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Three novel mixed-ligand complexes using pyrazolone derivative (4-chloro-benzylidene-4-aminoantipyrine) as
primary ligand and L-methionine as co-ligand, were synthesized and characterized by physico-chemical analyt-
ical techniques. The DNA interaction of these complexes was investigated by electronic absorption spectroscopy,
viscosity, cyclic voltammetry and gel electrophoresismeasurements. The results indicate that the complexes bind
to DNA through intercalation and act as efficient cleaving agents. The in vitro antibacterial and antifungal assay
indicates that these complexes are good antimicrobial agents against various pathogens.

© 2013 Elsevier B.V. All rights reserved.
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Exploring and designing novel molecules capable of interactingwith
nucleic acids and triggering apoptosis are currently two of the most
promising strategies for researchers to discover novel DNA-targeted an-
ticancer drugs for chemotherapy [1–4]. Amino acids can perform a vari-
ety of beneficial functions in our body. Methionine is an essential amino
acid and a powerful antioxidant. It contains the health-promoting sub-
stance sulfur, which is found primarily in meat, eggs, fish, and dairy
products. The coordination of amino acids to transition metals occurs
via a chelate binding mode involving both carboxylate and amine
groups. Mixed ligand transition metal complexes, which strongly bind
and cleave DNA can also exhibit prominent anticancer activities and
regulate apoptosis [5–9]. Synthesis, structural studies and few other
properties of mixed ligand complexes formed with amino acids have
been reported [10–13]. The desire for an in-depth understanding of
the rules that lead to the formation of systems of different nuclearities,
together with their pharmacological activity as well as their interesting
electrical and magnetic properties, makes research on the coordination
chemistry of pyrazolone derivatives even more attractive. Moreover,
Schiff bases play an imperative role in bioinorganic chemistry as they
exhibit incredible biological activity.
91 4562 281338.
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In recent years, Schiff bases of 4-aminoantipyrine transition metal
complexes and their derivatives have been extensively examined due
to their wide applications in various fields such as antifungal, antibac-
terial, analgesic, sedative, antipyretic, anti-inflammatory agents [14]
and DNA binding properties [15–17]. Modern tentative research
shows promising results with regard to their anti-tumor actions [18].
Therefore, much of the attention has been targeted on the design of
metal-based complexes, which can bind and cleave DNA. Literature sur-
vey proves that no studies on the synthesis and characterization of
mixed ligand complexes of methionine have been reported.

Bearing these facts in mind, herein, based on our recent endeavors
we have focused on the synthesis and structural determination of 4-
aminoantipyrine based Schiff base, derived from 4-aminoantipyrine
and 4-chlorobenzaldehyde, with L-methionine and its Cu(II), Ni(II)
and Zn(II) complexes. Binding propensity of these mixed ligand com-
plexeswith DNAhas also been investigated using electronic absorbance
spectroscopy, viscosity measurement and cyclic voltammetry tech-
niques. Moreover, the capability of these complexes having nitrogen
and oxygen donors to induce DNA cleavage in the presence of H2O2

has been scrutinized. The in vitro antimicrobial evaluation of present
complexes is also explored. These complexes may give an opportunity
to provide routes towards rational drug design as well as means to
widen perceptive chemical probes for DNA.
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The Schiff base ligand, L (condensation of 4-aminoantipyrine and p-
chlorobenzaldehyde) and its mixed-ligand [L-Met (i.e., L-methionine)]
Cu(II), Ni(II) and Zn(II) complexeswere prepared by a typical procedure
[19–24]. The materials and methods for the newly synthesized mixed-
ligand complexes and their EPR spectral characterization were depicted
as S1, S2 and S3 (Supplementary files). The complexes were found to be
air stable. The ligand is soluble in common organic solvents but their
complexes are soluble only in DMF, and DMSO. We acquired the proba-
ble composition of complexes as [ML(Met)Cl2] which were confirmed
through elemental analyses, magnetic susceptibility, NMR, UV, IR, EPR
spectra and molar conductivity measurements since no single crystals
suitable for X-ray determination could be isolated (Scheme 1).

The mode and propensity of binding of metal complexes to CT DNA
have been studied by different techniques. Thus, we propose to study
the nature and extent of DNA binding of the complexes with CT DNA
by using absorption spectroscopy, cyclic voltammetry, and viscosity
Scheme 1. Synthesis of Schiff base ligand a
measurements. The stability of our complexes in Tris–HCl buffer solu-
tion has been studied by observing the UV–Vis spectra and estimating
the molar conductivities at different time intervals for any possible
change [25]. The tested compounds were prepared in DMF and for ex-
periments, they were freshly diluted in Tris–HCl buffer system. Then
the UV–Vis spectra were recorded and molar conductivities were mea-
sured at different time intervals. From the results (Fig. S1), it is seen that
there is no change in the absorption bands and their molar conductance
values for the freshly prepared solutions which indicates that our com-
plexes are sufficiently stable in Tris–HCl buffer environment even after
reaching DNA.

