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Synthesis, characterization, biological evaluation,
DFT and molecular docking studies of
(2)-2-((2-bromo-4-chlorophenyl)imino)methyl)-4-
chlorophenol and its Co(u), Ni(n), Cu(n), and Zn(u)
complexest
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An equimolar reaction of 5-chlorosalicylaldehyde and 2-bromo-4-chloroaniline yielded the Schiff base
(2)-2-((2-bromo-4-chlorophenyl)imino)methyl)-4-chlorophenol) (HL), which was used for complexation
to Co®*, Ni**, Cu?*, and Zn®* metal salts. Elemental and thermogravimetric analyses, conductivity
measurements, powder X-ray diffraction, nuclear magnetic resonance (*H and **C), infrared, ultraviolet-
visible, energy dispersive X-ray-scanning electron and mass spectroscopies confirm the Schiff base
structure and show mono-nuclear homoleptic complexes of the type ML, for all metal salts used. The
crystal structures of Ni2* and Cu®* complexes revealed a perfect square planar geometry around the
metal ions, with the ligand acting as bidentate through oxygen and nitrogen atoms of the phenolic and
azomethine groups, respectively. The antimicrobial potential of the compounds was evaluated on some
selected pathogenic bacteria consisting of Gram-positive (Staphylococcus aureus and Bacillus subtilis)
and Gram-negative (Klebsiella pneumonioe and Pseudomonas aeruginosa) strains using an in vitro assay.
Antioxidant activity was evaluated using the DPPH assay. The complexes showed enhanced activity over
the free Schiff base ligand in all the assays. Toxicity studies on WISH-ATCC-CCL-25, human epithelial
amnion (normal liver cell lines), and MRC-5-ATCC-CCL-171 (normal human lung fibroblast cell lines)
revealed that at lower concentrations, the complexes did not affect the cell lines. A computational study
was deployed to investigate the electronic properties of the ligands and the complexes relating to their
stability, reactivity, and biological potential. The computational data corroborated sufficiently with the
experimental findings. Molecular docking studies demonstrated the compounds’ mechanism of action
and identified potential binding sites consistent with the in vitro assays. Hirshfeld surface analysis was
also performed on selected compounds to reveal qualitative and quantitative intermolecular interactions
within the topology crystal network of crystal structures.

such as that of Paul Ehrlich on Salvarsan®, an arsenic-based
antibacterial agent that complemented mercury based drugs.">

Research and development of metallodrugs in medical inor-
ganic chemistry spans back a century with pioneering work
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While the compound has many side effects and was difficult to
handle (due to its air instability), it remained a primary method
of treatment against syphilis for three decades until the emer-
gence of Penicillin® in the 1940s. Another pioneering example
is cis-platin, with some major developmental strides surfacing
over the last few decades on clinical trials of these chemothera-
peutic drugs."” The development for metallo-based drugs is
slow, primarily due to their more severe side effects, as opposed
to the organic/biological alternatives that dominate the market.
Thus, there is a research drive to look beyond the initial success
of cis-platin and develop metallo-based drugs with fewer side
effects. While current medications have proven successful in
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the fight against a number of diseases, there is concern over a
sharp rise in bacterial antibiotic resistance,*” which could
render medications that were once effective useless. The pro-
blem of bacterial resistance to antimicrobial agents is a multi-
faceted public health threat that must be addressed through
coordinated efforts.>® Several factors have been linked to this
threat, the most notable of which are natural selection and
mutations, which cause bacteria to develop resistance pathways
that can alter drug binding sites within a molecular target.'™*>
To combat this phenomenon, several compounds are being
researched for their potential use as lead compounds to combat
bacterial resistance,"> amongst these inorganic and organo-
metallic complexes of first row transition metals have recently
gained additional attention because of their therapeutic
properties.'* According to research, both the metal and the
ligand play a pivotal role in the overall biological properties of
the complexes, i.e. each metal has its own mode of action
against a specific biological system, while a coordinated ligand
aids in complex stabilization and improvement of mechanism
of action against the target.'> One of the strategies in drug
design and development process, is the incorporation of electron
withdrawing groups such as a nitro group or halogen atoms
within a molecule due to their ability to improve membrane
penetration and increase the drug’s lifespan through slowing
the carbolic pathway, which is responsible for the decline of
potency against organisms.'® In addition, the presence of
electron-rich sites within a protein that contains oxygen, nitrogen,
and sulphur atoms with aromatic moieties allows halogen atoms
to form halogen bonds for favourable interactions with the
receptor.”” As a particular example, halogen substituted Schiff
bases and their metal complexes are known to improve lipid
membrane penetration and increase the lipophilic nature of
molecules, thereby improving the biological activities of their
corresponding metal complexes. In several instances, halogen
substituted Schiff base ligands and their metal complexes were
investigated for a variety of biological activities ranging from
anticancer to antibacterial using various human cell lines and
bacteria, as well as the DPPH radical scavenging assay.'®'° The
results revealed a wide range of activity, which attributed to the
ligands’ electronic properties. In a similar trend, we recently
reported three halogen-substituted Schiff bases and evaluated
their potentials on Gram-positive and Gram-negative bacteria, as
well as antioxidant activity using the DPPH radical assay,”
demonstrating remarkable activity on both assays.
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Taking the aforementioned factors into consideration, as
well as our pursuit of lead compounds that can aid in combat-
ing the devastating effect of bacterial antibiotic resistance,
we report here the synthesis and characterisation of a novel
Br/Cl-substituted Schiff base ligand and its complexes with
Co**, Ni**, Cu”", and Zn>" salts. All compounds were evaluated
for antibacterial and antioxidant activities, and their level of
toxicity was assessed on healthy cell lines.

2. Experimental

2.1. Chemicals and instrumentation

The chemicals and reagents used in this experiment were
obtained from Merck Life Sciences (Pty) Ltd and used directly
as received. These include 5-chlorosalicylaldehyde, 2-bromo-4-
chloroanilline, and metal salts (CoCl,-6H,0, Ni(OAc),-4H,0,
Cu(OAc),, and Zn(NOj3),-6H,0. Standard spectroscopic techni-
ques were used for the characterization and structural elucida-
tion of the synthesized compounds.

2.2. Synthesis of the ligand and its complexes

2.2.1. Synthesis of 2-(((2-bromo-4-chlorophenyl)imino)-
methyl)-5-chlorophenol (HL). The ligand was synthesized using
the previously described procedures.?! In summary, a 20 mL
methanol solution of 5-chlorosalicyldehyde (1.00 g, 6.39 mmol,
1 eq.) was reacted with a 20 mL methanolic solution of
2-bromo-4-chloroaniline (1.32 g, 6.39 mmol, 1 eq.), and three
drops of formic acid were added. The solution was stirred at
room temperature for 3 hours, and the precipitate form was
filtered, washed with ether, dried, and re-crystallized in dichloro-
methane (Scheme 1).>** Yield: 1.06 g (51.3%); m.p. 78 °C;
'H NMR (500 MHz, DMSO-de): = 7.03 (d, 1H, J = 9.0 Hz, Ar),
7.49 (t, 1H, J = 6.0 Hz, Ar), 7.61-7.59 (m, 2H, J = 7.5 Hz, Ar), 7.76
(d, 1H, J = 5.0 Hz, Ar), 7.90 (d, 1H, J = 3.0 Hz, Ar), 8.94 (s, 1H,
HC=N), 12.72 (s, 1H, OH); "*C{H}NMR (125 MHz, DMSO-d,): J =
118.7, 119.9, 120.3, 121.0, 122.6, 129.9, 131.1, 131.8, 132.0,
133.3, 145.1, 158.8: (Ar-C); 163.3 (C=N); IR: 3018, 1618,
1363,1092,760 cm™'; UV (CH5CN, 10~% M): 259, and 361 nmy;
CHN Anal. calc. for C;3HgBrCl,NO: C, 45.26; H, 2.34; N, 4.06; expt.:
C, 46.45; H, 2.62; N, 4.14; m/z [M + H]'": calc. for C,3HgBrCI,NO =
343.9245; expt. = 343.9250.

