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a b s t r a c t

We depict the synthesis and characterization of copper(II) and zinc(II) coordination compounds
of 4-(3′,4′-dimethoxybenzaldehydene)2-3-dimethyl-1-phenyl-3-pyrazolin-5-semicarbazone (1a), 4-
(3′,4′-dimethoxybenzaldehydene)2-3-dimethyl-1-phenyl-3-pyrazolin-5-thiosemicarbazone (1b), 4-(3′-
hydroxy-4′-nitrobenzaldehydene)2-3-dimeth yl-1-phenyl-3-pyrazolin-5-semicarbazone (1c) and 4-(3′-
hydroxy-4′-nitrobenzal dehydene)2-3-dimethyl-1-phenyl-3-pyrazolin-5-thiosemicarbazone (1d). All
the remote compounds have the general composition [ML2] (M = Cu(II) and Zn(II)); L = Schiff base (1a–1d).
All the complexes were characterized by elemental analysis, molar conductivity, IR, 1H NMR, UV–vis,
ESI-Mass, magnetic susceptibility measurements, cyclic voltammetric measurements, and EPR spectral
studies. It has been originated that the Schiff bases with Cu(II) and Zn(II) ions form mononuclear com-
plexes on 1:2 (metal:ligand) stoichiometry. Distorted octahedral environment is suggested for the metal
ntimicrobial study complexes. The conductivity data confirm the non-electrolytic nature of the complexes. The interaction of
CuL2

1a–1d complexes with CT DNA was investigated by spectroscopic, electrochemical and viscosity mea-
surements. Results suggest that the copper complexes bind to DNA via an intercalative mode. Moreover,
the complexes have been found to promote the photocleavage of plasmid DNA pBR322 under irradiation
at 365 nm. The Schiff bases and their metal complexes were screened for their antifungal and antibac-
terial activities against different species of pathogenic fungi and bacteria and their biopotency has been

discussed.

. Introduction

Schiff bases are important class of ligands in coordination chem-
stry and found extensive application in different fields of science.
chiff bases of semicarbazones/thiosemicarbazones have aroused
ith significant interest in the field of chemistry and biology
ue to their antibacterial, antifungal, antimalarial, antineoplastic
nd antiviral activities [1]. The biological activities of semicar-
azones/thiosemicarbazones are considered to be related to their

bility to form chelates with metals. The chemistry of transition
etal complexes of semicarbazones/thiosemicarbazones based

chiff bases has been receiving significant attention because of their
harmacological properties. The biological activities of metal com-
lexes differ from those of either the free ligands or metal ions and
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386-1425/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.saa.2010.03.007
© 2010 Elsevier B.V. All rights reserved.

increased or decreased activities in relation to the non-complexed
semicarbazones/thiosemicarbazones have been reported for sev-
eral transition metal complexes [2]. Among the metal complexes of
semicarbazones/thiosemicarbazones, the Cu(II) and Zn(II) chelates
have been especially studied regarding their antitumour potentials
[3]. Moreover, Cu(II) and Zn(II) complexes with oxygen, sulphur and
nitrogen containing ligands are the subject of intensive biological
evaluation in the search for less toxic and more selective anticancer
therapies [4,5]. Especially heterocyclic thiosemicarbazones have
been the subject of extensive investigation because of their wide
use in biological field [6–8].

The investigation of metal complexes with Schiff bases derived
from pyrazole, e.g., 4-amino-2-3-dimethyl-1-phenyl-3-pyrazolin-
5-one, is interesting because of the fact that these compounds can

serve as models for studying a wide range of biological reactions
which are catalyzed by enzymes. It has been shown that in the pres-
ence of metal ions, free pyrazole can catalyze many reactions like
carbonylation, hydroformylation, oxidation, reduction and epoxi-
dation [9]

http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:drn_raman@yahoo.co.in
dx.doi.org/10.1016/j.saa.2010.03.007
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Scheme 1. Preparation of 4-(3′ ,4′-benzaldehydene)2-3-dimethyl-1-phenyl-3-
62 N. Raman et al. / Spectrochim

Considering the significance of semicarbazones/thiosemicar-
azones and pyrazolone derivatives, we have synthesized the Schiff
ases (1a–1d) and their Cu(II) and Zn(II) complexes. It is well known
hat a general study on structure and bonding can help in better
nderstanding of the complex life processes. Hence, the structures
f the synthesized Schiff bases and their complexes were eluci-
ated by analytical and spectral studies. Their biological studies

ike antimicrobial and DNA binding and cleavage were carried out
n order to understand the mode of interaction of the synthesized
chiff bases and their complexes with Calf thymus DNA (CT DNA).

. Experimental

.1. Chemicals

All reagents and solvents were of AR grade, purchased com-
ercially. Tris–HCl buffer salts were purchased from Qualigens

India); CT DNA and pBR322 DNA from Bangalore Genei, India.
ris–HCl buffer solution [5 mM Tris–HCl and 50 mM NaCl (pH 7.2);
ris = Tris(hydroxymethyl) aminomethane] was prepared using
eionised double distilled water.

All DNA stock solutions (1000 mg/L) were prepared with the
ris–HCl buffer solution and kept frozen. More dilute solutions
ere prepared with 50 mM Tris–HCl (pH 7.2). The concentration

f CT DNA was measured by using its known extinction coefficient
t 260 nm (6600 M−1 cm−1) [10]. The absorbance at 260 nm (A260)
nd at 280 nm (A280) for CT DNA was measured to ensure its purity.
he ratio A260/A280 was found to be 1.84, indicating that CT DNA
as satisfactorily free from protein.

.2. Physical measurements

UV–vis spectra were recorded on a Shimadzu Model 1601 UV-
isible Spectrophotometer. IR spectra were recorded (KBr) with
PerkinElmer FTIR-1605 spectrophotometer. 1H NMR spectra
ere taken on a Varian XL-300 MHz spectrometer with tetram-

thylsilane (TMS) as the internal standard at room temperature.
he complexes were analyzed for their metal contents, follow-
ng standard procedures [11] after decomposition with a mixture
f conc. HNO3 and HCl, followed by conc. H2SO4. Microanalyses
ere carried out on a PerkinElmer 240 elemental analyzer. Mass

pectrometry experiments were performed on a JEOL-AccuTOF
MS-T100LC mass spectrometer equipped with a custom-made
lectrospray interface (ESI). The X-band EPR spectra of the com-
lexes were recorded at RT (300 K) and LNT (77 K) using TCNE as
he g-marker. Room temperature magnetic susceptibility measure-

ents were carried out on a modified Gouy-type magnetic balance,
ertz SG8-5HJ. The molar conductivity of the complexes in DMF

olution (10−3 M) was measured using a conductometer model
01/602.

Voltammetric experiments were performed on a CHI 620C
lectrochemical analyzer in freshly distilled DMF solutions. 0.1 M
etrabutylammonium perchlorate (TBAP) was used as the sup-
orting electrolyte. The three-electrode cell comprised a reference
g/AgCl, auxiliary Pt and the working glassy carbon electrodes.
ll the solutions examined by electrochemical techniques were
urged with nitrogen for 10 min prior to each set of experiments.
ll measurements were carried out at room temperature (25 ◦C).

.3. Biocidal screening
Antibacterial and antifungal activities of the antibiotics and the
etal complexes were screened against four pathogenic bacte-

ia, viz. Staphylococcus aureus, Bacillus subtilis, Escherichia coli, and
seudomonas putita and four fungi, viz. Aspergillus niger, Rhizopus
pyrazolin-5-one.

stolonifer, Candida albicans and Rhizoctonia bataicola. For the detec-
tion of the biocidal activities, the filter paper disc agar diffusion
method was used [12–14]. The minimum inhibitory concentra-
tion (MIC) was considered to be the lowest concentration, which
exhibited the same turbidity as the blank tube. Pure Streptomycin
and Nystatin were used separately as standards for antibacterial
and antifungal activity tests respectively. Nutrient agar (NA) was
used as basal medium for the cultured bacteria. A series of differ-
ent concentrations of the compounds in dimethylformamide (DMF)
solvent were placed on the surface of the culture and incubated
at 37 ◦C for 24 h for the bacterial culture. The antifungal activities
were performed with potato agar medium in DMF as solvent and
incubated at 37 ◦C for 48–72 h.

