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Design and synthesis of a novel isoleucine-derived 
Schiff base ligand: Structural characterization, molecular 
docking, and in vitro biological activity evaluation

Introduction

Transition metal complexes find broad applications in fields such 
as photochemistry, biological systems, material synthesis, and 
catalysis, due to their remarkable diversity in chemical, optical, 
and magnetic properties.[1-3] Schiff bases, a prominent class 
of compounds, are extensively utilized as chemical catalysts, 
polymer stabilizers, pigments, dyes, and as precursors in organic 
synthesis. Beyond their functional applications, Schiff bases 
exhibit a wide range of biological activities, including antifungal, 
antibacterial, antimalarial, antiproliferative, anti-inflammatory, 
antiviral, and antipyretic effects.[4-6] These versatile compounds 
feature imine (or azomethine) groups, which are essential for 
their bioactivity and are commonly found in both naturally 

occurring and synthetic materials.[7] The biological efficacy of 
Schiff bases has been shown to be closely linked to the presence 
of the imine group, making them important candidates for 
therapeutic and pharmaceutical development.[8]

Isoleucine is a well-known amino acid recognized for its role 
in enhancing muscle tissue healing and repair, promoting 
coagulation at injury sites, and increasing endurance. Its 
primary role in the body involves supporting energy production 
and aiding recovery after intense physical activity, making it 
an essential nutrient for athletes and bodybuilders.[9]

The objective of the present study was to synthesize 
and characterize a novel Schiff base ligand through the 
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condensation of isatin with the donor amino acid isoleucine 
and 2, 6-aminopyridine. The resulting metal complexes were 
characterized using elemental analysis, thermal analysis, molar 
conductivity, and infrared spectroscopy to determine their 
structure. The cobalt (Co[II]) and nickel (Ni[II]) complexes 
were found to be amorphous, while the complexes of isoleucine 
ligand with Co(II), Ni(II), iron (Fe[III]), manganese (Mn[II]), 
copper (Cu[II]), zinc (Zn[II]), and cadmium (Cd[II]) were 
found to be crystalline. Scanning electron microscopy 
(SEM) images confirmed the nanostructured nature of 
these compounds. The antibacterial and anticancer efficacy 
of the synthesized ligands and their M(II)/(III) complexes 
were assessed, revealing significant bioactivity. In addition, 
molecular docking studies were performed to evaluate the 
potential biological interactions of the synthesized ligand 
with key receptors, including 1GS4, 2HQ6, 3DJD, and 5JPE, 
suggesting promising biological properties.

Methods

Materials and reagents
The highest purity and analytical reagent grade were used 
for each compound. Isatin, isoleucine, 2,6-diaminopyridine, 
CrCl₃·6H₂O, MnCl₂·2H₂O, NiCl₂·6H₂O, FeCl₃·6H₂O, and 
CoCl₂·6H₂O were purchased from Acros, Strem Chemicals, and 
Sigma-Aldrich, respectively. The organic solvents, including 
diethyl ether, dimethylformamide (DMF), and ethyl alcohol, 
were of spectroscopic grade from BDH. Deionized water was 
routinely used for all preparations. Other chemicals, such as 
sodium bicarbonate, isotonic trypan blue, dimethyl sulfoxide 
(DMSO), RPMI-1640 media, penicillin, streptomycin, trypsin, 
acetic acid, sulforhodamine B (SRB), and trichloroacetic acid 
(TCA), were supplied by Sigma Chemical Co., St. Louis, 
MO, USA.

Human tumor cell lines (breast cells) obtained from the 
American Type  Culture Collection were cryopreserved in 
liquid nitrogen at −180°C. These cell lines were maintained 
through serial sub-culturing at the National Cancer Institute 
in Cairo, Egypt.

Solutions
Stock solutions of metal complexes (1 × 10⁻³ mol/L) were 
prepared by dissolving an accurately weighed amount of 
the ligand and its metal complexes in DMF. Conductivity 
measurements for each metal complex were carried out using 
these stock solutions. For UV-visible spectrophotometric 
analysis, solutions of the Schiff base ligand and its metal 
complexes (1 × 10⁻⁴ mol/L) were prepared by diluting the 
original stock solutions.

Reagents for anticancer experiments
A fresh stock solution of the Schiff base ligand (1 × 10⁻³ mol/L, 
0.003514  g/L) was prepared in 95% ethanol. DMSO from 

Sigma Chemical Co., St. Louis, MO, USA, was used for 
cryopreserving cells, while RPMI-1640 medium (Sigma 
Chemical Co., St. Louis, MO, USA) was used for cell growth 
and maintenance. The preparation of the medium involved 
weighing 10.4 g of RPMI-1640 powder, adding 2 g of sodium 
bicarbonate, and diluting it to a final volume of 1 L, followed by 
thorough mixing to ensure complete dissolution. The medium 
was then sterilized using a Millipore bacterial filter (0.22 µm).

The RPMI-1640 medium (Sigma Chemical Co., St. Louis, 
MO, USA) was prepared using sodium bicarbonate. For cell 
viability counting, a 0.05% isotonic Trypan blue solution in 
normal saline was obtained from Sigma Chemical Co., St. 
Louis, MO, USA. In addition, the RPMI-1640 medium was 
supplemented with 10% fetal bovine serum (heat-inactivated 
at 56°C for 30 min), 100 units/mL penicillin, and 2 mg/mL 
streptomycin, all provided by Sigma Chemical Co. Trypsin 
(0.025%, w/v) from the same supplier was used for cell 
harvesting. To dissolve the unbound SRB dye, 1% (v/v) 
acetic acid (Sigma Chemical Co., St. Louis, MO, USA) was 
used. SRB, a protein-binding dye, was dissolved in 1% acetic 
acid, and a 50% TCA stock solution was prepared for protein 
precipitation by adding 50 µL of the stock to 200 µL of RPMI-
1640 medium per well to achieve a final concentration of 
10%. The solvents used for other procedures included 100% 
isopropanol and 70% ethanol.

Instruments

Microanalyses for carbon, hydrogen, and nitrogen were 
conducted at Cairo University’s Microanalytical Center 
using a CHNS-932 (LECO) Vario Elemental Analyzer. For 
metal content determination, solid complexes were dissolved 
in concentrated HNO₃, followed by dilution with deionized 
water. The metal content was analyzed at the Egyptian 
Petroleum Research Institute using inductively coupled plasma 
atomic emission spectrometry. Fourier-transform infrared 
spectroscopy (FT-IR) spectra (4000–400 cm⁻¹) were recorded 
using a Perkin-Elmer 1650 spectrometer with KBr pellets.

Electronic spectra of the samples were obtained at 
room temperature in ethanol using a Shimadzu 3101PC 
spectrophotometer. Proton nuclear magnetic resonance 
(^1H-NMR) spectra were recorded on a 300 MHz Varian-
Oxford Mercury at room temperature, with TMS as an internal 
standard. Mass spectra were acquired at 70 eV using an EI 
method on an MS-5988 GS-MS Hewlett-Packard instrument 
at the Microanalytical Center, National Center for Research, 
Egypt.

Molar conductivities of 1 × 10⁻³ mol/L solutions of the 
solid complexes in DMF were measured using a Jenway 
4010 conductivity meter. Thermogravimetric analysis and 
differential thermogravimetric analysis (TGA and DTG) of 
the solid complexes were performed from room temperature 
to 1000°C using a Shimadzu TG-50H thermal analyzer.
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X-ray powder diffraction (XRD) experiments were carried out 
with a PANalytical X’pert PRO diffractometer equipped with 
a secondary monochromator and Cu radiation (λ = 1.542 Å) at 
45 kV, 35 mA, with a scanning speed of 0.02°/s. The relative 
intensities (I/I₀) and corresponding spacings (d, Å) of the 
diffraction peaks were determined between 20° and 60°. The 
diffraction patterns and relative intensities were compared with 
the International Centre for Diffraction Data files to confirm 
the crystal structure.