As the crucial pharmacological target of many antitumor drugs, DNA
and DNA binding activities of metal complexes have been an inkling of
prevailing significance for the growth of efficient metal based chemo-
therapeutic drugs. Therefore, the potential binding ability of complex
to CT-DNA was characterized by UV spectroscopy. The absorption
nd its mixed-ligand metal complexes.



Table 1
Electronic absorption spectral properties of Cu(II), Ni(II) and Zn(II) mixed-ligand com-
plexes.

Compound λ max Δλ

Free Bound (nm) aH% bKb × 105 (M−1)

[CuL(Met)Cl2] 343.0 335.5 2.5 29.20 2.29
[NiL(Met) Cl2] 341.0 338.7 2.3 20.40 1.85
[ZnL(Met)Cl2] 342.1 344.8 2.7 22.00 1.17

a H%= [(Afree − Abound) / Afree] × 100%.
b Kb = Intrinsic DNA binding constant determined from the UV–Vis absorption spectral

titration.
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spectra of [CuL(Met)Cl2] in the absence and presence of CT-DNA at dif-
ferent concentrations are given in Fig. 1.

As the concentration of CT-DNA increases, the absorption spectra
show apparent hypochromism effect and red shift in the MLCT bands.
The extent of the hypochromism in the metal-to-ligand charge transfer
(MLCT) band is commonly consistent with the strength of intercalative
interaction.

With increasingDNA concentrations, the absorption band at 341.0 nm
of the Ni(II) complex exhibits hypochromism of 20.40%; the absorption
band at 343.1 nm of the Cu(II) complex appears hypochromism of
29.20% and the absorption band at 342.1 nm of the Zn(II) complex ap-
pears hypochromism of 22.00%. The red shifts of Ni(II), Cu(II), and
Zn(II) complexes are shifted to 2.3, 2.5, and 2.7 nm(Table 1) respective-
ly. The hypochromism observed for the transition band indicates strong
binding of the metal complexes to DNA. After 24 h, the spectra were
again recorded and observed that the same results were obtained
which confirm the stability of our complex–DNA system. Thus, the syn-
thesized complexes have significantly greater intercalating properties
due to the presence of primary ligand and two coordinated chlorides
[26]. All the metal complexes showed decrease in absorption intensity
(hypochromism)with a slight red shift which is due to the intercalative
binding between DNA and metal complexes.

Optical photophysical probes generally provide necessary, but not
sufficient clues to support a binding model. An emblematical inter-
calativemolecular interaction causes amomentous increase in viscosity
of the DNA solution due to the increase in separation of the base pairs at
the intercalation sites and hence an increase in the overall DNA length.
The effect of mixed-ligand complexes on the viscosity of DNA depicted
in Fig. 2 shows sturdy increase in the viscosity of the DNA with the ad-
dition of increasing amounts of the complexes. The values of relative
specific viscosity (η/η0)1/3, where η and η0 are the specific viscosities
of DNA in the presence and absence of the complexes, were determined
and plotted against values of 1/R (R= [DNA] / [Complex]). A petite to
huge increase in and the ability of the complexes to increase the vis-
cosity of DNA follows the order EB N [CuL(Met)Cl2] N [NiL(Met)Cl2] N
[ZnL(Met)Cl2]. The increase in viscosity of DNA by EB is the highest
among all the complexes. Cu(II) complex interacts more strongly com-
pared to others.

Optical photophysical probes generally provide necessary, but not
sufficient clues to support a binding model. To authenticate the inter-
calative binding, viscosity experiments were performed. An emblemat-
ical intercalative molecular interaction causes a momentous increase in
viscosity of the DNA solution due to the increase in separation of the
Fig. 1. Absorption spectrum of [CuL(Met)Cl2] complex in buffer pH= 7.2 at 25 °C in the
presence of increasing amount of DNA. Arrow indicates the changes in absorbance upon
increasing the DNA concentration.
base pairs at the intercalation sites and hence an increase in the overall
DNA length. Viscositymeasurements perceptibly show that all the com-
plexes can intercalate between adjacent DNA base pairs, causing an
extension in the helix and thus augment the viscosity of DNA, and that
the complexes can intercalate a huge more sturdily and acutely than
the free ligand. The results reveal that the presence of the complexes in-
creases the relative viscosity of the DNA solution. The results obtained
from the viscosity experiments validate those obtained from the spec-
troscopic studies. Such behavior is consistent with other intercalators
(i.e., EB), which increase the relative specific viscosity for the lengthen-
ing of the DNA double helix resulting from intercalation. The results ob-
viously indicate that both the complexes intercalate between adjacent
DNA base pairs, causing an extension in the helix thereby increasing
the viscosity of DNA [27].