2.2.2. Synthesis of Co(u), Ni(u), Cu(u), and Zn(u) complexes.
The solution of HL (0.284 g, 0.825 mmol, 2 eq.) in 20 mL of

Cl Br

2.nH,0
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DCMIMeOH; RT, o /@: | /D/

Br Cl

Scheme 1 Synthetic pathway for the preparation of the ligand and the complexes: MX-nH,O (M = Co, Ni, Cu or Zn; X = OAc, Clor NOs3; n =0, 4 or 6).
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dichloromethane was mixed with one equivalent each of the
metal salts: CoCl,-6H,0 (0.098 g, 0.413 mmol), Ni(OAc),-4H,0
(0.103 g, 0.413 mmol), Cu(OAc), (0.075 g, 0.413 mmol), and
Zn(NOj3),-6H,0 (0.123 g, 0.413 mmol) in 20 mL of methanol,
respectively. The four solutions were stirred overnight at room
temperature. For those that precipitate out, the precipitate
was filtered, washed with methanol (10 x 2 mL) and ether
(10 x 2 mL) and in the absence of precipitate, the solution was
concentrated (using rotary evaporator) to obtain the solid
product. The crude solid products were re-crystallized by
slow vapor diffusion of hexane into dichloromethane with
complexes of Cu and Ni providing crystals suitable for single
crystal X-ray diffraction analyses. Complexes of Zn** and Co®"
yielded micro-crystalline material. The reaction procedure is
illustrated in Scheme 1.

Bis (Z)-2-((4-bromo-4-chlorobenzylidene)amino)-4-chloropheno-
lato cobalt(n) (CoLy). Yield: 0.190 g, (61.1%); m.p. 282-284 °C;
IR: 1600, 1355, 1044, 789, 554, 423 cm™; UV: (CH,CN, 10> M):
238, 278, 410 nm; CHN anal. calc. for C,H;3Br,Cl,CoN,O,: C,
41.81; H, 1.89; N, 3.75; expt.: C, 41.69; H, 1.79; N, 3.71; m/z [M]":
calc. for C,6H,3Br,Cl,CoN,O, = 742.7497; expt. = 742.6346.

Bis (Z)-2-((4-bromo-4-chlorobenzylidene)amino)-4-chloropheno-
lato nickel(u) (NiL,). Yield: 0.247 g (58.8%); m.p. 263-266 °C;
'H NMR (500 MHz, DMSO-dg): 6 = 6.12 (d, 1H, J = 9.0 Hz, Ar),
6.76-6.78 (m, 1H, J = 9.0 Hz, Ar), 7.00 (d, 1H, J = 8.5 Hz, Ar), 7.37
(t, 1H, ] = 8.5 Hz, Ar), 7.48 (d, 1H, J = 6.0 Hz, Ar), 7.66 (d, 1H, ] =
5.0 Hz, Ar), 8.55 (s, 1H, HC=N); "*C{H}NMR (125 MHz, DMSO-
de): 6 = 116.1, 118.9, 120.8, 122.6, 125.7, 128.1, 128.5, 131.3,
132.7, 134.5; 160.5, (Ar); 188.9 (C—=N); IR: 1635, 1342, 1203, 784,
524, 455 cm™; UV: (CH;3N, 107> M): 256, 327, 402 nm; CHN
anal. cale. for C,¢H4BrCI4,N,NiO,: C, 41.82; H, 1.89; N, 3.75;
expt: C, 39.94; H, 2.04; N, 3.03; m/z [M], Calc. for
C,H,4Br,C,N,NiO, = 741.7530; expt. = 741.6118.

Bis (Z)-2-((4-bromo-4-chlorobenzylidene)amino)-4-chloropheno-
lato copper(i1) (CuL,). Yield: 0.3438 g (68.8%); m.p. 226-268 °C;
IR: 1612, 1352, 1074, 823, 554, 428 cm™ *; UV: (CH;N, 10 % M):
287, 384, 487 nm; CHN Anal. calc. for C,cH;,4Br,Cl,CuN,O,: C,
41.55; H, 1.88; N, 3.73; expt.: C, 40. 92; H, 2.15; N, 3.73; m/z [M +
H]'": calc. for C,6H,4Br,CI,N,NiO, = 747.7550; expt. = 747.5822.

Bis (Z)-2-((4-bromo-4-chlorobenzylidene)amino)-4-chlorophenolato
zinc(u) (ZnLy). Yield: 0.172 g (51.6%); m.p. 258-261 °C; '"H NMR
(500 MHz, DMSO-de): & = 6.57 (d, 1H, Ar), 7.11 (s, 1H, Ar), 7.22
(d, 1H, J = 6.0 Hz, Ar), 7.45 (d, 1H, J = 8.0 Hz, Ar), 7.64 (s, 1H, Ar),
7.76 (s, 1H, Ar), 8.73 (s, 1H, HC=N); C{HINMR (125 MHz,
DMSO-de): 6 = 116.0, 119.1, 121.0, 125.6, 128.1, 130.0, 131.7, 133.1,
134.6; 145.0, (Ar); 188.9 (C—=N); IR:1652, 1320, 1097, 754, 537, 468
em™'; UV: (CH;3N, 107° M): 280, 382 nm; CHN anal. calc. for
C,6H14BrClUN,0,Zn: C, 41.45; H, 1.87; N, 3.75; expt.: C, 41.17; H,
1.78; N, 3.64; m/z [M]", calc. for C,eH,4BrCl;N,0,Zn = 747.7468;
expt. = 747.5897.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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2.3. Single-crystal X-ray diffraction analysis

Crystallographic data of HL, NiL,, and CuL,, were collected on a
APEXII with Mo Ka (4 = 0.71073) radiation at 293 K. To process
raw data, Bruker SAINT was used for the integration of
the collected frames.>® Thereafter, absorption effects were
reduce using SADABS,>* and the structures were solved using
SHELXT.>® SHELXL,>® was used to refine them. The crystal
structure graphics were created using Mercury software.?” Non-
hydrogen atoms were refined on F> isotropically and then
anisotropically by least squares method. All hydrogen atoms
were placed geometrically and refine through a ridding
approximation.?®

2.4. Hirshfeld surface analysis

Crystal explorer 17.5 software was utilized to obtain Hirshfeld
surface (HS) as well as two-dimensional fingerprint plots and
interactions energies at the B3LYP/BGDZVP level of theory.”
The HS and two-dimensional fingerprint plots were generated
using high resolution and d norm functions using a color scale
of —0.0701 to 1.798 a.u., a reciprocal touch is displayed,
translated in the range of 0.6-2.6 for the former. To obtain
the interaction energy topology network and its quantitative
values, the Tonto method was used to calculate the wavefunc-
tions to obtain the interaction energy topology network and its
quantitative values.

