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Three dinuclear cobalt(Il), nickel(Il), and copper(Il) complexes (1-3) of a phenol-based ‘end-off’
compartmental ligand, 2,6-bis[1-(N-ethyl)piperazineiminomethyl]-4-methylphenol (HL), have been
synthesized and characterized by spectral analysis. The molecular structure of one of these complexes,
2,6-bis[ 1-(N-ethyl)piperazineiminomethyl]-4-methylphenolato-diaqua-p-hydroxo-p-nitrato-dicobalt(II)
nitrate, [Co,(H,L)(u-OH)(n-NO3)(H,0),](NO3);] (1), was determined by single crystal X-ray
crystallography. The complex exhibits a distorted octahedral geometry around cobalt with a Co—Co
distance of 2.9882(8) A. Electrochemical studies of 1-3 reveal that the redox processes are due to
ligand reactions. The EPR spectrum of 3 showed a broad signal at g=2.11 indicating magnetic
interaction between the two copper ions. The g values for 1 and 3 are 4.94 and 1.93 BM, respec-
tively, which indicate a spin—spin interaction between the metal ions. Complex 3 caused a cleavage of
circular plasmid pBR322 DNA into nicked circular and linear forms in the presence of a co-reactant.
Human epidermoid carcinoma cells, A431, were employed for in vitro cytotoxicity studies of the
synthesized complexes. The ICs value of 3 is lower than that of the other two complexes. The copper
complex (3) exhibited better chemical nuclease and cytotoxic activity than the other two complexes.
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1. Introduction

Attention has been devoted to develop effective, less toxic, and site-specific metal-based anti-
cancer drugs [1]. DNA is the primary target of such drugs since it possesses suitable metal-
binding sites in its structure. The success of platinum-based complexes as anticancer agents
forms the basis for involving transition metal complexes as small molecules for targeting
cancer cells [2]. The interaction of such small molecules with the DNA of cancer cells affects
the cell division and hence, ceases further growth of cancer cells [3]. Transition metal com-
plexes offer diversified features such as structures, redox, and physicochemical properties
which make them suitable for applications including medicine and biotechnology [4].

Compartmental ligands, comprised of macrocyclic and acyclic systems having two or
more coordination chambers in close proximity, provide selective recognition of charged
and/or neutral species at their adjacent chambers. Acyclic compartmental ligands have been
classified as “end-off,” “side-oft,” and polypodal ligands. “End-off” complexes are provided
with one endogenous and one exogenous bridge “side-off” complexes, with two endoge-
nous bridges, whereas the polypodal complexes are provided with two bridges among
which, one is endogenous and the other exogenous bridge may be offered by a suitable
anion. Acyclic multinucleating ligands possessing two chelating arms and central donor
bridges are called “end-off” compartmental ligands. The complexes of these ligands have
different bridging features, which creates an interest in coordination chemistry [5, 6].

“End-off” compartmental dinuclear complexes have been studied for biological signifi-
cance such as urease active site, catechol oxidase, biosites like hemerithryne, ribonucleotide
reductase, phospholipase C, phosphotases, and aminopeptidases; antimicrobial, antiprolifer-
ative, and superoxide dismutase activities [7—14]. Phenol-based “end-off” compartmental
ligands possessing piperazine chelating arms have been rarely used for bimetallic biosites
[15-18]. Understanding the mechanism of DNA cleavage by small molecules along with
the role of active species involved can be correlated to the cytotoxicity of small molecules
[19]. Herein, we report the synthesis, spectral, magnetic, and electrochemical properties of
dinuclear cobalt(Il), nickel(Il), and copper(Il) complexes derived from an “end-off” com-
partmental ligand containing a piperazine side arm, 2,6-bis[1-(N-ethyl)piperazineiminometh-
yl]-4-methylphenol (HL). The chemical nuclease and cytotoxic activities were performed to
test their biological efficacy.

