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In this study, we synthesized a tetradentate Salen type Schiff base ligand (H2L = 6,6'-(((4-
chloro-1,2-phenylene)bis(azanylylidene))bis(methanylylidene))bis(2-isopropyl-5-methyl-
phenol)) containing N2O2 donor atoms and its analogous transition metal complexes, namely 
CoL, NiL, CuL, and ZnL. The ligand was prepared through the condensation reaction of 3-
isopropyl-6-methylsalicyaldehyde and 4-chloro-1,2-phenylene diamine. Various 
spectroscopic methods viz. FT-IR, UV-Vis, 1H- and 13C-NMR, ESI-MS, and elemental analysis 
were utilized to elucidate the synthesized compounds. The free ligand coordinates with the 
metal ions in 1:1 molar ratio. The bactericidal investigations of the compounds were 
performed against S. aureus, S. pyogenes, E. coli, and P. aeruginosa. Antimalarial, anti-
inflammatory and antioxidant activities were also studied. The DFT study was performed to 
optimize the geometry and evaluate the chemical reactivity parameters. The molecular 
docking investigation was performed to evaluate the binding interactions and binding 
energy of the synthesized compounds against cysteine protease SpeB and lactate 
dehydrogenase receptor proteins. This investigation established a good correlation between 
theoretical and practical outcomes. 
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1. Introduction 
 

Pharmaceutical design approaches often employ a chemical 
method that assembles two or more molecules to form novel 
molecules with unique biological attributes. Biochemical 
synthesis, anticancer, antibacterial and anti-inflammatory 
properties, along with the various catalytic attributes of Schiff 
bases, allows them to be distinctive among the compounds [1]. 
Over the past two decades, a great deal of research has been 
reported on N2O2 donor ligands and their metal complexes, 
highlighting their enormous range of applications [2-12]. These 
compounds have attracted the attention of many researchers 
due to their peculiar structures, composed of two nitrogen and 
two oxygen atoms, together with their affluent coordination 
chemistry [13]. This arrangement offers an appealing geometry 
to ligands for interacting with metal ions through four active 
sites. These Salen-type Schiff base ligand compounds are 
generally applicable for biological and industrial purposes, due 
to their attractive physical and chemical attributes [14]. These 
compounds readily react with almost all metal ions present in 
the periodic table owing to this quality; they act as crucial 

building blocks of coordination chemistry. Furthermore, these 
Salen-type Schiff base ligands form more stable metal 
complexes with various oxidation states [15]. The great 
applicability of Salen-based complexes in various realms is due 
to their elevated binding constant, log K > 20 [16]. Metal 
complexes are believed to affect biological systems through 
inhibition of enzymes, elevated lipophilicity, interaction with 
endocellular biomolecules, altered cell membrane charac-
teristics, stoppage of cell processes, and many other 
mechanisms. The goal of metal complexes is to modify the 
physiochemical attributes due to a comprehensive assortment 
of coordination spheres, oxidation states, redox potentials, and 
ligand configurations. Thus, the biological features of ligands 
and their metal complexes are extensively influenced by 
complexation [17]. The most important cause that leads to an 
improvement in the chemical stability and basicity of metal 
complexes is the existence of imine bonds [18]. Halo atoms 
containing ligands have been widely investigated by many 
researchers due to their wide range of applications in pharma-
cology, biological chemistry, and physiology [19]. Furthermore, 
these halogenated Schiff base ligands demonstrate elevated 
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binding affinity, oral absorbability, and membrane permeability 
[19,20]. Despite significant advances in the field of biomedical 
research, malaria, a parasitic ailment, still persists as an 
unresolved challenge for humans. The World Health 
Organization (WHO) reported an estimated 619,000 malaria-
related deaths worldwide in 2021 [21]. Among the malaria 
parasites, Plasmodium falciparum is responsible primarily for 
the stern form of malaria. Due to the emergence of drug-
resistant parasites, several antimalarial drugs have become 
ineffective. This condition highlights the need to discover new 
therapeutic drugs to combat malarial parasites [22]. Similarly, 
as a consequence of the overuse and misuse of antibiotics, 
resistant bacterial strains have emerged. As a consequence of 
antimicrobial resistance (AMR), 4.95 million deaths occurred in 
2019. Due to the rise of antibiotic resistant infections, there is 
an imperative need to develop new antibiotics. Since the last 
decades, researchers have applied various approaches to 
improve the efficacy of antibiotics; among them, drugs 
containing metal ions are a probable way, which has demonst-
rated high efficacy against a variety of bacterial strains [23]. The 
production of reactive oxygen species (ROS) causes a variety of 
abnormalities in the physiological function of the human body, 
resulting in a number of cancers by bursting the number of 
proteins and lipids in cells [24,25]. For the treatment of such 
abnormalities in the human body, antioxidants were employed. 
Consequently, there is an essential requirement to develop 
promising drugs with high antioxidant and anticancer efficacy 
[24]. After an extensive literature survey focused on the 
antimalarial efficacy of N2O2 donor Salen-type Schiff base 
ligands and their transition metal complexes, a small number of 
relevant reports were documented. Recently, Dalal et al. 
explored the antimalarial efficacy of the N2O2 donor Schiff base 
ligand and its aryl tellurium complexes [22]. This approach 
distinguishes our research by presenting an antimalarial aspect 
with a new Salen-type Schiff base ligand moiety. However, 
several studies have demonstrated the antimicrobial, anti-
inflammatory, and antioxidant effectiveness of Salen-type Schiff 
base ligands and their transition metal complexes [24,26-28]. 
On the basis of the analysis of the aforementioned literature, the 
wide range of applications exhibited by Salen-type Schiff base 
ligands and their metal complexes in drug development and 
biological activities led us to synthesize a novel Salen-type 
Schiff base ligand and its metal complexes. 

The purpose of our research is to explore the bioefficacy of 
the synthesized compounds, especially their antimalarial 
efficacy along with their antibacterial, antioxidant, and anti-
inflammatory potential, by synthesizing N2O2 donor 
quadridentate salen Schiff base ligand, 6,6'-(((4-chloro-1,2-
phenylene)bis(azanylylidene))bis(methanylylidene))bis(2-iso-
propyl-5-methylphenol), (H2L), and its corresponding transi-
tion metal complexes such as CoL, NiL, CuL, and ZnL.  DFT 
investigations were performed to predict the geometry, HOMO-
LUMO energy gap, dipole moment, and chemical reactivity 
parameters. Additionally, molecular docking investigations 
were performed on the cysteine protease SpeB and the lactate 
dehydrogenase receptor protein to determine the binding 
score and binding interactions of compounds. 
 