2.5. Biological evaluation

2.5.1. In vitro antibacterial studies. The free ligand, its
complexes, the standard drug (ciprofloxacin®), and dimethyl
sulfoxide (carrier solvent) were tested for antibacterial activity
against Gram-positive (Staphylococcus aureus, ATCC-25923, and
Bacillus subtilis, ATCC-23857) and Gram-negative (Escherichia
coli, ATCC-25922, and Klebsiella pneumoniae, ATCC-13883)
pathogenic bacteria.?>*! The bacteria isolates were inoculated
uniformly on a plate containing agar and incubated at 37 °C for
24 hours. Thereafter, a paper disc encapsulated with various
concentrations of the standard and synthesized compounds
was introduced. Effect of the compounds on the organism was
estimated via the inhibition zone and expressed in millimetres.
The experiment was replicated three times, and the result are
presented as mean =+ standard deviations.

2.5.2. Determination of minimum inhibitory concentration
(MIC). The MIC of the synthesized compounds and the control
were assessed using modified broth dilution method.**?*%3
In brief, each of the test compounds and the control were
dissolved in DMSO, and diluted two-fold to obtain a stock
solution concentration range of 512 to 0.25 pug mL™". From the
stock solution, 100 pL was introduced into a microplate (96-well)
containing broth solution (90 pL), followed by addition of 10 pL
of bacteria inoculum (1 x 10° CFU mL ') which resulted to
concentration range of 250 to 0.125 pg mL'. The plates were
covered and incubated for 24 hours at 37 °C. Minimum inhibitory
concentration was estimated visually as the lowest concentration
at which no bacterial growth observed. Ciprofloxacin, and mixture
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of broth and DMSO were used as positive and negative controls,
respectively.

2.5.3. Antioxidant studies. Radical scavenging ability
of the synthesized compounds was evaluated using a DPPH
protocol.>*** The ligand, its complexes, and the control (ascor-
bic acid) were dissolve in dimethyl sulfoxide to a various
concentration ranging from 20 to 100 pg mL~'. Thereafter,
1 mL of each concentration was mixed with 3 mL solution
(0.1 mM) of the DPPH radical in methanol. The mixture was
incubated in a dark room for 30 minutes, and the absorbance
was determined using spectrophotometer at wavelength of
517 nm. The measurement was carryout in triplicate, and
percentage scavenging activity (SA) was estimated.

2.5.4. Toxicity studies. Toxicity effect of the complexes was
evaluated on normal human cell lines comprises of (WISH-
ATCC-CCL-25, human epithelial amnion (liver cell lines), and
MRC-5-ATCC-CCL-171, human lung fibroblast cell lines), using
MTT method.**?” Samples concentrations of 50 and 100 uM
were used against these cell lines. 200 pL representing
(1 x 10* cells per well) was seeded into 96-well plates and
incubated at 37 °C for 24 hours in 5% CO, atmosphere. After
the incubation, medium was replaced, and the cells were
treated with various concentrations of the complexes for
24 hours. 8 ¢ mL~" of methyl methanesulphonate (MMS) and
10% DMSO were used as positive and negative controls, respec-
tively, with doxorubicin serving as an internal control. The
plates were incubated for 72 h at 37 °C in 5% CO, after being
treated with controls or complexes. The medium was replaced
after 3 days with 2 pL of 3-(4,5-dimethylthiazole-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) (5 mg mL™ "), and the
cells were incubated for 3 h. The proportion of metabolically
active cells was compared to untreated controls using a mito-
chondrial conversion of MTT to formazan crystals dissolved in
dimethyl sulfoxide (DMSO). Spectrometer was used measure
the absorbance at 570 nm. The cell viability was expressed as a
mean =+ standard deviations in comparison to the control.

2.6. Computational studies

DFT calculations on the compounds were performed using
Gaussian 09 software, which was constructed and optimized
at the M06-2x/6-311G(d,p) level of theory.*® The polarizable
continuum model (PCM) describes solvation effects in the
solvent phase (MeOH). Furthermore, frequency calculations
were performed to ensure the obtained structures converged
to a minimum (Fig. 1). By converting the optimized structures
to CCDC Mercury files, we obtain M-N bond distances of 2.004 A
(CoLy), 2.036 A (CuL,), 1.975 A (NiL,), and 2.136 A (ZnL,),
while M-O bond distances of 1.893 A (CoL,), 1.918 A (CuL,),
1.867 A (NiL,), and 1.977 A (ZnL,) were obtained. From the
optimized structures, fchk files were created and used as input
for multiwfn®® to perform quantum theory of atoms in mole-
cules (QTAIM) analysis. In addition to this, VMD*® and
gnuplot™ software was used to analyze results of the QTAIM
analysis. Moreover, multiwfn software was used for MEP, CDFT,
and ELF analyses. Furthermore, quantitative information about
NCI was also extracted using multiwfn software so that

17856 | New J. Chem., 2023, 47,17853-17870
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Fig. 1 Optimized structures of the ligand, and its complexes visualized
using Mercury.

qualitative images from VMD and gnuplot software could be
produced.

2.7. Molecular docking studies

2.7.1. Preparation of the complexes for docking studies.
The optimized geometries of CoL,, NiL,, CuL,, and ZnL, were
used for the docking study using Auto-dock tool software.*>

2.7.2. Preparation of tyrosyl-tRNA synthetase (PDB ID: 1jij)
and type IIA topoisomerase (PDB: 2xct). The crystal structures
of tyrosyl-tRNA synthetase (PDB ID: 1jij),** and type IIA topoi-
somerase (PDB: 2xct)** were obtained from the online source at
(https://www.rcsb.org). They were examined for the presence of
foreign material before saving in PDB format using Pymol
software.*> The docking programs AutoDock Tools (ADT) ver-
sion 1.5.6 and AutoDock version 4.2.6 were used for molecular
docking.*® During docking calculations, Kollmann charges
were applied to proteins and DNA. RESP charges for complexes
were calculated using the RED Server.*”*®* The VMD program,*’
and UCSF Chimera®® were used to visualize and analyze the
binding mode as well as interactions in the binding pocket of
the obtained poses.

3. Results and discussions

3.1. Chemistry

The halogen-substituted ON donor ligand (HL) was synthesized
via treatment of 5-chlorosalicylaldehyde with 2-bromo-4-
chloroaniline in a methanolic medium using formic acid as a
dehydrating agent at ambient temperature. The reaction of HL

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Table 1 Physicochemical data of the ligand and its complexes
Anal. found (calc.)

Compounds  Empirical formula m.p. (°C)  Yield (%)  Conductivity (@ " ecm >mol™") C H N

HL Cy3HgBrCl,NO 78-80 51.3 — 46.45 (45.26)  2.62 (2.34)  4.14 (4.06)
CoL, C,6H1,Br,Cl,CON,0,  282-284 61.0 3.48 41.61 (41.81) 1.79 (1.87)  3.71 (3.72)
NiL, C6H14Br,CLN,NIO,  263-266 58.8 4.53 39.94 (41.82)  2.04 (1.89)  3.03 (3.75)
Cul, C,y6H14Br,Cl,CuN,0,  226-268 68.8 5.46 40.92 (41.55)  2.15 (1.88)  3.73 (3.73)
ZnL, Cy6H,4Br,CLLN,0,Zn  258-261 52.6 5.64 41.17 (41.45) 178 (1.87)  3.64 (3.72)

with metal salts of Co**, Ni**, Cu®**, and Zn*" in a mixture of
dichloromethane and methanol at ambient temperature pro-
duces mononuclear homoleptic complexes of the form ML2
(Scheme 1). The ligand and its complexes were found to be
stable in the presence of air and moisture and are soluble in
polar solvents. Conductivity study of the complexes in 10> M
solution of dimethyl sulfoxide show values in the range of
3.48-5.64 Q' cm” mol ?, revealing non-electrolyte property.>*"!
The complexes show elevated melting points their ligand; this
could be due to the formation of new compounds with different
physical and chemical properties, which aid in the formation of
the complexes.

