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Co(IT), Ni(IT), Cu(Il) and Zn(II) Schiff base complexes derived from 3-hydrazinoquionoxaline-2-one
and 1,2-diphenylethane-1,2-dione were synthesized. The compounds were characterized by elemental
analyses, molar conductance, magnetic susceptibility measurements, FTIR, UV—-vis, '"H NMR, 3C
NMR, ESR, and mass spectral studies. Thermal studies of the ligand and its metal complexes were
also carried out to determine their thermal stability. Octahedral geometry has been assigned for Co
(II), Ni(II), and Zn(II) complexes, while Cu(Il) complex has distorted octahedral geometry. Powder
XRD study was carried out to determine the grain size of ligand and its metal complexes. The electro-
chemical behavior of the synthesized compounds was investigated by cyclic voltammetry. For all
complexes, a 2 :1 ligand-to-metal ratio is observed. The ligand and its metal complexes were
screened for their activity against bacterial species such as E. coli, P. aeruginosa, and S. aureus
and fungal species such as A. niger, C. albicans, and A. flavus by disk diffusion method. The DNA-
binding of the ligand and its metal complexes were investigated by electronic absorption titration and
viscosity measurement studies. Agarose gel electrophoresis was employed to determine the
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DNA-cleavage activity of the synthesized compounds. Density functional theory was used to
optimize the structure of the ligand and its Zn(II) complex.

Keywords: Thermal studies; Electrochemical; XRD; DNA; DFT

1. Introduction

Schiff base ligands have high coordination capability and can be easily synthesized by con-
densation of primary amines and carbonyl compounds [1]. The azomethine or imino group
has good donor properties and can form stable complexes with transition metal ions [2, 3].
Schiff bases containing heterocyclic moieties have interesting properties due to their diverse
anticancer, antiviral, fungicidal, bactericidal, and anti-HIV activities [4]. The positively
charged metal centers are preferential to bind with negatively charged biomolecules such as
the amino acid residues of protein constituents, ATP, and nucleic acids [5]. Studies of the
interaction of transition metal complexes with DNA have been an active subject in bioinor-
ganic chemistry [6]. The interaction of DNA with transition metal complexes has been of
interest because of its possible application in molecular biology and cancer therapy.
Coordination compounds showed the unique chemical and physical properties as well as
the abilities of their ligands to be adjusted to DNA interaction activities [7]. Literature sur-
vey revealed that studies on the synthesis of quinoxaline-based Schiff base complexes have
importance because of their interesting chemical and biological properties [8]. Quinoxaline
derivatives and their metal complexes have anti-bigram [9], cancer chemopreventive [10],
cytotoxic [11], in vitro cyclooxygenase [12] and antimicrobial [13] activities. There is an
increasing need for the synthesis of new compounds having antimicrobial, DNA-binding,
DNA-cleaving and other activities.

In this study, we describe the synthesis and characterization of transition metal complexes
of a tridentate (ONO donor) ligand having the quinoxaline ring system. In addition to analyti-
cal, spectral, thermal, and electrochemical studies, the complexes have been tested in vitro to
assess their antimicrobial activities against bacterial and fungal species, and the results were
compared with standards. We have carried out the DNA-binding and DNA-cleaving activities
of the synthesized compounds against CT DNA and pUC18 DNA, respectively. The struc-
tural optimization and Density functional theory (DFT) studies of the ligand and one of its
representative complexes are also discussed.

2. Experimental

2.1. Materials

The chemicals used were of AnalaR or synthetic grade; o-phenylenediamine was purchased
from Loba Chemie, India. Oxalic acid, hydrazine hydrate, and metal(I[) acetates were
obtained from Merck and used as received.

2.2. Instruments

Elemental analysis of the ligand and its metal complexes were carried out using a Perkin-
Elmer elemental analyzer. Molar conductances of the complexes were measured using a
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coronation digital conductivity meter. IR spectra were recorded using a Jasco FTIR—4100
spectrometer in KBr pellets from 4000 to 400 cm™'. "H NMR and '>C NMR spectra were
recorded with a Bruker 300 MHz spectrometer using CDCl; for ligand and its Zn(II) com-
plex with TMS as internal standard. DART-MS spectra were recorded on a JEOL-Accu TOF
JMS mass spectrometer. Magnetic moments were measured by the Guoy method and were
corrected for diamagnetism of the component using Pascal’s constants. Electronic spectra
were recorded with a Thermo Scientific Evolution-200 UV—visible spectrophotometer from
190 to 1100 nm. ESR spectra of the Cu(Ill) complex were recorded at 300 and 77 K in
DMSO solution with a Varian, USA E-112 ESR spectrometer using tetracyanoethylene
(TCNE) as g-marker. Thermal analysis was carried out under nitrogen at a heating rate of
10 °C min~" using a Perkin Elmer Diamond TG/DTA analyzer. Cyclic voltammetry mea-
surements were performed with an electrochemical analyzer CH instruments electrochemical
workstation (Model 650 C) using a glassy carbon working electrode (GCE), a Ag/AgCl
reference electrode, and a platinum counter electrode. Powder XRD studies were carried out
with a Bruker AXS D8 Advance X-ray diffractometer.

2.3. Synthesis of ligand

The ligand was synthesized by the following method. To a hot methanolic solution of 3-hy-
drazinoquinoxaline-2-one (2 mmol), methanolic solution of 1,2-diphenylethane-1,2-dione
(2 mmol) was added dropwise with constant stirring at room temperature (scheme 1). To
the above solution, few drops of concentrated H,SO, were added. The mixture was then
refluxed for 4-5h, and the solid formed was filtered, washed with ether, and dried in
vacuum over anhydrous calcium chloride.

