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PREFACE 

 

This Ph.D. work has been conducted as partial requirements of the Ph.D degree in 

Pharmacy. The current thesis entitled “Synthesis, in vitro and in silico studies of 2,4-

thiazolidinedione hybrids as anti-diabetic agents” revolves round the antidiabetic 

activity profile of newly synthesized thiazolidinedione (TZD) analogues. Especially, 

Chapter III contains the synthesis, single crystal X-ray diffraction (XRD), in vitro bio-assay, 

molecular docking, and ADMET profiling of cuminaldehyde derived thiazolidine-2,4-dione 

hybrids for their activities as prospective α-glucosidase inhibitors. Chapter IV discusses the 

synthesis, structural characterization, and biological evaluation of new 2,4-

thiazolidinedione hybrids working in the same therapeutic domain. 

 

My experience in Medicinal Chemistry programme exceeds five years and is closely related 

to the design, synthesis and SAR studies of pharmacologically related to heterocyclic 

scaffolds, particularly thiazolidinedione-framework molecules. This PhD at Jadavpur 

University enabled me to investigate in depth this multi-faceted approach to study these 

species combining experimental and computational tools. 

 

During the time this work has been carried out I have published 18 peer reviewed articles 

in well-known journals including; European Journal of Medicinal Chemistry, Bioorganic 

& Medicinal Chemistry, Life Sciences, Journal of Molecular Structure, Biochemical 

Pharmacology and RSC Medicinal Chemistry. I have 7 book chapters written in 

collaboration which deals with natural product to treat disease and medicinal chemistry 

updates on treatment and management of diabetes. Despite a modest H-index (8), with 186 

citations (according to Google Scholar), I want to contribute significantly in the realm of 

research. 

 

I have practical experience in synthetic chemistry, spectroscopic methods (NMR, IR, MS, 

UV) and in general scientific and cheminformatics software (ChemDraw, MarvinSketch, 

SciFinder, Mendeley, EndNote). 



This work was inspired by my desire to connect basic medicinal chemistry to transl lational 

research, and address worldwide health epidemics like type 2 diabetes. The prOspect of 

translating rationally designed and synthesized molecules into viable lead compound. 

what keeps me excited about the field. Although we have seen our instrumental 

becoming more and more limited, research collaboration and consumable/chemical os. 

increasing, it has been a rewarding path to follow. Key experiences were the successiul 
cooperation with national and international colleagues, presenting results in San Diego, 
USA at the ACS Spring 2025 conference- a moment of my scientific education which 

significantly expanded my horizon thus deepened my network. This research opportunity 
has further developed my abilities as a scientific writer and researcher and to learn the 
editorial, digital tools and research programs. 

access 

The fundamentai purpose of this effort is to develop novel, effective anti-diabetic agents by 
synthesizing 2,4-thiazolidinedione hybrid molecules utilizing natural or synthetic biologically active frameworks. This thesis targets researchers and experts in medicinal chemistry, particularly those focused on the development and investigation of 2,4 thiazolidinedione hybrids as anti-diabetic agents. 

Kolkata 
August, 2025 

Abhik Paul 



xii 
 

CONTENTS 

PARTICULARS PAGE NO. 

ACKNOWLEDGEMENT viii-ix 

PREFACE x-xi 

LIST OF FIGURES xvi-xxiv 

LIST OF TABLES xxv-xxvi 

LIST OF SCHEMES xxvii 

LIST OF ABBREVIATIONS xxviii-xxx 

 

CHAPTER I PAGE NO. 

1. Introduction: 1-30 

1.1. Diabetes mellitus and its global burden: 1-4 

1.2. Pathophysiology of type 2 diabetes mellitus (T2DM): 4-7 

1.3. Current therapeutic options: 7-12 

1.3.1. α-glucosidase inhibitors (AGIs): 7-8 

1.3.2. Amylin mimetics: 8-10 

1.3.3. Incretin mimetics (GLP – 1 agonist and DPP – IV inhibitors): 10-11 

1.3.4. Sodium-glucose co-transporter type 2 (SGLT2) inhibitors: 11-12 

1.4. Treatment approaches for type 2 diabetes mellitus (T2DM): 
12-16 

1.4.1. Conventional treatment algorithm: 14-15 

1.4.2. Newer treatment algorithm: 15-16 

1.5. Importance of α-glucosidase inhibition: 16-18 

1.6. Overview of 2,4-thiazolidinedione (TZD): 18-26 

1.6.1. Reactivity, synthetic routes and biological effects of TZDs: 21-26 

1.7. Rationale for Hybrid Molecule Design: 27-30 

1.7.1. Molecular hybridization in drug discovery: 27-28 

1.7.2. Integration of TZD scaffold with other pharmacophores to 

enhance antidiabetic activity: 

29-30 

References 31-38 



xiii 
 

CHAPTER II PAGE NO. 

