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ABSTRACT: A novel hydrazone ligand (0-H,BMP) N-(benzo-
[d]thiazol-2-y1)-3-0x0-3-(2-(1-(pyridin-2-yl)ethylidene)-
hydrazinyl)propanamide alongside its Cu(1I), Cd(II), and VO(II)
complexes were prepared and structurally characterized via various
spectroscopic analyses (Fourier transform infrared spectroscopy,
UV-—visible spectroscopy, 'H/"*C NMR spectroscopy, liquid
chromatography coupled to mass spectrometry, and electron
paramagnetic resonance spectroscopy) as well as by elemental
analysis, thermal gravimetry analysis/differential thermal analysis,
and magnetic moment measurements. Powder X-ray diffraction
analysis was also performed for the free ligand and its metal
complexes to determine the crystallographic structures and atomic
spacing. It also provided information on unit cell dimensions and
the average crystallite size. Furthermore, geometric optimization and computational studies were carried out by applying Gaussian
(09) software based on density-functional theory coupled with the B3LYP functional and LANL2DZ/6-31+G(d,p) mixed basis set
to evaluate some distinct features such as molecular electrostatic potential, Eyoyo and Ejyyo. Moreover, electrochemical
measurements were performed for Cu(Il) in the absence/presence of the chelating agent to predict the effect of complexation
interaction in the solution state study. As part of the biological examination, antioxidant and antimicrobial assays were conducted for
each compound individually, in addition to cytotoxicity evaluations via MTT assays for all isolated complexes compared to the
corresponding metal salts. The MOE (molecular operating environment) approach was also applied to model the interface between
the isolated compounds and proteins that were expressed in breast cancer at the atomic level.
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1. INTRODUCTION

Hydrazones belong to the Schiff base family and have played
an imperative role in the development of coordination
chemistry owing to their chelating properties.' > Generally,
hydrazones are characterized by an imine group, providing
information about the mechanism as well as the interaction in
the biochemical system, where these compounds have a
significant impact in pharmaceutical fields due to their wide
bioactive efficacy.” As a result of these significant biological
applications of metal complexes, they have received a great
deal of attention and are considered models of biologically
relevant organisms. An extensive range of biological activities
were demonstrated for these compounds, including anti-
diabetic, antifungal, antibacterial, anticancer, antitumor, and
antiproliferative activities.’

In particular, 2-acetylpyridine hydrazone derivatives of
benzothiazole exhibit a potent toxic effect on lymphomas,
leukemias, and breast tumors.”” Also, Cu(II) complexes are
more potent against rheumatoid arthritis and ulcers due to
their role as acidic anti-inflammatory supplementary agents in
gastrointestinal dalmage.8 Moreover, VO(II) complexes
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showed a very similar strength of activity to standard drugs
such as ciprofloxacin (an antibacterial drug) and clotrimazole
(an antifungal drug).” Further, Cd(II) complexes with some
hydrazone derivatives, such as ethyl-2-[(pyridine-2-
ylmethylene)hydrazino] acetate, showed very similar biological
activity to ampicillin as an antibacterial drug.'’

In the present study, we aim to synthesize transition-metal
complexes of VO(II), Cu(1I), and Cd(II) cations using a novel
N-(benzothiazol-2-yl)-3-0x0-3-(2-(1-(pyridin-2-yl)ethylidene)-
hydrazinyl)propanamide in conjunction with experimental and
theoretical characterizations. In addition to providing qual-
itative information about the redox process and thermody-
namic parameters, cyclic voltammetry (CV) was also employed
to analyze the Cu(II) species. Finally, a biological investigation
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Scheme 1. Synthesis of o-H,BMP Ligand and Its Metal Complexes
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was conducted, which included tests for antimicrobial,
antioxidant, and MTT activity. Molecular docking allowed us
to predict the behavior of investigated compounds toward the
binding sites of target proteins as well as to investigate
fundamental biochemical processes.

2. MATERIALS AND METHODS

2.1. Chemicals. The chemicals CuCl,-2H,0, CdCl,-H,0,
VO(S0,)-SH,0, DMSO, KCl, 3-(benzo[d]thiazol-2-ylamino)-
3-oxopropanoyl chloride, hydrazine hydrate, 2-acetyl pyridine,
glacial acetic acid, and absolute EtOH were used without any
treatment and were provided by BDH, Sigma-Aldrich, and
Merck companies.

2.2. Synthesis of Ligand o-H,BMP and Complexes.
The synthesis of N-(benzothiazol-2-yl)-3-ox0-3-(2-(1-(pyridin-
2-yl)ethylidene) hydrazinyl)-propenamide ligand (o-H,BMP)
was accomplished by heating under reflux a mixture of N-
(benzo[d]thiazol-2-yl)-3-hydrazinyl-3-oxopropanamide (0.01
m; 2.503 gm) with 1-(pyridin-2-yl)ethan-1-one (0.01 m; 1.21
gm) on addition drops of glacial acetic acid for 3 h.""'* After
completion of the reaction, a newly formed product of
yellowish-white precipitate was obtained, which was confirmed
by thin layer chromatography (TLC) and separated by
filtration, followed by washing with absolute EtOH. In
addition, Cu(1I), Cd(IL), and VO(II) complexes were formed
according to Scheme 1.

2.3. Analysis of o-H,BMP Ligand and Its Complexes.
The percentages of C, H, and N for the (o-H,BMP) ligand and
its metal complexes were performed in Microanalytical Unit,
Ain Shams University, Egypt. Also, the metal cations’ contents
were determined by complexometric titrations. The content of
sulfate in the VO(II) complex was detected by gravimetric
analysis in the form of barium sulfate. The instruments used to
elucidate the structures of the isolated compounds were
Fourier-transform infrared (FT-IR) spectroscopy, UV—visible
spectroscopy, 'H/"*C NMR spectroscopy, LC coupled to mass
spectrometry (LC—MS), electron spin resonance (ESR)
spectroscopy, powder X-ray diffraction (PXRD) analysis,
thermogravimetric analysis/differential thermal analysis
(TGA/DTA), and magnetic susceptibility balance measure-
ments. CV was performed by a DY 2100 potentiostat with
three electrodes (glassy carbon as a working electrode,
platinum as an auxiliary electrode, and Ag/AgCl as a reference
electrode) that were immersed in a cell containing 0.1 M of
KCl solution as a supporting electrolyte'”'* as shown in
Scheme 18.

