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a b s t r a c t

In this study, a biologically active mixed-valence V(IV)/V(V) complex [VO(Hofloz)2(H2O)][V4O12]0.5.6H2O
(1) (Hofloz ¼ zwitterionic isomer of ofloxacin) was synthesized by the reaction of VOSO4 with ofloxacin
(Hofloz) in presence of KOH with 1:1:1 ratio. The complex was characterized through the usage of
elemental analysis, FT-IR, molar conductivity and single-crystal X-ray diffraction and thermogravimetric
analysis (TGA). The results of single crystal X-ray structure determination revealed an ionic structure
consisting of [VO(Hofloz)2(H2O)]2þ and [V4O12]4� units with 1:0.5 stoichiometry. The Vþ4 ion in the
cationic unit has octahedral geometry while each Vþ5 ion of the eight-member cyclic tetravanadate anion
is tetrahedrally coordinated. In regards to the crystal structure of 1, the bidentate ofloxacin ligand is
coordinated to the Vþ4 ion in its zwitterionic form (þHNe$$$eCOO-) through the oxygen atoms of the
pyridone and carboxylato groups. The thermodynamic stability of two isomeric forms of Hoflo and 1
along with their charge distribution patterns was studied by DFT and NBO analysis. Also, the ability of the
ligand to interact with ten selected biomacromolecules (BRAF kinase, CatB, DNA gyrase, HDAC7, rHA,
RNR, TrxR, TS, Top II and B-DNA) was investigated by docking calculations. These studies revealed that
this ligand can bind to the proteins and DNA molecule and could be consider as biologically active
compound. Finally, the antibacterial activities of the free Hoflo ligand and its vanadium complex have
been evaluated against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) strains through the
utilization of broth microdilution and well diffusion methods. The complex showed antibacterial effect
similar to the free Hoflo ligand on the selected bacterial strains and these compounds were more active
against Gram-negative bacteria.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Quinolones (quinolonecarboxylic acids or 4-quinolones) are
known as a very important family of the synthetic antibacterial
drugs that are prescribed in great extent for the treatment of
different bacterial diseases. Recently, the synthesis of novel qui-
nolone analogues with increased activity and potential for being
applied throughout the treatment of various bacterial diseases has
been considered [1]. Ofloxacin is a member of this large family
(Hoflo, Fig. 1) that is widely used to treat bacterial infections that
cause bronchitis, pneumonia, chlamydia, gonorrhea, skin
i).
infections, urinary tract infections, and infections of the prostate
[2]. While containing a zwitterionic form (Fig. 1), Ofloxacin usually
acts as bidentate ligand due to the oxygen atoms of pyridone and
carboxylate groups [3]. The existence of interaction between
quinolones and metal ions stands as the subject of active research
in bioinorganic chemistry [4].

Nowadays, synthetic antibacterial drugs such as quinolones are
often detected in the form of inorganic coordination compounds.
Next to being capable of increasing their solubility, the drugs that
come in the form of metal complexes possess modified toxicolog-
ical and pharmacological properties which has consequently
caused their synthesis to be of importance [5]. It was found that
quinolones have a similar affinity for the metal ions, forming che-
lates more stable with hard Lewis acids like the trivalent cations
(Al3þ, Fe3þ). Chelates less stable are formed with the cations of
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Fig. 1. Molecular structure of Hoflo (left) and its zwitterion form (right).
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group 2 A (Mg2þ, Ca2þ, Ba2þ) [6].
According to the literature review, there are several reports on

the synthesis of ofloxacin complexes with Mgþ2 [7], Fe2þ [8], Ru2þ

[9], Co2þ [10], Ni2þ [11], Pt2þ [12], Cu2þ [13] and Zn2þ [14] and
investigation of their applications. Since there are no reports of the
synthesis of ofloxacin complexes with vanadium, in the present
work, we report the first example of a oxidovanadium complex
with ofloxacin.

In recent years, the coordination chemistry of oxidovanadium
complexes have been considered for their role in catalytic activities
since they contain a vital functionality throughout a variety of
biochemical processes such as haloperoxidation [15], phosphory-
lation [16], insulin-mimicking [17], nitrogen fixation [18], tumor
growth inhibition, and prophylaxis against carcinogenesis [19].
Moreover, high-valence vanadium complexes have been investi-
gated as new versatile catalytic reagents for a wide range of
oxidation reactions [20], such as the oxidation of olefins and alco-
hols [21,22], benzene/alkyl aromatic compounds, and sulfides [23].
Also, it is noticeable that the complexation of vanadium with
organic ligands minimizes unfavorable effects of its inorganic salts
without sacrificing important benefits [24].

