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Abstract

This research work includes a detailed investigation of the synthesis, spectro-
scopic characterization and biological properties of Schiff bases ligand derived
from 1,8-diamminonapthalene and 5-bromosalicyaldehyde along with their transi-
tion metal complexes. The compounds were meticulously characterized employing
sophisticated spectral techniques that are FT-IR (Infra-red), analytical, 'H-NMR
(Proton Nuclear Magnetic Resonance), SEM (Surface morphology analysis), ESI-
MS (Electrospray lonization Mass Spectrometry), PXRD (Powder X-ray Diffrac-
tion) and ESR (Electron Spin Resonance). The spectroscopic data reported that
the ligand exhibits a tetradentate binding mode, while the metal complexes dem-
onstrate hexa-coordinated geometries. Additionally, DFT investigation was executed
employed B3LYP/LanL.2DZ as basis set to optimize geometry and evaluate molec-
ular electrostatic potential surfaces. In vitro antimicrobial studies were explored
against gram +ve bacteria, gram —ve bacteria and fungal strains. Among these, the
copper chloride complex (3) displayed the highest efficacy possessing a minimum
inhibitory concentration (MIC) of 0.0094 pmol/mL. Molecular docking investiga-
tions were executed to evaluate the binding affinities of the synthesized compounds
against a cholesterol lowering agent (20BD) and HeLa cancerous cells (612I). The
results indicated that cobalt (1) and nickel chloride (2) complexes exhibit the low-
est binding affinities, suggesting higher potency. Additionally, the synthesized com-
pounds demonstrated greater effectiveness against HeLa cancerous cells compared
to the 20BD receptor. The in silico ADME analysis discloses the therapeutic usabil-
ity of the synthesized compounds.

Extended author information available on the last page of the article
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Introduction

Flexible ligands, frequently referred to as Schiff bases, possess the potential to syn-
thesize complexes with transition metal ions that proven beneficial in a variety of
domains, such as photophysical research, biology, optics, magnetic chemistry, chem-
ical analysis and catalysis [1-10]. A growing body of scientific evidence reveals that
transition metal ions are crucial for carry out vital biological functions [11]. The jus-
tification for this is that many drugs action depend on either suppressing the growth
of metalloenzymes or coordinating with metal ions [12]. Coordination compounds
combine the ability of metals to interact with various kinds of organic ligands or
mixed ligands with a broad spectrum of coordination numbers, geometries and oxi-
dation states [13, 14]. The emergence of drug-resistant microbial infections is the
main contributing factor to the current restrictions on the administration of antibi-
otics in the treatment of microbial ailments [15—17]. Schiff base complexes have
grown progressively more significant in medicine as potential alternatives in con-
trast to the standard antibiotics [18-21].

In order to create anticancer medications that are efficient, pharmaceutical indus-
tries have conducted extensive studies throughout the years [22-28]. Over the
course of the last twenty years, there has been a lot of engrossment in the discipline
of chemistry of metal complexes [29-35]. Numerous transition metal complexes
have already been developed and investigated for their potential for tackling cancer
[36-39]. In the same class as carboplatin and cisplatin, oxaliplatin is a platinum-
based anticarcinogenic medication. However, it has some restrictions because major
side effects include diarrhea, tiredness, sickness, apathy and a low blood cell count.
Several attempts have consequently been made to employ several different ligands
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or transition metals in place of this medication with the objective of swapping it
for worthy substitutes [40—42]. Diverse pharmacological properties have been dem-
onstrated by these complexes, such as antimicrobic, anti-inflammatory, antican-
cer, herbicidal, antioxidant and chemo/biosensing [43-53]. Due to their propensity
to obstruct many enzymatic activities and to induce noteworthy tumor preference,
Schiff base ligands have garnered a lot of fascination in the treatment of cancer over
the preceding few decades [54-57]. Such ligands heteroatom-incorporated com-
pounds offer a stronger propensity for bimolecular interaction [58]. Such chemicals
have demonstrated their biological relevance in inhibiting bacterial growth against
strains of E. coli that induce marine biofilms [59].