2.4. Synthesis

2.4.1. Preparation of 4-(3′,
4′-benzaldehydene)2-3-dimethyl-1-phenyl-3-pyrazolin-5-one

The reaction of 4-amino-2-3-dimethyl-1-phenyl-3-pyrazolin-
5-one with 3,4-dimethoxybenzaldehyde and 3-hydroxy-4-nitro-
benzaldehyde, carried out for the preparation of 4-(3′,4′-benzal-
dehydene)2-3-dimethyl-1-phenyl-3-pyrazolin-5-one is shown in
Scheme 1.

The Schiff bases under investigation were prepared
by mixing an ethanol solution (25 mL) of 4-amino-2-3-
dimethyl-1-phenyl-3-pyrazolin-5-one (2.032 g, 0.01 mol) with
3,4-dimethoxybenzaldehyde (1.66 g, 0.01 mol) and 3-hydroxy-
4-nitrobenzaldehyde (1.67 g, 0.01 mol) in the same volume of
ethanol and refluxing for 3 h in water bath, the precipitate formed
was collected and recrystallized from ethanol.

4-(3′,4′-Dimethoxybenzaldehydene)2-3-dimethyl-1-phenyl-3-
pyrazolin-5-one is light yellow crystal and its yield is 89%. Anal.
calcd. C20H21N3O3 M.W.: 351.40, C(68.36%), H(6.02%), N(11.95%),
found: C(68.25%), H(5.92%), N(11.48%); 1H NMR (DMSO-d6) ı:
3.28(s, 3H, PZ–N–CH3), 2.26(s, 3H, PZ–C–CH3), 3.92(s, 3H, O–CH3),
6.97–7.40(m, 3H, Ph), 6.90–7.37(m, 5H, Ph), 8.01(s, 1H, N CH); IR
(KBr) � (cm−1): 1634(strong, s) (HC N), 1308(s) (O–CH3), 1281(s)
(PZ–C–CH3), 1181(s) (PZ–N–CH3), 1714(s) (PZ–C O), 1471(s)
(Ph–C C), 1545(medium, m) (Ph–C–C), 3048(s) (Ph–C–H).

4-(3′-Hydroxy-4′-nitrobenzaldehydene)2-3-dimethyl-1-
phenyl-3-pyrazolin-5-one is yellow powder and its yield is
85%. Anal. calcd. C18H16N4O4 M.W.: 352.35, C(61.35%), H(4.57%),
N(15.90%), found: C(68.25%), H(4.43%), N(15.48%); 1H NMR
(DMSO-d6) ı: 3.11(s, 3H, PZ–N–CH3), 2.58(s, 3H, PZ C–CH3),
10.28(s, 1H, OH), 6.77–7.15(m, 3H, Ph), 6.90–7.37(m, 5H, Ph),
8.00(s, 1H, N CH); IR (KBr) � (cm−1): 1614(s) (HC N), 1608(weak,

w) (C–NO2), 3442(broad, b) (OH), 1293(s) (PZ–C–CH3), 1145(s)
(PZ–N–CH3), 1651(s) (PZ–C O), 1423(s) (Ph–C C), 1530(m)
(Ph–C–C), 3075(s) (Ph–C–H).
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1419(s) (Ph–C C), 1531(m) (Ph–C–C), 2926(b) (Ph–C–H), 465(s)
cheme 2. Preparation of 4-(3′ ,4′-benzaldehydene)2-3-dimethyl-1-phenyl-3-
yrazolin-5-semicarbazone/thiosemicarbazone.

.4.2. Preparation of 4-(3′,4′-benzaldehydene)2-3-dimethyl-1-
henyl-3-pyrazolin-5-semicarbazone/thiosemicarbazone

The reaction of 4-(3′,4′-benzaldehydene)2-3-dimethyl-
-phenyl-3-pyrazolin-5-one with semicarbazide (l.11 g,
.01 mol)/thiosemicarbazide (0.91 g, 0.01 mol) in ethanol was
efluxed for 4–5 h to produce Schiff bases (1a–1d). This is shown in
cheme 2. After cooling to room temperature, light yellow product
btained was filtered and washed with ethanol.

1a is light yellow powder and its yield is 75%. Anal. calcd.
21H24N6O3 M.W.: 408.45, C(61.75%), H(5.92%), N(20.57%), found:
(61.20%), H(6.04%), N(19.65%); 1H NMR (DMSO-d6) ı: 2.21(s, 3H,
Z–C–CH3), 2.87(s, 3H, PZ–N–CH3), 6.85(s, 2H, NH2), 3.71(s, 3H,
–CH3), 6.91–7.36(m, 5H, Ph), 7.59–7.68(m, 3H, Ph), 8.28(s, 1H,

CH), 9.66(s, 1H, NH-sc); IR (KBr) � (cm−1): 3180–3224(b) (NH2),
069(b) (–NH–Sc),1698(s) (Sc–C O), 1589(s) (C N), 1324(m)
O–CH3), 1266(s) (PZ–C–CH3), 1167(s) (PZ–N–CH3), 1422(m)
Ph–C C), 1518(s) (Ph–C–C), 2932(s) (Ph–C–H).

1b is also light yellow powder and its yield is 80%. Anal.
alcd. C21H24N6O2S M.W.: 424.52, C(59.41%), H(5.69%), N(19.79%),
(7.55%), found: C(59.20%), H(6.04%), N(19.65%), S(7.45%); 1H NMR
DMSO-d6) ı: 2.15(s, 3H, PZ C–CH3), 2.85(s, 3H, PZ–N–CH3), 6.39(s,
H, NH2), 3.92(s, 3H, O–CH3), 7.08–7.48(m, 5H, Ph), 7.56–7.81(m,
H, Ph), 8.41(s, 1H, N CH), 9.69(s, 1H, NH-tsc); IR (KBr) �
cm−1): 3188–3273(b) (NH2), 3163(b) (–NH-tsc), 834(m) (C S),
626(m) (C N), 1335(s) (O–CH3), 1262(m) (PZ–C–CH3), 1133(b)
PZ–N–CH3), 1420(s) (Ph–C C), 1534(m) (Ph–C–C), 2929(b)
Ph–C–H).

1c is light yellow powder and its yield is 65%. Anal. calcd.
19H19N7O4 M.W.: 409.40, C(55.74%), H(4.67%), N(23.94%), found:
(54.85%), H(4.27%), N(23.45%); 1H NMR (DMSO-d6) ı: 2.24(s,
H, PZ C–CH3), 2.93(s, 3H, PZ–N–CH3), 6.43(s, 2H, NH2), 10.56(s,
H, OH), 6.91–7.26(m, 5H, Ph), 7.44–7.60(m, 3H, Ph), 8.45 (s,1H,

CH), 9.88(s, 1H, NH-Sc); IR (KBr) � (cm−1): 3268(s) (NH2),
127(b) (–NH–Sc), 1618(m) (C N), 1603(w) (C–NO2), 3357(s)
OH), 1270(s) (PZ–C–CH3), 1147(s) (PZ–N–CH3), 1651(w) (Sc–C O),
418(m)(Ph–C C), 1511(s) (Ph–C–C), 2966(b) (Ph–C–H)

1d is also a light yellow powder and its yield is 65%. Anal.
alcd. C19H19N7O3S M.W.: 425.46, C(53.63%), H(4.50%), N(23.04%),
(7.53%), found: C(54.85%), H(4.27%), N(23.45%), S(7.32%); 1H
MR (DMSO-d6) ı: 2.51(s, 3H, PZ C–CH3), 3.02–3.41(s, 3H,
Z–N–CH3), 6.38(s, 2H, NH2),10.75(s, 1H, OH), 7.35–7.58(m, 5H,Ph),
.85–7.98(m, 3H, Ph), 8.18(s, 1H, N CH), 9.57(S, 1H, NH-tsc); IR
KBr) � (cm−1): 3279(s) (NH2), 3126(b) (–NH-tsc), 1615(m) (C N),
606(w) (C–NO2), 3469(s) (OH), 1265(m) (PZ–C–CH3), 1195(s)
PZ–N–CH3), 828(m) (C S), 1455(m) (Ph–C C), 1545(s) (Ph–C–C),
948(s) (Ph–C–H).
.4.3. Synthesis and characterization of the complexes

.4.3.1. Cu(II) complexes of 1a–1d. All the complexes were pre-
ared by mixing ethanolic solution of ligands and metal salts in
ta Part A 76 (2010) 161–173 163

required molar ratio (2:1). The reaction mixture was refluxed on
a water bath for 2–3 h and then concentrated to a small volume
on a hot plate at ∼50 ◦C. After cooling, the complexes obtained
were filtered, recrystallized from ethanol and dried in vacuum over
CaCl2.