2. Experimental 
 
2.1. Materials and instrumentation 
 

High purity chemicals such as 3-isopropyl-6-methyl 
salicyaldehyde, 4-chloro-1,2-diaminobenzene, chloroform, 
ethanol, methanol, triethylamine, and metal salts such as cobalt 
acetate tetrahydrate, nickel acetate tetrahydrate, copper 
acetate, and zinc acetate dihydrate were obtained from Sigma 
Aldrich. All reagents and chemicals were of research grade and 
were utilized without further purification. Elemental analysis 
(CHN) of the synthesized compounds was conducted using the 

Thermo Finnigan elemental analyzer. Fourier transform 
infrared (FT-IR) spectra of the compounds were recorded using 
a Shimadzu FT-IR-8400 spectrometer. Electrospray ionization 
mass spectrometry (ESI/MS) spectra of the synthesized 
compounds were acquired on a Waters Micromass Q-Tof micro 
instrument employing chloroform as the solvent. Proton 
nuclear magnetic resonance (1H NMR) and carbon-13 nuclear 
magnetic resonance (13C NMR) spectra of the ligand were 
obtained using a Bruker Advance III spectrometer operating at 
500 MHz. 
 
2.2. Synthesis of Salen type Schiff base ligand (H2L) 
 

For the synthesis of the Schiff base ligand (H2L), 3-
isopropyl-6-methylsalicyaldehyde (2 mmol) dissolved in 
methanol was slowly added dropwise to a methanolic solution 
containing 4-chloro-1,2-phenylenediamine (1 mmol) with 
continuous stirring. The resulting yellow reaction mixture was 
refluxed at 60 °C for 3 hours. The progress of the reaction was 
monitored using thin layer chromatography (TLC) with n-
hexane:ethyl acetate (10%) solvent system. The resulting 
yellow solid was then collected, washed with cold methanol, 
and subjected to recrystallization in ethanol, followed by 
vacuum drying [1,2]. 

6, 6'-(((4-Chloro-1, 2-phenylene)bis(azanylylidene))bis(met 
hanylylidene))bis(2-isopropyl-5-methylphenol) [H2L]: Color: 
Yellowish orange. Yield: 85%. 1H NMR (500 MHz, CHCl3, δ, 
ppm): 13.68 (s, OH, 2H), 8.95 (s, CH=N, 2H), 7.29-6.63 (m, Ar, 
7H), 2.48-2.45 (s, CH3, 6H), 1.35-1.32 (m, CH, 2H), 1.22-1.21 (d, 
4CH3, 12H). 13C NMR (125 MHz, CHCl3, δ, ppm): 161.2, 160.87, 
16O.63, 159.26, 141.79, 139.43, 139.22, 134.8, 133.9, 133.26, 
133.17, 130.5, 130.29, 127.49, 121.39, 120.96, 120.91, 118.03, 
116.76, 116.51, 26.44, 26.31, 26.01, 22.45, 22.26, 19.02, 18.97, 
17.92. FTIR (KBr, ν, cm-1): 3446 (O-H), 1548 (C=N), 1423 (C=C), 
1288 (C-O). UV-Vis (CHCl3, λmax, nm): 290, 340. MS (EI, m/z 
(%)): 465.03 (M+, 100). Anal. calcd. for C28H31ClN2O2: C, 72.63; 
H, 6.75; N, 6.05. Found: C, 72.20; H, 6.68; N, 5.33%. 
 
2.3. Synthesis of metal complexes 
 

The CoL, NiL, CuL, and ZnL complexes of the ligand (H2L) 
were synthesized by combining a boiling methanolic solution of 
the ligand (1 mmol) with a hot methanolic solution of the 
corresponding metal salts (1 mmol). The resulting reaction 
mixture was stirred and refluxed for duration of 3 hours. 
Subsequently, the colored precipitates of the complexes were 
filtered, washed with various nonpolar solvents, and dried 
under vacuum conditions [1]. 

[CoL] complex: Yield: 72 %. Colour: Dark brown. M.p.: > 300 
°C. FT-IR (KBr, ν, cm-1): 1529 (C=N), 1354 (C=C), 1199 (C-O), 
574 (M-O), 418 (M-N). UV-Vis (CHCl3, λmax, nm): 275, 352, 410. 
MS (EI, m/z (%)): 519.12 (M+, 100). Anal. calcd. for 
C28H29ClCoN2O2: C, 64.68; H, 5.62; N, 5.39. Found: C, 64.52; H, 
5.71; N, 5.22%. 

[NiL] complex: Yield: 71 %. Colour: Reddish brown. M.p.: > 
300 °C. FT-IR (KBr, ν, cm-1): 1533 (C=N), 1355 (C=C), 1193 (C-
O), 549 (M-O). UV-Vis (CHCl3, λmax, nm): 265, 360, 470. 510. MS 
(EI, m/z (%)): 518.43 (M+, 100). Anal. calcd. for C28H29ClNiN2O2: 
C, 64.71; H, 5.62; N, 5.39. Found: C, 64.72; H, 5.60; N, 5.15%. 

[CuL] complex: Yield: 74 %. Colour: Light brown. M.p.: > 300 
°C. FTIR (KBr, ν, cm-1): 1533 (C=N), 1354 (C=C), 1192 (C-O), 591 
(M-O), 418 (M-N). UV-Vis (CHCl3, λmax, nm): 283, 359, 550. MS 
(EI, m/z (%)): 523.22 (M+, 100). Anal. calcd. for C28H29ClCuN2O2: 
C, 64.11; H, 5.57; N, 5.34. Found: C, 63.92; H, 5.72; N, 5.08%. 

[ZnL] complex: Yield: 74 %. Colour: Yellow. M.p.: > 300 °C. 
FTIR (KBr, ν, cm-1): 1541 (C=N), 1357 (C=C), 1192 (C-O), 545 
(M-O), 418 (M-N). UV-Vis (CHCl3, λmax, nm): 263, 310, 415. MS 
(EI, m/z (%)): 526.38 (M+, 100). Anal. calcd. for C28H29ClZnN2O2: 
C, 63.89; H, 5.55; N, 5.32. Found: C, 63.04; H, 5.66; N, 4.96%. 
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2.4. Antibacterial activity assay 
 