2.4. Synthesis of metal complexes

Methanolic solution of metal(II) chlorides (2 mmol) was added to a methanolic solution of
ligand (4 mmol), and the mixture was refluxed on a water bath for 5-6 h. The solid com-
plexes obtained were filtered, washed with hot methanol, and dried in vacuum over anhy-
drous calcium chloride.

2.5. Biological studies

2.5.1. Antimicrobial and antifungal activity /n vifro antibacterial and antifungal activities
of the ligand and its complexes were tested against the bacterial species S. aureus, E. coli,

H
N o H
N N
@ /VE i — N W
NH, Con. H,SO,
N/ N/ 2 O Q e P
N OH 0

3-hydrazinoquinoxaline-2-one 1,2-diphenylethane-1,2-dione

Scheme 1. Synthetic route of the ligand.



Downloaded by [Mizoram University] at 14:37 28 December 2015

2452 C.J. Dhanaraj and J. Johnson

and P. aeruginosa and the fungal species C. albicans, A. flavus, and A. niger by disk diffu-
sion method [14]. Chloramphenicol and nystatin were used as standard antibacterial and
antifungal agents, respectively. The test organisms were grown on nutrient agar (Muller
Hinton agar for bacteria and antimytotic agar for fungi) medium in petri plates. The com-
pounds were dissolved in DMF and soaked in a filter paper disk of 5 mm diameter and
1 mm thickness. The disks were placed on previously seeded plates and incubated at 37 °C.
The diameter of inhibition zone around each disk was measured after 24 h for bacterial and
72 h for fungal species.

2.5.2. DNA-binding experiment

2.5.2.1. Electronic absorption spectral studies. A solution of CT DNA in the buffer
(5 mM Tris—HCI/50 mM NacCl buffer (pH 7.2)) gave a UV absorbance ratio at 260 and
280 nm of about 1.89, indicating that the CT DNA was free from protein contamination.
The CT DNA concentration was determined by UV absorption spectroscopy using the
molar absorption coefficient of 6600 M~ cm™" at 260 nm. The stock solutions were kept at
4 °C and used within four days of preparation.

Electronic absorption titrations were performed in Tris—HCI/NaCl buffer (5 mM
Tris—HCI/50 mM NaCl buffer pH 7.2) using DMF (10%) solution of metal complexes at
room temperature. Absorption titration experiments were made using different concentra-
tions of CT DNA, keeping the complex concentration constant. Correction was made for
absorbance of the CT DNA itself. Metal complex-DNA solutions were allowed to incubate
for 5 min before the absorption spectra were recorded. For metal(IT) complexes, the intrinsic
binding constant (K},) was determined by monitoring the changes of absorption in the
MLCT band with the increase in concentration of DNA using the following equation [15]:

[DNA}/(Sa — Sf) = [DNA]/(Sb — Sf) + I/Kb(Sb — Sf)

where [DNA] = concentration of DNA in base pairs, &, = apparent molar extinction
coefficient, &= molar extinction coefficient of free metal complex, and &, = molar
extinction coefficient of the CT DNA bound-metal complex. A plot of [DNA]/(e, — &)
versus [DNA] gave a slope of 1/(g, — &) and a y-intercept equal to Ky/(e, — &f); Ky, is the
ratio of the slope to the y-intercept.

2.5.2.2. Viscosity measurements. In order to confirm the binding modes of the compounds
with CT DNA, viscosity measurements were carried out using an Ostwald viscometer main-
tained at room temperature (27 = 1 °C). Flow time was measured three times with a digital
stopwatch for each sample, and an average flow time was calculated. Data were presented
as (/n,)"” versus binding ratio. Relative viscosities for DNA were calculated using the
relation, #/n,,

where # = viscosity of CT DNA in the presence of complex and 7, = viscosity of CT DNA
alone.

2.5.3. Cleavage of pUC18 DNA

The cleavage of supercoiled pUC18 DNA to its nicked circular form was studied using
agarose gel electrophoresis. pUC18 DNA (0.3 pg) was dissolved in 5 mM Tris—HCI/5S0 mM
NaCl buffer (pH 7.2) and was treated with the complexes. The mixture was incubated at
37 °C for 1 h and then mixed with the loading buffer containing 25% bromophenol blue,
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0.25% xylene cyanol, and 30% glycerol. Each sample (10> mol, 0.5 pL) was loaded into
1% (w/v) agarose gel. Electrophoresis was undertaken for 2 h at 100 V in Tris—acetate—
EDTA (TAE) buffer (pH 8.0). The gel was stained with ethidium bromide for 5 min after
electrophoresis and then was photographed under a UV transilluminator. To improve the
DNA-cleaving activity of the complexes, hydrogen peroxide (100 uM) was added to each
sample [16]. The DNA-cleavage efficiency of the complexes was measured by determining
the ability of the complexes to convert the supercoiled DNA into nicked circular form and
linear form.