CuL2
1a is light green powder and its yield is 65%. Anal.

calcd. CuC42H46N12O6 M.W.: 878.45, C(57.42%), H(5.27%),
N(19.13%), Cu(7.23%) found: C(57.03%), H(4.95%), N(18.91%),
Cu(6.85%); IR (KBr) � (cm−1): 3182–3219(b) (NH2), 1060(m) (C–O),
1564(s) (C N), 1326(m) (O–CH3), 1262(s) (PZ–C–CH3), 1164(s)
(PZ–N–CH3), 1421(m) (Ph–C C), 1521(s) (Ph–C–C), 2930(s)
(Ph–C–H), 456(s) (Cu–N), 557(m) (Cu–O).

CuL2
1b is yellow powder and its yield is 75%. Anal. calcd.

CuC42H46N12O4S2 M.W.: 910.57, C(55.40%), H(5.09%), N(18.45%),
S(7.04%), Cu(6.97%) found: C(55.13%), H(4.85%), N(18.15%),
S(6.85%), Cu(6.75%); IR (KBr) � (cm−1): 3186–3275(b) (NH2), 694(s)
(C–S), 1598(m) (C N), 1332(s) (O–CH3), 1261(m) (PZ–C–CH3),
1129(b) (PZ–N–CH3), 1421(s) (Ph–C C), 1531(m) (Ph–C–C),
2924(b) (Ph–C–H), 458(s) (Cu–N), 364(m) (Cu–S).

CuL2
1c is light yellow powder and its yield is 60%. Anal. calcd.

CuC38H36N14O8 M.W.: 880.33, C(51.84%), H(4.12%), N(22.27%),
Cu(7.21%), found: C(51.20%), H(3.95%), N(21.85%), Cu(6.95%); IR
(KBr) � (cm−1): 3262(s) (NH2), 1075(m) (C–O), 1595(m) (C N),
1602(w) (C–NO2), 3354(s) (OH), 1273(s) (PZ–C–CH3), 1146(s)
(PZ–N–CH3), 1416(m) (Ph–C C), 1509(s) (Ph–C–C), 2963(b)
(Ph–C–H), 456(s) (Cu–N), 552(m) (Cu–O).

CuL2
1d is light greenish yellow powder and its yield is 55%.

Anal. calcd. CuC38H36N14O6S2 M.W.: 912.46, C(50.02%), H(3.97%),
N(21.49%), S(7.02%), Cu(6.96%) found: C(49.75%), H(3.65%),
N(20.95%), S(6.95%), Cu(6.85%); IR (KBr) � (cm−1): 3279(s) (NH2),
702(m) (C–S), 1591(m) (C N), 1604(w) (C–NO2), 3465(s) (OH),
1263(m) (PZ–C–CH3), 1192(s) (PZ–N–CH3), 1455(m) (Ph–C C),
1543(s) (Ph–C–C), 2947(s) (Ph–C–H), 452(s) (Cu–N), 367(m)
(Cu–S).

2.4.3.2. Zn(II) complexes of 1a–1d. A general method was used for
the preparation of the complexes. A hot ethanolic solution of the
corresponding zinc(II) salt was mixed with a hot ethanolic solution
of the respective ligand (in 1:2 molar ratio). The reaction mixture
was refluxed on a water bath for 2–3 h. On cooling at room tem-
perature, the desired complexes were precipitated out in each case.
They were filtered, recrystallized, washed with ethanol and finally
dried over CaCl2 under vacuum.

ZnL2
1a is light yellow powder and its yield is 56%. Anal. calcd.

ZnC42H46N12O6 M.W.: 880.28, C(57.30%), H(5.26%), N(19.09%),
Zn(7.42%); found: C(56.65%), H(5.15%), N(18.87%), Zn(7.34%); 1H
NMR (DMSO-d6) ı: 2.28(s, 3H, PZ–C–CH3), 2.90(s, 3H, PZ–N–CH3),
6.08(s, 2H, NH2), 3.93(s, 3H, O–CH3), 6.90–7.26(m, 5H,Ph),
7.60–7.75(m, 3H, Ph), 8.92(s, 1H, N CH); IR (KBr) � (cm−1):
3184–3221(b) (NH2), 1098(m) (C–O), 1569(s) (C N), 1323(m)
(O–CH3), 1263(s) (PZ–C–CH3), 1164(s) (PZ–N–CH3), 1421(m)
(Ph–C C), 1519(s) (Ph–C–C), 2929(s) (Ph–C–H), 459(s) (Zn–N),
553(m) (Zn-O).

ZnL2
1b is light colourless powder and its yield is 72%. Anal. calcd.

ZnC42H46N12O4S2 M.W.: 912, C(55.28%), H(5.08%), N(18.42%),
S(7.02%), Zn(7.16%); found: C(55.12%), H(4.85%), N(18.28%),
S(6.93%), Zn(7.07%); 1H NMR (DMSO-d6) ı: 2.01(s, 3H, PZ–C–CH3),
3.15(s, 3H, PZ–N–CH3), 5.93(s, 2H, NH2), 3.97(s, 3H, O–CH3),
6.85–7.33(m, 5H, Ph), 7.54–7.68(m, 3H, Ph),8.87(s, 1H, N CH); IR
(KBr) � (cm−1): 3185–3274(b) (NH2), 649(s) (C–S), 1602(m) (C N),
1331(s) (O–CH3), 1264(m) (PZ–C–CH3), 1129(m) (PZ–N–CH3),
(Zn–N), 357 (s) (Zn-S).
ZnL2

1c is yellow powder and its yield is 65%. Anal. calcd.
ZnC38H36N14O8 M.W.: 882.17, C(51.73%), H(4.11%), N(22.22%),
Zn(7.41%); found: C(51.65%), H(4.05%), N(21.98%), Zn(7.38%); 1H
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Table 1
Electronic absorption spectral data of the ligands and their compounds.

Complex Solvent Absorption
(cm−1)

Band
assignment

Geometry

1a EtOH 31,645 INCTa –
36,231 INCT
41,322 INCT –

1b EtOH 25,974 INCT
34,965 INCT
38,910 INCT –

1c EtOH 24,271 INCT
33,003 INCT
42,016 INCT –

1d EtOH 22,573 INCT
31,545 INCT
39,215 INCT

[CuL2
1a] DMF 11,148 2Eg← 2T2g Distorted octahedral

26,178 INCT
40,161 INCT

[CuL2
1b] DMF 11,521 2Eg← 2T2g Distorted octahedral

25,840 INCT
42,735 INCT

[CuL2
1c] DMF 15,385 2Eg← 2T2g Distorted octahedral

27,397 INCT
39,683 INCT

[CuL2
1d] DMF 9709 2Eg← 2T2g Distorted octahedral
64 N. Raman et al. / Spectrochim

MR (DMSO-d6) ı: 2.57(s, 3H, PZ–C–CH3), 3.20–3.60(s, 3H,
Z–N–CH3), 6.34(s, 2H, NH2), 10.59(s, 1H, OH), 7.31–7.42(m, 5H,
h), 7.80–7.98(m, 3H, Ph), 8.58(s, 1H, N CH); IR (KBr) � (cm−1):
264(s) (NH2), 1058(m) (C–O), 1591(m) (C N), 1598(w) (C–NO2),
351(s) (OH), 1271(s) (PZ–C–CH3), 1149(s) (PZ–N–CH3), 1420(m)
Ph–C C), 1507(s) (Ph–C–C), 2961(b) (Ph–C–H), 472(s) (Zn–N),
61(m) (Zn-O).