The application of electrochemical methods to the study of metallo-
intercalation and coordination of transitional metal complexes to DNA
provides a useful complement to the previously used methods of in-
vestigation, such as UV–vis spectroscopy and viscosity measurements.
The electrochemical behavior of complex is well known, and is strongly
influenced by the electrode material. A well defined and sensitive peak
observed from the solution of the complexwith aGC electrodewasused
in this investigation [28]. The cyclic voltammetric behavior of all the
complexes has been examined in the absence and presence of DNA in
5 mM Tris–HCl/50 mM NaCl buffer solution as the supporting electro-
lyte. Electrochemical data for the Cu(II), Ni(II), and Zn(II) complexes
are shown in Table 2. No new redox peaks appeared after the addition
of CT DNA to each complex, but the current intensity of all the peaks de-
creased significantly, suggesting the existence of an interaction between
each complex and CT DNA. The decrease in current intensity can be
explained in terms of an equilibrium mixture of free and DNA-bound
complex to the electrode surface [28].

The cyclic voltammograms of the copper complex in the absence and
presence of different amounts of DNA are shown in Fig. 3. In the absence
of CT DNA, the first redox cathodic peak appeared at −0.156 V for
Fig. 2. Effect of increasing amounts of [EB] (×), [CuL(Met)Cl2] (■),[NiL(Met)Cl2] (●) and
[ZnL(Met)Cl2] (▲) on the relative viscosity of DNA. 1/R= [complex]/[DNA] or [EB]/[DNA].



Fig. 3. Cyclic voltammogram of [CuL(Met)Cl2] in buffer pH= 7.2 at 25 °C in the presence
of increasing amount of DNA. Arrow indicates the changes in voltammetric currents upon
increasing the DNA concentration.
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Cu(III)→ Cu(II) (Epa = 0.426 V, Epc =−0.156 V, ΔEp= 0.57 V, and
E1/2 = 0.135 V); in the second redox couple, the cathodic peak appeared
at −0.408 V for Cu(II)→ Cu(I) (Epa = 0.154 V, Epc =−0.408 V,
ΔEp= 0.54 V, and E1/2 =−0.126 V); and in the third redox couple,
the cathodic peak appeared at −0.836 V for Cu(I)→ Cu(0) (Epa =
0.008 V, Epc =−0.836 V, ΔEp= 0.83 V, and E1/2 =−0.404 V). The
Ipa/Ipc ratios for these three redox couples were 1.56, 1.27, and 1.20, re-
spectively, which indicate that reaction of the complex on the glassy car-
bon electrode surface is a quasi-reversible redox process. During the
incremental addition of CT DNA to the complex, the redox couples
caused a less negative shift in E1/2 and decrease of ΔEp (Table 2). The
Ipa/Ipc values also decreased in the presence of DNA (Table 2).

For Ni(II) → Ni(I) the redox couple cathodic peak appeared at
−0.539 V in the absence of CT DNA (Epa =−0.064 V, Epc =−0.539 V,
ΔEp= 0.47 V, andE1/2 =−0.298 V). The Ipa/Ipc ratiowas approximately
unity. This indicates the quasi-reversible redox process of themetal com-
plex. During incremental addition of CT DNA to the complex, the redox
couple caused a negative shift in E1/2 and a decrease in ΔEp. Finally a
quasi-reversible transfer process with the redox couple [Zn(II)→ Zn(0)]
was observed for the Zn(II) complex. The cathodic peak appeared at
−0.532 V in the absence of DNA (Epa =−0.065 V, Epc =−0.532 V,
ΔEp = 0.464 V, and E1/2 =−0.295 V). The Ipa/Ipc ratio was 1.03. This
indicates the quasi-reversible redox process of the metal complex. In-
cremental addition of DNA to the Zn(II) complex resulted in a slight de-
crease in the current intensity and negative shift of the oxidation peak
potential. The resulting minor changes in the current and potential are
indicative of diffusion of themetal complexes bound to the large, slowly
diffusing DNA molecule [29].
Table 2
Electrochemical parameters for interaction of DNA with Cu(II), Ni(II) and Zn(II)
complexes.

Compound Redox couple E1/2(V)a ΔEp(V)b Ipa/Ipc

Free Bound Free Bound

[CuL(Met)Cl2] Cu(III)→ Cu(II) 0.135 0.123 0.57 0.59 1.46
Cu(II)→ Cu(I) −0.126 −0.144 0.54 0.56 1.27
Cu(I)→ Cu(0) −0.404 −0.416 0.83 0.85 1.20

[NiL(Met)Cl2] Ni(II)→ Ni(I) −0.298 −0.341 0.472 0.523 0.95
[ZnL(Met)Cl2] Zn(II)→ Zn(0) −0.295 −0.358 0.464 0.376 1.03

Data from cyclic voltammetric measurements:
a E1/2 is calculated as the average of anodic (EPa) and cathodic (Epc) peak potentials;

