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KEYWORDS Abstract The new Schiff base ligand 2,2'-{(4-chloro-1,2-phenylene)bis(nitrilo(E)methylylidene)} b
Schiff base complexes; is(4-bromophenol) (H,L) and its VO(II), Zn(II) and ZrO(II) metal chelates have been synthesized
DNA interaction; and characterized by spectral, powder x-ray diffraction (PXRD), molar conductance, magnetic
Antimicrobial; measurements, thermal and elemental analyses. The molecular geometry of the prepared com-
Cytotoxicity; pounds has been confirmed by applying the theoretical density functional theory calculations
Antioxidant activity; (DFT). The analytical data showed that the parent azomethine H,L ligand binds to the VO(II),
Docking; Zn(IT) and ZrO(II) ions through both of the two azomethine-N and two phenolic-O groups and

ADMET study adopts distorted octahedral geometry for ZnL(H,0), chelate while square pyramidal geometries

for VOL and ZrOL chelates. The antioxidant activity of the compounds was also evaluated by using
1,1-diphenyl-2-picrylhydrazyl (DDPH) reduction method and compared with the positive control
ascorbic acid. Carcinoma cells such as breast (MCF-7), liver (Hep-G2), colon (HCT-116) carcinoma
cell lines and human embryonic kidney 293 cells (HEK-293) were used for in vitro cell proliferation
to investigate the anticancer potency of the prepared compounds. The results showed that, the
tumor growth is inhibited and dose-dependent according to the following order:
VOL > ZrOL > ZnL(H,0), > H,L. The titled compounds have been also tested for their antimi-
crobial activity against certain pathogenic bacteria and fungi. The results showed that the H,L
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ligand and its complexes has enhanced antibacterial and antifungal activities. The CT-DNA binding
experiments of azomethine chelates showed that, the binding modes are intercalative, and the deter-
mined intrinsic binding constants (Ky,) for the VOL, ZrOL, ZnL(H,0), complexes, are in the range

6.1-7.8 x 10° mol~! dm™.

The docking calculations were performed to probe the nature of binding affinity of the synthe-
sized compounds with human DNA (PDB:1bna). The compounds may be applicable orally in an
accurate manner, according to their in-silico intake, delivery, metabolic processes, digestion, and

toxic effects (ADME) data.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cancer is a leading cause of death worldwide, accounting for nearly 10
million deaths in 2020 (Ferlay et al., 2020). Platinum-based metal com-
plexes have long been utilized as anti-cancer medications all over the
world (Thangavel et al., 2018). Cisplatin, a chemotherapy drug used
to treat a variety of tumors, is extremely expensive and has substantial
side effects (Oun et al., 2018; Suna et al., 2019). The severe side effects,
toxicity, and resistance of platinum-based therapeutic compounds in
living cells continue to be a major concern, prompting the development
of new anti-cancer medications that do not contain platinum (Liang
et al., 2017). Meanwhile, several forms of antibiotic-resistant bacteria
have spread in recent years. To counter the tremendous antibiotic
resistance in our community, we need to discover new classes of
antimicrobials (Lapasam et al., 2019). Tetra-dentate Schiff bases with
a N,O, donor atom are flexible ligands for the synthesis of numerous
transition metal complexes and have a wide range of applications in
both organic and inorganic Fields (Haak et al., 2010; Budige et al.,
2011; Rajput et al., 2017). Their metal complexes exhibit effective
antimicrobial (Bartyzel, 2013), antioxidant (Liu et al., 2009), antitumor
(Rajput et al., 2016), anti-inflammatory (Bekhit et al., 2008) and DNA
cleavage (Neelakantan et al., 2008). Schiff bases have attracted the
attention of scientists due to their wide range of applications. Many
researches reported that Schiff bases ligands with halo-atoms are one
of the most widely used classes of ligands in a broad range of pharma-
cology, biochemistry, and physiology (Buldurun et al., 2019; Bharti
et al., 2017). Due to the structural characteristics of Schiff base metal
complexes bearing halogen groups, they have been recognized as a
vital drug for a wide range of diseases such as anti-diabetes (Yeyea
et al., 2020), antimicrobial (Sahraei et al., 2017), anti-cancer
(Sankarganesh et al., 2019), anti-inflammatory (Lakshman et al.,
2019), and cardiovascular (Crichton et al., 2008) diseases. This attrib-
uted to binding activity of the metal ions and to build new coordina-
tion architectures through strong and weak hydrogen bonds as well
as m-1 stacking interactions (El-Sherif and Eldebss, 2011). The use of
DNA binding activity in the design and development of advanced
drugs is an exciting and ongoing research area (Kazemi et al., 2015).
The presence of halogens in the ligands structure has some advantages
such as increased binding affinity, membrane permeability, and oral
absorbability (Ariyaeifar et al., 2018). The effect of halide substituents
on biological activities, particularly the essential role of a halogen
atom in drugs, has been discussed (Kubanik et al., 2015; Tabatabaei-
Dakhili et al., 2019). Azomethine oxovanadium complexes in particu-
lar have been found to be strongly active, against some types of Leu-
kemia, insulin enhancing agents, antimicrobial, anti-tumoral and anti-
tuberculosis (Al-Nuzal and Al-Amery, 2016; Turan et al., 2016; Scalese
et al., 2017). Zirconium complexes displayed different tumor progres-
sion for a wide variety of mouse and human carcinomas with reduced
toxicity compared to cisplatin (Abdolmaleki et al., 2018). Due to their
bactericidal, anti-inflammatory, anti-depressant, anti-diabetic, anti-
allergic, and anti-carcinogenic activities, zinc Schiff base complexes
are used in multiple purposes as drugs (Mondal et al., 2017). From
the medical point of view, the aim of the incurrent study is to prepare

new VO(II), Zn(II), and ZrO(II) halogenated N,O, imine complexes
and to study their cytotoxic, antioxidant, antimicrobial activities,
and its DNA interaction ability. Besides, to validate the biological
findings from the experimental study molecular modeling studies were
done to classify the potential binding modes of the compounds with
the most active human DNA receptor site. Therefore, in light of above
findings, we herein report a new synthetic route of the title ligand as a
water-insoluble Schiff base and its complexes, as a new series, and dis-
cussed their stoichiometric ratio, thermal stability, cytotoxicity, antiox-
idant activity, anti-pathogenic activities, DNA binding, PXRD, and
density functional theory calculations.

2. Experimental

The supplementary materials provide information of the
reagents, apparatus and procedures used in this work.

2.1. Synthesis of the H,L ligand

The tested H,L ligand was prepared by adding a solution of
(0.71 g; 5 mmol) 4-chloro-o-phynelendiamine in 20 mL hot
ethanol in dropwise with continuous stirring to a solution of
S5-bromo-salicyaldehyde (2.01 g; 10 mmol) in 20 mL hot etha-
nol too. The reaction mixture was left under reflux for 2 h at
70 °C. The resulting deep orange solid was filtered off, purified
by washing several times with diethyl ether and recrystallized
by ethanol.