2. Experimental set-up

2.1. Materials and methods

2,6-Diformyl-4-methylphenol has been synthesized according to the literature method
[20, 21]. N-(2-aminoethyl)piperazine was purchased from Sigma-Aldrich Ltd., USA.
4-Methylphenol and hexahydrates of metal(Il) nitrates were purchased from Sd-fine chemi-
cals (India), and the supercoiled (SC) pBR322 DNA was obtained from Genei (India). Sol-
vents were purified by adapting reported procedures [22]. Tetra(n-butyl)ammonium
perchlorate (TBAP) used as the supporting electrolyte in the electrochemical measurements
was purchased from Fluka and recrystallized from hot methanol. All other chemicals and



Downloaded by [Institute Of Atmospheric Physics] at 15:14 09 December 2014

1796 C. Karthick et al.

solvents were purchased from commercial sources and used without purification. Microanal-
yses (% C, H, and N) were performed using a Carlo Erba model 1106 Elemental analyzer.
Infrared spectra were recorded on an ABB Instruments, MB-3000 spectrophotometer using
KBr pellets from 4000 to 400 cm™'. 'H and '>C NMR spectral data were collected on a
Varian-VNMRS-400 in CDCl; solution with tetramethylsilane as an internal standard at
ambient temperature. EI mass spectrum of ligand was recorded using JEOL GCMATE 11
GC-MS and ESI mass spectra of complexes were recorded using a Q-Tof Mass spectrome-
ter. Electronic spectra were recorded using a Perkin Elmer Lambda-45 spectrophotometer
from 200 to 1100 nm. X-band EPR spectra were recorded on a Varian EPR-E 112 spectrom-
eter using diphenylpicrylhydrazine as the reference. Variable-temperature magnetic suscepti-
bilities were recorded in a Lake Shore Cryotronics Inc., Vibrating Sample Magnetometer
Model 7410. Cyclic voltammograms were recorded on an electrochemical workstation of
CH instruments (602D) in an oxygen-free atmosphere using TBAP as the supporting
electrolyte (Caution: TBAP is potentially explosive and hence, care must be taken while
handling this compound).

2.2. Synthesis of 2,6-bis[1-(N-ethyl)piperazineiminomethyl|-4-methylphenol (HL)

To a 50 mL methanolic solution of 2,6-diformyl-4-methylphenol (1.64 g, 10 mM), N-(2-
aminoethyl)piperazine (2.62 mL, 20 mM) was added dropwise with constant stirring, and
the mixture was refluxed for 6 h while the color changes from yellow to orange—red. The
red oil-type compound was obtained on slow evaporation of the solvent. The product was
washed with diethyl ether followed by cold methanol and dried in vacuum.

Yield: 1.91 g (49%). Anal. Caled for C,H34NgO (%): C, 65.24; H, 8.86; N, 21.74. Found
(%): C, 65.22; H, 8.95; N, 21.76. Selected IR data (KBr disk, v cmfl): 3420 v(OH), 2950
v(N-H), 1644 v(C=N). EI-MS: (m/2) 387.09. '"H NMR (CDCls, 400 MHz) J: 2.51 (s, 3H,
CHs), 2.29-2.91 (m, 16H, CH,), 3.74-3.78 (m, 8H, CH,) 5.45 (br s, 2H, NH), 7.45 (s, 2H,
Ar-H), 8.55 (s, 2H, CH=N), 10.23 (s, H, OH). '>C NMR (CDCls, 100.50 MHz) &: 20.22
(CH3), 45.98 (2 CH,), 54.62-59.42 (4 CH,), 127.45 (Ar C), 159.27 (C-OH), 165.23 (C=N).

2.3. Preparation of dinuclear complexes

2.3.1. 2,6-Bis[1-(N-ethyl)piperazineiminomethyl]-4-methylphenolato-diaqua-p-
hydroxo-p-nitrato-dicobalt(II) nitrate (1). To a methanolic solution (25mL) of HL
(039g, 1mM), Co(NO3),'6H,O (0.73g, 2.5mM) in methanol (25mL) was added
dropwise with constant stirring and then refluxed for 3 h. The solvent was evaporated to
one-third of the original volume, filtered, and kept in a CaCl, desiccator. Dark brown
crystals of the complex suitable for X-ray diffraction studies were obtained.

Yield: 0.59 g (73%). Anal. Calcd for C,;HyoN;9OgCo, (%): C, 31.28; H, 4.99; N, 17.36.
Found (%): C, 31.26; H, 5.05; N, 17.37. Selected IR data (KBr disk, v cmfl): 3380 v(OH),
1633 w(C=N), 1600 v(NH,). UV-vis [H,0, Amnax (nm) (/M 'cm™")]: 560 (100), 394
(4608), 263 (16,250). ESI-MS in methanol (m/z): 728.07 [Co,L+H,O+OH +3NO;+
2H]", 627.07 [Co,L + 2NO;T".

