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A B S T R A C T

Antimicrobial drug resistance poses a significant threat worldwide, hence triggering an urgent situation for
developing feasible drugs. 3D-transition metal coordination complexes being multifaceted, offer tremendous
potency as drug candidates. However, there are fewer reports on non-toxic and safe transition metal complexes;
therefore, we hereby attempted to develop novel copper and vanadium-based therapeutic agents. We have syn-
thesised six metal complexes viz., [VVO2(Quibal-INH)] (1), [CuII(Quibal-INH)2] (2), [VVO(Quibal-INH) (cat)] (3),
[CuII(Quibal-INH) (cat)] (4), [VVO(Quibal-INH) (bha)] (5) and [CuII(Quibal-INH) (bha)] (6). Quibal-INH (L) is an
ON bidentate donor ligand synthesized from Schiff base reaction between 4-(2-(7-chloroquinolin-3-yl)vinyl)
benzaldehyde (Quibal) and Isoniazid (INH). The synthesized compounds were characterized using analytical
techniques involving ATR-IR, UV–Vis, EPR, 1H NMR, 13C NMR, and 51V NMR. Ligand (L) and compound 3
exhibited moderate growth inhibitory activity towards Candida albicans and Cryptococcus neoformans fungal
species. Compound 6 has been identified as active against the above fungal species with no toxicity and hemolysis
activity on the healthy cells. Compound 5 exhibited significant activity against the Mycobacterium tuberculosis
mpounds” Special issue.
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H37Rv strain. Further, compounds 4, 5 and 6 exhibited excellent free radical scavenging activity. All the developed
compounds were found to exhibit stability over a wide range of pH conditions. The complexes were additionally
studied for their interaction with human serum albumin (HSA) with the UV–vis spectroscopic technique.
1. Introduction

Drug resistivity menace stimulated by the increased use andmisuse of
antimicrobials is one of the top 10 global threats to modern medicine and
humanity according to the World Health Organisation (WHO) [1]. In
addition, antimicrobial resistance and bacterial infections such as
tuberculosis trigger prolonged illness and mortality [2a, 2b]. Amidst the
COVID-19 pandemic, one of the most promising approaches for
combating such outbreaks is designing therapeutic strategies and new
drugs [3a]. Earlier, clinically approved compounds used for different
diseases have been tested for SARS-Cov 2, wherein metal-based drugs
like Auranofin, an FDA-approved gold-based drug for rheumatoid
arthritis and works via immune modulation, are good candidates [2, 3].
The use of transition metals as therapeutic agents has become more
pronounced over the past few decades. The development of cis-platin in
the mid-19th century for cancer treatment revolutionized the field of
transition metal chemistry [4, 5]. In the wake of this, other
platinum-containing complexes like carboplatin [6] and oxoplatin [7]
were also explored for more effectiveness and lower toxicity. This led to a
major thrust in research activities involving other transition metal
complexes as drug candidates as well, like Salvarsan (As-based) for the
treatment of Syphilis, NAMI-A, and KP1019 (Ru-based) as anticancer
drugs, BEOV and BMOV (V-based) for the treatment of diabetes [8, 9,
10].

One of the recent strategies is to develop metal complexes of known
antibiotics or ligands possessing antimicrobial properties [11]. For
example, 8–hydroxyquinolines (8HQ) are recognized for their antimi-
crobial properties and are present in numerous bioactive natural prod-
ucts. Several mixed ligands tethered metal complexes containing copper
and vanadium 8HQ with picolinato, dipicolinato, and Schiff base were
found to be very active against tuberculosis with MIC comparable to or
better than the standard drug streptomycin [12]. Schiff bases have a host
of industrial and catalytic uses and a plethora of biological functions.
Additionally, they stabilize the metal ions, having variable oxidation
states, by forming –N¼CH– (azomethine) bonding from the lone pair of
nitrogen, making them a potent pharmacophore [13]. In a recent study,
novel macrocyclic Schiff base copper and vanadium complexes showed
better antibacterial activity than the standard streptomycin against
Esherichia coli [14]. Cu(II) complexes having formamidine-based dithio-
carbamate ligands are active against most of the bacterial strains, but the
ones with unsymmetrical ligand systems showed better antibacterial
activity, while the complexes with symmetrical ligand systems showed
better antioxidant activity with the lowest IC50 value found to be 1.10 �
10�3 mM [15]. Aminothiophenol and formyl benzonitrile Schiff base
appended Cu(II) complex exhibited significant growth inhibition against
Salmonella typhi bacteria compared to the standard drug, chloramphen-
icol [16]. Cu-thiosemicarbazones have been explored as antimalarial,
antifungal, and antibacterial agents. Isoniazid-related Cu(II) complexes
were studied for their antimycobacterial activity against M. tuberculosis
H37Rv. The prepared complexes showed excellent inhibition with MIC
values � 0.2 μg/mL. Cu(II) complexes of fluorinated iso-
nicotinoylhydrazones exhibited significant activity against the
single-drug-resistant M. tuberculosis strain [17, 18, 19]. Complexes of
copper (II) coordinated with Schiff base derivatives containing benzo-
furan core displayed significant antibacterial activity with MIC values of
1.6 μg/mL compared to the standards streptomycin (MIC¼ 6.25 μg/mL),
pyrazinamide and ciprofloxacin (MIC ¼ 3.12 μg/mL) against
M. Tuberculosis [20]. Tetra-iodo salen Schiff base ligand-based copper
complex showed better E. coli inhibition activity than the standard
Ampicillin [21].
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Several vanadium complexes have also been investigated as potent
antimicrobial and antitubercular agents. The close resemblance of
vanadate to phosphate with respect to their structure enables it to exhibit
homologous behavior in the body [22]. VIVO-complexes with ciproflox-
acin antibiotic and amino acid derivatives displayed better activity due to
complexation against Gram-positive and negative bacteria. VIV-