Herein we describe the synthesis, characterization and crystal
structure of a new oxidovanadium complex, [VO(Hofloz)2(H2O)]
[V4O12]0.5.6H2O (1), containing Zwitterionic form of ofloxacin
ligand (Hofloz) and a cyclic eight-membered tetravanadate anion
([V4O12]4-). For the study of the thermodynamic stability and
charge distribution patterns of ligand and complex, DFT and NBO
analyses were performed, respectively.

To evaluate the biological activities of Hoflo and Hofloz, docking
calculations were run to investigate the possibility of an interaction
between these compounds and ten biomacromolecular targets
[25e29], as the following: BRAF kinase, Cathepsin B (CatB), DNA
gyrase, Histone deacetylase (HDAC7), recombinant Human albumin
(rHA), Ribonucleotide reductases (RNR), Thioredoxin reductase
(TrxR), Thymidylate synthase (TS), Topoisomerase II (Top II) along
with B-DNA. These proteins were selected either due to their re-
ported roles in cancer growth or as transport agents that can effect
drug pharmacokinetic properties (e.g., rHA). The DNA gyrase was
included to study the possibility of anticancer properties and their
activity as antimalarial agents [30]. The knowledge gained from
docking on the B-DNA should be useful for the development of
potential probes in regards to DNA structure and new therapeutic
reagents for tumors and other diseases [31]. Additionally, the
antimicrobial activity of the Hoflo and 1 was investigated by
determining the minimum inhibitory concentration (MIC) and
measuring the diameter inhibition zone against Gram-positive
S. aureus (ATCC 25923) and Gram-negative E. coli (ATCC 25922)
microorganisms.
2. Experimental

2.1. Materials and instrumentation

All of the chemicals, solvents, and ofloxacin drug (purity: 99.7%)
for synthesis and analysis were purchased from Sigma Aldrich
company. Infrared spectra as a KBr disk in the 4000e500 cm�1

regionwere recorded at room temperature by the employment of a
Shimadzu FT-IR 8400 spectrometer. Carbon, hydrogen, and nitro-
gen contents were determined through a Thermo Finnigan Flash
Elemental Analyzer 1112 EA, while the attained results were in
agreement with the calculated values. The molar conductivity of
the complex was prepared in DMF (1.0� 10�3 mol/L) andmeasured
using a Herisau Metrohm model CH-9101. The TGA was measured
with an SDT Q600-TA instruments under an oxygen atmosphere
with a heating rate of 10 �C/min in the temperature span of
25e1000 �C.

2.2. Preparation of [VO(Hofloz)2(H2O)][V4O12]0.5 .6H2O

A mixture of VOSO4 (0.163 g, 1 mmol), ofloxacin (0.361 g,
1 mmol) and water (15 mL) was adjusted to pH 7 with KOH (1 M)
solution and refluxed for 2 h. Then, the reactionmixturewas cooled
to room temperature and subsequent to days, the yellow prismatic
crystals have been collected by filtration, washed with water and
dried in air. mp: 300 �C. Yield: 70%. Molar conductivity
(1 � 10�3 mol L�1; DMF): 92 U�1cm2 mol�1. Elemental analysis:
C36H46F2N6O22V3 (1105.6); Calculate: C, 41.51; H, 4.45; N, 8.07%;
Found: C, 41.15; H, 4.95; N, 7.67%. IR (KBr disc, cm�1): 3402 m (n
OeH) water, 3352 w (n NeH), 2929 w (nas CH2), 2819 w (ns CH2),
1610 s (n C]O) pyridone, 1580 s (nas COO), 1488 s (n C]C), 1382 s (ns
COO), 1256 s (n CeO), 1186 w (n CeN), 954 s (n V]O), 750 (nas
VeOeV), 640 s (ns VeOeV), 550 w (n VeO).