2.3.2. 2,6-Bis[1-(N-ethyl)piperazineiminomethyl]-4-methylphenolato-diaqua-p-hydroxo-
p-nitrato-dinickel(II) nitrate (2). This complex was synthesized from HL (0.39 g, 1 mM)
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and Ni(NOj3),-6H,O (0.73 g, 2.5 mM) by following the procedure reported for 1. A pale
green precipitate obtained was washed with diethyl ether and dried under vacuum.

Yield: 0.56 g (69%). Anal. Calcd for C1H49N19OgNi, (%): C, 31.29; H, 5.00; N, 17.37.
Found (%): C, 31.26; H, 5.08; N, 17.39. Selected IR data (KBr disk, v cm™"): 3375 w(OH),
1628 v(C=N), 1567 v(NH,). UV-vis [H,0, Amax (nm) (&/M "' cm™")]: 954 (300), 587 (860),
400 (1000), 274 (15,630). ESI-MS in methanol (m/z): 645.95 [Ni,L+2NO;+OH+H]",
503.92 [Ni,L]".

2.3.3. 2,6-Bis[1-(N-ethyl)piperazineiminomethyl]-4-methylphenolato-diaqua-p-hydroxo-
p-nitrato-dicopper(II) nitrate (3). This complex was synthesized from HL (0.39 g, | mM)
and Cu(NOs;),-6H,0 (0.60 g, 2.5 mM) by following the procedure reported for 1. A dark
green precipitate obtained was washed with diethyl ether and dried under vacuum.

Yield: 0.53 g (65%). Anal. Calcd for Cy;HyoN;9OgCu, (%): C, 30.92; H, 4.94; N, 17.17.
Found (%): C, 30.89; H, 5.03; N, 17.19. Selected IR data (KBr disk, v cmfl): 3367 v(OH),
1620 w(C=N), 1544 v(NH,). UV—vis [H,0, Anax (nm) (&M 'ecm™)]: 648 (100), 372
(2100), 292 (4700). ESI-MS in methanol (m/z): 691.69 [Cu,L +2H,0 + OH +2NO; + H]",
575.65 [Cu,L + NO,T".

2.4. X-ray crystallographic studies

Crystals of 1 were sorted using a polarizing microscope (Leica DMLSP). Crystals were cut
to suitable size and mounted on a Kappa Apex2 CCD diffractometer equipped with graphite
monochromated Mo(Ka) radiation (1=0.71073 A). The intensity data were collected using
w and ¢ scans with a frame width of 1°. The frame integration and data reduction were per-
formed using Bruker SAINT-plus (Version 7.06a) software [23]. Multiscan absorption cor-
rections were applied to the data using SADABS [24]. The sample was stable at room
temperature. The structure was solved using SIR92 [25]. Full-matrix least-squares refine-
ment was performed using SHELXL-97 (Sheldrick, 1997).

2.5. Chemical nuclease activity

The cleavage of SC pBR322 DNA was monitored using the agarose gel electrophoresis
technique in which SC DNA (33.3 uM) was treated with the synthesized “end-off” com-
plexes (1-3) in SmM Tris[tris(hydroxymethyl)aminomethane]-HCI/50 mM NaCl buffer
(pH 7.2) in the absence and the presence of the co-reactant. In each experiment, 4 pL of
plasmid DNA was treated with 6 pL metal complexes of concentrations 50, 100, and
200 uM along with H,O, as a co-reactant (2 pL, 40 uM), and the samples were incubated
for 1.5h at 37 °C. A loading buffer containing 0.25% bromophenol blue, 0.25% xylene cya-
nol, and 30% glycerol (3 uL) was added, and the electrophoresis of the DNA was performed
on agarose gel (0.8%) stained with ethidium bromide (1 pg/mL). The gels were run at S0 V
for 1 h in TAE buffer (40 mM Tris base, 20 mM acetic acid, ]| mM EDTA, pH 8.3). The
resulting bands were visualized by UV light and photographed.