O-complexes with ligand derived from the condensation of
indoline-dione and phenyl-hydrazino thiadiazoles displayed higher
antifungal activity against C. pallescence, C. falcatum, A niger, and anti-
bacterial activity against Gram-negative (E. coli, Salmonella typhi) and
Gram-positive (Staphylococcus aureus, Bacillus subtilis) bacterial strains
[23, 24]. VIVO and VV homoleptic complexes of 8HQ as well as hetero-
leptic complexes containing Schiff bases or picolinato molecules as
co-ligands provided excellent results as therapeutics [12]. Chloro and
bromo substituted hydrazone derived vanadium (V) complexes were
studied as potential antimicrobial agents. The compounds showed com-
parable activity with respect to the standard penicillin G with MIC values
ranging from 2.3-4.7 μg/mL against B. subtilis and 4.7–9.4 μg/mL against
S. aureus [25]. Oxovanadium complexes with free thiosemicarbazone
ligands showed good activity against M. tuberculosis with MIC values in
the range of 62.5–1.56 (μg/mL) [26].

Inspired by the numerous biologically active Schiff base appended
copper and vanadium complexes, in the present work, a series of novel
Cu(II) and V(V) complexes viz. [VVO2(Quibal-INH)] (1), [CuII(Quibal-
INH)2] (2), [VVO(Quibal-INH) (cat)] (3), [CuII(Quibal-INH) (cat)] (4),
[VVO(Quibal-INH) (bha)] (5) and [CuII(Quibal-INH) (bha)] (6) consist-
ing of ON donor Schiff base ligand Quibal-INH (L) as primary ligand were
synthesized (Figure-1). All the compounds were characterized, studied
for their stability at physiological pH, and tested for their therapeutic
potential as in-vitro antifungal, antibacterial, antitubercular, and antiox-
idant agents.

2. Experimental

2.1. Materials and instrumentation

All the reagents and chemicals used in this study were of analytical
grade and used as purchased with no further purification carried out. [VO
(acac)2], which is a vanadium (IV) precursor, was synthesized (see
Supporting information Section 1.1) following a reported method [27].
Infrared spectrum in the range of 600–4000 cm�1 was measured directly
with an Eco-ATR-IR Bruker alpha spectrophotometer. Elemental analysis
(CHN) was done on a Euro Vector E-3000 instrument. 1H and 13C-NMR
spectra were measured in Agilent 400 MHz FT-NMR spectrometer in the
presence of tetramethylsilane as the internal standard. 51V-NMR spectra
were obtained from Varian-Mercury Plus 300MHz NMR spectrometer
using ammonium vanadate as the internal standard. UV-Visible spectra
were measured with a Shimadzu UV-1800 Spectrophotometer. X-band
solution EPR spectra were obtained under liquid nitrogen temperature
conditions from a JES-FA200 JEOL ESR Spectrometer. The pH of solu-
tions was measured using Hannah HI-5000 pH meter, which was cali-
brated with pH 4–7 standard buffers.
2.2. Antimicrobial activity, haemolytic activity, and cytotoxicity activity
studies

Primary antimicrobial testing was accomplished via growth inhibi-
tion assay using the test compounds at a single concentration, in dupli-
cate (see Supporting information Section 1.2). Growth inhibition
percents were measured for four Gram-negative bacteria: Acinetobacter
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baumannii (Ab), Klebsiella pneumonia (Kp), Pseudomonas aeruginosa (Pa),
Escherichia coli (Ec); one Gram-positive bacteria: Staphylococcus aureus
(Sa) and two fungi: Cryptococcus neoformans (Cn) and Candida albicans
(Ca). Samples were dissolved in DMSO and water to obtain the required
concentration of 32 μg/mL or 20 μM for testing in a 384-well, non-
binding surface plate for the pathogenic strain, fixing the DMSO con-
centration to a maximum of 1%. Samples are categorized as hits if the
growth inhibition value is �80%. Samples are partial hits if the growth
inhibition value is in the range of 50.9%–79.9% [28].

