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Design and Biological Potential of New 6-Aryl-2-(4-(1,3-dioxoisoindolin-2-yl)phenyl)imidazo(2,1-b)1,3,4-thiadiazoles: Synthesis and Molecular Docking Studies

Abstract
By cyclocondensing 4-(1,3-dioxoisoindolin-2-yl)benzoic acid with thiosemicarbazide to form a crucial intermediate and then reacting with different substituted phenacyl chlorides, a novel series of 6-aryl-2-(4-(1,3-dioxoisoindolin-2-yl)phenyl)imidazo(2,1-b)1,3,4-thiadiazoles (3a-3e). FTIR, 1H NMR, 13C NMR and elemental analysis were used to confirm the chemical structures of these derivatives. Compound 3d demonstrated the greatest antifungal inhibition against Botryodiplodia theobromae, whereas compound 3e had the most reliable and strong antibacterial activity against both Gram-positive and Gram-negative strains, according to biological evaluation utilizing the Agar-Cup diffusion method. These experimental findings were corroborated by molecular docking investigations, which revealed significant binding affinities between -7.7 and -8.4 kcal/mol. With a docking score of -8.4 kcal/mol, compound 3a in particular showed the most stable interaction, establishing crucial connections with residues like ARG-52 and ARG-219(pdbid-1AD4). These results demonstrate the potential of an isoindoline moiety combined with the imidazo[2,1-b][1,3,4]thiadiazole scaffold as a promising template for the development of powerful antibacterial medicines.
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1.0 Introduction
More and more antibiotic-resistant microbial strains have been discovered in recent years. Infection with multidrug-resistant microbes is leading in increased mortality. Human health is becoming more and more threatened by the issue of microbial antibiotic resistance [1]. With every antimicrobial medication on the market for decades, antibiotic resistance has progressively become a global issue [2]. One effective strategy to address clinical drug resistance is the development of antibacterial medications with distinct chemical structures. 
Thiosemicarbazides significance in the synthesis of various heterocycles is demonstrated by their use in organic synthesis. One way to generate physiologically active compounds, such as pyrazole, thiazole, triazole, thiadiazol, oxadiazole, triazine, and thiadiazine, is through their reactions with systems that include C=O and C=N groups. Their widespread utilization in the production of these heterocycles in high yields reflects the development of C−N and C=N bonds as opposed to N−N bond formation [3]. A significant class of five-membered heterocycle rings with nitrogen and sulfur, 1,3,4-thiadiazole has a wide range of biological activities, including antimicrobial [4], anti-inflammatory [5], antibacterial [6], insecticidal [7], and herbicidal [8]. Thiazoles are not carcinogenic and are readily broken down by normal metabolic processes [9]. Pyrazoles have also been described as anti-microbial [10], analgesic [11], anti-hypertensive [13], inflammatory [12], anti-depressant [14], and anticancer [15] agents. The aforementioned discovery led us to synthesize the title compounds (3a–e) with the assumption that thiosemicarbazide-based therapeutic intermediates with different phenyl acyl will provide new thiadiazole derivatives with strong biological activity. IR, 1H NMR, and nitrogen estimates were used to establish their chemical structure. Using the paper disc diffusion technique, these compounds were tested for antibacterial activity against two gram +ve bacteria (Staphylococcus aureus, Bacillus subtilis) and two gram -ve bacteria (Escherichia coli, Pseudomonas aeruginosa) as well