Preparation of Schiff base ligand
To synthesize the Schiff base ligand (HL), isoleucine 
(30.49 mmol, 4 g) was added dropwise to L1 (30.94 mmol, 
7.26 g) in ethanol. The mixture was then refluxed and stirred for 
approximately 2 h at a temperature between 100°C and 150°C, 
resulting in the formation of a dark purple solid. As shown in 
Scheme 1, the solid was filtered, recrystallized, washed with 
ethanol, and dried under vacuum.

HL1
(cyclopenta-2,4-dien-1-yl)(cyclopenta-2,4-dien-1-yl)
(1-((8-aminonaphthalen-1-yl)imino)ethyl) (HL) was obtained 
as a dark purple solid. FT-IR (v, cm⁻¹): (OH) 3434 br, (C=O) 
1705 w, azomethine (C=N) 1619 sh, (COO⁻) asymmetric 
1456 s, (COO⁻) symmetric 1360 w. The yield was 80%, with 
a melting point of 180°C. The calculated percentages for C, 
H, and N in C₁₉H₂₁N₅O₂ were 64.88%, 5.98%, and 19.92%, 
respectively. The experimental values were C 64.74%, H 
5.98%, and N 19.92%. ¹H-NMR (300 MHz, DMSO–d₆, ppm) 
revealed the following peaks: 4.20 (d, 1H, NH), 6.74–7.24 
(m, 8H, aromatic ring), 8.33 (s, 2H, NH₂), 10.30 (s, 1H, OH 
group). UV-Vis absorption maxima were observed at 215 nm 
(π-π* transition of the aromatic ring), 248 nm (n-π* transition 

of the azomethine group), and 339 nm (n-π* transition of the 
azomethine group).

Preparing of metal complexes
A heated solution (60°C) of the appropriate metal chloride 
(1.1383 mmol) was combined with a hot solution of the HL 
ligand (0.4 g/L, 1.1383 mmol) in 25 mL of ethanol to form the 
metal complexes. The mixture was stirred under reflux for 1.5 h, 
resulting in the precipitation of the complexes. The precipitates 
were filtered, washed with hot ethanol and acetone, and then 
dried in a vacuum desiccator over anhydrous calcium chloride.

[Cr(III)(L)Cl(H₂O)]Cl·2H₂O
Brown solid, m.p. >300°C, 75% yield. Analysis for 
C₁₉H₂₇Cl₂CrN₅O₅ (%): Calc. C, 43.16; H, 5.11; N, 13.25; Cr, 
9.84. Λm (Ω⁻¹mol⁻¹cm²) = 70. FT-IR (v, cm⁻¹): v(C=O) 1711w, 
azomethine ν(C=N) 1645s, ν(COO⁻)asym 1462s, ν(COO⁻)sym 
1320w, ν(H₂O stretch) 980w, 875m, ν(M–O) 568w, ν(M–O of 
H₂O) 520w, ν(M–N) 477w.

[Mn(II)(L)(H2O)2]Cl.3H2O
Brown solid, m.p. >300°C, 77% yield. Analysis for 
C₁₉H₃₁ClMnN₅O₇ (%): Calc. C, 42.88; H, 5.83; N, 13.16; 
Mn, 10.33. Found: C, 42.56; H, 5.56; N, 12.94; Mn, 10.14. 
Λm = 76. FT-IR: ν(C=O) 1707m, azomethine ν(C=N) 
1620s, ν(COO⁻)asym 1464s, ν(COO⁻)sym 1310w, ν(H₂O 
stretch) 922w, 875w, ν(M–O) 594w, ν(M–O of H₂O) 540w, 
ν(M–N) 493w.

[Fe(III)(L)Cl₂]·2H₂O
Reddish-brown solid, m.p. >300°C, 76% yield. Analysis for 
C₁₉H₂₅Cl₂FeN₅O₄ (%): Calc. C, 44.34; H, 4.86; N, 13.61; 
Fe, 10.86. Found: C, 44.12; H, 4.34; N, 13.44; Fe, 10.65. 
Λm = 31. FT-IR: ν(C=O) 1707m, azomethine ν(C=N) 1616s, 
ν(COO⁻)asym 1458s, ν(COO⁻)sym 1324w, ν(M–O) 544m, 
ν(M–N) 477w.

[Co(II)(L)]Cl·2H₂O
Brown solid, m.p. >300°C, 79% yield. Anal. for C₁₉H₂₅ClCoN₅O₄ 
(%): Calc. C, 47.32; H, 4.77; N, 14.53; Co, 12.23. Found: C, 
47.28; H, 4.33; N, 14.39; Co, 12.07. Λm = 118. FT-IR: ν(C=O) 
1705w, azomethine ν(C=N) 1641s, ν(COO⁻)asym 1463s, 
ν(COO⁻)sym 1330w, ν(M–O) 588w, ν(M–N) 486w.

[Ni(II)(L)]Cl·4H₂O
Brown solid, m.p. >300°C, 75% yield. Analysis for 
C₁₉H₂₉ClNiN₅O₆ (%): Calc. C, 43.72; H, 5.56; N, 13.42; Ni, 
11.25. Found: C, 43.28; H, 5.35; N, 13.16; Ni, 11.09. FT-IR: 
ν(C=O) van., azomethine ν(C=N) 1625s, ν(COO⁻)asym 1461s, 
ν(COO⁻)sym 1310w, ν(M–O) 591w, ν(M–N) 486w.

[Cu(II)(L)(H₂O)₂]Cl·H₂O
Brown solid, m.p.  205°C, 72% yield. Analysis for 
C₁₉H₂₇ClCuN₅O₅ (%): Calc. C, 45.20; H, 5.35; N, 13.88; Cu, 
12.60. Found: C, 45.07; H, 5.17; N, 13.82; Cu, 12.07. Λm = 61. 
FT-IR: ν(C=O) 1720m, azomethine ν(C=N) 1618s, ν(COO⁻)Scheme 1: Schiff base ligand preparation (HL1)
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asym 1458s, ν(COO⁻)sym 1310w, ν(H₂O stretch) 920w, 876w, 
ν(M–O) 597w, ν(M–O of H₂O) 520w, ν(M–N) 477w.

[Zn(II)(L)]Cl·2H₂O
Brown solid, m.p. >300°C, 74% yield. Analysis for 
C₁₉H₂₅ClZnN₅O₄ (%): Calc. C, 46.69; H, 5.12; N, 14.34; Zn, 
13.39. Found: C, 46.47; H, 5.09; N, 14.28; Zn, 13.22. FT-IR: 
ν(C=O) 1705w, azomethine ν(C=N) 1621s, ν(COO⁻)asym 
1460s, ν(COO⁻)sym 1324w, ν(M–O) 582w, ν(M–N) 499w.

[Cd(II)(L)(H₂O)₂]Cl·H₂O
Brown solid, m.p. >300°C, 73% yield. Analysis for 
C₁₉H₂₇ClCdN₅O₅ (%): Calc. C, 41.21; H, 4.88; N, 12.65; Cd, 
20.32. Found: C, 41.17; H, 4.21; N, 12.65; Cd, 20.24. FT-IR: 
ν(C=O) 1712m, azomethine ν(C=N) 1621sh, ν(COO⁻)asym 
1464s, ν(COO⁻)sym 1320w, ν(H₂O stretch) 920w, 876m, 
ν(M–O) 596w, ν(M–O of H₂O) 520w, ν(M–N) 486w.

Spectrophotometric investigations
The absorption spectra of the free ligand and its metal 
complexes (1 × 10⁻⁴ mol/L) were recorded across the 
200–700-nm wavelength range.