2.3. Antitubercular assay

The antitubercular testing was performed using Microplate Alamar
Blue assay (MABA) againstM. tuberculosis. In brief, a sterile 96-well plate
added with Middlebrook 7H9 broth (100 μL) was used for testing. The
compounds were serially diluted directly on the plate, and the final test
drug concentrations used were 100 to 0.2 μg/mL. Consequently, plates
were incubated at 37 �C for five days. Following incubation, 25μL of 1:1
freshly prepared mixture of Tween 80 (10%) and Alamar Blue reagent
were added to the plate and incubated for 24 h. An intact blue color
indicated the absence of any bacterial growth, and pink color suggested
bacterial growth in the well. The MIC values were then calculated,
indicating the lowest drug concentration that prevented any blue to pink
color change [29a].

2.4. In-vitro cytotoxicity assay

HEK-293 cells were trypsinized and aspirated for the toxicity studies,
and the cell pellet was prepared by centrifugation. Cell suspension
(200μL) was added to a 96-well plate and incubated at 37 �C and a 5%
CO2 atmosphere for 24 h. 200μL of different test concentrations (0.15,
0.75, 1.5, 3, and 6 μg/mL from stock) of the compounds were added to
the respective wells. The plate was again incubated in the same way as
before. Subsequently, 100μL of media containing MTT reagent (10%)
was added to each well, followed by incubation for 3 h. The culture
medium was then completely removed without disturbing the formed
crystals. DMSO (100μL) was added to solubilize the crystals of formazan.
The absorbance was measured using a microplate reader at 570 nm and
630 nm. The growth inhibition percentage was calculated using the
absorbance values, and the concentration of test compounds required to
prevent cell growth by 50% (IC50) was evaluated from the dose-response
curves [29b, 29c].

2.5. Free-radical scavenging assay

The free-radical scavenging ability of the compounds was evaluated
with the help of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scav-
enging assay [30]. For this assay, a stock solution of all compounds (1
mg/mL) was prepared in DMSO, and this was further diluted serially to
final concentrations of 1, 2, 3, 4, 5, 10, 20, 50, 80, and 100 μg/mL. The
stock solution of DPPH (10 mL, 1 mM) was prepared in methanol and
further diluted (25 mL, 0.1 mM) for use in the radical scavenging ex-
periments. Equal volumes (1 mL each) of diluted DPPH and compound
solutions were mixed in glass vials, shaken well, and kept for 30 min at
room temperature before measuring the absorbance. The absorbance of
all solutions of DPPH titrated with various compound concentrations was
measured using a UV-Vis spectrophotometer at 517 nm. Ascorbic acid
was used as a standard antioxidant reference for this assay.

DPPH radical scavenging percentage of the compounds was calcu-
lated using Eq. (1).

ðA0 � AÞ
A0

� 100 ¼ % Scavenging effect 1

Where A0 is the absorbance of blank (DMSO þ DPPH solution), and A is
the absorbance of sample mixtures added with DPPH.
3

2.6. Solution stability studies

2.6.1. Titration experiments at varied pH
For the titration experiments at varied pH conditions [31], a pHmeter

and UV-Vis spectrometer were used. Solution of the complexes (0.5 mM,
50 mL) were prepared in water and DMSO solvent media. Standard so-
lutions of HCl (50 mM, 100 mL) and KOH (50 mM, 100 mL) were pre-
pared in water. The pH of the sample solution was varied in the 3–9 pH
range. The same protocol was followed for UV-Vis spectroscopic titration.
Graph of absorbance v/s wavelength was plotted to determine the
behavior of the complexes in acidic and basic media.

2.7. Interaction with serum protein HSA

A successful drug development program requires an analysis of the
interactions between drug candidates and carrier proteins such as human
serum albumins (HSA) [31c, 32, 33]. This study will help in understand
the pharmacodynamics and pharmacokinetics of the binding components
and thus gain insight into the structural changes that are induced by
drugs on their carriers [31, 32, 33, 34, 35]. Hence, the interaction
behaviour of the complexes with carrier protein human serum albumin
(HSA) was studied. For this, stock solution of all the compounds (0.1 mM
in DMSO) were prepared. HSA standard solution (5 μM) was prepared in
a 7.4 pH buffer of sodium phosphate [32]. The interaction was studied
using a UV-Vis spectrophotometer. For the titration experiments, the HSA
concentration used was 5 μM and 0–10 μM concentration of the test
compounds were consecutively used to evaluate the change in
absorbance.

