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A series of Ni(Il), Cu(Il), and Zn(II) complexes of 2-aminobenzamide(2AB : L) and some imidazole
enzyme constituents(B) viz., imidazole(him), benzimidazole(bim), histamine(hist), and L-histidine
(his) have been synthesized and characterized using analytical and various spectral studies. Vibra-
tional spectral data of the synthesized complexes reveal that the ligands bind with metal(I) ions
through nitrogen and oxygen. The calculated g-tensor values of Cu(Il) complexes suggest that the
unpaired electron is localized in the d,>_,» orbital. The results obtained from the spectral studies con-
firm the distorted octahedral environment around the metal(II) ions. Their powder XRD indicates
microcrystalline nature and SEM pictographs identify their uniform surface morphology. Cu(Il) and
Ni(Il) complexes show biological, antioxidant, and DNA activities when compared to free 2-
aminobenzamide. Equilibrium studies have been carried out pH-metrically in 50% (v/v) water—etha-
nol mixture at 37 °C and /=0.15 mol dm™> NaClO,4. Analysis reveals the presence of certain
heteroligand species viz., MLBH/MLB/MLB,, in addition to various primary species. In MLB/
MLB; species, 2AB(L) binds with M(II) ions via N-amino and O-amido, whereas the ligands(B)
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him and bim are monodentate, hist and his are bi and tridentate, respectively. The stabilization
parameters A log K, log X, log X', and % RS clearly indicate all the heteroligand complexes have
higher stabilities than their primary.

Keywords:  2-Aminobenzamide; Imidazoles; Heteroligand complexes; Stability —constant;
Pharmacological and DNA studies

1. Introduction

Interaction of bioactive molecules which contain hard and soft donor N-, O-, and/or
S-ligating sites with transition metal(Il) ions to form the heteroligand complexes leads to
the revolution of various physicochemical and biological properties in the living systems [1,
2]. Heteroligand complexes have been used as effective therapeutic agents in various
medical and cosmetic fields [3, 4]. Benzamide and its substituted derivatives are widely
used as drugs since they possess a broad spectrum of biological activities such as anal-
gesics, antiprion, antiemetic, anthelmintic, antihypertensive, antidyskinetic, antibacterial,
antifungal, antimalarial, antipsychotic, anti-inflammatory, antihistaminic, antileukotriene,
antioxidative, antithrombotic, anticonvulsant, anti-HIV-1, and antihelicobacter pylori activi-
ties [5, 6]. Also, their derivatives (Epidepride, Fallypride, and Isoremoxipride) are widely
used as high-affinity radioligands for PET (Positron Emission Tomography) imaging of
dopamine D2/D3 receptors in the human brain [7]. They act as potent and selective histone
deacetylase enzyme (HDAC) and poly(ADP-ribose)polymerase (PARP) inhibitors. The fac-
tor X, (FX,) is a trypsin-like serine endopeptidase, which converts prothrombin zymogen
into its active thrombin form in the blood coagulation cascade [8]. 2-Aminobenzamide
(Anthranilamide: 2AB) and its derivatives are widely used as selective and potent FX,
inhibitors [8], i.e. they have been employed as novel anticoagulant drugs for curing
thromboembolic disorders. Also, they are used as fluorescent reagents for labeling of
oligosaccharides in HPLC technique for analysis of protein glycosylation [9].

Metals are essential trace elements to humans, higher animals, and plants [10]. Hetero-
cyclic imidazole ring moieties containing bioactive organic groups can potentially mimic
the binding sites and catalytic activities of numerous enzymes [11]; they also possess a wide
range of pharmacological activities. Imidazole nitrogen donor of histidine residue is the
most common binding site of many metalloproteins and so shows a profound effect on bio-
logical actions [10, 12]. A part of the nucleotide portion of vitamin B, has benzimidazole
and these ring moieties are widely used in modern medicinal and clinical fields [13]. Inves-
tigations on heteroligand complexes with nucleic acids are important for the design and
development of genetic material structures and functions, metallodrugs, and bioactive
agents in chemotherapeutic agents, footprinting agents, spectroscopic probes, molecular
photoswitches, and diagnostic tools in medical fields [14]. Oxidative cleavage interactions
of DNA in photochemical methods have been applied in the field of photodynamic therapy
of cancer [15].

In continuation of our recent reports [16—-20], the major goal of the present work is to
synthesize Ni(II), Cu(Il), and Zn(II) complexes from 2-aminobenzamide (2AB : L) and
some imidazoles ligand(B) viz., imidazole (him), benzimidazole (bim), histamine (hist), and
L-histidine (his) (figure 1). The synthesized complexes were structurally characterized by
analytical and spectral techniques. In vitro biological and antioxidant activities of free 2AB
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Figure 1.  Structure of primary and secondary ligands.

(L) and its heteroligand complexes have also been studied and the results were compared
with the standard controls. The binding and oxidative cleavage interactions of heteroligand
complexes with CT-DNA were investigated. In addition, the solution equilibria of primary
and heteroligand complexes have been studied pH-metrically in 50% (v/v) water—ethanol
mixture containing /= 0.15 mol dm™ (NaClO,) at 37 °C.

2. Experimental

2.1. Materials and physical measurements

All the chemicals and solvents used in this work were extra pure analytical grade and pur-
chased from Sigma-Aldrich and Fluka (Puriss) products without further purification. The
solvents used for the preparation and physical measurements were purified according to the
literature methods [21]. CT-DNA was purchased from Genie, Bangalore. Carbonate-free
NaOH solution (0.3 M) was prepared from a Titrisol (Merck) solution and its concentration
was standardized against standard potassium hydrogen phthalate solution by appropriate
Gran titrations [22]. Metal perchlorates and other solutions were prepared and estimated as
described earlier [16, 18]. Triply distilled CO,-free water with specific conductance equal to
(1.81 £0.1 A" ecm™") was used for the preparation of all solutions. Melting points (m.p.)
of the complexes were determined on a Gallenkamp apparatus in an open glass capillary
tube and are uncorrected. Micro-analytical data were performed on an Elementar Vario EL
III CHNS analyzer and the metal(II) content in the complexes was estimated gravimetrically
by the standard ammonium oxalate method. Molar conductance (A,,) of the complexes
(1 x 107 mol solution in DMSO) was measured using an Elico CM 180 conductivity
bridge with a KCl solution as calibrant. Fast-atom bombardment mass spectra (FAB-MS)
were recorded using a VGZAB-HS spectrometer in a 3-nitrobenzylalcohol matrix. Magnetic
susceptibility measurements were carried out on a Gouy balance at room temperature using
mercuric tetra(thiocyanato)cobaltate(II) as the calibrant and the diamagnetic corrections
were applied in compliance with the Pascal’s constant [23]. Electronic spectra (200—
1100 nm) were measured using a Hitachi U-2000 double-beam spectrophotometer. IR spec-
tra were recorded as KBr disks on a JASCO FT/IR-410 spectrometer (400-4000 cm™").
The X-band EPR spectrum of Cu(Il) complexes at room temperature and liquid nitrogen
conditions were recorded on a Varian ESR spectrometer using DPPH as internal standard.
The proton NMR spectral observation of the diamagnetic Zn(II) complexes was carried out
in DMSO-d¢ at room temperature using tetramethylsilane (TMS) as internal standard on a
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Perkin Elmer R-32 spectrometer. Powder X-ray diffraction (PXRD) patterns were recorded
on a Bruker AXS D8 advance powder X-ray diffractometer (Detector: Si(Li)PSD, X-ray
source: Cu, wavelength: 1.5406 A). DNA binding was recorded in 50% (v/v) water—ethanol
mixture on a Hitachi U-2000 double-beam spectrophotometer. The 3-D molecular modeling
of the synthesized heteroligand Ni(Il) complexes was carried out on the CS Chem 3-D Ultra
Molecular Modeling and Analysis Program [24] and the structure of the complexes were
constructed using Chem Draw Ultra 11.0.