Yield 76%; deep orange color; m. p 190 °C. FT-IR (KBr,
cm'): 1614 (C=N), 3443 (—OH). 'H NMR (DMSO dg, 9,
ppm): 12.61 (s, 2H, 20H), 8.94-8.91 (s, 2H, 2N=CH), 7.89—
6.94 (m, 9H, 9CHar). '*C NMR (DMSO-d6, §, ppm): 110.47
(CH), 115.14 (CH), 117.70 (CH), 118.81 (CH), 119.97 (CH),
120.39 (CH), 123.15 (CH), 125.27 (CH), 129.31 (CH), 131.08
(CH), 131.77 (CH), 133.82 (CH), 134.55 (Cq, CH-N), 134.78
(Cq, CH-N), 138.92 (Cq, CH-OH), 154.77 (Cq, CH-OH),
157.40 (Cq, CH-CH=N), 160.30 (Cq, CH-CH = N), 190.28
(2CH=N). Anal. Calc. for CyyH;3Br,CIN,O, (%); C, 47.24;
H, 2.56; N, 5.51. Found (%): C, 47.18; H, 2.61; N, 5.46.

2.2. Synthesis of imine chelates

The imine chelates were synthesized by refluxing a mixture of
(1.52 g; 3 mmol) of the H,L ligand, in 20 mL hot ethanol with
an individual solutions of the salts in 20 mL of an aqueous
ethanolic solution. [Thus: ZrOCI,$8H,O (3 mmol and
0.97 g), VO(acac), (0.79 and 3 mmol)] and Zn(acac),s2H,O
(3 mmol and 0.66 g) frequently for 2 hrs. at 70 °C with mag-
netic stirring in separated flasks. The reaction mixtures were
left to evaporate at room temperature for 48 h where the solid
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complexes were separated. The colored metal complexes were
filtered off, washed several times with diethyl ether and recrys-
tallized by ethanol. The purity of the new complexes was deter-
mined by TLC. Scheme 1 provides the synthetic methodology
for the titled compounds.

2.2.1. Analysis of ZrOL complex

Dark green solid; Yield 73%; Dec. temp. < 300 °C. FT-IR
(KBr, cm™Y): 1608 (C=N), 486 (M—N), 533 (M—0). 'H
NMR (DMSO dg, 9, ppm): 9.20-9.17 (s, 2H, 2 N = CH),
8.80-8.05 (m, 3H, 3CHar), 7.79-7.56 (m, 3H, 3CHar), 7.06—
6.76 (m, 3H, 3CHar). Anal. Calc. for CyoH;5Br,CIN,OsZr
(%): N, 431; C, 36.92; H, 2.31. Found (%):N, 4.27; C,
37.00; H, 2.37. pegr (B. M.): diamagnetic. Am: 2.5 Q™" mol™!
sz.

2.2.2. Analysis of VOL complex

Brown solid in yield: 71%. Dec. temp. < 300 °C. FT-IR (KBr,
cm™1): 1604 (C=N), 516 (M—N), 560 (M—O). Anal. Calc. for
C50HsBr,CIN,OsV (%): N, 4.60; C, 39.40; H, 2.46. Found
(%): N, 4.55; C, 39.35; H, 2.40. per (B. M.): 1.77B. M. Am:
48 O ' mol™! ecm?.

2.2.3. Analysis of ZnL(H>0 ), complex

Green in yield 72%; Dec. temp. < 300 °C. FT-IR (KBr,
em™Y): 1617 (C=N), 430 (M—N), 505 (M—0). '"H NMR
(DMSO dg, 6, ppm): 9.06-9.02 (s, 2H, 2 N = CH), 8.03-7.90

(d, 2H, 2CHar), 7.61 (d, 2H, 2CHar), 7.49-7.31 (m, 3H,
3CHar), 6.69 (d, 2H, 2CHar). Anal. Calc. for C,yH9Br,CIN,-
O¢Zn(%): N, 4.35; C, 37.27; H, 2.95. Found (%):N, 4.42; C,
37.32; H, 2.91. per (B. M.): diamagnetic. Am: 9.3 Q™' mol™!
cm?.

2.3. Calculation of the stoichiometric ratio of complexes and
their apparent formation parameters

The easiest spectrophotometric technique for analyzing the
equilibrium in solutions and the metal-to-ligand ratio is the
molar ratio and continuous variation methodologies. For the
1:1 complex, the formation parameters (K ) of the prepared
imine complexes have been inferred from spectrophotometric
calculation according to the equation in our previous work
(Abdel-Rahman et al., 2017; Abdel-Rahman et al., 2018).
Moreover, the free energy change of the complexes (AG™)
was calculated utilizing the equation in our previous work
(Abdel-Rahman et al., 2018).

2.4. Theory|calculation

To examine the optimum geometry of the prepared com-
pounds, Theory/calculation were performed at the B3LYP/
GENECP level of theory, where C, H, N, O, Cl and Br atoms
at 6-311G+ +(d, p) and metal atoms at LANL2DZ, using
Gaussian 09 program (Frisch et al., 2010).

Cl
N N—
OH HO Br

Reflux for 2hrs.

NH,
Reflux for 2hrs.
Cl NH; ethanol
at70C
+
Br CHO o
2
OH
Zn(acac),;.2H,0
Cl
=
eV 2 H,0
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VS
Br o 7 o Br
H,0
Scheme 1

ethanol
at70C
ZrOCIz-SHZO
or
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~ cl N
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’/
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Br o 3 o Br
M=VorZr

Synthetic strategy for the preparation of the H,L ligand and its complexes.



4

L.H. Abdel-Rahman et al.

2.5. Biological studies

2.5.1. In vitro cytotoxicity

The synthesized H,L ligand and its imine chelates were tested
for cytotoxicity towards human colorectal colon cancer
(HCT-116 adenocarcinoma cell lines), normal cell line
(HEK-293), breast cancer (MCF-7 adenocarcinoma cell lines)
and hepatic cancer (HepG-2 adenocarcinoma cell lines). It
was undertaken by utilizing sulfo-rhodamine-b-stain (SRB)
assay that according to published methodology (Abdel-
Rahman et al., 2017; Abdel-Rahman et al., 2018; Abu-Dief
et al., 2021). Eventually, the results of prepared compounds
are compared with those results of vinblastine as a positive
control. From Eq. (1), the inhibitory concentration percent-
age was estimated.

1Ca(%) = controlop — compoundgp, < 100 )
controlpp

2.5.2. Antioxidant activity

The DPPH assay was used according to the reported technique
to test the anti-oxidant properties of prepared compounds
(Abdel-Rahman et al., 2020a; Abu-Dief et al., 2021). It is an
important route for checking the radical scavenging activity
of specific compounds. The radical scavenging activities of
DPPH were estimated at different concentrations of the syn-
thesized compounds (10, 25, 50, 100 and 150 puM). Standard
drug used is ascorbic acid (Vitamin C). The decrease in DPPH
absorbance was determined in comparison with the control’s
measured absorbance. The anti-radical percent was deter-
mined according to the formula given:

A0 — Al

where A; and A, are the prepared samples and the control
absorbance, respectively.