2.4. Gaussian Calculations. The density-functional theory
(DFT) calculations were performed using Gaussian 09
software on applying the B3LYB functional and the
LANL2DZ/6-31+G(d,p) mixed basis set to realize the
geometric optimized structures of the isolated solid com-
pounds except for the ligand, which is obtained by using the 6-
31+G(d,p) basis set.” "
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Table 1. Physical Properties and Elemental Analysis of o-H,BMP Ligand and Its Complexes

(a) physical properties

(b) elemental analysis: found (calcd)

no. compound (chemical formula) m. wt mp color % C % N % H % S % M SO,
1 o-H,BMP (C,,H,N.0,S) 353.40 214 yellowish 57.33 19.83 429 8.76 (9.07) - -
white (57.78) (19.82) (4.28)
2 [VO(o-H,BMP)(SO,)]- 58846  >300 olive 35.20 11.69 431 11.04 8.45 (8.66) 15.8
4H,0 (C;,H,3N0,,5,V) (34.70) (11.90) (3.94) (10.90) (16.31)
3 [Cu(o-BMP)(H,0),]- 48699  >300 brown 42.61 14.85 4.09 6.05 (6.58) 11.31 -
2H,0 (C;;H,N3O4SCu) (41.93) (14.38) (4.35) (13.05)
4 [Cd(o-BMP (H,0),]- 53586 >300 yellow 38.78 13.65 422 621 (5.98) 20.83 -
2H,0(C,,H,,N,0,SCd) (38.10) (13.07) (3.95) (20.98)
Table 2. Most Characteristic FT-IR Bands of Ligand 1 (o-H,BMP) and Its Complexes
UC=0)thiwsate  UC=0)us” YC=N)igsole' Y(C=N)yo” V(NH)iggote'  Y(NH)ppo?  U(C=N)piggore™  U(C=N)0™  (=C=0)hiazore’  ¥(=C—0)y0"
1 1652 1696 1628 1605 3216 3180 - - - -
2 1646 1678 1627 1604 3223 3178 - - - -
3 - - 1605 1582 - - 1634 1629 1271 1103
4 - - 1600 1589 - - 1638 1630 1268 1108

2.5. Antioxidant Activity (DPPH, ABTS). The DPPH
(1,1-diphenyl-2-picrylhydrazyl) and ABTS [2,2-azinobis-(3-
ethylbenzothiazoline-6-sulfonic acid)] assays are widely used in
antioxidant studies because these methods are simple and very
sensitive colorimetric techniques that rely on the production of
colorful mono-cationic free radicals within a strong absorption
(deep purple at 4 517 nm for DPPH** and green-blue at A 734
nm for ABTS™®). A significant decrease in the measured
absorbance of these radicals, which act as hydrogen acceptors,
is observed when hydrogen donor antioxidants are present.
Thus, the inhibition percentage can be calculated using L-
ascorbic acid as a reference standard antioxidant,'”™*' as
shown in Scheme 28.

2.6. Microbial Study. The antimicrobial activity was done
by disc diffusion technique*"”** as shown in Scheme 3S. The
microbial strains tested are Staphylococcus aureus, Bacillus
subtilis, Escherichia coli, Salmonella typhi, and Candida albicans.
The percentage of antimicrobial activity and anti-fungal activity
for the compounds was evaluated by comparison with
gentamycin and clotrimazole standards.”

2.7. MTT Assay. The antitumor efficiency of the free ligand
and its metal complexes were examined in vitro against breast
cancer cells (MDA-MB-231 and MCF-7). The examined
compounds were dissolved in DMSO by 10 mM stock and
stored at —20 °C, and cisplatin was used as a positive control.
Cells were cultured using Dulbecco’s modified Eagle’s medium
in a 96-walled plate and completed with 10% fetal bovine
serum with (100 IU/mL) penicillin/streptomycin (100 ug/
mL) (Lonza, 17-602E) at 95% air condition with 5% of CO, in
37 °C. The initial screening and cell viability were assessed by
MTT assa.y,z“_28 in which the absorbance was measured at A
570 nm by a Biotek plate reader (Gen$), as shown in Scheme
4S.

2.8. Molecular Docking. MOE (molecular operating
environment 2015) software was used to carry out molecular
docking calculations of the prepared compounds with protein
receptors 6CBZ, 1FDW, 2WTT, 4GL7, 1AS3, and 1X7R,
which are expressed more during breast cancer. All proteins
were obtained as PDB files from the Protein Data Bank. Water
molecules connected to these proteins were excluded to avoid
interfering with the docking study. The structures were drawn
by using ChemDraw 15 software. These compounds were then
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docked into the active sites of selected proteins individu-
ally, 2>

3. RESULTS AND DISCUSSION

3.1. Elemental Analyses and Physical Properties. The
elemental analysis results with some physical properties are
presented in Table 1 in which the calculated and experimental
percentages strongly coincided with each other, confirming the
proposed chemical formula. The o-H,BMP ligand reacted with
the VO(II), Cu(II), and Cd(II) ions to form five- or six-
membered ring chelates. According to the outcomes data, the
isolated solid complexes have a stoichiometric ratio of 1 M/1
L). The measured molar conductance value for VO(II)
complex (107> M) at room temperature in DMSO is 18 uS
cm?® mol™". Therefore, it is concluded that the SO,>” ion is
bonded to the VO(II) ion, indicating its coordinating nature.

3.2. FT-IR Spectra. The FT-IR spectrum of the hydrazone
ligand (o-H,BMP) revealed various important characteristic
bands at 1652, 1696, 1628, 1605, 3216, 3180, and 689 cm™*
that belong to (C=0)", ¥(C=0)? v(C=N)' and v(C=
N)? v(NH)', (NH)* and breathing mode of vibration for
pyridine ring #(C=N),,, correspondingly.

The spectrum of the TVO(O—HZBMP)(SO4)]'4HZO complex
showed that the (0-H,BMP) coordinated as a neutral bidentate
ligand via ¥(C=0)" and v(C=0)* groups according to the
following variations: (i) the change in the intensity of the two
carbonyl bands (C=0)" and (C=0)? as well as the shift of
these two groups to lower wavenumbers of 1646 and 1678
cm™, respectively; (i) the appearance of a new v(SO,>”) at
1041 and 1164 cm™, predicting the bidentate nature;>"** and
(iiii) the presence of new v(V=0) at 980 cm~',>*** and v/(V—
0) at 513 cm™.

While the IR spectrum of both [Cu(o-BMP)(H,0),]-2H,0
and [Cd(0o-BMP)(H,0),]-2H,0 complexes deduced the
binegative tetradentate chelation via two enolic oxygens (=
C-0-)!, (=C-0-)? and two azomethine nitrogens (C=N)’,
(C=N)? based on the following observations: (i) disappear-
ance of (C=0)!, v(C=0)% v(NH)' and v(NH)? with a
simultaneous appearance of new enolic (C—0)’, v(C—0)**
and azomethine v(C=N)*!, v(C=N)** groups at (1271,
1268) cm™, (1103, 1108) cm™, (1634, 1638) cm™', and
(1629, 1630) cm™, correspondingly; (i) shift of z(C=N)",
v(C=N)? to lower wavenumber at (1605, 1600) cm™' and
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Figure 1. Experimental and theoretical IR spectra of (1) o-H,BMP, (2) [VO(0-H,BMP)(SO,)]-4H,0, (3) [Cu(o-BMP)(H,0),]-2H,0, and (4)
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Figure 4. 3C NMR spectrum of o-H,BMP.

(1582, 1589) cm™, respectively; and (iii) existence of new
bands for ¥(M—0) at (575, 570) cm™ and v(M—N) at (446,
443) cm™, correspondingly. All the most characteristic FT-IR
bands of the ligand and its complexes are listed in the Table 2.

3.2.1. Correlation Analysis. Correlation analysis has been
established between the experimental and theoretical absorp-
tion bands deduced from the infrared spectroscopic inves-
tigations, where the theoretical absorption bands were
computed from DFT frequency data and the experimental
absorption bands were detected from the measured IR spectra

of solid compounds. The converge diagrams in conjugation
with the scatter plots were used to clarify the statistical
correlation.*® Based on the results in Figures 1 and 2 and Table
1S, it was evident that all compounds had a strong positive
linear correlation, with R? ranging between 0.9728 and 0.9997.