2.2. General procedure for the synthesis of heteroligand MLB complexes

2-Aminobenzamide (0.136 g, 1 mmol) was completely dissolved in hot 50% (v/v) water—
ethanol mixture (10 mL) and added drop by drop to the metal(Il) acetate salts
[Ni(CH3COO),:4H,0 (0.250 g, 1 mmol) or Cu(CH;COO),-H,O (0.200 g, 1 mmol) or Zn
(CH3COO0);,-2 H,0 (0.220 g, 1 mmol)] in an aqueous (10 mL) medium and stirred at room
temperature for 2-3 h. To this solution, aqueous solution (10 mL) of imidazole (0.070 g,
1 mmol) or benzimidazole (0.120 g, 1 mmol) or histamine (0.110 g, 1 mmol) or L-histidine
(0.160 g, 1 mmol) were added and refluxed for 6-8 h on a water bath. The reaction mixture
was maintained at pH 7.4 by adding a few drops of aqueous Na,CO; solution. The resulting
solution was reduced to 1/3 of its original volume by water bath and kept aside. On
standing, the solid complexes were collected by vacuum filtration, washed several times
with cold and hot water, ethanol and anhydrous ether. The complexes were obtained as
powders, dried in air, and stored in vacuo over anhydrous CaCl, at room temperature
(Yield: 60-75%).

2.3. Pharmacological studies

2.3.1. Biological activity. The in vitro biological activities of free 2-aminobenzamide and
its M(II)-2AB(L)-him/bim/hist/his(B) complexes were tested against some pathogenic bac-
terial species such as Escherichia coli, Staphylococcus saphyphiticus, Staphylococcus aur-
eus, and Pseudomonas aeruginosa using Mueller-Hinton nutrient agar and fungal species
such as Aspergillus niger, Enterobacter species, and Candida albicans using potato dex-
trose agar as the medium by modified well diffusion technique [25]. The test solution of
free 2AB(L) and its heteroligand complexes (3 x 10> mol) were prepared by dissolving the
samples in DMSO and kept dry at room temperature. The purity of the overnight cultures
was checked after an incubation period of 8 h. After 8 h, the older micro-organism species
inoculums containing approximately 10°~10° colony-forming units per cm® were used in
these analyses. All the analyses were made in three replicates for each and the detailed pro-
cedure for measuring the zone of inhibition values (in mm) as described earlier [16, 17].
The zone of inhibition values were compared with tetracycline (for antibacterial) and nys-
tatin (for antifungal) control drugs (3 x 1073 mol), respectively. The zone of inhibition is
given as the average of three independent determinations.

2.3.2. Antioxidant activity. In vitro antioxidant activities of free 2-aminobenzamide
(2AB : L) and its complexes have been investigated by DPPH (2,2-diphenyl-1-picrylhy-
drazyl) free radical scavenging model according to the Blois method [26]. The stock solu-
tions (250 umol) for free 2AB(L) and its complexes in DMSO (20 mL) were prepared.
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Different concentrations (10, 20, 30, 40, and 50 pmol) from the stock solutions were made
by dilution. One milliliter samples of each solution of different concentrations were taken
in different test tubes and 0.1 mmol ethanolic DPPH solution (4 mL) was added and the
reaction mixture was shook vigorously for 2-3 min. Then, each tube was incubated in the
dark room for 30 min at room temperature. A blank DPPH solution (without sample) was
used for the baseline correction because the odd electron in the DPPH-free radical
gives a strong absorption maximum (1. at 517nm (purple color with
£=8.32 x 10’ mol™' cm™") using a Hitachi U-2000 double-beam spectrophotometer. After
incubation, the absorbance values of each solution were measured at 517 nm and a change
(decrease) in the absorbance (1,,,«) values indicated that the complexes have significant free
radical scavenging activity. Ascorbic acid was used as the reference or positive control and
the free radical scavenging activity (in %) was calculated using this formula:

A -4
Radical scavenging activity (%) = (Aconvol = Asampte) x 100

Acontrol

where Aconror 18 the absorbance of the control without the ligand or complexes and Agampic
is the absorbance of the ligand or complexes. Each analysis was made in triplicate and the
mean results were compared with the control.

2.4. Interaction between heteroligand MLB complexes with DNA

The DNA experiment was carried out in Tris buffer (5 mmol Tris—HCI, 5 mmol NaCl, pH
7.2) with the complexes in DMSO. The CT-DNA concentration per nucleotide [C(p)] was
determined by electronic absorption spectroscopy using the molar absorption coefficient
(e = 6600 mol ™' cm™") value at 260 nm [27]. The purity of the CT-DNA was checked by its
absorbance values at 260 nm, 280 nm and the ratio A,¢¢/A230 Was found to be 1.87, indicat-
ing that CT-DNA was sufficiently free from protein contamination [28]. The stock solution
(in 1 : 100 dilutions at 4 °C) was not used after four days. Doubly distilled, CO,-free water
was used to prepare the buffer and other required solutions.

2.4.1. Binding studies. The interaction between the MLB complexes and DNA were stud-
ied by electronic absorption and fluorescence techniques.

2.4.1.1. Electronic absorption study. The electronic absorption spectra of the synthesized
heteroligand complexes (1 x 107> M) were recorded in the presence and absence of
CT-DNA in DMSO solution in Tris buffer. The binding experiments were done by varying
the concentration of CT-DNA concentration (0—100 pmol) while keeping the complexes’
concentration as constant. After successive addition of CT-DNA to the complex solution,
the resulting mixture was shaken then allowed to equilibrate (5-10 min) at room tempera-
ture and the absorption values were recorded. The DNA-binding titration processes were
repeated until there was no change in the spectra, which indicated binding saturation was
attained. To know quantitatively, the binding strength (intrinsic binding constant: K},) of the
complexes was evaluated with increasing CT-DNA concentration using the function
equation [29] as follows:
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[DNA]  [DNA] 1

(6a— &) (e —er) Ko(ep — &r)

where ¢, &,, and ¢, are the molar extinction coefficients of the free complex in solution,
completely bound form of the complex to CT-DNA, and complex bound to CT-DNA at a
definite concentration, respectively. The observed absorption data were then fitted into the
above equation, i.e. a plot of [DNA]/(e, — &) versus [DNA] gave a straight line with a
slope of 1/(&, — &) and a y-intercept of 1/Ky (e, — &¢). The K, value was determined from
the ratio of the slope to y-intercept [30].

2.4.1.2. Fluorescence study. The binding affinity of the heteroligand complexes to
CT-DNA was also determined by a fluorescent spectral technique using ethidium bromide
(EB) bound CT-DNA solution in Tris buffer (5 mmol Tris—HCI, 5 mmol NaCl, pH 7.2)
medium. In a typical fluorescence binding experiment, the fixed concentration of the
heteroligand complexes (1 x 107> mol) was titrated with the increasing amounts of CT-
DNA (0-100 pmol) in EB (1 x 10> mol) solution [31]. In the presence of CT-DNA, EB
emits an intense fluorescence intensity which is due to its strong intercalative binding to
DNA, whereas the addition of complex to CT-DNA shows a decrease in the emission inten-
sity of EB. The fluorescence spectra were recorded at room temperature with excitation
intensity (4ex) at 546 nm and emission intensity (4e,) at 602 nm. A control experiment was
also done with the EB solution (without CT-DNA) for the baseline correction of the fluores-
cence intensity.

2.4.2. Oxidative DNA cleavage study. The oxidative DNA cleavage activities of free
2-aminobenzamide (2AB) and its Cu(ll) complexes (2a-2d) with calf thymus DNA
(CT-DNA) were monitored by agarose gel electrophoresis. The experiments were performed
under aerobic conditions with H,O, as oxidant by incubation at 37 °C for 2 h as follows:
CT-DNA, 30 pmol, 50 umol of each heteroligand complex, 50 pmol of H,O, in 50 mmol
Tris—HCI buffer (pH 7.2) containing 50 mmol NaCl solution. After incubation, 1 pL of
loading buffer (bromophenol blue in H,O) was added to each tube and the samples were
loaded on 1% agarose gel. The samples were examined through electrophoresis at a con-
stant voltage (50 V) for 2 h in Tris—acetic acid-EDTA buffer (40 mmol Tris—acetate,
1 mmol EDTA, pH 8.0). After electrophoresis, the gel was stained for 30 min by immersing
it in 1 pg cm > EB solution. The DNA cleavage was visualized by viewing the gel under
ultraviolet (UV) light and photographed.