3.2. Characterization of the ligand and its complexes

The structure of the ligand and its complexes were elucidated
and confirmed using various spectroscopic techniques which
include 'H and '*C NMR, IR, UV-Vis, and SCXRD. (Discussion
and detail spectra in the ESIf). The IR spectra of the com-
pounds (Fig. S8, S14, S23, S29, and S37, ESIf) showed the
characteristic band at (1652-1600) cm~' which indicated
the presence of a -C—=N group in the compounds. The 'H
and *C NMR spectra of the ligand and its diamagnetic Ni(u)
and Zn(u) complexes shows peaks that accounted for all pro-
tons and carbons in the compounds (Fig. S6, S7, S21, S22, S36,
and S37, ESIt). The electronic spectra of the ligand and the
complexes are presented in (Fig. S9, A15, S24, S30, and S30, ESIT),
respectively. To further elucidate their structure and examine their
chemical composition, powder X-ray diffraction (PXRD), scanning
electron microscopy (SEM), and energy dispersive X-ray (EDX)
analyses were performed. The diffractogram and spectra are
presented in (Fig. S11, S12, S17-S19, S26, S27, S32, S33, and
$39-541, ESIt) for HL, CoL,, NIL,, CuL,, and ZnL,, respectively.

3.2.1. Microanalysis and mass spectra. Table 1 shows the
analytical and some selected physicochemical properties of the
compounds. To validate the stoichiometric composition of
the ligand and its complexes, the elemental CHN composition
was quantified using microanalysis, and the results corroborate
well with the proposed structures.

Furthermore, mass spectroscopy was used to confirm the
compounds’ proposed structures. The mass spectra of the
ligand and its complexes (see ESIt) revealed molecular ion
peaks that corresponded to the proposed structures’ molecular
weights. The HL spectrum (Fig. S13, ESIt) shows a peak at
m/z = 343.9250, which represent [M + H]". Other peaks at m/z =
345.9243, 347.9194, and 348.9249 correspond to the molecular
weight of the that match two bromine isotopes ("’Br and *'Br).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

Table 2 Mass spectrometric data of the ligand and its complexes

Compounds Calculated mass Found mass Peak assignment
HL 343.9245 343.9250 [M + H]

CoL, 742.7508 742.6346 M7

NiL, 741.7530 741.6118 (M]*

Cul, 747.7550 747.5822 [M + H]

ZnL, 747.7468 747.5897 M]*

In addition, the complexes’ mass spectra (Fig. S20, S28, S34,
and S42, ESIT) show molecular ion peaks that correspond to their
proposed molecular weights and other complex fragments. Table 2
summarizes the m/z peak values of the ligand and complexes
supporting the proposed 1:2 metal to ligand ratio. In addition,
the result of the NMR study of the ligand and its Ni(n) and Zn(u)
shows that nitrogen and oxygen atoms of the ligand coordinated to
metal ions as bidentate, affirming 1 : 2 metal to ligand ratio (Table 3).

3.2.2 Description of crystal structures. The crystal structure
of HL crystallizes in a monoclinic space group P2,/c with a
single monomeric unit in the asymmetric unit stabilized by an
intramolecular O-H- - -N hydrogen bond as shown in Fig. 2. The
dihedral angle between the two phenyl rings is 8.2(11)° which is
larger than (E)-1-(2-nitrophenyl)-N-(o-tolyl)methanamine.>* The
bond parameters for this compound are comparable to similar
structures in literature.*>*>* Further analysis shows that there
exists a non-classical C2B-H2B---O1A hydrogen bond in the
crystal packing of the compound (Fig. 2). The crystal structures
of NiL, and CuL, also pack in the monoclinic, and monomeric
asymmetric unit with space group P2,/c (Fig. 3). The geometry
around the central metal atom is near an ideal square planar
with a slight distortion on bond angles ranging from 87.45(15)
to 180.0° and 89.61(14) to 180° respectively. These values
are comparable to those published for similar compounds,
including various intramolecular bond characteristics.>® The
geometric orientation of the anilinyl rings was also found to be
almost orthogonal to the aryl ring.

The Cu-N and Cu-O bond distance is 1.968(3) and 1.880(4) A
respectively, while the Ni-O and Ni-N bond distances is
1.812(3) and 1.873(3) A, respectively. These distances agree

Table 3 *H NMR spectral data (9, ppm) of the ligand and its NiL, and ZnL,
complexes

Compounds OH HC=N Aromatic protons
HL 12.72 8.94 7.03-7.90
NiL, — 8.55 6.12-7.66
ZnL, — 8.73 6.57-8.73
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Fig. 2 Representation of intramolecular O1-H1---N1 and intermolecular
C2B-H2B- - -O1A hydrogen bonds in the ligand.

with similar structures previously reported.*®® Non-classical
hydrogen bond exists in the crystal system of the lattice
structure (Fig. 2). The detailed crystallographic data and refine-
ment parameters of the compounds are presented in Table 4.

3.2.3 Hirshfeld surface analysis and two-dimensional
fingerprint plots. The Hirshfeld surface analysis (HSA) is a
powerful tool that can visualize and interpret intermolecular
contacts in molecular crystals.”® The Hirshfeld surface (HS)
covers the outer contour of the space occupied by a molecule in
a crystalline environment and reveals a visual map that repre-
sents these interactions by displaying different colored isosur-
faces. These isosurfaces show the separation distances between
the surface and the nearest exterior (de) or interior (d;) nucleus
and can show the surface characteristics of various types of
interactions. The normalized contact distance (dnorm) can be
calculated using eqn (1) as follows:

— vdw , vdw vdw , vdw
dnorm_di_ri /ri +de_re /re (1)
where #Wand £V are the van der Waals radii of the atoms.

Red patches on the dnorm map of the HS indicate short
interatomic interactions, whereas white areas show contacts

View Article Online
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that are longer than the sum of van der Waals radii and blue
areas show no interatomic contacts because of huge dnorm
between surrounding atoms.®®™®* In this case, the intermole-
cular interaction between the crystal structures of the ligand
and its Ni(u) and Cu(u) complexes was assessed using Hirshfeld
surface analysis. The compounds’ 3D Hirshfeld surface was
mapped onto the dnorm shape index, as seen in Fig. 4. The
ligand exhibits two deep red spots on the dnorm surface, but
the Ni(u) and Cu(u) complexes exhibit several deep red spots on
the Hirshfeld surface. These suggest the presence of strong and
medium contacts and close-contact interactions caused by
intermolecular hydrogen bonding.