2.6. Cytotoxic activity

The effect of 1-3 on human epidermoid carcinoma cell lines (A431) was evaluated by per-
forming MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay [26].
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Cells were seeded in 48 well plates (8000 cells/well) containing Dulbecco’s modified eagle
medium (DMEM) with 10% Fetal Bovine Serum (FBS), allowed to adhere, and maintained
for 24 h. Later, the medium was replaced with DMEM containing 1% serum. The 12.5, 25,
125, 250, and 500 uM concentrations of complexes were dissolved in water and added to
the cells. The test samples were kept in triplicate. Controls were maintained under similar
conditions without the influence of compounds under study. The plate was incubated at
37°C in 5% CO,. After 24 h, MTT stock solution (5 mg/mL) was added to each culture
well, equal to one-tenth of the original culture volume and incubated at 37 °C for 3—4 h. At
the end of the incubation period, the medium was removed and the blue—purple formazan
crystals formed were solubilized with DMSO. Later, the cell viability was measured spec-
trophotometrically at 570 nm using a multi-plate reader, and the percentage of cell viability
was evaluated using the following equation:

Cell viability (%) = [4s70(sample)/A4s70(control)] x 100

where As;o(sample) refers to the reading from the wells treated with the complexes, and
Asqo(control) refers to that from the wells treated with the medium containing 10% FBS
only.

3. Results and discussion

The “end-off” compartmental ligand, HL, was synthesized by treating one equivalent of
2,6-diformyl-4-methylphenol with two equivalents of N-(2-aminoethyl)piperazine, and char-
acterized by regular physico-chemical techniques. Complexes 1-3 were prepared by the
reaction of HL with the corresponding metal(Il) nitrates (1:2.5) in methanol (scheme 1)
and characterized by microanalysis, IR, UV—vis, and mass spectroscopy. Electrochemical,
magnetic, chemical nuclease, and cytotoxic studies were also carried out for all the com-
plexes.

3.1. Crystal structure

The molecular structure along with atom labeling of 1, [Co,(H,L)(n-OH)(1-NO3)(H,0),]
(NO3y); is given in figure 1. Crystal data and structure refinement are given in table 1 while
selected bond lengths and angles are summarized in table 2. Single crystal diffraction analy-
sis reveals that 1 crystallizes as trigonal crystal system with space group p65. The constitu-
tion of the deprotonated Schiff base ligand (HL) is as expected with the phenolate group
acting as an endogenous bridge. This bridge is markedly symmetric with Co(1)-O(1) and
Co(2)-O(1) distances of 2.078(3) and 2.080(2) A, respectively. In addition, there are two
exogenous bridges: a hydroxyl and a nitrate. The hydroxyl bridge is symmetric with
Co(1)-0(2) and Co(2)-O(2) distances of 1.991(3) and 1.980(3) A, respectively. The nitrate
is also bound symmetrically with Co(1)-O(5) and Co(2)-O(3) at 2.167(3) and 2.239(4) A,
respectively. Two water molecules are coordinated to Co(1) and Co(2) through O(6) and
O(4), respectively, with similar Co—O distances of 2.179(3) and 2.187(3) A with respect to
Co(1)-0(6) and Co(2)-O(4).

Each cobalt ion is six-coordinate, and the donor sets are completed by two nitrogens
from the side arms. The two Co—-N (metal-imine nitrogen) distances viz., Co(1)-N(2)
2.045(3) A and Co(2)-N(1) 2.035(4) A are identical. The geometry around each of the two
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Scheme 1. Synthetic route for the phenoxo-bridged dinuclear “end-off” complexes.

cobalt(IT) nuclei is best described as distorted octahedral, formed by coordination of each
cobalt(IT) with a phenolate oxygen, an imine nitrogen, a piperazine nitrogen, one water mol-
ecule, and two bridges formed by hydroxyl and nitrate groups. The Co(1)-Co(2) distance is
2.9882(8) A which is typical for binuclear Co(I) complexes [27]. As expected, the pipera-
zine rings adopt the chair conformation and protonation of the uncoordinated amine nitro-
gens of piperazine moieties that balance the charge of the complex with the presence of
three uncoordinated nitrates.

