-(1-(pyridine-2-yl)ethylidene)benzohydrazide and
bpe = trans-1-(2-pyridyl)-2-(4-pyridyl)ethylene), have been synthesized and characterized by physi-
cochemical methods. The structures of the complexes have been established by single-crystal X-ray
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diffraction direct methods, which reveal that the metal ions have distorted square-pyramidal and
square-planar geometries in 1, and a distorted octahedral geometry in 2. DNA binding of HL, 1, and
2, performed by UV–vis titration in tris-buffer medium, yielded binding constants, which are
9.5 × 103, 1.88 × 104, and 4.66 × 104 M−1, respectively. Viscosity measurements suggest a surface
or groove-binding mode of interaction between CT-DNA with HL, 1, and 2.

Keywords: Copper(II)–hydrazone complex; Crystal structure; DNA binding; Electrochemistry; EPR

1. Introduction

Metal complexes have interest in clinical biology for their capabilities to bind DNA
under physiological conditions [1–3]. Many metal complexes have potential application
as anticancer drugs by inhibiting the growth of tumor cells through binding to DNA,
thereby blocking its replication. Thus, understanding DNA-binding affinity of metal
complexes is the basis for designing efficient antitumor drugs [4, 5]. Since the discovery
of the antitumor activity of cisplatin, numerous mono-nuclear platinum(II) complexes
have been synthesized and their anticancer activities are carefully evaluated on appropri-
ate biological models [6]. Most show remarkable cytotoxicity with low selectivity.
Moreover, platinum forms covalent bonds to N7 of adjacent purine bases and denatured
DNA helical structure. Therefore, design and synthesis of new metal-based anticancer
drugs that exhibit less toxicity, enhanced selectivity, and non-covalent DNA binding are
of interest [7]. Non-covalent DNA interactions include intercalative, electrostatic, and
groove binding. Studies have provided significant insight into the minor groove binding
of small molecules, which possess hydrogen bonding or van der Waals interactions.
Moreover, it also depends on the coordination geometry of the metal ion and donor
type of the ligand [8].

The chemistry of copper complexes with biological ligands [9] is one of the fascinating
topics in modern research due to their attractive structural, catalytic, electrochemical, and
magnetic properties [10]. Moreover, copper is a vital trace element and plays an important
role as a cofactor for many metalloenzymes, and is also essential for various biological
courses of actions [11, 12]. Moreover, copper complexes have interest due to their low cost,
ease of synthesis, and increasing number of complexes with potential impact in medicinal
applications [13–17]. Copper(II) complexes containing heterocyclic bases have been
comprehensively investigated for their strong interactions with DNA and cytotoxic activity
[18–20]. Hydrazones are an important class of compounds in clinical and medicinal chemis-
try with great potential for chemotherapeutic applications [21–25]. Therefore, studies on
DNA binding and cytotoxic activities of copper(II)–hydrazone complexes remain as an area
of interest.

In this article, we report the synthesis of two copper(II)–hydrazone complexes, [Cu(L)
(Hbpe)(ClO4)]·ClO4·[Cu(L)Cl] (1) and [Cu(LH)2]·1.5ClO4·0.5OH (2), using hydrazone HL
obtained by the condensation of benzhydrazide with 2-acetyl pyridine; the products were
characterized by micro-analytical, FT-IR, UV–vis, EPR, cyclic voltammetric, and single-
crystal X-ray diffraction methods. We also explored the DNA binding of HL and its copper
complexes using UV–vis titration and viscosity measurements.
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2. Experimental

2.1. Materials

Caution! Perchlorate salts of metals in presence of organic ligands are potentially explosive.
Though we did not encounter any problem, they should be prepared in small quantity and
handled with much care.

Benzhydrazide, 2-acetyl pyridine, and trans-1-(2-pyridyl)-2-(4-pyridyl)-ethylene (bpe)
were purchased from Sigma-Aldrich Co. and used as received. Cu(ClO4)2·6H2O was pre-
pared by the treatment of basic copper carbonate, CuCO3·Cu(OH)2 (AR grade, E. Merck,
India), with 80% perchloric acid, HClO4 (AR grade, E. Merck, India), followed by slow
evaporation on a water bath and stored in CaCl2 desiccators. The CT-DNA was purchased
from Bangalore Genei; tris-buffer, sodium chloride, and hydrochloric acid (AR) were
purchased from E. Merck, India. Tris(hydroxymethyl)–aminomethane–HCl (Tris–HCl)
buffer was prepared using deionized and sonicated triple-distilled water.