2.6. DFT studies

The geometrical optimization of the ligand and its Zn(II) complex was carried out theoreti-
cally by 6-31G(d,p) and B3LYP/LANL2DZ combinations, respectively, using Gaussian
09W [17] program package without any constraint. The geometry was optimized by DFT
using Becker’s three-parameter exchange functional (B3) [18] in combination with the
Lee—Yang—Parr correlation functional (LYP) [19]. It was accepted as a cost-effective
approach for the computation of molecular structure and energies of optimized structures.
All computational processes of ligand were made using GaussView 5.0.8 [20]. Additionally,
some quantum chemical parameters such as highest occupied molecular orbital (HOMO),
lowest unoccupied molecular orbital (LUMO), HOMO-LUMO energy gap, Mulliken
charges, natural bond orbital (NBO) charges, absolute electronegativity (yaps), absolute hard-
ness (1), chemical potential (x), electrophilicity index (w), and global softness (S) were
calculated. According to Kopmans’ theorem [21],

—Enomo = IE (1)

—Erumo = EA V)]

where IE and EA are ionization energy and electron affinity, respectively. The absolute elec-
tronegativity (yaps) and absolute hardness (7) are related to IA and EA [22] as given below.

Jabs = (IE+EA)/2 = (Enomo+ELumo) /2 3)

n = (IE — EA)/2 = (EHOMO_ELUMO)/Z (4)
Two other properties related to chemical potential (1) [23] and hardness (7) are
electrophilicity index (w) and global softness (S) [24]. These values were calculated using

equations (5)—(7).

u = —(Enomo + ELumo)/2 )]

w=/2n (6)

S=1/n (7)
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3. Results and discussion

The analytical data of prepared ligand and its Co(Il), Ni(Il), Cu(Il), and Zn(Il) complexes
are given in table 1. All complexes are soluble in organic solvents such as DMF, DMSO,
and CHCIj;, but insoluble in water. The ligand and its metal complexes are stable at room
temperature in the solid state.

3.1. Molar conductance

Molar conductance measurement was performed in DMF (107* M) solutions at room
temperature to establish the charge of the metal complexes. The molar conductance data
(table 1) indicate that all metal complexes have low conductivity values in accordance with
non-electrolytes [25].

3.2. IR spectra

From table 2, it is clear that IR spectra of the complexes differ slightly from the IR spec-
trum of free ligand. The spectrum of free ligand shows two strong bands at 1630 and
1678 cm™ ' characteristic of the >C=N (imine) and >C=0 (keto) stretching vibrations,
respectively. These bands are shifted to lower frequencies in spectra of the metal com-
plexes, indicating the involvement of imino nitrogen and keto oxygen in chelation with the
metal ion [26]. The broad band at 3050 cm™' in the IR spectrum of the ligand is assigned
to phenolic —OH stretching vibrations of quinoxaline moiety. The low value of this band is
due to intramolecular hydrogen bonding between the hydrogen of —OH group and the imine
nitrogen (—-OH:-*N=C<) [27]. This band is absent in all metal complexes, suggesting the
involvement of —OH group in bond formation with metal ion in the metal complexes
through deprotonation [28]. The IR spectrum of the ligand exhibits also a strong band at
1321 em™! ascertained to wW(C—O) stretching vibration [29]. The shift of this band to lower
frequencies supports M—O bond formation through deprotonation of phenolic oxygen. The
presence of new bands in the spectra of all metal complexes in the low frequency regions
488-465 cm™' and 689-647 cm™' are characteristic of V(M-N) and v(M-O) stretches,
respectively [30]. These bands are not observed in the spectrum of free ligand.

Table 1. Analytical data and physical data of the ligand and its metal complexes.

Decomposition  Elemental analysis (%) found (calculated) Molar
Yield M. temperature conductivity

Compound (%) Wt (°C) C H N 0 M (@Q'cm®mol )

CaH 6N4O, 88 369 160 71.69 443 1543 845 - -
(71.73) (438) (15.21) (8.69)

C4qH30NgO4Co 75 794 180 6632 372 14.09 808 7.79 7.52
(66.58) (3.81) (14.12) (8.06) (7.43)

C44H30NgO4Ni 80 794 150 6634 3774 1408 810 7.74 9.90
(66.60) (3.81) (14.12) (8.06) (7.40)

CyqH30NgO4,Cu 65 799 195 6648 3770 14.03 805 7.74 6.85
(6620) (3.79) (14.04) (8.02) (7.96)

C4qH30NgO4Zn 73 800 190 66.07 357 1406 8.10 8.20 4.72

(66.05) (3.78) (14.00) (8.00) (8.17)
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Table 2. IR spectral data of the ligand and its complexes (cm ™).

Compound v(NH) w(OH) WC=N) W(C=0) WC-0) v(M-0) v(M-N)
CyoH, ¢N4O, 3336 3050 1630 1678 1321 - -
CaaH3oNg04Co 3343 - 1622 1671 1318 648 488
CaH30NgOsNi 3444 - 1621 1670 1318 689 484
CaaH30N50,Cu 3460 - 1623 1674 1317 647 474
C44H30N504Zn 3418 - 1620 1672 1315 638 465

Based on the IR spectral analysis of metal complexes, it is concluded that the ligand is
tridentate in the complexes, coordinated through phenolic —OH, imino nitrogen, and >C=0
group of 1,2-diphenylethane-1,2-dione (table 2).

3.3. 'H- and ">C NMR spectra

The 'H- and "*C NMR spectra of the free ligand and its Zn(I) complex were recorded in
CDCl; solution using TMS as internal standard.

A singlet at 9.1 ppm has been assigned to free -NH proton [31], which remains unchanged
in the spectrum of Zn(II) complex. This indicates non-involvement of —NH in coordination.
The phenolic —OH proton has a resonance at 4.85 ppm [32], which is absent in the spectrum
of Zn(II) complex revealing participation of phenolic —OH in chelation through deprotona-
tion. The aromatic protons are observed at 7.2-8.0 ppm (figures S1 and S2, see online
supplemental material at http://dx.doi.org/10.1080/00958972.2015.1051475) [33].