2.5. pH-metric and spectrophotometric measurements

The pH-metric titrations were carried out using a digital pH meter (Elico LI Systems 127)
with a combined glass and calomel electrode (accuracy of +0.01 pH unit) in 50% (v/v)
water—ethanol mixture at 37 °C under an N, atmosphere and the instrument was calibrated
periodically using standard buffer solutions [32]. The temperature of each solutions were
maintained using a Toshniwal GL 15.01 thermostat bath with an accuracy of £0.1 °C. The
ionic strength (/= 0.15 mol dm™>) of the entire title complexes was maintained by addition
of sodium perchlorate as supporting electrolyte. The titrations were carried out on aliquots
(50 mL) of solution containing low concentrations of corresponding metal(Il) perchlorate
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(3 x 107 mol), 2AB(L) and imidazole ligands (B) in 1:1:1 and 1:1:2 ratios with
known volume of standard CO,-free sodium hydroxide solution. All the calculations
involved in the potentiometric study within the pH range of 2.5-9.0 (50-70 observations;
volume of base/pH) are given in table S1 (Supplementary data file). The obtained pH-metric
data were computed with the aid of SCOGS computer program [33]. All the calculations
have been restricted to complexes below pH 9.0 since the region above this pH is compli-
cated due to hydrolysis. By increasing the pH level (>9.0), the titled complexes undergo
hydroxylation and form [M(OH),] as precipitate and thus, no calculations have been
implemented beyond this point. Therefore, a critical evaluation of the hydroxo complexes
will not be performed in the present estimation. Oxygen-free N, gas was bubbled through
the solution before and during titrations. The pH-meter readings in 50% (v/v) water—ethanol
medium were corrected by the Van Uitert and Haas relation [34]. The ionic product of water
(Kw) was calculated in 50% (v/v) water—ethanol medium based on the measurement of
[H'] and [OH] at constant /= 0.15 mol dm™> NaClO, medium. The obtained Ky (14.39

+0.02 at 37 °C) value of the complex is in agreement with the already reported data [35].
The protonation and primary stability constant of ligands (B) were redetermined under the
same experimental conditions. Multiple titrations were carried out for each complex and the
formation of various species distribution curves of the metal speciation in solution were cal-
culated by HySS program [36]. Under the same experimental condition, the maximum con-
centration of the complex species at different pH (ca. 2.0-9.0) intervals (from the
supporting of pH-metric studies) were freshly prepared and their electronic spectra were
measured on a Hitachi U-2000 double-beam spectrophotometer (cell length, 1 cm) from
200 to 1100 nm at 37 °C.

3. Results and discussion
3.1. Solid-state study of the MLB complexes

3.1.1. Analytical, FAB-MS, and conductivity measurements. All the synthesized
heteroligand MLB complexes have characteristic color with good yield, stable in the
absence of air and moisture, and non-hygroscopic in nature. The analytical and various
physicochemical properties of the complexes are summarized in table 1. From the analytical
data, the synthesized complexes agree well with the calculated values and confirmed
1:1:1 (metal : 2-aminobenzamide : imidazole) molar ratio. The conductance (A,,) of the
title complexes was measured in DMSO (~102 mol) solution at room temperature and
the observed low molar conductance (5.5-10.6 mho cm? mol ') values suggest that all the
complexes are non-electrolytes [37]. The FAB-MS of Ni(Il)/Cu(I1l)/Zn(II)-2AB(L)-him(B)
complexes (1a, 2a and 3a) exhibits a molecular ion (M") peak at m/z values 400 (33%),
404 (16%), and 405 (18%), respectively. The FAB-MS of Ni(Il) and Cu(Ill)-2AB(L)-him
(B) complexes (1a and 2a) is given in figures S1 and S2 (Supplementary data file) which
suggests that the complexes are monomeric and confirming the stoichiometry of the metal
to ligands ratio is 1 : 1 : 1 in all the complexes.

3.1.2. Vibrational study. The vibrational spectra help to investigate the mode of coordina-
tion between the free ligands (L and B) with M(II) ions by comparing the spectral data of
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the free ligands with the spectra of the complexes. The characteristic IR spectral bands of
the complexes (KBr pellets, cm™') are listed in table 2. All the complexes show two bands
at 1572-1621 and 1356-1399 cm™ ', ascribed as asymmetric and symmetric vibration of the
coordinated acetate [38]. The magnitude of Av of 215-223 cm™' suggests unidentate
coordination of acetate. The presence of coordinated water in M(II)-2AB(L)-him/bim(B)
complexes is indicated by a broad band from 3380 to 3450 cm™ ' and two weaker bands at
822-858 cm™' and 708-724 cm™' due to w(OH) rocking and wagging of coordinated water,
respectively, in these complexes [38—40]. Free 2AB(L) shows peaks at 3410, 3182, and
1656 cm™' due to vibrations of N-amino, N-amido, and O-carbonyl amide groups, respec-
tively. On complexation, a broad band at 3396-3402 cm™' indicates coordination of
N-amino in the complexes. The unchanged peak at 3182 cm™" in the complex spectra indi-
cates non-involvement of vyy(CONH;) of N-amido group in coordination. The band at
1656 cm™! is shifted to higher frequencies (1661-1670 cm™') due to O-carbonyl amide
involved in complexation [16, 17, 41]. This implies that 2-aminobenzamide(L) binds with
M(I) through N-amino and O-amido groups [38, 41] to form stable six-membered chelates.
This is further supported by bands in the far infrared region, 414-438 cm™', corresponding
to (M—0) and 566-596 cm™' to (M—N) bond stretches, respectively [38, 40]. The v(M-O)
and v(M—N) values follow Irving—William order of stability as: Cu(Il) > Ni(Il) > Zn(II) and
also comparable with the crystal field stabilization energies. In M(II)-2AB(L)-him/bim/hist
(B) complexes, the unchanged band at 3144-3147 cm™' assigned to v(N-H) stretch of the
imidazole ring indicates non-involvement of the imidazole ring (-NH-) in coordination
[38-40]. The bands at 16341609 cm ™' assigned to imidazole ring v(C=N) stretch shifted
to lower frequency by 8—15 cm™ !, indicating participation of the imidazole ring nitrogen in
chelation in M(II)-2AB(L)-him/bim/hist/his(B) complexes. Also, M(II)-2AB(L)-hist/his(B)
complexes show a group of bands from 3325 to 3035 cm™ ' in the spectra, which can be
attributed to the stretching of the coordinated NH, group [38]. The asymmetric and sym-
metric stretching vibrations of the carboxylate in free his(B) at 1589 and 1367 cm™' are
shifted lower by 8—12 cm™' in M(I)-2AB(L)-his(B) complexes, suggesting that the depro-
tonated O-carboxylato group of his(B) chelates with M(II) ions.

3.1.3. Magnetic measurements and electronic absorption spectra. The magnetic
moment (uerr = 3.14-3.21 BM) values of heteroligand NiLB complexes (1a—1d) correspond
to two unpaired electrons per Ni(Il) ion with Dy, symmetry having octahedral geometry
[23, 42]. These observed values also support the absence of any metal-metal interaction in
the solid phase, i.e. ruled out bimetallic complexes. The magnetic measurements of Cu(Il)
complexes (2a-2d) show 1.82—1.89 BM, which is slightly higher than the spin-only value
1.73 BM expected for one unpaired electron. The observed value offers possibility of a dis-
torted octahedral geometry [23, 42]. In order to determine the stereochemistry around M(II)
ions, the electronic absorption spectra of M(II)-2AB(L)-him/bim/hist/his(B) complexes
(1 x 107> M) were recorded in DMSO medium at ambient temperature from 200 to
1100 nm. Absorption regions (4y,.x), band assignments, proposed geometry, ligand field
parameters, and magnetic moment values of the complexes are given in table 3. In Ni(Il)-
2AB(L)-him/bim/hist/his(B) complexes (1a—1d), three absorption bands occur at 10,322—
10,515 (¢ =76-88 dm® mol™' ecm™"), 16,892-17,353 (¢ = 112-132 dm’ mol™' cm™"), and
24,876-26,247 (¢ = 252-264 dm’ mol™ ' cm™") em™! corresponding to *A, (F) — *Taq (F),
3A2g (F) — Ty, (F), and 3A2g F)— 3T1g (P) transitions, respectively, with an octahedral
geometry with “A,, as ground state [43]. Water or acetate molecules on the z-axis of the
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Cartesian coordinate make them six-coordinate octahedral. Absence of any band below
10,000 cm ™' ruled out the possibility of a tetrahedral environment. The observed v,/v,
ratios are expected for distorted octahedral environment around Ni(Il). Furthermore, the
calculated B value is less than free Ni(Il) ion (B° = 1030 cm™"), g (0.70-0.78), and % S°
(22-30) values support the covalent character of the Ni(Il) complexes with Dy, symmetry
around the Ni(Il) ion [44, 45]. Cu(II)-2AB(L)-him/bim/hist/his(B) complexes (2a—2d)
with moderate Jahn—Teller distortion exhibit only one broad band with maximum at
13,555-15,680 cm ™! centered at 14,871, 14,326, 14,577, and 14,759 cm ™! (e=141-152
dm® mol™' cm™") corresponding to 2Eg (D) — szg (D) transition, respectively, in distorted
octahedral environment [43] with the unpaired electron predominantly in dy,_y, ground
state. Furthermore, the observed magnetic measurement values are in agreement for the
above-assigned geometry. The Zn(Il) ion is diamagnetic and does not show any d—d
transitions. However, 3a—-3d show only one broad band in the UV region at 26,338, 26,247,
26,455, and 26,507 cm™' (¢ =172-184 dm’ mol™' cm™") which may be due to L — M
charge transfer (LMCT) transition with six-coordinate octahedral environment around Zn
(ID) [43].