2.2. Syntheses

2.2.1. Synthesis of (E)-N′-(1-(pyridine-2-yl)ethylidene)benzohydrazide (HL). The Schiff
base HL was synthesized by the condensation of benzhydrazide (0.686 g, 5 mM) and
2-acetyl pyridine (0.606 g, 5 mM) in methanol (50 mL) following literature procedure [26]
(scheme 1). Yield: 0.94 g (73%). Anal. Calcd for C14H13N3O (FW: 239.27) (%): C, 70.34;
H, 5.52; N, 17.61. Found: C, 70.28; H, 5.48; N, 17.56. Main FT-IR bands (KBr, cm−1):
1659 (C=N), 3178–3007 (N–H), 620, 407 (Py str.). UV–vis bands (λ/nm): 222 (br.) and
292(s).

2.2.2. Synthesis of 1. Compound 1 was synthesized on treatment of 20 mL methanolic
solution of Cu(ClO4)2·6H2O (0.370 g, 1 mM) and HL (2.4 mL, 1 mM) with trans-1-(2-pyr-
idyl)-2-(4-pyridyl)-ethylene (0.091 g, 0.5 mM). The resulting dark green solution was stir-
red for 15 min at room temperature and filtered. Green needle crystals of 1 were obtained
by slow evaporation of the solvent for eight days (scheme 1). Yield: 0.87 g (85%). Anal.
Calcd for C40H35Cl2.99Cu2N8O10 (FW: 1020.85) (%): C, 47.06; H, 3.46; N, 10.98; Cu,
12.45. Found: C, 47.03; H, 3.42; N, 10.95; Cu, 12.40. IR bands (KBr, cm−1): 1602 (C=N),
1089–1114 (ClO4

–), 636, 456 (Py str.). UV–vis bands (λ/nm): 263 and 356 [ligand-to-metal
charge transfer (LMCT)], 643 (d–d). ESI-MS: m/z [Cu(L)(4′-2′-Hbpe)-H]+: 483.1120.
Found: 483.1369. [CuL]+: 301.0276. Found: 301.0334.

2.2.3. Synthesis of 2. To a methanolic solution (25 mL) of Cu(ClO4)2·6H2O (0.370 g,
1 mM), a methanolic solution HL (2.4 mL, 1 mM) was added. The mixture was stirred for
30 min at room temperature and filtered. Prism-shaped green crystals of 2 were obtained by
slow evaporation of the solvent for five days (scheme 1). Yield: 0.51 g (73%). Anal. Calcd
for C28H26.50Cl1.50CuN6O8.50 (FW: 699.77) (%): C, 48.06; H, 3.82; N, 12.01; Cu, 9.08.
Found: C, 48.01; H, 3.79; N, 12.00; Cu, 9.05. IR bands (KBr, cm−1): 1602 (C=N), 1089–
1114 (ClO4

–), 686, 413 (Py str.). UV–vis bands (λ/nm): 255 and 360 (LMCT), 673 (d–d).
ESI-MS: m/z Calcd for [(HL)2Cu]

+2–H+: 540.1335. Found: 540.1666.

Copper(II) hydrazone complexes 3337
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2.3. Physical measurements

Elemental analyses were carried out using a Perkin-Elmer 2400 II elemental analyzer. The
infrared spectra were recorded (4000–400 cm−1) on a Perkin-Elmer RX I FT-IR spectropho-
tometer with KBr disks. The copper content in the complexes was estimated by standard
iodometric method. The positive ion ESI-MS of 1 and 2 were performed in a QTOF micro-
mass spectrometer using water. Electronic spectra were recorded on a Perkin-Elmer Lambda
40 UV–vis spectrophotometer using spectroscopic grade methanol or in 5 mM tris-50 mM

