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ABSTRACT 
Sulfanilic acid (SNA) and trimethoprim (TMP) are important pharmacological agents widely used in the 
treatment of bacterial infections and urinary tract infections. In the present study, computational approaches 
were employed to evaluate molecular properties, including binding sites, electronic structure, molecular 
electrostatic potential (MEP), chemical reactivity, optical properties, and FTIR spectra. Schiff base and salen-
type ligands represent unique classes of coordination compounds due to their versatile donor atoms and 
coordination modes with transition metals. The ChemOffice software suite (including ChemDraw and Chem3D) 
was utilized for molecular design and visualization. Molecular docking studies were performed to predict 
binding orientations and interactions between ligands and target proteins, facilitating structure-based drug 
design. Furthermore, pharmacokinetic and toxicity parameters (ADMET) were assessed to evaluate drug-
likeness. The results emphasize that, in addition to strong binding affinity, optimal pharmacokinetic properties 
are essential to ensure effective drug delivery and safety. 
Keywords: Vanadium, Metal Complexes, vanadium complexes, ADMET, molecular docking, antimicrobial 
activity. 
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INTRODUCTION: 
Quantum mechanical calculations are widely used to 
estimate molecular properties; however, 
computational cost increases significantly with system 
size and accuracy1. While gas-phase reaction energies 
can be calculated reliably, modeling reactions in 
solution remains challenging due to complex 
intermolecular interactions. To address this, solvation 
models such as continuum and explicit solvent models 
are commonly employed2. These models simplify 
solvent effects but remain a major source of 
uncertainty in computational predictions3, 4. 
Computational chemistry plays a crucial role in 
evaluating molecular attributes such as binding 
affinity, electronic properties, MEP, chemical 

reactivity, and spectroscopic characteristics. Schiff 
base and salen-type ligands are particularly important 
due to their flexibility and ability to coordinate with 
transition metals. Vanadium, a transition metal (Z = 
23), has gained significant attention due to its 
biological and pharmacological relevance5, 6. 
Approximately 80% of global vanadium production is 
used in steel manufacturing; however, its coordination 
complexes exhibit promising antimicrobial, 
antidiabetic, and anticancer activities. Figure 1 
illustrates the general layout of computational 
chemistry approaches used in this study7-9. 
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Figure 1: Illustrates the general layout of 
computational chemistry approaches used in this 
study. 
Schiff base ligands (Figure 2) are widely studied due 
to their ease of synthesis, structural diversity, and 
biological activity. These ligands form stable 
complexes with transition metals, enhancing 
pharmacological properties. Metal complexation often 
improves biological activity compared to free ligands 
by increasing lipophilicity, stability, and interaction 
with biomolecular targets 10, 11. 

 
Figure 2: Shows the coordination chemistry of 
vanadium metal complexes. 
 
Vanadium exhibits diverse biological roles in both 
environmental and biological systems, including its 
involvement in nitrogen fixation in microorganisms, 
halide oxidation in marine environments, and 
participation in various enzymatic and redox 
processes. In addition to its ecological significance, 
vanadium complexes have demonstrated considerable 
therapeutic potential in the treatment of diseases such 
as diabetes, cancer, and bacterial infections 12, 13. The 
antimicrobial activity of these complexes is strongly 
influenced by several factors, including the nature of 
the ligand, coordination geometry, the balance 
between hydrophilicity and lipophilicity, and the 
presence of co-ligands, all of which collectively 
determine their biological efficacy. ChemOffice 
software (ChemDraw Ultra, Chem3D Ultra, etc.) was 
used for molecular modeling and visualization. 
ChemDraw enables 2D structure design, while 
Chem3D provides 3D optimization and energy 
minimization14, 15. 
 