3.3. 'TH NMR and *C NMR. The '"H NMR spectrum of o-
H,BMP as illustrated in Figure 3 showed amide-iminol
tautomerism (Scheme SS) according to the following
observations: (i) imide proton (NH)' appeared at chemical
shift (6) 12.63 ppm for both tautomers; (ii) imide proton
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(NH)? for iminol tautomer appeared at (5) 10.85 ppm; (iii)
enolic proton (O—H) appeared at (§) 11.04 ppm which
predicted the enolization of (0-H,BMP) ligand; (iv) aromatic
protons existed in the range of (§) 7.26—8.54 ppm in both
tautomeric structures; (v) two singlet signals for methylene
and methyl protons (CH,), (CHj) at (5) 3.98, § 2.43 ppm for
amide moiety, and (§) 3.78, 2.52 ppm for iminol moiety,
respectively.

The *C NMR spectrum of 0-H,BMP as demonstrated in
Figure 4 showed the following remarks: (i) aromatic carbons
appeared in the range of 6 121.00—132.65 ppm in both
tautomeric structures; (ii) cyclic carbons existed in the range of
§21.73—29.26 ppm for both two tautomeric structures; (iii) in
amide tautomer, sharp peaks at (§) 167.46, 165.58, 158.39,
140.26, and 43.37 ppm are assigned to (C=N)', (C=0)?
(C=0)", (C=N)? and (CH,), respectively; and (iv) in
imidic acid form, sharp peaks at 6 169.65, 167.20, 158.11,
149.07, and 42.24 ppm which correspond to (C=N)', (C=
N)*, (C=0)", (C=N)? and (CH,), respectively.

In a comparison of the '"H NMR spectrum of the free ligand
with [Cd(o-BMP)(H,0),]-2H,0 as in Figure 1S, it was
noticed that the absence of any protons possessed imide or
enolic groups for both tautomers, which predicted the
hydrazone reacted as a bi-negative ligand via two enolic
groups as a result of the enolization of two carbonyls. It also
showed sharp two-singlet peaks at 6 3.3—3.5 ppm for
methylene group protons, 6 2.5—2.52 ppm for methyl protons,
and multiple 6 7.24—8.62 ppm for aromatic benzene and
pyridine ring protons.

3.4. UV—Visible and Magnetism. The qualitative UV—
visible spectra were obtained in the DMSO solvent to obtain
smooth absorption curves as shown in Figure 28S. Interaligand
transition bands appearing at 35,971, 33,898, and 27,778 cm™
are attributed to n — 6%, 7 — 7*, and n —» 7 transitions,
respectively. A structurally condensed conjugation of chromo-
phores leads to the appearance of a yellowish-white color for
the hydrazone ligand. The VO(II) complex displayed a band at
19,685 cm™' assigned to *B, — °E,(1,). This spectrum,
accompanied by the magnetic moment value (y ¢ = 1.79 BM),
is attributed to the square pyramidal configuration.’’ "’
Whereas, the electronic spectrum of the Cu(II) complex
displayed two transition bands at 16,207 and 14,771 cm™
assigned to ’B,, — 2Eg and 2Blg — 2A,, transitions,
respectively, which indicated the existence of a distorted
octahedral geometry around the Cu(II) ion.*" Also, the
magnetic moment value of [Cu(o-BMP)(H,0),]-2H,0 is
2.13 BM.

3.5. EPR Studies. EPR spectra of VO(II) and Cu(II)
complexes (Figure S) were recorded using a Bruker EMX
spectrometer operating at room temperature in the X-band
(9.685 GHz) with a 100 kHz modulation frequency.

The EPR spectrum of the Cu(1I) complex displayed a four-
line hyperfine pattern with spin Hamiltonian parameters (I =
3/2, S = 1/2) that showed axial symmetry similarity for g-
tensor parameters (g, 2.26 > g|, 2.09 > g,, 2.0023), indicating
that Cu(II) has a d,_p ground-state with octahedral
geometry.”' These g-tensor parameters were calculated from
the EPR spectrum by applying eq 1~*

g = hu/uB 0

where h is the Planck constant (6.626 X 107%* J), v is the
frequency (9.865 MHz), u the is applied magnetic field in mT,
and B is the Bohr magneton (9.27 X 107** J/mT).

—— [Cu(0-H,BMP)(H,0),].2H,0
—— [VO(0-H,BMP)(SO,)].4H,0

r T T T T T T T T T T T T T T N
1500 2000 2500 3000 3500 4000 4500 5000
Magnetic Field

Figure 5. EPR spectra of [Cu(o-BMP)(H,0),]-2H,0 and [VO(o-
H,BMP)(S0,)]-4H,0 complexes.

Consequently, the G-factor for axial symmetry could be
calculated from eq 2

G = (g“ - 2>/(gJ_ - 2) =4 (2)

Essentially, G is a measure of the exchange interaction
between Cu(II) centers in the solid state complex, which is
negligible if G is greater than 4, while if G is less than 4, there is
a considerable exchange interaction in the Cu(II) complex.*’
In addition, the parallel and perpendicular hyperfine
parameters (A;, 0.0152 and A, 0.0531) components were
estimated from the spectrum. Furthermore, the F-factor was

determined by applying eq 3
F=g/h 3)

Basically, the F-factor is used to quantify the degree of
distortion of the Cu(1I) complex. Where, if the F-factor value is
between (105 and 135), the complex is square-planar, while
the tetrahedrally distorted structure can have a much larger
value (>135). The F-factor value for the Cu(II) complex was
achieved (148.38), predicting the existence of distorted
octahedral geometry.

The molecular orbital coeflicients, covalent in-plane o-
bonding (@*), and covalent in-plane z-bonding (f*) were
calculated using eqs 4 and 5

a® = (4,/0.036) + (g, — 2.0023) +3/7(g — 2.0023)
+ 0.04 (4)
p= (g, — 2.0023)E — 8la’ (s)

where E is the energy of electronic transition on the UV
spectrum, and 4 = —828 cm™' for the free Cu(II) ion. The
factor (a* = 1) represents a full ionic character, whereas (a* =
0.5) represents absolute covalent bonding, and the small values
are negligible. As the /3> value decreases, the covalent in-plane
z-bonding covalence increases.*® The Cu(II) complex has very
strong in-plane 7-bonding, based on the values of * = 0.75
and f* = 0.75. These results are expected due to the ligand
having orbitals that combine with the d,, orbital in the copper
ion.
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Table 3. ESR Parameters for Cu(II) and VO(II) Complexes

Ay (em™)
0.0173
0.0152

no.

8il
1.93
2.26

&L
1.95
2.09

Ay (em™)
0.0086
0.0531

ﬂZ
2.45
0.75

15
2.9

111.78
148.38

0.23
0.75

Signal Name

Peak Retention Time 2.958

2.958 - 2.828 (2022-06-28 10-12-25+02-00-01.dx)
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Figure 6. Mass spectrum of o-H,BMP.
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The EPR spectrum of the VO(II) complex gave a typical
eight-line characteristic pattern of interaction with spin
Hamiltonian parameters (S = 1/2 and I = 7/2) and one
unpaired electron (3d') in the VO(II) ion. The EPR
parameters (g, g1, A A1, G, F) calculated for the [VO(o-
H,BMP)(SO,)]-4H,0 complex are presented in Table 3,
while the molecular orbital a* and 8> coefficients were applied
using egs 6 and 7%’

a2 = E(ge - g”)/sﬁz/1 (6)

A= ~Px+ (4/7)B°P — (g, — g)P — (3/7)(g, — &P

(7)
where 1 for VO(II) ion = 170 cm™, and the Fermi contact (k),
a measure of the d-orbital population for unpaired electron,
was calculated from eqs 8 and 10

K= Aiso/P(ge - giso) (8)
8.,(28 +¢)/3 ©)
Ao(24, + A))/3 (10)

where P is the constant of direct dipole—dipole interaction
between the electron and the magnetic moment of the
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vanadium nucleus (0.0136 cm™").** The VO(II) complex gave
(G = 1.5 < 4), which indicated the exchange interaction
between VO(II) centers in the solid state, and the F-factor was
111.78, which is less than 135 indicating the square-pyramidal
geometry around the VO(II) ion.