In addition to HSA, two-dimensional fingerprint plots can be
generated after obtaining the HS map, providing quantitative
analysis of atomic interactions between molecules in molecular
crystals (Fig. S43, ESIt). A significant feature of these plots is
the number of atomic contributions to these interactions that
exceed 1% in both complexes, of which the H---H interaction
dominates. A stronger H---H interaction is observed in the
nickel complex than the copper complex, while a weaker H- - -H
interaction is observed in the free ligand. Strong C- - -H, CI- - -H,
and H---C interactions that exceed 10% atomic contributions
are also observed in both complexes, particularly C---H inter-
actions. Other than CI- - -H, these interactions were observed to
be significantly weaker in the free ligand, where both C- - -H and
H- - -C made less than 10% atomic contributions. However, the
C---C interactions made substantially larger atomic contribu-
tions in the free ligand, where they exceeded 10%, while below
3% atomic contributions were observed in the complexes.
These results may provide a clue to the interaction between
these compounds and receptor sites in biological systems.**

Interaction energy topology network. The interaction energy
topology network was generated using the Tonto method by

Fig. 3 ORTEP diagram of NiL, and Cul, with thermal ellipsoids drawn at a 50% probability.
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Table 4 Crystal data and structure refinement for HL, NiL, and Cul,
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Identification code HL, NiL, Cul,

Empirical formula C;3HgBrCI,NO C,6H14Br,CI,N,NiO, C,6H14Br,Cl,CuN,0,
Formula weight 345.01 746.724 751.576
Temperature/K 273.15 172.98 173.01

Crystal system monoclinic Monoclinic Monoclinic

Space group P2,/c P2,/c P24/c

al/A 14.366(3) 9.974(2) 9.966(4)

b/A 3.9097(8) 10.356(2) 10.774(4)

c/A 23.118(4) 12.438(3) 11.925(5)

7 90 90 90

BI° 90.068(7) 105.626(6) 103.479(8)

/° 90 90 90

Volume/A® 1298.5(4) 1237.3(5) 1245.1(9)

zZ 4 2 2

Peale €M ° 1.765 2.004 2.005

,u/mm’l 3.562 4.476 4.546

F(000) 680.0 733.4 735.4

Crystal size/mm?® 0.259 x 0.172 x 0.062 0.19 x 0.15 x 0.09 0.55 x 0.2 x 0.18
Radiation MoKa. (4 = 0.71073) Mo Ka (4 = 0.71073) Mo Ka (4 = 0.71073)

20 range for data collection/’
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F*

Final R indexes [I > 20(1)]
Final R indexes [all data]
Largest diff. peak/hole/e A~3

3.524 to 55.796

-18<h <18
—5<k<5

—30 <1<30

19688

3035 [Rinc = 0.0700, Rsigma = 0.0472]
3035/0/164

1.069

R, = 0.0631, R, = 0.1280
R, = 0.1007, wR, = 0.1431
0.69/—0.56

4.24 to 57.7
—13<h<13

14 <k<13

—16<1<16

49546

3214 [Rine = 0.1652, Rsigma = 0.0732]
3214/0/169

1.066

R, = 0.0530, R, = 0.1088

R; = 0.1250, wR, = 0.1380
1.40/—0.60

5.16 to 57.08

15573
3144 [Rinc = 0.1047, Rsigma = 0.0931]
3144/0/169

0.997

R, = 0.0481, WR, = 0.0926

R; = 0.1183, wR, = 0.1147
1.16/—1.36

Clle
Fig. 4 Hirshfeld surface of the ligand and its Cu(i) and Ni(1) complexes.

NiL,

calculating the wavefunction and producing the images for the
free ligand and complexes in Fig. 5, wherein similar colors
correspond to neighboring compounds that interact with each
other in the topology network. The symmetry operations (Sym
op) for these colors are observed in Tables S2-S4 (ESIY), in
which R is the separation distance between molecular centroids

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

(mean atomic position). The vector characteristics of each
interacting molecule influence its interaction with its neigh-
boring molecule within the molecular crystal, causing a pertur-
bation that leads to an energy breakdown that can be expressed
by the total energy (E.) in eqn (2):

Etot = Eele + Epol + Edis + Erep (2)

where Eeie, Epol, Eais, and Erp represent electrostatic, polariza-
tion, dispersive, and repulsive energies, respectively. By joining
each interatomic interaction in the molecular crystal, an inter-
action energy framework can be produced for coulombic,
dispersive, and total energies (Fig. 6-8). Although a relationship
between R and E,, is observed for CuL, (short R values induce
higher E, values), this relationship does not seem to hold
for the ligand and NiL, as a few outliers are observed
(Tables S2-S4, ESIT).

3.3. Biological evaluations

3.3.1. Antimicrobial activity. The antibacterial efficacy of
the free ligand and its complexes, compared with ciprofloxacin,
(Cipro), was screened on some selected bacteria consisting of
Gram-positive S. aureus (Sa), B. subtilis (Bs), Gram-negative
E. coli (Ec), and K. pneumonioe (Kb) using the in-vitro disc
diffusion method®® at concentrations of 50 and 100 pM, respec-
tively. The representative culture plates are presented in
Fig. S44 (ESI%).

The zones of inhibition obtained from this study are shown
in Fig. 9 and 10. From the results, all the complexes demon-
strated higher activity on the tested bacteria compared to the

New J. Chem., 2023, 47,17853-17870 | 17859
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Fig. 5

Clle

NiL,

Fig. 6 Coulombic interaction energy frameworks between the atoms
within the interaction energy topology network of the ligand and its
Cu(i) and Ni(i) complexes.

free ligand. The activity was found to be concentration-
dependent, with the complexes still having a greater inhibitory
effect than the free ligand. However, the standard drug

17860 | New J. Chem., 2023, 47,17853-17870

Interaction topology network for the ligand and its Cu(i) and Ni(1) complexes.

Clle

NiL,
Fig. 7 Dispersion interaction energy framework between the atoms

within the interaction topology network for the ligand and its Cu(i) and
Ni(i) complexes.

outperformed the complexes at both concentrations. The
compounds’ activity was higher on Gram-positive pathogens
than on Gram-negative pathogens, with S. aureus being the
most susceptible to all at both concentrations. Similarly, NiL,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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NiL,

Fig. 8 Total interaction energy framework between the atoms within the
interaction topology network within the ligand and its Cu(i) and Ni(i)
complexes.
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Fig. 9 The result of in vitro antibacterial activity (mm) of the ligand and its
complexes on the bacteria at concentration of 50 pM.
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Fig. 10 The result of in vitro antibacterial activity (mm) of the ligand and
its complexes on the bacteria at concentration of 100 uM.

showed enhanced activity on all the tested bacteria compared
to the other complexes, with zones of inhibition of 42 + 1.1,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Table 5 The MICs (ug mL™) of the ligand and it complexes?
Compound Sa Bs Ec Kp
HL ND ND ND ND
CoL, 256 256 256 256
NiL, 8 32 128 128
CuL, ND ND ND ND
ZnL, 256 256 ND ND
DMSO’ — — — —
Cipro© 0.5 0.5 2 2

“ Test sample. » DMSO considered due to its usage as a vehicle carrier
for the test compounds. ¢ Positive control. ND = not detected at
256 pug mL~'; - = no activity.