In the '*C NMR spectrum (figure S3) of the ligand, the signals for the corresponding
keto, imino, and aromatic carbons are present. The signals at 198.5 and 168 ppm are attrib-
uted to the keto and imino carbons, respectively. Other downfield signals at 128—137 ppm
are assigned to the aromatic and quinoxaline ring carbons [34]. '>*C NMR spectrum of the
Zn(IT) complex (figure S4) shows small shifts of these peaks due to coordination of Zn(II).
This further confirms the proposed structure of the complex.

3.4. Mass spectra

In the DART mass spectrum, the molecular ion peak of the ligand is noted at 369 m/z. The
molecular ion peaks of the Co(II), Ni(I), Cu(Il), and Zn(II) complexes are observed at 794,
794, 799, and 800 m/z, respectively. In addition, the spectra of the ligand and metal com-
plexes show series of peaks corresponding to their various fragments. Elemental analysis
values agree with the values calculated from the molecular formula assigned to these com-
pounds which are further supported by mass spectral studies.

3.5. Electronic spectra

Electronic spectra of the compounds (table 3) were recorded in DMF at room temperature
from 190 to 1100 nm. The electronic spectrum of the ligand exhibits two bands at 235-
278 nm, assigned to intraligand 7—z* transitions of the aromatic rings present in the ligand
[35]. This remains almost unchanged in spectra of the complexes. The band at 314 nm is
assigned to n—z* transitions of the imine (>C=N) and keto (>C=0) groups. In the metal
complexes, this band is shifted, suggesting the coordination of imino nitrogen and oxygen.
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Table 3.  Electronic spectral and magnetic moment data of the metal(I) complexes.

Complex Amax (NM) Band assignments Magnetic moment (BM) Geometry
C44H3,CoNgO, 680 Ty (F) — *Ag, (F) 5.15 Octahedral

588 “Tig (F) = *Tag(P)

395 *Tiq (F) = *Ti, (P)
C44H3oNiNgO, 700 Age (F) = Ty, (F) 291 Octahedral

400 3 Ase(F) = Ty, (P)
Ca4H30CuNgO,4 464 By — “Byg w7 1.98 Distorted octahedral
Cy44H30ZnNgOy — — Diamagnetic Octahedral

The spectrum of Co(II) complex shows three bands. Two bands at 680 and 588 nm are
assigned to 4T1g F) — 4A2g (F) and 4T1g F)— 4T2g (P) transitions, respectively. The band
at 395 nm is assigned to 4T1g F)— 4T1g (P) transition for octahedral geometry. The Ni(II)
complex shows two bands at ~700 and ~400 nm matching to octahedral geometry with the
following transitions: 3A2g (F) — 3T1g (F) and 3A2g (F) — 3T1g (P). The electronic spec-
trum of the Cu(I) complex shows one band at 464 nm, assigned to *B, P 2B2g transition,
indicating that the complex has distorted octahedral geometry [36]. The Zn(Il) complex is
expected to have octahedral geometry.

3.6. Magnetic measurements

Magnetic susceptibility measurements of the powdered complexes were carried out by employ-
ing Guoy’s method at room temperature. Copper sulfate was used as calibrant. The effective
magnetic moment, g, of the metal ions was calculated using the following formula,

Hefr = 2.83 (XmT)l/ZBM

where y,, = molar susceptibility and 7 = absolute temperature. The y.g of the metal ions
was calculated after making proper diamagnetic [37] corrections using Pascal’s constants.
The Co(Il) complex has a magnetic moment of 5.15 BM, in agreement with the reported
values for octahedral Co(II) complexes. The Ni(II) complex shows magnetic moment of 2.91
BM in the expected range of 2.9-3.3 BM, suggesting octahedral environment. The Cu(Il)
complex shows magnetic moment of 1.98 BM, higher than the spin-only value 1.73 BM,
expected for one unpaired electron, monomeric and consistent with distorted octahedral

geometry [38].

3.7. EPR spectroscopy

X-band EPR spectra of the Cu(I) complex recorded in DMSO at liquid nitrogen tempera-
ture (77 K) and at room temperature (300 K) are given in figure 1. The spin Hamiltonian
parameters calculated are given in table 4. The EPR spectrum of the Cu(ll) complex at
room temperature shows a single isotropic broad signal in the high field due to tumbling
motion of the molecules. The EPR spectrum of the Cu(Il) complex at liquid nitrogen
temperature shows four well-resolved peaks [39]. The g, > g, >2.0027 observed for the
complex indicate that the unpaired electron is localized in the dy>_» orbital of Cu(II). From
the observed values, clearly g| =2.30> g, =2.06>2.0027 and the EPR parameters of
the complex coincide well with related systems, which suggests that the complex has dis-
torted octahedral geometry. This is also supported by the fact that the unpaired electron lies
predominantly in the d,>_y2 orbital.
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The geometric parameter G, which is the measure of exchange interaction between the
copper center in polycrystalline compounds, is calculated using the equation G = (g| —
2.0027)/(gL — 2.0027). According to Hathaway [40], if the value of G is greater than four,
the exchange interaction between Cu(Il) centers in the solid state is negligible, when it is
less than four, a considerable exchange interaction is shown in the solid complex. The
calculated G value (4.3) for the copper complex indicates that magnetic interaction between
Cu(Il) ions is negligible in the solid complex [41].