Biological activities
Anti-microbiological effect
A 5-mm filter paper disk was placed in 250-mL flasks 
containing 20 mL of the tested solution at a concentration of 
100 mg/mL. The flasks were autoclaved for 20 min at 121°C. 
Using the agar diffusion method, two fungal strains (Candida 
albicans and Aspergillus fumigatus) and four bacterial strains 
(Gram-positive Bacillus subtilis and Staphylococcus aureus, 
Gram-negative Salmonella spp. and Escherichia coli) were 
inoculated on LB agar plates. A saturated disk with the tested 
solution was placed in the center of each plate. Four chemical 
samples were placed at evenly spaced points, 2 cm from the 
center. DMSO was used as the reference solvent.

The plates were incubated at 25°C for 48 h to observe the 
formation of inhibitory or clear zones around each disk. 
The antibacterial activity was determined by subtracting the 
diameter of the inhibition zone obtained with DMF (control). 
Amikacin and ketoconazole were used as reference compounds 
for antibacterial and antifungal activity, respectively. Each 
experiment was performed in triplicate, and the average results 
are reported.

Anticancer activities
The cytotoxicity of the compounds was evaluated using the 
method described by Skehan et al.[10,11] A total of 10⁴ cells 
per well were plated in a 96-well plate and incubated for 
24 h to allow cell adhesion. The cell monolayers in triplicate 
wells were treated with different concentrations of the test 
compounds (0, 5, 12.5, 25, 50, and 100 µg/mL) for each dose. 
The treated cells were then incubated at 37°C with 5% CO₂ 
for 48  h. After the incubation period, the cells were fixed, 

washed, and stained with SRB dye. Excess dye was removed 
with acetic acid, and the remaining bound dye was solubilized 
in Tris-ethylenediaminetetraacetic acid buffer. The optical 
density (O.D.) of each well was measured at 564 nm using an 
enzyme-linked immunosorbent assay microplate reader. The 
mean values for each drug concentration were calculated after 
automatically subtracting the mean background absorbance. 
The cell survival curve was plotted by correlating the drug 
concentration with the surviving cell fraction.

Cell survival estimation
The percentage of surviving cells was calculated using the 
formula: O.D. (treated cells)/O.D. (untreated cells) = survival 
fraction (control cells). The IC50 values represent the 
concentration of thymoquinone required to inhibit cell growth 
by 50%. Each experiment was performed in triplicate for 
every cell line.

Molecular docking
Molecular docking studies were conducted using the MOE 
2008 software. The crystal structures of human colon cancer 
antigen 10 (PDB ID: 2HQ6), A. fumigatus fructosamine 
oxidase (PDB ID: 3DJD), and mutant human androgen 
receptors (ARccr) from androgen-independent prostate cancer 
(PDB ID: 1GS4) were used to predict potential binding 
modes and their lowest binding energies. In addition, serine/
threonine protein phosphatase (PPZ1) from C. albicans (PDB 
ID: 5JPE) was included for comparison in an interactive 
molecular graphics program.[6] The receptor and Schiff base 
ligand structures were input in PDB format, and the compound 
structures were generated using the Gaussian03 program. The 
receptor crystal structures (1GS4, 2HQ6, 3DJD, and 5JPE) 
were obtained from the Protein Data Bank (http://www.rcsb.
org/pdb). Water molecules, co-crystallized ligands, counterions 
(Cl⁻), and unsupported elements (e.g., K, Na, and Hg) were 
removed from the docking experiments, while the amino acid 
chains were preserved.[12]

Results

Schiff base ligand characterization
A novel Schiff base ligand was synthesized by reacting 
isoleucine with L1 (isatin and 2,6-diaminopyridine) in a 
1:1  ratio. Spectral and elemental analyses were carried out 
to determine its composition. The resulting ligand was a 
solid, dark purple compound, stable at room temperature, 
and soluble in common organic solvents like DMSO and 
DMF. The calculated values were in strong agreement with 
the experimental data.

The FTIR spectrum of the Schiff base ligand (HL) confirmed 
its formation, showing a strong band at 1619 cm⁻¹ attributed to 
ν(C=N), along with two distinct bands at 1456 and 1360 cm⁻¹ 
corresponding to the asymmetric (COO⁻) and symmetric 
(COO⁻) stretching vibrations, respectively[13,14] The unbound 
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ligand displayed a broad band at 3434 cm⁻¹ due to O-H 
stretching and a band at 1705 cm⁻¹ from the carbonyl (C=O) 
group, further supporting the successful synthesis of the Schiff 
base.[15,16]

Metal complex characterization

Elemental analysis
Metal complexes with an ML-type composition were 
synthesized by reacting the Schiff base in hot ethanol with 
an ethanolic solution of the corresponding metal chloride 
in a 1:1 ratio. The experimental and theoretical elemental 
analyses of the metal complexes showed good agreement. 
The results of the elemental analysis (C, H, N, and M), along 
with the molecular formulas and melting points, are presented 
in Table 1.

Molecular conductivity evaluations
Molar conductance values for the metal complexes in DMF at 
25°C and 1 × 10⁻³ mol/L concentration are shown in Table 1. 
The results indicate that the Co(II), Cr(III), Cu(II), Cd(II), 
Ni(II), Zn(II), and Mn(II) complexes are ionic and electrolytic, 
with conductance values ranging from 61 to 139 Ω⁻¹mol⁻¹cm². 
The Fe(III) complex, however, displayed a lower molar 
conductance of 31 Ω⁻¹mol⁻¹cm², suggesting weak ionic (non-
electrolytic) behavior, with the anion located within the inner 
coordination sphere.[17]

IR spectral studies
The IR spectra of the free ligand (HL) and its metal complexes 
were examined to identify key bands in the 4000–400 cm⁻¹ 
range, as shown in Table  2. The spectra were compared to 
determine which coordination sites were involved in chelation. 
Coordination to the metal ions through the azomethine 
nitrogen was evidenced by a slight shift in the azomethine 
(νC=N) stretching frequency, moving to 1616–1645 cm⁻¹ 
after complexation.[18]

The presence of water molecules in the free ligand was 
confirmed by a broad band at 3434 cm⁻¹, corresponding to the 
O-H stretching vibration. This band persisted in the complexes, 

appearing between 3339 and 3430 cm⁻¹. Interference from 
NH₂ vibrations, often associated with O-H, complicates the 
distinction of these bands, which can be further analyzed 
through ¹H-NMR. The free ligand’s asym(COO⁻) and 
sym(COO⁻) stretching vibrations were observed at 1456 and 
1360 cm⁻¹, respectively.[15,16]

For the metal complexes, a shift in the asym(COO⁻) and 
sym(COO⁻) bands to 1458–1464 cm⁻¹ and 1310–1330 cm⁻¹, 
respectively, indicated coordination through the carboxylate 
O atom. New bands in the 544–597 cm⁻¹ (M-O) and 
477–499 cm⁻¹ (M-N) ranges further supported the bonding 
of oxygen and nitrogen to the central metal ions.[19,20] The 
presence of coordinated water molecules in the Cr(III), Cu(II), 
Mn(II), and Cd(II) complexes was confirmed by weak bands 
at 920–980 cm⁻¹ (rocking) and 875–876 cm⁻¹ (wagging) 
for the ν(H₂O) vibration.[21,22] Weak stretching vibrations of 
coordinated water were observed at 520–540 cm⁻¹.[23]

The tetradentate ligand contributed two azomethine nitrogen 
atoms, one carboxylate oxygen, and one amino nitrogen 
to the complex. In octahedral complexes, two additional 
coordination sites were occupied by either two chloride ions 
or a combination of water and chloride molecules.

1H-NMR spectral analyses

Comparing the proton signal positions of the Zn(II) and Cd(II) 
complexes to those of the ligand indicates that all signals 
remained within the expected range, with only slight shifts 
attributed to ligand-metal ion interactions.[19] The proton 
signal at 4.20 ppm (d, 1H, NH) in the [Zn(L)]Cl·2H₂O and 
[Cd(L)(H₂O)₂]Cl·H₂O complexes corresponds to the NH of 
isatin. This signal, however, shifted to 4.13–4.00 ppm in these 
complexes.