MATERIALS AND METHODS 

Materials 
Sulfanilic acid (SNA), trimethoprim (TMP), 
vanadium salts (e.g., vanadium(III) chloride), and 
1,10-phenanthroline were procured from standard 
chemical suppliers and used without further 
purification. Solvents such as ethanol, methanol, 
dimethyl sulfoxide (DMSO), and petroleum ether 
were of analytical grade. Nutrient agar, fungal media, 
and microbial strains (Bacillus subtilis, 
Staphylococcus aureus, Escherichia coli, 
Pseudomonas aeruginosa, Aspergillus niger, and 
Candida albicans) were obtained from 
microbiological laboratories. 
Instrumentation and Software 
Molecular structures were designed using ChemDraw 
Ultra and optimized using Chem3D Ultra. Molecular 
docking studies were carried out using 
AutoDock/PyRx, and visualization of interactions was 
performed using Discovery Studio Visualizer. 
ADMET properties were predicted using the pkCSM 
online server. UV–Visible spectra were recorded 
using a UV–Vis spectrophotometer, and FTIR spectra 
were obtained using an infrared spectrometer. 
Synthesis of Ligands 
Schiff base ligands were synthesized by condensation 
of sulfanilic acid with appropriate amine derivatives 
under reflux conditions in ethanol. The reaction 
mixture was stirred for 4–6 hours, cooled, and the 
resulting precipitate was filtered, washed with 
ethanol, and dried under vacuum 16. 
Synthesis of Vanadium Metal Complexes 
The synthesized ligand (2 mmol) was dissolved in an 
ethanol–water mixture (1:1, 25 mL) and heated to 
60°C. A hot solution of vanadium salt (2 mmol) in the 
same solvent system was added dropwise with 
continuous stirring. The reaction mixture was refluxed 
for 1–6 hours, resulting in the formation of metal 
complexes. The precipitated complexes were filtered, 
washed with ethanol and petroleum ether (1:1), and 
dried over sintered glass 17, 18. 
 
Computational Studies 
Geometry Optimization: All molecular structures 
were drawn using ChemDraw and converted into 3D 
structures using Chem3D. Energy minimization was 
performed to obtain stable conformations 19. 
Molecular Docking: Molecular docking studies were 
conducted to evaluate ligand–protein interactions. The 
protein structure (PDB ID: 1Y43) was retrieved from 
the Protein Data Bank. Water molecules were 
removed, and hydrogen atoms were added prior to 
docking. Docking simulations were performed using 
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AutoDock/PyRx, and binding affinities were 
recorded. The best docking poses were analyzed 
based on minimum binding energy and interaction 
profiles 20. 
ADMET Prediction: Pharmacokinetic and toxicity 
properties were predicted using the pkCSM web 
server. Parameters such as absorption, distribution, 
metabolism, excretion, and toxicity (ADMET) were 
analyzed to evaluate drug-likeness 21. 
 
Characterization of Metal Complexes 
UV–Visible Spectroscopy: Electronic spectra of the 
synthesized complexes were recorded in the range of 
200–800 nm to determine electronic transitions 22. 
FTIR Spectroscopy: Infrared spectra were recorded 
to identify functional groups and confirm coordination 
between ligands and metal ions 23. 
 
Antimicrobial Activity 
Agar Diffusion Method: Antimicrobial activity was 
evaluated using the agar well diffusion method. 
Nutrient agar plates were inoculated with bacterial 
and fungal strains. Wells of 6 mm diameter were 
prepared, and different concentrations (10 µg/mL and 
50 µg/mL) of the synthesized complexes were 
introduced 24. 
Incubation and Measurement 
The plates were incubated at 37 ± 2°C for 24 hours. 
Zones of inhibition were measured in millimeters, 
indicating antimicrobial efficacy25. 
Data Analysis: All experiments were performed in 
triplicate, and the results were expressed as mean 
values. Computational and experimental data were 
analyzed to correlate structure–activity relationships26-

30. 
RESULTS AND DISCUSSION 
Vanadium complexes were successfully synthesized 
with moderate yields (17–60%). The complexes 
exhibited higher thermal stability than ligands and 
showed solubility in polar solvents. Spectroscopic 
studies confirmed successful coordination. Docking 
results indicated strong binding affinity with the target 
protein. ADMET predictions suggested favorable 
pharmacokinetic and toxicity profiles. The 
antimicrobial studies demonstrated enhanced activity 
of metal complexes compared to free ligands, likely 
due to increased lipophilicity and improved cellular 
uptake. 
The synthesized vanadium complexes were obtained 
as white solids with slight variations in hue, exhibiting 
low to moderate yields (17–60%) through the 
coordination of sulfanilic acid and N-donor 