ZnL2
1d is light yellow powder and its yield is 53%. Anal.

alcd. Zn C38H36N14O6S2 M.W.: 914.29, C(49.92%), H(3.96%),
(21.44%), S(7.01%), Zn(7.15%); found: C(49.85%), H(3.82%),
(21.25%), S(6.87%), Zn(7.03%); 1H NMR (DMSO-d6) ı: 2.60(s, 3H,
Z–C–CH3), 3.09–3.36(s, 3H, PZ–N–CH3), 6.43(s, 2H, NH2),10.82(s,
H, OH), 7.35–7.68(m, 5H, Ph), 7.82–7.96(m, 3H, Ph), 8.61(s, 1H,

CH); IR (KBr) � (cm−1): 3273(s) (NH2), 706(m) (C–S), 1597(m)
C N), 1602(w) (C–NO2), 3464(s) (OH), 1262(m) (PZ–C–CH3),
197(m) (PZ–N–CH3), 1453(m) (Ph–C C), 1539(s) (Ph–C–C),
951(s) (Ph–C–H), 462(s) (Zn–N), 345(m) (Zn-S).

. Results and discussion

.1. Physicochemical properties of the synthesized compounds

The ligands (1a–1d) were prepared by refluxing an appropri-
te amount of respective 4-(3′,4′-benzaldehydene)2-3-dimethyl-
-phenyl-3-pyrazolin-5-one with the corresponding semicar-
azide/thiosemicarbazide in ethanol. The structures of the
ynthesized ligands were established with the help of their IR,
MR, and microanalytical data. All metal(II) complexes of Cu(II)
nd Zn(II) of these ligands were prepared by using the respective
etal salts as chloride with the corresponding ligands in molar ratio

f metal:ligand as 1:2 as obtainable in the following reaction.

·Cl2·nH2O + 2L → ML2+nH2O+nHCl

here M = Cu(II) and Zn(II).
All these complexes are intensively coloured, air and mois-

ure firm amorphous solids. They are insoluble in common
rganic solvents and only soluble in DMF and DMSO. Molar
onductance values of the soluble complexes in DMF (10−3 M
olution at 25 ◦C) indicate that the complexes have molar ratio
f metal:ligand as 1:2. The lesser molar conductance values
0.93–4.32 ohm−1 cm−2 mol−1) indicate that they are all non-
lectrolytic in nature. The elemental analyses data concur well with
he planned formulae for the ligands and also recognized the [ML2]
omposition of the metal(II) chelates.

.2. Infrared spectral studies

In the current studies, semicarbazone/thiosemicarbazone
elated compounds are capable of exhibiting keto-enol tau-
omerism and react with metal cations to form metal complexes.
he assignments of IR spectra of the ligands and their Cu(II)
nd Zn(II) complexes beside with their assignments are reported
n Section 2. The broad band that appears in the range of
069–3163 cm−1 is assigned to the stretching vibration of (N–H).

new prominent band at 1589–1626 cm−1, due to azome-
hine �(C N) association appeared in all the ligands, indicates
15] that condensation between ketone moiety of 4-amino-2-3-
imethyl-1-phenyl-3-pyrazolin-5-one and that of amino group of
emicarbazone/thiosemicarbazone has taken place ensuing into
he creation of the desired ligands (1a)–(1d).
Moreover, on comparison of the IR spectra of the ligands with
heir Cu(II) and Zn(II) complexes showed [16] a major shift to lower
ave numbers by 15–25 cm−1 in azomethine �(C N) suggesting

nvolvement of the azomethine-N with Cu(II) and Zn(II) ion in the
omplexation. The band corresponding to the stretching vibration
28,249 INCT
38,168 INCT

a INCT – intraligand charge transfer band.

of the C S group appears at 828–834 cm−1 in the ligand [17]. The
absence of this band in the IR spectra of the metal complexes can
be explained by the tautomerism of the C S group with one of
the imino groups to form the C–SH and the coordination of sul-
phur after deprotonation. The bands that appear in the range of
649–706 cm−1 and 1058–1098 cm−1 are thus assigned to the �(C–S)
and �(C–O) respectively in the IR spectra of the metal complexes.
These overall data suggest that the azomethine-N and enol/thiol-O
or S groups are involved in coordination with the Cu(II) and Zn(II)
ion complexes. In the low-frequency region, spectra of the Cu(II)
and Zn(II) complexes exhibit [18] new bands which are not present
in the spectra of the ligands. These bands are recognized to �(M–O),
�(M–N) and �(M–S).

3.3. 1H NMR spectral studies

The 1H NMR spectral data are reported along with the possible
assignments in “experimental.” All the protons were found as to
be in their expected region [19]. The conclusions drawn from these
studies lend further support to the mode of bonding discussed in
their IR spectra. In the spectra of diamagnetic Zn(II) complexes, the
resonance arising from the NH proton disappears, whereas that
arising from the azomethine (HC N) proton shifts to downfield
values indicating the chelation of the ligands through the depro-
tonated enol/thiol-O/S groups and azomethine-N is established by
downfield shifting of these signals in the Zn(II) complexes due to
the increased conjugation and coordination [20].

3.4. Electronic spectral studies

The electronic spectra of the Cu(II) complexes (Table 1) showed

one low-energy weak band around 9709–15,385 cm−1 and two
strong high energy bands around 25,840–42,735 cm−1. The low-
energy band in this position typically expected for an octahedral
configuration may be assigned to 10 Dq corresponding to the
transition 2Eg← 2T2g [21]. The strong high-energy band, in turn,



N. Raman et al. / Spectrochimica Acta Part A 76 (2010) 161–173 165

i
n
a
m
b
[

3

a
1
p
g
m
t
d
C
m
T
a
c
a

3

s
o
b
t
p
s
s
d
F

a
T
i
t
o
d
t

Table 2
The spin Hamiltonian parameters of Cu(II) complexes in DMSO at 300 and 77 K.

Complex g-tensor Hyperfine constant
(×10−4 cm−1)

the in-plane �-bonding. For the present copper(II) complexes, the
observed order K|| is greater than K⊥ implying a greater contribu-
tion from out-of-plane �-bonding than from in-plane �-bonding
in metal–ligand �-bonding. Based on these observations, a dis-
torted octahedral geometry is proposed for Cu(II) complexes. The

Table 3
Fig. 1. The TGA curve of CuL2
1d complex.

s assigned to metal→ ligand charge transfer. Also, the mag-
etic moment values (1.65–1.83 BM) for the CuL2

1a–1d complexes
re indicative of antiferromagnetic spin–spin interaction through
olecular association. Hence, the CuL2

1a–1d complexes appear to
e in the distorted octahedral geometry with dx2 –dy2 ground state
22].

.5. ESI-mass spectral studies

The electron impact mass spectrum of 1b Schiff base shows
molecular ion peak m/z at 424 (M+) with a relative intensity

5% which is equivalent to its molecular weight. The different
athways of the fragments of the parent molecular ion peaks are
iven in Scheme 3. The other molecular ion peaks appeared in the
ass spectrum (abundance range from 1% to 100%) is attributed

o the fragmentation of 1b molecule obtained from the rupture of
ifferent bonds inside the molecule as shown in Scheme 3. The
uL2

1b complex gives a molecular ion peak at m/z 910(M+) and
/z 911(M+1) with a relative intensity 10% and 7% respectively.

he intensities of these peaks give the idea of the stability and
bundance of the fragments. This type of stoichiometry (ML2) is
onfirmed by the mass spectra of other complexes. This is in good
greement with the microanalytical data.