3.1.4. EPR spectra of heteroligand Cu(II) complexes. The X-band EPR spectra of poly-
crystalline Cu(Il)-2AB(L)-him/bim/hist/his(B) complexes (2a—2d) in DMSO were recorded
at ambient (300 K) and liquid nitrogen (77 K) temperatures; the EPR spectrum of Cu(Il)-
2AB(L)-his(B) is shown in figure 2. At 300 K, EPR spectra of Cu(Il) complexes exhibit
one intense absorption band in the high-field region and this is isotropic due to the tumbling
motion of the molecules, i.e. the magnetic coupling between the unpaired electron with
effective Cu nuclei (/= 3/2). In the case of frozen solution (77 K), EPR spectra show four
well-resolved peaks of low intensities in low-field region and one intense peak in high-field
region with anisotropic pattern which indicates the absence of binuclear, i.e. monomeric
nature of Cu(Il) complexes [46, 47]. This is further supported by the observed ¢ values of
the CuLB complexes. The spectra of Cu(Il) complexes are axially symmetric with g-tensor
values, g (2.18-2.29) > g, (2.01-2.03) > g, (2.0023) and these g-tensor values clearly indi-
cate that the unpaired electron is localized in dx,y, orbital [43, 46] of Cu(ll) ion with 3d°
configuration. The observed g-tensor values are less than 2.3 which indicate covalent Cu
(II)-Ligand(s) bond and the calculated g average (gavg=2.07-2.11) values of Cu(ll)
complexes deviate from free electron (g, = 2.0023) value which also supports covalence in
Cu(I)-Ligand(s) bonding [47]. The absence of any half-field signal at 1600 G correspond-
ing to AM, = +2 transitions rules out any magnetic exchange, i.e. Cu—Cu interactions in the
complexes. The calculated spin Hamiltonian and bonding parameter values of Cu(Il) com-
plexes are given in table 4. The observed axial symmetry G values are less than four, which
indicate considerable exchange interaction present in the solid CuLB complexes. Further,
the calculated bonding parameter (o = 0.58-0.71 and f*=0.76-0.84) values of Cu(II)
complexes (2a-2d) clearly indicate that o-bonding is more covalent than in-plane z-bonding
[48]. From table 4, the o and f° values reflect higher covalence of the Cu(II)-ligand(s)
bonding in the complexes and these values follow the order his > hist > him > bim, which
corresponds to increasing electron density on the coordinating nitrogen. The observed 4
values (121-136 x 10~* cm) are comparable to reported distorted octahedral Cu(I) com-
plexes [16, 46]. The distortion from the plane increases with increasing g, values and
decreasing A values. The geometries of the complexes are further studied from the empiri-

cal factor (f), i.e. f = j—”, an index of tetragonal distortion and the calculated f values for
[
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CuLB complexes are very close to 166—173 cm, indicating a distorted octahedral environ-
ment around Cu(Il) [16, 46].

3.1.5. "H NMR spectra. The 'H NMR spectra of diamagnetic ZnLB complexes (3a—3d)
were recorded in DMSO-dg with TMS as internal standard (J, in ppm) at room temperature;
the "H NMR spectra of Zn(I[)-2AB(L)-him(B) (3a) is shown in figure 3. In free 2AB(L),
the proton of ring amino (NH,) and amide amino (CONH,) groups appear as singlets at

(a)

3200 G

DPPH

200G

DPPH

Figure 2. X-band EPR spectrum of Cu(II)-2AB-his complex (a) at 300 K and (b) 77 K in DMSO medium.

Table 4. The spin Hamiltonian and bonding parameter values of Cu(Il) complexes (2a-2d) in DMSO at 300 and
77 K.

Hyperfine constant x 10~* cm™"
Complex AH Ay Aiso 8 81 &iso az ﬁz a f =4 G

Complex (2a) 121 54 77 2.25 2.02 2.12 0.63 0.78 0.88 167 13.99
Complex (2b) 129 49 71 2.18 2.01 2.10 0.58 0.76 0.66 169 23.08
Complex (2¢) 136 58 89 2.26 2.03 2.13 0.69 0.83 0.83 166 9.30
Complex (2d) 132 45 68 2.29 2.03 2.11 0.71 0.84 091 173 10.39
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Figure 3. 'H NMR spectra of Zn(I[)-2AB-him complex (3a).

1 0 ppm

5.66 and 7.31 ppm, respectively; upon complexation, the peak at 5.66 ppm shifts to higher
field (5.20-5.10), whereas the amine in amide group does not show any change [49]. This
indicates that 2AB(L) chelates Zn(II) ion via N-amino and O-amido to form stable metal
chelates. All the Zn(II) complexes (3a—3d) show singlets at 7.50-7.62 ppm due to the imi-
dazole ring (-HC=N-) proton. The rest of the ring proton and the ring (-NH-) protons in
him/bim ligands(B) do not have any change in Zn(II)-2AB(L)-him/bim(B) complexes. This
indicates that him/bim(B) ligands coordinate to Zn(II) only through imidazole nitrogen. All
of the Zn(Il) complexes show a peak at 1.80-1.86 ppm with the integrated intensity of 3
(CHj; group), indicating that acetate (OAc) is coordinated with Zn(I). There are new peaks
at 3.30-3.78 ppm in Zn(II)-2AB(L)-him/bim(B) complexes, indicating coordinated water
molecules are present [49]. Thus, coordinated water and monodentate acetate bind in the
inner coordination sphere of the complexes. This is further confirmed from the observed
molar conductivity values, i.e. non-electrolytic nature of the complexes. All the protons are
in their expected regions [49]. The a-proton of free his(B) shows a multiplet at 3.84 ppm,
which is shifted to higher value of 4.18 ppm in the Zn(I)>2AB(L)-his(B) complex (3d).
This shift is larger than that 3¢, indicating that his coordinates to Zn(Il) ion through the O-
carboxylato, N-amino, and imidazole ring-N atoms, whereas only amino and imidazole ring
nitrogens are involved for hist(B) with Zn(II) ion to form octahedral geometry. This study
reinforces the conclusions drawn from the IR spectra.

3.1.6. PXRD study. PXRD study is used to determine the phase identification of newly
synthesized crystalline materials and to measure the sample purity and particle size of the
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Figure 4. PXRD patterns of M(I)-2AB-his complexes.

sample materials [50, 51]. In this work, the powder X-ray diffractogram of Ni(II)/Cu(Il)/Zn
(II)-2AB(L)-his(B) complexes (1d, 2d, and 3d) were recorded in the (2 §) 0-80° range and
the representative diffractograms are given in figure 4. From the XRD patterns, all the com-
plexes show well-resolved sharp peaks with maximum intensities which demonstrate that
the complexes have uniform crystalline state [50]. This behavior is due to the presence of
coordinated water and acetate in the coordination sphere [50-52]. Powder X-ray diffrac-
togram shows a number of weak peaks which imply uniform phase with absence of any
impurities in the complexes [50]. The crystallite sizes (D) of the complexes were calculated
from the main XRD peaks using the Debye—Scherrer’s equation (D = 0.9 4/f cos 0). The
observed average crystallite size values were 39.28, 45.61, and 38.89 nm, respectively, for
Ni(ID)/Cu(Il)/Zn(I1)-2AB(L)-his(B) complexes and these values indicate that the complexes
are micro-crystalline with different crystallite size. We were ineffective in growing single
crystals of the complexes.