2.3. Structure determinations

Suitable single crystal of the dimensions 0.12 � 0.09 � 0.03 mm
was chosen for X-ray diffraction study. Crystallographic measure-
ments were done at 95 K with using a Super-Nova diffractometer
equipped with a micro-focus sealed tube, mirror-collimated Cu Ka
radiation (l ¼ 1.54184 Å), and a CCD detector (Atlas S2). Thereafter,
the structure was solved with the charge flipping algorithm by
Superflip [32] and refined by full-matrix least-squares on F2 using
program Jana2006 [33]. All hydrogen atoms present in the struc-
ture model were discernible in difference Fourier maps and could
be refined to reasonable geometry. According to common practice
H atoms bonded to C were kept in ideal positions with
CeH ¼ 0.96 Å while positions of H atom bonded to N and O were
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refined with restrained bond lengths. In both cases, Uiso(H) was set
to 1.2Ueq (C, N, O). All non-hydrogen atoms were refined using
harmonic refinement. The hydrogen atoms of four water molecules
could not be located in difference Fourier maps and therefore are
absent in the structure model. MCE software [34] was used for
visualization of difference Fourier maps. Diagrams of the molecular
structures and unit cells were created using Diamond software [35].

2.4. Computational details

All structures were optimized with the Gaussian 09 software
[36] and calculated for an isolated molecule using Density Func-
tional Theory (DFT) [37] at the B3LYP [38]/6-31G [39] (d,p) level of
theory for ligand and its Zwitterionic form and B3LYP/LanL2DZ [40]
for complex and NBO analysis. The X-ray structural data of complex
1was used as input for the theoretical calculations. The structure of
the ligand was extracted from the cif file of the complex 1 and used
for DFT studies.

2.5. Docking studies

We obtained the pdb files of 4r5y, 3ai8, 5cdn, 3c0z, 2bx8, 1peo,
3qfa, 1njb, 4gfh, 1bna for the ten receptors including BRAF kinase,
Cathepsin B (CatB), DNA gyrase, Histone deacetylase (HDAC7), re-
combinant Human albumin (rHA), Ribonucleotide reductases
(RNR), Thioredoxin reductase (TrxR), Thymidylate synthase (TS),
Topoisomerase II (Top II), B-DNA, respectively, from the Protein
Data Bank (pdb) [41]. The full version of Genetic Optimisation for
Ligand Docking (GOLD) 5.5 [42] was used for the docking studies.
The Hermes visualizer in the GOLD Suite was applied to further
prepare the ligand, complex, and receptors for docking, while the
optimized structure of ligands was used for the docking studies.
The region of interest used for GOLD docking was defined as all of
the protein residues within 6 Å of the reference ligand “A” that had
accompanied the downloaded protein. In regards to B-DNA, the
Fig. 2. The IR spectra of (a) Hoflo, (b) [VO(Ho
region of interest was defined on DNA backbone within 10 Å of the
O2, DT19 atoms for minor grooves. All the freewater molecules that
exist within the structure of proteins were deleted before docking.
All the other parameters were applied in default values and the
compounds were submitted to ten genetic algorithm runs through
the GOLDScore fitness function.

2.6. Antibacterial activities

The antibacterial activities of Hoflo ligand and 1 were investi-
gated in vitro against the bacterial species Gram-positive S. aureus
(ATCC 25923) and Gram-negative E. coli (ATCC 25922). Initially,
compounds were dissolved in dimethylsulfoxide (DMSO) and the
antibacterial activities of all solutions were determined by broth
microdilution and well diffusion methods. To proceed with these
methods, bacterial strains were grown in a nutrient medium at
37 �C overnight to obtain a cell count of approximately 108 CFU/mL.

2.6.1. Measurement of minimum inhibitory concentration (MIC)
The MIC values were studied for bacterial species using a mi-

crotiter plate method. For this test, 70 ml of the bacterial suspension
containing 108 CFU/mL were added to 70 ml of the compounds
dispersed in DMSO. Then, we have appended 70 ml of nutrient broth
medium to each well of the microtiter plate. To finish the process,
after three intervals, dilution concentrations of 4, 8, 16, 32, 64 mg/
mL of the compounds were produced in each plate. Optical density
(OD) of all concentrations was measured at zero, as well as sub-
sequent to 18 h of incubation at 37 �C.

2.6.2. Disc diffusion method
In this method, the compounds were dissolved in DMSO solvent

until reaching the final concentrations of 4, 8, 16, 32, 64 mg/mL and
were sterilized through autoclaving. Thereafter, cell concentrations
of all test microorganisms were required to be adjusted at 0.5
McFarland (108 CFU/mL) and by the of sing sterile swabs, each
floz)2(H2O)][V4O12]0.5 .6H2O in KBr pellet.



Table 1
Crystal data and data collection, refinement parameters for complex 1.