One of the prominent underlying components of hypercholesterolemia that causes
cardiovascular disorders is the absorption of cholesterol from the diet. The endog-
enous production of cholesterol among human beings is attributed to the mevalonate
pathway. The reaction HMG-CoA to mevalonate catalyses by enzyme 3-hydroxy-
3-methylglutaryl-coenzyme A reductase (HMGR), that assists in the generation of
cholesterol. The identification of therapeutic targets is a crucial step in the procedure
of drug screening and development. One of the key targets for the regulation of cho-
lesterol production is HMGR [60]. The ultimate objective of this scientific investiga-
tion is to discover new agents that will effectively lower down free cholesterol levels
by inhibiting HMGR, address drug resistance and lessen the challenges posed by
current medication side effects.

In an effort to generate Schiff base metal complexes having anticancer proper-
ties along with cholesterol lowering characteristics, we have prepared Schiff base
ligand along with its transition metal complexes and characterized their structure via
several spectral techniques. To get insight into their antimicrobial relevance, in vitro
antimicrobial assay was assessed against the selected bacterial and fungal strains.
To explore their anticancer proficiency on HeLa cancerous cells and cholesterol
lowering characteristics, molecular docking was demonstrated which unveils their
biological effectualness against both receptor proteins. However, druglikeness was
evaluated by ADME studies revealing their drug-like properties.

Experimental details
Apparatus techniques

An FT-IR spectrophotometer with KBr pellets as support was used to acquire infra-
red spectra in the 400-4000 cm™' range. At SAIF-IIT Bombay, an electromagnetic
spin resonance (ESR) investigation was carried out using equipment from Varian
(USA). At GJUST-Hisar, the electrospray ionization spectrum was recorded for all
synthesized metal complexes. Powder X-ray diffraction investigations were carried
out in the 10°-80° scanning range using a Rigaku Minifex-II instrument. At SAIF,
Punjab University, Chandigarh, elemental analysis (CHN) was conducted through
the EuroEA elemental analyzer. The surface morphology of metal complexes was
examined using a FE-SEM instrument with a 15-kV accelerating voltage.
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Scheme 1 Reaction methodology for the fabrication of Schiff base ligand and their metal complexes

General reagents

We procured the chloride salts of ZnCl,(dry), CuCl,-2H,0, NiCl,-6H,0 and
CoCl,-6H,0 from MolyChem, India. The compounds utilized were 3-hydroxy-
4-methoxybenzaldehyde and 1,8-diamminonapthalene which were retrieved from
Sigma-Aldrich. Reagent-grade solvents were utilized, and no additional purification
was performed.

Synthetic methodology
Synthetic methodology of the ligand

The condensation approach was implemented to fabricate the ligand [61]. The eth-
anolic solution of 1,8-diamminonapthalene was first dissolved in 5 mmol of etha-
nol prior to the addition of 10 mmol of 5-bromosalicyaldehyde and then heated to
70-80 °C. The reaction mixture was constantly refluxed at 80 °C for approximately
4-5 h. A solid precipitate with yellow color was attained. After filtering the resultant
precipitate, the reactants that remained unreacted were removed by washing thor-
oughly with the ethanol.

Synthetic methodology of the metal complexes

To the heated solution of 0.25 mmol ZnCl,/CuCl,-2H,0/NiCl,-6H,0/CoCl,-6H,0
in 10 mL of absolute ethanol, slowly add 0.25 mmol of Schiff base ethanolic solu-
tion in a 1:1 ratio. The initiation of complex formation was shown by a color shift
that occurred when the reactants were mixed. At 80 °C, the reaction mixture was
constantly refluxed while being magnetically agitated for 2—-6 h. To get rid of con-
taminants, the resulting colored precipitate was filtered and purified.

The reaction methodology is represented in Scheme 1.
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Molecular docking studies

All the synthesized compounds and ligand were docked against cholesteryl ester
transfer protein (20BD) that is cholesterol lowering agent [62] and refined 13pf
HeLa cell tubulin microtubule (6I2I), a receptor of HeLa cells responsible for
the cervical cancer in womens [63-66]. Protein structures were gathered from
the RCSB-protein data bank, and Open Babel software was used to transform the
complex structures into pdb format. Autodock Tools was the software employed
for the ligand root detection and grid box construction. The binding energy at
RMSD 0.00 was determined after the docking was completed in AutoDockVina
[67]. Pymol and Biovia Discovery Studio Visualizer were used to generate the
three-dimensional structure.