3.2. Spectral characterization

The IR spectrum of the ligand showed a broad band at 3420 cm™' due to the presence of
the phenolic v(OH), and the broadness is due to intermolecular hydrogen bonding between
the phenolic and azomethine groups. A medium intensity band at 2950 cm™ ' is attributed to
v(N-H). The sharp band at 1644 cm™' corresponds to the —C=N stretch and, on complexa-
tion, shifts to lower frequency (16331620 cm™"), indicating binding of the metal ion to
nitrogen of azomethine. A band observed at 1600-1544 cm™' for 1-3 may be assigned to
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Figure 1. ORTEP diagram of 1 showing an atom-labeling scheme. Displacement ellipsoids are drawn at the 30%
probability level.

Table 1.  Crystal data and structure refinement for 1.

Empirical formula C51HyoN1906Cos
Formula weight 806.49

Temperature 293+2K

Wavelength 0.71073 A

Crystal system Trigonal

Space group poS

Unit cell dimensions

a(A) 9.95400(10)

b (A) 9.95400(10)

c(A) 57.5400(8)

a (°) 90

£C) 90

7 () 120

Volume (A%) 4937.37(10)

V4 6

Calculated density (Mgm™>) 1.627

Adsorption coefficient (mm ") 1.094

F(000) 2508

Crystal size (mm) 0.20x0.20x0.15

Index ranges ~7<h<11,-11<k<7,-58<][<38
Reflections collected 12,458

Independent reflections 4137 [R(int)=0.0242]
Refinement method Full-matrix least-squares on F>
Data/restraints/parameters 4137/14/490

GOF on F* 1.032

Final R indices [/ < 20(/)] R, =0.0296, wR, =0.0604
R indexes (all data) R, =0.0347, wR,=0.0627

Largest diff. peak and hole 0.284 and —0.232e¢ A3
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Table 2.  Selected bond lengths (A) and angles (°) for 1.
Bond lengths (A)

Co(1)-0(1) 2.078(3) Co(2)-0(2) 1.980(3)
Co(1)-0(2) 1.991(3) Co(2)-0(3) 2.239(3)
Co(1)-0(5) 2.167(3) Co(2)-0(4) 2.187(3)
Co(1)-0(6) 2.179(3) Co(2)-N(1) 2.035(4)
Co(1)-N(2) 2.045(3) Co(2)-N(3) 2.256(3)
Co(1)-N(5) 2.257(4) Co(1)-Co(2) 2.9882(8)
Co(2)-0(1) 2.080(2)

Bond angles (°)

Co(1)-0(1)-Co(2) 91.89(10) N(2)-Co(1)-Co(2) 129.51(11)
Co(2)-0(2)-Co(1) 97.60(12) N(1)-Co(2)-Co(1) 129.04(9)
N@2)-Co(1)-0(1) 86.02(12) N(3)-Co(2)-Co(1) 144.21(10)
N(5)-Co(1)-Co(2) 145.31(9) N(1)-Co(2)-0(4) 87.28(14)
N(2)-Co(1)-0(6) 85.58(14) N(1)-Co(2)-0(3) 89.05(13)
N(2)-Co(1)-0(5) 89.29(13) N(1)-Co(2)-N(3) 82.00(14)
0O(6)-Co(1)-N(5) 92.69(14) 0O(3)-Co(2)-N(3) 86.77(12)
N(2)-Co(1)-N(5) 81.97(13) 0(4)-Co(2)-N(3) 93.08(12)
O(5)-Co(1)-N(5) 85.56(13) 0(2)-Co(1)-0(5) 93.88(12)
O(1)-Co(1)-N(5) 165.35(11) 0O(2)-Co(1)-0(6) 91.35(13)
N(1)-Co(2)-0(1) 86.27(12) 0(2)-Co(2)-0(4) 93.48(14)
O(1)-Co(2)-N(3) 165.52(13) 0(2)-Co(2)-0(3) 90.07(13)

v(NH,), which suggests protonation of the terminal nitrogen of the amine. Broad bands for
the complexes at 3380-3367 and 513-547 cm ™! are assigned to the w(OH) of coordinated
water and vV(M-0), respectively. The intense bands at 1540-1530 cm™ ' can be assigned to
bridging phenoxide [28]. Bands at 1344—1308 and 1046—1032 cm™' suggest the presence of
coordinated nitrate, whereas the band at 1396-1352 cm ! is attributable for ionic nitrate
[29, 30].