In vitro antibacterial activity assays were conducted on 
synthesized compounds employing the broth dilution 
technique, following the protocols outlined by the National 
Committee for Clinical Laboratory Standards (NCCLS), against 
Gram-negative strains E. coli (MTCC 443) and P. aeruginosa 
(MTCC 1688), as well as Gram-positive strains S. aureus (MTCC 
96) and S. pyogenes (MTCC 442). The compounds were initially 
prepared at a stock solution concentration of 2000 μM, which 
was then further diluted at concentrations of 500, 250, and 125 
μM for the preliminary bactericidal assessment. Active 
compounds identified in the initial screening were subjected to 
additional dilution steps to achieve concentrations of 100, 50, 
25, 12.5, 6.25, 3.125, and 1.5625 μM. The minimum inhibitory 
concentration (MIC), defined as the highest dilution showing 
99% inhibition, was determined. The concentration of bacterial 
inoculums was maintained at 1×108 organisms/mL. Tubes 
devoid of antibiotics were promptly subcultured onto appro-
priate growth medium plates to confirm microbial viability. The 
incubation of the microbial samples was carried out overnight 
at 37°C, with subsequent observation of growth. The MIC was 
recorded, indicating the minimum concentration at which the 
organism's growth is inhibited. The effects of solvents on strain 
growth were negligible, whereas the size of the inoculum 
exerted a significant influence. Ampicillin served as the 
standard drug, while both DMSO and distilled water were used 
as negative controls, and antibiotics were used as positive 
controls [29,30]. 
 
2.5. Antimalarial activity assay 
 

In vitro antimalarial evaluations of the synthesized 
compounds were performed using 96-well microtiter plates, 
with slight modifications to the Rieckmann et al. microassay 
protocol [31]. The malarial strain Plasmodium falciparum (3D7) 
was maintained in RPMI 1640 medium supplemented with 25 
mM HEPES, 1% D-glucose, 0.23% sodium bicarbonate, and 10% 
heat-inactivated human serum. After being treated with 5% D-
sorbitol, the asynchronous malaria parasite Plasmodium 
falciparum was synchronized to produce cells that were 
infested during the ring stage. Jaswant Singh Bhattacharya (JSB) 
stain was used to determine initial ring stage parasitemia of 0.8 
to 1.5% at 3% hematocrit in a whole quantity of 200 μL of 
medium RPMI-1640 for the investigation and was persistently 
sustained with 50% RBC (O+ve). In DMSO solvent, stock 
solutions of 5 mg/mL of the synthesized compounds were 
prepared with culture medium. To produce a final 
concentration (at five-fold dilutions) ranging from 0.4 to 100 
g/mL in a duplicate well with parasitized cell preparation, the 
samples were diluted in a 20-L volume and applied to the test 
wells. In a candle jar, the culture plates were kept at 37 °C for 
incubation. Thin blood smears from each well were produced 
and then stained with JSB stain immediately after 36 to 40 
hours of incubation. To observe the maturation of ring-stage 
parasites into trophozoites and schizonts, we observed the 
slides microscopically in the presence of different concent-
rations of the test samples. The amount of concentration that 
inhibits schizont formation was taken as the minimum 
inhibitory concentration. Here, quinine was used as a standard 
drug [30]. 
 
2.6. Anti-inflammatory activity assay 
 

The in vitro anti-inflammatory activity of the synthesized 
compounds was investigated using the human red blood cell 
(HRBC) stabilization method [32]. Fresh blood was collected in 
a heparinized tube to prevent coagulation from a healthy 
human being. An identical volume of collected blood was 
combined with a sterilized Alsever’s solution. Thereafter, 

centrifugation of blood for 20 minutes at 3000 rpm was carried 
out to separate out the packed cells. These packed cells were 
thoroughly washed with isosaline (0.85% solution, pH = 7.2), 
and a 10% v/v suspension of isosaline was made. Then, this 
HRBC suspension was used to investigate the anti-inflam-
matory capabilities of the compounds. To perform the assay, 1 
mL of sample with a concentration of 400 μg/mL and 1 mL of 
diclofenac sodium in a hypo saline solution (0.25% NaCl) 
solution were combined separately with 1 mL of phosphate 
buffer (0.15 M, pH = 7.4), 2 mL of hyposaline (0.36%), and 0.5 
mL of HRBC suspension. The entire analysis mixture was 
incubated at 37 °C for 30 minutes and then centrifuged at 3000 
rpm for 20 minutes. The supernatant liquid obtained was 
decanted after the centrifugation process and the hemoglobin 
concentration in the supernatant solution was measured with a 
spectrophotometer set to 560 nm [33]. When the hemolysis 
produced in the control was assumed to be 100%, the 
percentage of hemolysis was estimated. This entire testing 
process was performed in triplicate to ensure the accuracy of 
the results. The % of HRBC membrane protection was 
measured using Equation 1 [34]. 
 
% Protection = 1− Absorbance of sample

Absorbance of control
× 100  (1) 

 
2.7. Antioxidant activity assay 
 

A microplate reader (BioTek Synergy HTX) was used to 
assess the antioxidant potential of the synthesized compounds 
in 96-well plates. The probe mixture in each well consists of 100 
μL of 0.5 mg/mL concentration of the tester, to which 100 μL of 
2,2-diphenyl-1-picrylhydrazyl (DPPH) solution in ethanol was 
mixed. The plate was agitated for 2 minutes, then enclosed and 
incubated at 37°C for 30 min. The absorbance of a mixture of 
synthesized compounds was determined using a microplate 
reader at 517 nm [35]. Each test solution was set in triplicate 
and the mean absorbance was calculated. L-ascorbic acid was 
used as a positive control. The inhibition of DPPH was 
calculated using Equation 2 [36]. 
 
% Inhibition of DPPH = C−S

C
×100   (2) 

 
C = Absorption of the control and S = Absorption of the sample. 
 
2.8. Molecular docking 
 

The docking investigation was performed using the 
Schrodinger Glide (SP-docking) module [37].  Plasmodium 
falciparum lactate dehydrogenase inhibitors and cysteine 
protease SpeB structures were obtained from the Protein Data 
Bank (PDB) with accession codes 1CET [38] and 4RKX [39] 
(https://www.rcsb.org/). The restored protein structures were 
prepared by the “protein preparation wizard” panel [40]. In the 
primary stage of processing, the bond sequence was assigned, 
missing hydrogen was added, and the missing side chains and 
loops were modified. In the final refinement phase, to obtain an 
absolute energetic optimization, with the RMSD (root mean 
square deviation) of the heavy atoms set to 0.3 Å, the OPLS3 
force field [41] was used. The 3D geometry of the synthesized 
compounds was prepared with the LigPrep panel [42]. The 
ionization state of each ligand structure was established at a 
physiological pH of 7.2±0.2. The active side grid was assigned 
by incorporating the related ligand into the crystal structure 
and employing the default dimension box. Lastly, the molecular 
docking investigation was carried out using Schrodinger’s glide, 
in which the ready minimum energy 3D structure of the ligands 
and the receptor grid file were loaded into Maestro’s work area 
and the ligands were docked using the extra precision (SP) 
docking methodology [43-46]. 