The elemental, molar conductivity measurement, and various spectral studies confirmed
that all MLB complexes have distorted octahedral geometry and are monomers. Based on
these conclusions, the structures of the MLB complexes are given in figure 5.

3.1.7. Biological activity. /n vitro biological activity of free 2-aminobenzamide (2AB : L)
and its heteroligand complexes in DMSO were tested against bacterial and fungal organisms
by modified well diffusion method using agar as nutrient. The mean values obtained for
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Figure 5. Proposed structure for the MLB complexes.

two holes was used to calculate the zone of inhibition (in mm) and these values were com-
pared with tetracycline (for antibacterial) and nystatin (for antifungal) standard control
drugs. The zone of inhibition (in mm) values are given in table 5 and their representative
graph is shown in figure 6. All the heteroligand complexes show more biological activities
against different micro-organisms than free 2AB(L) ligand. This higher activity depends
upon the metal(Il) ion, i.e. size, charge distribution, shape, and redox potential of the metal
chelates. Also, the chelating properties of organic ligand(s) with specific M(II) ions are used
to transport across the membranes or to attach the organic ligand(s) to a specific site as they
can hinder the growth of bacteria. This metal chelation effect gives some important proper-
ties to the organic molecule(s) that also plays an important role in their microbial activities
such as low dissociation constant, special redox potential, electron distribution, and increas-
ing the cell permeability. Moreover, the higher inhibition zone of the MLB complexes can
be explained on the basis of Overtone’s concept and Tweedy’s chelation theory [53, 54]. In
the present investigation, the biological activities of free 2AB(L) ligand and its heteroligand
MLB complexes against some pathogenic bacterial and fungal organisms show the follow-
ing order as follows: Control > MLB complexes (except complex 2d) > 2AB(L).

3.1.8. In vitro antioxidant activity. Antioxidant activity of free 2-aminobenzamide(L)
ligand and its heteroligand MLB complexes were studied in vitro by DPPH free radical
scavenging methods at 37 °C and their representative graph is shown in figure 7. Ascorbic
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Figure 6. Biological activities of (a) 2AB and MLB complexes with control at 24 h and (b) heteroligand Cu
(II)-2AB-his complex at 24, 48 and 72 h with different micro-organisms by well diffusion method (zone of
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Figure 7. In vitro antioxidant activities of free 2AB and MLB complexes with control by DPPH free radical
scavenging assay method at different concentrations (10-50 pM).
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Table 6. In vitro antioxidant activities of 2-aminobenzamide(L) and its hetero- ligand MLB complexes by DPPH
free radical scavenging assay at different concentrations (10-50 uM) at room temperature.

Scavenging activity (%) at different concentrations + SD

Complex 10 uM 20 uM 30 uM 40 pM 50 uM

Control 85+0.17 88 +0.18 90 +0.20 92 +0.20 95 +0.21
2AB(L) 25+0.18 29 +0.21 31+£0.23 33+0.25 35+0.23
Complex (1a) 36 +£0.22 39 +£0.24 41 £0.26 44 +0.30 48 £0.34
Complex (1b) - 34 +0.21 38 +£0.24 41 £0.28 46 +£0.31
Complex (1¢) 38 £0.24 42 +£0.27 45 +0.31 49 +0.34 51 +£0.37
Complex (1d) 41 £0.20 45 +0.25 49 +£0.27 52+0.32 56 +£0.35
Complex (2a) 40 +0.33 43 +£0.35 45 +0.37 48 +£0.39 51+0.43
Complex (2b) 42 £0.29 44 £0.32 45 +0.31 47 +£0.29 49 +£0.34
Complex (2¢) 44 £0.34 47 +£0.29 51+0.33 56 +£0.38 59 £0.41
Complex (2d) 47 +0.33 51+0.34 54 £0.31 59 +0.36 62 +0.38
Complex (3a) - 36 +0.19 38+£0.23 39+£0.27 43 +£0.30
Complex (3b) 30 +£0.24 33 +£0.27 36 +£0.31 38 +£0.34 40 +£0.37
Complex (3¢) - 40 +0.29 42 +£0.32 44 +0.31 47 +£0.34
Complex (3d) 38 £0.26 41 £0.31 44 +0.33 48 £0.37 52 +£0.35

Notes: SD : Standard deviation (average of three replicates) and (—) denotes less activity.

acid was used as the reference or positive control. All the analyses were done in three repli-
cates and their average antioxidant activities are shown in table 6. DPPH is a stable free
radical that is often used for finding the radical scavenging activity in chemical analysis
[55-57]. Reduction capability of DPPH radical was determined by decrease in its
absorbance at 517 nm (blank) which can be induced by the antioxidant. From the results,
MLB complexes have higher activities than free 2AB(L) ligand but lower than control due
to the presence of positively charged M(II) ions which favors the release of hydrogen to
reduce the DPPH radical. The percentage of free radical scavenging activity for the heteroli-
gand complexes follow the order Control >> Cu(ll) > Ni(ll) > Zn(Il) > 2AB(L). From the
above results, it clearly indicates that the antioxidant activities of free 2AB(L) is very low
when compared to that of its heteroligand complexes, due to the chelation effect of the
organic ligand moieties with M(II) ions. Also, the obtained free radical scavenging activity
values (51, 49, 59, and 62% at 50 uM) of 2a-2d are consistent with similar mononuclear
Cu(Il) [C53H8CuN,0,] complex [19], which might be due to conjugation in the ligand
moieties and their coplanarity. The heteroligand Cu(II) complexes (2a-2d) showed
significantly stronger antioxidant activities than other complexes, which show that Cu(Il)

Table 7. Intrinsic binding constant (K},) and change in free energy (AG) values for the Ni(Il)/Cu(Il)-2AB-him,
bim, hist, and his complexes (1.0 x 107> mol) with variation of CT-DNA (0-100 uM) at room temperature.

;Lmax (Cm_l)
Complex Free Bound Al (nm)  Hypochromocity (%)  Kp x 10°mol™'  —AG kJ mol ™'
Complex (1a) 377 382 5 29.21 3.76 32.39
Complex (1b) 376 380 4 31.25 5.81 33.09
Complex (1¢) 384 388 4 33.09 5.8 34.21
Complex (1d) 280,380 284,383 4,3 35.25 6.82 34.63
Complex (2a) 285 289 4 15.01 4.56 33.59
Complex (2b) 282 285 3 22.58 6.19 34.38
Complex (2¢) 283 288 5 35.42 5.92 34.26
Complex (2d) 286 290 4 40.05 7.02 34.70
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complexes could act as excellent chemotherapeutic agents in preventing the progress of
aging and treatment of pathological diseases arising from oxidative stress.