Scheme 1. Synthetic route of HL, 1, and 2.
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NaCl buffer (pH ~7.5). Concentration of DNA was determined using standard protocol as
described [27]. Electrochemical measurements were performed using a PAR VersaStat-poten-
tiostat/Galvanostat II electrochemical analysis system under dry argon using conventional
three-electrode configurations in acetonitrile/tris buffer medium (pH ~7.2) with tetrabutylam-
monium perchlorate/KCl as the supporting electrolyte. Platinized platinum millielectrode and
saturated calomel electrode (SCE) were used as working and reference electrodes, respec-
tively, along with a platinum counter electrode. EPR spectra were measured using a Jeol
JES-FA 200 ESR spectrometer for solid samples at room temperature. Viscosity measure-
ments were conducted on an Ubbelohde viscometer, immersed in a thermostated water bath
maintained at 298 K. The relative viscosities (η) of the samples were determined using the
equation η = (t − t0)/t0, where t0 is the flow time for buffer alone and t is the flow time of
either only DNA solution or DNA solution, with different concentrations of 1 and 2.

2.4. X-ray crystallography

Diffraction quality green needle crystal of 1 and green prism of 2 were mounted on a Bruker
SMART CCD and on an Oxford Diffraction Xcalibur 3/CCD diffractometer, respectively,
equipped with graphite mono-chromated MoKα radiation (λ = 0.71073 Å) from a fine-focus
sealed tube radiation source. Intensity data for 1 and 2 were collected at 100 and 140 K, respec-
tively, using thin-slice φ and ω scans. No significant intensity variation was observed during
data collection. Data reductions for 1 and 2 were made by using SAINT [28] and CrysAlis and
RED [29], respectively. Empirical multiscan absorption corrections were applied to the
intensity values of 1 and 2 (Tmax/Tmin = 0.8814/0.7332 and 1.062/0.968, respectively) using
SADABS [30]. The structures were solved by direct methods using SHELXS-97 [31] and
refined with full-matrix least-squares based on F2 using the SHELXL-97 [31] program. All
non-hydrogen atoms were refined anisotropically. Hydrogens in 1 were located in a difference
Fourier map and refined isotropically. In 2, all hydrogens were first located in the difference
Fourier map, but positioned geometrically and set to ride on their respective parent. The
molecular graphics and crystallographic illustrations for 1 and 2 were prepared using Bruker
SHELXTL [32], ORTEP [33], and WinGX [34] programs. Relevant crystallographic data and
structure refinement parameters for 1 and 2 are summarized in table 1.

3. Results and discussion

3.1. FT-IR spectra

IR spectra of 1 and 2 were analyzed in comparison to that of HL, recorded from 4000 to
400 cm−1 (ESI: figures S1–S3, see online supplemental material at http://dx.doi.org/10.
1080/00958972.2014.964697). In the ligand, stretching vibrations for –NH and –C=N
groups were observed at 3178–3007 and 1659 cm−1 [22, 23, 35, 36], respectively. The
imine (–C=N) stretch of HL shifted to lower wavenumbers in spectra of 1 and 2 at
1602 cm−1, suggesting its coordination to metal and also attributed to delocalization of the
lone pair [5, 6, 35, 36]. Typical trifurcated bands for perchlorate at 1089–1114 cm−1 indi-
cated its presence in the complexes [5, 6, 35, 36]. Low-energy in-plane and out-of-plane
pyridine ring vibrations were shifted to higher frequencies in 1 (636 and 456 cm−1) and 2
(686 and 413 cm−1) compared to that of HL (620 and 407 cm−1), which may be attributable
to the rigidity due to complexation [22, 23, 35, 36].

Copper(II) hydrazone complexes 3339
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3.2. UV–vis spectra

UV–vis spectra of HL and its complexes were recorded at room temperature in methanol
(ESI: figures S4–S6). The electronic spectra of 1 and 2 are in good agreement with their
geometries. The spectra of HL exhibited two charge transfer (CT) bands at 292 and 222
corresponding to n→ π* and π→ π* transitions. Ligand-centered CT band at 222 nm
undergoes large bathochromic shift at 256 and 263 nm in spectra of 1 and 2, respectively.
New absorptions corresponding to LMCT appeared at 356 and 360 nm for 1 and 2, respec-
tively. A weak and broad band corresponding to d–d transition of the metal ion appeared at
643 and 673 nm in 1 and 2, which are in very good agreement with their square-pyramidal
and octahedral geometries, respectively [22, 23, 37].