Anti — radical percent (%) =

2.5.3. Anti-pathogenic activities

The prepared compounds were screened against Aspergillus
flavus, Getrichm candida, Fusarium oxysporum, Serratia mar-
cescens, Escherichia coli, Micrococcus luteus: The detailed pro-
cedure was previously reported (Abdel-Rahman et al., 2018;
Ramadan et al., 2018; Shukla et al., 2020). Principal technique
was carried out by agar well diffusion at concentrations of 15
and 30 uM in DMSO. After incubation, 24 h at 37 °C for
antibacterial activity and 72 h at 25 °C for antifungal activity
using disc diffusion and microdilution assays, the antimicro-
bial potential was measured. The obtained data were com-
pared with those of the ofloxacin antibacterial and
fluconazole antifungal agent as positive controls. DMSO was
used as negative control for anti-pathogenic activities. The
inhibition zone against each organism was measured in tripli-
cate sets and the average was reported. The minimum inhibi-
tory concentration (MIC) of H,L imine, its metal complexes
and the standards were examined against each studied organ-
ism utilizing broth dilution technique. Simple inhibition zones
were estimated in mm and the percentage activity index was
calculated as follows:

Activity index % — Inhibition zone of compound (mm)

100 3
Inhibition zone of standard drug (mm) x @

2.5.4. Investigation DNA binding with azomethine metal
chelates

2.5.4.1. Spectrophotometric titrations. The association of syn-
thesized complexes with CT-DNA in 50 mM Tris-HCI buffer
solution was determined using spectrophotometry (pH 7.2).
Stock solutions of synthesized complexes were freshly pre-
pared by dissolving them in DMSO to identify the binding
affinity modes with CT-DNA and evaluate the binding con-
stants (Kyp) (Kargara et al., 2021). The UV absorption of
CT-DNA solution exhibit a 260/280 ratio at 1.80, demonstrat-
ing that CT-DNA was sufficiently protein-free (Kazemi et al.,
2017). The Spectrophotometric experiments were carried out
by keeping constant concentration for all the complexes at 1
x 107* M, while the concentration of CT-DNA gradually
increased. Using spectrophotometric titration data, the bind-
ing constants (Ky) of the listed complexes were determined
by the Eq. (4) (Aboafia et al., 2018):

L B
(en —&r) Ky ((en — &)

where the apparent absorption coefficients for free DNA, free
complex and bounded complex with DNA are ¢,, & and &,
respectively. The binding constant was determined in a graph
of Eq. (4) as the ratio of the slope to the intercept. From Eq.
(5), the free energy of Gibbs for the complex-DNA binding
was estimated (Abdel-Rahman et al., 2018).

AG] = —RTlinK, (5)

(DNA)/(z, — &) = (DNA)

“4)

2.5.4.2. Viscosity strategy. The Oswald micro viscometer has
been used to assess the relative viscoelastic properties of the
interacting compounds. The hydrodynamic activity analysis
between both new complexes and CT-DNA was conducted
(Saleem et al., 2021). The derived viscosity of the prepared
complexes (0-60 pM), in absence (n°) and in presence (1) of
CT-DNA has been determined using Eq. (6) under inert condi-
tions (N, gas bubbling) (Rambabu et al., 2020).

n=(t-t)/t (6)

where t and t° are represented by the flow rate of DNA in the
presence and absence of the complex, respectively. Significant
viscosity values were calculated from the graph of viscosity

DNA
to 1/((Cil11pau)nd) .

2.5.4.3. Assay of gel electrophoresis. The appropriate technique
to investigate the effect of the tested complexes on DNA is gel
electrophoresis (Abdel-Rahman et al., 2018; Adam and
Elsawy, 2018; Chen et al., 2021). The stock solutions were pro-
duced in 1 x 107° M concentrations by dissolving the new
complexes in DMSO. 10 pL of each mixture was transferred
to 4 uL. of DNA loading buffer after incubation of the mix-
tures of new complexes and CT-DNA for 1 hr. at 37 °C. After-
wards, we injected the mixture to chamber wells (1% agarose
gel) submerged in the TBE buffer. The gel is tracked at
100 V in the electrophoresis tank for ~45 min. The mobility
of samples in agarose gel is recorded by taking photographs
of Genius 3 Panasonic DMC-LZS5 Lumix.

2.5.5. MOE-docking procedure

From the Gaussian 09 (G09) software output, the structure of
the titled ligand and its complexes were generated in PDB file
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format. The human DNA receptor Mol. Struct. (PDB
ID:1BNA) has been downloaded from the PDB database
(Pettersen et al., 2004).

3. Result and discussion
3.1. Physical properties

The colored H,L ligand (2,2'-{(4-chloro-1,2 phenylene)bis(nit
rilo(E)methylylidene)}bis(4-bromophenol)) and its complexes
were synthesized according to Scheme 1. Table 1 shows micro-
analysis measurements, stability constant (pK), formation con-
stants (K¢) and free energy of Gibbs (AG™) of the new ligand
and its complexes.

The elemental analysis results showed that the ratio of
metal to ligand is 1:1 and the structure form of each complex
could be represented as ZrOL, VOL and ZnL(H,O), respec-
tively, where L is the ligand. The molar conductance values
given in Table 1, are less than 10 Q' cm?® Mol ™! for the titled
imine chelates indicating their non-electrolytic nature (Shiju
et al., 2020). As seen in Table 1, the magnetic properties (Legr)
were calculated at 298 K for the prepared imine complexes.
For the VOL complex, the g value of 1.77 was revealed to
have paramagnetic properties with square pyramidal structure
attributable to the spin-only value for the d' system (Yaul
et al., 2017). Unlike the peg of the ZrOL and ZnL(H»O), com-
plexes, which were immeasurable, thereby indicate their dia-
magnetic characteristics with square pyramidal and distorted
octahedral geometries, respectively.

3.1.1. Spectrophotometric determination of stoichiometry of
chelates and their apparent stability constants.

The stoichiometry of the mentioned complexes is 1:1 for M: L
molar ratio as displayed from continuous variation measure-
ment in Supplementary Figure S1. Importantly, the studied
complexes displayed the wide range of stability, as shown from
the obtained formation constant values. This suggested that
the new complexes are significantly stable than their Schiff
base ligand which recommend the prospect of using the new
complexes in multiple biochemical processes. The results of
Gibbs free energy values displayed in Table 1 showed that
the complex formation process is favorable and spontaneous
(Al-Saeedi et al., 2018). Supplementary Figure S2 includes
the curves of the mole fraction, is supporting the same metal
ions to ligands ratio in the tested complexes.

3.1.2. Infrared spectra

To identify the coordination sites that may be involved in com-
plexation, the IR spectra of the new chelates were compared
with that of the H,L free ligand (Supplementary Figure S3-
S6). The IR spectrum of the H,L ligand displays a strong
and intense band at 1614 cm ™! owing to v(c=nN) of azomethine
group. The v of the coordinated azomethine group of the
ligand with our metal ions, was shifted to a lower wave number
at 1608 for ZrOL and at 1604 cm~" for VOL and at a higher
wave number for ZnL(H,0), at 1617 cm~'. This indicating
the involvement of the azomethine group in coordination to
the metal center (Shanthalakshmi et al., 2017). The blue shift
of the v(c.o) band (appeared at 1276 cm~! in the H,L ligand
spectrum) is between 20 and 55 cm™! in the spectra of the
new complexes. This supports the participation of the phenolic
OH group in complex formation. The participation of nitrogen
and oxygen atoms in coordination with the metal ion is further
verified by the appearance of new bands in the range 430-516
and 505-560 cm™' attributed to v (M—N) and v (M—O0),
respectively (Adam et al., 2021). IR spectrum of ZnL(H,0),
complex shows broad band at 3427 cm ™! which can be belong-
ing to the two lattice water molecules (Atlam et al., 2020). The
IR spectrum of the VOL complex displays a band at 970 cm ™!,
which is belonging to vibration of VO(II) in monomeric struc-
ture (Yaul et al., 2017; Abu-Dief et al., 2020). The IR spectrum
of the ZrOL complex has a band at 967 cm ™!, which is belong-
ing to vibration of ZrO(II) in monomeric structure.