The calculated (B* = 2.45) value which deviated from the
expected range between (0.93—1) indicated the increase of the
covalency degree, and this is a measure for the bonding
between the d,, orbital of VO(II) with the m-orbitals of the
ligand. As a result, the o value (@* = 0.23) showed a very
strong in-plane 7z-bonding.*”** This more covalent bonding
resulted in the appearance of an overlapped hyperfine splitting
within small variations between the g-values (g, 1.93 < g;, 1.95
< g 2.0023) and A-values (A, 0.0173 and A}, 0.0086).

3.6. LC—MS. The mass spectrum of the o-H,BMP ligand
was obtained”' ™>* by using the LC/MSD iQ instrument at a
retention time of 2.958 min, as shown in Figure 6. The
molecular ion peak [m/z] of the free ligand was observed at
354, which approximately corresponds to the exact molecular
weight.

3.7. TGA/DTA. Thermal analysis was measured for the
isolated complexes to determine the water molecules’ nature,
as coordinated or crystalline Table 3S. TGA curves are

https://doi.org/10.1021/acsomega.2c07592
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Figure 7. PXRD patterns of (1) o-H,BMP, (2) [VO(o-H,BMP)(SO,)]-4H,0, (3) [Cu(o-BMP)(H,0),]-2H,0, and (4) [Cd (0-BMP)(H,0),]

2H,0.

illustrated in Figures 35—5S, and thermal decomposition steps
are clarified in Schemes 6S—8S.

The TGA curve of [VO(o-H,BMP)(SO,)]-4H,0 validated
five successive decomposition steps. An initial temperature
range of 25—115 °C corresponds to the removal of four
crystalline water molecules (weight loss: found 12.354%; calcd
12.245%). As a next step, the H,SO, molecule was removed at
116—335 °C (weight loss: found 16.677%; calcd 16.665%).
The third step occurred at 336—445 °C, which ascribed to the
loss of C;H;NS moiety (weight loss: found 23.084%; calcd
22.972%). Fourth, a loss of C;HN unit occurred between 446
and 535 °C (weight loss: found 17.075%; caled 17.517%). The
fifth step occurred at 536—800 °C, contributing to the loss of
C3H;N;O (weight loss: found 16.646%; calcd 16.50%). VO, is
the final residue left behind after the complex decomposed
entirely above 800 °C (remaining weight: found 14.136%;
caled 14.09%).

The TGA curve of [Cu(o-BMP)(H,0),]-2H,0 demon-
strated four decomposition stages. In the first step, two crystal
water molecules were removed between 25 and 116 °C
(weight loss: found 7.125%; calcd 7.40%). Second, both two
coordinating water molecules accompanied by the C{H;N

moiety were lost at 117—309 °C (weight loss: found 23.258%;
calcd 23.641%). The third step appeared at 310—419 °C and
was attributed to C,H,NS loss (weight loss: found 27.652%;
caled 27.758%). In the last step, 420—800 °C was utilized for
the loss of the C;H;N;O fragment (weight loss: found
25.267%; calcd 24.867%), departing CuO as the final residue
(remaining weight: found 16.698%; calcd 16.335%).

The TGA curve of [Cd(o-BMP)(H,0),]-2H,0 revealed
five decomposition steps. The first one was performed at 24—
107 °C, which led to the removal of two crystal water
molecules (weight loss: found 6.60%; calcd 6.724%). The next
stage occurred at 108—333 °C and was attributed to the loss of
two coordinating water molecules and the C;H;N moiety
(weight loss: found 21.507%; calcd 21.485%). During the third
step, the C;H;NS moiety was decomposed in the range 336—
440 °C (weight loss: found 25.241%; calcd 25.230%). In step
four, the remaining part of the organic skeleton, CsH;N;O, was
fired at a temperature range of 494—800 °C (weight loss:
found 22.569%; calcd 22.60%), leaving CdO as final residual
ash (remaining weight: found 24.082%; calcd 23.963%).

3.7.1. Kinetic and Thermodynamic Studies. TGA coupled
with DTA diagrams were used to estimate kinetic and
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Table 4. Crystallographic Data of o-H,BMP Ligand and Its Metal Complexes

Compound 1 2

20 31.832 27.814

d-spacing (A)  2.809 3.2037

fwhm (f) 0.100 0.100

crystal size 82.58 81.81
(nm)

crystal system  triclinic triclinic

cell a=83018 A, b=94214 A, a=7.9043 A, b = 10.2300 A,
parameters c=16.2930 A, a = 83.450°, ¢ =12.5970 A, a = 102.320°,
B = 77.590°, y = 85.730° S = 102.610° y = 110.500°
cell volume 1234.81 A3 883.04 A3

3
31.765
2.8137
0.113
73.07

monoclinic

a=282021A,b=128425 A,
c=14.6338 A, a = 90°,
B =91.109° y = 90°
1541.17 A3

4
31.674
2.8215
0.100
82.55

monoclinic

a=68284 A b =106888 A,
¢ = 185505 A, a = 90°,
B = 94.305° y = 90°

1350.13 A3

Figure 8. Molecular modeling of (a) o-H,BMP, (b) [VO(o-H,BMP)(SO,)]-4H,0, (c) [Cu(o-BMP)(H,0),]-2H,O, and (d) [Cd(o-

BMP)(H,0),]-2H,0.

thermodynamic parameters using Coats—Redfern and Hor-
owitz—Metzger methods,”* ™7 as shown in Figures 6S—118.
The calculated parameters (E,, A, AH, AS, and AG) for the
thermal degradation steps (Tables 4S—6S) can be concluded
as follows: (i) the high activation energy (E,) values for the
thermal decomposition steps indicated the high stability of
complexes;”® (ii) all decomposition steps were endothermic
processes as a result of (+AH) enthalpy values; (iii) the (+AS)
entropy values indicated the fast decomposition reactions
while the (—AS) entropy values revealed the slow degradation
stages;*” (iv) the (+AG) free energy values indicated that the
free energy of the final residue is greater than that of the initial
complex supporting the non-spontaneous processes.éo_62

3.8. PXRD Analysis. The PXRD analysis was done at room
temperature via the Rigaku Ultima IV X-ray diffractometer
with Cu anode radiation Ka (4 = 1.5418 A) and 26 measuring
from 4 to 70°. The prepared compounds showed diffraction
patterns in Figure 7 analogues to crystalline phases natures.
These patterns can be used to calculate the crystalline size (S)

at the most intense peak on the light of the Debye—Scherrer
equation, S = 0.94/(f8 cos ), where 1 = 1.5406 A, f3 is the
fwhm of the peak, and 6 is the Bragg diffraction angle.
Furthermore, the d-spacing values can be obtained by using the
Bragg equation 14 = 2d sin(6), assuming (n = 1).°> The PXRD
data indexing analysis was performed by QualX software to
determine the lattice parameters of the isolated compounds,®*
such as the crystal system, cell parameters, and cell volume,
which are listed in Table 4. The indexing was established by
comparing between 26 values in the crystallography open
database (COD)*~®® with the experimental data for isolated
compounds, as illustrated in Table 78S.