Electronic spectra of 1-3 are recorded in water and exhibit the following salient features.
The intense peak below 300 nm is assigned to an intra-ligand charge transfer transition. The
medium intensity broad band at 372400 nm is ascribed to ligand-to-metal charge transfer
transitions [31]. The d—d transition for 1 obtained at 560 nm falls within the range for an
octahedral complex. Complex 2 exhibits bands at 587 and 954 nm which are well suited for
a distorted octahedral geometry. Absorption spectrum of 3 reveals its octahedral geometry
like other Cu(Il) complexes [32] by exhibiting a band at 648 nm. The solid-state ESR
spectrum of 1 is recorded at liquid nitrogen temperature and for 3 at room temperature.
Complex 3 exhibits a broad spectrum (figure 2) with no hyperfine splitting with a value for
g=2.11, indicating the presence of antiferromagnetic interaction between copper ions [33,
34]. The g value for 1 is 3.04 and the large deviation in g value from the spin-only value
(2=2.0023) is due to a large angular momentum contribution.

3.3. Magnetochemistry

The observed room temperature magnetic moment (u.r) values for the dinuclear “end-oft”
complexes 1 and 3 are 4.94 and 1.93 BM, respectively, which lie in the range reported for
six-coordinate Co(II) and Cu(Il) complexes [35, 36], conveying the presence of antiferro-
magnetic interaction between the two metal(I) ions. Temperature-dependent magnetic sus-
ceptibility data for 3 were obtained to gain information about magnetic exchange
interactions. The magnetic susceptibility data for dry, powdered sample were measured from
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300 to 50 K and then suddenly increases to 1.5 x 107> em® M™" at 20 K. Usually in dinucle-
ar complexes the change in magnetic moment with temperature is supported by three fac-
tors: contribution of the orbital momentum, intramolecular magnetic coupling between two
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Figure 3. Plots showing the temperature dependence of y\; and yy 7 for 3.
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metal ions, and intermolecular antiferromagnetic coupling [37]. The antiferromagnetic
coupling between the two Cu ions through the bridging phenoxide ion is attributed to the
unusual magnetic behavior of the complex [38]. This is complemented by a broad EPR
spectrum with no hyperfine splitting. The y\T versus T plot is also indicative of strong anti-
ferromagnetic coupling exchange interaction between adjacent copper ions. The value starts
increasing from 0.005cm®>KM™' at 300K, with lowering the temperature reaching a
maximum at 100 K, and it decreases to 0.042 cm® K M™" at 20 K. The singlet—triplet energy
separation (—2J) is evaluated by fitting the magnetic susceptibility values to the modified
Bleany—Bowers equation [39].

o = (Ng*?/3kT)[3 + exp (—2J/kT)]" (1 — P) + (0.45P/T) + N,

where y\ is the paramagnetic susceptibility per metal atom, N is the Avogadro’s number, g
is the average gyromagnetic ratio, N, is the temperature-independent fraction usually
assumed to be 120 x 10" cm® M ™" for Cu(Il) compounds, f is the Bohr magneton, & is the
Boltzmann’s constant, and P is the fraction of paramagnetic monomeric copper(ll)
impurities. The exchange integral (—2J) value observed for 3 is 209 cm™'. The exchange
interactions are primarily controlled by the Cu—O—-Cu bridge angle. In addition to that, it is
also influenced by the electronegativity of the bridging atom, degree of distortion from
planar geometry, and dihedral angle between two copper planes [40].

3.4. Electrochemistry

In general, “end-off” complexes show quasi-reversible or irreversible waves in the cathodic
potential region [41, 42]. The electrochemical behaviors of ligand (HL) and 1-3 have been
studied by cyclic voltammetry in DMF containing 0.1 M TBAP (table S1 and figures S1 and
S2, Supplementary material, see online at http://dx.doi.org/10.1080/00958972.2014.920501).
The nature of reduction and oxidation waves obtained for the complexes resembles the ones
obtained for HL. The complexes exhibit two irreversible waves in the cathodic as well as
anodic regions, and a one-electron transfer can be assumed for each wave. The reduction
potential values Elpc and E2pc are in the range —0.71 to —0.73 Vand —1.38 to —1.48 V, respec-
tively, whereas the oxidation potential values £ lpa and E2pa are 0.58-0.94 Vand 0.88-1.53 V,
respectively. In the anodic region, 3 exhibits two peaks around 0.60 and 0.94 V, and usually
the oxidation of Cu(Il) is not feasible [43]. Thus, the observed peaks are attributed to ligand
reactions [44]. Based on these facts, we can conclude that the redox processes of 1-3 are due
to ligand reactions and the metal ions have no influence on their redox behavior.