3.1.3. IH NMR and 13C{1H} NMR spectra

Using DMSO djg as a solvent, and the chem. shift in ppm, the
IHNMR data for Schiff base was reported (Fig. 1). In
ITHNMR spectrum of the H,L ligand, the signal of the two
azomethine protons (HC = N) appeared at 8.94-8.91 ppm,
while the signal of the two phenolic OH was detected at
12.61 ppm. Also, Fig. 1 displays the signals of the nine aro-
matic protons at 7.89-6.94 ppm. The bonding of intermolecu-
lar hydrogen is verified with the higher values of ¢ for the OH
groups (Abdel-Rahman et al., 2020b). The 1H NMR spectra
of ZrOL and ZnL(H,O), complexes show singlet signals at
(9.20 and 9.17 ppm) and (9.06 and 9.02 ppm) referring to
two azomethine protons, respectively, so the change of their
position of signal indicates that it participates in forming che-
lates (Figure S7). Also, the signal of hydroxyl group disap-
peared in the spectra indicating its involvement in
complexation.

Table 1 Microanalysis measurements, color, formation constants (Ky), stability constant (pK) and Gibbs free energy (AG™) of the
H,L ligand and its complexes.
Comp M. F.(M.W.) M. p. Color Am @ 'em? o Analysis (%) Found Ky pK AG* (kJ
(°C) Mol (B.M.) (calc.) x10° mol 1)
C H N
H,L  CyH 3Br,CIN,0,508 190 Deep - - 47.18 261 546 — - -
orange (47.24) (2.56) (5.51)
ZrOL  CyoH;5Br,CIN,O5Zr650 <300 Dark 2.5 Dia. 37.00 237 427 7.5 —5.87 -33.52
green (36.92) (2.31) (4.31)
VOL  CaoH,sBraCIN,O5V609 <300 Brown 48 1.77 3935 240 455 84 592 -33.79
(39.40) (2.46) (4.60)
ZnL  CaoH oBr,CIN,OgZn644 <300 Green 93 Dia.  37.32 291 442 67 —582 -33.24
(H,0), (37.27) (2.95) (4.35)
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Fig. 1

The 13C{1H} NMR spectrum of the prepared H,L ligand
reveals a signal at 190.28 ppm, corresponding to two azome-
thine carbons (Supplementary Figure S8). The signals that
occurred in 110.47-160.30 ppm are compatible with aromatic
carbons as shown in its '>*C NMR spectrum.

3.1.4. Molecular electronic spectra

Molecular electronic spectra of novel complexes were studied
in a wavelength range between 200 and 800 nm at room tem-
perature in DMF solution as blank (Fig. 2). The n-n* transi-
tion is referred to as the highest energy band, while the
intermolecular charge transfer may be assigned to the shoulder
band. In the UV-visible of the azomethine H,L ligand, bands
at 360 and 386 nm are corresponding to n — 7* transition that
arise from the azomethine function group of the H,L (Supple-
mentary Table S1). Bands at A ,,, = 418451 nm are referred
to LMCT transitions in the prepared imine complexes. LMCT
transitions are the charge transition from the p-orbitals of the
H,L ligand to the d-orbitals of VO(II), Zn(II) and ZrO(II)

2.0

1.5
HL
2 104 VoL
< ZnL(H,0),
——7roL
0.5
0.0 T T T T T
300 350 400 450 500 550
A,nm

Fig. 2 Molecular electronic spectra of azomethine H,L ligand
and its complexes in DMF (107° M) at 298 K.

The "H NMR spectrum of the H,L ligand.

ions. In VOL electronic spectrum, a sharp band at 481 nm that
does not appear in the H,L spectrum is more evident of the
process of complexation. This band may be attributed to the
d — d transition in its structure. The observed absorption
spectra of the ZnL(H,0), and ZrOL complexes do not have
any d—d transitions as seen in Fig. 2 since Zn(II) and ZrO
(I1) ions have d'® and d° electronic structure, respectively.

3.1.5. Mass spectra

The structure of the H,L ligand and its ZrO(II), VO(II) and Zn
(IT) complexes were further proved by mass spectral data. The
molecular ion peak of the ZrOL, VOL and ZnL(H,0), was
recognized at m/z of 647, 610 and 645 respectively. The resul-
tant molecular ions peaks are in good agreement with the pro-
posed molecular weight from elemental and thermal analyses
(Abdel-Rahman et al., 2021) (Supplementary Figures S9-S11).

3.1.6. Thermodynamic data analysis

TGA experiments were conducted to demonstrate the thermal
stability of the complexes and to examine if the lattice or coor-
dinated water molecules or both are existing in the structure of
complexes (Chaurasia et al., 2019). The thermograms showed
a complete decomposition around 750 °C at heating rate of
10 °C/minute under air atmosphere (Supplementary Fig-
ure S12). In Table 2, the percentage of the weight loss was
detected and calculated with the temperature range of different
decomposition stages. In the first step, both the lattice and the
coordinated water molecules were lost while the organic moi-
ety was eliminated in the second and third stages. In the last
step of thermal decompositions, the metal oxides were formed
as a final residue. ZrOL and VOL chelates have two lattice
water molecules in their structures, while ZnL(H,O), have
two lattice and two coordinated water molecules in its
structure.

The kinetic and thermodynamic parameters of metal com-
plexes have been determined by Coats-Redfern equation
(Adly et al., 2013) and the data is given in Table 2. More data
are available in previous study (Abdel-Rahman et al., 2018). In
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Table 2 Thermal analysis data and the kinetic parameters of the prepared complexes.