as antifungal activity (Aspergillus niger and Aspergillus fumigatus). It is frequently used in the fields of agricultural and pharmaceutical chemistry. We have synthesized many 2-Amino-5-(4-(1,3-dioxoisoindolin-2-yl)phenyl)-1,3,4- thiadiazole(1) and found that the introduction of phenyl, 4-methylphenyl, 4-methoxyphenyl, 4-chlorophenyl and 4-Nitrophenyl linkage can increase biological activity of synthesised compound. The molecular docking study is used to ascertain the probability that a ligand will bind to the dynamic site of a receptor. It creates a graphic representation of the dynamic site using interaction points, or grid. It then uses either grid search or energy search to fit the ligand in the binding site [16-17].
2.0 Experimental Section
2.1 Materials and Methods
All chemicals and reagents were of analytical grade and used without further purification. 4-(1,3-Dioxoisoindolin-2-yl)benzoic acid and thiosemicarbazide purchased from Sisco Research Laboratory pvt. Ltd Mumbai India. Substituted phenacyl chlorides also purchased from Sisco Research Laboratory pvt. Ltd Mumbai India. Melting points were determined in open capillary tubes and are uncorrected. FT-IR spectra were recorded using KBr pellets. 1H and 13C NMR spectra were recorded in DMSO-d6 using TMS as an internal standard. Elemental analyses (CHNS) were carried out and found values were within ±0.4% of the calculated values.
2.2 Synthesis of 2-Amino-5-(4-(1,3-dioxoisoindolin-2-yl)phenyl)-1,3,4-thiadiazole (1)
4-(1,3-dioxoisoindolin-2-yl)benzoic acid (0.01 mol) and thiosemicarbazide (0.01 mol) were thoroughly mixed with 25 mL of 100% ethanol in a round-bottom flask fitted with a reflux condenser. A few drops of strong sulfuric acid were carefully added to this reaction mixture as a catalyst to speed up the cyclization process. In order to maintain a consistent reaction temperature, the reaction mixture was then heated by reflux for 6 hours. This ensured that the solvent was continuously boiling and condensing. Thin-layer chromatography (TLC) with mobile phase ethyl acetate: n-hexane (7:3) was used to regularly monitor the reaction's progress in order to verify the consumption of starting materials and the product of the required intermediate. The reaction mixture was allowed to cool to room temperature after the reaction was finished, as shown by TLC, and then it was slowly added to ice-cold water while being continuously stirred. A solid substance precipitated as a result of this process. The resulting solid was collected using vacuum filtration, extensively cleaned with cold water to get rid of any remaining acid and contaminants, and then dried in a desiccator or at room temperature. Ultimately, the desired intermediate substance (Int-1) was obtained in pure form by recrystallizing the crude product from ethanol.
2.3 General Procedure for the Synthesis of Compounds (3a–e)
Absolute ethanol (20–30 mL) was used to dissolve a combination of 2-amino-5-[4-(1,3-dioxoisoindolin-2-yl)phenyl]-1,3,4-thiadiazole (1 equiv) and suitably substituted phenacyl chloride (1.1 equiv), such as 4-bromo, 4-hydroxy, 4-chloro, 4-fluoro and 4-nitro derivatives (2a-2e). For 5 hours, the reaction mixture was refluxed while being constantly stirred. Using ethyl acetate:n-hexane (7:3) as the mobile phase, thin-layer chromatography (TLC) was used to track the reaction's development. Following completion, the solid precipitate was filtered, cleaned with cold ethanol, and dried once the reaction liquid had cooled to room temperature. To obtain pure imidazo[2,1-b][1,3,4]thiadiazole derivatives (3a-3e), the crude product was further recrystallized from ethanol or ethanol–DMF combination.