3.5. Chemical nuclease activity

DNA cleavage chemistry associated with redox-active or photo-activated metal complexes
is a useful tool in the characterization of DNA recognition of transition metal complexes
[45]. Different DNA cleavage efficiencies of complexes may occur due to different binding
affinities of complexes to the DNA [46]. In the gel electrophoresis method, segregation of
molecules is based on the relative rate of movement over the gel under the influence of the
electric field. DNA is negatively charged and when it is placed in an electric field, it will
migrate towards the anode and the extent of migration of DNA depends on the strength of
the electric field, nature of buffer, density of agarose gel, and DNA size. DNA cleavage is
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controlled by relaxation of the SC circular form of pBR322 into the nicked circular (NC)
and linear circular (LC) forms. When circular plasmid DNA is run on horizontal gel using
electrophoresis, the fastest migration will be observed for the SC form (Form I). NC form
(Form 1II) will be produced as a consequence of relaxation of the SC form, when a single
strand of DNA alone is cleaved. On the other hand, a LC (Form III) that migrates in
between Form II and Form I will be generated when both strands of DNA are cleaved [47].

Figure 4(a)—(c) represents the cleavage of SC DNA in the presence of 1-3 of concentra-
tions 50, 100, and 200 uM. However, for 1, appreciable cleavage is not obtained in this
concentration range, but at lower concentrations such as 6.25, 12.5, and 25 puM cleavage is
observed. The cleavage efficacy of all complexes increases with increasing concentration of
the complexes.

3.5.1. Nuclease activity in the absence of co-reactant. Hydrolytic cleavage is a simple
form of nuclease activity which does not require any external agents. Lanes 2, 4, and 6
[figure 4(a)—(c)] represent the nuclease activity of 1-3 in the absence of co-reactant. From
these lanes, it is evident that there is a decrease in intensity of Form I (SC) with increase in
intensity of Form II (NC) without any evidence of Form III (LC), indicating a single-strand
DNA breaking by all the complexes. A plausible mechanism for the hydrolytic cleavage
promoted by the dinuclear(Il) complexes, based on reports from the literature [48, 49], is
depicted in scheme 2. Here, the cleavage may be activated by nucleophilic attack on the
phosphodiester bonds via charge neutralization by the Lewis acidity of the central metal
ion. Moreover, the water molecules associated with the complexes may lead to direct hydro-
lysis of diester bonds by attacking the phosphorus, resulting in a trigonal bipyramidal phos-
phorus intermediate leading to cleavage of one of the phosphodiester bonds of DNA. It is
also believed that intramolecular nucleophilic activation essential for hydrolytic cleavage
may take place, due to the associated water molecules. Attempts were also made to study
the dependence of cleavage on altering the incubation period by 30 min in which only a
similar electrophoretic pattern is observed. The nuclease activity of complexes in the
absence of any co-reactant is in the order 3>2>1.

Form II

Form 1

Form II

Form I

Form II
Form 111
Form I

Figure 4. Agarose gel electrophoresis diagram (4a—) showing the cleavage of pBR322 DNA by 1-3 in
Tris—HCI/NaCl buffer (pH 7.2) and incubated for 90 min at 37 °C. Lane 1, DNA control; Lane 2, DNA+1
(6.25 uM) or 2/3 (50 uM); Lane 3, DNA +1 (6.25 uM) or 2/3 (50 uM) + H,0,; Lane 4, DNA +1 (12.5 uM) or 2/3
(100 uM); Lane 5, DNA +1 (12.5 uM) or 2/3 (100 uM) + H,O,; Lane 6, DNA +1 (25 uM) or 2/3 (200 pM); Lane
7, DNA +1 (25 uM) or 2/3 (200 uM) + H,0,; Lane 8, DNA + H,0,.
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Scheme 2. A plausible mechanism for hydrolytic cleavage of DNA by 1-3.