The multiplet observed in the range of 6.74–7.24  ppm 
(m, 8H, Ar-H) was found at 6.49–7.26 ppm and 6.90–7.08 ppm 
in the [Zn(L)]Cl·2H₂O and [Cd(L)(H₂O)₂]Cl·H₂O complexes, 
respectively, indicating the presence of aromatic protons. In 
addition, the signal at 8.33 ppm, attributed to NH₂ protons, 

Table 1: Analytical and physical data of Schiff base ligand (HL) and its metal complexes
Compound (Molecular 
Formula)

Colour (%yield) M.p. 
(°C)

% Found (Calc.) Λm

Ω‑1mol‑1 cm2C H N M

Ligand (HL) Dark purple (80) 180 64.74 (64.88) 5.67 (5.98) 19.84 (19.92) ‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑

[Cr(L)Cl(H2O)]Cl.2H2O Brown (75) >300 43.13 (43.16) 5.07 (5.11) 12.82 (13.25) 9.41 (9.84) 70

[Mn(L)(H2O) 2]Cl.3H2O Brown (77) >300 42.56 (42.88) 5.56 (5.83) 12.94 (13.16) 10.14 (10.33) 76

[Fe(L)Cl2].2H2O Reddish Brown (76) >300 44.12 (44.34) 4.34 (4.86) 13.44 (13.61) 10.65 (10.86) 31

[Co(L)]Cl.2H2O Brown (79) >300 47.28 (47.32) 4.33 (4.77) 14.39 (14.53) 12.07 (12.23) 118

[Ni(L)]Cl.4H2O Brown (75) >300 43.28 (43.72) 5.35 (5.56) 13.16 (13.42) 11.09 (11.25) 139

[Cu(L)(H2O) 2]Cl.H2O Brown (72) 205 45.07 (45.20) 5.17 (5.35) 13.82 (13.88) 12.07 (12.60) 61

[Zn(L)]Cl.2H2O Brown (74) >300 46.47 (46.69) 5.09 (5.12) 14.28 (14.34) 13.22 (13.39) 97

[Cd(L)(H2O) 2]Cl.H2O Brown (73) >300 41.17 (41.21) 4.21 (4.88) 12.65 (12.65) 20.24 (20.32) 87
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shifted to 8.20 ppm in both the [Zn(L)]Cl·2H₂O and [Cd(L)
(H₂O)₂]Cl·H₂O complexes.[24,25]

Mass spectrometric analyses

The mass spectrum of the ligand HL1 exhibited a molecular 
ion peak at (m/z) 352.22 amu, as shown in Figure 1. This result 
is consistent with the predicted formula, which indicates that 
the ligand moiety has an atomic mass of 351 amu, identified 
as C₁₉H₂₁N₅O₂. The spectrum of the Cu(II) complex revealed 
a mass peak at m/z 501.25 amu, aligning with the complex’s 
formula weight of 504 amu. Furthermore, the identification of 
the Schiff base ligand peak at 353.49 amu in the mass spectra 
of the complex provides evidence of its successful synthesis.

Examination of UV-visible absorption

The electronic spectra of the Schiff base ligand and its metal 
complexes were recorded in DMF solvent over a wavelength 
range of 200–700 nm. In the UV-visible spectra of the Schiff 
base ligand, two absorption bands were observed at 215 and 
248 nm. These absorption bands are likely attributed to the 
π-π* and conjugation transitions of the aromatic rings. In 
addition, the absorption band at 339 nm may result from the 
n-π* transition of the azomethine or amino group. However, 
this band was absent in all the metal complexes, indicating 
that the azomethine nitrogen was coordinated to the metal 
ions. Each metal complex exhibited absorption spectra in the 
range of 216–236 nm, containing bands associated with the 
π-π* transition.

Elemental spectra

The diffused reflectance spectra of the Cr(III) complex in DMF 
revealed three distinct bands at 19,920 cm-1(1), 26,246 cm-1 (2), 
and 28,901 cm-1 (3). These bands correspond to the transitions 
4A2g(F)4T2g(P), 4A2g(F)4T2g(F), and 4A2g(F)4T2g(F), 
respectively, indicating the octahedral geometry of the Cr(III) 
complex.[26]

In the case of the Mn(II) complex, the diffused reflectance spectra 
displayed two bands at 27,322 cm-1and 21,834 cm-1, attributed 
to the transitions 4T1g6A1g and 4T2g(G)6A1g, respectively, 
confirming the presence of an octahedral structure.[27]

For the Fe(III) chelate, a band at 20,161 cm-1 in the diffused 
reflectance spectra was linked to the 6A1g4T2g(G) transition, 
further supporting the octahedral geometry of the complex.[28,29] 
In addition, a band at 26,178 cm-1 was observed, likely resulting 
from charge transfer from the ligand to the metal. The diffused 
reflectance spectra of the Co(II) complex prominently displayed 
the 4A24T1 (F) transition, indicative of a tetrahedral environment 
around the Co(II) ion.[30] In the Ni(II) complex, a broad band 
centered at 16,666 cm-1 was identified as the 3T13T1 (P) transition, 
confirming the tetrahedral geometry of the Ni(II) ion.[31]

The electronic spectra of six-coordinate Cu(II) complexes 
(2D free ions) are expected to split into B1g, A1g, B2g, and 
Eg levels. Although few examples of such bands have been 
reported, three spin-allowed transitions were predicted in 
the visible and near-infrared regions.[32,33] These bands, in 
increasing energy order, were associated with the transitions 
2B1g2A1g (dx2-y2 dz2), 2B1g2B2g (dx2-y2 dxy), and 2B1g 
2Eg (dx2-y2 dxz, dyz), revealing d-d transition bands at 16,556, 
24,154, and 29,411 cm-1, respectively. The order of these energy 
levels is influenced by the ligand field strength and the Jahn-
Teller effect, which can cause deformation of the octahedral 
geometry into a tetragonal configuration.[33,34]

Both the Zn(II) and Cd(II) complexes exhibited diamagnetism. 
Empirical formulas indicate that the Cd(II) complex adopts an 
octahedral geometry, while the Zn(II) complex has a tetrahedral 
structure.

X-ray diffraction spectroscopy of powder

Conducting an XRD analysis in the range of 0° to 260° for 
the ligand was essential to understand the lattice dynamics 

Table 2: IR spectra (4000–400 cm‑1) of ligand (HL2) and its metal complexes
Assignment HL [Cr (L)

Cl (H2O)]
Cl. 2H2O

[Mn (L) (H2O) 2
[Cl.H2O

[Fe (L) 
Cl2].2H2O

[Co (L)] 
Cl. 2H2O

[Ni (L)]
Cl. 4H2O

[Cu (L) (H2O) 2] 
Cl.H2O

]Zn (L)[
Cl. 2H2O

[Cd (L) (H2O) 2] 
Cl.H2O

ʋ(C=O) 1705w 1711w 1707m 1707m 1705w disappeared 1720m 1705w 1712m

ʋ(C=N) 1619sh 1645s 1620s 1616s 1641s 1625s 1618s 1621s 1621sh

ʋ asymmetric (COO‑) 1456s 1462s 1464s 1458s 1463s 1461s 1458s 1460s 1464s

ʋ symmetric (COO‑) 1360w 1320w 1310w 1324w 1330w 1310w 1310w 1324w 1320w

ʋ(H2O)
stretching of 
coordinated 
water

‑‑‑‑‑‑ 980w
875m

922w
875w

‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑ 920w
876w

‑‑‑‑‑‑‑ 920w
876m

ʋ(M‑O) ‑‑‑‑‑‑ 568w 594w 544m 588w 591w 597w 582w 596w

ʋ(M‑O) of H2O
coordinated

‑‑‑‑‑‑ 520w 540w ‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑ 520w ‑‑‑‑‑‑‑‑ 520w

ʋ(M‑N) ‑‑‑‑‑‑ 477w 493w 477w 486w 486w 477w 499w 486w
sh: Sharp, br: Broad, s: Strong, m: Medium, w: Weak
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of the Schiff base ligand and its metal complexes. The XRD 
results raised questions about the assertion that each solid 
represented a unique compound with a well-defined structure. 
The findings indicated that the complexes of Cr(III), Fe(III), 
Mn(II), Cu(II), Zn(II), and Cd(II) were crystalline, while the 
complexes of Co(II) and Ni(II) were amorphous. The average 
crystallite size (n) can be determined from the XRD pattern 
using the Debye-Scherrer equation.