3.3. Crystal structures and EPR spectra of 1 and 2

3.3.1. Crystal structure of 1. An ORTEP view of 1 with atom numbering scheme is
shown in figure 1 and the bonding parameters are presented in table 2. Compound 1 con-
sists of [Cu(L)(Hbpe)ClO4]

+, a perchlorate, and a neutral complex [Cu(L)Cl]. Within the
cationic unit, the copper(II) is coordinated by an anionic Schiff base ligand, L–, a proton-
ated bpe ligand (Hbpe), and a perchlorate. L– is coordinated in tridentate fashion through its
pyridine nitrogen (N1), imine nitrogen (N8), and enolato oxygen (O17). Hbpe coordinated
to the Cu1 through 4-pyridyl nitrogen (N20); its 2-pyridyl nitrogen (N29) is protonated.
The coordinated perchlorate is attached to the metal via O12. Thus, geometry around Cu1
can be best described by distorted square-pyramidal geometry which is satisfied by N3O2

donor set.

Table 1. Crystallographic and refinement data for 1 and 2.

Complexes 1 2

Empirical formula C40H35Cl3Cu2N8O10 C28H26.5Cu N6 O8.5Cl1.5
Formula weight (g M−1) 1020.85 699.77
Crystal system Monoclinic Triclinic
Space group P21/c P-1
Z 4 2
a (Å) 11.7153(9) 9.9647(7)
b (Å) 13.3843(14) 11.6858(8)
c (Å) 26.396(3) 13.6336(10)
α (°) 90 103.607(6)
β (°) 94.755(5) 103.607(6)
γ (°) 90 92.602(6)
V (Å3) 4124.7(7) 1491.15(18)
Temperature (K) 100(2) 140(1)
Density (Mgm−3) 1.644 1.559
Absorption coefficient (mm−1) 1.295 0.929
F (0 0 0) 2080 718
Crystal dimension (mm) 0.42 × 0.20 × 0.10 0.46 × 0.07 × 0.04
θ Range for data collection (°) 1.55–27.48 3.5–21.25
Reflections collected 41,784 12,454
Independent reflections (Rint) 9369 (0.0884) 3278 (0.158)
“Observed” reflections 5868 1879
Goodness-of-fit, F2 1.001 0.930
R indices (all data) R1 = 0.099, wR2 = 0.100 R1 = 0.130, wR2 = 0.125
Final R indices [I > 2σ(I)] R1 = 0.046, wR2 = 0.084 R1 = 0.063, wR2 = 0.108
Largest diff. peak and hole (e Å−3) 0.48 and −0.57 0.72 and −0.38
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The other perchlorate present in the complex unit neutralizes the charge of the cationic
unit. Cu–O(perchlorate) bond length (Cu1–O11(perchlorate) 2.432(2) Å) is quite long compared
with the other Cu–O bond (Cu1–O17(enolato) 1.957(2) Å) length in the cationic unit. The dis-
torted square-pyramidal geometry around copper(II) is evident from the bonding parameters
(table 2) and also supported by the Addison parameter [38], τ, which has a value of 0.161
for Cu1. The slightly elongated Cu1–N20 length could be attributed to the delocalization of
the positive charge on N29 throughout the bpe+ skeleton (table 2). The Cu2 of [Cu(L)Cl] is
coordinated with a L– in the same fashion as in the cationic unit, and also coordinated with
a chloride generated in situ. Thus, the four-coordinate geometry of Cu2 is described as dis-
torted square planar with the N2OCl donor set (figure 1). The C10–O17 and C120–O127
bond lengths, respectively, in the cationic and the neutral units of 1 are comparable with the
enolato C–O bond lengths found in complexes reported earlier [5, 39], thus indicating that
carbonyl functionality coordinates in enolic form in 1.

In 1, Cu2 coordinated with chloride though no chloride source was used during the
course of reaction. This Cl– may be generated in situ from ClO4

– either during the prepara-
tion of Cu(ClO4)2·6H2O in strong HClO4 medium or during the synthesis of 1. Here, Cl–

ion is preferred over ClO4
– ion to coordinate in the fourth coordination site of Cu2 possibly

due to steric effects, while its complementary H3O
+ ion protonates the uncoordinated N29

end of the trans-bpe ligand attached to the Cu1. In turn, this N–bound H atom makes a
short intermolecular hydrogen bond of 1.85 A to O127 bound to Cu2.