3.1.9. DNA-binding studies

3.1.9.1. Electronic absorption study. Electronic absorption spectra are used to examine the
binding interaction of MLB complexes with DNA. The electronic absorption spectrum of
Ni(IT)/Cu(Il)-2AB(L)-him/bim/hist/his(B) complexes in the absence and presence of CT-
DNA were studied and the data are given in table 7. A representative absorption spectrum
for Ni(II)-2AB(L)-his(B) (1d) is shown in figure S3 (Supplementary data file) and Cu(II)—
2AB(L)-his(B) (2d) is shown in figure 8. Complex 1d shows two bands in the UV region
at 280 and 381 nm. With increasing concentration of CT-DNA, the absorption peaks of the
complexes were affected, i.e. the absorption band intensity maximum (4,,x) of charge trans-
fer bands at 280 and 380 (¢ = 260725 dm® mol ' em™") nm for 1d were shifted to longer
wavelength (bathochromic shift) along with hypochromism of 25-40% (figure 8). The
observed decrease in absorbance with increase in concentration of DNA along with batho-
chromic shift clearly indicate interaction between the complexes and CT-DNA. Generally,
hypochromism and bathochromism indicate that the complexes bind with CT-DNA through
an intercalative mode and involve a strong interaction of aromatic chromophore of the com-
plex with the base pairs of DNA [58]. Similar effect (the absorption peak intensity) is
observed for the other complexes during the addition of increasing [CT-DNA] under the
same experimental conditions. The intrinsic binding constant (K}) is obtained from the ratio
of slope to the intercept from the plots of [DNA]/(e, — &) versus [DNA] and the values are

= = - Complex (2d) alone Increasing
—— Complex (2d) + 20 pmol DNA 1

0.7 4—— Complex (2d) + 40 pmol DNA - [DNA]
—— Complex (2d) + 60 pmol DNA !/ A
—— Complex (2d) + 80 pmol DNA f
—— Complex (2d) + 100 pmol DN / \ -.

0.6+ )

0.54

Absorbance (a.u.)

0.4

F T T T T
265 275 285 295 305
Wavelength (nm)

Figure 8. Electronic absorption spectra of Cu(Il)-2AB-his complex (2d) (I x 10™ mol) with the absence (dotted
line) and presence (solid line) of CT-DNA at different concentrations in buffer (pH 7.2) medium and the arrow
indicates decrease in absorbance intensity upon consecutive addition of CT-DNA.
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shown in table 7. From table 7, the trend of K, values follow the order Cu(II) > Ni(Il),
which is similar to the trend in Irwing—Williams series; these complexes also show potent
antibacterial and antioxidant activities. The K, values (4.56 x 10°, 6.19 x 10°, 5.92 x 10°,
and 7.02 x 10° mol ") of

Cu(Il) complexes (2a—2d) agree with some earlier reports of mononuclear Cu(Il) complexes
[19, 59-61], but these values are much lower than binuclear Cu(Il) complexes [61], which
is attributed to formation of several hydrogen bonds between the heteroligand complexes
and CT-DNA. The K, values (4.56 x 10°, 6.19 x 10°, 5.92 x 10°, and 7.02 x 10° mol™") of
Cu(Il) complexes (2a—2d) are consistent with earlier reports on binding of mononuclear Cu
(II) complexes with CT-DNA [19, 59—61] and also these values are much lower than
dinuclear Cu(Il) complexes [61]. The obtained Ky, value (6.19 x 10°> mol™") of 2b is consis-
tent with similar mononuclear copper(Il) complexes having benzimidazole ligands [56] or
[Cu(Hptc)(Me,bpy)(H,0)]-3H,0 (6.87 x 10° mol™") [61], which possess enhanced binding
affinity due to the extended aromaticity and coplanarity for better stacking between the base
pairs of CT-DNA as well as 2AB(L). The presence of electron-withdrawing amido-NH,
group in the complex will decrease the electron density on the intercalating ligands, rein-
forcing the attraction between the Cu(Il) complex and CT-DNA with the negatively charged
phosphate backbone and consequently stabilize the CT-DNA—complex system causing an
increase in the DNA-binding affinity [61]. The K}, values are lower than the typical classical
intercalators (K, for EB-DNA, ~10° mol™"), which implies that these complexes bind with
CT-DNA relatively less strongly than classical intercalators [19, 59-61]. From the intrinsic
binding constant, the change in free energy values (AG) were also calculated. The negative
free energy changes observed in all cases indicate that the complexes interact with
CT-DNA spontaneously [16, 19].

250

200 <

150

100

Fluorescence intensity (a.u.)

50

0 T T T T T T T
525 350 575 600 625 650 675 T00 725

Wavelength (nm)

Figure 9. Fluorescence emission spectra of the CT-DNA-EB system (Cgg = 1.0 x 10 mol) in the absence (dotted
line) and presence (solid line) of the Cu(II)-2AB-his complex (2d) (Ccury complex = 1 % 107> mol) with increasing
amounts of CT-DNA (Cpna = 0, 20, 40, 60, 80, and 100 pmol) in buffer (pH 7.2) medium.
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3.1.9.2. Fluorescence study. Fluorescence spectra have also been used to study the interac-
tion between the Cu(Il) complexes with CT-DNA by measuring the emission intensity of
EB bound CT-DNA. The Cu(I)>2AB(L)-him, bim, hist, and his(B) complexes (2a-2d)
exhibited luminescence intensity in Tris—HCI buffer with a maximum wavelength of 618,
608, 615, and 612 nm, respectively, and the representative graph for Cu(Il)-2AB(L)-his(B)
complex (2d) is shown in figure 9. EB is weakly fluorescent and can emit intense fluores-
cent light in the presence of CT-DNA due to its intercalative binding to DNA [62]. How-
ever, this enhanced fluorescence could be quenched or partially quenched by the addition of
a second molecule that can replace the bound EB or break the secondary structure of DNA
[62]. So, EB can be used as a probe for determination of DNA structure. In this study, the
emission spectrum of EB bound DNA in the absence and presence of Cu(Il) complexes
was recorded. The addition of CT-DNA causes a reduction in emission intensity of ca. 30,
35, 42, and 45% for 2a, 2b, 2¢, and 2d, respectively. This is related to an extent to which
the compound penetrates into hydrophobic environment of the DNA, thereby avoiding the
quenching of solvent water. The quenching is due to the excited state electron of EB
through a photoelectron transfer mechanism. The apparent binding constant (K,p,) values
(5.86 x 10°, 6.22 x 10°, 6.45 x 10°, and 7.25 x 10° mol™") of 2a-2d are consistent with
earlier reports on binding of mononuclear Cu(Il) complexes [59-61], suggesting that these
Cu(Il) complexes bind to CT-DNA through intercalative binding. The obtained K, value
of all the Cu(I) complexes are smaller than Kgp value (1.0 x 107 mol™") which suggests
moderate interactions between the Cu(Il) complexes and DNA. Also, the results suggest
that 2b and 2d show better DNA affinity due to the stronger hydrophobic DNA interaction
and larger aromaticity.

3.1.10. Oxidative DNA cleavage activity. Oxidative DNA cleavage activities of 2AB(L)
and its Cu(I)-2AB(L)-him/bim/hist/his(B) complexes (2a—2d) at 37 °C were studied by
gel electrophoresis in the presence of H,O, as oxidant. The cleavage properties were stud-
ied in Tris—HCI buffer (pH 7.2) and bromophenol blue was used as a photosensitizer. A rep-
resentative cleavage pictograph of 2a-2d with free 2AB(L) is shown in figure S4
(Supplementary data file). The control experiment using CT-DNA alone (Lane 1) does not
show significant cleavage even on longer exposure time. Free radical scavengers inhibited
the DNA cleavage, confirming the involvement of free radical. On that basis, a general radi-
cal oxidative mechanism is proposed for DNA cleavage, i.e. the M(II) ions react with H,O,
to produce the diffusible hydroxyl radical (OH") or molecular oxygen or peroxy derivative
via Fenton mechanism or Haber—Weiss mechanism [63]. In oxidative DNA cleavage mech-
anism, Cu(Il) complexes react with HO, to generate the hydroxyl radical (OH") which
abstracts a hydrogen from sugar moiety (at C; position) of DNA to form sugar radical and
then undergo hydrolytic cleavage at sugar—phosphate backbone to release specific residues
depending on the position from which the hydrogen is removed and finally cleaves the
DNA [63]. Also, the reaction is modulated by a metallocomplex that binds to a peroxo spe-
cies generated from the co-reactant H,O,, which may damage DNA through Fenton-type
chemistry [63]. Probably this may be due to the behavior of Cu(Il) to form a redox couple
in the presence of an oxidant. From the pictograph (figure S4, Supplementary data file), the
result clearly indicates that CT-DNA in H,O, (Lane 1) and free 2AB(L) in H,O, (Lane 2)
does not show any significant cleavage, but Cu(I)-2AB(L)-him/his(B) complexes (Lanes 3
and 6) show higher ability to cleave CT-DNA to a considerable extent, whereas other
complexes do not cleave the DNA in the presence of oxidant (H,0,).
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3.1.11. 3D molecular modeling and analysis. In the present work, the formation of stable
six-coordinate M(I[)-2AB(L)-his(B) complexes involving monoprotic bidentate 2AB(L)
and monoprotic tridentate his(B) ligands were studied and their respective 3D structure of
Ni(Il) complex is shown in figure S5 (Supplementary data file). The molecular modeling
study suggests that all the complexes have distorted octahedral environment. The detailed
bond lengths and bond angles of the complexes as per the 3D molecular modeling structure
are given in tables S2 and S3 (Supplementary data file), respectively. The arabic numerals
were assigned for practicality in favor of the various atoms in the complexes. For each com-
plex, the overall measurements are 93. In most of the complexes, the actual bond lengths
and angles are very close to the optimal values which indicate that the proposed geometry
of the complexes is accurate but, there are some exceptions.