E1/2a = EPa + Epc/2.
b ΔEp = Epa − Epc.
Many biologically active compounds used as drugs possess modified
pharmacological and toxicological potentials when administered in the
form of metal-based compounds. Since the novel ligand and its transi-
tionmetal complexes exhibit good DNA binding affinity, it is considered
worthwhile to investigate their other biological activities, such as
antibacterial and antifungal activity. The in vitro antimicrobial activity
of the ligand and its complexes was investigated against the sensitive
two Gram-negative (Escherichia coli and Pseudomonas aeruginosa) and
two Gram-positive (Bacillus subtilis and Staphylococcus aureus) bacterial
strains and for in vitro antifungal activity against Aspergillus niger,
Rhizoctonia bataticola, Candida albicans and Aspergillus flavus, by disc dif-
fusion method. The minimum inhibitory concentration (MIC) values of
the compounds are listed in Tables 3 and 4. The DMF control showed
no activity against any microbial strain. The activity of the complexes
has been compared with the activity of common standard antibiotics,
Kanamycin and Clotrimazole which are shown in Fig. 4a and b
(Tables 3 and 4).

Inspection of these data reveals that the newly prepared Schiff base
and itsmetal complexes showed an amazing effect against thesemicro-
bial strains. Such increased activity of the complexes can be explained
on the basis of Overtone's concept [30] and Tweedy's Chelation theory
[31]. According to Overtone's concept of cell permeability, the lipid
membrane that surrounds the cell favors the passage of only the lipid
soluble materials due to which liposolubility is an important factor,
which controls the antimicrobial activity. On chelation, the polarity of
the metal ion will be reduced to a greater extent due to the overlap of
the ligand orbital and partial sharing of the positive charge of the
metal ion with donor groups. Further, it increases the delocalization of
π-electrons over the whole chelate ring and enhances the lipophilicity
of the complexes. This increased lipophilicity enhances the penetration
of the complexes into lipid membranes and blocking of the metal bind-
ing sites in the enzymes of microorganisms. These complexes also dis-
turb the respiration process of the cell and thus block the synthesis of
the proteins that restricts further growth of the organisms.

Furthermore, the mode of action of the compound may involve for-
mation of a hydrogen bond through the azomethine group with the ac-
tive center of cell constituents, resulting in interferencewith the normal
cell process. Also, the increase in lipophilicity enhances the penetration
of Schiff base and itsmetal complexes into the lipidmembrane and thus
confines further growth of the organism [32].

A comparative study of the ligand and its complexes (MIC values)
indicates that complexes exhibit higher antimicrobial activity than the
free ligand (Fig. 4a and b). From the MIC values, it was found that the
[CuL(Met)Cl2] was more potent among the other investigated com-
plexes. It may be attributed to the atomic radius and the electronegativ-
ity of Cu(II) ions. Current studies reveal that the high atomic radius and
electronegative metal ions in their metal complexes exhibit high anti-
microbial activity. Higher electronegativity and large atomic radius de-
crease the effective positive charges on the metal complex molecules
which facilitates their interaction with the highly sensitive cellular
membranes towards the charged particle.

DNA is the pharmacologic target of many drugs currently in clinical
use or in advanced clinical trials. Small molecules that bind genomic
DNA have proven to be effective anticancer, antibiotic, and antiviral
therapeutic agents [33–35]. Agarose gel electrophoresis assay is a useful
method to investigate various binding modes of small molecules to
supercoiled DNA. Thus, suitably designed metal complexes, after bind-
ing to DNA, can induce several changes in the DNA conformation, such
as bending, ‘local denaturation’ (overwinding and underwinding), in-
tercalation, micro loop formation and subsequent DNA shortening,
leading to a decrease in the molecular weight of the DNA. The photo-
graph, as shown in Fig. 5, shows bands with different bandwidths com-
pared to the control and this is the differentiating criteria for binding
and cleavage abilities of the complexes with pUC19 DNA in this study.
DNA cleavage was controlled by relaxation of the super coiled circular
form of pUC19 into the open circular form and linear form. The general



Fig. 4. a. Minimum inhibitory concentration of the synthesized compounds against the growth of bacteria (μg/mL). b. Minimum inhibitory concentration of the synthesized compounds
against the growth of fungi (μg/mL).
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oxidative mechanisms proposed account for DNA cleavage by hydroxyl
radicals via abstraction of a hydrogen atom from sugar units and predict
the release of specific residues arising from transformed sugars, de-
pending on the position from which the hydrogen atom is removed
[36]. When circular plasmid DNA is run on horizontal gel using electro-
phoresis, the super coiled formwillmigratefirst (Form I). If the strand of
the selected DNA is cleaved by interaction with the metal complexes,
the supercoils will relax to produce an open circular form (Form II)
Table 3
Minimum inhibitory concentration of the synthesized compounds against the growth of
bacteria (μg/mL).