Empirical formula C36H42F2N6O10V$0.5(V4O12)$2(H2O)$4(O)

Formula weight (g mol�1) 1105.6
Crystal size (mm3) 0.12 � 0.09 � 0.03
T (K) 95
Crystal system Triclinic
Space group P-1
a (Å) 9.3623 (4)
b (Å) 13.8516 (7)
c (Å) 18.7684 (9)
a (�) 99.467 (4)
b (�) 97.344 (3)
g (�) 101.761 (4)
V (Å3) 2317.3 (2)
Z 2
rcalc, (g cm�3) 1.585
m (mm�1) 5.83
F (000) (e) 1134
q range for cell measurement (�) 3.7e74.1
h, k, l ranges �11 � h � 11, �17 � k � 17, �23 � l � 23
Reflections measured, independent 50358, 15842
Parameters, restrains 651, 11
Rint 0.1097
Reflections with I > 3s(I) 8945
R (F2 > 3s(F2)) 0.072
wR (F2) 0.165
Drmax, Drmin (e Å�3) 0.80, �0.58
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microbial suspension was inoculated on nutrient agar. As the last
step, filter paper discs (6 mm in diameter) were placed on the agar
surface, and 50 ml of the test samples were pipetted into the discs.
After 24 h of incubation at 37 �C, the diameters of inhibition zones
(DIZ) are measured in millimetres (mm).
3. Results and discussion

3.1. IR spectroscopy

The FT-IR spectrum, summarized in the experimental section, is
focused on the functional groups of carboxylate and pyridone
groups. The observed broad absorption band at 3402 cm�1 region
Table 2
Selected bond lengths (Å) and valence angles (�) of complex 1.

Distances

V1eO3a 1.993 (3)
V1eO3b 1.977 (4)
V1eO1v 1.619 (4)
V2eO1 1.810 (5)
V2eO3 1.626 (4)
V3eO1 1.823 (5)
V3eO5 1.632 (4)

Angles

O3a�V1eO4a 81.01 (13)
O3a�V1eO4b 87.84 (14)
O3a�V1eO2v 89.36 (15)
O4a�V1eO4b 82.78 (14)
O4a�V1eO2v 82.84 (14)
O3b�V1eO1v 99.51 (16)
O4beV1eO1v 100.14 (18)
O1v�V1eO2v 94.21 (18)
O1eV2eO2 108.4 (2)
O1eV2eO4 111.8 (2)
O2eV2eO4 106.63 (19)
O1eV3eO2i 110.82 (19)
O1eV3eO6 107.1 (2)
O2i�V3eO6 108.9 (2)

Symmetry codes: (i) �xþ1, �yþ1, �zþ1.
in regards to 1 refers to the OeH stretching vibration of water
molecules [43,44]. In the FT-IR spectrum of free Hoflo (Fig. 2 (a)),
The band appears at 3352 cm�1, for n (NeH) of the NH2

þ group,
showing the Hoflo ligand is in a neutral zwitterionic form
(þHNe$$$eCOO‒) [45]. Furthermore, three bands at 1640,1620, and
1400 cm�1 are assigned to the n (C]O) vibrations of the pyridone
group, as well as the nas (COO) and ns (COO) of the carboxylate
group, respectively [46]. After complexation (Fig. 2 (b)), the n (C]
O), n (COO) as, n (COO) s are shifted 30, 40 and 18 cm�1 to the lower
frequencies. Also, the difference of D [ ¼ nasym (C]O) �nsym (C]O)]
is used to measure the coordination of carboxylate ligands, and the
difference (D) of this complex has been measured to be 198 cm�1,
which is suggestive of an asymmetric monodentate carboxylate
V1eO4a 2.203 (3)
V1eO4b 2.003 (4)
V1eO2v 2.031 (4)
V2eO2 1.797 (4)
V2eO4 1.650 (4)
V3eO2i 1.787 (4)
V3eO6 1.650 (5)

O3a�V1eO3b 163.16 (14)
O3a�V1eO1v 97.26 (17)
O4a�V1eO3b 82.33 (13)
O4a�V1eO1v 176.58 (18)
O3b�V1eO4b 87.65 (14)
O3b�V1eO2v 90.99 (15)
O4beV1eO2v 165.61 (15)

O1eV2eO3 107.2 (2)
O2eV2eO3 113.85 (19)
O3eV2eO4 109.1 (2)
O1eV3eO5 110.1 (2)
O2i�V3eO5 110.2 (2)
O5eV3eO6 109.7 (2)



Table 3
Selected Hydrogen bond geometry, lengths (Å) and valence angles (�) of complex 1.