.6. Thermal studies

Thermal stability and thermal behaviors of all complexes were
tudied by thermogravimetric analysis (TGA) at the atmosphere
f nitrogen in the temperature range 25–900 ◦C. The correlations
etween the different decomposition steps of the complexes with
he corresponding weight losses are discussed in terms of the pro-
osed formula of the complexes [23–25]. The thermal behavior
tudies of all the complexes are almost same. Hence, the repre-
entative CuL2

1d, ZnL2
1d, CuL2

1a and ZnL2
1a complexes have been

iscussed. The representative thermogram of CuL2
1d is depicted in

ig. 1.
The TGA profiles over the temperature range 30–250 ◦C are usu-

lly due to loss of water of moisture, hydration and coordination.
he complexes CuL2

1d and ZnL2
1d have first decomposition stage

◦
n the range 35–250 C. This dehydration process probably is due to
he loss of hydration water, which may be bound to hydroxyl group
f the ligand by hydrogen bonds. Above 250 ◦C, CuL2

1d and ZnL2
1d

ecompose in a gradual manner, which may be due to fragmenta-
ion and thermal degradation of the organic moiety. The continuous
g|| g⊥ giso A|| A⊥ Aiso

[CuL2
1b] 2.6141 2.1289 2.2906 80 250 193

[CuL2
1c] 2.5969 2.1405 2.2926 90 260 203

loss of weights is observed up to 675 and 690 ◦C respectively. The
final solid product of thermal decomposition is identified as respec-
tive metal oxide (found: 83.25%, calcd.: 83.39% for CuL2

1d and
found: 84.52%, calcd.: 84.75% for ZnL2

1d). The CuL2
1a and ZnL2

1a

complexes show no mass loss up to 182 ◦C, indicating the absence
of water molecules and any other adsorptive solvents molecules in
coordination sphere. The continuous loss of weight is observed up
to 750 and 800 ◦C respectively; after that the weight of the product
remains constant. The final weight losses in these cases agree with
the formation of the respective metal oxides (found: 83.30%, calcd.:
83.52% for CuL2

1a and found: 84.57%, calcd.: 84.72% for ZnL2
1a).

From the above thermogravimetric analyses, the overall weight
losses for the CuL2

1d, ZnL2
1d, CuL2

1a and ZnL2
1a complexes agree

well with the proposed formula obtained by elemental analyses, IR,
1H NMR, Mass and magnetic susceptibility measurements.

3.7. EPR studies of Cu(II) complexes

To obtain further information about the stereochemistry and
the site of the metal–ligand bonding and to determine the mag-
netic environment in the metal complexes, EPR studies of copper(II)
complexes were carried out. Powder samples were used to record
X-band EPR spectra of the Cu(II) complexes and the spectra were
recorded in DMSO at liquid nitrogen temperature (LNT) and at room
temperature (RT). The spin Hamiltonian parameters and bonding
parameters of the Cu(II) complexes were calculated and are sum-
marized in Tables 2 and 3.

In the present case, Cu(II) complexes, measured in polycrys-
talline sample at room temperature, give the following values:
g|| = 2.6141, g⊥ = 2.1289 for the CuL2

1b and g|| = 2.5969, g⊥ = 2.1405
for CuL2

1c. The trend exhibits an auxiliary symmetric g-tensor
parameters with g|| > g⊥ > 2.0027 indicating that the copper site has
a dx2–y2 ground state characteristic of octahedral geometry [26].

The parameter G, determined as G = (g|| −2)/(g⊥ −2), which
measures the exchange interaction between the metal centers in a
polycrystalline solid, has been calculated. According to Hathaway et
al. [27] if G > 4, the exchange interaction is negligible, but G < 4 indi-
cates considerable exchange interaction in the solid complexes. The
Cu(II) complexes reported in this paper give the “G” values which
are greater than 4 indicating the exchange interaction is absent in
solid complexes.

The observed values of ˛2 and ˇ2 parameters indicate that the
complexes have some covalent character and there is interaction
in the out-of-plane �-bonding. The lower values of ˛2 compared
to ˇ2 indicate that the in-plane �-bonding is more covalent than
The bonding parameters of Cu(II) complexes in DMSO solution.

Complex ˛2 ˇ2 �2 K|| K⊥ G

[CuL2
1b] 0.9276 1.1463 0.9465 1.0632 0.8779 4.8446

[CuL2
1c] 0.9432 1.4632 1.3573 1.3800 1.2802 4.3120
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Scheme 3. Mass fragment pattern of 1b.
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Fig. 2. Gel electrophoresis diagram showing the oxidative cleavage of SC pBR322
DNA (30 �M) by the Cu(II) and Zn(II) complexes of 1a–1d in the presence of H2O2 in
50 mM Tris–HCl/NaCl buffer (pH 7.2) containing DMF. Lane 1, DNA control; lane 2,
DNA + CuL2

1a + H2O2; lane 3, DNA + ZnL2
1a + H2O2; lane 4, DNA + CuL2

1b + H2O2; lane
5, DNA + ZnL2

1b + H2O2; lane 6, DNA + CuL2
1c + H2O2; lane 7, DNA + ZnL2

1c + H2O2;
lane 8, DNA + CuL2

1d + H2O2; lane 9, DNA + ZnL2
1d + H2O2.

Fig. 3. Agarose gel electrophoresis pattern of supercoiled pBR322 DNA in the
presence of concentration of CuL2

1d , [H2O2] = 10 mM and light after irradiation at
365 nm for 30 min in 50 mM Tris–HCl/NaCl buffer (pH 7.2). Lane 1, DNA control;
lane 2, DNA + CuL2

1d (0.5 �M); lane 3, DNA + CuL2
1d (1.0 �M); lane 4, DNA + CuL2

1d

(1.5 �M); lane 5, DNA + CuL2
1d (2.0 �M); lane 6, DNA + CuL2

1d (2.5 �M); lane 7,
DNA + CuL2

1d (3.0 �M); lane 8, DNA + CuL2
1d (3.5 �M).

Fig. 4. Cleavage of supercoiled pBR322 DNA in the presence of CuL2
1d (15 �M)
N. Raman et al. / Spectrochim

PR study of the Cu(II) complexes has provided supportive evidence
o the conclusion obtained on the basis of electronic spectrum and

agnetic moment value.

.8. Biological activity

The antimicrobial activity results presented in Table 4 show
hat the newly synthesized compounds (1a–1d) and their Cu(II)
nd Zn(II) complexes possess biological activity. These new deriva-
ives obtained by condensation of 4-(3′,4′-benzaldehydene)2-
-dimethyl-1-phenyl-3-pyrazolin-5-one with the corresponding
emicarbazone/thiosemicarbazone (Scheme 2) were screened for
heir antibacterial activity against microorganisms. These results
xhibited markedly an enhancement in activity on coordination
ith the metal ions against four testing bacterial strains. This

nhancement in the activity is rationalized on the basis of the struc-
ures of (1a–1d) by possessing an additional azomethine (C N)
inkage which imports in elucidating the mechanism of transami-
ation and resamination reactions in biological system [28]. It has
lso been suggested [29,30] that the ligands with nitrogen and oxy-
en donor systems might restrain enzyme production, since the
nzymes which require these groups for their activity appear to
e especially more susceptible to deactivation by the metal ions
pon chelation. Chelation reduces the polarity [29,30] of the metal

on mainly because of the partial sharing of its positive charge
ith the donor groups and possibly the �-electron delocalization
ithin the whole chelate ring system, thus formed during coordi-
ation. This process of chelation thus increases the lipophilic nature
f the central metal atom, which in turn favors its permeation
hrough the lipoid layer of the membrane. This in turn is respon-
ible for increasing the hydrophobic character and liposolubility of
he molecule in crossing cell membrane of the microorganism, and
ence enhances the biological utilization ratio and activity of the
esting drug/compound.

The order of inhibition with respect to metal ions of 1a–1d is
u > Zn. It is found that these complexes show strong antimicrobial
ctivity at lower concentration when compared to earlier reported
iterature [31]. But some ZnL2

1b and ZnL2
1c have higher antibacte-

ial activity for B. subtilis and P. putita respectively and ZnL2
1a has

igher antifungal activity for R. stolonifer, compared to the corre-
ponding CuL2

1a complex.