3.3.2. Crystal structure of 2. An ORTEP view of 2 with atom numbering scheme is
shown in figure 2 and selected bond dimensions are given in table 2. 2 is a mono-nuclear
cationic unit in which the central copper(II) is coordinated by two tridentate HL ligands,

Figure 1. ORTEP view of 1, indicating the atom labeling scheme. Displacement ellipsoids are at the 50% probability
level.

Copper(II) hydrazone complexes 3341
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each mer, with a distorted octahedral geometry. Coordination sphere around copper is satis-
fied by pyridyl nitrogen atoms (N42 and N82), imino nitrogens (N3 and N7), and keto
oxygens (O1 and O5) from two different neutral ligands. The C1–O1 and C5–O5 bond
lengths are much shorter than expected enolato bond lengths [22, 39], and the location of
hydrogens on N2 and N6 confirms the keto form of the coordinated ligands. The complex
is thus dicationic; 1.5 perchlorate anions and 0.5 hydroxyl anions present in 2 neutralize the
charges. Due to Jahn–Teller elongation of geometry around copper(II), the Cu(II)–N(imine)
bonds as well as the Cu(II)–Npyridyl and Cu(II)–Oketo bonds in one ligand are significantly
shorter than in the other (table 2). The Cu ion thus fits eccentrically in the cavity provided
by donors in the two ligand planes. The trans angle, N7–Cu–N3 is close to linear, but the
other trans angles, O5–Cu–N82 and O1–Cu–N42, governed by the ligand shape and dimen-
sions, show marked deviations from 180°.

A rather weak N2–H2…O5′ hydrogen bond links the complex cations in dimer pairs
about centers of symmetry. The other amine forms a stronger hydrogen bond to the perchlo-
rate; thus, it is proposed, also receives a hydrogen bond from a partially occupied hydroxyl
ion which also links to a half-occupied perchlorate (table 3).

Thus, when the metal salt is treated only with Schiff base, (2), the metal is coordinated
by two Schiff base molecules in a distorted octahedral geometry, whereas in the presence of
bpe, (1), a mixture of Cu complexes in two different geometries (distorted square-pyramidal
and distorted square-planar) is observed.

Table 2. Selected bond lengths (Å) and angles (°) for 1 and 2.

1
Cu1‒O11 2.432(2) Cu2‒O127 2.006(2)
Cu1‒O17 1.957(2) Cu2‒N111 1.993(3)
Cu1‒N1 2.031(3) Cu2‒N118 1.935(3)
Cu1‒N8 1.924(3) Cu2‒Cl2 2.2122(9)
Cu1‒N20 1.972(3) C120–O127 1.313(4)
C10‒O17 1.298(4) – –
O11‒Cu1‒O17 98.12(9) O127‒Cu2‒N111 159.39(10)
O11‒Cu1‒N1 85.86(9) O127‒Cu2‒N118 78.99(10)
O11‒Cu1‒N8 93.17(10) N111‒Cu2‒N118 80.65(11)
O11‒Cu1‒N20 96.14(9) Cl2‒Cu2‒N111 101.47(8)
O17‒Cu1‒N1 160.78(10) Cl2‒Cu2‒N118 177.25(8)
O17‒Cu1‒N20 96.18(10) Cl2‒Cu2‒O127 98.78(7)
O17‒Cu1‒N8 80.41(10)
N1–Cu1–N20 102.11(10)
N1‒Cu1‒N8 80.59(10)
N8–Cu1–N20 170.47(11)

2
Cu‒O1 2.033(5) Cu‒N42 2.033(7)
Cu‒O5 2.388(5) Cu‒N82 2.255(7)
Cu‒N3 1.907(6) C1‒O1 1.267(10)
Cu‒N7 2.018(6) C5‒O5 1.237(10)
O1‒Cu‒O5 85.47(19) O5‒Cu‒N82 147.8(2)
O1‒Cu‒N3 79.0(3) N3‒Cu‒N7 178.3(3)
O1‒Cu‒N7 99.4(2) N3‒Cu‒N42 79.4(3)
O1‒Cu‒N42 157.7(2) N3‒Cu‒N82 106.1(3)
O1‒Cu‒N82 97.5(2) N7‒Cu‒N42 102.1(3)
O5‒Cu‒N3 105.9(2) N7‒Cu‒N82 74.7(3)
O5‒Cu‒N7 73.2(2) N42‒Cu‒N82 93.7(3)
O5‒Cu‒N42 95.2(2) – –