Antimicrobial studies

The antimicrobial in vitro examination was accomplished against various
microbes such as gram +ve bacteria (B. subtilis, B. cereus), gram —ve bacteria
(E. coli, P. aeruginosa) as well as fungal strains (A. niger, C. albicans), and their
minimum inhibitory concentration was evaluated [68, 69]. The ligand and synthe-
sized compounds have been investigated for microbial efficacy adopting the liquid
broth method of serial dilutions. Common drugs utilized during investigations for
antifungal and antibacterial agents, respectively, are fluconazole and ciprofloxa-
cin. Prepare a stock solution with concentration of 100 g/mL, 1 mg of sample was
dissolved in 10 mL of dimethyl sulfoxide. Next, we gradually lowered the solu-
tion’s concentration to 3.125 g/mL. Consequently, 1 mL of nutrient-rich broth
and potato dextrose broth (PDB) were combined with the stock solution. While
fungal strains were grown in PDB tubes for two days at 25 °C, identical bacterial
strains were put in NB tubes and incubated at 37 °C for one day.

DFT studies

The density functional theory (DFT) assessment of the ligand and metal com-
plexes were evaluated utilizing the Gaussian 09W program [70] with B3LYP
functional [71-73], while the LanL2DZ basis set was employed for C, H, O and
Co metal ion [74-76]. The estimation was performed implementing the simi-
lar method and basis set based on geometries optimization of ground state and
other structure parameters such as bond lengths and bond angles. The molecular
geometry of ligand and complexes has been fully optimized, and several quantum
chemical descriptors and MEPs were all considered.

ADME studies

The online SWISSADME program was utilized to discover the drug-like charac-
teristics of the synthesized complexes. This software estimates biological activity
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based on the structure—activity relationship and displays activity versus over 3000
pharmacological effects and biochemical characteristics. The probable activity
(P, and probable inactive activity (P;) associated with this activity are expressed.
Compounds that have been declared effective against that specific pharmacologi-
cal action are those with a P, value greater than P;. Compounds with a P, value
of more than 0.5 have been proposed to be competent to demonstrate biological
effects in vitro.

Results and discussion

The novel Schiff base ligand 2,2'-((naphthalene-1,8-diylbis(azaneylylidene)) bis
(methaneylylidene)) bis (4-bromophenol) has been fabricated by reflux condensation
reaction, and their transition metal complexes was prepared by further condensation
reaction of Schiff base ligand with the metal chloride salts. The analytical data of the
compounds were displayed in Table 1.

Infra-red spectra

The ligand infrared spectrum displays a broad band near 3350 cm™ attributes to
the phenolic OH group, while band around 3043 cm™' was designated to the imine
—CH aromatic group. The arrival of azomethine peak at 1606 cm™! confirms the
formation of ligand (Fig. 1). The other peaks owing to -C=C-, -C-0O, —-C-Br was
observed at 1473 cm™!, 1370 cm™! and 813 cm™' wavenumber. In the cobalt chlo-
ride metal complex (1), peak appeared in 1588 cm™' wavenumber attributed to the
azomethine linkage and the peak in 2960 cm™' appeared due to azomethine —-C—H
bond. The deprotonation of OH group is found missing as revealed by the presence
of OH peak in the metal complexes that appeared in 3390 cm™'in the cobalt com-
plex. The peaks of -C=C-, —-C-0O, —C-Br was discovered at 1467 cm™!, 1365 cm™!
and 825 cm™'. In nickel metal complex (2), peaks owing to CH=N, -C-H,
—OH, —C=C-, -C-O- and —C-Br bonding divulges at wavenumber 1593 cm™
3050 cm™!, 3390 cm™!, 1482 cm™', 1360 cm™! and 815 cm™!, respectively. The

Table 1 Analytical data of the synthesized ligand and metal complexes

Comp Mol. formula Mol. wt.  Yield Color Cal. (Found)
(%)
C (%) H (%) N (%) M (%)

NAMB [C,,H,(Br,N,0,] 524.21 78 Brown  54.99 (54.59) 3.08 (2.90) 5.34(5.10) -

[€))] [Cy4H,¢Br,N,0O- 654.05 68 Creme  44.07 (43.98) 2.47(2.34) 4.28(4.10) 9.01 (8.91)
,CoCl,]

?2) [CoH,¢Br,N,O,N-  653.81 60 Green 44.09 (43.80) 2.47(2.34) 4.28 (4.12) 8.98 (8.70)
iCly]