.9. Oxidative cleavage of DNA

.9.1. DNA cleavage activity comparison of the synthesized Cu(II)
nd Zn(II) complexes

In order to assess the competence of the Cu(II) and Zn(II) com-
lexes for DNA strand scission, pBR322 DNA was incubated with

ndividual Cu(II) and Zn(II) complexes under identical reaction
onditions. The cleavage reaction was monitored by gel elec-
rophoresis. The delivery of high concentrations of metal ion to the
elix, in locally generating oxygen or hydroxide radicals, leads to an
fficient DNA cleavage reaction. When circular pBR322 DNA is sub-
ected to electrophoresis, DNA cleavage is monitored by relation of
upercoiled circular pBR322 (form I) into nicked circular (form II)
nd linear (form III).

As shown in Fig. 2 all of the examined complexes are capable
f promoting oxidative damage of DNA in the presence of H2O2
nder physiological conditions (pH 7.2, 37 ◦C), but display differ-
nt cleavage activities [32]. CuL2

1d and CuL2
1c reveal the highest

NA cleavage activity. Under the conditions we used, it can com-

letely convert supercoiled form to nicked and linear form of DNA.
uL2

1b also can switch supercoiled DNA to nicked and linear forms
f DNA, but the supercoiled form is still seen. The difference in
leavage performance of the two complexes appears to be due to
he attendance of nitro moiety in 1d and 1c. ZnL2

1d, ZnL2
1b, ZnL2

1c,
complex and light after irradiation at 365 nm for 30 min in 50 mM Tris–HCl/NaCl
buffer (pH 7.2). Lane 1, DNA control; lane 2, DNA + H2O2 (5 mM); lane 3, DNA + H2O2

(10 mM); lane 4, DNA + H2O2 (15 mM); lane 5, DNA + H2O2 (20 mM); lane 6,
DNA + H2O2 (25 mM); lane 7, DNA + H2O2 (30 mM); lane 8, DNA + H2O2 (35 mM).

CuL2
1a and ZnL2

1a exhibit lesser activity than CuL2
1d, CuL2

1c and
CuL2

1b. These five complexes can only switch supercoiled form to
nicked form. The difference in cleavage characteristics of these five
complexes appears may be due to the attendance of methoxy moi-
ety and nature of metal ions. The control experiments were carried
out in the attendance of individual complexes together with DNA.

3.9.2. Effects of complex concentration on DNA cleavage
In order to investigate the influence of the concentration of

CuL2
1d or H2O2 on DNA cleavage reactions, two independent exper-

iments were explored. In the first experiment, the concentration of
H2O2 was kept constant and the concentration of the complexes
was varied (Fig. 3); in the second experiment, the concentration of
the complexes was kept constant and the concentration of H2O2
was varied (Fig. 4). All of the results indicate that the DNA cleav-
age activities of the complexes are obviously both complex and
H2O2 concentration dependent. With the increase in complex or
H2O2 concentration, the supercoiled DNA (SC DNA) decreases and
is finally completely converted to nicked and linear forms. As also
verified, the appearance of forms II and III depends on concentration
of copper complex and H2O2.
3.9.3. Effect of irradiation time on DNA cleavage
Fig. 5 shows the gel electrophoresis separation of SC pBR322

DNA after incubation with the complexes CuL2
1d and CuL2

1c and
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Table 4
The in vitro antimicrobial activity of ligand and their metal complexes (MIC in �g/mL).

Complex Antibacterial activitya Antifungal activitya

S. aureus B. subtilis E. coli P. putita A. niger R. stolonifer C. albicans R. bataicola

1a 21.43 32.10 20.43 43.28 27.64 25.13 41.23 24.51
1b 21.34 34.51 28.36 22.41 36.19 37.24 27.38 45.23
1c 31.14 27.35 36.73 35.41 29.61 29.48 36.40 24.85
1d 28.65 36.12 23.76 29.54 31.02 41.21 27.54 26.81
[CuL2

1a] 6.25 7.18 12.5 7.98 4.28 4.88 9.76 3.26
[ZnL2

1a] 11.5 13.25 18.33 10.2 7.29 3.54 13.2 8.51
[CuL2

1b] 7.28 6.74 5.42 8.67 4.28 12.4 5.37 11.40
[ZnL2

1b] 17.23 5.98 13.0 11.8 8.52 9.48 8.12 10.51
[CuL2

1c] 9.63 11.02 9.21 10.98 6.98 4.29 9.54 7.68
[ZnL2

1c] 20.11 14.5 12.4 9.21 9.48 11.87 8.48 9.20
[CuL2

1d] 10.94 9.76 7.67 11.5 5.67 7.63 4.89 7.84
[ZnL2

1d] 17.0 10.15 11.54 12.14 9.58 16.52 9.94 12.01

a The MIC of standard drugs for antibacterial activity (Streptomycin) and antifungal activity (Nystatin) was found to be <2.45 �g/mL.

Fig. 5. Gel electrophoresis diagram showing the cleavage of SC pBR322 (0.5 �g)
in the presence of CuL2

1d and CuL2
1c complexes (20 �M) in 50 mM Tris–HCl/NaCl

buffer (pH 7.2) on photo-irradiation irradiation at 365 nm for 0, 20, 40, 60 and 80 min
(lanes 2–6) for CuL2

1d complex and (lanes 7–11) for CuL2
1c complex, lane 1, DNA

alone.

Fig. 6. Changes in the agarose gel electrophoretic pattern of pBR322 DNA (0.5 �g) in
the presence of reducing agent 3-mercaptopropionic acid (MPA, 5 mM) in the dark
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Fig. 7. Gel diagram showing the photocleavage of SC pBR322 DNA (0.5 �g) by
using different reagents on monochromatic irradiations of wavelength at 365 nm
for 30 min exposure with CuL2

1d (25 �M) complex, [H2O2] = 10 mM in the presence

at neutral pH [41], the cleavage is tested in the presence of D O.
n 50 mM Tris–HCl/NaCl buffer (pH 7.2) containing DMF. Lane 1, DNA control; lane 2,
NA + MPA; lane 3, DNA + CuL2

1d; lane 4, DNA + CuL2
1c; lane 5, DNA + CuL2

1d + MPA;
ane 6, DNA + CuL2

1c + MPA; lane 7, DNA + CuL2
1d + DMSO (2 �L) + MPA; lane 8,

NA + KI (5 �L) + CuL2
1c + MPA; lane 9, DNA + NaN3 (5 �L) + CuL2

1d + MPA.

rradiation at 365 nm. At the same concentration of complex, with
ncreasing irradiation time Form II and Form III also increase. Com-
lete cleavage of DNA is observed with a 20 �M of complexes on
0 min exposure. It is known that ligands containing thio or thione
oieties show efficient intersystem crossing to the triplet state

n photo-irradiation and such an effect is found to be pronounced
nly when the sulphur is bonded to the metal center [33,34]. Sim-
lar results have been reported in other cases [35]. The different
NA cleavage efficiency of these two complexes may be due to the
ifferent binding affinity of the complexes to DNA [36].

.9.4. Effect of supercoiled pBR322 DNA by 3-mercaptopropionic
cid (MPA)

The DNA cleavage activity of the CuL2
1d and CuL2

1c complexes
as been studied in the presence of MPA as reducing agent (Fig. 6).
he CuL2

1d and CuL2
1c complexes efficiently cleave SC DNA in the

resence of MPA, whereas, in the absence of MPA, do not show
ny significant cleavage of SC pBR322 DNA. Control experiments
ndicate the formation of the hydroxyl radical and/or copper-oxo

pecies as the cleavage active species [37]. Control experiments
sing CuL2

1d and CuL2
1c have shown inhibition of cleavage in the

resence of hydroxyl radical scavenger like DMSO or KI, while the
inglet oxygen quencher, NaN3, does not show any apparent effect
of 50 mM Tris–HCl/NaCl buffer (pH 7.2). The reactions were carried out under aerobic
conditions: lane 1, DNA control; lane 2, DNA + CuL2

1d; lane 3, DNA + CuL2
1d + H2O2;

lane 4, DNA + NaN3 (100 �M) + CuL2
1d; lane 5, DNA + l-histidine (100 �M) + CuL2

1d;
lane 6, DNA + D2O (14 �l) + CuL2

1d; lane 7, DNA + DMSO (2 �l) + CuL2
1d .

on the DNA cleavage activity indicating non-involvement of singlet
oxygen species in the DNA cleavage reaction. The overall above
observations may suggest that formation of hydroxyl radicals in
the DNA cleavage reaction in the presence of MPA.