No. Compound MIC (μg/mL)

E. coli P. aeruginosa B. subtilis S. aureus

1 [L] 52 67 62 44
2 [CuL(Met)Cl2] 15 17 22 20
3 [NiL(Met)Cl2] 18 20 25 23
4 [ZnL(Met)Cl2] 28 31 39 43
5 DMF _ _ _ _
6 Kanamycina 10 12 06 10

a Kanamycin is used as the standard.
that moves slower than Form I, whereas with cleavage of both strands
to a linear form (Form III) the resulting system will migrate in between
the above two forms. A control experiment using DNA alone does not
show any significant cleavage of DNA, even after a long exposure time
(Lane 1). Further,when pUC19DNA is allowed to interactwith the com-
plexes, a substantial decrease in the intensities of the bands (Lanes 3–7)
for the metal bound DNA as compared to the untreated control DNA is
Table 4
Minimum inhibitory concentration of the synthesized compounds against the growth of
fungi (μg/mL).

S. No Compound MIC(μg/mL)

A. niger C. albicans A. flavus R. bataicola

1 [L] 56 53 46 62
2 [CuL(Met)Cl2] 9 8 7 11
3 [NiL(Met)Cl2] 12 11 9 13
4 [ZnL(Met)Cl2] 10 9 8 14
5 DMF _ _ _ _
6 aClotrimazole 12 10 8 11

a Clotrimazole is used as the standard.



Fig. 5. Changes in the agarose gel electrophoretic pattern of pUC19 DNA (0.3 mg) by
metal(II) complexes (0.30 mmol L−1) in the presence of H2O2 (100 mmol L−1) in
50mmol L−1 Tris–HCl/50 mmol L−1 NaCl buffer (pH 7.2): Lane 1, DNA alone; Lane 2,
DNA+H2O2; Lane 3, DNA+ [L] + H2O2; Lane 4, DNA+ [CuL(Met)Cl2]; Lane 5, DNA+
[CuL(Met)Cl2] + H2O2; Lane 6, DNA+ [NiL(Met)Cl2] + H2O2 and Lane 7, DNA+
[ZnL(Met)Cl2] + H2O2 respectively.
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observed, which suggests an intercalative binding mode for the com-
plexes (Fig. 5).

These experimental facts demonstrated that a permutation of both
the metal complexes and H2O2 is required to show effective cleavage
of pUC19 DNA. The “chemical nuclease” activity of the [CuL(Met)Cl2]
complex is due to formation of a reactive copper-(I) species that acti-
vates molecular oxygen to form a hydroxyl radical and/or copper-oxo
species that cleaves DNAby abstraction of the deoxyribose sugar hydro-
gen atom [37]. Similarly, [NiL(Met)Cl2] and [ZnL(Met)Cl2] complexes
oxidatively cleave DNA in the presence of H2O2. The results suggest
that adequate binding of the ligand and all the metal complexes causes
change in the conformation of pUC19 DNA. Thus, all the complexes re-
veal an incredible DNA cleavage activity in the presence of H2O2 with
efficiency depending upon the mode of DNA binding as determined by
the nature of the imine ligand. It is believed that the superior cleavage
ability of complexes is due to the reaction of metal ions with H2O2,
which produces diffusible hydroxyl radicals or molecular oxygen at
ease, which in turn damage DNA through Fenton-type chemistry [38].

In summary, novel mononuclear mixed ligand complexes using 4-
aminoantipyrine based Schiff base ligand and methionine (co-ligand)
have been synthesized and characterized by spectral and analytical
data. The IR, electronic transition and NMR studies suggest octahedral
structure for Cu(II), Ni(II) and Zn(II) complexes with two chlorine
atoms in the coordination sphere. Binding induces changes in absorp-
tion along with viscosity measurements revealing that the ligand and
all the complexes could intercalatively bind to DNA. Anti-microbial ac-
tivity study shows that the complexes reveal good biological activity
against different microorganisms. The DNA cleaving activity of metal
complexes with pUC19 DNA under aerobic conditions showsmore pro-
nounced activity in the presence of an oxidant. The investigation of
these issues is a current goal of our groups and will be properly devel-
oped in the future. Nonetheless, the data observed thus far provide a
compelling rationale for the clinical development of [CuL(Met)Cl2] as
a potential anticancer drug. Therefore, [CuL(Met)Cl2] complex exhibits
most potent activitywhichwarrants further investigation. Current stud-
ies are ongoing in our laboratory in order to gain a better insight in the
mechanism of action and water solubility of these complexes, which
may be helpful for the design of new metal-based anti-tumor agents.

Acknowledgments

The authors express their sincere thanks to the UGC, New Delhi for
the financial assistance and the Managing Board, Principal and Head
of the Department of Chemistry, VHNSN College, Virudhunagar, Tamil
Nadu, for their constant encouragement and providing research facilities.

Appendix A. Supplementary material

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.inoche.2013.09.028.
References

[1] P.U. Maheswari, M. Ster, S. Smulders, S. Barends, G.P. Wezel, C. Massera, S. Roy, H.
Dulk, P. Gamez, J. Reedijk, Structure, cytotoxicity, and DNA-cleavage properties of
the complex [Cu(II)(pbt)Br2], Inorg. Chem. 47 (2008) 3719–3727.