The EPR parameters g ||, g1, &av» 4 || and 4, for the Cu(II) complex and the energies of
d—d transitions were used to evaluate the bonding parameters o, f* and y* which may be
regarded as a measure of the covalency of the in-plane G—bondlng, in-plane m-bonding and
out-of-plane m-bonding, respectively. The values were calculated using the expressions
reported earlier [42] and are given in table 4.

According to Hathaway [43], for pure o-bonding K| ~ K, ~ 0.77 and for 1n-plane

o-bonding K| <K, while for out-of-plane n-bonding K, < K. Further o, f* and §?
values less than unity are expected for 100% ionic character of the bonds. In thlS study, the
Cu(ll) complex has K, <K|| values 1ndlcat1ng the presence of significant out-of-plane
n-bonding. The observed o (0.7284), f* (1.3278) and y* (1.0237) values reveal that there is
significant covalent bonding between the ligand and Cu(Il). The results of EPR parameters,
electronic absorption and magnetic measurement data reveal that the synthesized Cu(Il)
complex has distorted octahedral geometry with significant covalent bonding.

3.8. Thermal studies

Thermal stabilities of the ligand and its metal complexes were studied using TG and DTA
under nitrogen with a heating rate of 10 °C min~' from 40 to 700 °C. All the synthesized
compounds show multistage decomposition pattern. The temperature at which a compound

Figure 1. EPR spectra of the Cu(II) complex at (a) room temperature and (b) liquid nitrogen temperature.

Table 4. Spin Hamiltonian parameters of the Cu(II) complex in DMSO.

Hyperfine
Complex g tensors constant x 107* Bonding parameters
Cy4H30CuNgO,4 8 g1 8av A Il A1 Ay G o ﬁ2 Vz K Ky

230 206 218 132 90 111 43 0.7284 1.3278 1.0237 0.9671 0.7456
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starts its decomposition is represented by T4 [44]. Ty for ligand, Co(II), Ni(II), Cu(Il), and
Zn(Il) complexes are 160, 180, 150, 195, and 190 °C, respectively. The ligand exhibits
three stages of decomposition (figure S5), 160-195 °C, 195-265 °C, and 265-440 °C, with
endothermic DTA peaks at 178, 238, and 320 °C, respectively. The Co(Il) complex shows
three stages of decomposition (figure S6). The first stage decomposition occurs at 180—
320 °C. In DTA, an endothermic peak is at 311 °C. The second stage decomposition occurs
at 320-355 °C with an endotherm in DTA at 351 °C; these two stages of decompositions
correspond to degradation of ligand moiety. The final stage decomposition (355440 °C)
occurs with endotherm at 415 °C. After 415 °C, no decomposition occurs which may be
due to the formation of metal oxide residue in the third stage.

The Ni(I) and Zn(I) complexes show two stages of thermal decomposition. For Ni(II)
complex (figure S7), the first stage of thermal degradation starts at 150 °C and ends at
345 °C. The second stage decomposition is from 345 to 515 °C. These two stages of
decomposition with endothermic DTA peaks at 310 and 418 °C are due to the decomposi-
tion of ligand and metal oxide moieties, respectively. The Zn(Il) complex exhibits two
stages of decomposition (figure S9) at 190-345 °C and 345-395 °C with endothermic DTA
peaks at 317 and 368 °C, respectively. The Cu(Il) complex shows three stages of thermal
decomposition (figure S8). The first-stage thermal decomposition (195-340 °C) with an
endotherm at 312 °C is due to loss of organic moieties from the metal complex. The other
two stages of degradation occur at 340-395°C and 470-560 °C with corresponding
endothermic peaks at 384 and 516 °C, respectively. Thermal analysis results are in agree-
ment with the formulas of the complexes from analytical data. From the Ty values of all
compounds, it can be recognized that the Cu(II) complex has high thermal stability and the
Ni(IT) complex has the least thermal stability. The order of stability varies in the following
order: Cu(Il) > Zn(Il) > Co(II) > Ligand > Ni(II).

Figure 2. Optimized geometry of the ligand (gray balls — C, white balls — H, blue balls — N and red balls — O)
(see http://dx.doi.org/10.1080/00958972.2015.1051475 for color version).
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Figure 3. Proposed structure of the metal complexes [M = Co(II), Ni(I), Cu(IT) and Zn(ID)].

Based on the above results, the optimized structure of the ligand and proposed structure
of metal complexes are given in figures 2 and 3, respectively.

3.9. Electrochemical studies

The cyclic voltammograms of the compounds were recorded at 300 K in DMSO solution
within with scan rate 0.05 V s'. The potential range was —1.0 to 0.6 V for ligand and its
Co(II) and Ni(II) complexes. The potential range for Cu(Il) and Zn(II) complexes was —1.0
to 0.8 V. The cyclic voltammetric data of the compounds (figure S10) are summarized in
table 5. A comparison of cyclic voltammetric data of the ligand with its metal complexes
gives information about the redox reaction of the metal complexes, viz. whether the redox
reaction is metal-centered or ligand-centered.