ξ =Kλ/1/2cos Ɵ

The equation incorporates the X-ray wavelength (1.542475 Å), 
a constant KKK (typically assumed to be 0.95 for organic 
compounds[35,36]), and the full width at half maximum (FWHM) 
of the reference diffraction peak in radians. The dislocation 
density of a crystal is defined as the number of dislocation lines 

per unit area. There is a linear relationship between the average 
particle diameter and its corresponding value, as demonstrated 
in references.[37]

δ = 1/ξ2

The calculated ξ values for the HL, Cr(III), Mn(II), Fe(III), 
Cu(II), Zn(II), and Cd(II) complexes are 95.29, 69.85, 
41.60, 79.87, 43.80, 41.82, and 41.80 nm, respectively. The 
ξ values were found to be 1 × 10⁻³ nm² for the ligand (HL) 
and Fe(III), 2 × 10⁻³ and 6 × 10⁻³ nm² for Cr(III) and Mn(II), 
and 5 × 10⁻³ nm² for the Cu(II), Zn(II), and Cd(II) complexes. 
These results indicate that all of these complexes are nanosized.

The surface morphology of the ligand and metal complexes 
was assessed using SEM analysis [Figure  2]. The SEM 

Figure 1: Mass spectra of (a) Schiff base ligand (HL) and (b) [Cu(l)(H2O)2]Cl.H2O
b

a
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micrographs revealed significant differences between the free 
ligand and the Co(II) chelate, attributed to the coordination of 
metal ions at the ligand’s donor sites.[38] The micrographs of 
the complex indicated that this coordination altered the surface 
morphology of the metal complex.

The image of the Schiff base ligand HL2 displayed tubular 
rods that varied in size but maintained a consistent shape. 
In contrast, the SEM micrograph of the Co(L)[Cl.2H2O] 
complex revealed irregularly fractured shapes resembling ice 
rocks, with randomly distributed particles resting atop these 
structures. The average particle size of the [Co(L)[Cl.2H2O] 
complex was measured at 71.94 nm, while the HL2 ligand 
had an average particle size of 78 nm. Based on the average 
grain size determined through SEM analysis, it was concluded 
that the compound is polycrystalline with nanosized grains.[39]

Thermal analysis investigations (TGA and DTG)

The thermal properties of the ligand and its complexes were 
characterized using TGA and DTG over a temperature range 
from room temperature to 1000°C. These methods allow for 
the assessment of water molecules present either within or 
outside the inner coordination sphere of the central metal 
ion, as well as provide insights into the general mechanism 
of thermal decomposition for these chelates. The temperature 
ranges and corresponding mass loss percentages are detailed 
in Table 3 of the supplementary data.

The TGA data for the HL2 Schiff base ligand (C19H21N5O2) 
revealed two distinct stages of decomposition. The first 
stage occurred between 130 and 170°C, with a maximum 
temperature peak at 149°C, resulting in a mass loss of 45.50% 
(estimated mass loss = 45.53%). The ligand component 
(C9H11N4O) underwent complete degradation in the final stage, 
occurring between 170 and 228°C, which resulted in a mass 

loss of 54.28% (calculated mass loss = 54.35%). The DTG 
curve indicated a total calculated mass loss of 99.88%, with 
a maximum peak temperature of 208°C, confirming a weight 
loss of 99.78%.

The thermogravimetric (TGA) curve for the [Cr(L)Cl(H2O)]
Cl·2H2O chelate exhibited four weight loss events. In the first 
stage, occurring between 60 and 130°C with a peak at 108°C, 
two water molecules and one hydrochloride molecule were 
lost, resulting in an estimated mass loss of 13.24% (calculated 
mass loss = 13.72%). The second stage took place between 
130 and 340°C, peaking at 304°C, leading to the loss of one 
coordinated water molecule and one hydrochloride molecule, 
with a mass loss of 11.36% (calculated mass loss = 10.32%).

The final two stages occurred between 340 and 490°C, 
with peaks at 422°C and 472°C. During this period, the 
C16H19N5O0.5 fragment was lost, resulting in an estimated mass 
loss of 55.13% (calculated mass loss = 54.70%). Overall, the 
total mass loss was 78.74% (or 79.73% of the total weight).

The [Mn(L)(H2O)2]Cl·3H2O molecule displayed three 
stages of degradation. The first stage, occurring between 60 
and 110°C with a peak at 89°C, resulted in a weight loss of 
10.52% (estimated mass loss = 10.16%) due to the loss of three 
water molecules. The second stage, between 110 and 350°C, 
involved the loss of two coordinated water molecules and one 
hydrochloride molecule, resulting in a mass loss of 13.88% 
(calculated mass loss = 13.63%).

The final stage reached a peak temperature of 599°C, resulting 
in the loss of a C19H20N5O fragment with an estimated mass 
loss of 61.73% (calculated mass loss = 52.81%). The total 
mass loss was 86.13% (or 86.60% based on calculated values), 
leaving MnO as the residue.

For the [Fe(L)Cl2]·2H2O complex, four degradation phases 
were observed between 60 and 680°C. In the first stage, two 
water molecules were lost between 60 and 110°C, with a peak at 
86°C and a mass loss of 6.43% (estimated mass loss = 7.00%). 
The second stage, peaking at 338°C and occurring between 
110 and 400°C, resulted in the loss of one hydrochloride and 
one CH3Cl molecule, corresponding to a mass loss of 16.37% 
(calculated mass loss = 16.92%).

During the final two stages, a C17H17N5O molecule was 
lost between 400 and 680°C, with peaks at 553°C and 
655°C, resulting in a mass loss of 57.38% (estimated 
mass loss = 55.82%). The residue at the end of the thermogram 
was Fe2O3, contaminated with carbon, with a total estimated 
mass loss of 80.18% (calculated mass loss = 79.74%).

The [Co(L)]Cl·2H2O chelate displayed three phases of thermal 
degradation between 60 and 670°C. The first stage, occurring 
between 60 and 120°C with a peak at 99°C, resulted in an 
estimated mass loss of 6.85% (calculated mass loss = 7.47%) 

Figure 2: Scanning electron microscopy for (a) Schiff base ligand 
(HL) and (b) Co(l)[Cl.2H2O

b

a
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due to the release of two hydrated water molecules. In the 
second stage, between 120 and 400°C with a maximum peak 
at 343°C, the complex lost one hydrochloride molecule and 
one C2H4 gas, resulting in an estimated mass loss of 15.13% 
(calculated mass loss = 13.39%).

During the final stage of disintegration, which occurred 
between 400 and 670°C with a peak temperature of 640°C, a 
C11H16N5O fragment was lost, resulting in a calculated mass 
loss of 48.57% and an estimated mass loss of 46.76%. At 
the conclusion of the thermogram, CoO, contaminated with 
carbon, was identified, with a total estimated mass loss of 
68.75% (calculated mass loss = 69.43%).

The thermogravimetric (TGA) curve for the [Ni(L)]Cl·4H2O 
complex displayed three weight loss events. The first stage 
of decomposition occurred between 60 and 135°C, peaking 
at 102°C, during which four water molecules were lost, 
resulting in an estimated mass loss of 13.40% (calculated 
mass loss = 13.80%). In the second stage, between 135 and 
430°C with a peak at 363°C, one hydrochloride molecule and 
a C4H8 fragment were lost, leading to an estimated mass loss 
of 17.02% (calculated mass loss = 17.73%).