Table 6 DPPH assay radical scavenging activity and ICsq of the ligand and
its complexes

Radical scavenging activity (%)

Conc. (ugmL ™) HL CoL, NiL, Cul, ZnL, AA

20 8.2 21.4 25.3 11.4 15.6 28.2
40 15.7 28.7 34.5 18.9 23.4 42.1
60 24.5 46.3 49.3 36.2 39.8 58.3
80 37.2 67.2 75.6 47.0 54.6 81.5
100 48.5 73.4 83.5 61.3 66.1 88.5
) (OF 109.2 66.5 57.2 84.3 75.3 52.1

370 £+ 0.6, 31 £+ 1.5, and 27 £+ 2.1 mm at a concentration of
50 uM on S. aureus, B. subtilis, E. coli, and K. pneumonioe,
respectively (Fig. 9). At 100 uM, the zones of inhibition of 62 +
0.9, 57 £ 1.3, 51 £+ 2.0, and 44 + 1.7 mm were observed for
S. aureus, B. subtilis, E. coli, and K. pneumonioe, respectively
(Fig. 10). CuL, has the least activity among the complexes, with
an inhibition zone of 28 + 0.9, 24 + 1.6, 21 £+ 2.2, and 16 +
1.8 mm at a concentration of 50 UM on S. aureus, B. subtilis, E. coli,
and K. pneumonioe, respectively (Fig. 9). Furthermore, at a concen-
tration of 100 pM, S. aureus, B. subtilis, E. coli, and K. pneumonioe
were inhibited to 31 + 2.2, 27 + 3.1, 22 + 0.7, and 20 + 1.4 mm,
respectively (Fig. 10). The ligand, on the other hand, showed zones
of inhibition of 18 + 0.8, 14 + 0.8, 12 + 1.1, and 9 + 1.6 mm,
respectively, at 50 pM, Fig. 9. Also, at 100 uM, zones of inhibition of
23 £+ 0.4, 18 + 1.9, 15 £+ 1.3, and 12 £ 2.2 mm were observed on
S. aureus, B. subtilis, E. coli, and K. pneumonioe, respectively
(Fig. 10). The higher activity of compounds on Gram-positive
pathogens could mean that the compounds are single-spectrum
antimicrobial agents rather than broad-spectrum agents, and
the trend of activity among the compounds is in the order
NiL, > CoL, > ZnL, > CulL, > HL. This implies that the ligand’s
antimicrobial efficacy increases with metal ion coordination, and
that each metal has its own influence on the ligand’s activity.
Chelation theory could be used to explain this phenomenon. Metal
ion coordination to a ligand result in a significant decrease in
polarity, resulting in donor groups overlapping. As a result, electron
delocalization within the ligand frequently increased, increasing
the lipophilicity of the complexes. The increased lipophilicity of the
complexes promotes bacterial lipid membrane penetration, giving
advantages to inhibition.""*%

3.3.2. Minimum inhibitory concentration (MIC). Following
the observation of an increase in antibacterial activity of

New J. Chem., 2023, 47,17853-17870 | 17861
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Fig. 11 Viability of WISH cell lines (% in relation to untreated cells) after
treatment with 50 and 100 pM compound’s solution. DMSO included due
to its use as a solvent carrier for the test compounds.

complexes relative to the free ligand in the in vitro assay, the
ligand, complexes, and control were subjected to MIC studies.
The MIC was determined using the broth dilution method®®
twofold, ranging from 512 to 0.250 pg mL™ ' (96 well plates
shown in Fig. $45, ESIt), and the results are shown in Table 5.
From these results, the MIC values of the free ligand and its
CuL, complex were not detected at a maximum concentration
of 256 ug mL ™' on all the tested pathogens. However, CoL,
showed MICs of 256 pg mL ™" for all the tested pathogens. while
NiL, had MICs of 8, 32, 128, and 128 ug mL™' on S. aureus,
B. subtilis, E. coli, and K. pneumonioe, respectively. Similarly,
ZnL, showed MICs of 256 ug mL " on S. aureus and B. subtilis,
but MICs on E. coli and K. pneumoniae were not detected at the
maximum dilution. The control drug, on the other hand,
displayed MICs of 0.5 ug mL ™" on S. aureus and B. subtilis
and MICs of 2 ug mL™ " on E. coli and K. pneumonioe, respec-
tively. From these studies, NiL, remains the most active among
the complexes.

3.3.3. Antioxidant study. The radical scavenging activity of
the free ligand, its complexes, and control (ascorbic acid) was
evaluated using DPPH assay. The percentage of DPPH scaven-
ging activity, ICs, values of the test compounds and the control
are presented in Table 6. From the results, it is observed that
the radical scavenging ability of the compounds is concentration
dependent. However, the complexes demonstrated enhanced
activity compared to the free ligand, which is due to the influence
of the metal ion. A similar observation was reported by other
researchers.*”" Like the antimicrobial results, the positive control
shows higher radical scavenging activities when compared to the
ligand and its complexes. The values of the half-inhibitory concen-
tration (ICs) of the tested compounds and the positive control as
shown in Table 6 unveil the strength of the compounds. As a
radical eliminator, the higher the ICs, value, the lower the radical
scavenging activity of a compound. The ICs, values of the ligand,
complexes and ascorbic acid are 109.2, 66.5, 57.2, 84.3, and 52.1 pg
mL ", respectively. Based on the ICs, values it can be concluded
that only NiL, show higher DPPH radical scavenging activity than
the positive control (Table 6).

3.3.4. Toxicity study. The toxicity profile of the complexes
was assessed using concentrations of 50 and 100 pM on two

17862 | New J. Chem., 2023, 47,17853-17870
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Fig. 12 Viability of MRC-5 cell line (% in relation to untreated cells) after
treatment with 50 and 100 uM compound's solution.

human cell lines, WISH-ATCC-CCL-25, human epithelial amnion
(normal liver cell lines and MRC-5-ATCC-CCL-171, normal human
lung fibroblast cell lines. The compounds’ activity is measured in
terms of cell viability after 48 hours of exposure. The results are
presented in Fig. 11 and 12. The toxicity of the complexes on cell
lines revealed that at 50 puM, cell viability of WISH cell lines was
86.4 and 93.5% after treatment with CoL, and NiL,, respectively.
Treatment of the same cell line with CuL, and ZnL, at 50 uM, on
the other hand, resulted in viability of 70 and 72.4%, respectively
(Fig. 11). CoL,, NiL,, CuL,, and ZnL, had viabilities of 69.3, 78.3,
54.7, and 60.9% at 100 pM, respectively on WISH cell lines
(Fig. 11). The toxicity profile of the complexes on the MRC-5 cell
lines is depicted in Fig. 12. The results show that at a concen-
tration of 50 uM, CoL,, NiL,, CuL,, and ZnL, reduced the cell
viability to 78.3, 85.5, 66.2, and 67.2%, respectively. Similarly, at
100 pM, after treatment of MRC-5 cell lines with CoL, and NiL,,
cell viability of 67.8 and 79.9% were observed, respectively, and
56.9 and 58.7% for CuL, and ZnL,, respectively. In general, the
results show that CoL, and NiL, complexes are less toxic to the
two cell lines than CulL, and ZnL, complexes, with CuL, being the
most toxic to both cell lines. The lower toxicity of CoL, and NiL,
on the cell lines provides a platform for further investigations of
the compounds as potential antibacterial agents.

3.4. Computational study

3.4.1. Non-covalent interactions (NCI). All biological
systems depend on molecular recognition, protein stability,
specificity, and efficiency of enzymatic activities, which are all
stabilized by non-covalent interactions (NCI). They instantly
cleave upon formation and depend on factors such as proper-
ties of interacting groups or atoms, the distances between
them, and the media in which they occur.”” They play signifi-
cant roles in crystal engineering and constructing multidimen-
sional structures.””> Using the NCI index as a tool, these
interactions can be analyzed and can reveal both qualitative
and quantitative information about electron densities through
an index s which locates the region in space where the reduce
density gradient (RDG) is close to zero and forms well-defined
troughs (Fig. 13). These RDG zones are known as isosurfaces
and are characterized by well-defined density values (p) that
result from minute gradients along each of them. They signify

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 13 Two-dimensional reduced density gradient scatter maps for compounds.

weak interactions when both s and are characterized as weak.
When both s and p are defined as weak, then they denote weak
interactions. As different colors reveal different interactions,
a red color indicates steric repulsion between electrons, green
colors van der Waals attractive forces and hydrogen bonding is
blue. The intensity of the colors is a measure of the strength of
the interaction, with more intense colors indicating stronger
interactions. The strength of the interaction is measured by the
index p, which assigns a trough to the strongest interaction
where the highest trough and all forces are denoted by the
eigen value ,.”* A larger quantity of well-defined troughs is

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

observed in the complexes than in the free ligand. In all
compounds though, it appears as if repulsive forces dominate.