2.8. Synthetic methodology

2.8.1. Synthesis of N'-(3-(2-(7-chloroquinolin-3-yl)vinyl)benzylidene)
isonicotinohydrazide, Quibal-INH (L)

3-(2-(7-chloroquinolin-3-yl)vinyl)benzaldehyde (Quibal) (4.00 g,
6.80 mM) was dissolved in DCM. Isoniazid (INH) (1.86 g, 6.80 mM) was
taken in ethanol and sonicated for proper dissolution. The two starting
materials were mixed, and this solution mixture was refluxed for 3 h.
Cream-coloured solid precipitated out, and upon reaction completion,
the product was filtered and washed using DCM to remove unreacted
quinoline aldehyde, if any. The obtained residue was dried at 60 �C and
further used to synthesize complexes. The ligand was structurally char-
acterized, and these results were found to match the ligand's predicted
structure. Yield: 3.92 g, 69.70%; Anal. calcd. for. C24H17N4OCl (MW:
412.87 g mol�1):C, 67.22; H, 5.45; N, 13.07. Found: C, 67.21; H, 5.38; N,
12.78; Selected IR data (cm�1/νstr): 3394 (N–H), 3020 (Aromatic C–H),
2839 (aliphatic C–H), 1648 (C¼O), 1604 (C¼N), 1549 (ring C¼N), 1308
(C–N), 1065 (C–C); 1H–NMR (DMSO-d6, ppm): 8.81–7.55 (m, 13H, ar-
omatic H), 8.53 (s, 1H, N¼CH), 7.54 (m, 2H,-CH ¼ CH); 13C–NMR
(DMSO-d6, ppm): 162.16, 157.11, 150.78, 149.04, 148.48, 140.92,
137.18, 137.08, 135.19, 134.80, 130.23, 129.92–129.38 (4C), 127.90,
127.71, 127.21, 126.73, 126.12, 121.99, 120.81 (2C).

2.8.2. Synthesis of primary ligand complexes of vanadium and copper,
[VVO2(Quibal-INH)] (1) and [CuII(Quibal-INH)2] (2)

Vanadyl acetylacetonate (0.70 g, 2.66 mM) and copper chloride
dihydrate (0.45 g, 2.66 mM) were dissolved separately in a minimum
amount of methanol, and to these, a solution of ligand L (1.00 g, 2.42
mM) dissolved in a mixture of DCM and methanol in the ratio of 1:1 (60
mL) was added. The above two solutions were refluxed for around 3 h.
Yellowish green colored and light green colored precipitates were ob-
tained, respectively. The precipitates were separated through filtration,
washed with methanol and DCM mixture, and dried in a vacuum to
obtain the oxidovanadium(V) complex 1 and copper (II) complex 2
respectively.

VVO2(Quibal-INH)] (1): Yield: 0.74 g, 56.30 %; Anal. calcd. for.
C24H16ClN4O3V (MW: 494.80 g mol�1): C, 52.30; H, 4.25; N, 7.87.
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Found: C, 53.03; H, 4.23; N, 8.63; Selected IR data (cm�1/νstr):
3050–3170 (Aromatic C–H), 2833 (aliphatic C–H), 1598 (C¼N), 1521
(ring C¼N), 1322 (C–N), 1143 (C–O), 1075 (C–C), 965 (V¼O); 1H–NMR
(DMSO-d6, ppm): 8.36–7.62 (m, 13H, aromatic H), 8.76 (s, 1H, N¼CH),
7.53 (m, 2H,-CH ¼ CH); 13C–NMR (DMSO-d6, ppm): 172.34, 156.99,
156.83, 149.06, 148.37, 136.96, 135.10, 134.71, 130.23, 130.10,
129.80, 129.54, 129.28, 127.62, 127.12, 126.63, 126.02, 121.94,
120.72; 51V-NMR (DMSO-d6, ppm): -499.42.

[CuII(Quibal-INH)2] (2): Yield: 1.57 g, 66.89%; Anal. calcd. for.
C48H32Cl2CuN5O3(MW: 887.27 g mol�1):C, 43.10; H, 2.48; N,6.75.
Found: C, 43.72; H, 3.46; N, 6.83; Selected IR data (cm�1/νstr): 2995
(Aromatic C–H), 2886 (aliphatic C–H), 1596 (C¼N), 1524 (ring C¼N),
1324 (C–N), 1154 (C–O), 1062 (C–C).

2.8.3. Synthesis of secondary ligand complexes of vanadium and copper,
[VVO(Quibal-INH) (cat)] (3), [CuII(Quibal-INH) (cat)] (4), [VVO(Quibal-
INH) (bha)] (5) and [CuII(Quibal-INH) (bha)] (6)

Vanadyl acetylacetonate (0.70 g, 2.66 mM) and copper chloride
dihydrate (0.45 g, 2.66 mM) were dissolved separately in least amount of
methanol, and to these, a solution of ligand L (1.00 g, 2.42 mM) dissolved
in a mixture of DCM and methanol in the ratio of 1:1 (60 mL) was added.
The above two solutions were refluxed for 30 min. Subsequently, cate-
chol/benzohydroxamic acid (2.42 mM) was dissolved in 20 mLmethanol
andwas added to the reactionmixtures, followed by refluxing for another
4 h. The precipitates were separated by filtration, washed, and dried to
obtain dark green colored precipitates of vanadium compounds 3 and 5
and bottle green colored precipitates of copper compounds 4 and 6.