3) [Cy4H,¢Br,N,O- 658.66 72 Black 43.77 (43.66) 2.45(2.30) 4.25(4.20) 9.65(9.52)
,CuCl,]

) [CoyH ¢Br- 660.49 58 Créme  43.64 (43.46) 2.44 (2.20) 4.24 (4.10) 9.90 (9.76)
»N,0,ZnCl,]
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Fig. 1 IR spectra of the synthesized ligand and metal complexes

copper metal complex (3) exhibits peaks described for the -CH=N, —C-H, —OH,
—C=C-, -C-0O- and -C-Br bonds at 1516 cm™, 3042 cm™!, 3416 cm™!, 1470 cm™!,
1365 cm™! and 814 cm™' correspondingly. The zinc chloride complex (4) evi-
dences the peaks at 1590 em™!, 3052 cm™!, 3378 cm™!, 1480 em™!, 1360 cm™! and
815 cm™! attributes to -CH=N, -C-H, -OH, -C=C—, -C-O— and —C-Br bonding
[77-86].

ESI-MS spectra

The mass spectrum of the Schiff base ligand (NAMB) exhibits a base peak at
524.95 amu which corresponds to [M]*, while in cobalt chloride complex (1) peaks
appear at 653.25 amu corresponding to [M+H]* ions peak. In case of nitrate chlo-
ride complex peaks discovered at 650.46 amu corresponds to [M-3H]*. The zinc
chloride molecular peak perceived at 658.48 amu attributes to [M-2H]* ion peak.
The copper chloride displays [M-5H]* peak at 653.25 amu (Fig. 2).

"H-NMR spectra

The "H-NMR spectra of Schiff base ligand displays peaks at § 10.22 and 10.9 ppm
which correlates with the —OH group of phenol while peak at § 8.24 ppm attrib-
utes to the azomethine linkage, § 6.52—7.73 ppm describes to the aromatic pro-
tons and peak of solvent protons ascribed at § 3.35 ppm. The "H-NMR spectrum
of the zinc chloride complex (4) exhibits peaks at 6 10.79 ppm, é 8.21 ppm and o
6.69-7.80 ppm which is ascribed to the phenolic -OH group, azomethine linkage
and aromatic protons, respectively (Fig. 3).

ESR spectrum

The ESR spectrum was executed to analyze the magnetic characteristics of the cop-
per chloride complex (Fig. 4). The copper complex exhibits isotropic signal at room
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Fig.2 Mass spectrum of the synthesized ligand and metal complexes
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Fig.2 (continued)

temperature with zero hyperfine splitting. The value of g,,, observed for copper
chloride was 2.04. This value proclaimed that the unpaired electron resides in d,._
orbital with distorted octahedral geometry. The u.; was evaluated for the synthe-
sized copper chloride complex, and the value obtained was 1.76 B.M. which con-
firms the paramagnetic nature of copper complex [87-89].

PXRD studies
The copper chloride complex was studied in 10°-80° range of 26 angle having a

wavelength of 15.4 nm because no single crystal was obtained for the synthesized
compounds. The powder X-ray diffraction uncovered the fact that there are no peaks
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appearing in the spectra of metal complexes which announces the non-crystalline
nature of the compounds (Fig. 5). The amorphous characteristic has been revealed in
the studies; hence grain/crystalline was not calculated.

SEM

The Schiff base ligand (NAMB) and the copper chloride (3) complex surface mor-
phology has been deliberated at 15 K magnification scale in which ligand surface
morphology displays small rock-like surfaces with pointed edges and distributed
randomly with different size matrix. In case of copper chloride complex, a rough
surface with a net like matrix was observed as depicted in Fig. 6.

DFT investigations
Geometry optimization

The geometry of the ligand (NAMB) and metal complexes were calculated utilizing
density functional theory (DFT) calculations at the B3LYP function and LanL.2DZ-
theory level Gaussian 09. Figure 7 displays the fully optimized geometry of the
ligand and metal complexes. Ligand optimization was performed to investigate geo-
metric and electronic aspects that may influence donation of electron. According to

Fig.6 Surface morphology of the ligand and copper chloride complex
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NAMB

Fig. 7 Optimized geometry of ligand and metal complexes

the computed bond lengths and bond angles, the molecular structure of complexes
has octahedral geometry around the Co(Il), Cu(Il), Ni(Il), and Zn(II) centers. The
bond lengths and angles of the compounds are enumerated in Table 2. The primary
ligand acts as a tetradentate ligand and coordinates with the metal through two imine
nitrogen and two hydroxyl oxygen atom. The quantum chemical descriptors were
examined implementing optimized geometry of the ligand and complexes.