The locations of these interactions on each compound in
three dimensions (Fig. 14) are established by observing red
cigar-shape isosurfaces in the center of each aromatic ring for
ring closure, while the multi colored (red/green) extended
sheets reveals van der Waals repulsive and attractive forces.””
In addition to this, the folded sheets represent intra-ligand and
metal-ligand interactions which is stabilized through a multi-
centric building up of electron density around the chelate ring
where the red color represents steric stain and is counter

New J. Chem., 2023, 47,17853-17870 | 17863
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Fig. 14 Three-dimensional isosurfaces that stabilize the compounds
through non-covalent interactions.

balanced by a green part that denotes steric crowding.”*’® This
indicates that the degree of homogenous electron distribution
in compounds causes the difference in biological properties
observed between the ligand and the complexes.”” A multi-
centric building up of electron density predominates in the Zn
complex. This observation agreed with the reported literature
work. Although, the multicentric building up of electron den-
sity was completely absent in the nickel complex, while it was
present in the zinc complex in this study.”®

No atomic-interaction-lines (AIL) were detected for the
ligand, but several for the complexes exist (Fig. 15). As these
lines depicts interaction routes, contact routes between them
are often measured via bond critical points (BCP).** C--H,
C---O, Br---O and Br---Br predominates in both complexes.
Other than the latter interaction, similar interactions were
observed for palladium complexes and explains the sharing
of electron density between the center of each metal and the
ligand.”®

3.4.2. Molecular Electrostatic Potential (MEP). Molecular
Electrostatic Potential (MEP) is a chemical descriptor that
studies the reactive sites on compounds by measuring varia-
tions in electron densities across these sites. In doing so, it
displays an electron density map with blue, green, yellow,
orange, and red colors (Fig. 16). The reduction of electron
concentrations on these sites in the order blue > green >
yellow > orange > red indicates that blue denotes a nucleo-
philic attack, while red reveals an electrophilic attack.®*®'
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Fig. 15 Atomic interaction lines and bond critical points between atoms
in each compound.

leLz

Fig. 16 Electron density map for the molecular electrostatic potential of
the compounds.

When comparing the neutral ligand to the deprotonated
ligand, the inductive effect on the latter causes the para sub-
stituted deprotonated oxygen to remove electrons, resulting
in an electron flow to the imine moiety. We observe a larger

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Table 7 Molecular electrostatic potential values (—1 x 1073) on the imine
moieties

Atom L2 L2 (deprotonated) CoL, CuL, NiL, ZnL,
N10/14/15/38 201 —91.5 —244 —-264 261 255
C8/12/13/36 282 —254 —122 —127 —-185 113
010/23/35 552 471 —210 —-127 -—-11.2 —45.5
Cl Cl
HL HL (deprotonated)
Cl Cl
Br Br
15 14
/N /N
13 12
OH (e]S)
10 10
Br. Cl
cl 36 38
|
O
35_m723
o
N
o cl
8
Cl Br

Fig. 17 Atomic numbering on the imine moieties of the compounds; M =
Co(n), Ni(n), Cu(n), and Zn(u), respectively.

electron flow towards C12 and N14 (Table 7). The electron
densities in the complexes drop considerably on the C8 and C36,
while it increases significantly on the lone pairs on the N10 and
N38 of the imine moiety. This occurs due to a reduction in electron
densities on 010 due to bond formation. As a significantly lower
concentration of electrons on 023 and O35 on the copper complex
is observed, a larger flow of electrons occurs towards N10 and N38
of this complex (Fig. 17 shows the position of these atoms in the
compounds). When comparing the cobalt and copper complexes to
the nickel and zinc complexes, higher concentrations of electrons
are observed in the latter on the donor atoms.

3.4.3. Electron localization function (ELF). A reference
electron is used to determine the probability of finding an
electron pair. This reference electron must lie in the same
vicinity and have the same spin as its associated Fermi hole.
This allows the revelation of the description of the spatial
localization of these electron pairs, where a smaller probability
induces a higher localization of the reference electron. More-
over, the extraction of information regarding the spatial elec-
tron localization from its kinetic energy density through Becke
and Edgecombe’s dimensionless scalar electron localization
function (ELF) can be obtained using eqn (3):

3)
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where Dg(r) = (§6ﬂ2> [Pa(r)}s/S-

Using eqn (3), a description of the kinetic energy density of a
homogeneous electron gas with the spin density locally equal to
p.(r) where the ELF are restricted to the range 0 < 5 < 1 can be
revealed. The electron is completely localized if # = 1, and

if n:%, a homogeneous electron gas-like pair probability

(electron delocalization) occurs. Borders between electron pairs
result from a value close to zero.®>®* The topological interpre-
tation of molecular space which aids in identifying bonds, lone
pairs and core regions can clarify the molecular and atomic
shell structures through ELF. Red colors reveal highly localized
electrons, while dark colors indicate regions where electrons
are not highly localized and green colors indicate delocalized
electrons (Fig. 18). When investigating the C-N-C plane, we
observe that electrons become more localized in the region
0-6 Bohr in both x and y-directions upon complexation. The
free ligand shows no localized electrons in this region though.
When comparing the cobalt and copper complexes, electrons
are more localized in the former in this vicinity. Electrons are
more localized at 2.04 Bohr in the x-direction in the nickel
complex than in the other complexes at this position. For the
zinc complex, electrons are not highly localized in the 0-6 Bohr
range in the x-direction. We also observe that electrons become

leLz

Fig. 18 Two and three-dimensional electron localization maps for the
ligand and complexes.
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highly localized in the region 12.26-14.30 Bohr in the
x-direction.

3.4.4. Conceptual density functional theory (CDFT). CDFT
is a useful alternative chemical descriptor to MEP. In addition
to this, CDFT also detect sites where radical attacks occurs as
well as measuring chemical potential, ionization potential (IP),
electron affinity (EA), electrophilicity index (w), nucleophilicity
index (N), chemical hardness (), global softness (d), electro-
negativity (x), and energy differences (Table S5, ESIT).
As reactive oxygen species (ROS) are inactivated by mopping
up radical attacks, identifying these sites can be used as input
for structure-activity relationships in molecular docking
analyses.*>® The index § can be used to measure the ability
of an atom or a group of atoms to receive electrons,®® while the
resistance of an atom to charge transfer (CT) is measured by the
index 1.%* The parameter o predicts their stabilization energies,
which can be useful in estimating the biological activities of
compounds.®’®° The index N measures the organic molecules
electrophilic and nucleophilic behavior.”® When an electron
through the electron accepting power of an accepting molecule
“jump” from the highest occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUMO), it releases
energy which can be measured by EA.*® The IP knocks out an
electron from its HOMO through its electron donating power.”*
A compound becomes more stable at larger HOMO-LUMO
energy gaps.”> A study by Bulat et al, debunked previous
studies that suggested that an electron that occupies the
HOMO level will automatically be excited to the LUMO level
as this study revealed that an electron’s position in atomic
space and the contour of the molecule also play a role in
excitations.”® Nevertheless, it is still widely accepted that
HOMO-LUMO energy gaps play a significant role in electron
excitations.”® Comparing the ligand to the complexes, we
observe greater stability, larger IP, lower EA, larger #, lower ¢
and o indices in the former. In the cobalt and copper com-
plexes no IP, EA, 1, 6 and w indices were obtained. In the free
ligand, electrons are highly localized throughout the com-
pound and upon excitation becomes less localized across the
chloro and hydroxy groups, and in the complexes, a similar
picture is revealed (Fig. S46, ESIT).