The results revealed that the o-H,BMP ligand and the
VO(II) complex are polycrystalline with a triclinic crystal
system, while both Cu(II) and Cd(II) complexes are
polycrystalline within a monoclinic crystal system. The
calculated crystal sizes were 82.58, 81.81, 73.07, and 82.55
nm, for the o-H,BMP ligand, VO(II), Cu(II), and Cd(II)
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Table S. Calculated Dipole Moment, Total Energy, Binding Energy, and Chemical Reactivity Parameters”

compound 1

dipole moment (D) 6.0221
Eroa (Hartree) —1479.3152
Etinding (Hartree) -

Enomo (eV) —02367
Eomo (eV) —0.0698
Egy (eV) 0.1669
7 (V) 0.1533
u (V) —0.1533
1 (eV) 0.0835
o (eV) 11.9832
w (eV) 0.1407

2 3 4

18.0239 2.3230 5.605
—2325.0267 —1827.1159 —1679.0503
—623.9644 —121.6967 —121.6791
—0.2543 —0.2219 —0.2077
—0.1052 —0.0639 —0.0736
0.1491 0.1580 0.1341
0.1798 0.1429 0.1407
—0.1798 —0.1429 —0.1407
0.0746 0.079 0.0671
13.4138 12.6582 149142
0.2167 0.1292 0.1475

“Note: total energies of metals (V(IV), Cu(Il), and Cd(II)) are —221.7474, —226.1040, and —78.0560 Hartree, respectively.

complexes, respectively. Whereas, the d-spacing result is 2.809,
3.2037, 2.8137, and 2.8215 nm, correspondingly.

3.9. Gaussian Studies. 3.9.1. Molecular Modeling. DFT
coupled with the [LANL2DZ/6-31G+(d,p)] mixed basis
set® "% was employed to optimize geometrically the molecular
structure of all isolated compounds within atom numbering as
represented in Figure 8. The results displayed in Table 8Sa,b
showed that (i) the bond lengths of the most characteristic
functional groups for isolated complexes correlate with the IR
band expansions, confirming their participation in the
coordination process, and (ii) the bond angles of the [Cu(o-
BMP)(H,0),]-2H,0 and [Cd(o-BMP)(H,0),]-2H,0 com-
plexes correlate a distorted octahedral arrangement, while the
[VO(0o-H,BMP)(SO,)]-4H,0 exists as a square-pyramidal
geometry supporting the configurations concluded by UV—
visible spectral analyses.””

3.9.2. Frontier Molecular Orbitals and Molecular Chem-
ical Parameters. As a complement to the conceptual density
functional theory calculations, the dipole moment (D) and
distinct quantum energetic values have been derived as
represented in Table S, such as the total electronic energies
(Erota) and the complex binding energy (Ebmding).74
Furthermore, the energies of frontier molecular orbitals
(Enomo and Ejypo) which are subjected to calculation
(Egap) as well as several global and local descriptors of
chemical reactivity like the electronegativity (), the chemical
potential (u), the hardness (1), the softness(c), and the
electrophilicity index (@)’ are presented in eqs 11—17.

Epinding = Ecomplex — Emetal — Eligand (11)
Egab = E;ymo — Enomo (12)
X = —(Erumo + Enomo)/2 (13)
#=—x = (Erymo + Enomo)/2 (14)
n = (ELumo — Enomo)/2 (18)
oc=1/n" (16)
w=u*/2m (17)

The frontier molecular orbital distribution of the com-
pounds is depicted in Figure 9. The low values of the HOMO
and LUMO energy gaps showed that the studied compounds
have high chemical reactivity, biological activity, and polar-
izability. Chemical potential is used to determine the stability
of isolated compounds. It can also predict their tendency to
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chemically react to form new substances, transform into new
physical states, or migrate from one spatial location to
another.”””” Both chemical potential energy and electro-
negativity can also be thought of as depending on chemical
composition, where the VO(II) complex possesses the most
negative chemical potential magnitude (4 = —0.1798) and the
largest electronegativity value (x = 0.1798) among the
compounds, enhancing the lowest stability or the most
reactivity.

The free ligand is the hardest (lowest soft) base compound
with values (17 = 0.0835, 6 = 11.9832) as a result of bearing the
greatest number of highly electronegative donor atoms (O or
N centers). This refers to the steadiness of prepared complexes
using such hydrazone ligands, where generally the stable
complexes are formed between hard acids and hard bases or
between soft acids and soft bases. Based on the minimum
electrophilicity principle stated as “Electrophilicity will be a
minimum (maximum) when both chemical potential and
hardness are maxima (minima)”, the order of the compounds
according to their electrophilicity index (@) is VO(II) complex
> Cd(II) complex > ligand > Cu(II) complex.

3.9.3. Molecular Electrostatic Potential. The molecular
electrostatic potential (MEP) is used to predict the relative
reactivity positions in a species for nucleophilic and electro-
philic attack and to study the hydrogen bonding interactions,
in addition to evaluating some biological significance. The
MEPs of the optimized geometry of the o-H,BMP ligand and
its complexes were obtained based on their DFT calculation.”®

The MEP mapping for an isolated ligand and its complexes
can be categorized into three zones according to their colors,
as shown in Figure 10: (i) the red region matches the high
electronic density zone, which enhances the electrophilic attack
interactions; (ii) the green region indicates the neutral
electrostatic potential zone; and (iii) the blue region refers
to the low electronic density zone, which reflects the
nucleophilic attack demeanor.””

As can be seen for compound 1, the negative electrostatic
potential regions are localized over the electronegative atoms
(O-carbonyl groups, S-thiazole ring, N-thiazole ring, N-Schiff
base moiety, and N-pyridine ring), while the positive
electrostatic potential regions are mainly concentered over
hydrogen atoms of NH-imine groups. Also, compound 2 has
negative electrostatic potential regions focused over the sulfate
group and oxovanadium species, causing a strong effect in
different interactions. On the other hand, both compounds 3
and 4 have weak negative electrostatic potential regions limited

https://doi.org/10.1021/acsomega.2c07592
ACS Omega 2023, 8, 13605—-13625


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07592/suppl_file/ao2c07592_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

HOMO

LUMO

Figure 9. HOMO and LUMO of (a) o-H,BMP, (b) [VO(0o-H,BMP)(SO,)]-4H,0, (c) [Cu(o-BMP)(H,0),]-2H,0, and (d) [Cd(o-

BMP)(H,0),]-2H,0.

to pyridine nitrogen within intense positive electrostatic
potential regions over hydrogen atoms of water molecules.
3.10. Cyclic Voltammetry. 3.70.1. CV of Cu(ll). The
electrochemical behavior of 3.13 X 1073 M of Cu(II) cation
was studied via CV using a glassy carbon working electrode
immersed in 0.1 M of supporting electrolyte KCI dissolved in a
50% DMSO—50% water mixed solvent. The scanning was
applied at a potential window (1.2 to —1.2 V) within a 0.1 V/s
scan rate at 291.15 K, as shown in Figure 11. The
voltammogram showed two peaks in the reduction sweeping
and two in the oxidation side, corresponding to the

conversions between [Cu(I)/Cu(I)], [Cu(I)/Cu(0)] species.
The mechanisms of both reduction and oxidation reactions can
be described as follows

Cu’* + e - Cutat (0.173V, 21.601 uA) (18)
Cu’ - Cu®* + eat (0.357V, 46.537 uA) (19)
Cu' 4+ e - Cu’at (—0.577V, 36.386 yA) (20)
Cu — Cu’ + eat (—0.016 V, 103.710 uA) (21)
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Figure 11. CV of 3.13 X 107> M Cu(II) in 0.1 M KCL

3.10.2. CV of the Cu (ll)/o-H,BMP System. The electro-
chemical behavior for the complexation reaction between o-
H,BMP and copper spices was studied with the same
conditions and settings as shown in Figure 12. The
voltammogram revealed the interaction between copper and
ligand species according to the potential shifts to new values
and the decreases in both cathodic and anodic peak currents.