The ligand shows one irreversible couple with E,. = —0.3 V versus Ag/AgCl and the
associated anode peak at E, =—0.67 V. The large separation AE'=0.97 V indicates irre-
versible couple. The Co(Il) complex shows redox process corresponding to formation of the
quasi-reversible Co(II)/Co(I) couple. The anodic peak is observed at Ey, = —0.57 V versus
Ag/AgCl, and the associated cathodic peak at £, = —0.72 V. The peak-to-peak separation,
AE, for this quasi-reversible process is 0.15 V. The Ni(ll) complex shows two quasi-
reversible peaks at E,, = —0.70 V and E,. = —0.59 V corresponding to Ni(II)/Ni(I) couple.
The peak-to-peak separation, AE,, is 0.11 V. The Cu(Il) complex shows quasi-reversible
cathodic peak at £}, = 0.425 V versus Ag/AgCl corresponding to Cu(II)/Cu(Ill) couple, and
the associated anodic peak at E,,, = 0.025 V. The AE,, is 0.40 V, confirming that the process
is quasi-reversible. The Zn(II) complex shows an irreversible cathodic peak at 0.30 V versus
Ag/AgCl, and the associated anodic peak at E,, = —0.64 V. The peak-to-peak separation,
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Table 5. Cyclic voltammetric data of the ligand and its complexes.

Complex Epe (V) Epa (V) AE, (V) Ioe/lpa
CyoH N4O, 0.30 —0.67 0.97 0.72
CuaH30N504Co —0.72 —0.57 0.15 0.16
CaH30NgOuNi —0.59 -0.70 0.11 0.52
CaaH30N50,Cu 0.425 0.025 0.44 0.84
C44H30N504Zn 0.30 ~0.64 0.94 0.14

AE, is 0.94 V. On comparing the electrochemical parameters of the ligand and Zn(II)
complex, it is clear that the redox behavior of Zn(I) complex is purely ligand-based.

The electrochemical analysis of the complexes reveals that all complexes except Zn(II)
exhibit quasi-reversible redox processes. The separation between cathodic and anodic peak
potentials (AE) for the redox couples is greater than 0.06 V, and the values of peak current
ratio (Ipe/lpa) are not unity [45].

3.10. Powder XRD

Powder XRD patterns of the ligand and its complexes were recorded at 26 = 0-80° and are
given in figures S11-S15. The 26, interplanar spacing d (A), and intensity values are given
as Supplementary Data. All compounds display well-defined crystalline peaks indicating
the complexes as crystalline. The d-spacing values are different for the ligand and its com-
plexes and are attributed to the formation of metal complexes. From the observed dxgrp
patterns, the grain size of the ligand and its complexes were calculated from Schererr’s for-
mula [46], dxrp = 0.94/Cos@, where dxrp is the particle size, 4 is the wavelength of X-ray
radiation, f is the full-width half maximum, and 6 is the diffraction angle for the hkl plane.
From the observed dxrp patterns, the average crystallite sizes of the ligand, Co(II), Ni(Il),
Cu(ll), and Zn(II) complexes are 8.64, 12.03, 10.66, 7.00, and 08.98 nm, respectively,
suggesting that the compounds are in nanocrystalline phase [47].

3.11. Biological studies

3.11.1. In vitro antimicrobial activity

The in vitro antimicrobial activity of the ligand and its complexes are presented in figures 4

(a) and 4(b). The standard error for the experiment is £0.001 mm, and the experiment is

repeated three times under similar conditions. DMF is used as negative control; chloram-

phenicol is used as positive standard for antibacterial and nystatin for antifungal activities.
In this study, the metal complexes possess higher antimicrobial activity than the ligand.

The order of the antimicrobial activity of the synthesized compounds is the following:

Zn(II) > Co(II) > Cu(Il) > Ni(Il) > Ligand

This high antimicrobial activity of the metal complexes may be due to the change in
structure because of coordination and chelation which tend to make metal complexes
more powerful bacteriostatic agents, thus inhibiting the growth of the microorganisms
[48]. The lower activity of the Co(II), Cu(Il), and Ni(Il) complexes may be either due to
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Figure 4(a). Antibacterial activity of the ligand and its metal complexes.
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Figure 4(b). Antifungal activity of the ligand and its metal complexes.

the inability of the complexes to diffuse into the bacterial cell membrane becoming
unable to interfere with its biological activity, or they can diffuse and become inactivated
by bacterial enzymes [49].

3.11.2. DNA-binding studies

3.11.2.1. Electronic absorption spectral studies. Electronic absorption spectrum of Cu(Il)
complex in the absence and presence of CT DNA is shown in figure 5. The Co(II) complex
shows a band at 321.92 nm. On increasing the CT DNA concentration, absorption intensity
decreased (hypochromism) and wavelength increased slightly to 322.40 nm (bathochro-
mism). Similarly, the ligand and its Ni(II), Cu(Il), and Zn(II) complexes exhibit also hypo-
chromism and bathochromism, and the results are given in table 6.

In general, hypochromism associated with bathochromism represents intercalative mode
of interaction. In intercalation, the metal complexes bind with CT DNA through a strong
interaction of aromatic chromophores of the complex with the base pairs of DNA [50]. To
measure the extent of intercalation, the intrinsic binding constant (K},) values of the metal
complexes are determined (table 6) by plotting [DNA] versus [DNA]/(e, — gp) (figure 5).
The K, values obtained in this study indicate that the ligand and its metal complexes are
moderate intercalators. Among the compounds, Zn(II) complex and ligand show higher and
lower, respectively, binding affinities toward CT DNA.

3.11.2.2. Viscosity measurements. Optical or photophysical probes generally provide neces-
sary but not sufficient clues to support an intercalative binding model. Therefore, the
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Figure 5. Electronic absorption spectra of Cu(II) complex in the presence and absence of CT DNA.