3342 M. Nandy et al.
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3.3.3. EPR spectra of 1 and 2. To obtain further information about the stereochemistry,
site of metal–ligand bonding and spin states of metal ions, X-band EPR spectra of the com-
plexes were recorded in powder state at room temperature using 9.5 GHz field modulation.
For 1, EPR signal (figure 3) exhibits a characteristic line shape for powder sample contain-
ing a paramagnetic ion without any hyperfine splitting. Due to dipolar–dipolar interaction,
the spectrum shows only one broad line giso = 2.055 [40]. Analysis of 2 (figure 4) gives
g|| = 2.117, g⊥= 2.054. The trend g|| > g⊥> 2.0023 observed for 2 indicates a distorted tetrag-
onal geometry and the unpaired electron is localized in the dx2�y2 orbital of the copper(II)
ion [41].

Figure 2. ORTEP view of 2, indicating the atom labeling scheme. Hydrogens are omitted for clarity. Thermal
ellipsoids are at the 50% probability level.

Table 3. Hydrogen bonding parameters (Å, °) for 2.

d(D–H) d(H…A) d(D…A) \D–H…A

N(2)–H(2)…O(5′) 0.81(7) 2.42(7) 3.202(9) 165(8)
N(6)–H(6)…O(93) 0.92(6) 2.00(6) 2.875(8) 159(6)
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3.4. DNA binding study

3.4.1. Electronic absorption titration. The stability of HL, 1, and 2 in buffer solution at
room temperature was monitored by UV–vis spectroscopy for 24 h. There was no change
in the spectral features, revealing the compounds are stable under these conditions. Positive
ion electrospray mass spectra of the complexes in water give the molecular ion peaks at m/z
483.1369 and 301.0334 for 1 (ESI: figure S7) and at m/z 540.1335 for 2 (ESI: figure S8).
The signal for 1 corresponds to [Cu(L)(4′-2′-Hbpe)-H]+ and [Cu(L)]+, whereas the signal
for 2 at m/z 540.1666 can be attributed to [Cu(HL)2-H]. These data also supported the sta-
bilities of both 1 and 2 in solution.

HL had a band at 292 nm, as mentioned earlier, showed hypochromism with addition of
increasing amounts of DNA solution [0–50 μM]. An isosbestic point also appeared in the
UV–vis titration spectra of HL at 277 nm indicating the presence of two absorbing species
in solution (figure 5). For 1, the CT bands were observed in tris-buffer at 263 and 356 nm.
In this case, upon addition of increasing amounts of DNA [0–50 μM], the former bands
underwent hypochromism and later experienced hyperchromism; for ease of data handling,
the change of intensity of the band at 356 nm was taken into account. For the titration
experiment of 1 with CT-DNA, in addition to hyperchromism, an isosbestic point appeared
at 320 nm during the titration. Addition of CT-DNA results in a hyperchromism in absorp-
tion intensity, indicating that there exists an interaction between 1 and CT-DNA, which is
different from classical intercalation. These spectral features are analogous to that of previ-
ously reported complexes [42, 43], whose interaction mode with DNA is groove binding.
The observations of these spectral studies suggested that 1 may bind to CT-DNA, possibly

Figure 3. Powder X-band EPR spectrum of 1 recorded at room temperature.
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via groove binding. The change in spectral pattern of 1 upon addition of DNA [0–50 μM]
is depicted in figure 6. Complex 2 showed CT bands in tris-buffer medium at 255 and
360 nm. Upon addition of increasing aliquot [0–50 μM] of CT-DNA to a solution, the band
at 255 nm showed considerable hyperchromism, whereas the band at 360 nm did not show
any significant effect (figure 7). As CT-DNA itself absorbs at this region of wavelength, a
blank titration was performed and the absorbance data for DNA titration of 2 were corrected
with these data. The band at 255 nm did not shift (Δλ ~4 nm) much and also provided evi-
dence for presence of groove-binding interaction between CT-DNA and 2, like 1 [42–44].
By regression analysis using equation (1) [45], the binding constants (K) of 1 and 2 with
DNA were calculated,