@ Springer



851

Exploring Schiff base ligand and their transition metal...

£€°801 - 66'06 - £7'C6 - 906 - - TO-N-IN
P OL - 96'68 - 0°L8 - 61'68 - - [ID-IN-IN
LTSL - €€T6 - 668 - 9L76 - - IN-IN-IN
Y8 - 6v°9L1 - 80FLI - SIvLI - - TO-W-IN
S9SII - 11°68 - 9¢°¢6 - vT16 - - TO-N-10
05°59 - $6'06 - €T'L8 - 7688 - - 1ID-IN-10
LT - vES8 - Se'L8 - 69'18 - - TON-10
96°6€1 - 1S°9L1 - 80°HLI - 0I'tLI - - IN-IN-10
vI¥8 - 9I'16 - 90°16 - YL'T6 - - IN-IN-10
- 6£C - €T - 8Y'C - 1€°C - 0N
- v9°C - SeT - L9 - 6€°C - IO
6T’ €'l €1 - €1 €1 206D
- 0g'1 - €'l - €1 - Pel 9¢'1 10-1D
8Y'l e 9l - Sl 91 628D
Sl el | - €l Wl 801D
- (4 - €l - €1 - €'l vel IN-LD
- el - el - Wl - el el IN-9D
- 2! - 2! - Sl - A\ Sl 90-¢0
- | - A - Sl - Pl St'l SO o)
- el - €l - Wl - el €'l IN-+O
- [43! - €'l - (4| - €'l €1 IN-€D
- St'1 - el - | - €'l Lyl €070
- 8’1 - A\ - 91 - Sl A 010

(o) o18ue puog () WSS puog  (,) d[Sue puog (y) WSuo[ puog () o[Sue puog (y) PSud] puog (,) A[Sue puog () WBUd[ puog  (y) Y3ua[ puog
(¥) 1OUZST (0 TOINGT (€) TONDST (1) 100061 (dANVN) §T1  s1oowereq

saxa[dwoos pue (INVN) puesi| jo sojwered paziundQ g ajqel

pringer

As



I. Sindhu et al.

852

£€°801
0L

IS -
9'S9 -
AR 2] -

66'06
$6'88
11°68
¥6'06
LT'16

£v'Co

0'L8
9¢'€6
€CL8
9016

8C'16
L8'88
9°06
61°68
YL'C6

CID-INCN
T1ID-IN—CN
- CUO"IN-CO
- TID-IN-CO
- IN-INTCO

(o) o18ue puog  (y) w3ua] puog

(o) 918ue puog () WSS puog

(,) o18ue puog  (y) Waua] puog

(o) o18ue puog () y3ud puog () 3usd| puog

(#) 1DUZST

(0 IDINST

(€) 1ONDST

(1) 120081

(ANVN) §T  s1o1owereq

(panunuod) g ajqeL

pringer

NS



Exploring Schiff base ligand and their transition metal... 853

Quantum chemical descriptors analysis

The B3LYP function and LanL2DZ basis sets have been employed to investigate
the electric and optical parameters of the structure in the frontier molecular orbital
(FMO). FMOs are critical components of a molecular structure specifically identi-
fied as the lowest unoccupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) as displayed in Fig. 8 [90]. The HOMO inhabited by
electrons possesses the potential to donate electrons, while the empty innermost
orbital LUMO behave as an electron acceptor. The tendency of a molecule’s to pro-
vide electrons is directly related to its Eygyo; in general, the higher the HOMO
energy (smaller the negative value), the higher the electron-donating capacity [91].
The values of ligand and complexes are shown in Table 3 and determined as fol-
lows: the energy difference (AE) between the HOMO and LUMO, global softness
(S), chemical potential (), electronegativity (y), global hardness (1) and global elec-
trophilicity (@) [92, 93].