 

https://www.rcsb.org/


Todarwal et al. / European Journal of Chemistry 15 (2) (2024) 128-142 131 
 

 
2024 – European Journal of Chemistry – CC BY NC – DOI: 10.5155/eurjchem.15.2.128-142.2543 

 

 
 

Figure 1. Synthesis of ligand and metal complexes. 
 
2.9. Computational methods 
 

To explore the molecular attributes of the synthesized 
compounds, full geometry optimization calculations were 
performed. Using the Avogadro software [47], the atomic 
coordinates of the synthesized compounds were built [48], and 
then further processed to produce an ORCA input file for 
comprehensive optimization of molecular geometry. Time-
dependent density functional theory (TD-DFT) geometry 
optimizations were executed by B3LYP as a functional with 6-
311G(d,p) and 6-311+G(d,p) basis set in the gas phase [49-52] 
using the ORCA program package (version 4.0.1) [53]. The 
geometry of the complexes was optimized with the B3LYP 
functional, which is used to predict the geometric attributes of 
transition metals due to its elevated accuracy [54,55]. Natural 
bond orbital (NBO) calculations were carried out on gas phase 
optimized compounds [56]. 
 
3. Results and discussion 
 

The condensation reaction of 4-chloro-1,2-phenylene 
diamine (1 mmol) with 3-isopropyl-6-methyl salicyaldehyde (2 
mmol) in methanol formed a yellow Salen-type Schiff base 
ligand (H2L) (Figure 1). Furthermore, the CoL, NiL, CuL, and ZnL 
complexes of ligand were prepared by refluxing the equimolar 
(1:1) amount of ligand with analogous metal salts in methanol 
with constant magnetic stirring. The precipitates obtained were 
collected and filtered. The Schiff base ligand exhibited solubility 
in chloroform, dichloromethane, and acetone, whereas the 
metal complexes exhibited solubility in polar solvents such as 
DMF, DMSO, methanol, and ethyl acetate, etc. 
 
3.1. Characterization of compounds 
 

The 1H and 13C-NMR spectra of the H2L compound were 
carried out using a chloroform solvent. In the 1H-NMR 
spectrum, a singlet peak corresponding to the hydroxyl group 
(OH) is observed at δ 13.68 ppm. Additionally, the characteristic 
peak of the azomethine (HC=N) proton is detected at δ 8.95 
ppm, while merged peaks attributed to aromatic protons are 
observed in the range of δ 7.29-6.63 ppm. The peak observed at 
δ 1.22-1.21 ppm corresponds to the aliphatic methyl protons of 
the ligand. In contrast, the peak attributed to aromatic methyl 

protons is detected at δ 2.48-2.45 ppm. Aliphatic CH protons 
exhibit a multiplet pattern, appearing in the range of δ 1.35-1.32 
ppm. The 13C-NMR spectra of the ligand also give confirmation 
by demonstrating distinctive peaks of azomethine carbon 2 
(C=N), 2 (C-OH) and 1 (C-Cl) at δ 161.2, 160.8, 160.63, 159.5, 
and 141.79 ppm, respectively. The aliphatic carbon peaks were 
visualized at δ 26.44-19.72 ppm [28]. 

The ESI-MS spectra of both the ligand and its metal 
complexes (CoL, NiL, CuL, and ZnL) were obtained using 
chloroform as the solvent. The mass spectra of compound H2L 
revealed a molecular ion peak at m/z 463.95 (calculated as 
463.02). Additionally, a fragment peak at m/z 338 [C24H22N2]+ 
emerged as a result of the loss of OH, Cl, CH3 and CH-(CH3)2 
ions.The CoL mass spectrum showed a peak at m/z 519.12, 
which matches the calculated value of 519.12. Furthermore, 
fragment peaks were observed at m/z 360, 301, and 285 due to 
the formation of [C22H17ClN2O] +, [C20H16N2O]+, and [C20H16N2]+ 
ions, respectively. The mass spectra of the NiL complex showed 
a peak at m/z 518.43 (calculated as 518.13). Furthermore, 
fragment peaks were seen at 462, 337, 301, and 283, which 
correspond to the formation of [C28H31ClN2O2], [C24H22N2]+, 
[C20H16N2O]+, and [C20H16N2]+ ions, respectively. While the CuL 
complex ([C28H29ClCuN2O2]) had a mass peak at m/z 524.99 
(estimated at 524.55), fragment peaks were found at m/z 338 
and 301 for [C24H22N2]+ and [C20H16N2O]+, respectively. 
Similarly, the ESI-MS spectra of the ZnL molecule revealed a 
peak at m/z 526.38 (calculated as 526.98), with a fragment 
signal at m/z 462 resulting from zinc elimination. The mass 
spectra of all complexes clearly showed the coordination of the 
metal ions and ligands. Every compound’s CHN investigation 
revealed a metal-ligand stoichiometry of 1:1, which is in line 
with the structural formula of the ML type. 

The FT-IR spectrum of the ligand reveals a prominent νOH 

band at 3446 cm-1. However, comparable metal complexes lack 
the νOH band in their IR spectra. The absence of a prominent νOH 
band in the spectra of metal complexes indicates complex 
formation. The characteristic imine band (νC=N) was identified 
at 1548 cm-1. However, in the complexes, the imine band was 
observed at lower wavenumbers (1529-1541 cm-1) compared 
to the value of the ligand.  
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Figure 2. Graphical representation of antibacterial activity. 
 

 
 

Figure 3. Graphical representation of the antimalarial activity of the synthesized compounds. 
 
A new band at 591-418 cm-1 indicates the formation of M-N 

and M-O bonds, which confirms the formation of the complex. 
For every compound, the elemental analysis findings show a 
very good agreement with the theoretical values.  
 