1=DA ¼ 1=DAmax þ 1=KDAmax � 1=ðCD � COÞ (1)

where ΔA is the change in absorbance at 292 nm for HL, 356 nm for 1, and 255 nm for 2,
and ΔAmax is the same parameter when the respective species are totally bound to CT-DNA.
CD is the concentration of CT-DNA and CO is the initial concentration of each compound
being used. The double-reciprocal plots (figure 8) were used for the determination of the
binding constant (K) using equation (1), which yielded the K values to be 9.5 × 103,
1.88 × 104, and 4.66 × 104 M−1 for HL, 1, and 2, respectively. The binding constant data
indicate clearly that upon coordination with copper(II), the DNA binding ability of HL is
enhanced. The DNA binding constants of HL, 1, and 2, follow the order K2 > K1 > KHL.
HL is a neutral species. Complex 2 contains a + 2 charge which is mainly localized upon
copper(II), whereas 1 (cationic part) contains a + 1 charge due to protonation of the

Figure 4. Powder X-band EPR spectrum of 2 recorded at room temperature.
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trans-bpe fragment, and this charge is delocalized over the highly conjugated trans-bpe
ligand. Thus, the effective nuclear charge of 2 is much higher than that of 1 and hence, 2
shows greater DNA binding ability than 1.

In spite of the different complex species and coordination environment, the DNA binding
abilities of 1 and 2 may be compared to the copper complexes reported earlier [13, 14,
18–21, 42, 43, 47–51] in terms of binding mode and binding constant Kb with CT-DNA.
Most of the complexes can bind with DNA through intercalation between DNA base pairs
[13, 14, 18–21, 47–51] by means of strong π···π stacking interaction, whether a few can
bind at major or minor grooves of DNA [42, 43] through strong hydrogen bonds or electro-
static interactions. Binding capability comparison between the investigated complexes and
compounds reported herein revealed that they show lower binding abilities compared to the
classical intercalator [46] and some discussed complexes, but higher abilities in comparison
to some mono- and bi-nuclear copper(II) complexes [20, 47].

3.4.2. Voltammetric study of DNA-complex interaction. Cyclic-voltammetric studies are
also very efficient tools to elucidate the nature of binding between DNA and metal
complexes [52]. The cyclic voltammetric studies of 1 and 2 in the absence and presence of
CT-DNA were performed in tris-buffer (pH ~7.2) at room temperature under dry nitrogen
atmosphere (figures 9 and 10). Complexes 1 and 2 in the buffer medium showed an irre-
versible reduction at −0.48 and −0.49 (vs. SCE), respectively. For both cases, no oxidation

Figure 5. The change in absorbance of HL upon addition of increasing concentration of CT-DNA (0–50 μM) in
5 mM Tris-50 mM NaCl at pH 7.
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peaks are observed. On comparing with previously reported mono-nuclear Cu(II) systems
[53, 54], the reductions were assigned to Cu(II)–Cu(I) reduction. In case of 1, gradual addi-
tion of CT-DNA to the complex solution leads to increase in peak current. During binding
of 1 with DNA, electro-active Cu(II) center may become more exposed to electrode surface,
and hence steadily enhanced the peak current [55]. For 2, reduction peaks decreased obvi-
ously with a positive shift (+2 mV), which further proved a groove binding mode between
the two species [56].

3.4.3. Viscosity measurement. When small molecules intercalate between DNA base
pairs, they give an increase in viscosity of a solution of DNA, whereas non-classical inter-
active binding leads to lowering of the viscosity with surface or groove binding of small
molecules with DNA; the viscosity of the solution does not change [57–59]. In the present
case, the relative viscosity (η/η0) of the DNA solutions showed almost no change with addi-
tion of increasing concentration of 1 (figure 11: green line) and 2 (figure 11: red line),
which concluded beyond doubt that 1 and 2 bind with DNA via surface or groove binding.