[VVO(Quibal-INH) (cat)] (3): Yield: 1.41 g, 78.97 %; Anal. Calcd.
for. C30H20ClN4O4V (MW: 586.90 g mol�1): C, 55.94; H, 4.69; N, 8.16.
Found: C, 56.15; H, 4.19; N, 7.50; Selected IR data (cm�1/νstr):
3044–3198 (Aromatic C–H), 2980 (aliphatic C–H), 1597 (C¼N), 1548
(ring C¼N), 1309 (C–N), 1144 (C–O), 1061 (C–C), 967 (V¼O); 1H–NMR
(DMSO-d6, ppm): 6.59–8.40 (m, 17 aromatic hydrogens), 8.81 (s, 1H,
N¼CH), 7.57 (m, 2H,-CH ¼ CH); 13C–NMR (DMSO-d6, ppm):172.43,
157.06, 156.85, 150.76, 149.07, 148.43, 140.99, 137.18, 137.12,
135.14, 134.78, 130.21, 129.90, 129.66, 129.51, 129.37, 127.67,
127.20, 126.73, 126.09, 121.98, 120.77. 51V-NMR (DMSO-d6, ppm):-
506.16.

[CuII(Quibal-INH) (cat)] (4): Yield: 1.01 g, 57.34%; Anal. Calcd. for.
C30H20ClCuN4O3(MW: 583.50 g mol�1): C, 51.67; H, 3.52; N, 6.51.
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Found: C, 51.93; H, 3.51; N, 8.74; Selected IR data (cm�1/νstr): 3051
(Aromatic C–H), 2834 (aliphatic C–H), 1597 (C¼N), 1521 (ring C¼N),
1323 (C–N), 1155 (C–O), 1074 (C–C).

[VVO(Quibal-INH) (bha)] (5): Yield: 1.23 g, 72.13%; Anal. Calcd.
for. C31H22ClN5O4V (MW: 614.93 g mol�1):C, 65.79; H, 4.10; N, 12.37.
Found: C, 65.75; H, 5.12; N, 12.53; Selected IR data (cm�1/νstr):
3045–3205 (Aromatic C–H), 2841 (aliphatic C–H), 1595 (C¼N), 1564
(ring C¼N), 1306 (C–N), 1142 (C–O), 1061 (C–C), 965 (V¼O); 1H–NMR
(DMSO-d6, ppm): 8.81–7.53 (m, 18 aromatic hydrogens), 8.80 (s, 1H,
N¼CH), 7.51 (m, 2H,-CH ¼ CH); 13C–NMR (DMSO-d6, ppm): 162.15,
157.06, 150.76, 150.00, 149.05, 148.45, 140.89, 137.15, 137.01,
135.16, 134.77, 130.18, 129.87, 129.63, 129.35, 127.89, 127.70,
127.19, 126.71, 126.08, 123.64, 121.99, 120.77.

[CuII(Quibal-INH) (bha)] (6): Yield: 1.26 g, 74.91%; Anal. Calcd.
for. C31H22ClCuN5O3(MW: 611.54 g mol�1): C, 60.00; H, 4.26; N, 10.76.
Found: C, 61.49; H, 4.15; N, 10.05; Selected IR data (cm�1/νstr): 3058
(Aromatic C–H), 2841 (aliphatic C–H), 1596 (C¼N), 1522 (ring C¼N),
1322 (C–N), 1145 (C–O), 1076 (C–C).

3. Results and discussion

3.1. Synthesis and characterizations

Quibal-INH (L) was synthesized following a condensation reaction
between a quinoline derivative (Quibal) and isoniazid (INH) (Scheme 1).
Metal complexes (1 and 2) were synthesized following the reaction be-
tween the ligand and the corresponding metal precursor salts of copper
and vanadium (Scheme 2). Further, four other complexes (3, 4, 5, and 6)
were obtained with one unit of primary ligand, Quibal-INH, and another
unit comprising secondary ligands, catechol (cat), and benzohydroxamic
acid (bha) attached to the metal centre (Scheme 3 and Scheme 4). The
ligand, as well as the metal complexes, were soluble in DMSO. The
analytical data obtained for the compounds were found to be in full
agreement with the proposed formulae of compounds.

1H-NMR analysis of L gave characteristic signals for 17 protons as
predicted for the structure of the ligand (see Supporting information
Figure 1a). The aromatic protons resonated between 8.81-7.55 ppm. The
hydrogen atom associated with the carbon of the imine bond resonated at
8.53 ppm. The protons linked with the aliphatic double-bonded carbon
atoms appeared at 7.54 ppm. 1H-NMR analysis of the vanadium (V)



Scheme 1. Synthesis route to obtain Quibal-INH(L).

Scheme 2. Synthesis route to obtain [VVO2(Quibal-INH)] (1) and [CuII(Quibal-INH)2] (2).

Scheme 3. Synthetic route employed to obtain [VVO(Quibal-INH) (cat)] (3), [CuII(Quibal-INH) (cat)] (4).

Scheme 4. Synthetic route employed to obtain [VVO(Quibal-INH) (bha)] (5) and [CuII(Quibal-INH) (bha)] (6).