DeH$$$A d (DeH) d (H$$$A) d (D$$$A) < (DHA)

O2v‒H1o2v$$$O1ai 0.860 (9) 2.12 (2) 2.935 (6) 159 (4)
O2v‒H2o2v$$$O9 0.86 (3) 1.97 (3) 2.575 (5) 126 (5)
O7eH1o7$$$O2b 0.86 (5) 2.03 (5) 2.827 (6) 153 (4)
O7eH2o7$$$O2aii 0.86 (5) 2.02 (5) 2.846 (6) 162 (4)
O8eH1o8$$$O5 0.86 (5) 1.97 (6) 2.808 (7) 166 (5)
O8eH2o8$$$O3iii 0.86 (3) 2.46 (5) 3.023 (6) 124 (5)
N3aeH1n3a$$$O1iv 0.92 (5) 1.93 (5) 2.774 (6) 151 (4)
N3beH1n3b$$$O4i 0.92 (5) 1.93 (5) 2.822 (7) 162 (5)

Symmetry codes: (i) -x, -yþ1, -z; (ii) xþ1, y, z; (iii) -xþ1, -yþ1, -zþ1; (iv) -xþ1, -yþ1,
-z.
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[47]. The attachment of an oxo ligand to the vanadium (IV) ion
proves by a band at 954 cm�1. Also, the asymmetric and symmetric
vibrations of the bridged VeOeV bonds of the cyclic tetravanadate
anion are observed at 640 and 750 cm�1 [48]. Finally, a weak band
at 550 cm�1 is attributed to the metal-ligand stretching vibration
(VeO) [49].

3.2. Description of crystal structure

Crystallographic data and refinement details are given in Table 1.
In addition, selected bond lengths, angles and hydrogen bond ge-
ometries are shown in Table 2 and Table 3.

3.2.1. Crystal structures of [VO(Hofloz)2(H2O)] [V4O12]0.5.6H2O
Single crystal X-ray analysis reveals an ionic complex (Fig. 3)

that crystallized in the Triclinic space group P-1. The asymmetric
unit is consisted of a coordinated cation [VO(Hofloz)2(H2O)]2þ, half
of the cluster anion [V4O12]4� and six crystal water molecules. To
the best of our knowledge, this is the first example regarding the
crystal structure of an oxidovanadium complex with ofloxacin
ligand. In the cationic unit, the coordination geometry around the
vanadium (IV) is distorted octahedral geometry with VO6
Fig. 3. Diagram of [VO(Hofloz)2(H2O)][V4O12]0.5.6H2O complex ADPs, presenting the selecte
-zþ1.
environment. Each of the Hofloz molecules is bonded to the vana-
dium atom in the bidentate mode through the O3 oxygen atom of
the carboxylate group and O4 oxygen atom from the pyridone
group. Also, two ligands have cis position and are in a zwitterionic
form (þHNe$$$eCOO‒) with the protonation of the terminal
piperazinyl nitrogen atom (N3). In addition of two Hofloz ligands,
the octahedral geometry around the vanadium atom is completed
by coordination of an oxo ligand along with a water molecule.
Among the different coordinated bond lengths, the V¼Ooxo and V‒
Opyridone which have a trans position are the shortest and longest
ones. The Hofloz ligand has one chiral center on the carbon atom
(C9a and C9b), and each cationic units contains two chiral centers
with similar enantiomeric form. Although 1 has two chiral centers,
the crystals are a racemic mixture of R, R and S, S isomers in
alternate layers [50,51]. A study of the Cambridge Structural
Database (CSD) [52] revealed that free ligand does not exist in the
zwitterionic form [53], which could be related to the fact that the
thermodynamic stability of Hoflo is higher than Hofloz. This
observation is studied by DFT studies in the theoretical section.
Based on the CSD data, in addition to the zwitterionic form, this
ligand can form a cationic H2ofloþ [54], and an anionic Hoflo [55]
units, while being capable of functioning as bidentate OO-donor
ligand as well.

A cluster anion ([V4O12]4�) contains four corner-sharing [VO4]
tetrahedra (Fig. 4), each of them including two O bridge atoms and
two O terminal atoms. The bond lengths average of (VeO)bridge is by
0.164 Å longer than the (VeO)terminal average.