CDFT calculations were performed to obtain a descriptor
called the Fukui Function, which relates the reactivity/selectiv-
ity of a specific site of local quantities on atomic sites on a
molecule. It is defined as follows.

fng%m:(%gN (4)

The condensed Fukui Functions (7, f* and f°) and charge
density difference (CDD) are depicted in Table 9. The Fukui
Function can be calculated using the following equations.

F@)=aqN+1) - gN) (5)
for a nucleophilic attack
f(F) = qr(N) - qr(N - 1) (6)
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Table 8 Conceptual density functional theory parameters for the
compounds

Atom f f f CDD
HL

N15 0.0622 0.0836 0.0729 0.0214
C13 0.0302 0.0947 0.0625 0.0645
CoL,

N10 —-1.26 1.26 0.004 2.53
c8 -1.38 1.38 0.0005 2.76
CuL,

N10 —-1.59 1.59 —0.0011 3.18
c8 -1.75 1.76 0.0053 3.50
NiL,

N10 0.0143 0.0249 0.0196 0.0106
c8 0.0175 0.0442 0.0308 0.0267
ZnL,

N10 0.0147 0.0289 0.0218 0.0143
c8 0.0101 0.0565 0.0333 0.0464

for an electrophilic attack

FO=aN+1) - qN-1) )

for a radical attack.

The charge density difference (CCD) is the difference
between f'() and f (7). Since the quantitative values for the
reactivities agree with the quantitative values for MEP analyses,
it was worthwhile to observe the radical attacks (Table 8). Other
than N15 in the free ligand, low radical attacks are observed in
all the compounds.

3.5. Molecular docking study

Docking studies reveal the interactions that occur between a
biomolecule and a receptor’s active site, as well as the quanti-
tative binding energy that results from these interactions.®® The
complexes were docked against tyrosyl t-RNA synthase (PDB:
1jij) and type IIA topoisomerase (PDB: 2xct) proteins to further
extrapolate the mechanism of action of the complexes against
the pathogens used for the antibacterial study and to correlate
the in vitro and MIC studies. Table 9 and Fig. 19 and 20 show
the obtained results and docking interaction patterns. The
complexes’ interactions with these proteins revealed a varying
degree of binding mode within the active sites. After interaction
with tyrosyl t-RNA synthase, NiL, shows the lowest binding
energy (0.57 kcal mol™'), while CuL, has the highest binding
energy (14.63 kcal mol ') (Table 9). CoL, and Znl, have
binding energies of 4.21 and 6.59 kcal mol ', respectively
(Table 9). From this result, NiL, strongly interacted with the
active site of the receptor, and this occurred through His50 and
halogen atoms of the complexes forming hydrogen bonds with

Table 9 Binding affinity (kcal mol™) for docked complexes

Proteins
Compound 1J1 2CXT
CoL, 4.21 —5.22
NiL, 0.57 —7.25
CuL, 14.63 —3.72
ZnL, 6.59 —3.11
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Fig. 20 Docked conformation of (A) CoL,, (B) NiL,, (C) CuL, and (D) ZnL,
in type IIA topoisomerase.

Fig. 19 Docked conformation of (A) Col,, (B) NiLp, (C) Cul, and (D) ZnL,

int L t-RNA synth . — . T
" resy syninases Similarly, the highest binding energy of CuL, showed weak

interaction within the active site of the protein, and this could
the amino acid residues Tyr36 and Thr75 (Fig. 19). The strong be responsible for the weak antibacterial activity demonstrated
interactions in NiL, support the antibacterial activity finding. by the compound. CoL, and ZnL, binding energies were ranked
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second and third, respectively. This is consistent with the
antibacterial activity trends demonstrated by the compounds.
In general, all complexes bind to the receptors through a
halogen atom, forming a hydrogen bond with the amino acid
residue.

Fig. 20 depicts the complexes’ interaction with type IIA
topoisomerase. This interaction also revealed that NiL, has
the lowest binding energy (—7.25 keal mol ') and forms a
halogen-amino acid hydrogen bond via Arg1122 and DC12.
This suggests a strong interaction with the receptor and
is consistent with the experimental result. CoL,, CuL,, and
ZnL, binding energies were found to be —5.22, —3.11, and
—3.72 keal mol ™", respectively (Table 9). This corresponds to
the level of interaction in the following order: CoL, > ZnL, >
CuL,. This pattern is consistent with the experimental in vitro
and MIC results. Overall, the docking study demonstrates that
the complexes bind to the receptor in a manner consistent with
the experimental results and that they correlate well.

4. Conclusions

In this study, we have synthesized an ON donor halogen
substituted Schiff base ligand and its Co(u), Ni(u), Cu(u), and
Zn(u) complexes. The formation of the ligand and its complexes
were established via various spectroscopic and analytical tech-
niques. Based on these characterization techniques, the ligand
acted as bidentate and coordinated to the metal ions through
nitrogen and oxygen atoms of the imine and phenolate groups,
respectively, giving rise to square planar geometry around the
metal ion in all the complexes. The geometry of the ligand and
its Ni(u) and Cu(u) complexes were obtained using single crystal
X-ray diffraction (SCXRD) analysis, while structures of Co(u)
and Cu(un) complexes were elucidated using additional charac-
terization techniques such as SEM, EDX, and powder X-ray
diffraction (PXRD) analysis. The ligand and it complexes were
screened for their antibacterial potential against selected
pathogenic bacteria consisting of Gram-positive (Staphylococcus
aureus and Bacillus subtilis) and Gram-negative (Klebsiella pneu-
monioe and Pseudomonas aeruginosa) strains using an in vitro
assay. Antioxidant activity was evaluated using the DPPH assay.
In all the assays, the complexes showed enhanced activity over
the un-complexed Schiff base. Toxicity studies on normal
human cell lines WISH-and MRC-5 cell lines revealed that at
lower concentrations, the complexes had no effect on the cell
lines. Although only crystal structures of the free ligand, NiL,
and CuL, were obtained, performing Hirshfeld surface analysis
on them showed H---H percentage atomic contributions for
intermolecular interactions that were consistent with biological
activities. In addition to this, the computational investigation
provides information regarding the electronic properties of the
ligand and its complexes such as stability, reactivity, and
biological potentials using molecular electrostatic potential
maps, conceptual density functional theory calculations and
non-covalent-interactions analysis. An electron localization
function (ELF) analysis along the C-N-C plane revealed a
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correlation between the ELF distance and biological activities,
where shorter ELF distances corresponded to enhanced bio-
logical activities. These computational data reinforced the
experimental findings. Molecular docking studies demon-
strated the compounds’ mechanism of action and identified
potential binding sites. The obtained results are consistent
with the in vitro assays.
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