Compound Dec. Mass Loss Suggested  E* A Thermodynamic Parameters

Temp. (%) segment (kJmol™")  x10%S™h

(°C) -

Found Calc. AH# (kJ mol ) AS* I mol 'K  AG* (kJ
mol ™)

35-130 5.60 554 2H,O° 170 0.29 168.9 —171.5 191.2
ZrOL 130-325 26.33 2629 C¢H;O0Br 167.3 —179.5 225.6

325-490 25.85 25.80 C;H4Br 165.9 —182.6 255.4

490-715 2334 2341 C;H4N,Cl 164.1 —185.7 296.8
Residue > 715 18.94 1890 ZrO, - - -

35-120 5.94 590 2H,0 180 0.34 199.4 —169.8 179.0
VOL 120-345 28.06 28.01 C¢H3;OBr 238.7 —178.5 177.1

345-500 27.56  27.61 C;H4Br 266.6 —181.6 175.8

500-720 2486 24.89 C;H4N,ClI 307.1 —184.8 174.0

> 720 13.62 13.55 VO, - - -
Residue 38-140 5.61 5.68 2H,O 58.5 —176.3 33.8
ZnL 140-250 5.61 570 2H,O 35 0.18 77.3 —181.2 32.0
(H,0),

250-360 28.66  28.59 C;H4OBr 98.4 —184.2 32.0

360-505 26.17  26.09 C;H4Br 125.2 —187.0 30.8

505-710 21.57 2149 CeH;N,Cl 163.9 —189.9 29.1
Residue >710 12.38 1245 ZnO - - -

most thermal steps, the determined AS* values are negative
which indicate that the prepared complexes were more acti-
vated ordered than the reactant and that the reaction rate is
slow (Alturiqi et al., 2020). In the activated state, the reasons
for the slowdown of the reaction might be the polarization
of bonds and electronic transitions. The determined enthalpy
values (AH") are positive, referring that the processes of
decomposition are endothermic (Alturiqi et al., 2020). The cal-
culated values of AG* are high positive and showed that the
decomposition steps are not spontaneous processes where the
free energy of the initial compound is lower than that of the
final residue (Alturiqi et al., 2020). The values of A are com-
paratively small, suggesting that the process is slowly pyrolysis.
The values of E¥ are greater positive suggesting that the reac-
tion have rotational, translational, and vibrational states and a
variation in the mechanical potential energy for complexes.

3.1.7. Powder X-ray diffraction (PXRD)

Powder X-ray diffraction (PXRD) of the prepared compounds
were undertaken over the 2 0 range 0-80° using wavelength
1.54060 A. XRD result showed that the H,L ligand and its
complexes have polycrystalline lattice where a # b # ¢ and
o = B = 90 # vy as shown in Fig. 3 and Supplementary Fig-
ure S13 and S14 (Almasi et al., 2021). Importantly, the unit cell
of H,L ligand has lattice constants a = 14.13600, b = 4.99500,
c = 17.56300 A and its space group is P1 2/c 1 (13). The unit
cell of parameters of ZrOL complex are, a 14.46100,
b = 18.53500, ¢ = 12.66300 A and space group is C 1 2/c 1
(15). The obtained unit cell of the VOL complex has the lattice
parameters, a = 28.09000, b = 7.99200, ¢ = 20.16300 A and
its space group is C 1 2/c 1 (15). ZnL(H,0), complex has the
laattice constants, a 7.44250, b = 13.98900, ¢ = 18.93600
A and its space group is P 1 21/c 1 (14).
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Fig. 3 Powder X-ray diffraction (PXRD) of the H,L ligand and VOL complex.
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Fig. 4 The pH diagram of ZrOL, VOL and ZnL(H,0),
complexes at different pH values.

3.1.8. Stability range of complexes

The pH graphic illustrates the high stability of the prepared
complexes at multiple values of pH (Fig. 4). This activity
means that the new complexes are more stable than ligand
(H,L). Therefore, the appropriate pH range for the various
implementations of the prepared metal chelates is from
pH = 5to 11.

3.1.9. Geometry optimization with DFT method

3.1.9.1. Molecular calculation of the H,L. The optimized struc-
ture of the ligand H,L is seen as the lowest energy configura-
tion in Fig. 5. The natural charges collected from Natural
Bond Orbital Analysis (NBO) showed that O1(-0.670), O2(-
0.680), N1 (-0.458)) and N2 (-0.480) are the most negative
active locations for the H2L. So, the metal ions prefer tetra-
dentate coordination to O1, O2, N1 and N2, designing a stable
5 and 6-membered chelate rings.

3.1.9.2. Molecular DFT calculation of VOL. The optimized
structure of the complex VOL as the lowest energy configura-

tion is displayed in Fig. 6. In a square pyramidal structure, the
vanadium atom is five- member and Atoms N1, N2, O2 and
Ol are diverted by 0.404° in one plane (Table S2). The distance
between N1—N2, O1—O02 and N1—O1 are lowered from
2.985, 4.023 and 4.065 A (in free H2L) to 2.753, 2.935 and
3.016 A (in VOL), respectively, due to coordination of NI,
N2, O1 and O2. From the NBO-analysis, the natural charges
on the coordinated atoms in VOL are: V (+0.764), O3(-
0.281), O1(-0.587), 02(-0.588), N1(-0.494) and N2(-0.491),

3.1.9.3. Molecular DFT calculation of ZrOL. The optimized
structure of the ZrOL complex as the lowest energy configura-
tion is seen in Fig. 7. In a square pyramidal structure, zirco-
nium atom is five- member and the atoms N1, N2, O2 and
Ol are deviated by —0.055° in one plane (Table S3). The dis-
tance between Nleee N2, Oleee O2 and Nleee Ol are low-
ered from 2.985, 4.023 and 4.065 A (in free H,L) to 2.751,
2.937 and 3.026 A (in ZrOL), respectively, due to coordination
of N1, N2, Ol and O2. From the NBO-analysis, the natural
charges on the coordinated atoms in ZrOL are: Zr (+ 1.833),
03(-0.804), N1(-0.613), N2(-0.597), O1(-0.732) and O2(-0.718).

3.1.9.4. Molecular DFT calculation of (ZnL(H>0 ),). The opti-
mized structure of the complex (ZnL(H,0),) as the lowest
energy configuration is seen in Fig. 8. In a distorted octahedral
structure, zinc atom is six-member and the atoms N1, O1, O4
and O2 are almost deviated by 3.285° in one plane (Table S4).
The distance between N1eee N2, Oleee O2 and Nleee Ol are
lowered from 2.985, 4.023 and 4.065 A (in free H,L) to 2.931,
2.854 and 2.891 A (in (ZnL(H,0),)), respectively, due to coor-
dination of N1, N2, Ol and O2. From the NBO-analysis, the
natural charges on the coordinated atoms in (ZnL(H,0),) are
Zn(+ 1.359), N1(-0.564), N2(-0.567), O1(-0.880), O2(-0.871) ,
03(-0.951) and O4(-0.956).

3.1.9.5. Molecular electrostatic potential ( MEP) surface. Fig. 9
indicates that the MEP surface is in the molecule to identify
the positive (blue color) and negative (red color, loosely bound
or excess electrons) charged electrostatic potential. It deter-
mined the overall measured energy, the highest occupied
molecular orbital energies (HOMO), the lowest unoccupied

.
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Fig. 5 The optimized structure of ligand H,L, the vector of the dipole moment, and the natural charges on active centers.
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Fig. 7 The optimized structure and the natural charges on active centers of ZrOL.

molecular orbital energies (LUMO) and the dipole moment for
the titled compounds (Supplementary Table S5). The more
negative values of the total energy of the complexes than that
of the free ligand suggest that the new complexes are more
stable than the free ligand and that, in the case of the new com-
plexes, the energy gap (E;) = ELumo - Enomo is smaller than
that of their H,L ligand due to complexation process (Supple-
mentary Table S5). Compared to that of their ligand, the
reduction of energy gap in the prepared complexes describes
the interactions of charge transfer upon forming complex
(Fig. 10). Several descriptors of reactivity, such as electron
affinity (A), ionization propensity (I), electronegativity (y),
Chem. potential (u), softness (S), hardness (n) and elec-
trophilicity index (), all obtained from the HOMO and
LUMO energies, have been suggested to explain different
aspects of Chem. reaction-related reactivity (Table 3).