The HOMO and LUMO energies have been employed to assess all reactivity
properties. The reactivity and stability of compounds are increased by the increased
energy of the smaller band gap. Chemical potential (1) determines the potential of
electrons to deviate from an equilibrium state. A molecule with a negative chemical
potential is considered stable and does not spontaneously break down into its indi-
vidual components. The potential reactivity of the compound is suggested by its low
hardness and high softness values. Global electrophilicity (w) is a functional varia-
ble for quantifying the electrophilic reactivity of compounds. An electrophilic mole-
cule has a significant degree of electrophilicity. The presence of a positively charged
coordinating metal leads to a reduction in the electronegativity force (y) of the
structures. Electrophilicity is the capability of an electrophile to accumulate extra
electronic charge and resist the interchange of electronic charge with the environ-
ment. This property is important for understanding both electron transfer (chemical
potential) and stability (hardness). Electrophilicity is an important quantum chemi-
cal descriptor that serves a major key point in assessing the toxicity of compounds
based on their reactivity and site selectivity. The structures exhibit reduced electron-
egativity (y) owe to the presence of a positively charged coordinating metal [94].

Molecular electrostatic potential (MEP) of compounds

A crucial quantity that is connected to electron density and is helpful in understand-
ing coordination positions and H-bonding interactions is the MEP. The B3LYP
approach, utilizing the Lanl.2DZ basis set, was employed to compute the MEP-
mapped surface of the ligand and complexes. Figure 9 illustrates the MEP maps for
the ligand (NAMB) and its complexes. It is evident from the ligand’s MEP map that
the positive zones were localized over the electropositive area, whereas the negative
portions were localized over the electronegative site [95-99].

The O atoms of the phenolic group (deep red/yellow) and the N atoms of the
imine moiety are primarily surrounded by the negative regions. The complexes that
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exhibit negative region are detected across the chloride atom, the imine moiety N
atoms and the O atoms of the phenol group. The most positive areas (blue/green) are
observed surrounding the C-atoms of imine moiety and the H atoms of O—H of phe-
nolic group. The bulk of the positive charge is centred over the H and C-atoms. The

@ Springer



Exploring Schiff base ligand and their transition metal... 855

Table 3 Estimated DFT parameters with other descriptors

Parameters NAMB ) ) 3) )

Formula weight 524.21 652.03 651.79 656.64 658.48
E (a.u.) —-1210.28 —1384.15 —1408.33 —1435.13 —1304.64
HOMO (eV) -5.83 -6.09 -6.19 —6.41 -6.19
LUMO (eV) -291 -3.05 —4.68 —-4.97 —4.88
AE (eV) 2.92 3.04 1.31 1.44 1.31
Global hardness (1) 1.46 1.52 0.69 0.72 0.65
Absolute softness (S) 0.34 0.33 0.72 0.69 0.76
Mulliken electronegativity (y) —4.37 —4.57 -5.36 -5.69 -5.53
Global electrophilicity (@) 6.53 6.86 20.87 22.44 23.39
Chemical potential (u) 4.37 4.57 5.36 5.69 5.53
Dipole moment (Debye) 591 5.82 7.22 6.49 7.47

ligand is coordinated with two phenolic O—H and two imine N in complexes because
it has four potential coordination sites. Six donor atoms surround the metal ion in
an octahedral arrangement. The electrostatic potential at the surface is depicted by
various hues. The potential rises in the sequence listed below: Blue > Green > Yel-
low > Orange > Red [100].

In vitro Biological Studies
Antibacterial studies

The antibacterial in vitro examination was accomplished with gram+ ve bacteria (B.
subtilis, B. cereus) as well as gram —ve bacteria (P. aeruginosa, E. coli), and their
minimum inhibitory concentration was assessed [101-103]. The copper chloride (3)
complex exhibited maximum effectualness as the least minimum inhibitory concen-
tration was observed against B. cereus with 0.0094 umol/mL. The cobalt chloride (1)
complex possess highest efficacy against the B. subtilis bacteria with 0.0099 pmol/
mL concentration, while copper complex exhibited least MIC value against E. coli
and P. aeruginosa bacterial strains with 0.0189 umol/mL concentration. Overall, the
copper chloride complex (3) was the most proficient antibacterial agent as unveiled
in the biological examinations (Table 4, Fig. 10).