Table 6.  Electronic absorption spectral properties of the ligand and its metal complexes.

imax (nm)
Complex Free Bound AA (nm) Hypochromicity (%) Ky (X104) M™!
CyH 6N4O, 314. 57 315.02 0.45 10.50 39
C44H;30NgO4Co 321.92 322.40 0.48 11.40 43
C44H30NgO4Ni 318.94 319.72 0.78 17.90 4.5
C44H30NgO4Cu 312.73 313.31 0.58 13.30 42
C44H30NgO4Zn 312.26 314.13 1.87 22.70 6.3

hydrodynamic method is regarded as one of the least ambiguous and most critical tests of a
binding in solution in the absence of crystallographic structural data [51]. Since viscosity of
DNA is sensitive to its length, it is expected that the intercalating agents will elongate the
double helix and lead to an increase in the viscosity of DNA. Partial or non-classical inter-
calation of compounds could bend or kink the DNA helix reducing the effective length of
DNA, and subsequently, the viscosity decreases [39]. Viscosity measurements were per-
formed by varying the concentration of the compounds with constant DNA concentration.
The effects of metal complexes on the viscosities of CT DNA are shown in figure 6. The
relative viscosity of DNA increased steadily on increasing the concentration of the synthe-
sized compounds. This indicates the occurrence of intercalation between the compounds
and DNA. The DNA-binding affinity of the compounds is in the following order: Zn(II)

> Ni(II) > Co(II) > Cu(Il) > Ligand. These results are inconsistent with those obtained from
electronic absorption spectral studies.

3.11.3. Cleavage of pUC18 DNA

The DNA-cleavage activity of the ligand and its metal complexes with supercoiled pUC18
DNA was monitored by agarose gel electrophoresis in the presence of H,O, as an oxidant.
The DNA-cleavage activity of the compounds is shown in figure 7. Control experiments
using only H,O, did not show any significant DNA-cleavage under similar experimental
conditions (lanes C1 and C2). The ligand and Ni(Il) complexes cleave form-II of DNA,
whereas Co(Il) complex displays upward displacement of both forms of pUC18 DNA.
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Figure 6. Effect of increasing amounts of the ligand and its Co(II), Ni(I), Cu(Il), and Zn(IT) metal complexes on
relative viscosity of CT DNA.
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Figure 7. DNA-cleavage activity of the ligand and its metal complexes [M — Standard DNA molecular weight
marker (1 DNA ECoRI/HindIll double digest, Merck, Bangalore); C1 — Control DNA (untreated sample); C2 —
DNA treated with 100 pM H,O,. Lanes 1, 2, 3, 4, and 5 are DNA treated with ligand, Co(II), Ni(Il), Cu(Il), and
Zn(II) complexes along with 100 uM H,O,].
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An interesting significant separation of both forms of DNA was found with the Cu(Il) com-
plex. This was found because of downward displacement of form-I of DNA. In this study,
the Zn(II) complex completely cleaves both forms of DNA. From the results, it is clear that
the synthesized compounds have significant DNA-cleaving ability in the presence of an
oxidizing agent.

3.12. DFT studies

The structure of the ligand and its Zn(Il) complexes was optimized using B3LYP/6-31G(d,p)
and B3LYP/LANL2DZ basis sets, respectively. The selected geometrical parameters for
ligand and Zn(II) complex are given in tables 7 and 8, respectively. The optimized structure
of the ligand with labeling is given in figure 2.

The energies for second-highest occupied MO (HOMO — 1), the HOMO, the lowest
unoccupied molecular orbital (LUMO), and the second-lowest occupied molecular orbital
(LUMO + 1) were calculated for both the ligand and Zn(II) complex. The calculated ener-
gies of the [HOMO — 1], HOMO, LUMO, and [LUMO + 1] for the ligand are —0.33694,
—0.2990, —0.22181, and —0.19845 a.u, respectively. The energy gaps between [HOMO—
LUMO] and {[HOMO — 1]-[LUMO + 1]} are —0.07719 and —0.11513 a.u, respectively,
for the ligand molecule. The [HOMO — 1], HOMO, LUMO, and [LUMO + 1] energies and
energy gaps between [HOMO-LUMO] and {[HOMO — 1]-{LUMO + 1]} are —0.26507,
—0.23908, 0.00211, 0.02591, —0.24119, and —0.29098 a.u, respectively, for the Zn(II)
complex.

Table 7. Selected geometrical parameters of the ligand.

Bond Bond Bond Dihedral
connectivity length Bond connectivity angle Bond connectivity angle
1(C)4(C) 1.4536  4(C)-15(0)-16(H) 111.6871  13(N)-1(C)-4(C)-14(N) 0.7515
1(C)-13(N) 1.3200  3(C)-14(N)-4(C) 119.2594  19(N)-20(C)—43(C)-32(C) 160.8761
4(C)-14(N) 1.3177 14(N)-4(C)-15(0) 117.5426  14(N)—4(C)-15(0)-16(H) —179.9888
4(C)-15(0) 1.3578  4(C)-1(C)-13(N) 122.3225  13(N)-1(C)-17(N)-18(C) 4.0129
15(0)-16(H) 0.9986 13(N)-1(C)-17(N) 114.9683  1(C)-17(N)-19(N)-20(C) —178.2325
1 (C)-17(N) 1.3994 1(C)-17(N)-18(H) 116.2916  19(N)-20(C)—43(C)—44(0) —19.0056
17(N)-18(H) 1.0183  18(H)-17(N)-19(N) 122.8047  13(N)-1(C)-14(N)-15(0) -178.7668
17(N)-19(N) 1.3400 17(N)-19(N)-20(C) 123.7288  4(C)-1(C)-13(N)-2(C) —0.3188
19(C)-20(N) 1.3112 19(N)-20(C)-43(C) 112.3534  13(N)-1(C)-17(N)-19(N) —177.3391
43(C)—44(0) 1.2536  20(C)-43(C)-44(0) 118.9625  33(C)-32(C)-43(C)-44(0) 153.8523

Table 8. Selected geometrical parameters of the Zn(II) complex.