3.2. Biological applications

3.2.1. Antioxidant activity

Most experiments use the simple procedure of the DPPH assay
to test the antioxidant efficacy of their targets (Mishra et al.,
2012; Musa et al., 2013; Abu-Dief et al., 2020). It is possible
to use the degree of color disappearance as an indicator of
the intensity of the antioxidant activity of the studied com-
pounds. The percentage of radical scavenging of the new com-
pounds was determined and L-ascorbic acid was used as the
reference standard at variable concentrations (10, 25, 50, 100
and 150 uM). Fig. 11 shows that, with the increased concentra-
tion of the prepared compounds, antioxidant activity
increases, and the ligand has a moderate activity, whereas
the new complexes are stronger than their H,L ligand activity.
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Fig. 9 Molecular electrostatic potential surface of H,L, VOL, ZrOL and ZnL(H,0),.

The resulting ICsq values showed a high potent activity of the
VOL complex with an ICsq value 23.0 uM, while the ZnL
(H>O), complex exhibited a lower antioxidant activity with
higher value of ICs, (31.0 pM), as shown in Fig. 11. The order
of the antioxidant activity of the prepared compounds are as
follows: VOL > ZrOL > ZnL(H,O), > H,L. Structural
parameters, such as the type and geometry of metal ions, influ-
ence on the anti-oxidative behavior of the compounds. The
presence of the azomethine and phenolic group’s Schiff base
will increase the conjugated systems and thus increase the

antioxidant potential of the metal chelates. In conclusion,
antioxidant experiments have shown that novel compounds
can help to develop the treatment of pathological diseases
due to their oxidative stress, such as cancers, aging, and car-
diovascular diseases.

By comparing of the antioxidant activity results of our
complexes VOL (23 uM) with the previously reported results
of similar compounds, DAPHYV (75 puM), we can conclude that
our complex has better antioxidant activity compared to the
reported one. (Abdel-Rahman et al., 2020a).
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Fig. 10 HOMO and LUMO charge density maps of H,L, VOL, ZrOL and ZnL(H,0),.

Table 3 The ionization energy, I, electron affinity, A, electronegativity, x, global softness, S, Chem. hardness, 1, and Chem. potential,

u, calculated for H>L, VOL, ZrOL and (ZnL(H,0),).

Ionization electron affinity Electro- Chem. hardness n Chem. softness Chem. potential Electrophilicity
potential A = -Erumo negativity = (I1-A)/2 S = 1/2n L= -x o = p2/2n
I = -Enowmo X =
T + A)2
H,L 5.9057 2.3584 4.13205 1.77365 0.2819 —4.13205 4.8132
VOL 5.8502 3.4972 4.6737 1.1765 0.4250 —4.6737 9.2832
ZrOL 6.0736 3.209 4.6413 1.4323 0.3491 —4.6413 7.5200
ZnL 5.651 2.9263 4.28865 1.36235 0.3670 —4.28865 6.7503
(H>0),

3.2.2. In vitro cytotoxicity screening

The in vitro cytotoxicity screening of the new complexes along
with the respective H,L ligand was performed towards HCT-
116, MCF-7 and HepG-2 adenocarcinoma cell lines and
HEK-293 normal cells, in which vinblastine was set for the
positive control using MTT assay (Andiappan et al., 2018;
Ariyaeifar et al., 2018), as indicated in Table S6 and Fig. 12.
The new compounds showed variable cytotoxic activity

against tumor adenocarcinoma cell lines. The cytotoxicity
screening results indicated that the new complexes are more
potent than their H,L ligand and its complexes showed mani-
fest cytotoxicity activity compared to the used reference drug.
The minimum inhibition concentrations (ICs, pM) showed
that the efficiency of the mentioned compounds is as follows:
VOL > ZrOL > ZnL(H,0), > H,L ligand. More impor-
tantly, the prepared metal complexes are highly specific
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Fig. 11  Antioxidant activity of azomethine H,L ligand and its
ZrOL, VOL and ZnL(H,O), complexes determined by DPPH
radical assay compared to ascorbic acid as a standard.

towards cancer cell lines only, as they exhibited mild toxicity
against normal cell line (HEK-293), as illustrated in Fig. 12.
The obtained results indicated that coordination of the H,L
ligand with the studied metal ions enhanced anticancer
potency. The increased potential anti-proliferative activity of
metal complexes is attributed to the reason that the positive
charge of the metal ions increases the acidity of the coordi-
nated H,L ligand, which contains protons, allowing protons
to form more potent hydrogen bonds with a negative charge
in the DNA of carcinoma cells (Abdel-Rahman et al., 2019).

3.2.3. In vitro antibacterial and antifungal activities

The new compounds were evaluated for Serratia marcescens,
Micrococcus luteus, Escherichia coli, Geotrichum candidum,
Aspergillus flavus and Fusarium oxysporum to determine their

possible efficacy compared to the ofloxacin and fluconazole.
(Saranya et al., 2020), Figs. 13, 14 and Table S7 and S8. A
comparison of the antimicrobial activity of the new complexes,
their H,L imine and reference drugs, found that the new com-
plexes demonstrate higher potency compared to the H,L
ligand. The increased activity is attributed to the coordination
of metal ions with the free ligand. In addition, the new com-
plexes have a medium potency compared to the used positive
controls. Due to the partial sharing of the positive charge with
the donor groups due to n-electron delocalization overall che-
late ring, there is a reduction in the polarity of the metal sig-
nificantly after complexation. Furthermore, reduced polarity
enhanced the lipid soluble character of the chelates and
strengthened the interaction between the complexes and the
lipid, contributing to the eventual degradation of the cell’s per-
meability barrier, which resulting in the obstruction of normal
cell processes (Abdel Ghani and Mansour, 2011; Mohamed
et al., 2019). The order of the antimicrobial activity of the
new complexes is VOL > ZrOL > ZnL(H,0), complex.
The antimicrobial capacity differential is due to the nature
of the metal ions as well as the permeability of the microor-
ganisms. The VOL complex is the most active with inhibition
zone 53 £+ 0.53 mm, which was very similar to that of a stan-
dard ofloxacin (55 £+ 0.42 mm) for Micrococcus luteus bacte-
ria. The new complexes show more relative reactivity against
the micrococcus luteus gram-positive bacteria (23-53 mm)
compared to the Serratia marcescens and Escherichia coli
gram-negative bacteria (1846 mm). The inhibition zone of
the mentioned complexes is in the region (21-46 mm), (18—
34 mm) and (21-37 mm) for Geotrichum candidum fungi,
Aspergillus flavus fungi and Fusarium oxysporum fungi, respec-
tively. By the serial dilution route, the minimum inhibitory
concentration (MIC) was evaluated and recorded in
Table S9 and Fig. 15. As seen in Table 4, the potential of
the synthesized compounds was demonstrated by assessing
the activity index.