Figure-1. Structures of copper and vanadium metal complexes consisting of ligand Quibal-INH (L) as primary ligand were (1) represents [VVO2(Quibal-INH)], (2)
represents [CuII(Quibal-INH)2], (3) represents [VVO(Quibal-INH) (cat)], (4) represents [CuII(Quibal-INH) (cat)], (5) represents [VVO(Quibal-INH) (bha)] and (6)
represents [CuII(Quibal-INH) (bha)].
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Figure-2. EPR spectra of (a) [CuII(Quibal-INH)2] (2), (b) [CuII(Quibal-INH) (cat)] (4) and (c) [CuII(Quibal-INH) (bha)] (6) in DMSO obtained at LNT (77 K).

Table 1. Spin-Hamiltonian parameters calculated using X-band EPR spectra of
[CuII(Quibal-INH)2] (2), [CuII(Quibal-INH) (cat)] (4) and [CuII(Quibal-INH)
(bha)] (6) in DMSO.

Sample gx¼gy¼g▪ gz ¼
gk

Ax ¼ Ay ¼ A
▪
(10�4

cm�1)
Az ¼ Ak (10�4

cm�1)
gk/Ak
(cm)

2 2.08 2.35 101.45 145.95 161.01

4 2.08 2.39 98.94 129.87 184.03

6 2.08 2.38 116.02 141.18 168.58

Table 2. Growth inhibition values for high-risk pathogen species with the
treatment of test compounds.

Sample (32 μg/mL) % of growth inhibition

Sa Ec Kp Pa Ab Ca Cn

L (Quibal-INH) - 1.72 - 22.82 4.19 50.18 27.62

1 1.26 - - 12.92 - 48.48 49.13

2 - - - 21.32 - 10.07 28.56

3 13.03 - - - 9.71 48.55 -

4 15.02 17.69 20.85 24.54 28.14 29.74 7.67

5 16.84 - 16.94 - 5.53 13.25 7.22

6 18.03 12.57 13.55 20.85 24.17 97.70 97.86

Sa: Staphylococcus aureus; Ec: Escherichia coli; Kp: Klebsiella pneumonia; Ab: Aci-
netobacter baumannii; Pa: Pseudomonas aeruginosa; Ca: Candida albicans; Cn:
Cryptococcus neoformans.
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complexes (1, 3, and 5) showed minor changes in the resonant signals of
the aromatic protons and the protons associated with the aliphatic
double-bonded carbons (see Supporting information Figures 1b-1d). The
hydrogen atom linked with the carbon of imine bond was observed to be
de-shielded by 0.23 ppm, 0.28 ppm, and 0.27 ppm in 1, 3, and 5,
respectively. 13C-NMR analysis of L showed expected signals for all the
24 carbons (see Supporting information Figure 2a). The signal at 162.16
ppm is due to carbonyl carbon and the imine carbon resonated at 149.04
ppm. All aromatic carbons resonated between 120.81-157.11 ppm. The
13C-NMR analysis of the complexes (1, 3, and 5) exhibited all resonance
signals pertaining to the ligand. The carbon atom of imine was observed
to be de-shielded by 7.79 ppm in 1, 23.39 ppm in 3, and 13.11 ppm in 5
(see Supporting information Figures 2b-2d). The formation of vanadium
(V) complexes was further confirmed by performing a 51V-NMR spectral
analysis. Compounds 1 and 3 exhibited a strong resonance at δ¼ -499.42
ppm and -506.16 ppm, respectively, which confirms vanadium's
Table 3. MIC values of the compounds against H37Rv strain.

Sample/drug MIC value (μg/mL)

5 1.60

Streptomycin 0.80

Isoniazid 1.60

Rifampin 0.80

Ethambutol 3.20

Pyrazinamide 3.12



Table 4. EC50 values of the compounds for free radical scavenging activity obtained from the DPPH radical scavenging study.

Sample Ascorbic acid L 1 2 3 4 5 6

EC50 (μM) 66.42 - 672.94 146.20 106.09 18.33 48.66 72.55

EC50 (μg/mL) 11.69 -NA- 332.97 129.72 62.26 10.69 29.92 44.37
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oxidation state and supports the participation of the ON donor system for
vanadium (V) coordination.

Copper (II) complexes (2, 4, and 6) were studied using EPR spec-
troscopy. The X-band EPR spectra of the copper complexes in DMSO
solution (5 � 10�4 M) were studied at liquid nitrogen temperature. The
spectra displayed hyperfine signals characteristic of copper (II) metal
centre. Manual stimulations were used to estimate g and A, the spin-
Hamiltonian parameters (Table 1). These calculated hyperfine splitting
constants could be equated to the ligands surrounding the copper center.
All copper compounds exhibited an axial type of EPR spectrum (gx¼ gy<
gz) (Figures 2a-c). The splitting constants were correlated with the gk/Ak
plots given by Peisach [36] and Addison [37], which provides the rela-
tion between geometry and gk/Ak values. It was observed that the gk and
Ak values obtained are close to the predicted binding donor sets given in
Peisach and Blumberg plot and Addison plot of Ak vs gk. The tetrahedral
distortion index values suggested a square planar arrangement around
the central metal ion in a distorted environment.