Figure 1:  Proposed reaction mechanism for the synthesis of compounds 3a–3e.

2.4 Computation Preparation
ChemBioDraw Ultra 12 was used to construct the structures of compounds 3a–5e. The Prepare Ligand technique in Discovery Studio was then used to create optimized 3D conformations with the proper bond ordering, ionization states, and canonical tautomers. The Protein Report, Clean Protein, and Prepare Protein protocols were used to fix bond ordering, standardize atom names, and protonate the proteins at pH 7.4 after the crystal structures of specific antibacterial targets were obtained from the Protein Data Bank. After minimizing energy and solvating the produced proteins in a TIP3P water box, the binding sites were determined using the co-crystallized ligands [18]. By redocking each co-crystallized ligand into its matching binding site and computing the RMSD between the docked and native postures, the docking process was verified. The CDOCKER methodology was then used with default parameters to dock the produced compounds into the designated binding sites. The binding interactions between the synthetic compounds and the target protein were assessed using CDOCKER, a CHARMm-based molecular dynamics simulated-annealing docking algorithm. For every ligand, several docking conformations were produced. Based on the lowest CDOCKER interaction energy and advantageous intermolecular interactions like hydrogen bonding, π–π stacking, and hydrophobic interactions, the optimal binding pose was chosen. In order to comprehend the synthetic compounds' binding affinity and interaction pattern within the receptor protein's active site, the docking results were further examined.
 LigScore1, LigScore2, PLP1, PLP2, Jain, PMF, and PMF04 scoring functions were used to rescore the resulting docked postures. To determine the most likely antibacterial targets, a Pearson correlation analysis was conducted between docking scores and experimental MIC values[19].
3.0 Spectral Characterization
2-(4-(2-phenylimidazo[2,1-b][1,3,4]thiadiazol-6-yl)phenyl)isoindoline-1,3-dione (3a)
Under ideal reaction conditions, 2-(4-(2-phenylimidazo[2,1-b][1,3,4]thiadiazol-6-yl)phenyl)isoindoline-1,3-dione, a brown solid with a melting point above 280 °C, was produced. Good product formation with high purity and acceptable spectral characteristics was made possible by the optimized conditions. FTIR analysis revealed distinctive absorption bands at 1595 cm-1 (C=N), 1776 and 1718 cm-1 (imide C=O), and 3062 cm-1 (Ar–H). The 1H NMR spectrum (DMSO-d2) revealed multiplets between δ 8.12–7.25 ppm for aromatic protons, a singlet at δ 7.88 ppm for the imidazole proton, and doublets at δ 7.62 and 7.42 ppm for para-substituted phenyl protons. Signals at δ 167–164 ppm for carbonyl carbons, δ 154–150 ppm for azomethine carbons, and δ 141–110 ppm for aromatic and heterocyclic carbons were visible in the 13C NMR spectrum. The calculated percentages (C, 70.58; H, 3.45; N, 13.72; S, 7.85) were found to be in good agreement with the elemental analysis values for C24H14N4O2S. Additionally, the molecular structure was verified by mass spectrometry, which showed distinctive fragment ions and a molecular ion peak at m/z 409 [M+H]⁺.
2-(4-fluorophenyl)-6-[4-(1,3-dioxoisoindolin-2-yl)phenyl]imidazo[2,1-b][1,3,4]thiadiazole (3b)
69.00 % yield, pale yellow colour solid compound with M.P > 278 oC , the imidazo proton was represented by a singlet at δ 8.44 ppm in the 1H NMR spectrum of 2-(4-fluorophenyl)-6-[4-(1,3-dioxoisoindolin-2-yl)phenyl]imidazo[2,1-b][1,3,4]thiadiazole in DMSO-d6, whereas the fluorophenyl, phenylene, and phthalimide rings appeared as doublets and multiplets in the δ 7.31–7.93 ppm. The 13C NMR spectra showed distinctive signals at δ 167.1 ppm for imide carbonyl carbons, δ 162.9 ppm for aromatic carbons substituted with C–F, and δ 116.0–143.3 ppm for aromatic and heterocyclic carbons. The molecular weight of the synthesized molecule was confirmed by the mass spectrum, which revealed a molecular ion peak at m/z 441 [M+H]⁺ matching to the molecular formula C24H13FN4O2S. The suggested structure and purity of the compound were supported by elemental analysis values (C, 65.45; H, 2.98; N, 12.72;  and S, 7.28) that closely matched the computed values.