3.2. Antibacterial studies 
 

Using the disc diffusion technique, the bacteriostatic 
efficiency of the obtained compounds was examined against 
Gram-negative strains P. aeruginosa and E. coli, as well as Gram-
positive strains S. aureus and S. pyogenes. The findings show 
that as compared to the free ligand H2L, all synthesized metal 
complexes (CoL, NiL, CuL, and ZnL) display improved 
bioefficacy. Figure 2 illustrates the graphical representation 
of antibacterial efficacy. The enhanced bactericidal activity of 
the complexes can be explained by using Overtone’s concept of 
cellular permeability and Tweedy’s chelation theory [57,58]. 
The overtone concept of cell permeability implies that lipo-
solubility is an essential factor that influences the bactericidal 
activity of compounds. Thus, the lipid membrane of a cell 
promotes the passage of mainly lipid-soluble substances. 
Chelation reduces the polarity of metal ions by overlapping 
Schiff base orbitals and distributing the positive charge 
partially on metal ions. However, delocalizing π-electrons 
throughout the chelate ring enhances the lipophilicity of the 
complexes. Such a higher lipophilicity inhibits the continued 
development of bacteria and enhances the absorption of 
complexes into the lipid membrane. The diversity in the 
bioactivity of derived complexes with respect to various 
bacterial species depends on the variation in the cell 
permeability of bacteria or ribosomes of microorganism cells 
[58], diversity in the structure of the cell wall might lead to 
disparities in bactericidal vulnerability. Gram(+) bacterial 
species have thick cell walls consisting of multilayers of 
peptidoglycans and teichoic acid, while Gram(-) bacterial 
species have comparatively thin cell membranes containing a 

few peptidoglycans enclosed through a secondary lipid 
membrane containing lipopolysaccharides and lipoproteins 
[59]. Antibacterial screening revealed that metal complexes are 
more harmful to Gram (+) species, particularly S. pyogenus 
(62.5-100 µg/mL), compared to Gram (-) species [1]. On the 
other hand, the Schiff base ligand complexes CoL and ZnL 
showed notable effectiveness against P. aeruginosa (50-100 
µg/mL), while the NiL complex showed remarkable 
effectiveness against E. coli (100 μg /mL). The complexes 
derived exhibited varying degrees of antibacterial effective-
ness, with the order ZnL > CoL > NiL > CuL > H2L. The increased 
bactericidal efficiency of the ZnL complex may be related to its 
electron-rich character, which allows simple interaction with 
the DNA of bacterial strains using non-covalent interactions 
[58]. ZnL and CoL have better bactericidal properties as a result 
of their lower dipole moments. The decrease in polarity 
increases lipophilicity and hydrophobicity, resulting in a 
significant increase in antibacterial activity [60-64]. Table 1 
compares the minimum inhibitory concentration (MIC) values 
of the complexes with analogous moieties, indicating the 
moderate to remarkable antibacterial activity of our 
compounds. It should be noted that the effectiveness varies 
depending on the type of bacteria. 
 
3.3. Antimalarial activity studies 
 

We used Rieckmann’s microassay [70] to determine the in 
vitro antimalarial efficacy of the ligand and its metal chelates 
against the strain of P. falciparum (3D7), and then the findings 
were compared to quinine drugs. Figure 3 illustrates the 
antimalarial evaluation findings, expressed as half-maximum 
inhibitory concentration (IC50) values.  
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Table 1. Many investigations are available in the literature for N2O2 donor Salen-Schiff bases and their antibacterial, antioxidant and anti-inflammatory activities. 
Structure of compounds Antibacterial 

activity 
Antioxidant 
activity 

Anti-inflammatory 
activity 

Reference 

N

O

N

O

X

X = Cl, M = Cu (II) (3), Co (II) (4), Zn (II) (5)

X = Br, M = Cu (II) (6), Co (II) (7), Zn (II) (8)

M

 

Co(II) complexes 4 and 7 are more 
active against S. aureus (27 and 22 
mm, respectively), K. pneumoniae (23 
and 17 mm, respectively). 

- - [65] 

N

O

N

O

M = Mn (III), Co (II), Cu (II), Zn (II)

M

 

The Mn(III) complex is most active 
against B. subtilis, S. aureus, and P. 
aeruginosa, with MIC of 85, 87, and 
70 µg/mL, respectively. 
 
 

Ni(II) (14.21 µg/mL) and Cu(II) 
(15.29 µg/mL) complexes showed 
remarkable activity compared to 
BHT (16.50 µg/mL), and analogous 
to ascorbic acid (12.80 µg/mL) and 
α-tocopherol (12.80 µg/mL). 

- [28] 

N

O

N

O

M = Mn (II), Co (II), Ni (II) and Cu (II)

M

 

Ni(II) and Cu(II) complexes 
demonstrated greater activity against 
all bacterial strains (63-102 µg/mL). 

The Mn(II) (0.1124 µg/mL) and 
Cu(II) (0.1135 µg/mL) complex 
showed significantly higher 
antioxidant activity. 

- [66] 
 

O

N N N

O

N
HN

ClCl

M = Co (II), Ni (II), Cu (II) and Zn (II)

M

 

ZnL demonstrated a higher 
antibacterial potential towards S. 
aureus, E. coli, K. pneumoniae, and P. 
aeruginosa strains with an inhibition 
zone of 9 to 11 mm. 

CuL (16.81±0.21 μM) exhibits the 
highest antioxidant activity, 
followed by the NiL (24.16±0.14 
μM) complex. 

ZnL (15.11±0.28μM) 
exhibits higher anti-
inflammatory activity 
followed by CuL 
(24.16±0.25 μM) 

[17] 

N

O

N

O
I

I

I
I

M

M = Cu, Ni, and Zn  

CuL showed maximum activity 
against E. coli (15 mm) followed by 
ZnL (14 mm). The NiL and ZnL 
complexes showed maximum activity 
against P. aeruginosa (15 mm). For S. 
aureus (28 mm) and B. cereus (24 
mm), ZnL showed maximum 
inhibition. 

- - [26] 

N N

O O

O O

CNNC

OH

O

O
M = Co, Ni, Cu and Zn

M

 

CoL, NiL, and CuL have comparable 
bactericidal activity against S. aureus 
and K. pneumonia, however, ZnL has 
moderate antibacterial impact 
against all bacterial strains except A. 
baumannii. 

- CuL (289.68 µg/mL) 
and ZnL (209.24 
µg/mL) 
demonstrated higher 
anti-inflammatory 
activity. 

[67] 

N

O

N

O

NO2

M = Co (II), Ni (II), and Cu (II)

M

 

- Nickel and copper complexes have 
higher antioxidant levels than the 
cobalt complex but lower than that 
of ascorbic acid. 

The cobalt, nickel, 
and copper 
complexes showed 
effective anti-
inflammatory activity 
compared to the 
sodium diclofenac 
drug. 

[68] 

N

O

N

O

M = Mn (II), Co (II), Ni (II) and Cu (II)

M

 

The Mn(II) and Co(II) complexes 
possess better activity against B. 
subtilis and S. aureus. The Ni(II) 
complex shows superior antibacterial 
activity against all bacterial strains of 
B. subtilis, P. aeruginosa, and S. 
aureus. 

Co(II) complex shows good 
antioxidant activity compared to the 
standard drug of butylated hydroxyl 
toluene (BHT). 