Also, the stability constants (f}j), a measure of the strength
of the interaction between the metal ion and ligand to form the
complex, can be evaluated by Lingane’s eq 22°°

AE° = E.° — EyEy°
= —(2.303RT/nF)Iogﬂ}. — (2.303RT/nF)j log[L]
(22)
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where both E:° and Ey° are the formal peak potentials
corresponding to the complex and free metal ions, n is the
number of electrons, F is the Faraday constant (96,485.33
Columb/mol), R is a gas constant (8.314 J mol™' K™'), T'is the
absolute temperature, j is the molar ratio of the stoichiometric
complex, and [L] is the o-H,BMP ligand concentration. The
formal potential (E°) was determined as follows

E°=(E,+E)/2 (23)

By plotting —log [L] versus AE°®" as shown in Figure 13 on
the aid of (E,y E, iy ipo E° j) data present in Table 6, the
value of j calculated from the slope was achieved (0.9497 ~ 1),
as explained in eq 24

slope = (2.303RT/nF)j (24)

Further, on plotting (j) values versus (i,,) anode peak
current in the (Cu* to Cu®*) peak, the break on the curve (j =
1.04 = 1) predicts (1:1) stoichiometry as shown in Figure 14,
which coincided with the results from the elemental analysis
calculations.

The stability constant was achieved (fj = 28.18 X 10°, log fj
= 4.45), and the Gibbs free energy was obtained (AG =
—24.80 kJ/mol) based on the eq 25,°” predicting a favorable
(1:1) stable and spontaneous interaction between Cu** and o-
H,BMP species in the solution environment.

AG = —2.303RT logﬁj (25)

3.11. Biological Studies. 3.71.1. Antioxidant Studies.
The antioxidant capacity of the (o-H,BMP) ligand and its
complexes were measured using DPPH and ABTS radical
scavenging methods, and usually, L-ascorbic acid (Vitamin C)
is utilized as a reference.”” The percentage of inhibition was
obtained from eq 26
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(26)

The concentrations 370.37 and 250 yM were used to obtain
the optimum inhibition effect in both the DPPH and ABTS
methods, respectively. The free ligand and complexes displayed
DPPH antioxidant activity in the sequence: (5.10%; Cd(II)
complex) < (23.40%; 0-H,BMP) < (43.90%; Cu(Il) complex)
< (87.31%; VO(II) complex), while displayed ABTS
antioxidant activity in the sequence: (33.66%; Cu(Il)
complex) < (92.98%; Cd(II) complex) < (94.93%; o-
H,BMP) < (95.09%; VO(II) complex) as illustrated in Figure
15. The ICq, values were calculated for the samples that gave (I
%) of more than (50%) by using the serial dilutions (370, 185,
92.5, 4625, and 23.125 uM for DPPH) and (250, 125, 62.5,
31.25, and 15.625 uM for ABTS) and then plotting the values
of the ordered concentrations versus inhibition percent via the
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GraphPad Prism 9 program, as shown in Figures 12S and 13S
and listed in Tables 7, 9S, and 10S.

3.11.2. Microbial Studies. The antimicrobial activity index
of (0-H,BMP) ligand and metal complexes compared to
gentamycin and clotrimazole standards can be evaluated®® by
using eq 27

% antimicrobial activity

inhibitory zone for sample (mm)

inhibitory zone for standard (mm) (27)

The screening, as summarized in Table 8, reflects the
following results: (i) the antimicrobial activity for the ligand
revealed remarkable values in the range between (65.0—71.4%)
compared to the standards against all microbial strains except
S. typhi (ii) copper complex showed moderate values between
(39.4—60.0%) against all strains excluding S. typhi (iii)
cadmium complex gave values close to 40% with Gram-
positive bacteria and fungus whereas inactive toward Gram-
negative bacteria (iv) oxovanadate complex inhibited B. subtilis
with 54.2% and S. typhi with 56.2% only.

3.11.3. Cell Viability. The synthesized ligand, metal
complexes, and the corresponding free metal salts were
assessed via the MTT assay against MDA-MB-231 and
MCEF-7 breast cancer cells on the use of cis-platin as a positive
control. This method depends on the conversion of the yellow
tetrazolium bromide (MTT) by mitochondrial succinate
dehydrogenase in viable cells to a purple formazan derivative,
which can be measured spectrophotometrically, and the
percent of cell viability was calculated using eq 28*°~%’

o mean absorbance of treated
cell viability = X 100
mean absorbance of untreated

(28)

In order to determine the IC, the cells were incubated with
serial dilutions (50, 25, 12.5, 6.25, 3.125, and 1.56 uM) of the
most active compounds which gave cell viability less than 50%,
and plotted the ordered concentrations of each compound
(conc.) against the percentage of cell viability (% cell viability)
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Table 6. CV Data of CuCl, (Cu**/Cu") in the Absence and Presence of (o-H,BMP) Ligand at 291.15 K

M X107 CuCl, M x10~° o-H,BMP E,, (V) E, (V) ipa (HA) ipe (uA) E° (V) AE° (V) j
3.13 0.357 0.173 46.537 21.601 0.265 0
3.03 0.3030 0.357 —0.026 41.780 17.748 0.1655 0.100 0.1
2.94 0.5882 0.353 —0.034 38257 18.545 0.1595 0.106 0.2
2.86 0.8571 0.354 —0.037 35.294 18.829 0.1585 0.107 0.3
2.78 1111 0.358 —0.042 33.069 18.572 0.158 0.107 0.4
2.70 1.351 0.362 —0.056 30.712 18.499 0.153 0.112 0.5
2.63 1.579 0.365 —0.047 30.095 17.945 0.159 0.106 0.6
2.56 1.795 0.366 —0.05 26.730 17.170 0.158 0.107 0.7
2.50 2.000 0.37 —0.048 24.689 17.477 0.161 0.104 0.8
2.44 2.195 0.371 —0.05 24.474 17.715 0.1605 0.105 0.9
2.381 2.381 0.365 —0.046 22.385 17.271 0.1595 0.106 1
233 2.558 0.374 —0.033 20.052 15.228 0.1705 0.095 11
2.27 2.727 0.378 —0.042 19.078 15.814 0.168 0.097 12
2.17 3.043 0.397 —0.029 12.721 15312 0.184 0.081 1.4
2.08 3.333 0.402 —0.014 10.285 12.994 0.194 0.071 1.6
2.00 3.600 0.404 —0.016 9.1415 11.326 0.194 0.071 1.8
1.92 3.846 0.41 —0.006 9.9837 10.948 0.2047 0.060 2
1.85 4.074 0.41 —0.007 9.5524 7.9592 0.2015 0.064 2.2
1.79 4286 0.405 —0.016 7.2598 9.9597 0.1945 0.071 2.4
1.72 4.483 0.407 —0.011 6.1943 8.6621 0.198 0.067 2.6
1.67 4.667 0.405 0.006 4.9333 8.9457 0.2055 0.060 2.8
1.61 4.839 0.402 —0.004 3.8367E 8.3597 0.199 0.066 3
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Figure 14. Plot of j vs iy,

Figure 15. Inhibition effect (I %) values of the DPPH and ABTS
methods.

as described in Figures 16, 14S, and 15S and listed in Tables 9,
11S, and 128.