2-(4-(2-(4-bromophenyl)imidazo[2,1-b][1,3,4]thiadiazol-6-yl)phenyl)isoindoline-1,3-dione (3c)
71.00 % yields, pale yellow solid compound with M.P > 286 oC. 1H NMR (DMSO d6) Signals were detected at δ 8.44 (s, 1H, imidazole-H), 7.92–7.93 (m, 4H, phthalimide aromatic protons), 7.86–7.87 (d, 2H, Ar–H, J = 7.5 Hz), 7.67 (d, 2H, Ar–H, J = 7.5 Hz), and 7.32 (d, 2H, Ar–H, J = 7.5 Hz). The formation of the intended heterocyclic scaffold was confirmed by the 13C NMR spectrum (75 MHz, DMSO-d6), which showed distinctive signals at δ 167.2 (C=O), 162.8, 149.5, 138.7, 135.9, 134.2, 132.8, 131.4, 129.7, 128.5, 127.9, 126.8, 124.6, 123.2, and aromatic carbons. The molecular weight of synthesized molecule was confirmed by the mass spectrum, which revealed a molecular ion peak at m/z 498 [M+H]⁺ matching to the molecular formula C24H13BrN4O2S. The suggested structure and purity of the compound were supported by elemental analysis values (C, 57.50; H, 2.61; N, 11.18; Br, 15.94 and S, 6.39) that closely matched the computed values.
2-(4-(2-(4-chlorophenyl)imidazo[2,1-b][1,3,4]thiadiazol-6-yl)phenyl)isoindoline-1,3-dione (3d)
69.00 % yields; light yellow compound with M. P > 265 oC. NMR and mass spectral analysis were used to describe the synthesized molecule, 2-(4-(2-(4-chlorophenyl)imidazo[2,1-b][1,3,4]thiadiazol-6-yl)phenyl)isoindoline-1,3-dione, with molecular formula C24H13ClN4O2S and 1H NMR (DMSO-d6). Signals were detected at δ 8.44 (s, 1H, imidazole-H), 8.02 (d, 2H, Ar–H, J = 7.5 Hz), 7.92–7.93 (m, 4H, phthalimide aromatic protons), 7.87 (d, 2H, Ar–H, J = 7.5 Hz), 7.53 (d, 2H, Ar–H, J = 7.5 Hz), and 7.32 (d, 2H, Ar–H, J = 7.5 Hz). The 13C NMR spectra (75 MHz, DMSO-d6) at δ 167.1 (C=O), 143.3, 140.1, 136.2, 134.3, 132.7, 132.2, 132.0, 131.6, 129.4, 129.3, 128.9, 128.6, 127.7, 123.7, and 122.3 ppm, which correspond to carbonyl, heteroaromatic, and aromatic carbons. The molecular weight of the produced molecule was confirmed by the mass spectrum, which showed a molecular ion peak at m/z 456.04 [M+H]+. The suggested structure and purity of the compound were supported by elemental analysis values (C, 57.50; H, 2.61; N, 11.18; Br, 15.94 and S, 6.39) that closely 
matched the computed values.
2-(4-(2-(4-nitrophenyl)imidazo[2,1-b][1,3,4]thiadiazol-6-yl)phenyl)isoindoline-1,3-dione (3e)
68.00 % yields; pale yellow compounds with M. P > 275 oC. Mass spectrometry, elemental analysis, 1H NMR, and 13C NMR were used to characterize the synthesized molecule, 2-(4-(2-(4-nitrophenyl)imidazo[2,1-b][1,3,4]thiadiazol-6-yl)phenyl)isoindoline-1,3-dione, with molecular formula C24H13N5O4S and molecular weight 467.46. Signals were detected at δ 8.44 (s, 1H, imidazole-H), 8.27 (d, 2H, Ar–H, J = 7.5 Hz), 8.03 (d, 2H, Ar–H, J = 7.5 Hz), 7.92–7.93 (m, 4H, phthalimide aromatic protons), 7.87 (d, 2H, Ar–H, J = 7.5 Hz), and 7.32 (d, 2H, Ar–H, J = 7.5 Hz). The 13C NMR spectra (75 MHz, DMSO-d6) showed distinctive peaks at δ 167.1 (C=O), 147.9, 143.3, 140.1, 139.6, 136.2, 132.7, 132.2, 132.0, 129.4, 128.6, 128.4, 127.7, 124.4, 123.7, and phenyl carbons. The suggested structure and purity of the compound were supported by elemental analysis values (C, 61.67; H, 2.80; N, 14.98; O, 13.69 and S, 6.86) that closely matched the computed values. The molecular weight of the produced molecule was confirmed by the mass spectrum, which showed a molecular ion peak at m/z 467.07 ([M+H]+.
Table 1 Melting point, %yield, Molecular formula and Molecular weight of Compounds 3a-3e
	Compound
	Melting point(0C)
	Yield
	Mol. Formula
	Mol.wt