3.2. Multiple equilibrium studies in solution state

3.2.1. Stability and structure of primary M(II)-2AB(L) complexes. The protonation
constants and primary stability constants of M(I[)-2AB(L) complexes were determined pH-
metrically (pH 2.0-9.0) at 37 °C in 50% (v/v) water—ethanol mixture. From the computer
analysis of the pH titration data, HL, H,L, ML, and ML, species were found in M(I[)-2AB
(L) complexes and the stability constant values are given in table 8. 2AB(L) offers two well
separated buffer regions, due to the successive deprotonation of amine NHJ and amide
—CONH,— moieties [41]. In general, the thermodynamically preferred sites for the protona-
tion of amide groups in acidic medium occur only at amido-O [64], whereas the coordina-
tion of amido-N takes place only at a very high basic medium (ca. pH = 13) [65, 66] which
is not possible in our experimental condition due to increase in the pH (>9.0) level leads to
form [M(OH),] precipitate. At present experimental condition, the first protonation value of
2-aminobenzamide (—2.41) corresponds to O-amido group which is very close to the
reported (—2.67) value [64, 67] and the second (2.67) value corresponds to N-amino group
which is low compared to the parent aniline (4.63); this is due to the presence of electron
withdrawing amide (—CONH,—) present in 2AB ligand [68]. No precipitate was observed in
the titration vessel which indicates the possibility of [M(OH),] formation may be excluded.
In the M(II)-2AB(L) system ML and ML, species are primary (table 8) and complex
formation of M(II) ions with 2AB(L) takes place above pH 3, where the ligand predomi-
nantly exists only in its neutral form. From table 8, the primary stability constant
(log iy / log Pyyr,) values clearly show that 2AB(L) is bidentate, i.e. it chelates with M(II)
through N-amino (ortho to amide -CONH,— group) and O-amido groups [41] forming
stable chelate complexes, similar to M(II)-2-aminobenzoic acid complexes [69]. In ML,
species, both 2AB(L) ligands are bidentate and form six-membered chelate rings with
distorted octahedral geometry and this type of binding behavior has already been estab-
lished in [M(II)-(2AB),—Cl,] complexes in solid state [41]. The protonation and stability
constant values of the imidazole containing ligands(B) were redetermined under the same
experimental conditions and the calculated values agree with the literature values [18, 70].
These small differences are within the limit of the experimental errors or conditions like
ionic strength and temperature effect. From the observed stability constant values (table 8)
of M(I)-2AB(L) complexes, the primary 2AB(L) ligand is bidentate, whereas secondary
him, bim, hist, and his ligands are mono, mono, bi, and tridentate, respectively. Further, the
stability constants of primary complexes (figure 10) follow the trend Zn(II) < Cu(Il) > Ni
(II) which confirms the Irving—Williams order of stabilities [71]. Also, complex formation
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Figure 10. Irving—William stability order of (a) primary and (b) heteroligand Ni(II), Cu(II), and Zn(II) systems.

of Ni(IT)/Cu(Il) with 2AB(L) is accompanied by a sharp color change but the absorbance
(Amax) values do not shift with increasing the pH (2.0-9.0) of the solution. In primary (1 : 5
solution), Ni(I[)-2AB(L) complex shows a sharp change in color (pale green) with 1.5 val-
ues at 19,724 (¢ =350 dm® mol ' em™") and 15,649 cm™' (¢ =210 dm® mol ™' em™") and

Table 9. Stability constants and stabilization effects of heteroligand M(II)-2AB-him, bim, hist, and his systems
in 50% (v/v) water—ethanol mixture at 37 °C in /= 0.15 mol dm > NaClO, medium [Error limit: +£0.03-0.05].

Ni(II) Cu(II) Zn(ID)

Parameters him bim hist his him bim hist his him bim hist his
logBviea - - 16.56  17.89 - - 17.24 1945 - - 16.09 17.54

(6) (8) (5) (7 (6) 9)
logfvis 7.83(5) 693 11.16 13.61 8.61(6) 7.89 12.17 1538 721 635 10.54 12.74

@) (7 ©) ®) @) O] @ (6 (®) )]

logfBuig, 10.14 - - - 11.14 - - - 9.54 - - -

(6) ©)] (6)

pKI\]',’[LBH - - 5.40 4.28 - - 5.07 4.07 - - 5.55 4.80
logKl\“,’['IEBH - - 12.25  13.58 - - 12.12  14.33 - - 12.31 13.76
logK%l?gI - 4.68 4.92 - 5.40 5.56 - 4.27 4.46

logk ML, 352 262 6.85 9.30 349 277 7.05 1026 343 257 6.76 8.96
logkMB, 456 466 484 4.98 529 540 5.56 574 406 421 436 4.49

logk M, 5.83 - - - 6.02 - - - 576 - - -
logkyrg, 459 - - - 536 — - - 411 - - -
AlogKvisn 037  0.61 028 044 049  0.68

AlogKyis 025 035 0.53 0.67 0.17 028 0.44 062 028 043 0.58 0.71

AlOgKMLBZ 0.28 - - - 0.24 - - - 0.33 - - -

logX 1.35 1.06 235 2.70 268 274 419 493 217 200 3.28 2.88
logX’ 071 081 0.99 1.13 1.44 155 1.71 1.89  1.02 117 132 1.45
%R.S. 7.65 1542 839 7.76 512 11.24  6.66 6.43 889 20.09 9.39 8.61

Note: Standard deviations are given in parenthesis.
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these absorption bands may be assigned to lAlg — lBlg and 1A]g — 1A2g transitions,
respectively, with square-planar environment [43]. Also, the primary Cu(Il) complex is deep
blue at pH 6.5 with A, value at 36,363 (¢= 820 dm® mol™! cmfl) and 15,361 cm™!
(¢=185dm> mol ' ecm™) which can be assigned to L — M charge transfer and
2B1g —2A, ¢ transitions, respectively, also supporting square-planar geometry [16, 43].

3.2.2. Stability and structure of heteroligand complex equilibria. The pH-metric data
illustrate formation of MLBH, MLB, and MLB, species in addition to various primary HL,
H,L, ML, ML,, HB, H,B, MBH, MB, MB,H, and MB, species. The stability constant
values for the heteroligand complexes are reported in table 9. In the present work, the
experiment was carried out from 2.0 to 9.0 pH and in the increasing pH level (pH > 9.0),
the title complexes undergo hydroxylation to form [M(OH),] precipitate. To characterize
the stability of heteroligand equilibria with respect to their corresponding primary analogs
the terms AlogK, logX, logX’, and %R.S. are used.