Antifungal studies

The antifungal investigation was explored for the synthesized ligand and the metal
complex against the selected fungal strains (C. albicans, A. niger), and minimum
inhibitory concentration was examined. The outcome divulges the maximum
potency of the copper chloride (3) metal complex against C. albicans fungus exhib-
iting 0.0094 pmol/mL MIC value. While in case of A. niger, the cobalt chloride
complex (1) displays great efficiency having 0.0198 pumol/mL concentration. The
antifungal MIC values were represented in Table 4 and Fig. 11.
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@) (4)

Fig. 9 Molecular electrostatic potential (MEP) analysis ligand and complexes

In silico studies

Molecular docking investigation

The molecular docking was executed for all the synthesized compounds so as to
discover pharmacological profile of the compounds. The receptors’ protein selected

for docking was crystal structure of cholesteryl ester transfer protein (20BD) that
is cholesterol lowering agent [104] and refined 13pf HeLa cell tubulin microtubule
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Table 4 MIC values of the synthesized complexes against different microbes
S. no. MIC (umol/mL)

B. subtilis B. cereus E. coli P. aeruginosa A. niger C. albicans
NAMB 0.049 0.024 0.024 0.049 0.049 0.024
(1) 0.0099 0.0198 0.0198 0.0397 0.0198 0.0198
2) 0.0380 0.0191 0.0191 0.0380 0.0380 0.0191
3) 0.0379 0.0094 0.0189 0.0189 0.0379 0.0094
4) 0.0378 0.0189 0.0189 0.0378 0.0378 0.0189
Ciprofloxacin 0.0047 0.0047 0.0047 0.0047 - -
Fluconazole - - - - 0.0051 0.0051

0.05
0.04
0.03
0.02
0.01

MIC (pmol/mL)

Fig. 10 In vitro antimicrobial results of the compounds
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Fig. 11 Antifungal results displaying MIC values of the ligand and metal complexes

B B. subtilis

W A. niger

(6121), which is a receptor of HeLa cells responsible for the cervical cancer in wom-
en’s [105-109]. The result demonstrates the high effectivity of metal complexes
over the ligand as noticed in the data attained from in silico studies. The finding
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exemplified that the synthesized compound is more effective against HeL.a cancer-
ous cells in comparison to cholesterol receptor because least binding affinity was
obtained in case of cancerous cells.

The ligand displays highest binding affinity against both receptors with a binding
affinity value of —7.4 kcal/mol and —7.9 kcal/mol for the 20BD and 6I2I recep-
tors, respectively, while the amino acids which interacts with 20BD receptor protein
was ILE449 via Pi-sigma bonding and with 6I2I receptor via VAL260 (Pi-alkyl),
HIS266 (Pi-Pi T-shaped) and ASP199 (Pi-anion) amino acids residues.

The cobalt chloride metal complex exhibits — 8.9 kcal/mol binding energy against
20BD receptor, while interaction displayed were Pi-cation (LYS180), Pi-Pi stacked
(TYR144) and Pi-alkyl (LYS180, LEU177, LYS176). The interactions observed
with 6I2I receptor were only Pi-alkyl interactions via ALA330, ALA333 and
LYS176 amino acid residues possessing the binding energy of —9.6 kcal/mol.

In case of nickel chloride complex, binding affinity obtained was — 8.0 kcal/mol
and —9.7 kcal/mol with 20BD and 6121 receptors correspondingly. The interacting
residues with 20BD receptor were PRO141 (alkyl interaction), LYS185 (pi-alkyl)
and also one conventional hydrogen bond with ASN188 amino acid residues, while
interaction with 6121 receptor were alkyl (LYS176, ALA333, ALA330, LYS326)
and Pi-anion (ASP211) interactions.

The binding affinity discovered in copper chloride complex against 20BD and
6121 receptors were — 8.2 kcal/mol and —9.2 kcal/mol, respectively. The interac-
tion noticed were one conventional hydrogen bond via HIS25, Pi-alkyl interaction
via HIS25 and alkyl interaction through ALA28 residues against 20BD receptor. In
case of 612 receptor, interacting residues were ALA333, LYS176 (alkyl), LYS176
(Pi-alkyl) and one carbon-hydrogen bond through ASP211 amino acid.

The zinc chloride complex possesses — 7.8 kcal/mol binding affinity with alkyl
interaction (ALA28), Pi-alkyl interactions (ALA28) and Pi-donor hydrogen bond
(HIS2S) interactions, while in 6121 receptor, — 9.4 kcal/mol binding affinity with Pi-
alkyl interaction (PHE214, ALA330, ALA333) and Pi-sigma (PHE214) interactions.