The final stage involved the loss of a C13H12N5O fragment, 
resulting in NiO contaminated with two carbon atoms as 

residues. This stage, occurring between 430 and 600°C with 
a peak temperature of 569°C, had an estimated mass loss 
of 49.92% (calculated mass loss = 48.71%). Overall, there 
was an 80.34% reduction in body weight (calculated mass 
loss = 80.24%).

The TG curve for the [Zn(L)]Cl·2H2O complex peaked at 
91°C in the 55–115°C range, corresponding to a mass loss 
of 6.89% (estimated weight loss = 7.37%) due to the loss of 
two hydrated water molecules. The second phase, occurring 
between 115 and 340°C and peaking at 321°C, resulted in a 
mass loss of 13.35% (estimated mass loss = 13.21%) from the 
loss of a hydrochloride molecule and C2H4 gas.

In the penultimate stage, between 340 and 700°C, with a peak 
at 653°C, the C17H16N5O fragment was lost, resulting in a 
mass loss of 63.30% (calculated = 62.67%). The thermogram 
concluded with the identification of ZnO, which had lost 
83.55% of its total weight (calculated mass loss = 83.25%).

For the [Cd(L)(H2O)2]Cl·H2O chelate, six breakdown phases 
were observed between 60 and 970°C. The first breakdown 
stage, occurring between 60 and 130°C with a maximum 
temperature of 100°C, had an estimated mass loss of 3.75% 
(calculated mass loss = 3.25%) due to the release of a hydrated 
water molecule. In the second stage, between 130 and 310°C, 

Table 3: Thermoanalytical Results (TGA and DTG) of the (HL) Ligand and Its metal complexes
Complex TG range (°C) DTGmax (°C) n* Mass loss Total mass

Estim (Calc.) % loss
Assignment Residues

HL 130–170
170–228

149
208

1
1

45.50 (45.53)
54.28 (54.35)

99.78
(99.88)

‑ ‑Loss of C10H10NO.
‑ ‑Loss of C9H11N4O.

‑‑‑‑‑‑‑‑‑‑

[Cr(L)Cl(H2O)]Cl.2H2O 60–130
130–340
340–490

108
304

422, 472

1
1
2

13.24 (13.72)
11.36 (10.32)
55.13 (54.70)

79.73
(78.74)

‑ Loss of HCl, 2H2O.
‑ Loss of HCl, H2O.

‑ Loss of C16H19N5O0.5.

3C+
½ Cr2O3

[Mn(L)(H2O)2]Cl.3H2O 60–110
110–350
350–640

89
298
599

1
1
1

10.52 (10.16)
13.88 (13.63)
61.73 (62.81)

86.13
(86.60)

‑ Loss of 3H2O.
‑ Loss of 2H2O, HCl
‑ Loss of C19H20N5O.

MnO

[Fe(L)Cl2].2H2O 60–110
110–400
400–680

86
338

553, 655

1
1
2

6.43 (7.00)
16.37 (16.92)
57.38 (55.82)

80.18
(79.74)

‑ Loss of 2H2O.
‑ Loss of CH3Cl, HCl.
‑ Loss of C17H17N5O0.5.

2C+
½ Fe2O3

[Co(L)]Cl.2H2O 60–120
120–400
400–670

99
343
640

1
1
1

6.85 (7.47)
15.13 (13.39)
46.76 (48.57)

68.75
(69.43)

 ‑Loss of 2H2O.
‑ Loss of HCl, C2H4.
‑ Loss of C11H16N5O.

6C+CoO

[Ni(L)]Cl.4H2O 60–135
135–430
430–600

102
363
569

1
1
1

13.40 (13.80)
17.02 (17.73)
49.92 (48.71)

80.34
(80.24)

‑ Loss of 4H2O.
‑ Loss of HCl, C4H8.
‑ Loss of C13H12N5O.

2C+NiO

[Cu(L)(H2O)2]Cl.H2O 60–110
110–280
280–665

95
234

350, 608

1
1
2

4.56 (3.57)
17.32 (17.14)
58.44 (58.68)

80.33
(79.39)

‑ Loss of H2O.
‑ Loss of CH3Cl, 2H2O.

‑ Loss of C16H18N5O.

2C+CuO

[Zn(L)]Cl.2H2O 55–115
115–340
340–700

91
321
653

1
1
1

6.89 (7.37)
13.35 (13.21)
63.30 (62.67)

83.55
(83.25)

‑ Loss of 2H2O.
‑ Loss of C2H4, HCl.
‑ Loss of C17H16N5O.

ZnO

[Cd(L)(H2O)2]Cl.H2O 60–130
130–310
310–530
530–970

100
288
471

579, 658, 925

1
1
1
3

3.75 (3.25)
13.68 (13.10)
16.53 (15.18)
44.80 (45.19)

76.76
(76.72)

‑ Loss of H2O.
‑ Loss of HCl, 2H2O.

‑ Loss of C5H10N.
‑ Loss of C14H10N4O.

CdO

n* = steps of decomposition steps
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with a peak at 288°C, the complex lost two coordinated water 
molecules and one hydrochloride molecule, resulting in an 
estimated mass loss of 13.68% (calculated mass loss = 13.10%).

The third stage, occurring between 310 and 530°C, with a 
peak temperature of 471°C, involved the loss of a C5H10N 
fragment, yielding an estimated mass loss of 16.53% 
(calculated mass loss = 15.18%). The fourth, fifth, and 
sixth stages occurred between 530 and 970°C, with three 
temperature peaks at 579, 658, and 925°C, corresponding 
to the complete decomposition of the ligand C14H10N4O 
and an estimated mass loss of 44.80% (calculated mass 
loss  =  45.19%). The thermogram concluded with the 
identification of CdO, which had a total estimated mass loss 
of 76.76% (calculated mass loss = 76.72%).

Structural analysis
The complex architectures of Cr(III), Mn(II), Fe(III), Co(II), 
Ni(II), Cu(II), Zn(II), and Cd(II) are illustrated in the Figure 3. 
These structures are derived from a variety of physicochemical 
and spectroscopic data that have been previously presented 
and discussed.[40]

Antimicrobial activity
The size of the inhibition zone is influenced by factors such 
as the concentration of the antibacterial agent, diffusion rate, 

incubation conditions, and the culture medium. The behavior 
of the complexes under investigation was explained through 
chelation theory. Chelation reduces the polarity of the metal 
atom because the donor groups partially share the metal’s 
positive charge, causing electron delocalization throughout 
the chelate ring. This increases the lipophilicity of the metal 
atom, facilitating its penetration through the lipid layers of 
cell membranes.

The antifungal and antibacterial activities of the Schiff base 
ligand (HL2) and its metal complexes were tested in vitro 
against two fungal species (A. fumigatus and C. albicans), 
two Gram-positive bacteria (S. aureus and B. subtilis), 
and two Gram-negative bacteria (Salmonella species and 
E.  coli). The results of these antimicrobial tests are shown 
in Table 4 and Figures 4 and 5. For comparison, DMSO was 
used as a negative control, while amikacin and ketoconazole 
served as positive standards for antibacterial and antifungal 
tests, respectively.

The results indicated that while the Fe(III) complex exhibited 
no activity, the ligand was more biologically active than the 
complexes against S. aureus, a Gram-positive bacterium. When 
B. subtilis, another Gram-positive bacterium, was used, all 
complexes demonstrated better biological activity than the free 
ligand (HL), except for the Fe(III) complex, which showed no 
antibacterial activity [Figure 4].

Figure 3: (a-d) Structure of metal complexes of Schiff base ligand (HL)

b

d

a

c
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Regarding the Gram-negative Salmonella species, the Cr(III), 
Mn(II), Fe(III), Ni(II), Cu(II), and Zn(II) complexes had lower 
biological activity than the free HL2 ligand. However, the 
Cd(II) and Co(II) complexes exhibited similar activity to the 
free ligand.