- [69] 
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Table 1. (Continued). 
Structure of compounds Antibacterial 

activity 
Antioxidant 
activity 

Anti-inflammatory 
activity 

Reference 

N

O

N

O

Cl

M = Cu (II), Ni (II), Zn (II)

Cl

BrBr
M

 

NiL showed better activity against S. 
aureus, whereas ZnL was more active 
against P. aeruginosa and S. 
pneumonia. 

Cu complex (3), 0.498±0.20 mg/mL 
showed prominent antioxidant 
properties, followed by Ni complex 
(2) 0.517±0.20 mg/mL 

ZnL (4) has superior 
activity among all 
synthesized 
compounds 
448.02±0.17 μg/mL 

[1] 

N

Cl

N

O O
M

M = Co(II), Ni (II), Cu (II), and Zn (II)  

CoL against P. aeruginosa was 50 
µg/mL. CoL and NiL against S. 
pyogenes represented 62.5 µg/mL. 
 

The ZnL complex has notable 
efficacy, while NiL and CuL 
complexes depict moderate efficacy. 

The CuL and ZnL 
complexes have 
superior anti-
inflammatory 
activity. 

Our 
findings 

 

 
 

Figure 4. Graphical representation of the antioxidant activity of the synthesized compounds. 
 
The compound H2L displayed a half maximum inhibitory 

concentration (IC50) value of 2.43 µg/mL, while all complexes 
demonstrated enhanced bioactivity against malarial parasites, 
with IC50 values ranging from 0.5 to 1.98 µg/mL. The ideas of 
lipophilicity and chelation help to explain why complexes are 
more effective against malaria than ligands. Lipophilicity 
increases cell membrane permeability, allowing passive 
transport across the membrane and increasing intracellular 
accumulation, which alters cellular metabolic activity, resulting 
in cytoplasmic leakage and cell death [22,71]. CuL and ZnL 
complexes of the Schiff base ligand demonstrated significant 
effectiveness, with IC50 values of 0.5 and 0.75 µg/mL, 
respectively. The CoL and NiL complexes showed moderate 
activity, with IC50 values of 1.24 and 1.98 µg/mL, respectively. 
The antimalarial efficacy of the obtained complexes and ligand 
can be arranged as follows; CuL > ZnL > CoL > NiL> H2L. In this 
study, we compared the IC50 values of our synthesized 
compounds with similar moieties from the literature, as shown 
in Table 2, indicating that our named molecules showed 
superior antimalarial activity. 
 
3.4. Antioxidant studies 
 

The radicals generated during oxidative metabolism are 
known as reactive oxygen species (ROS). These species possess 
the ability to oxidize biomolecules such as proteins, 
carbohydrates, lipids, nucleic acids, and polyunsaturated fatty 
acids, thus causing oxidative damage such as membrane 
dysfunction, enzymatic inactivation, and DNA breakage. The 
antioxidants have the capability to obstruct or delay the 
oxidation of biomolecules, along with the generation of free 
radicals. Therefore, the supply of antioxidant-rich drugs is 

important to our body to avoid the consequences of oxidative 
damage [17]. Oxidative damage is the main cause of severe 
ailments such as cancer, heart disease, Parkinson’s, etc. [75]. 
Therefore, there is a vital requirement to expand the research 
on the development of antibiotic drugs [71]. To contribute to 
the field of antioxidant drug development research, we tested 
the antioxidant properties of our synthesized compounds using 
a DPPH radical assay and compared them to standard L-
ascorbic acid. Figure 4 illustrates the graphical representation 
of antioxidant activity. The cumulative bioactivity data shows 
that all complexes exceed the bioefficacy of the ligand. Among 
the complexes, the ZnL complex has notable efficacy, whereas 
the NiL and CuL complexes show moderate efficacy. However, 
the CoL and CuL complexes illustrate weak bioactivity. Thus, 
the bioactivity trend of the compound is H2L< CoL < CuL < NiL 
< ZnL < L-ascorbic acid. This could be explained by the 
compound’s ability to deform the structure of free radicals via 
hydrogen atom donation [17, 76]. As depicted in Table 1, 
extensive literature reviews have consistently affirmed the 
anti-oxidative properties of Salen Schiff base metal complexes. 
In comparison with the other reported molecules, our 
compounds exhibit remarkable to moderate antioxidant 
potential. 
 
3.5. Anti-inflammatory activity studies 
 

Within the body, inflammation serves as an alarm system, 
signalling potential damage or abnormalities to individuals. 
Chronic pain or inflammation significantly affects people’s 
quality of life, as nearly everyone experiences inflammation at 
some point, whether it is chronic or acute.  
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Table 2. Comparison of antimalarial activity with relevant moieties. 
Compound Structure IC50 value Reference 
6 

N
N

S
HN

N
N

S

NH

Ni

 

IC50(6) = 2.29 µM [72] 

6a 

N

O

N

OTe

Cl

H3CO  

IC50(6a) = 0.96±0.02 μM [22] 

2 and 3 

N

O
OH

HO

H
N

SH

NH
NH

R

Ni
PHPh3  

IC50(2) = 9.88±0.23 μM 
IC50(3) = 1.06±0.01 μM 

[73] 

Co(L1)(L2)Cl2·3H2O 
Zn(L1)(L2)Cl 
Cd(L1)(L2)Cl3 

N
N

S
H

NH

OCH3

OCH3H3CO

N

N
N Cl

O
M
Cl

OH

M= Co (II), Zn (II), and Cu (II)  

IC50(Co complex) =0.92 μM 
IC50(Zn complex) =0.98 μM 
IC50(Cd complex) =0.98 μM 

[74] 

6 

R1

R2

R3

N
N

NH

S

F

R1

R2 R3

N
N

HN
S

F

Zn

HO

OH

 

IC50 (6) = 0.95±0.02 µM [15] 

CuL and ZnL 

N N

Cl

O O
M

 

IC50(4) = 0.50 µg/mL 
IC50(5) = 0.75 µg/mL 

Our findings 

 
Therefore, treating pain, mainly chronic pain, is extremely 

intricate and therefore it is crucial to synthesize new anti-
inflammatory drugs with fewer adverse effects [17]. Several 
prolonged inflammatory diseases were treated with non-
steroidal anti-inflammatory drugs. These drugs generally 
impede the formation of prostaglandins, while other pro-
inflammatory drugs prohibit the cyclooxygenase (COX) enzyme 
formation, which is responsible for converting arachidonic acid 
into prostaglandins. Reducing the formation of prostaglandins 
and arachidonic acid regulates the immune response and anti-
inflammatory properties [17-19]. The anti-inflammatory 
efficacy of the synthesized ligand and its metal complexes is 
shown in Figure 5 with the standard drug diclofenac sodium. 
The findings revealed that all metal complexes showed 
significant bioactivity compared to that of the free Schiff base 
ligand. However, in comparison to sodium diclofenac, both the 
complexes and the ligand exhibited a lower percentage of 
inhibition. CuL and ZnL complexes were shown to be better 
than NiL and CoL complexes. The anti-inflammatory efficiencies 
of compounds have the following sequence: CuL > ZnL > NiL > 

CoL > H2L. Many studies have confirmed the anti-inflammatory 
effect of metal complexes containing the Salen Schiff base 
ligand, notably those combining Zn(II) and Cu(II) metals, our 
compounds have moderate anti-inflammatory activity 
compared to other similar compounds (Table 1). 
 