According to the results, which reflect the ability to reduce
the growth of (MDA-MB-231) and (MCF-7) tumor cells, the
tested compounds can be discussed as follows: (i) low toxic
compounds within high cell viability percentages (>50%)
appear on both the free ligand (56.4% against MDA-MB-231
and 85.2% against MCF-7) and the Cu(Il) complex (86.6%
against MDA-MB-231 and 71.1% against MCF-7), (ii) all
metal salts VOSO,, CuCl,, and CdCl, can be considered as
high toxic compounds accompanied by low cell viability values
against both breast cancer cell lines, (iii) the most toxic
compounds with no substantial cell viability is Cd(II) complex
predominantly, (iv) VO(II) complex is the most compatible
compound with cis-platin where it gave a noticeable cell viable
percent (10.9%) against (MCF-7) tumor cells without any
viability against (MDA-MB-231) cells. Further, the largest ICs,

Table 7. Results of (I %) and ICy, by DPPH and ABTS
Methods

DPPH method ABTS method
no. 1% ICq, (uM) 1% IC (uM)
1 23.4 — 94.9 23.09
2 87.3 21.8 95.1 6.3
3 43.9 - 33.7 —
4 S.1 - 93.0 58.6
Vit C 94.3 27.8 100 3.6

values were found for the Cd(II) complex and CuCl,, which
were highly effective against MDA-MB-231 (10.5 and 10.9
uM) and MCF-7 (7.3 and 7.2 uM). However, against MDA-
MB-231, the smallest ICs, values were achieved with the
VO(II) complex (4.5 uM) and VOSO, (4.4 uM), while against
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Table 8. Results of the Inhibitory Zone and the % Antimicrobial Activity for o-H,BMP and Its Metal Complexes

no.

N O N

gentamicin

clotrimazole

bacterial strains

Gram-positive bacteria

Gram-negative bacteria

fungus

S. aureus

1S mm, (71.4%)

10 mm, (47.6%)
10 mm, (47.6%)
21 mm, (100%)

B. subtilis
17 mm, (70.8%)
13 mm, (54.2%)
10 mm, (41.7%)
11 mm, (45.8%)
24 mm, (100%)

E. coli
13 mm, (65%)

12 mm, (60%)

20 mm, (100%)

S. typhi

9 mm, (56.25%)

16 mm, (100%)

Candida
23 mm, (69.7%)

13 mm, (39.4%)
14 mm, (42.4%)

33 mm, (100%)

Cell Viability
86.600 85.243
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Figure 16. Percentage cell viability of MDA-MB-231 and MCEF-7 cell lines.

Table 9. Results of % Cell Viability and ICy, of MDA-MB-
231 and MCF-7 Cell Lines

MDA-MB-231 MCE-7
% cell ICy, % cell 1Cy,
no. viability (uM) viability (uM)
0-H,BMP 563 - 85.2 -
[VO(0-H,BMP)(SO,)]- 0 4.5 10.9 6.8
4H,
[Cu(o-BMP)(H,0),]- 86.6 - 71.7 -
2H,0
[Cd(o-BMP)(H,0),]- 0 10.5 0 7.2
2H,0
VOSO, 0.6 43 12 5.9
CuCl, 8.1 10.9 34 7.1
cdcl, 5.7 8.1 0.1 2.5
cisplatin 0 7.2 7.5 314

MCE-7, the smallest ICy, values were achieved with CdCl,
(2.5 uM) and VOSO, (5.9 uM).

As a consequence of the above remarks, the metal complexes
and their corresponding metal salts showed better cytotoxic
potency and lower cell viability than the free ligand and
comparable potency to that of cis-platin. Specifically, one of the
VO(II) complexes from the series presented great cytotoxic
activity against all cancer cell lines that were tested in this
study, with ICg, values in the range of 4.5—6.8 yM.

3.12. Molecular Docking. The main factor responsible for
breast cancer development is estrogen. In many breast cancers,
alpha estrogen receptor (ER,) activation increases cancer
proliferation, while beta estrogen receptor (ERj) activation
inhibits it.***’

In this research, the molecular docking of the novel (o-
H,BMP) ligand and its complexes as human ERa inhibitors
within protein or enzyme receptors (6CBZ, 1IFDW, 2WTT,
4GL7, 1AS3, and 1X7R) were studied. The results of the
binding energy scores (S), bond energy, total energy, types of
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bonds, types of interactions, and root-mean-square deviation
(rmsd) collected in Table 10 showed a high degree of

Table 10. Most Efficient Docking Results of the (o-H,BMP)
Ligand and Its Complexes

enzyme no. of total energy
no. (PDB code) S rmsd bonds (kcal/mol)
1 1AS3 =7.7177 1.399 2 -10.9
1 2WTT —=5.7477 1.8404 4 -9.2
1 6CBZ —5.3872 1.181 1 —8.8
2 4GL7 —7.8116 1.2756 8 =27
2 6CBZ —6.0583 1.7843 3 —16.2
2 2WTT —5.6126 1.485S S -12
2 1AS3 —6.1172 2.6850 7 —-12.1
2 1X7R —6.811 1.6811 6 -10.3
3 1AS3 —6.4602 2.684 9 -29.6
3 2WTT —5.3431 2.6696 2 -11.1
3 1X7R —4.6324 0.9098 4 -10.7
4 1AS3 —5.7249 1.3188 7 =27.7
4 1X7R —3.7207 1.4272 S —-16.5
4 1IFDW —5.3399  2.4339 3 —-12.5

selectivity and potency toward binding to the active sites of the
proteins being studied. Molecular docking studies identify
various types of interactions, such as hydrophobic, electro-
static, and H—bonding.‘)o’91

The most efficient docking results represented in Table 10
revealed the following observations: (i) compound 1 predicted
the highest total energy value (—10.9 kcal/mol) toward the
protein receptors pocket (1AS3) where this free ligand
interacted with (LYS53) and (ARGI82) amino acids via
ligand active centers (O18 and O19) producing two hydrogen
bonds as shown in Figures 17 and 18, also (ii) compound 2
predicted the largest total energy value (—27 kcal/mol) where
this complex interacted through seven hydrogen bonds and
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Figure 17. 2D interaction between (0-H,BMP) and 1AS3.