	3a
	>280 oC
	68.5 %
	C24H14N4O2S
	409

	3b
	>278 oC
	69.00 %
	C24H13FN4O2S
	441

	3c
	>286 oC
	71.00 %
	C24H13BrN4O2S
	498

	3d
	>265 oC
	69.00 %
	C24H13ClN4O2S
	456.04

	3e
	>275 oC
	68.01 %
	C24H13N5O4S
	467.07



3.1 Antibacterial and Antifungal Activity of Synthesised compound
Gram-positive bacteria (Staphylococcus aureus and Bacillus subtilis), Gram-negative bacteria (Escherichia coli and Pseudomonas aeuroginosa), and the yeast-like pathogenic fungus Candida albicans were among the standard strains against which the synthesized compounds were evaluated for their in vitro antimicrobial activity. the synthesized compounds (3a–3e) were evaluated against two Gram-positive bacteria, Bacillus subtilis and Staphylococcus aureus, and two Gram-negative bacteria, Klebsiella pneumoniae and Escherichia coli, using the zone of inhibition method (values in mm).
Compound 3a exhibited moderate activity with zones of inhibition of 12 mm against B. subtilis, 12 mm against S. aureus, 09 mm against K. pneumoniae, and 11 mm against E. coli.
Compound 3b showed 13 mm inhibition against B. subtilis, 09 mm against S. aureus, 12 mm against K. pneumoniae, and 13 mm against E. coli, indicating better activity against Gram-negative bacteria compared to Gram-positive strains. Compound 3c demonstrated zones of 14 mm against B. subtilis, 11 mm against S. aureus, 09 mm against K. pneumoniae, and 08 mm against E. coli, showing comparatively lower activity against Gram-negative organisms. Compound 3d displayed enhanced antibacterial activity with inhibition zones of 13 mm against B. subtilis, 13 mm against S. aureus, 13 mm against K. pneumoniae, and the highest observed value of 16 mm against E. coli, indicating broad-spectrum effectiveness at a concentration of 100 µg/mL, indicating broad-spectrum effectiveness. Compound 3e was found to be the most active derivative overall, showing 15 mm against B. subtilis, 14 mm against S. aureus, 15 mm against K. pneumoniae, and 14 mm against E. coli, demonstrating strong and consistent antibacterial activity against both Gram-positive and Gram-negative strains. Overall, among all synthesized compounds, 3e exhibited the highest and most consistent antibacterial potency, followed by 3d, while compounds 3a, 3b, and 3c showed moderate to variable activity. The results suggest that structural modification in compounds 3d and 3e significantly enhances antibacterial efficacy against both Gram-positive and Gram-negative bacterial strains.
Table-2 Antibacterial Activity of Compounds (3a-3e)
	Comp.
No.
	Zone of Inhibition(mm)

	
	Gram +ve
	Gram -ve

	
	Bacillus
Subtilis
	Staphylococcus
aureus
	Klebsiella
pneumoniae
	Escherichia coli