3.5.2. Nuclease activity in the presence of co-reactant. Oxidative cleavage is another
form of nuclease activity which is usually carried out in the presence of a co-reactant. Lanes
3,5, and 7 [figure 4(a)—(c)] represent the nuclease activity of the complexes in the presence
of H,O, as co-reactant. Interestingly for 3, all three forms are visible on the gel, suggesting
that 3 is involved in double-strand DNA cleavage to generate Form III (LC) before convert-
ing all of the Form I (SC) to Form II (NC) through single-strand breaking [figure 4(c)],
showing prominent cleavage efficacy of 3 in the presence of co-reactant. In order to gain
information on the involvement of reactive oxygen species (ROS), cleavage activity was
carried out in the presence of the hydroxyl radical scavenger DMSO [50] for all complexes
and inhibition of nuclease activity was observed, suggesting active participation of diffus-
ible hydroxyl radical as ROS [19, 51]. A suitable pathway for generation of ROS necessary
for nuclease activity is depicted in scheme S1 (Supplementary material). Under the experi-
mental conditions, cleavage ability of complexes follows the order 3>2>1, inferring that
these complexes are good nuclease agents.

The nuclease activity of 1-3 appears to follow both hydrolytic and oxidative via free rad-
ical pathways similar to other reported phenoxo-bridged complexes [18, 52, 53]. The elec-
trophoretic pattern also shows higher nuclease activity in the presence of the co-reactant
H202.
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Figure 5. Concentration of 1-3 in uM vs. % of cell viability.

3.6. Cytotoxic activity

Cytotoxicities of 1-3 were examined on human epidermoid carcinoma cell lines (A431), by
maintaining the cells in varying concentrations of the complexes for 24 h, using the MTT
reduction assay. This assay is an index of cell viability by detecting the reduction of yellow
tetrazolium salt to purple-blue formazan, developed as a result of a metabolic change which
is a mitochondrial enzyme activity of succinate dehydrogenase in living cells. The inhibi-
tory concentration required to reduce the size of cell population by 50% (ICso value) for
1-3 are 305, 204, and 80 uM, respectively. Results of the MTT assay (figure 5) clearly indi-
cate that these complexes inhibited the growth of epithelial cancer cells significantly in a
dose-dependent manner. A considerable inhibitory effect is observed for 1 only beyond
125 uM concentrations. The cytotoxic activity of 2 is gradually increased with increasing
concentration of complex from 12.5 pM onwards. Complex 3 exhibits more reduction in
the viability of carcinoma cells than 1 and 2, because its ICso value is the least among the
three complexes. Significant activity on cell lines is observed for 3 beyond 25 uM concen-
tration and even at a minimal concentration of 125 uM itself, the cell viability was found to
be as low as 13%.

The growth inhibition of carcinoma cells is due to inhibition of replication and transcrip-
tion processes, which arises due to interaction of the metal complexes with DNA [54, 55].
Based on ICsq values, the cytotoxicity of the complexes can be expressed in the order 3>2
>1 and the same trend is observed in the nuclease activity. These observations suggest
prominent cytotoxicity of the complexes is consistent with the nuclease activity. The signifi-
cant cytotoxicity of 3 is comparable to that observed for other dinuclear Cu(Il) complexes
tested against human heptocellular carcinoma cell line SMMC-7721 and human lung ade-
nocarcinoma cell line A549 [56].

4. Conclusion

The present contribution describes the synthesis of a series of homo dinuclear cobalt(I),
nickel(IT), and copper(Il) complexes (1-3) using an “end-off” compartmental ligand, HL.
The structure of 1 was established by X-ray crystallography. X-ray crystal structural investi-
gation of 1 along with spectral studies revealed distorted octahedral geometry around the
metal ions. The temperature-dependent magnetic properties of 3 show a strong antiferro-
magnetic interaction between paramagnetic centers. The dinuclear copper(Il) complex 3
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represents significant cytotoxic and nuclease activities. On the whole, a similar trend is
observed for chemical nuclease and cytotoxic activities of the complexes, which follow the
order 3>2>1. Detailed antitumor mechanistic investigations on the dinuclear phenoxo-
bridged “end-off” copper(Il) complex and other complexes with related ligands bearing dif-
ferent substituents on the aromatic ring are currently underway.

Supplementary material

CCDC 880739 contains the supplementary crystallographic data for the dinuclear Co(II)
complex 1. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Center, 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: +44 1223 336 0330).
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