Figure 18. 3D interaction between (0-H,BMP) and 1AS3.

one ionic bond with six amino acids (MET303, GLY436,
ARG11S, ARG43S5, TRP141, and ARG14S) as illustrated in
Figures 19 and 20, as well (iii) compound 3 predicted the best
total energy value (—29.6 kcal/mol) toward the protein
receptors pocket (1AS3) where this complex interacted by
three conventional hydrogen bonds, one ionic, one z-cation,
and four n-H interactions, with six amino acids (SER211,
LYS53, ARG182, ASN180, GLY212, and SER234) as clarified
in Figures 21 and 22, finally (iv) compound 4 predicted the

@ (va

446

Figure 19. 2D interaction between [VO(0o-H,BMP)(SO,)]-4H,0
and 4GL7.

= on
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Figure 20. 3D interaction between [VO(o-H,BMP)(SO,)]-4H,0
and 4GL7.

Figure 21. 2D interaction between [Cu(o-BMP)(H,0),]-2H,0 and
1AS3.

Figure 22. 3D interaction between [Cu(o-BMP)(H,0),]-2H,0 and
1AS3.

highest total energy value (—27.7 kcal/mol) toward the protein
receptors pocket (1AS3) where this complex interacted by
three conventional hydrogen bonds, one ionic, one 7-cation,
and two #-H interactions, with four amino acids (SER211,
LYSS3, ARG182, and SER234) as represented in Figures 23
and 24. More details about the molecular docking study are
mentioned in Supporting Information, Tables 135—18S and
Figures 165—278S.

According to the docking results, it can be concluded that
the complexes of [VO(o-H,BMP)(SO,)]-4H,0 and [Cd(o-
BMP)(H,0),]-2H,0 are efficient as anticancer, which are so
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Figure 23. 2D interaction between [Cd(o-BMP)(H,0),]-2H,0 and
1AS3.

Figure 24. 3D interaction between [Cd(o-BMP)(H,0),]-2H,0 and
1AS3.

closely matched with the experimental cytotoxicity screening
on both cell lines (MDA-MB-231) and (MCF-7). The MEPs
give us useful information about the potent sites concerning
the interactions with the residues present in amino acids of
protein receptors via hydrogen bonds. Where the H-acceptor
interaction in molecular docking coincides with the red regions
in MEP surface maps enhancing nucleophilic attack, whereas
the H-donor interaction corresponds to the blue regions in
MEP surface maps enhancing electrophilic attack.

3.13. Structure—Activity Relationship Studies. Many
parameters like the dipole moment, Eyomo, Eumos and Egy,
which depend on the theoretical data of DFT calculations, can
be linked to the antimicrobial and antioxidant activity of
compounds under study through the structure—activity
relationship (SAR)”” as dipole moments are very useful in
determining penetration rates through cell membranes and
excretion rates. The studies of SAR predicted an inverse
relationship between the dipole moment and the activity of

compounds against the examined microorganism. With a
reduced dipole moment, the compound becomes more
lipophilic, which allows better penetration through the lipid
layer of microorganisms, thus damaging them quickly. Based
on the outcome data, the VO(II) complex exhibited a higher
dipole moment than other complexes and caused the lowest
antimicrobial activity. Whereas the free ligand, which contains
donor atoms such as oxygen, nitrogen, and sulfur atoms that
can donate electrons to biological receptors, has a low dipole
moment, so the free ligand is more active as the bactericidal
and fungicidal agent. In general, the lower results as
antimicrobial agents are ascribed to their inability to diffuse
through the microorganism lipid layer due to the dipole
moment increasing.%’94

The Eyomo and Ejyyo are closely concerned with the free
radical scavenging activity of the antioxidant agents. In
concept, nucleophiles and electrophiles share radical scaveng-
ing activities endorsed by the relative energy influence of the
HOMO/LUMO orbitals, where the substance has a low Egp
loses electrons more easily, and thus, it can participate in
reactions. All investigated compounds that have low E,, values
have been classified as good electron-releasing species with
potent antioxidant activity.”>”® Particularly, the VO(II)
complex showed the greatest antioxidant efficiency toward
both DPPH (I = 87.3%, ICy, = 21.8 M) and ABTS (I =
95.1%, ICy, = 6.3 uM).

3.14. Molecular Property and Drug-Likeness Predic-
tion. The hydrazone (0-H,BMP) ligand and its complexes
were examined to check their compatibility with the Lipinski
rule of five,”’ ™ according to which an orally active drug has
no more than one violation of the following criteria: hydrogen
bond donors (HBD: the total number of nitrogen—hydrogen
and oxygen—hydrogen bonds) < S, hydrogen bond acceptors
(HBA: all nitrogen or oxygen atoms) < 10, an octanol—water
partition coefficient (log P) < 5, and molecular weight (m. wt)
< 500. Molecular weight is very influential for drugs that
interact with drug receptors/DNA. As the molecular weight
increases, the compounds become denser. As well, log P values
play a major role in promoting inactive membrane division and
activating permeability, in the opposite direction of their
influence on solubility. Finally, polar surface atoms (PSA) such
as nitrogen, oxygen, and sulfur are significant parameters to
evaluate drug transport properties. Based on MolSoft software,
a model for estimating the drug-likeness score of the
investigated compounds and their molecular properties was
developed and summarized in Table 11. The values of HBA
and HBD for most compounds obey the applied rule, so the
prepared compounds could implement through the cellular
membrane and acting as drugs.

Table 11. Calculated Parameters for Drug-Likeness Based
on the Lipinski Rule”

no. m. wt log P HBA HBD PSA m. volume
1 353.41 1.76 7 2 96.34 301.24
2 516.41 —2.4 12 2 154.22 383.6
3 450.97 -5.9 9 4 109.74 341.03
4 499.83 -5.9 9 4 109.74 341.03

“Notes: HBA and HBD are hydrogen bond acceptors and hydrogen
bond donors, respectively. The calculated m.wt of compounds does
not include crystallized water molecules.
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4. CONCLUSIONS

A series of Cu(I), VO(II), and Cd(II) metal complexes were
prepared using a novel hydrazone ligand (o-H,BMP). These
synthesized compounds were structurally characterized
through several spectroscopic techniques, which revealed that
the ligand behaved either neutral bidentate with VO(II) or
binegative tetradentate with Cu(II) and Cd(II). Electronic
spectra as well as magnetic measurements suggested the
octahedral configurations for Cu(II) and Cd(II); while the
square pyramidal around the VO(II) ion. PXRD patterns
referred that all compounds had crystal phase characteristics
and crystal size within the nanoscale range. Moreover, the
Qualx calculations related to the X-ray diffraction patterns
showed that both the free ligand and the vanadium complex
have a triclinic crystal system, while the copper and cadmium
complexes have a monoclinic crystal system. As well, the
compounds are computationally simulated using Gaussian 09
view via B3LYP functional and LANL2DZ/6-31+G(d,p)
mixed basis set to predict the optimized structures. The
DFT calculations reveal that all isolated compounds are
chemically and biologically active. In addition, the electro-
chemical measurements performed for Cu(Il) in absence/
presence of ligand showed the formation of a (1:1) stable
complex through a spontaneous process. Finally, the outcome
data from biological activities for the all-isolated solid
compounds were screened practically through antioxidant,
antimicrobial, and cytotoxicity studies and screened theoret-
ically using MOE docking, SAR, and drug-likeness prediction.
The antioxidant activity of the VO(II) complex is more potent
than Vit C in the DPPH method. Also, the antimicrobial
activity values for the 0-H,BMP ligand and its complexes (100
mL) revealed good activity compared to the gentamicin
standard against B. subtilis. Finally, the ICS0 values of VO(II)
and Cd(1I) complexes showed high performance in MDA-MB-
231 and MCF-7, respectively.
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