For E. coli, another Gram-negative bacterium, the Cu(II) 
and Cd(II) complexes showed higher biological activity 
compared to the free HL2 ligand. While the Cr(III), Mn(II), 

Co(II), and Ni(II) complexes demonstrated less activity 
than the free ligand, they were still more active than the 
free ligand. The Mn(II) complex displayed the strongest 
antibacterial activity against E. coli. Both the Fe(III) and 
Zn(II) complexes exhibited activity comparable to the free 
HL ligand.

In antifungal studies involving A. fumigatus, the Zn(II) and 
Ni(II) complexes showed lower activity compared to the free 
HL ligand. In contrast, the Cr(III), Mn(II), Fe(III), Co(II), 
Cu(II), and Cd(II) complexes were active.[41,42] The biological 
activity of the synthesized Schiff base ligand and its metal 
complexes was further validated by calculating the activity 
index using the following equation:

Table 4: Biological activity of Schiff base ligand (HL) and its metal complexes with Gram‑positive bacteria and Gram‑negative bacteria 
and two fungi species
Sample Zone of inhibition diameter (mm/mg sample)

(Gram positive) (Gram negative) (Fungi)

Staphylococcus aureus Bacillus subtilis Salmonella species Escherichia coli Candida albicans Aspergillus fumigates

Control: Dimethyl sulfoxide 0 0 0 0 0 0

Ligand (HL) 14 0 13 14 17 16

[Cr(L)Cl(H2O)]Cl.2H2O 10 11 11 15 0 16

[Mn(L)(H2O)2]Cl.3H2O 11 12 10 23 0 11

[Fe(L)Cl2].2H2O 0 0 12 14 0 11

[Co(L)]Cl.2H2O 10 11 13 15 0 12

[Ni(L)]Cl.4H2O 12 14 12 15 13 13

[Cu(L)(H2O)2]Cl.H2O 10 10 12 11 0 12

[Zn(L)]Cl.2H2O 11 12 11 14 15 17

[Cd(L)(H2O)2]Cl.H2O 11 10 13 10 0 15

Amikacin 9 6 7 6 ‑‑‑‑‑ ‑‑‑‑‑

Ketokonazole ‑‑‑‑‑ ‑‑‑‑‑ ‑‑‑‑‑ ‑‑‑‑‑ 9 9

Figure 4: Biological activity of Schiff base ligand (HL) and its metal 
complexes with (a) Gram-positive and Gram-negative bacteria and 
(b) two fungi species

b

a

Figure 5: Activity index value of Schiff base ligand (HL) and its metal 
complexes against (a) four bacterial species (b) two fungi species

b

a
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Activity index (A) = (Inhibition zone of standard drug (mm)/
Inhibition zone of compound (mm) × 100

As illustrated in Figure 6.

Based on these results, the Mn(II) and Ni(II) complexes 
showed the highest activity indexes among all the compounds. 
For the fungus C. albicans, the Zn(II) complex had the highest 
activity index, while the free ligand showed the highest activity 
index against A. fumigatus [Figure 5].

Anticancer characteristics
Anticancer properties
The anticancer effects of the ligand and its complexes were 
tested against the human breast cancer cell line MCF-7 at 
concentrations ranging from 100 to 150 µg/mL. These results 
revealed that all metal complexes were highly effective against 
breast cancer cells, with inhibition ratios ranging from 74% to 
86%. Figure 6 demonstrates the activity pattern across different 
drug concentrations [Table 5].

Cell growth inhibition resulted in a 70% reduction in cell 
proliferation. Neither the ligand nor any of the metal complexes 

affected the MCF-7 cell line. The IC50 values of the metal 
complexes ranged from 12 to 20.3 µg/mL, indicating the 
concentration required to inhibit cell growth by 50% compared 
to untreated control cells. The IC50 values of the compounds 
under investigation ranged from 12 to 23.1 µg/mL. The free 
ligand exhibited an IC50 value of 23.1 µg/mL, while the Co(II) 
complex showed a lower value of 12.0 µg/mL.

The Zn(II) and Mn(II) complexes displayed strong anticancer 
activity with IC50 values of 14.0 µg/mL and 13.3 µg/mL, 
respectively. The Cu(II), Fe(III), Ni(II), Cr(III), and Cd(II) 
complexes had IC50 values of 14.7, 15.9, 17.6, 19.1, and 
20.3 µg/mL, respectively.

Molecular docking studies of the ligand and its 
metal complexes
Molecular docking is a key technique in computer-aided drug 
design, allowing scientists to model molecular recognition 
processes between a drug and its target protein. The primary 
goal of molecular docking is to determine the optimal binding 
structure between a protein and a drug that minimizes the 
system’s overall energy. This approach is commonly used to 
identify the most favorable mode of interaction between a 
small molecule and its target protein.

Given the significance of these findings, we conducted 
molecular docking studies to explore the binding modes 
and energies of the prepared Schiff base ligand with various 
receptors. Specifically, we examined the interactions with the 
crystal structures of the deglycation enzyme fructosamine 
oxidase from A. fumigatus (PDB ID: 5JPE) and a mutant 
human androgen receptor (ARccr), derived from androgen-
independent prostate cancer (PDB ID: 1GS4).

The docking results showed binding energies for the receptors 
1GS4, 2HQ6, 3DJD, and 5JPE at −7.8, −3.0, −5.5, and 
−4.6 kcal/mol, respectively. These results suggest that this 
theoretical data could play an important role in guiding 
future research on the design and application of ligands 
for the treatment of prostate and colon cancer. The detailed 

Figure 6: Anticancer/antiproliferative activity of Schiff base ligand 
(HL) and its metal complexes

Table 5: Antiproliferative/anticancer activity of Schiff base ligand (HL) and its metal complexes
Complex Conc. (mg/mL) Percentage survival (MCF‑7 cells) IC50 (mg/mL)

0.0 5 12.5 25 50

Ligand (HL) 1.0 0.932 0.778 0.451 0.472 23.1

[Cr(L)Cl(H2O)]Cl.2H2O 1.0 0.866 0.638 0.386 0.361 19.1

[Mn(L)(H2O)2]Cl.3H2O 1.0 0.798 0.516 0.223 0.26 13.3

[Fe(L)Cl2].2H2O 1.0 0.661 0.577 0.281 0.277 15.9

[Co(L)]Cl.2H2O 1.0 0.706 0.491 0.294 0.382 12.0

[Ni(L)]Cl.4H2O 1.0 0.87 0.638 0.283 0.275 17.6

[Cu(L)(H2O)2]Cl.H2O 1.0 0.836 0.555 0.247 0.25 14.7

[Zn(L)]Cl.2H2O 1.0 0.895 0.519 0.321 0.315 14.0

[Cd(L)(H2O)2]Cl.H2O 1.0 0.933 0.731 0.37 0.332 20.3
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molecular docking data are presented in Table 6, with visual 
representations shown in Figure 7.

Discussion

The synthesis and characterization of Schiff base ligands and 
their metal complexes remain a focal point in coordination 
chemistry, with numerous recent studies highlighting their 
significance in diverse applications such as antimicrobial, 
anticancer, and catalytic activities.[3] In this study, the Schiff 
base ligand (HL) was synthesized and confirmed through 
various spectroscopic techniques, including FT-IR, ¹H-NMR, 
mass spectrometry, and UV-Visible spectroscopy. The 
formation of the Schiff base was evidenced by the characteristic 
ν(C=N) stretching band at 1619 cm⁻¹, which shifted on 
coordination to the metal ions, indicating successful chelation. 
This shift in frequency is consistent with recent studies on 
Schiff base-metal complexes, where coordination through 
azomethine nitrogen is well documented.[35,36]

The metal complexes were further characterized by XRD, 
revealing that most complexes (Cr[III], Mn[II], Fe[III], Cu[II], 
Zn[II], and Cd[II]) had a crystalline structure, while the Co(II) 
and Ni(II) complexes were amorphous. The crystalline nature 
of the metal complexes suggests a well-defined lattice, which is 
beneficial for stability and reactivity.[43] Amorphous complexes, 
such as Co(II) and Ni(II), may exhibit different physical 
properties, such as solubility and bioavailability, which can 
impact their applications in biological systems.[44]

The molecular conductivity results showed that most metal 
complexes were ionic and electrolytic, except for Fe(III), which 
exhibited non-electrolytic behavior.[38,45] This observation 
aligns with studies indicating that the nature of the metal ion 
and its coordination environment significantly influences 
the electrical properties of the complex.[45,46] The presence 
of coordinated water molecules in some complexes, such as 
Cr(III) and Cd(II), further supports the proposed octahedral 

geometries, a common structural feature in Schiff base-metal 
complexes.