Table 5 displays the binding affinity of the compounds with interacting amino
acids, while most proficient compounds interaction was illustrated in Fig. 12. The
interaction of other complexes was displayed in Fig. 13

ADME studies
The absorption, distribution, metabolism, excretion and toxicology profile was

explored to know the pharmacokinetic characteristics of the compounds (Table 6,
Fig. 14). Lipinski rule clearly describes the drug-like characteristics of the
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Table 5 Binding affinity and interacting amino acid residues of the compounds

Comp 20BD 6121
Binding Amino acid residue (interact-  Binding Amino acid residue (interact-
affinity (Kcal/ ing) affinity (Kcal/ ing)
mol) mol)
NAMB -7.4 1ILE449 -79 VAL260, HIS266, ASP199
(€))] -89 ALA330, ALA333,LYS176  —9.6 ALA330, ALA333,LYS176
2) -8.0 LYS185, ASN188, PRO141 -97 LYS176, ALA333, LYS326,
ALA330
3) -82 HIS25, ALA28 -9.2 ALA333,LYS176, ASP211
“4) -7.8 ALA28, HIS25 -94 PHE214, ALA330, ALA333,
TYR210

complexes. The value of the hydrogen bond acceptors lies below 10 while value of
hydrogen bond donor lower than 5 distinctly states the drug characteristics of the
compounds and the obtained value of the synthesized compounds varies between
0 and 4 as observed. The value of molar refractivity found in 130.79—-146.35 range,
and the total polar surface area which demonstrates hydrogen bonding was observed
in 43.18-65.18 A%, thereby reflecting the drug profile. The value of bioactivity score
was greater than zero for all the compounds which suggests therapeutic potency
[110-115].
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b) 3D Interaction of cobalt chloride (1) complex with 20BD protein

Fig. 12 Molecular docking interaction of the most potent metal complexes
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¢) Binding site of the nickel chloride (2) complex with 20BD receptor

Lys176

)‘333

“ Phe214

d) 3D Interaction of nickel chloride (2) complex with 6121 receptor

Fig. 12 (continued)
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b) Ligand interaction with 6121 receptor

Fig. 13 Molecular docking interaction of ligand and metal complexes
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Fig. 13 (continued)
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n18s (]

e) Copper chloride complex interaction with 20BD receptor
Fig. 13 (continued)
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Asp211

Fig. 13 (continued)
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g) Zinc chloride complex interaction with 20BD receptor

h) Zinc chloride complex interaction with 6121 receptor

Fig. 13 (continued)
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Table 6 Physiochemical

parameters of the compounds Properties NAMB (1) @ ® “@
Heavy atoms 22 22 22 22 22
H-bond acceptors 4 2 2 2 2
Molar refractivity 130.79 146.35 14635 146.35 146.35
No. of H-bond donors 2 0 0 0 0
TPSA 65.18  43.18 43.18 43.18 43.18
No. of rotatable bonds 4 0 0 0 0
Bioactivity score 0.17 0.17 0.17 0.17 0.17
iLogP 3.02 0 0 0 0
GI abs Low Low Low Low Low
BBB permeant No No No No No
P-gp subs Yes Yes Yes Yes Yes
Log Kp —-493 —441 -441 -441 -441
Pains 0 0 0 0 0
Synth. access 3.05 4.21 391 4.24 4.30
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LIPO LIPO

FLEX SIZE FLEX SIZE

INSATU POLAR INSATU POLAR
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) (2) d) (3)
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e) (4)

Fig. 14 Radar diagram of the ligand and metal complexes
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Conclusions

The novel Schiff base ligand and their transition metal complexes were fabricated via
well-known condensation method, and the structure elucidation has been performed
employing various techniques. The spectral examination and computational studies
unveils the octahedral geometry encircling the metal complexes. In vitro antimicrobial
investigation has been assessed to gauze the biological effectualness of the fabricated
compounds and the outcomes exposes the copper chloride complexes as most profi-
cient antimicrobial agent, while the least efficacy was divulged in case of the ligand.
The nickel chloride complex has been pronounced to be more effective on HeLa can-
cerous cells as revealed in the docking analysis. Furthermore, docking on cholesteryl
ester receptor protein recommends the potential implementations of the synthesized
complexes as cholesterol lowering agent.
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