I.R. spectra of the compounds provided evidence for the functional
groups in all the compounds. The ligand (L) displayed a sharp band at
1604 cm�1 pertaining to the imine group (–C¼N). The peak at 3394 cm�1

was due to the N–H stretching of the isoniazid moiety. No N–H peak was
observed in the spectra of all the coordination compounds due to the loss
Figure-3. DPPH radical scavenging graphs of (a) [CuII(Quibal-INH) (cat)] (4
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of amine hydrogen upon coordination to the metal center after the N–H
and C¼O groups in ligand exhibited tautomerism. The ligand peaks at
1648 cm�1 and 1604 cm�1 are associated with C¼O and C¼N stretching,
respectively. The C¼N peak underwent a significant shift, and the C¼O
peak vanished upon coordination of ligand with the metal centers indi-
cating the contribution of enolic O and imino N as donor atoms in the
metal complexes. Bands of medium intensity in the range of 1549 cm�1

to 1065 cm�1 were found due to ring C¼N, C–N, and C–C stretching
vibrations, which show negligible shifts in the metal complexes depicting
that the ligand backbone is intact. Sharp bands at 965 cm�1, 967 cm�1

and 965 cm�1 were found for the metal complexes 1, 3 and 5, respec-
tively, which pertain to V¼O stretching modes.

3.2. Growth inhibition study against pathogens of high risk

Inhibition of growth of bacteria was examined by measuring the
absorbance of samples at 600 nm (OD600). Inhibition of growth of fungi
species was examined by determining the absorbance of samples at 530
nm and the absorbance difference between 600 and 570 nm (OD600-570),
respectively. All synthesized compounds were found to be inactive to-
wards growth inhibition of bacterial species in the primary screening
assay (Table 2). However, the compounds exhibited moderate to
), (b) [VVO(Quibal-INH) (bha)] (5) and (c) [CuII(Quibal-INH) (bha)] (6).



Figure-4. Plots obtained from UV-Visible pH titration studies of (a) VVO2(Quibal-INH)] (1), (b) [CuII(Quibal-INH)2] (2), (c) [VVO(Quibal-INH) (cat)] (3), (d)
[CuII(Quibal-INH) (cat)] (4), (e) [VVO(Quibal-INH) (bha)] (5) and (f) [CuII(Quibal-INH) (bha)] (6).
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excellent action against fungi pathogens. The copper complex (6) dis-
played significant inhibitory activity of 97.70% and 97.86% against
C. albicans and C. neoformans fungi species, respectively. Thus, compound
6 has been identified as active and has been selected for further hit
validation screening. This complex was further evaluated for its toxicity
effect and haemolytic activity on human embryonic kidney cells and red
blood cells, respectively. The results indicated that the copper complex
(6) did not display any toxicity and haemolysis activity on the healthy
cells at concentrations up to 32 μg/mL.
3.3. Inhibitory activity study against M. tuberculosis H37Rv strain

The synthesized complexes were screened for their antitubercular
potential against Mycobacterium tuberculosis H37Rv strain. Isoniazid,
8

Streptomycin, Rifampin, Pyrazinamide, and Ethambutol were used as
standard drugs for comparison of results. Further, the minimum inhibi-
tory concentration (MIC) of the compounds essential for inhibition of
H37Rv growth was calculated. Among all the compounds tested, only
vanadium complex (5) showed better activity with MIC comparable with
the standard anti-TB drugs (Table 3).
3.4. Toxicity studies on HEK cell line

The vanadium complex (5) which was identified as a hit candidate for
anti-TB activity, was further evaluated for its cytotoxicity effects on
human embryonic kidney cells using MTT Assay. It was found that the
compound exhibited a good safety profile for healthy cells with an IC50
value of 5.63 μg/mL, which is higher than the MIC value of the same



Figure-5. UV-Visible spectrum of HSA upon titration with different concentrations of (a) VVO2(Quibal-INH)] (1), (b) [CuII(Quibal-INH)2] (2), (c) [VVO(Quibal-
INH) (cat)] (3), (d) [CuII(Quibal-INH) (cat)] (4), (e) [VVO(Quibal-INH) (bha)] (5) and (f) [CuII(Quibal-INH) (bha)] (6).
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compound. This depicts the non-toxicity of the vanadium complex 5
below its MIC value. Therefore, this compound can be taken for advanced
biological/clinical trials.
3.5. Free radical scavenging study