3.5. Electrochemistry

Electrochemical properties of the complexes were studied at room temperature using
HPLC-grade acetonitrile using tetrabutylammonium perchlorate as supporting electrolyte at
a scan rate of 50 mVs−1 from +2.0 to −2.0 V. In the voltammogram of 1 (figure 12), on

Figure 6. The change in absorbance of 1 upon addition of increasing concentration of CT-DNA (0–50 μM) in
5 mM Tris-50 mM NaCl at pH 7.
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cathodic scan, several reductive responses were observed at –1.34, –0.98, –0.66, and –
0.45 V (vs. SCE). Higher peaks, –1.34 and –0.98 V, may be attributed to the reduction
of –N=N– or –C=N– moieties present in the coordinated ligands. Other cathodic responses
(–0.66 and –0.45 V) are conveyable to two Cu(II)/Cu(I) reductions corresponding to two
independent copper(II) ions associated with different geometrical environments present in 1.
The former reduction peak can be attributed from Cu(II) to Cu(I) reduction in [Cu(L)Cl],
while the latter can be for cationic [Cu(L)(Hbpe)ClO4]

+. On reverse scan, corresponding
oxidative responses (Cu(I)/Cu(II) oxidation) were observed at –0.87 and –0.07 V (vs. SCE),
respectively. Thus peak-to-peak separations of 210 and 380 mV indicate the irreversible nat-
ure of these redox processes. On changing the scan rate, redox responses slightly shifted to
more anodic values, while Ipc remain greater than Ipa and peak-to-peak separations always
remain greater than 50 mV that confirm the irreversible nature of these redox processes. A
peak with narrow width and large peak current is observed during anodic scan, which can
be assigned to the oxidation of the surface adsorbed metallic copper [60].

Voltammogram of 2 (figure 13) reveals that on cathodic scan, 2 displayed an irreversible
reductive response at –0.75 V (vs. SCE) assignable to Cu(II)/Cu(I) reduction. Similar to 1,
on reverse scan, a peak at –0.19 V (vs. SCE) associated with narrow width and large peak
current corresponds to the anodic oxidation of the surface-adsorbed metallic copper [61].

Figure 7. The change in absorbance of 2 upon addition of increasing concentration of CT-DNA (0–50 μM) in
5 mM Tris-50 mM NaCl at pH 7.5.

3348 M. Nandy et al.

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

25
 0

9 
D

ec
em

be
r 

20
14

 



Figure 8. Plot of 1/ΔA vs. 1/CD−CO (a) for HL, (b) for 1, and (c) for 2.

Figure 9. Cyclic voltammograms of 1 in 5 mM Tris-50 mM NaCl at pH 7, (a) in the absence and (b) in the
presence of CT-DNA.
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Figure 10. Cyclic voltammograms of 2 in 5 mM Tris-50 mM NaCl at pH 7, (a) in the absence and (b) in the
presence of CT-DNA.

0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.98

1.00

1.02

1.04

1.06

1.08

η/
η 0

C0/CD

Figure 11. Plot of η/η0 vs. CO/CD for 1 (green line) and for 2 (red line). The symbols have their usual meanings
as described in the text (see http://dx.doi.org/10.1080/00958972.2014.964697 for color version).
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Figure 12. The cyclic voltammogram of 1 recorded at room temperature in acetonitrile.

Figure 13. The cyclic voltammogram of 2 recorded at room temperature in acetonitrile.
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4. Conclusion

We have reported the synthesis, spectral, and structural characterization of two new aroyl
hydrazone derived copper(II) complexes. Structural characterization reveals that metal ion
is octahedral with only the Schiff base, whilst two distinct metal center geometries are
adopted; distorted square-pyramidal and distorted square-planar in the presence of both
Schiff base and 4′, 2′-bpe, which indicates that the second ligand plays an important struc-
ture determining role. DNA binding abilities of complexes were tested; compared to the free
ligand, the results show a significantly improved interaction for the complexes (~2 fold in 2
and ~5 fold in 1) with respect to HL. This fact, attributed to the presence of di- and mono-
cationic species in 2 and 1, respectively, confirms that species with a more positive charge
show stronger binding ability with electron-rich DNA helices. Viscosity measurements also
suggest a surface or groove binding mode of interaction between CT-DNA and the ligand
in its copper(II) complexes.

Supplementary material

CCDC 687763 and CCDC 703303 contain the supplementary crystallographic data for 1
and 2 reported in this article. These data can be obtained free of charge from the Cambridge
Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.
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