In the crystal structure of 1 (Fig. 4), there are intermolecular
OeH/O and NeH/O hydrogen bonds. The latter of them appears
to have a larger impact on the crystal structure, which results in
forming an infinite chain in the direction of [1 0 0]. The OeH/O
hydrogen bonds either hold the chains together, or act as a bridge of
complex anion oxygen atoms. These interactions form motifs with
graph-set notations including D1

1 (2), R2
2 (20), R2

2 (18), R2
2 (19), R2

2
(14), R2

2 (15), R4
4 (56), R2

1 (4) and R2
2 (8). Hydrogen atoms of four

water molecules could not be located in difference Fourier maps,
d atoms labelled and ellipsoids at 30% of probability. Symmetry code: (i) -xþ1, -yþ1,



Fig. 4. A view of coordination polyhedral and hydrogen bonds of [VO(Hofloz)2(H2O)][V4O12]0.5.6H2O. Octahedral depicted in green and tetrahedral in purple. Hydrogen atoms not
involved in hydrogen bonds were omitted for clarity.
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therefore their involvement in hydrogen bonding will not be
discussed.
3.3. Thermal Analysis

Thermal gravimetric analysis (TGA) was performed to study the
Fig. 5. Optimized structures of
thermal stability of 1 between 25 and 1000 �C under oxygen flow
(Fig. S1). The TGA curve of 1 showed two decomposition steps. The
first decomposition step occurred in the 350e520 �C temperature
rangewith aweight loss of 42.46% due to the loss of six coordinated
of waters and Hoflo ligand. The second stage of decomposition
occurred in the 520e750 �C temperature range with a weight loss
the Hofloopt and Hofloz/opt.



Table 4
The NBO analysis results for optimized ligand and complex 1. The values are the average charge on similar atoms.

C (sp2) C (sp3) CF Ccarbo CCOO H(C-sp2) H(C-sp3) HN Hwater N Oether Ocarbo OCOO Ooxo Owater F V

Hofloopt �0.02 �0.31 0.40 0.50 0.81 0.27 0.24 e e �0.45 �0.53 �0.64 �0.67 e e �0.33 e

Hofloz/opt �0.02 �0.31 0.37 0.45 0.73 0.28 0.26 0.46 e �0.46 �0.57 �0.56 �0.73 e e �0.36 e

1opt (cationic) 0.02 �0.25 0.40 0.50 0.84 0.27 0.24 0.46 0.55 �0.49 �0.60 �0.59 �0.66 �0.32 �0.88 �0.38 0.83
1opt (anionic) e e e e e e e e e e (Bridging O)

�0.65
(Terminal O)
�0.61

e e 0.87
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of 34.31%, corresponding to the loss of lattice water and Hoflo
ligand. The percentage of the final metal oxide (V2O5) residue of 1
was calculated from the weight of the ash obtained.
3.4. Theoretical studies

In order to compare the theoretical and the solid-state structure
of 1, DFT calculations were performed for an isolated molecule. In
regards to complex 1, the cationic ([VO(Hofloz)2(H2O)]2þ) and
anionic ([V4O12]4‒) units were separately optimized. In addition to
the Hoflo ligand, its Zwitterion isomer that is known as Hofloz, was
Table 5
HOMO and LUMO orbitals for Hofloopt ligand and its Zwitterion isomer (Hofloz/opt) alon

LUMO

Hofloopt

Hofloz/opt

1opt (cationic)

1opt (anionic)
optimized as well (Fig. 5).
Similarly, as in the solid state, in the octahedral geometry of

vanadium atom in the cationic moiety of 1opt, the longest and
shortest coordinated bond lengths have trans position to each other
and piperazine rings are in chair conformation. The dihedral angle
between mean planes through two six-membered chelate rings
with the cis position in 1opt and 1 is detected to be 73.19 and 54.27�,
respectively, confirming that the octahedral geometry of vanadium
atom in the gaseous state is closer to an ideal octahedron.
Regarding the optimized structures of Hofloopt and Hofloz/opt, the
piperazine rings have chair conformation and the dihedral angle
g with cationic and anionic moieties of 1opt.

HOMO



Table 6
The calculated fitness values for optimized ligand and its Zwitterion isomer along with Doxorubicin drug.

B-DNAs/Min BRAF-kinase CatB DNA-gyrase HDAC7 rHA RNR TrxR TS Top II

Hofloopt 55.98 48.76 29.50 49.88 53.89 51.84 39.53 51.24 42.87 46.53
Hofloz/opt 58.03 46.81 31.80 49.40 53.53 49.93 39.32 50.60 44.50 47.78
Doxorubicin 83.10 54.21 25.95 52.97 50.73 50.10 49.18 66.70 53.34 59.05
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between mean planes through the piperazine and cyclohexane
rings is 44.87 and 54.40�, respectively in Hofloopt and Hofloz/opt,
confirming that the piperazine ring inclines to be perpendicular to
the cyclohexane ring.