3.2.2.1. Stability and structure of MLB and MLB, species. The formation of MLB [M = Ni
(I1)/Cu(Il)/Zn(IT); L =2AB and B = him/bim/hist/his] speices has been found in the pH
range of 4.5-7.0 and there is a steady increase in formation with rise of pH. The obtained
logkMB, values (table 9) in M(II)-2AB(L)-imidazoles(B) complex is comparable with
logkM values in M(I[)-2AB complexes (table 8) which indicate that similar binding of
2AB in the MLB species, i.e. 2AB(L) is bidentate, chelating with M(II) ions via amino-N
and amide-O in MLB species. Again, logKMig for the M(I)-2AB-him, bim, hist, and his
complexes (table 9) compare favorably with logKMg values in the M(II)-imidazoles com-
plexes (table 8), demonstrating monodentate binding of him/bim, bidentate binding of hist
and tridentate binding of his in their respective MLB species. Thus, the three coordinating
positions of MLB species in the M(II)-2AB—him/bim complexes would be occupied by
binding of bidentate 2AB and monodentate him/bim. The remaining position would be
completed by solvent water. Also, the higher stability for the MLB complexes containing
him compared to that of bim can be ascribed due to the higher basicity of him ligand. The
logfyip values in the M(II)-2AB-his complexes are higher than that in the corresponding
hist complexes which clearly indicate the tridentate binding of his in the MLB species. The
binding of hist and his in the MLB species in the presence of 2AB involves six—six and
six—five—six membered chelate rings, respectively. The formation of later chelate ring
complexes would be preferred due to the fact that the rings of different sizes introduce more
ligand field asymmetry and stabilize the heteroligand complexes. In order to study the
stabilization of MLB species with respect to their primary viz., (i) AlogKyip[= logfyis—
(logfyy + logfyg)] and  (ii) disproportionation constant  logXyg[= 2logfys—
(logPyr, + logfyp,)] values. In general, the statistically [72-74] expected AlogK values
for regular octahedral and square planar geometries are —0.4 and —0.6, respectively. From
table 9, the calculated AlogKyp values for all the complexes are more positive than the
statistically expected values [72—74], which indicate the higher stabilization of the heteroli-
gand complexes than their primary analogs, i.e. the secondary ligands(B) preferred to add
to M(II)-2AB primary complexes rather than to aquated M(II) complexes. The log X values
for all the complexes are much higher than statistical (+0.6) [75] value, which demonstrate
that the interligand electronic and steric interactions are present in the heteroligand com-
plexes. Moreover, the calculated logX” values are greater than statistical (0.3), suggesting
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that the formation of MLB complexes is preferred over their primary ML, or MB,
(IOgKV\I\//I[l]jBilOgKVI\v/IIB)

(logys)
used to determine the relative stabilization for the different heteroligand complexes and the
observed %R.S. values indicate the marked stabilization of MLB complexes. From table 9,
the MLB complexes follow the Irving—William stability order: NiLB < CulB > ZnLB
(figure 10) and their stability constants are M(II)}-2AB-his > M(II)-2AB-hist > M(II)—
2AB-him > M(I)-2AB-bim.

Moreover, the formation of Ni(Il)/Cu(Il)-2AB-imidazole complexes are accompanied by
a sharp color change of the medium but the absorbance (4,,.) values do not shift with
increasing the pH (3.0-9.0) of the solution. The electronic spectra of Ni(II)-2 AB—him/bim/
hist/his complexes (1 : 1 : 1) display three spin-allowed d—d transitions (table 3) at 10,864—
11,135cm™ (¢=78 dm®> mol ' em™), 16,153-18,920 cm™' (¢ =165 dm®> mol ' cm™"),
and 22,455-26,840 cm ™' (¢ = 280 dm® mol™' em™"), which may be due to 3A2g (F) — 3T2g
(F), 3A2g (F) — 3T1g (F), and 3A2g (F) —°T, ¢ (P) transitions, respectively, with distorted
octahedral geometry with 3A2g as ground state [43]. Absence of any band below
10,000 cm ™" ruled out the possibility of a tetrahedral environment around the Ni(II) ion.
Also, the Cu(I)-2AB-him/bim/hist/his complexes (1 : 1 : 1) exhibit moderate Jahn—Teller
distortion with only one broad and unsymmetrical absorption band centered at 14,677,
14,246, 14,359, and 14,781 cm™! (e = 140-165 dm® mol™! cm_l), respectively, which may
be assigned to 2Eg - 2T2g transition with distorted octahedral geometry [43].

In the case of M(II)>2AB-him complexes, the formed MLB, species [M = Ni(Il)/Cu(I)/

Zn(Il); L =2AB and B = him], the solvent water molecules of MLB species would be

replaced by a second imidazole ligand. The logKy’s, and logkML; values (table 9) in the

complexes. The relative stabilization [76, 77] |%R.S. = x 100| values are

M(I1)-2AB-him complexes are comparable with logk}; and logK]\l\/’[lBZ values in the primary
complexes (table 8) and the MLB, species in the M(II)-2AB-him complexes would be
four-coordinate due to bidentate binding of 2AB and monodentate binding of two molecules
of him. Also, the logfiy; g values in the M(II)-2AB-hist complexes are much higher than
the logfyp, values of the M(I)-2AB-him complexes, where in both complexes the metal
(D) ions have the same type of coordination. This enhanced stability observed in the former
complex is from the chelate effect of hist ligand in the complexes.

3.2.2.2. Stability and structure of MLBH complexes. The formed protonated MLBH
species [M = Ni(II)/Cu(1l)/Zn(1l); L = 2AB and BH = histH/hisH] for M(II)-2AB-hist/his
complexes have been favored from pH 4.0-5.5. In M(II)-2AB complexes, there is no proto-
nated primary species while monoprotonated primary species have been detected in M(II)—
hist/his complexes (table 8). The pKil o1, values obtained in M(II)-2AB-hist/his complexes
follow the same trends of the respective pKiis,, values in the M(II)-hist/his complexes
(table 8). This demonstrates the possibility of attachment of an extra proton with secondary
ligands, possibly to its amino group as in the case of MBH in hist and his complexes. This
is further supported by the obtained logKMipy values (table 9) thus, these complexes are
comparable to the logKM,; values in the primary M(I)-hist/his complexes. From table 9,
the calculated AlogKyy values for all the heteroligand complexes are more positive when
compared to the statistical values [72—74], which indicate noticeable stabilization of the
protonated MLBH complexes.
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Figure 11. Species distribution diagram of (a) Ni(II)-2AB-his system (1 : 1 : 1) and (b) Cu(Il)-2AB-him system
(1:1:2)in 50% (v/v) water—ethanol mixture at 37 °C.

3.2.3. Species distribution diagram. Species distribution diagram for all the complexes
under the present investigation have been obtained for different M(Il) ions to L and B ratios
in solution. With increase of pH (24.5), the formations of MLB complexes were preferred,
up to 85-95% of the total metal(IT) ions. High stability of six- and five-membered chelates
when compared to six and six has also been reflected in the species distribution diagram. In
all the complexes, the primary ML and ML, complexes were ~30-65% whereas the MBH,
MB, MB,H, MB,, MB;, and MB, species accounted for ~10-20% of the total metal(Il)
ions. At lower pH ranges (4.0-5.5), the MLBH species have been found and accounted for
~25-45%. The MLB, species in M(II)-2AB-him complexes are favored above pH 6.0 and
accounted for 25-40% of the total M(II) ions in 1 : 1 : 2 solutions. In order to show these
qualitative trends found in the species distribution plots, the diagrams obtained for the Ni
(ID-2AB-his and Cu(Il)-2AB-him complexes are shown in figure 11.

4. Conclusion

We synthesized bioactive MLB complexes characterized using various spectral techniques.
The PXRD and SEM analysis show that these complexes display sharp crystalline peaks
with well-defined microcrystalline nature with an average grain size of 3541 nm and
homogeneous particle nature. All the heteroligand complexes under investigation show
octahedral environment around the central M(II) ions. In vitro biological activities of the
MLB complexes show more potent antimicrobial activities than free 2-aminobenzamide
ligand in different micro-organisms. Oxidative CT-DNA cleaving activities of 2AB and
CuLB heteroligand complexes under aerobic conditions show moderate activity. Biological
and antioxidant studies confirmed that MLB complexes show better biological and antioxi-
dant properties than free 2AB. Furthermore, the stability of Ni(II)/Cu(II)/Zn(II) heteroligand
complexes involving 2AB and some imidazole containing enzyme constituents (him, bim,
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hist, and his) in 50% (v/v) water—ethanol at 37 °C and 7= 0.15 mol dm—> (NaClO,) were
determined. In MLBH/MLB/MLB, species of M(II)-2AB-him/bim/hist/his complexes,
2AB binds bidentate, whereas him/bim/hist/his are mono, mono, bi, and tridentate, respec-
tively. In MLBH species of M(II)-2AB-hist/his complexes, the extra proton resides with
hist/his. The results indicate that the heteroligand complexes have higher stability than their
corresponding primary analogs. The percentage distribution of various primary and heteroli-
gand species in solution has also been evaluated.
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