3.6. Molecular docking studies 
 

We performed a docking investigation employing the Glide 
module (Schrodinger Inc., USA) to determine the correlation 
between theoretical and experimental findings. The ligand and 
its corresponding metal complexes were docked to receptor 
proteins, including S. pyogenes cysteine protease SpeB, and P. 
falciparum lactate dehydrogenase. Table 3 shows the results of 
the docking investigation, and Figures 6 and 7 show the 3D 
docking structure of both receptor proteins. As seen in Figures 
6 and 7, a higher negative docking score is a crucial charac-
teristic in the drug development process, as it suggests a 
significant binding affinity between a molecule and the target 
protein.  
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Figure 5. Anti-inflammatory activities of the synthesized compounds. 
 

(a) 
 

(b) 
 

(c) 
 

Figure 6. 3D structure of the interaction of ligand, CuL, and chloroquine with P. falciparum lactate dehydrogenase. 
 
The molecular docking analysis demonstrated that the 

Salen-type Schiff base ligand had a greater negative binding 
energy for both receptor proteins. It specifically engages in 
hydrogen bond interactions with the cysteine protease SpeB 
receptor protein’s Gly-339 amino acids, resulting in a docking 
score of -6.138 kcal/mol. Additionally, it has a strong hydrogen 
bond interaction with the lactate dehydrogenase receptor 
protein’s Glu-122, with a docking score of -8.23 kcal/mol, that 
is similar to that of conventional chloroquine. Among the 
synthesized metal complexes, CoL shows a robust hydrogen 
bond interaction with the Cys-192 amino acid of the cysteine 

protease SpeB protein through a chlorine atom, resulting in a 
higher docking score (-5.04 kcal/mol) compared to other metal 
complexes. Interestingly, the CuL and ZnL complexes exhibited 
a robust π-π stacking interaction with the hydrophobic Phe-100 
amino acid of P. falciparum lactate dehydrogenase, producing 
docking scores of -8.26 and -7.74 kcal/mol, respectively. In 
general, all generated complexes had a higher docking score (-
8.26 to -6.786 kcal/mol) compared to the malarial standard 
drug chloroquine (-5.104 kcal/mol).  
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Table 3. Docking score of the synthesized compounds towards S. pyogenes cysteine protease SpeB and P. falciparum lactate dehydrogenase by SP docking method. 
Protein receptor S. pyogenes cysteine protease SpeB P. falciparum lactate dehydrogenase 
Codes Docking score Glide emodel Glide energy Docking score Glide emodel Glide energy 
Ampicillin -7.026 -56.322 -40.235 - - - 
Chloroquine - - - -5.104 -43.674 -31.152 
H2L -6.138 -56.436 -43.888 -8.231 -88.033 -52.714 
CoL -5.040 -46.305 -36.006 -6.786 -51.346 -39.562 
NiL -3.726 -42.215 -35.496 -7.171 -64.562 -46.831 
CuL -3.156 -38.124 -30.154 -7.738 -78.228 -49.944 
ZnL -4.812 -46.011 -36.442 -8.260 -84.363 -50.770 
 
Table 4. Thermal parameters and dipole moment (Debye) of compound H2L and its CoL, NiL, CuL, and ZnL complexes. 
Parameters H2L CoL NiL CuL ZnL 
ETot (Hartree) -1805.20 -3185.98 -3311.58 -3443.76 -3582.61 
Total dipole moment (Debye) 4.46771 2.07914 4.00309 4.13683 2.85367 
EHOMO (eV) -5.4612 -12.1959 -12.2803 -12.3646 -12.2150 
ELUMO (eV) -1.7496 -10.8326 -11.3524 -10.5497 -11.3361 
∆E (eV) 3.7116 1.3633 0.9279 1.8149 0.8789 
Electronegativity (χ) (eV) 3.6054 11.5142 11.8163 11.4571 11.7755 
Global hardness (η) (eV) 1.8558 0.6816 0.4639 0.9074 0.4394 
Global softness (δ) (eV) 0.5388 1.4671 2.1556 1.1020 2.2758 
Electrophilicity (ω) (eV) 3.5022 97.2541 150.4900 72.3300 157.7800 
Ionization potential (I = -EHOMO) (eV) 5.4612 12.1959 12.2803 12.3646 12.2150 
Electron affinity (A = -ELUMO) (eV) 1.7496 10.8326 11.3524 10.5497 11.3361 
 

(a) 
 

(b) 
 

(c) 
 

Figure 7. 3D structure of the interaction of ligand, CoL and ampicillin with S. pyogenes cysteine protease SpeB. 
 
Higher docking scores of the synthesized compounds 

against P. falciparum lactate dehydrogenase indicated that all 
compounds have significant binding interactions with malarial 
receptor proteins. This intriguing result emphasizes the need 
for further investigation into the potential applicability of our 
compounds in drug development. 

 

3.7. Density functional theory studies 
 

Through TD-DFT calculations in the gas phase, the DFT 
analysis was used to optimize the geometry and find the least 
energy conformations from which several thermochemical 
properties, including total energy, dipole moment, HOMO, and 
LUMO, are calculated. 
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Figure 8. Optimized geometry of the ligand, H2L. 
 

 
 

CoL CuL 

 
 

ZnL NiL 
 

Figure 9. Optimized geometries of CoL, NiL, CuL, and ZnL complexes. 
 

Figures 8 and 9 shows the optimized shape of the ligand and 
its equivalent metal complexes. Table 4 highlights the dipole 
moment and total energies (Etot) of the compounds produced. 