Bond connectivity Bond length Bond connectivity Bond angle
87(Zn)—43(0) 2.0926 43(0)-87(Zn)-18(N) 65.475
87(Zn)-18(N) 2.5931 43(0)-87(Zn)-15(0) 92.611
87(Zn)-15(0) 1.9265 43(0)-87(Zn)—-61(N) 113.277
87(Zn)-64(0) 2.0965 43(0)-87(Zn)-56(0) 96.618
87(Zn)-)-61(N) 2.7365 87(Zn)-61(N)-59(N) 120.265
87(Zn)-56(0) 1.9091 87(Zn)-64(0)-63(C) 130.580
19(C)-18(N) 1.2894 87(Zn)-18(N)-16(N) 123.472
18(N)-16(N) 1.3212 87(Zn)-56(N)-47(C) 149.553
42(C)-43(0) 1.2431 87(Zn)—43(0)-42(C) 128.626

56(0)-47(C) 1.2952 15(0)-4(C)-14(N) 122.987
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Table 9. Absolute electronegativity (xaps), absolute hardness (7), chemical potential (x), electrophilicity index
(w), global softness (), and dipole moment value for the ligand and its Zn(Il) complex.

Parameters (eV) B3LYP/6-31G(d,p) (ligand) B3LYP/LANL2DZ (Zn(II) complex)
Absolute electronegativity —0.26040 —0.11849

Absolute hardness —0.03859 —0.120595

Chemical potential 0.26040 0.11849
Electrophilicity index —0.87857 —8.46569

Global softness —25.913 —8.29222
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Figure 8. HOMO-LUMO structure with energy-level diagram of the ligand.
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Figure 9. Mulliken atomic charge distribution of the (a) ligand and (b) Zn(II) complex.

The HOMO-LUMO gap increases from soft to hard molecules [52]. The kinetic stabil-
ity and reactivity pattern of a molecule can be ascertained from the HOMO-LUMO
energy separation. If the HOMO-LUMO gap is small, it indicates low kinetic stability
and high chemical reactivity since it is favorable energetically to add electrons to the
LUMO or to extract electrons from the HOMO. Here, the metal complex has lower
HOMO-LUMO energy gap and is more reactive than the corresponding ligand. As
pointed out by Pearson [53], the chemical hardness of a molecule can be known from
HOMO and LUMO energy separation. This in turn predicts their stability and reactivity.
The hardness is directly proportional to the stability. Absolute electronegativity (yaps),
absolute hardness (7), electrophilicity index (w), and global softness (S) values are
calculated using equations (1)—(6) given in the Experimental section and are displayed in
table 9.

The HOMO-LUMO structures with energy-level diagram of the ligand are shown in
figure 8. From the figure, one can say that the HOMO is concentrated on the quinoxaline
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Figure 10. NBO atomic charge distribution of the (a) ligand and (b) Zn(II) complex.

ring, imine >C=N bond, phenolic and carbonyl oxygens. Thus, they act as electron donors
in metal chelates. The LUMO is mainly concentrated on the phenyl ring of benzil.

The atomic charges of ligand and its Zn(I[) complex were obtained from Mulliken and
natural atomic charge analysis with B3LYP/6-31G(d,p) and B3LYP/LANL2DZ basis sets,
respectively, and are given in tables S1 and S2. The results show slight difference between
Mulliken and natural atomic charges. From the atomic charge analysis, it is clear that C(8),
C(9), N(13), C(24), C(28), C(37), C(39), and O(44) have negative charge in both Mulliken
and NBO atomic charge analysis, whereas H(10), H(11), H(12), H(16), H(38), H(40), and
H(41) have negative charge in Mulliken atomic charge analysis. C(6), C(7), N(14), N(15),
N(17), N(15), N(17), C(21), C(22), C(23), C(26), C(32), C(33), C(34), and C(35) have
negative charge in natural atomic charge analysis. The Mulliken and natural atomic charges
of the ligand and Zn(II) complex are shown in figures 9(a,b) and 10(a,b), respectively.
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4. Conclusion

Co(II), Ni(Il), Cu(Il), and Zn(II) Schiff base complexes derived from 3-hydrazinoquionoxa-
line-2-one and 1,2-diphenylethane-1,2-dione were synthesized. Octahedral geometry has
been assigned for Co(I), Ni(I), and Zn(II) complexes. Cu(Il) complex has distorted octahe-
dral geometry. For all complexes, a 2 : 1 ligand-to-metal ratio is observed. The thermal
studies indicate that the metal complexes are thermally more stable than the ligand. Powder
XRD studies reveal that the metal complexes are nanocrystalline. Antimicrobial studies
indicate that metal chelates have higher activity than the ligand. DNA-binding studies using
electronic absorption titration and viscosity methods prove that the complexes exhibit
DNA-binding through intercalation. DNA-cleavage activity of the synthesized compounds
was investigated by agarose gel electrophoretic assay, and the complexes exhibit effective
DNA-cleavage. We have optimized the structure of the ligand and its Zn(II) complex by
DFT method. HOMO, LUMO, HOMO-LUMO gap, Mulliken charges, natural atomic
charges, absolute electronegativity, absolute hardness, electrophilicity index, and global
softness were calculated.
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