[2] X. Dong, X. Wang, M. Lin, H. Sun, X. Yang, Z. Guo, Promotive effect of the platinum
moiety on the DNA cleavage activity of copper-based artificial nucleases, Inorg.
Chem. 49 (2010) 2541–2549.

[3] P.C.A. Bruijnincx, P.J. Sadler, New trends for metal complexes with anticancer activ-
ity, Curr. Opin. Chem. Biol. 12 (2008) 197–206.

[4] J.S. Butler, J.A. Woods, N.J. Farrer, M.E. Newton, P.J. Sadler, Tryptophan switch for
a photoactivated platinum anticancer complex, J. Am. Chem. Soc. 134 (2012)
16508–16511.

[5] Z.D. Matovic, E. Mrkalic, G. Bogdanovic, V. Kojic, A. Meetsma, R. Jelic, Antitumor
effects of a tetradentate amido-carboxylate ligands and corresponding square-
planar palladium(II) complexes toward some cancer cells. Crystal structure, DFT
modeling and ligand to DNA probe docking simulation, J. Inorg. Biochem. 121
(2013) 134–144.

[6] C.H. Ng, K.C. Kong, S.T. Von, P. Balraj, P. Jensen, E. Thirthagiri, H. Hamada, M. Chikira,
Synthesis, characterization, DNA-binding study and anticancer properties of ternary
metal(II) complexes of EDDA and an intercalating ligand, Dalton Trans. 2008 (2008)
447–454.

[7] S. Ambika, S. Arunachalam, R. Arun, K. Premkumar, Synthesis, nucleic acid binding,
anticancer and antimicrobial activities of polymer–copper(II) complexes containing
intercalative phenanthroline ligand (DPQ), RSC Adv. 3 (2013) 16456–16468.

[8] V. Rajendiran, R. Karthik, M. Palaniandavar, H.S. Evans, V.S. Periasamay, M.A.
Akbarsha, B.S. Srinag, H. Krishnamurthy, Mixed-ligand copper(II)-phenolate com-
plexes: effect of coligand on enhanced DNA and protein binding, DNA cleavage,
and anticancer activity, Inorg. Chem. 46 (2007) 8208–8221.

[9] S. Rajalakshmi, T. Weyhermuller, M. Dinesh, B. Unni Nair, Copper(II) complexes of
terpyridine derivatives: a footstep towards development of antiproliferative agent
for breast cancer, J. Inorg. Biochem. 117 (2012) 48–59.

[10] P.R. Reddy, M. Radhika, P. Manjula, Synthesis and characterization of mixed ligand
complexes of Zn(II) and Co(II) with amino acids: relevance to zinc binding sites in
zinc fingers, J. Chem. Sci. 117 (2005) 239–246.

[11] S. Ramakrishnan, V. Rajendiran, M. Palaniandavar, V.S. Periasamay, M.A. Akbarsha,
B.S. Srinag, H. Krishnamurthy, Induction of cell death by ternary copper(II) com-
plexes of L-tyrosine and diimines: role of coligands on DNA binding and cleavage
and anticancer activity, Inorg. Chem. 48 (2009) 1309–1322.

[12] A.A. Soliman, G.G. Mohamed, Study of the ternary complexes of copper with
salicylidene-2-aminothiophenol and some amino acids in the solid state, Thermochim.
Acta 421 (2004) 151–159.

[13] T.K. Goswami, S. Gadadhar, B. Gole, A.A. Karande, A.R. Chakravarty, Photocytotoxicity
of copper(II) complexes of curcumin and N-ferrocenylmethyl-l-amino acids, Eur. J.
Med. Chem. 63 (2013) 800–810.

[14] S. Chandra, D. Jain, A.K. Sharma, P. Sharma, Coordination modes of a Schiff base
pentadentate derivative of 4-aminoantipyrinewith cobalt(II), nickel(II) and copper(II)
metal ions: synthesis, spectroscopic and antimicrobial studies, Molecules 14 (2009)
174–190.

[15] M. Selvaganapathy, N. Raman, Chelating behavior and biocidal efficiency of trypto-
phan based mixed-ligand complexes, Inorg. Chem. Commun. 20 (2012) 238–242.

[16] N. Raman, S. Sobha, A. Thamaraichelvan, Anovel bioactive tyraminederived Schiff base
and its transitionmetal complexes as selective DNA binding agents, Spectrochim. Acta
78A (2011) 888–898.

[17] N. Raman, S. Sobha, Exploring the DNA binding mode of transition metal based bio-
logically active compounds, Spectrochim. Acta 85A (2012) 223–234.

[18] C. Renner, N. Zemitzsch, B. Fuchs, K.D. Geiger, M. Hermes, Carnosine retards tumor
growth in vivo in an NIH3T3-HER2/neu mouse model, Mol. Cancer 9 (2010) 2–7.