3.9.5. Photoactivated cleavage of pBR322 DNA by CuL2
1d complex

There has been considerable interest in DNA endonucleolytic
cleavage reactions that are activated by metal ions [38]. The photo-
induced DNA cleavage activity of the complexes in the absence of
MPA has been studied using UV light. Electrophoresis is carried out
in a dark chamber for 15 min at 50 V in 50 mM Tris–HCl/NaCl buffer
(pH 7.2). When circular plasmid DNA is subjected to electrophore-
sis, relatively fast migration will be observed for the supercoiled
form (form I). If scission occurs on one strand (nicking), the super-
coils will relax to generate a slower-moving open circular form
(form II) [39]. If both strands are cleaved, a linear form (form III)
will be generated that migrates between forms I and II [40]. Fig. 7
shows the gel electrophoretic separations of plasmid pBR322 DNA
after incubation with CuL2

1d complex and irradiation at 365 nm in
the presence of varying radical scavengers (lanes 4–7). The CuL2

1d

complex is incubated with DNA, in the absence or in the presence
of hydrogen peroxide as an oxidant agent. H2O2 itself can induce
some single-strand scission in DNA molecules, as indicated by the
small decrease in the concentration of supercoiled plasmid DNA
(form I), and corresponding small increase in the concentration of
relaxed circle (form II) as shown in Fig. 7 (lanes 2 and 3). To test
the possibility that photo-induced cleavage involves the formation
of singlet oxygen, which is known to react with guanine residues
2
Singlet oxygen would be expected to induce more strand scissions
in D2O than in H2O due to its longer lifetime in the former sol-
vent. It can also be seen in Fig. 7 that neither irradiation of DNA at
365 nm without CuL2

1d nor incubation with CuL2
1d without light



N. Raman et al. / Spectrochimica Acta Part A 76 (2010) 161–173 169

Table 5
Electrochemical behavior of copper(II) complexes in the presence of CT DNA.

Complex Redox couple Ipc (A) (×10−5) Epc (V) E1/2 (V) �Ep (V) K+/K2+

Free Bound Free Bound Free Bound Free Bound

[CuL2
1a] Cu(III–II) 0.37 0.31 0.061 0.096 0.162 0.211 0.202 0.231 3.9

Cu(II–I) 0.33 0.19 −0.454 −0.479 −0.276 −0.307 0.344 0.307 0.38

[CuL2
1b] Cu(III–II) 2.28 1.73 0.197 0.265 0.531 0.519 0.668 0.509 14.1

y
o
[

3

r
t
r
o

F
s

[CuL2
1c] Cu(II–I) 2.16 2.01 −0.965

[CuL2
1d] Cu(III–II) 0.23 – 0.166

Cu(II–I) 0.37 0.32 −0.152

ields significant strand scission. The DNA photocleavage studies
f Cu(II) and Zn(II) complexes are consistent with earlier reports
42,43,10]

.10. Magnetic measurement studies
The magnetic moments of the complexes were recorded at
oom temperature and the observed magnetic moment values for
he Cu(II) complexes of 1a–1d are 1.72, 1.83, 1.65 and 1.78 BM
espectively. These values are agreeable to spin only value. Hence
bserved magnetic moment for the Cu(II) complexes under study

ig. 8. Electronic spectra of Cu2+ complexes of (A) 1a, (B) 1b, (C) 1c and (D) 1d (10−3 M)
hows that the absorbance changes upon increasing DNA concentrations. Inset: plots of [D
−0.942 −0.791 −0.770 0.348 0.344 2.44

– 0.241 – 0.150 – –
−0.175 – – – – 0.41

indicates that they have distorted octahedral [44] configurations
around metal ions. This is further supported by their electronic
spectral data and CV studies.

3.11. DNA binding studies
DNA binding experiments were carried out in 0.5 mL
Tris–HCl/NaCl buffer [50 mM Tris–HCl and 5 mM NaCl (pH
7.2)] using DMF solution (15 �L) of the complexes. Absorption
titration measurements were done by varying the concentration of
CT DNA but keeping the metal complex concentration as constant.

in dimethylformamide in the absence (- - -) and presence (– – –)of CT DNA. Arrow
NA]/(εa – εf) versus [DNA] for the titration of CT DNA with the complexes.
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ig. 9. Cyclic voltammogram at scan rate varying 0.05–0.250 V s−1 at 25 ◦C for Cu2+ co
s supporting electrolyte at a Pt disc working electrode.

he different modes of interaction of a metal complex with DNA
an be studied not only by this technique but also by cyclic
oltammetry (CV) and differential pulse voltammetry (DPV). These
ere employed to probe the binding of metal complexes to DNA

n solution. DPV data were used to obtain quantitative information
bout the interaction of these metal complexes with CT DNA.

Viscosity experiments were carried out using an Ubbelodhe vis-
ometer maintained at a constant temperature at 30.0±0.1 ◦C in

thermostatic water bath. Flow time was measured with a digi-

al stopwatch, and each sample was measured three times, and an
verage flow time was calculated. Data were presented as (�/�0)1/3

ersus binding ratio [45], where � is the viscosity of CT DNA in the
resence of complex, and �0 is the viscosity of CT DNA alone.

Scheme 4. A Nernstian electron transfer to a system in which both the oxidized
xes of (A) 1a, (B) 1b, (C) 1c and (D) 1d (10−3 M) in DMF containing 0.05 M n-Bu4NClO4

3.11.1. Absorption spectra studies
The application of electronic absorption spectroscopy in DNA

binding studies is one of the most useful techniques [46] is carried
out at 25±2 ◦C. The electronic spectral trace of Cu(II) complexes
titrated with DNA are given in Fig. 8. Complex binding with DNA
through intercalation usually results in hypochromism and blue
shift, due to the intercalative mode involving a strong stacking
interaction between an aromatic chromophore and the base pairs

of DNA. The extent of the hypochromism commonly parallels the
intercalative binding strength. In order to compare quantitatively
the binding strength of the copper complexes, the intrinsic binding
constants Kb of the copper complexes with DNA were obtained by
monitoring the changes in absorbance with increasing concentra-

and reduced forms are associated with a third species in solution (DNA).
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ig. 10. Differential pulse voltammograms of (10−3 M) mol L−1 of Cu2+ complexes o
f DNA in DMF–Tris–HCl/NaCl buffer solution (pH 7.2).

ion of DNA using the following equation:

[DNA]
εa − εf

= [DNA]
εb − εf

+ 1
Kb(εb − εf)

here [DNA] is the concentration of DNA in base pairs, the appar-
nt absorption coefficients εa, εf and εb correspond to Aobs/[Cu],
he extinction coefficient for the free copper complexes and the
xtinction coefficient for the free copper complexes in the fully
ound form respectively. In plots of [DNA]/(εa− εf) versus [DNA],
b is given by the ratio of slope to the intercept [47–49]. Intrinsic
inding constants Kb of copper complexes of 1a–1d are obtained as
.99×104, 3.57×104, 3.79×104 and 3.93×104 M−1 respectively.
ur results are consistent with earlier reports on preferential bind-

ng to CT DNA in the copper complexes [50–53].