120 - ® HCT-116cell line Hep-G2 cell

100

IC 50 (uM)

20

line MCF-7 cellline  ® HEK-293 cell line

H2L ZrOL

VOL ZnL(H20)2 Vinblastine

Compounds

Fig. 12 1Csq values of the azomethine H,L ligand and its ZrOL, VOL and ZnL(H,0), complexes against HCT-116, MCF-7, HepG-2
and HEK-293 adenocarcinoma cell lines in which vinblastine was set for the positive control.
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Fig. 13  Histogram showing the comparative antibacterial activities of the proposed compounds with Ofloxacin drug at a concentration
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Fig. 14 Histogram showing the comparative antifungal activities of the proposed compounds with Fluconazole drug at a concentration

of 30 uM.

The antibacterial activity results, inhibition zone (mm), of
the new complex ZnL(H,0), (18 mm) has been compared with
some zinc complexes previously reported as complexes 5 and 8
(13 mm) in the literature (Shaghaghi et al., 2020). It is noticed
that our complexes have better antibacterial activity than that
of the complexes 5 and 8 against Escherichia coli.

3.2.4. DNA binding techniques

3.2.4.1. Spectrophotometric titration. Spectrophotometric titra-
tion is typically used to identify the DNA interaction with
molecules (Zhang et al., 2021). Generally, changes in absorp-
tion and/or shift in characteristic peaks are due to the interac-
tion of molecule with DNA. The strength of the interaction is
determined by the degree of the shift. Electronic absorption of
the new complexes in presence and absence of CT-DNA were
scanned and displayed in Fig. 16 and Supplementary Fig-

ure S15. Absorption spectra of new complexes have a signifi-
cant hypochromic effect mostly on addition of CT-DNA and
a mild red shift has been identified, showing a powerful bind-
ing of CT-DNA with such complexes. Such spectral changes
have been attributed to n-n stacking interactions between base
pairs of DNA and the interacting ligand’s 7 electron (Ramesh
et al., 2020; Zhang et al., 2021). The spectroscopic parameters
and the determined intrinsic binding constants (Ky) of the
interaction between the synthesized complexes with CT-DNA
are listed in Table 5 and displayed in Supplementary Fig-
ure S16. In terms of the intrinsic binding constants (K;), com-
paring the K, values of our ZnL(H,0), (6.1 x 10° mol™!
dm ™% complex with ZnL (3.25 x 10* mol™' dm™?) complex
in the literature (Ramesh et al., 2020), showed that our com-
plex has better binding affinity with DNA than that of the
ZnL complex in the literature.
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Fig. 15

Histogram showing the comparative of the MIC values (uM) between the new compounds, used drugs and negative control

against the selected bacterial and fungal strains through a broth dilutions method.

Table 4 The activity potency of prepared H,L ligand and its complexes against studied strains of bacteria and fungi.

Comp. Activity index (%)

E. coli M. luteus S. marcescensas G. candidum A. flavus F. oxysporum
H,L 37.5 36.4 38.3 333 36.1 38.5
ZrOL 87.5 89.0 91.5 89.6 86.1 89.7
VOL 95.0 96.4 97.8 95.8 94.4 94.9
ZnL(H,0), 80.0 82.0 85.1 83.3 80.5 82.1

3.2.4.2. Viscosity measurement. The binding features of com-
plexes with CT-DNA was further confirmed by surface aggre-
gation using viscosity due to that the spectrophotometric
titration methods are not enough to confirm (Gandhimathi
et al., 2017). This method of measurement is responsive to
changes in the DNA length that might arise because of its
binding to the complex (Rao et al., 2020). The substantial
increase in the relative viscosity of the DNA with rising com-
plex concentrations is shown in Fig. 17. This is like a positive
standard. Thus, the average rise in DNA duration and viscos-
ity could be owing to its intercalation binding with the new
complexes.

3.2.4.3. Gel electrophoresis technique. The technique of gel elec-
trophoresis is used to research the influence of tested com-
plexes on the degradation of genetic material. In this
technique, the separation of complexes will be under the influ-
ence of an electric field based on their relative rate of move-
ment through a gel (Prabhakara et al., 2015; Keypour et al.,
2019). Fig. 18 shows that there was a small decrease in the
strength of DNA treated with the complexes. Therefore, after
such a genomic effect, the effect of these complexes on patho-
gen proliferation could be expected. The binding of a metal
complex with DNA is beneficial in the design and improve-

ment of pharmaceutical agents. The DNA binding techniques
showed that through intercalation binding, the identified com-
plexes can bind with DNA and demonstrates an obsequious
and distinct DNA binding affinity.
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Fig. 16 The change of electronic absorption spectra of ZnL
(H,0), complex (107> M) upon addition of various amounts of
CT-DNA (10-100x M).
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Table 5 Spectral parameters for the interaction of CT-DNA with the synthesized complexes.

Complex Amax free (MM) Aoy bound (nm) AL Chromism (%)*  Type of Chromism Ky x 10° (mol™!dm™>) AG kJ mol™!
ZrOL 288 290 2 3.6 Hypo 6.6 -33.2
334 332 2 4.4
360 362 2 3.6
387 389 2 3.1
397 400 3 3.6
419 424 5 3.5
VOL 289 271 18 18.6 Hypo 7.8 -33.6
361 331 30 179
430 432 2 39.5
ZnL(H,0), 288 292 4 12.1 Hypo 6.1 -33.0
356 351 5 29.7
387 385 2 34.4
431 429 2 38.7
481 537 56 703
566 580 14 792

% Chromism = (ADbS frec — ADS pound)/AbSfree-

3.2.4.4. Proposed interaction mechanisms of the prepared imine
complexes to DNA. The suggested interaction of VOL and
ZrOL complexes with DNA is intercalative mode as shown
in Scheme 2. In case of the ZnL(H»O), chelate, the two coor-
dinated water molecules replaced by nitrogen bases of DNA.
This leads to a flat part in the middle of this complex as shown
in Scheme 3. So, the proposed interaction of VOL, ZrOL and
ZnL(H,0), chelates with DNA is intercalation modes.

3.2.5. Molecular dynamics analysis

Molecular docking study is a necessary tool in drug design. It
was utilized to evaluate the binding energy of the prepared
complexes with DNA double helix. The structure of ligand
and complexes was generated from the Gaussian 09 output
program in PDB file format. The human DNA receptor
(PDB ID:1BNA) structural properties have been obtained
from the PDB database. Using MOA2014 tools, molecular
modeling studies were done to classify the potential binding

1.6

—e—ZrOL—e— VOL—é—ZnL(H,0) ——EB

) ) L] )
0.0 0.1 0.2 0.3 0.4 0.5

[Complex]/ [DNA]

Fig. 17 The effect of increasing the amount of the prepared
metal chelates on the relative viscosity of DNA at
[DNA] = 260 uM, [complex] = 10-60 uM, and at 298 K.

modes of the most active human DNA receptor site (PDB
ID:1BNA) (Table 6 and Figs. 19 and 20). It was shown from
the docking studies that H-acceptor is the main interaction
force of the H,L ligand, while some binding interactions also
occurred in complexes besides the main interaction of the
ligand, such as H-donor and ionic. The order of the new com-
pounds toward the binding with receptor is as follows: VOL,
—6.2 > ZrOL, —5.9 > ZnL(H,0),, —5.2 > H,L, —3.5 kcal/-
mol. The more negative energy is the more stable (stronger
interaction). This showed that the mentioned complexes have
better binding affinity than the free ligand. These results dis-
play good agreement with experimental observations.