	3a
	12
	12
	09
	11

	3b
	13
	09
	12
	13

	3c
	14
	11
	09
	08

	3d
	13
	13
	13
	16

	3e
	15
	14
	15
	14
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Figure 1 Comparison of Antibacterial activity of Synthesis compounds(3a-3e)
The antifungal activity of synthesized compounds (3a–3e) was evaluated at 1000 ppm against 
four fungal strains: Botryodiplodia theobromae, Nigrospora sp., Penicillium expansum, and Rhizopus nigricans. The results demonstrated moderate to good inhibitory activity. Compound 3d exhibited the highest activity against Botryodiplodia theobromae with 73% inhibition, while compound 3b and 3e showed significant inhibition against Nigrospora (71%). Against Penicillium expansum, compound 3b showed maximum inhibition (69%), followed by 3e (67%). In the case of Rhizopus nigricans, compound 3a showed the highest inhibition (67%), whereas compound 3d displayed comparatively lower activity (54%). Overall, compounds 3b, 3d, and 3e demonstrated comparatively better antifungal potential among the tested derivatives

Table-3 Antifungal Activity of Compounds (3a-e)
	Comp. 
No. 
	Zone of Inhibition at 1000 ppm (%) 

	
	Botryodiplodia theobromae 
	Nigrospora 
 
	Penicillium expansum 
	Rhizopus nigricans 

	3a 
	59 
	67 
	62 
	67 

	3b 
	61 
	71 
	69 
	61 

	3c 
	59 
	61 
	63 
	59 

	3d 
	73 
	59 
	61 
	54 

	3e 
	69 
	71 
	67 
	63 
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Figure 2 Comparison of Antifungal Activity of Synthesis compounds (3a-3e)
3.2 Molecular Docking
With docking scores ranging from -7.7 to -8.4 kcal/mol, the molecular docking study of compounds 3a–3e shows that all derivatives have a strong binding affinity toward the target protein. With a docking score of -8.4 kcal/mol, compound 3a showed the strongest interaction and the best stability among the assessed series, making it the most promising lead contender. Certain intermolecular interactions inside the active site, where compound 3a forms important contacts with amino acid residues including ARG-52, HIS-55, ARG-202, and ARG-219, facilitate this strong binding. The visualization notably demonstrates hydrogen bonding or tight interactions with ARG-219 at 2.3 Å and ARG-52 at 2.2 Å, which support the stability of the ligand-protein complex. growth. 
Table 4 Molecular docking Score of synthesis compound 3a-3e

	Compound
	Docking Score (kcal/mol)

	3a
	-8.4

	3b
	-8.2

	3c
	-8.0

	3d
	-7.7

	3e
	-7.9




Compounds 3b through 3e also had competitive scores, but compound 3a's precise residue interactions and particular orientations support its position as the most potential therapeutic candidate for additional research.
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Figure 3 Molecular docking interaction of synthesis compounds 3a-3e
Conclusion
The synthesis, spectral characterization, and biological assessment of a novel series of 6-aryl-2-(4-(1,3-dioxoisoindolin-2-yl)phenyl)imidazo(2,1-b)1,3,4-thiadiazole derivatives (3a–e) are effectively described in this paper. The creation of the required bridgehead nitrogen heterocyclic scaffold was consistently supported by the rigorous confirmation of the chemical structures utilizing FTIR, 1H NMR, 13C NMR and elemental analysis. Imidazo[2,1-b][1,3,4]thiadiazole core integration with an isoindoline moiety greatly influences biological potency, according to in vitro antimicrobial screening. In particular, compound 3e showed broad-spectrum activity against both Gram-positive and Gram-negative bacterial strains, making it the most effective antibacterial agent. Additionally, compound 3d showed the strongest antifungal efficacy, especially against B. theobromae. Molecular docking investigations (PDBID-1AD4), which revealed high binding affinities (-7.7 to -8.4 kcal/mol) for all derivatives, supplemented these experimental results. Compound 3a, which has important hydrogen bonds with residues like ARG-52 and ARG-219, showed the most stable protein-ligand interactions. All things considered, the findings point to these hybrid heterocycles as prospective lead templates for the creation of more potent antibacterial and medicinal substances.
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