An NBO analysis was performed to study the charge distribution
pattern of Hofloz/opt ligand before and after complexation (Table 4).
In cationic and ionic parts of 1opt, the calculated charge on themetal
atoms (Vcationic: þ0.83, Vanionic: þ0.87) is lower than the formal
charge (Vcationic: þ4, Vanionic: þ5) owing to the electron donation of
the ligand upon complexation. These calculations reveal that in the
cationic moiety and among the different atoms, the charges on the
carbon atoms and oxygen atoms of the carboxylate group are
significantly positive compared to the free ligand (Hofloz/opt),
indicating that these atoms play an important role in electron
donation toward the metal atom and in decreasing its charge. The
charge on oxo ligand is calculated to be �0.32 which is by þ1.68
Fig. 6. Docking study results, showing the interaction
more positive than its formal charge (�2), confirming the high
electron donation ability of this ligand toward metal ion. There are
two types of oxo ligands in the anionic portion that includes the
bridging and the terminal one. According to the NBO analysis, the
electron donation of terminal oxo ligands is slightly (þ0.04) higher
than that of the bridging ones. In addition, the comparison between
charge patterns of two isomeric forms of ligand revealed that the
charge on the carbon and oxygen atoms of the carboxylate group of
Hofloopt is significantly more positive than the Hofloz/opt due to the
proton transfer from ammonium group to the carboxylate. Based on
the optimisation results, the thermodynamic stability of the
Hofloopt is by�87.8 kcal/mol higher than in its zwitterion isomer. In
the optimized structure of the ligand and its isomer, the existence
of certain C-sp2 atoms is quiet significant throughout the formation
of frontier orbitals (Table 5). Also, the oxygen atoms of the
carboxylate group have a significant quota in the HOMO orbital of
between the Hofloopt and B-DNA (minor groove).
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Hofloz/opt. In the case of cationic unit of 1opt, the LUMO and HOMO
orbitals are delocalized on the carbon atom of the carbonyl group
and the oxo ligand, respectively (Table 5). In the anionic moiety of
1opt, one of the V(Oterminal)2 units forms LUMO and one of the
bridging oxo ligand forms HOMO orbital.
3.5. Docking studies

For the purpose of predicting the biological activities of the
Hofloopt ligand and its isomer Hofloz/opt, interactions of these
compounds with ten macromolecular receptors were investigated
by the application of GOLD docking software. The GOLD docking
results are reported in terms of the values of fitness, where the
higher fitness value are defined better docking interaction of the
compound [25e29,56,57]. The docking outcomes presented in this
work are the best binding results out of ten favourites predicted by
GOLD. Additionally to evaluate the calculated fitness values, these
scores were compared with those of the anti-cancer drug doxoru-
bicin (a cancer medication that interferes with the growth and
spread of cancer cells in the body [25]).

As it can be observed in GOLD docking prediction (Table 6), the
two studied structures could be considered as biologically active
compounds and based on the calculated values, the best-predicted
Fig. 7. Docking study results, showing the interaction b
target for titled compounds is HDAC7. Docking calculations
revealed that the studied compounds have higher fitness values
than the doxorubicin in binding toward the CatB, HDAC7 and rHA
(only Hofloopt). Docking studies also revealed that all studied
compounds could be placed in the minor grooves of a DNA mole-
cule, which label these compounds and their complexes as a suit-
able choice for DNA binding studies. Also, the ligand in its
zwitterion form shows the better binding ability to the DNA. The
docking results of the interaction between Hofloopt and Hofloz/opt

with B-DNA (minor grooves) are shown in Figs. 6 and 7,
respectively.
3.6. Biological activity

The efficiencies of Hoflo ligand and its complex was tested
against one Gram-positive (S. aureus) and a Gram-negative (E. coli)
microorganisms by determining the minimum inhibitory concen-
tration (MIC) and measuring the diameter inhibition zone. The MIC
values of compounds are represented in Table 7. The MIC values of
the ligand and the complex were 4 mg/mL against E. coli and 32 mg/
mL against S. aureus. The results showed that these compounds
were more active against Gram-negative bacteria. We also inves-
tigated the antibacterial activity of vanadyl sulfate at the applied
etween the Hofloz/opt and B-DNA (minor groove).