The total energy values of the H2L ligand and its CoL, NiL, 
CuL, and ZnL complexes were determined as follows: -1805.20, 
-3185.98, -3311.58, -3443.76, -3582.61 (Hartree), respectively. 
It should be noted that compared to the ligand (H2L), all metal 
complexes showed higher negative energy levels, indicating 
that they are all more stable than the ligand [59].  Among the 
metal complexes, the ZnL complex was the most stable due to 

its higher negative total energy (-3582.6 Hartree), whereas the 
CoL complex was less stable due to its lower negative total 
energy (-3185.98 Hartree). The dipole moment plays a crucial 
role in determining the binding interactions of synthesized 
compounds with receptor proteins. Among the compounds 
synthesized, the ligand (H2L) showed the highest polarity with 
a dipole moment of µ=4.46771 Debye, while CoL exhibited the 
lowest polarity with a dipole moment of µ=2.07914 Debye.  
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Figure 10. HOMO-LUMO energy gap of ligand and its metal complexes. 
 
Understanding the concept of polarity is particularly 

important to predict the lipophilicity of compounds, which 
determines their ability to penetrate the lipophilic membrane 
of microorganisms [78]. 
 
3.8. Frontier molecular orbital’s and chemical reactivity 
parameters 
 

The Frontier molecular orbitals (FMO) of the synthesized 
ligand and its metal complexes are represented in Figure 10. 
HOMO is the highest occupied molecular orbital, while LUMO is 
the lowest occupied molecular orbital. The electron occupation 
in HOMO and LUMO is investigated to predict the chemical 
reactivity attributes of the synthesized ligand and its corres-
ponding metal complexes [79]. HOMO is an electron donor, 
while LUMO is an electron acceptor. The HOMO-LUMO energy 
difference is recognized as an energy gap, which is an essential 
parameter for the determination of the stability and reactivity 
of compounds. The small value of the HOMO-LUMO energy 
difference (∆E) is due to its high degree of intramolecular 
charge transfer from the electron donor side to the acceptor 
side [80]. 

The chemical reactivity parameters of the synthesized 
Salen-type ligand H2L and its metal complexes are represented 
in Table 4. Analysis of the frontier molecular orbital data 
implies that complexation results in a reduction in the energy 
gap of the compounds. This smaller energy gap in complexes 
signifies higher polarity, conductivity, high biological efficacy, 
and kinetically low stability [81]. Explicitly, the ligand primarily 
displays the highest energy gap (∆E = 3.7 eV), while its 
analogous metal complexes demonstrate a decrease in energy 
gap (∆E = 0.87-1.3 eV). The higher reactivity of the metal 
complexes is attributed to their smaller energy gap. However, 
the enhanced stability of the ligand is attributed to its higher 
energy gap. The stability order of the compounds on the basis 
of the energy gap is as follows: H2L > CuL > CoL > NiL > ZnL, and 
the reactivity order is as follows: ZnL > NiL > CoL > CuL >H2L. 
The nucleophilic potential of compounds is determined by the 
higher value of EHOMO, whereas the electrophilic potential of 
compounds is determined by the lower value of ELUMO [82]. A 
higher value of EHOMO demonstrates that the molecule has a 
higher electron-donating capability, while the lowest value of 
ELUMO demonstrates that molecules have a higher electron-
accepting potential [83]. The compound H2L shows a more 

reactive HOMO, whereas the metal complexes have a less 
reactive HOMO. Metal complexes demonstrate LUMO with less 
energy, and the ligand demonstrates LUMO with high energy. 
According to Koopman’s theorem [84], global reactivity 
parameters such as global softness (δ), global hardness (η), 
ionization potential (I = -EHOMO), electron affinity (A = -ELUMO), 
electronegativity (χ), and electrophilicity (ω) can be calculated 
from the energies of HOMO and LUMO [84]. Molecules with a 
higher electronegativity index (χ) manifest acidic attributes, 
while compounds with a smaller electronegativity (χ) showcase 
their basic nature. In accordance with the electronegativity 
values, all complexes demonstrate acidic nature, while the 
ligand exhibits basic nature. The prevention of charge transfer 
capability in compounds is recognized as global hardness, while 
the electron transfer ability of compounds is called global 
softness. Here, the compound H2L exhibits an elevated global 
hardness, while the complexes have enhanced global softness 
parameters. Softer molecules are more polarizable compared to 
harder molecules. Ligand H2L is a good nucleophile due to its 
lower electrophilicity parameter, while metal complexes are 
good electrophiles due to their higher electrophilicity 
parameters. In particular, ZnL acts as a proficient electrophile 
because of its elevated electrophilicity index. All metal 
complexes have higher electron-accepting ability, while the 
ligand has higher electron-donating ability. The ionization 
potential is determined by the chemical potential and 
electronegativity parameters of the compounds. A higher value 
of the chemical potential manifests a greater ability to lose 
electrons. The compound CuL has the highest ionization 
potential (I = 12.36 eV), whereas the Salen-Schiff base ligand 
has the lowest ionization potential (I= 5.4eV). All these 
parameters can greatly influence the binding affinity of 
compounds to the active sites of proteins. All complexes 
demonstrate higher antibacterial, antioxidant, antimalarial, and 
anti-inflammatory bioefficacy compared to those of the ligand, 
owing to their small energy gap, negative HOMO, and higher 
softness values. Especially among the synthesized complexes, 
the higher biological efficacy of CuL can be explained on the 
basis of the most negative HOMO and the least negative LUMO. 
 
4. Conclusion 
 

We have effectively synthesized a novel quadridentate 
Schiff base ligand (H2L = 6, 6’-(((4-chloro-1, 2-phenylene)bis 
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(azanylylidene)) bis(methanylylidene)) bis(2-isopropyl-5-met-
hylphenol)), along with its corresponding metal complexes: 
CoL, NiL, CuL, and ZnL. The spectroscopic characterization data 
of the synthesized complexes indicate that the metal ions 
coordinate to the ligand via nitrogen and oxygen atoms of the 
ligand in a 1:1 stoichiometric ratio. The DFT findings show that 
ligands are more stable, while complexes are more reactive. The 
stability order of the complexes is shown below: CuL > CoL > 
NiL > ZnL. The biological investigation of the synthesized 
compounds indicates that all complexes are more effective than 
their parent ligand (H2L). According to DFT studies complexes 
have a smaller energy gap, the most negative HOMO, and 
greater softness values, which contribute to their increased 
effectiveness. The CuL complex has remarkable antimalarial 
and anti-inflammatory activity, whereas ZnL has enhanced 
antioxidant and antibacterial effectiveness. Compared to 
conventional ampicillin drug (MIC = 100 µg/mL), all 
synthesized complexes (MIC = 62.5-100 µg/mL) have shown 
outstanding potency against S. pyogenes bacteria. Additionally, 
the CoL complex (MIC = 50 µg/mL) demonstrated superior 
efficacy against P. aeruginosa. Moreover, the most effective 
binding interactions of the synthesized complexes with the 
most active sites of lactate dehydrogenase and cysteine 
protease SpeB have been revealed by molecular docking 
analysis. 
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