heterocycles such as 1, 10-phenanthroline with 
vanadium(II) salts. The resulting metal complexes 
demonstrated high thermal stability, decomposing at 
temperatures above 300 °C, whereas the free ligands 
showed significantly lower melting points (around 
168 °C). The complexes were largely insoluble in 
common organic solvents but showed solubility in 
polar solvents such as water, ethanol, and dimethyl 
sulfoxide (DMSO). Elemental analysis (C, H, N, and 
Cl) was performed in duplicate to ensure accuracy and 
reproducibility. The synthesis involved refluxing the 
reaction mixture for 6 hours to obtain a homogeneous 
solution, followed by filtration, washing with ethanol, 
and drying over sintered glass to yield the final 
product. Spectroscopic characterization, particularly 
UV–Visible analysis, was employed to investigate the 
electronic transitions of the complexes, where 
wavelength-dependent absorption provided insights 
into their structural and electronic properties. In the 
context of drug development, the increasing cost, 
complexity, and low success rate of new 
pharmaceuticals necessitate the integration of 
computational approaches. In silico models serve as 
efficient tools for predicting ADME properties, 
especially during early-stage screening when large 
chemical libraries are involved. Molecular docking 
studies further revealed that the stability of ligand–
protein interactions is governed by binding energy, 
with lower (more negative) energy values indicating 
stronger and more stable complexes. The docking 
analysis performed using the target protein (PDB ID: 
1Y43) demonstrated that the synthesized vanadium 
complexes exhibited strong binding affinity, 
supported by multiple graphical interaction profiles. 
These findings highlight the importance of combining 
experimental synthesis with computational evaluation 
to identify promising drug candidates. 
Characterization of synthesize vanadium metal 
complexes 
UV–Visible spectroscopy is an analytical technique 
used to measure the absorption or transmission of 
ultraviolet and visible light by a sample relative to a 
reference or blank. The absorption characteristics 
depend on the chemical composition of the sample, 
allowing both qualitative identification and 
quantitative estimation of analytes. The visible region 
of the electromagnetic spectrum ranges approximately 
from 380 nm (violet) to 780 nm (red), while 
ultraviolet radiation extends to shorter wavelengths, 
typically down to about 100 nm. Since each 
compound exhibits characteristic absorption at 
specific wavelengths, UV–Visible spectroscopy 
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serves as a valuable tool for identifying substances 
and determining their concentrations by analyzing 
their maximum absorbance (λmax) (Figure 3). 

 
Figure 3: UV-Visible Spectrum of vanadium metal 
complexes 
 
IR spectral data of vanadium (III) complexes 
Infrared (IR) spectroscopy is based on the vibrational 
motions of molecules that arise from the oscillation of 
molecular dipoles when exposed to infrared radiation. 
Each chemical bond exhibits characteristic vibrational 
frequencies that depend on factors such as the types of 
atoms involved, bond strength, and molecular 
geometry. As a result, different compounds produce 
unique IR spectra, which can be used for functional 
group identification and structural characterization of 
unknown substances (Figure 4). Spectral data can be 
obtained using various sample preparation techniques: 
solid samples are commonly analyzed as Nujol mulls 
or compressed pellets (e.g., KBr pellets), whereas 
liquid samples or solutions are typically examined 
using thin-film or solution cells. 
 

 
Figure 4: IR spectrum of vanadium metal complexes 
 
Pharmacokinetic and Toxicity Characteristics of 
Small-Molecules: 
The pharmacokinetic profile of a compound is defined 
by its absorption, distribution, metabolism, and 
excretion (ADME) characteristics, which collectively 
determine its behavior within a biological system. 
Although strong binding affinity to a therapeutic 
target is essential, a drug must also reach the target 
site at effective concentrations without causing 
toxicity to be clinically viable. Incorporation of 

ADMET evaluation during the early stages of drug 
discovery has significantly reduced the rate of failure 
in later clinical trials. In this context, the pkCSM 
approach provides a reliable and accessible platform 
for predicting and optimizing pharmacokinetic and 
toxicological properties through a user-friendly web 
interface (Table 1). Effective drug development 
requires a careful balance between pharmacokinetics, 
safety, and potency, and comparative analyses 
indicate that pkCSM performs comparably or even 
better than several established predictive methods. 
Table 1: Predicted ADME properties of synthesize 
vanadium metal complexes 

Property Model Name 
Predicted 

Value 
Absorption Water solubility -2.892 
Absorption Caco2 permeability -0.91 

Absorption 
Intestinal absorption 

(human) 22.449 

Absorption Skin Permeability -2.735 
Absorption P-glycoprotein substrate No 
Absorption P-glycoprotein I inhibitor No 