.11.2. Electrochemical studies
Table 5 summarizes the electrode potentials for all complexes

f Cu(II) in DMF. The cyclic voltammetric studies provide an insight
o the CT DNA binding. Typical CV behavior of series of Cu(II) com-
lexes of 1a–1d in the absence and presence of CT DNA is shown in
ig. 9. The difference between forward and backward peak poten-
ials can provide a rough evaluation of the degree of the reversibility
f one electron transfer reaction. The analysis of cyclic voltam-
etric responses with the scan rate varying 50–250 mV/s gives

he evidence for a quasi-reversible one electron oxidation. The
ecreased extents of the peak currents observed for all Cu(II) com-
lexes upon addition of CT DNA indicate that complexes interact
ith DNA through intercalating way. The Nernst equation can be
sed to estimate the ratio of equilibrium constants for the bind-

ng of the oxidative and reductive ions to DNA according to the
iterature [54]

◦
b − E◦f = 0.0591 log

(
Kred

Kox

)

The drop of the voltammetry currents in the presence of DNA
ay be attributed to slow diffusion of the metal complex bound to

T DNA. This in turn indicates the extent of binding affinity of the
omplex to DNA.

In the cyclic voltammogram of CuL2
1a, in the absence of DNA

wo well-defined quasi-reversible one electron cyclic responses

ave been observed at Epc = 0.061 V with a corresponding oxi-
ation peak at Epa = 0.263 V [Cu(III)/Cu(II)] and at Epc =−0.454 V
ith a corresponding oxidation peak at Epa =−0.098 V [Cu(II)/Cu(I)]

espectively. The ratio of cathodic to anodic peak height is less
han one. When CT DNA is added to a solution of Cu(II) complex
a (scan rate 0.05 V s−1) and (B) 1b (scan rate 0.250 V s−1) with incremental addition

of 1a, marked decreases in the peak current heights and shifts of
peak potentials to more negative values are observed [55]. The
shift in reduction peak potential observed between the reduc-
tion of Cu(III)/Cu(II) and reduction of Cu(II)/Cu(I) in complex of 1a
(Scheme 4) is indicative for strong copper binding.

The cyclic voltammogram recorded for the CuL2
1b, reveals

one electron quasi-reversible Cu(III)/Cu(II) wave with E1/2 val-
ues as 0.531 and 0.519 V for free and bound forms respectively.
In the absence of DNA, the complex involves single redox step
corresponding to Cu(III)/Cu(II) at Epc = 0.197 V and the associated
anodic peak at Epa = 0.865 V. On addition of CT DNA, the complex
experiences a shift in E1/2 as well as in Ep values. The ratio of
Ipa/Ipc for the bound complex of 1b is less than unity, suggest-
ing that CT DNA is bound strongly to the complex. In addition
to the changes in the formal potential, the voltammetric peak
decreases upon addition of CT DNA to the complex. The decrease
in the current is due to the diffusion of the equilibrium mixture
of free and DNA-bound metal complex to the electrode surface
[56]. In the absence of DNA one extra anodic peak is appeared
at −0.077 V and no reduction peak, suggesting that unstabiliza-
tion of Cu(I) species may be due to no d–� interactions between
the copper-d orbitals and the aromatic �-system rather than Cu(II)
species.

In the absence of DNA, the electrochemical behavior of CuL2
1c

shows a redox process corresponding to the Cu(II)/Cu(I) couple at
Epa =−0.617 V and the associated cathodic peak at Epc =−0.965 V.
The addition of CT DNA causes diminution of the peak currents of
the reduction of Cu(II)/Cu(I). It is due to variation of the binding
state and the slower mass transfer of complex bound to DNA frag-
ments. It has been shown that binding of the metal complex to
DNA can bring about a shift in the redox potential due to its inter-
calative binding with DNA which indicates that the reaction of the
complex with DNA on the GC electrode is a diffusion controlled
quasi-reversible redox process.

The CuL2
1d exhibits one quasi-reversible peak in the absence

of DNA. The representative cyclic voltammogram of Cu(II) com-
plex displays two reduction peaks, one at Epc = 0.166 V with an
associated oxidation peak at Epa = 0.316 V, second reduction peak
at Epc =−0.152 V with no associated oxidation peak corresponding
to the Cu(III)/Cu(II) and Cu(II)/Cu(I) respectively. The incremental

addition of CT DNA to the complex the second cathodic peak causes
a shift in the potential and decrease in the current intensity, but in
the first cathodic peak there is no significant change in the poten-
tial as well as current intensity, suggesting that the changes of peak
currents of the reduction of Cu(II)/Cu(I) observed for CuL2

1d may
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ig. 11. Effect of increasing amounts of EB (©) and in the presence of increasing
oncentrations of copper complexes of CuL2

1d (�), CuL2
1c (�), CuL2

1b (�) and CuL2
1a

×) on the relative viscosity of CT DNA at 30 ◦C. [DNA] = 1.5 mM, R = [complex]/[DNA]
r [EB]/[DNA].

ndicate that complex possesses higher DNA binding affinity with
omplex.

.11.3. Differential pulse voltammetry (DPV)
Differential pulse voltammogram (DPV) of the CuL2

1a and
uL2

1b both in the presence and in the absence of DNA is given
n Fig. 10. The peak potential and current of the both complexes are
hanged in the presence of DNA. K+/K2+ value for the copper com-
lexes suggesting that the preferential stabilization of Cu(II) form
ver Cu(III) and Cu(I) form on binding to DNA. DPV of the com-
lexes as a function of added DNA also indicates a large decrease in
urrent intensity with a small shift in formal potential due to the
ntercalative interaction of complexes.
.11.4. Viscosity measurements
The bonding between the complexes and DNA is further elu-

idated by viscosity measurements. Optical photophysical probes
enerally provide necessary, but insufficient clues to support a

ig. 12. Effect of increasing amounts of EB (*) and in the presence of increasing
oncentrations of zinc complexes of ZnL2

1d (×), ZnL2
1c (�), ZnL2

1b (�) and ZnL2
1a

�) on the relative viscosity of CT DNA at 30 ◦C. [DNA] = 1.5 mM, R = [complex]/[DNA]
r [EB]/[DNA].
Fig. 13. Molecular structure of the complex, where M = Cu2+ and Zn2+.

binding model of Cu(II) and Zn(II) complexes with DNA. A clas-
sical intercalation mode causes a significant increase in viscosity
of DNA due to an increase in separation of base pairs at inter-
calation sites and hence an increase in overall DNA length [57].
The well-known DNA intercalator ethidium bromide (EB) increases
the viscosity of DNA with increments of the concentration. On
the other hand, the viscosity of DNA increases dramatically upon
addition of the title complexes. The changes in relative viscos-
ity of CT DNA in the presence of complexes Cu(II), Zn(II) and EB
are shown in Figs. 11 and 12. The increased degree of viscosity,
which may depend on its affinity to DNA follows the order of
EB > 1a > 1b > 1c > 1d, which is consistent with the above results
of Cu(II) and Zn(II) proposes to be bound to DNA by intercalation
[42,10].

4. Conclusions

Based on the above observations of the elemental analysis,
molar conductivity, UV–vis, magnetic, IR and 1H NMR spectral
data it is possible to determine the type of coordination of the
ligands in their metal complexes. The spectral data show that all
the Schiff bases exist as tridentate ligands by bonding to the metal
ion through the deprotonated enol/thiol-O/S groups and azome-
thine nitrogen. The analytical data show the presence of one metal
ion per two ligand molecules and suggest a mononuclear structure
for the complexes. The correlation of the experimental data allows
assigning an octahedral stereochemistry to all the above synthe-
sized complexes as shown in Fig. 13. Cu(II) and Zn(II) complexes
have been synthesized and their abilities to induce oxidatively
generated DNA damage are compared. The observed efficient pho-
tonuclease activity of CuL2

1d under UV light on short exposure
time and with a lesser concentration of the metal complex is
a significant result in the chemistry of copper-based nucleolytic
agents. Electronic spectra, cyclic voltammetry, differential pulse

voltammogram and viscosity measurements indicate that the com-
plexes bind to DNA by intercalative modes. It is found that the
metal complexes have more biological activity than the free lig-
ands.
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