All the developed compounds were evaluated for their antioxidant
potential with the help of a DPPH radical scavenging assay. The radical
scavenging capacity was evaluated by the representative changes in the
absorbance at a wavelength of 517 nm for the test solutions of com-
pounds added with DPPH. The scavenging ability of the ligand and
complexes were examined by plotting a graph of scavenging effect per-
centage v/s concentration. The half-maximal effective concentration
(EC50) of the compounds was determined using the scavenging activity
values (Table 4). Standard antioxidant compound ascorbic acid was used
for comparison as a reference, whose EC50 value was 66.42 μM. Copper
complex 4 exhibited excellent free radical scavenging activity with EC50
9

value of 18.33 μM, depicting higher activity than ascorbic acid. In
addition, the vanadium and copper complexes 5 and 6 also displayed
significant antioxidant activity, with EC50 values comparable to that of
standard ascorbic acid (Table 4). The scavenging ability of the most
active complexes 4, 5 and 6 were examined by plotting a graph of
scavenging effect percentage v/s concentration mentioned in Figures 3a,
3b and 3c respectively.
3.6. Model biological media interaction effects

3.6.1. pH variation effects
Evaluating the stability of the compounds in varying pH conditions is

essential owing to varied biological pH ranging from basic to acidic
conditions in the biological drug route. Titration experiments at varied
pH using pHmeter and UV-visible spectroscopy were done to understand
the stability of ligand and its metal complexes in solution. Firstly, the
physicochemical parameter pKa was found using pH potentiometric
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titration experiments. For all the compounds (0.5 mM), the initial solu-
tion pH was steadily decreased to about pH 2 by the gradual addition of
HCl solution (50 mM). The solutions were then titrated by the gradual
addition of KOH solution (50 mM) and a plot of pH v/s volume of KOH
used was drawn to calculate the equivalence point and pKa values (see
Supporting information SI Figure 3, page S7–S10). The pKa values ranged
from 3.68 to 4.69 for all compounds. Titrations of compounds with acid
and base were also studied by measuring UV-Vis absorbance to under-
stand the stability of transition peaks. Acidic and basic pH environments
encouraged hypochromism and hyperchromism, respectively but failed
to result in any wavelength shift in the peak absorbance (Figure 4). The
acceptable values of pKa and the retaining peaks of absorbance for the
compounds in wide-ranging pH recommend that the complexes possess
great potential to bypass the biological drug route and display excellent
physiological stability.

3.6.2. Protein titration effects
Evaluation of the interaction of a prospective drug with biological

proteins is of prime importance. It plays a decisive role in evaluating the
drug regimen, toxicity, and bioavailability of the drug candidates.
Considering this, the interaction of copper and vanadium complexes with
HSA, a model plasma protein, was examined using the UV-Visible spec-
troscopic technique to gain preliminary insight into their extent of
binding [38]. HSA is known to show absorption maxima at 280 nm [39],
which forms a key factor in the analysis of the interaction between the
test compound and HSA. The UV-Vis spectra of HSA (5 μM) with titration
of metal complexes (1–6) at varied concentrations (0.83–8.19 μM) in pH
7.4 medium at 298 K were studied (Figure 5). It was observed that the
intensity of absorbance of HSA increased with incremental concentra-
tions of the complexes, which recommended a static interaction between
protein and compounds [40]. To deduce the binding constant Ka and
extent of binding, a double reciprocal plot (A0/(A-A0) vs. 1/c) acquired
from the absorbance data was used, as shown in Supporting information
SI Figure 4 page S11–S13. The calculated association constants (Ka) were
found to be in the range of 0.062–5.25x105. The HSA interaction studies
infer that in the presence of biological media and plasma the synthesized
complexes are quite stable enough; thereby, they can possibly bypass
many biological barriers and drug routes. Additionally, plasma proteins
like HSA could be explored as transporters of these drug candidate
compounds.

4. Conclusion

Novel VV and CuII complexes with ligand Quibal–INH and co-ligands,
catechol and BHA, were synthesized and characterized using different
analytical and spectroscopic techniques to ascertain the structural and
molecular formulae of the complexes. The ligandwas found to coordinate
in an ON–donor fashion. The therapeutic activities of the coordination
compounds were evaluated primarily in terms of their in vitro activities
toward high-risk antimicrobial-resistant pathogens and M. tuberculosis
H37Rv strain. The complexes were also assessed for their free-radical
scavenging potential. The results conclude that all the developed com-
pounds are plausibly bioactive and to specifically highlight, [CuII(Quibal-
INH) (bha)] (6) displayed growth inhibition of Candida albicans and
Cryptococcus neoformans fungal species with no toxicity and hemolysis
activity on the healthy cells at concentrations up to 32 μg/mL [VVO(-
Quibal-INH) (bha)] (5) exhibited significant activity against
M. tuberculosis H37Rv strain as compared to the standards. [CuII(Quibal-
INH) (cat)] (4) exhibited excellent free radical scavenging activity higher
than the activity of standard ascorbic acid. In addition, the complexes
[VVO(Quibal-INH) (bha)] (5) and [CuII(Quibal-INH) (bha)] (6) also dis-
played significant antioxidant activity. The synthesized coordination
complexes demonstrated stability at physiological conditions of pH and
exhibited a high extent of binding with HSA plasma protein signifying
effective transport of the new drug-alike candidates in biological
conditions.
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