Absorption P-glycoprotein II 
inhibitor 

No 

Distribution VDss (human) -0.651 

Distribution 
Fraction unbound 

(human) 0.398 

Distribution BBB permeability -2.584 
Distribution CNS permeability -4.758 
Metabolism CYP2D6 substrate No 
Metabolism CYP3A4 substrate No 
Metabolism CYP1A2 inhibitior No 
Metabolism CYP2C19 inhibitior No 
Metabolism CYP2C9 inhibitior No 
Metabolism CYP2D6 inhibitior No 
Metabolism CYP3A4 inhibitior No 
Excretion Total Clearance -1.105 
Excretion Renal OCT2 substrate No 
Toxicity AMES toxicity No 

Toxicity Max. tolerated dose 
(human) 

0.438 

Toxicity hERG I inhibitor No 
Toxicity hERG II inhibitor No 

Toxicity 
Oral Rat Acute Toxicity 

(LD50) 
2.481 

Toxicity Oral Rat Chronic 
Toxicity (LOAEL) 

2.415 

Toxicity Hepatotoxicity No 
Toxicity Skin Sensitization No 
Toxicity T. Pyriformis toxicity 0.285 
Toxicity Minnow toxicity 3.366 
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Molecular docking of Vanadium containing metal 
complexes 
Molecular docking is a computational technique used 
to simulate the interaction between a small molecule 
(ligand) and a target protein at the atomic level. It 
enables the prediction of binding orientation within 
the active site and provides insights into the molecular 
basis of ligand–protein interactions and associated 
biochemical processes. Most docking algorithms 
employ physics-based molecular mechanics force 
fields to estimate binding energy, where more 
negative energy values indicate greater stability and 
stronger binding affinity. In the present study, docking 
of the synthesized complexes with the target protein 
(PDB ID: 1Y43) generated various graphical 
representations of binding interactions, revealing that 
the drug complex exhibited high binding affinity and 
stable interaction within the receptor binding site. 
Figure 5 shows the binding interaction of Vanadium 
containing metal complexes with protein. 
 

 
 

 
 
Figure 5: Binding interaction of Vanadium containing 
metal complexes with protein 
Antimicrobial studies of vanadium metal 
complexes 
The antibacterial and antifungal activities of the free 
ligands and synthesized metal complexes were 
evaluated in vitro using the agar well diffusion 
method. Sterile nutrient agar plates were prepared and 
inoculated with selected Gram-positive and Gram-
negative bacterial strains, including Bacillus subtilis, 
Staphylococcus aureus, Escherichia coli, and 
Pseudomonas aeruginosa, along with fungal strains 
such as Aspergillus niger and Candida albicans. The 

microbial cultures were prepared using the pour-plate 
technique, where 0.2 mL of diluted inoculum (10⁻²) 
was mixed with molten nutrient agar at approximately 
45 °C and poured aseptically into sterile Petri dishes. 
After solidification (45–60 minutes), wells of 6 mm 
diameter were created in the agar using a sterile cork 
borer. Different concentrations (10 µg/mL and 50 
µg/mL) of the test compounds were introduced into 
the wells using sterile syringes. The plates were 
incubated at 37 ± 2 °C for 24 hours. Antimicrobial 
activity was assessed by measuring the zone of 
inhibition around each well, expressed in millimeters, 
including the diameter of the well (Table 2 and Figure 
6). 
 
Table 2: Antifungal activity of vanadium metal 
complexes 
Sr. 
No 

Metallic 
extract 

Aspergillus 
niger 

Candida 
albanicans 

1 Vanadium 
contain 
complexes 

37mm 15mm 

 

 
                   (a) (b) 
Figure 6: Zone of Inhibition of vanadium metal 
complexes against (a) Aspergillus niger and (b) 
Candida albicans 
 
CONCLUSION: 
The present study highlights the successful integration 
of computational and experimental approaches in the 
design and evaluation of vanadium-based metal 
complexes. The synthesized complexes exhibited 
stable coordination structures along with favorable 
ADMET properties, strong molecular docking 
interactions, and significant antimicrobial activity. 
These combined findings indicate that vanadium 
complexes possess promising potential as effective 
therapeutic agents. However, further investigations, 
particularly in vivo studies and detailed mechanistic 
evaluations, are necessary to validate their biological 
efficacy and to establish their suitability for clinical 
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applications. 
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