Fig. 18 Agarose gel electrophoresis photography of the pre-
pared azomethine complexes. Lane 1: DNA Ladder, lane 2: VOL
complex + DNA, lane 3: ZnL(H,0), complex + DNA, lane 4:
ZrOL complex + DNA.
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Scheme 2 The suggested interaction of VOL and ZrOL complexes with CT-DNA.
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Scheme 3  The proposed interaction of ZnL(H,0), chelate with CT-DNA.
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Table 6 The docking interaction data calculations of H,L, VOL, ZrOL and ZnL(H,0), with the active sites of the receptor of human
DNA (PDB ID:1BNA).

Receptor Interaction Distance(A)* E (kcal/mol)
H,L
026 02 DC 9 (A) H-donor 3.13 (2.25) 2.6
6-ring C4 DC 11 (A) pi-H 3.93 -0.9
VOL
N 22 OP2 DG 14 (B) Tonic 3.22 —-32
N 24 OP2 DG 14 (B) Tonic 3.38 -2.4
6-ring C3' DC 13 (B) pi-H 4.53 —0.6
ZrOL
C 20 OP2 DA 5 (A) H-donor 3.39 (2.34) -32
0 36 N6 DA 6 (A) H-acceptor 3.11 (2.21) —2.2
BR 38 OP2 DG 4 (A) H-donor 3.90 (3.90) —0.5
ZHL(H20)2
0 36 OP1 DG 10 (A) H-donor 2.75 (1.92) -3.0
0O 39 OP1 DT 19 (B) H-donor 2.85 (2.01) -1.7
N 25 OPI1 DG 10 (A) Tonic 3.99 —0.5

*The lengths of H-bonds are in brackets.

Fig. 19 2D plot of the interaction between H,L (A), VOL (B), ZrOL (C) and ZnL(H,0), (D) with the active site of the receptor of
human DNA (PDB ID:1BNA). Hydrophobic interactions with amino acid residues are shown with dotted curves.
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Fig. 20

Molecular docking simulation studies of the interaction between H,L (A), VOL (B), ZrOL (C) and ZnL(H,0), (D) with the

active site of the receptor of human DNA (PDB ID:1BNA). The docked conformation of the compound is shown in ball and stick

representation.

3.2.6. In silico ADMET analysis of the ligand and its complexes

ADMET (Absorption, Distribution, Metabolism, Elimination,
Toxicity) prediction is used to predict toxicity and pharmaco-
logical properties of studied compounds using Swiss ADME
server (Daina et al., 2017), Table 7. The obtained results
showed that all computed properties are positives, indicating
high probabilities, according to the results. Compounds with
medium human intestinal absorption (HIA) and Caco2 perme-
ation were forecasted to be non-AMES toxic and non-
carcinogenic. The ligand and its compounds’ total polar sur-
face area (TPSA) characteristics indicate that they can absorb
well in order to attach for a specific purpose when used as
medicines.

4. Conclusions

A halogenated dibasic tetra-dentate chelating ligand and its ZrOL,
VOL and ZnL(H,0), complexes were successfully synthesized, and
their structure has been elucidated via spectroscopic tools. The com-
plexes were formed in a stoichiometric ratio of 1:1 (ligand-to-metal)
ratio as confirmed by microanalysis. According to the analytical and
spectral data, the obtained ZrOL, VOL complexes have distorted
square pyramidal geometries, while ZnL(H,0), complex has a dis-
torted octahedral geometry. The prepared complexes showed enhanced
antioxidant activity compared to its H,L azomethine ligand. The
antiproliferative activity of the studied H,L ligand and its complexes
against Hep-G2, HCT-116 and MCF-7 cell lines lies in the following
order: VOL > ZrOL > ZnL(H,0), > H,L. The In vitro antibacterial
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Table 7 ADME analysis of the H,L ligand and its complexes.

ADME FACTOR * H,L VOL ZrOL ZnL(H,0),
Physio - Chem. Properties

Molar Refractivity 118.29 122.84 122.84 128.25
TPSA 65.18 A2 60.25 A2 60.25 A2 61.64 A
Lipophilicity

Log P, (iILOGP) 2.88 0.00 0.00 0.00
Log P, (XLOGP3) 5.82 5.48 5.48 5.09
Log P, (WLOGP) 6.78 6.17 6.17 6.16
Log P, (MLOGP) 4.49 3.20 3.20 2.46
Log P,y (SILICOS-IT) 6.84 2.15 2.40 —0.21
Consensus Log Py 5.36 3.40 3.45 2.70
Water Solubility

Log S (ESOL) —6.89 —7.31 —7.56 —7.26
Log S (Ali) —6.96 —6.50 —6.50 —6.13
Log S (SILICOS-IT) —8.60 —9.23 —9.31 —9.45

Class

Poorly soluble

Poorly soluble

Poorly soluble

Poorly soluble

Pharmacokinetics

GI absorption Low High High High

BBB permeant No No No No

P-gp substrate No Yes Yes Yes
CYP1A2 inhibitor No No No Yes
CYP2C19 inhibitor Yes Yes Yes Yes
CYP2C9 inhibitor Yes No No No
CYP2D6 inhibitor No No No No
CYP3A4 inhibitor No No No Yes

Log K, (skin permeation) —5.27 cm/s —5.91 cm/s —6.15 cm/s —6.39 cm/s
Medicinal Chemistry

PAINS 0 alert 0 alert 0 alert 0 alert
Brenk 1 alert: imine_1 0 alert 0 alert 1 alert: heavy metal
Synthetic accessibility 3.00 4.18 4.04 4.34

* TPSA: Topological Polar Surface Area), Consensus Log P, :Average of all five predictions, GI absorption: Gastrointestinal absorption, P-
gp substrate: P-glycoprotein substrate, CYP1A2 inhibitor: Cytochrome P450 1A2 inhibitor, CYP2C19 inhibitor: Cytochrome P450 2C19
inhibitor, CYP2C9 inhibitor: Cytochrome P450 2C9 inhibitor), CYP2D6 inhibitor: Cytochrome P450 2D6 inhibitor, CYP3A4 inhibitor:
Cytochrome P450 3A4 inhibitor, PAINS: Pan Assay Interference Structures, Brenk: Structural Alert, Synthetic accessibility score: from 1 (very

easy) to 10 (very difficult).

and antifungal activities showed that the prepared complexes have
promising bioactivities against the tested microorganisms as compared
to standard drugs. The DNA binding studies suggest that the men-
tioned complexes bind to DNA mainly via intercalation. For better
understanding the nature of interaction with CT-DNA, a molecular
docking study was also applied. The molecular docking studies showed
that the new complexes have more negative energy than their ligand.
This indicates that the new complexes strongly interact with DNA
compared to their H,L ligand. Accordingly, we conclude that the find-
ing of this research provides useful information to further create new
metal complexes with high pharmacological activities.
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