[19] A methanolic solution of (20 mL) 4-aminoantipyrine (0.01 mol) was added to a
methanolic solution of p-chlorobenzaldehyde (0.01 mol). The resultant mixture
was refluxed for ca. 3 h. The solid product formed (4-chloro-benzylidene-4-
aminoantipyrine) was filtered, washed, dried and recrystallized from methanol.

[20] [C18H16ClN3O]. Yield: 86%. FT-IR (KBr disc): 1,624 (HC= N), 1,717 υ(C = O) cm−1;
MS: m/z 326. 1H NMR (DMSO-d6) δppm: 7.0–7.5 (phenyl multiplet), 8.8
(s,-CH=N), 2.6 (s,-OCH3), 2.2 (s,-C-CH3), 1.5 (s,N-CH3); 13C NMR (DMSO-d6):
d = 112.37, 118.95, 125.11, 129.05, 131.46, 136.10, 142.12, (aromatic C), 166.15
(CH= N), 158.56 (C= O) ppm; Anal.Calc. for C18H16ClN3O: C, 66.36; H, 4.95; Cl,
10.88; N, 12.90; Found: C, 66.31; H, 4.88; Cl, 10.83; N, 12.86%. λmax in DMF 39,225
and 27,521 cm−1.

[21] To a methanolic solution of Schiff base (0.01 mol) was heated under reflux with the
methanolic solution ofmetal(II) chloride (0.01 mol) inmethanol (20 mL) for ca. 3 h.
To the above mixture, 0.01 mol of L-methionine dissolved in 1:1 water–methanol
(40 mL) was added to a hot methanolic solution (30 mL) of KOH was added and
the reflux was continued for ca. 2–3 h. The resultant product was washed and
recrystallized with methanol. The solid product formed was filtered, washed with
methanol and dried in vacuo.

[22] [CuL(Met)Cl2]. Yield: 75%. FT-IR (KBr disc): 3,220 (NH2), 1,695 υ(C = O), 1,597
(HC= N), 1,610 υasy(COO), 1,406 υsy(COO); 475 (M= O), 448 (M=N), 356
(M= Cl) cm−1; MS: m/z 610. Anal.Calc. for C23H27Cl3N4O3SCu: C, 45.33; H, 4.47;
Cl, 17.45; N, 9.19; S, 5.26; Cu, 10.43. Found: C, 45.26; H, 4.39; Cl, 17.37; N, 9.11;
S, 5.18; Cu, 10.35%. Λm× 10−3(Ω−1 mol−1cm2) 5.45; μeff (BM) 1.98; λmax in DMF
37,593, 43,482 and 13,268 cm−1.

[23] [NiL(Met)Cl2]. Yield: 72%. FT-IR (KBr disc): 3,189 (NH2), 1,689 υ(C= O), 1,574
(HC= N), 1,592 υasy (COO), 1,385 υsy(COO); 463 (M= O), 442 (M=N), 324
(M= Cl) cm−1; MS: m/z 605. Anal.Calc. for C23H27Cl3N4O3SNi: C, 45.69; H, 4.50;
Cl, 17.59; N, 9.27; S, 5.30; Ni, 9.71%. Found: C, 45.54; H, 4.43; Cl, 17.46; N, 9.16; S,

http://dx.doi.org/10.1016/j.inoche.2013.09.028
http://dx.doi.org/10.1016/j.inoche.2013.09.028
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0005
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0005
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0005
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0010
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0010
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0010
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0015
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0015
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0020
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0020
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0020
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0025
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0025
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0025
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0025
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0025
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0165
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0165
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0165
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0165
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0030
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0030
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0030
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0035
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0035
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0035
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0035
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0040
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0040
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0040
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0045
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0045
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0045
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0050
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0050
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0050
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0050
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0055
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0055
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0055
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0060
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0060
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0060
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0065
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0065
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0065
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0065
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0070
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0070
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0075
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0075
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0075
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0080
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0080
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0085
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0085


120 N. Raman, M. Selvaganapathy / Inorganic Chemistry Communications 37 (2013) 114–120
5.22; Ni, 9.63%. Λm× 10−3(Ω−1 mol−1 cm2) 1.28; μeff (BM) 3.08; λmax in DMF
14,509, 15,567 and 22,784 cm−1.