The antimicrobial activity of Schiff base ligands and their metal 
complexes has been widely explored, with many recent studies 
showing enhanced activity upon complexation.[41,47] In this 
study, the Schiff base ligand exhibited moderate antibacterial 
and antifungal activity, particularly against S. aureus and 
A. fumigatus. However, most metal complexes demonstrated 
significantly improved antimicrobial properties, with Mn(II) 
and Ni(II) complexes showing the highest antibacterial activity.

The enhanced biological activity of the metal complexes can 
be attributed to chelation, which increases the lipophilicity 
of the metal center, facilitating its passage through the 
lipid membranes of bacterial and fungal cells.[42,48] This is 
consistent with the chelation theory, which postulates that 
complexation reduces the polarity of the metal ion by sharing 
its positive charge with the donor atoms of the ligand.[49] The 
resulting increase in lipophilicity enhances the penetration 
of the complex into the microbial cell, leading to improved 
biological activity.

The Cr(III), Mn(II), and Cu(II) complexes also displayed notable 
activity against Gram-negative bacteria, such as Salmonella 
species and E. coli, which are typically more resistant to 
antimicrobial agents. This broad-spectrum activity of the 
metal complexes makes them promising candidates for further 
development as antimicrobial agents.[50,51] Interestingly, the 
Fe(III) complex showed little to no activity across the tested 
microorganisms, a finding that could be linked to the lower 
bioavailability and stability of Fe(III) in biological environments.

The Schiff base ligand and its metal complexes were evaluated 
for their anticancer potential against the human breast cancer 
cell line MCF-7. The results revealed that all the metal 
complexes exhibited strong anticancer activity, with inhibition 
ratios ranging from 74% to 86%. The Co(II) complex showed 

Table 6: Energy values obtained in docking calculations of Schiff base ligand (HL2) with receptors of mutant human androgen (ARccr) 
derived from an androgen‑independent prostate cancer (PDB ID: 1GS4), crystal structure of Colon Cancer Antigen 10 from Homo 
sapiens (PDB ID: 2HQ6), crystal structure of deglycating enzyme fructosamine oxidase from Aspergillus fumigatus (PDB ID: 3DJD) and 
yeast‑specific serine/threonine protein phosphatase (PPZ1) of Candida albicans (PDB ID: 5JPE)
Compound Receptor Ligand moiety Receptor site Interaction Distance (Aο) E (kcal mol−1)

Ligand (HL) 1GS4 O2 32
O 47

OE2 GLU 681
NH2 ARG 752

H‑donor
H‑acceptor

3.01
2.93

−7.8−3.7

2HQ6 O2 32
N 4
O 47

O ASN 103
OD2 ASP 108
NE2 GLN 64

H‑donor
H‑donor
H‑acceptor

2.89
2.94
3.55

−3.0−1.1−0.6

3DJD O2 32
N 16

OE1 GLN 223
NH1 ARG 186

H‑donor
H‑acceptor

2.82
2.93

−5.5−0.9

5JPE O 47
O 47
O 47
O 47
6‑ring
5‑ring

NE ARG 261
NH2 ARG 261
NE2 HIS 290
OH TYR 437

NH1 ARG 386
NH2 ARG 386

H‑acceptor
H‑acceptor
H‑acceptor
H‑acceptor
pi‑cation
pi‑cation

3.10
2.81
3.14
2.77
3.39
3.14

−1.6
−4.6
−0.8
−0.9
−0.9
−1.5
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Figure 7: 2D and 3D Interaction Plots of the Ligand (HL) with Various Receptors (a) 1GS4, (b) 2HQ6, (c) 3DJD, (d) 5JPE – 2D interaction 
plots (e) 1GS4, (f) 2HQ6, (g) 3DJD, and (h) 5JPE – 3D interaction plots
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the greatest efficacy, with an IC50 value of 12.0 µg/mL, making 
it a promising candidate for anticancer therapy. The anticancer 
activity of Schiff base-metal complexes has been widely 
studied, with many reports indicating that metal complexation 
enhances the cytotoxic effects of the ligand.[52,53] The increased 
activity of the metal complexes in this study can be attributed to 
the ability of metal ions to interact with cellular biomolecules, 
such as DNA and proteins, leading to cell cycle arrest and 
apoptosis.[54] The IC50 values of the Zn(II), Mn(II), Cu(II), and 
Ni(II) complexes were also within the range of highly active 
anticancer agents, indicating that these complexes can induce 
significant cytotoxic effects at relatively low concentrations.

Recent studies have shown that Schiff base ligands, when 
complexed with transition metals, can trigger the generation 
of reactive oxygen species (ROS), which play a crucial role in 
inducing apoptosis in cancer cells.[55,56] The Co(II) and Zn(II) 
complexes in particular may facilitate ROS production, leading 
to oxidative stress and subsequent cancer cell death. The 
involvement of metal ions in stabilizing the ligand structure 
and facilitating its interaction with cancer cell membranes 
further enhances the anticancer potential of these complexes.[57]

Molecular docking studies were performed to investigate 
the binding interactions between the Schiff base ligand and 
various target proteins, including the fructosamine oxidase 
from A.  fumigatus (PDB ID: 5JPE) and the mutant androgen 
receptor from prostate cancer (PDB ID: 1GS4). The docking 
results revealed favorable binding energies, with the Schiff base 
ligand exhibiting strong interactions with the 1GS4 receptor 
(−7.8 kcal/mol) and moderate interactions with 2HQ6, 3DJD, 
and 5JPE receptors. Molecular docking is a powerful tool for 
predicting the binding affinity of ligands to target proteins, 
and the results of this study suggest that the Schiff base ligand 
and its metal complexes could serve as potential therapeutic 
agents for the treatment of prostate and colon cancers.[58,59] The 
strong binding interaction with the androgen receptor (1GS4) 
is particularly significant, as this receptor plays a key role in 
the progression of androgen-independent prostate cancer.[60] 
The moderate binding energies observed for the other receptors 
indicate that the Schiff base ligand may also have potential as a 
multi-target therapeutic agent.

Conclusion

The tetradentate ligand L1 (isatin with 2,6-diaminopyridine) 
condenses to form the Schiff base HL2, which coordinates to 
Cr(III), Mn(II), Fe(III), Cu(II), Ni(II), Co(II), Zn(II), and Cd(II) 
ions through two azomethine nitrogens, one amino nitrogen, 
and one deprotonated carboxylic oxygen. The resulting ligand 
is uninegative and tetradentate. The complexes of Cr(III), 
Mn(II), Cu(II), Fe(III), and Cd(II) exhibit octahedral geometry, 
while those of Ni(II), Co(II), and Zn(II) do not.

All complexes, except for the non-electrolytic Fe(III) complex, 
are ionic electrolytes, with typical ML-type compositions 

such as [Cr(L)Cl(H₂O)] and variations for other metals. 
Antimicrobial tests indicated that Fe(III) complexes had the 
lowest activity indices, while Mn(II) and Ni(II) complexes 
demonstrated the highest. Although all metal complexes 
exhibited anticancer activities with the ligand, the Co(II) 
complex had a higher IC50 value of 12 µg/mL. Molecular 
docking studies revealed that the receptors 1GS4, 2HQ6, 
3DJD, and 5JPE had the lowest binding energies, measured 
at 7.8, 3.0, −5.5, and −4.6 kcal/mol, respectively.
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