Table 7
Antimicrobial activities of free ligand and complex evaluated by minimum inhibi-
tory concentration (MIC).

Compound E. coli MIC S.aureus MIC

Hoflo 4 32
Complex 1 4 32
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concentration of the complex and detected zero antibacterial ef-
fects at this concentration. Antibacterial activity of quinolones and
their complexes has been assessed in previous reports [6,58e61]
and some of their results have indicated that the activity of metal
complexes had been often slightly lower than the activity of free
quinolones [59,62e64].

Moreover, the antibacterial activities of the compounds were
evaluated on E. coli and S. aureus by the means of disc diffusion
method onMueller-Hinton agar (MHA) at concentrations of 4, 8, 16,
32, and 64 mg/mL. In the disc diffusion method, the diameters of
inhibition zones (DIZ) were measured in millimetres (mm) (Fig. 8,
Table 8). According to the results, the antimicrobial activity of the
complex against the two microorganisms is much higher than that
of the metal salt, while being comparable with that of the Hoflo.
The complex exhibited equal activity towards Hoflo ligand against
E. coli (at 4 and 64 mg/mL) and S. aureus (at 32 and 64 mg/mL). Based
on the measured inhibition zone values (Fig. 8, Table 8), the com-
plex and Hoflo ligand are clearly more active against Gram-
Fig. 8. Shows the antimicrobial activity of [VO(Hofloz)2(H2O)][V4O12]0.5.6H2O complex (C), H
and S. aureus).
negative bacteria while Gram-positive bacteria are more resistant.
These observations can be explained by the fact that Gram-negative
bacteria are surrounded by a thin peptidoglycan cell wall, which
itself is surrounded by an outer membrane containing lipopoly-
saccharide. On the other hand, Gram-positive bacteria lack an outer
membrane but are surrounded by layers of peptidoglycan that is
reported to be much thicker than that of the Gram-negatives. The
thickness of the cell wall increases the susceptibility of the Gram-
positive bacteria to the complex and Hoflo ligand [65e67].
4. Conclusion

In this work, we reported a new ionic oxidovanadium complex,
[VO(Hofloz)2(H2O)][V4O12]0.5.6H2O (1) that contains antibacterial
drug ofloxacin and cyclic tetravanadate anion. This complex was
synthesized through the reaction of VOSO4 with ofloxacin (Hofloz)
in presence of KOHwith 1:1:1 ratio. In addition, spectral, structural,
thermal, biological and molecular docking studies of 1 were
investigated as well. In the case of cationic moiety of 1, the ofloxacin
acts as a bidentate ligand in its zwitterionic form through the ox-
ygen atoms of the pyridone and carboxylate groups. In addition to
two Hofloz ligands, the octahedral geometry of vanadium is
completed by coordination of water and an oxo ligand. In the ionic
unit, each Vþ5 ion has a tetrahedral geometry. Thermogravimetric
analysis of 1 showed that it decomposes in two steps and converts
to vanadium(V) oxide.
oflo (A) and VOSO4 (M) appear the inhibition zones against pathogenic bacteria (E.coli



Table 8
The inhibition diameter zone values (mm) for Hoflo and complex.

Compound Concentration in
DMSO (mg/mL)

The inhibition
diameter zone on
E. coli

The inhibition diameter
zone on S. aureus

Hoflo 4 24 NA
8 30 NA
16 34 NA
32 33 12
64 35 15

Complex 1 4 24 NA
8 25 NA
16 26 NA
32 30 12
64 35 15

NA: not appearing.
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A theoretical study revealed that the aromatic carbon atoms and
oxygen atoms of the carboxylate group of Hofloz along with oxo
ligand, have a significant functionality in the electron donation
toward Vþ4 ion, as well as in decreasing its charge. Also, the ther-
modynamic stability of the Hofloopt is by �87.8 kcal/mol higher
than that of the Hofloz/opt. Docking studies revealed that the Hofloz/
opt and Hofloopt could better interact with CatB, HDAC7 and rHA
(only Hofloopt) biomacromolecules than the doxorubicin. Never-
theless, the best-predicted target for Hofloz/opt and Hofloopt is
HDAC7. The antibacterial activity of the complex has been assayed
against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
strains through the utilization of both microdilution and well
diffusion methods. The complex exhibited equal activity to oflox-
acin ligand against E. coli (at 4 and 64 mg/mL) and S. aureus (at 32
and 64 mg/mL), while the results revealed that these compounds
were more active against Gram-negative bacteria.
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