[24] [ZnL(Met)Cl2]. Yield: 81%. FT-IR (KBr disc): 3,148 (NH2), 1,686 υ(C = O), 1,541
(HC= N), 1,586 υasy(COO); 1,378 υsy(COO); 452 (M= O), 426 (M=N) 305
(M= Cl) cm−1;MS:m/z 612. 1HNMR (DMSO-d6) δppm: 6.9–7.2 (phenylmultiplet),
8.6 (s, −CH= N) 2.6 (s, −CH2); 13C NMR (DMSO-d6): d = 112.76, 119.25, 125.86,
129.79, 131.85, 136.92, 142.68, (aromatic C) 21.28–46.47 (Met C), 60.83 (C-NH2),
174.67 (COO−), 157.25 (C= O), 165.47 (CH= N); Anal.Calc. for C23H27Cl3N4O3SZn:
C, 45.19; H, 4.45; Cl, 17.40; N, 9.17; S, 5.25; Zn, 10.70%. Found: C, 45.07; H, 4.37; Cl,
17.31; N, 9.06; S, 5.18; Zn, 10.62%. Λm× 10−3 (Ω−1 mol−1 cm2) 12.32; λmax in
DMF 29,438, 33,109 cm−1.

[25] B.J. Harthway, A.A.J. Tomlinson, Copper(II) ammonia complexes, Coord. Chem. Rev.
5 (1970) 1–43.

[26] M. Patel, D. Gandhi, P. Parmar, Antibacterial, nuclease, and SOD-mimic behaviors of
copper(II) complexes of norfloxacin and phenanthrolines, J. Coord. Chem. 64 (2011)
1276–1288.

[27] D.S. Raja, N.S.P. Bhuvanesh, K. Natarajan, Effect of N(4)-phenyl substitution in
2-oxo-1,2-dihydroquinoline-3-carbaldehyde semicarbazones on the structure,
DNA/protein interaction, and antioxidative and cytotoxic activity of Cu(II) com-
plexes, Inorg. Chem. 50 (2011) 12852–12866.

[28] a) R. Indumathy, S. Radhika, M. Kanthimathi, T. Weyhermuller, B. Unni Nair, Cobalt
complexes of terpyridine ligand: crystal structure and photocleavage of DNA,
J. Inorg. Biochem. 101 (2007) 434–443;

b) M.H. Habibi, E. Shojaee, M. Ranjbar, H.R. Memarian, A. Kanayama, T. Suzuki,
Computational and spectroscopic studies of a new Schiff base 3-hydroxy-
4-methoxybenzylidene(2-hydroxyphenyl)amine and molecular structure
of its corresponding zwitterionic form, Spectrochim. Acta 105A (2013)
563–568.

[29] S. Tabassum, S. Parveen, F. Arjmand, New modulated metallic macrocycles: electro-
chemistry and their interaction with calf thymus DNA, Acta Biomater. 1 (2005)
677–689.

[30] Y. Anjaneyulu, L.N. Murthy, R.P. Rao, Preparation, characterisation and antimicrobial
activity studies on some ternary complexes of Cu(II) with diethythiocarbamate and
8-hydroxyquinolines, Synth. React. Inorg. Met.-Org. Nano-Met. Chem. 16 (1986)
257–272.

[31] N. Dharmaraj, P. Viswanathamurthi, K. Natarajan, Ruthenium(II) complexes con-
taining bidentate Schiff base and their antifungal activity, Trans. Met. Chem. 26
(2001) 105–109.

[32] N. Raman, S.J. Raja, A. Sakthivel, Transitionmetal complexeswith Schiff-base ligands:
4-aminoantipyrine based derivatives—a review, J. Coord. Chem. 62 (2009) 691–709.

[33] M. Maiti, G.S. Kumar, Polymorphic nucleic acid binding of bioactive isoquinoline al-
kaloids and their role in cancer, J. Nucleic Acids 2010 (2010) 1–23.

[34] M.J. Waring, DNAmodification and cancer, Annu. Rev. Biochem. 50 (1981) 159–192.
[35] L.H. Hurley, Secondary DNA structures as molecular targets for cancer therapeutics,

Biochem. Soc. Trans. 29 (2001) 692–696.
[36] G. Prativel, M. Pitie, J. Bernadou, B. Meunier, Furfural as a marker of DNA cleavage by

hydroxylation at the 5′-carbon of deoxyribose, Angew. Chem. Int. Ed. Engl. 30 (1991)
702–704.

[37] D.S. Sigman, T.W. Bruice, A. Mazumder, C.L. Sutton, Targeted chemical nucleases,
Acc. Chem. Res. 26 (1993) 98–104.

[38] J. Prousek, Fenton chemistry in biology and medicine, Pure Appl. Chem. 79 (2007)
2325–2338.

http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0090
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0090
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0095
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0095
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0095
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0100
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0100
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0100
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0100
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0170
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0170
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0170
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0175
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0175
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0175
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0175
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0175
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0115
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0115
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0115
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0120
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0120
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0120
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0120
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0125
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0125
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0125
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0130
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0130
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0135
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0135
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0140
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0145
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0145
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0150
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0150
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0150
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0155
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0155
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0160
http://refhub.elsevier.com/S1387-7003(13)00379-1/rf0160

	Pyrazolone incorporating amino acid metallointercalators as effective DNA targets: Synthesis and in vitro biocidal evaluation
	Acknowledgments
	Appendix A. Supplementary material
	References