1. Literature Review 39-84 

1.1. Overview of 5-arylidene-2,4-thiazolidinedione (5-A-TZD): 39-40 

1.2. Knoevenagel condensation and its importance in 5-arylidene-

2,4-thiazolidinediones (5-A-TZDs) synthesis: 

40-43 

1.3. Recent approaches for the synthesis of 5-A-TZDs via KC: 43-44 

1.4. TZD-based hybrids as antidiabetic agents: 44-75 

1.5. Cuminaldehyde: 75-78 

1.6. Biological activity potentials of Cuminaldehyde analogues: 78-83 

1.7. Comparative studies between Cuminaldehyde and its analogues: 83-84 

References 85-91 

CHAPTER III PAGE NO. 

Synthesis, single crystal XRD, in vitro evaluation, molecular docking and ADMET 
studies of cuminaldehyde-thiazolidine-2,4-dione hybrids as potential α-glucosidase 

inhibitors 
1. Introduction: 92-94 

2. Experimental section: 95-109 

2.1. Chemistry: 95 

2.1.1. Synthesis of thiazolidine-2,4-dione (TZD; Compound 3): 95-96 

            2.1.2. (Z)-5-(4-isopropylbenzylidene)thiazolidine-2,4-dione 

(Compound 5): 

96 

            2.1.3. General procedure for synthesis of (Z)-3-substituted-5-(4-

isopropylbenzylidene)thiazolidine-2,4-dione (Compound 6a-6l): 

96-104 

            2.1.4. General procedure for synthesis of (Z)-2-(5-(4-

isopropylbenzylidene)-2,4-dioxothiazolidin-3-yl)acetic acid (Compound 

6m): 

104 

2.2. In vitro assay of α-glucosidase inhibitory activity: 105 

2.3. Inhibition kinetics: 105-106 

2.4. Fluorescence quenching: 106 

2.5. Circular dichroism spectra: 106-107 

2.6. Molecular docking: 107-108 

2.6.1. Protein preparation: 107 



xiv 
 

2.6.2. Ligand preparation: 107 

2.6.3. Docking: 107-108 

2.7. In vitro cytotoxicity: 108 

2.8. ADME, drug-likeness and toxicity assessment: 109 

3. Result and discussion: 110-126 

3.1. Chemistry: 110 

3.2. X-ray crystallographic analysis with ORTEP diagram of 

compounds 6i: 

111 

3.3. In vitro assay of α-glucosidase inhibitory activity: 111-113 

3.4. Structure-activity relationships (SARs): 113 

3.5. Enzyme kinetic study: 114-115 

3.6. Fluorescence quenching: 115-117 

3.7. Circular dichroism spectra: 117-118 

3.8. Molecular docking: 119 

      3.8.1. Molecular docking analysis: 119 

3.8.1.1. Docking score and binding interaction analysis of 

Compound 6i and 6h: 

119-122 

3.9. In vitro cytotoxicity: 122-123 

3.10. ADME, drug-likeness and toxicity assessment: 123-126 

Spectral data 127-163 

References 164-169 

CHAPTER IV PAGE NO. 

Synthesis, crystal structure, and in vitro evaluation of newer 2,4-thiazolidinedione 
hybrids as α-glucosidase inhibitors 

1. Introduction: 170-173 

2. Experimental section: 174-189 

2.1. Chemistry: 174-185 

2.1.1. Synthesis of thiazolidine-2,4-dione (TZD; Compound 3): 174 

            2.1.2. (Z)-5-(3,4-dimethoxybenzylidene)thiazolidine-2,4-dione 

(Compound 5): 

175 

            2.1.3. General procedure for synthesis of (Z)-3-substituted-5-

(3,4-dimethoxybenzylidene)thiazolidine-2,4-dione (Compound 6a-6l): 

176-184 



xv 
 

            2.1.4. General procedure for synthesis of (Z)-2-(5-(3,4-

dimethoxybenzylidene)-2,4-dioxothiazolidin-3-yl)acetic acid 

(Compound 6m): 

184-185 

2.2. In vitro assay of α-glucosidase inhibitory activity: 185-186 

2.3. Inhibition kinetics: 186 

2.4. Fluorescence quenching: 186-187 

2.5. Circular dichroism spectra: 187 

2.6. Molecular docking: 187-188 

2.6.1. Protein preparation: 187 

2.6.2. Ligand preparation: 187-188 

2.6.3. Docking: 188 

2.7. In vitro cytotoxicity: 188-189 

2.8. ADME, drug-likeness and toxicity assessment: 189 

3. Result and discussion: 190-204 

3.1. Chemistry: 190 

3.2. X-ray crystallographic analysis with ORTEP diagram of 

compounds 6b: 

191 

3.3. In vitro assay of α-glucosidase inhibitory activity: 191-193 

3.4. Structure-activity relationships (SARs): 193-194 

3.5. Enzyme kinetic study: 194-195 

3.6. Fluorescence quenching: 195-197 

3.7. Circular dichroism spectra: 197-198 

3.8. Molecular docking: 198-200 

3.9. In vitro cytotoxicity: 200-201 

3.10. ADME, drug-likeness and toxicity assessment: 201-204 

Spectral data 205-241 

References 242-245 

CHAPTER V PAGE NO. 

Conclusion and future perspective 246-248 

APPENDICES PAGE NO. 

Publications and Certificates 249-263 

 



xvi 
 

LIST OF FIGURES 
 

FIGURE NO. PARTICULARS PAGE NO. 

CHAPTER I 

1 Pictorial representation of T2DM. A. Stomach absorbs 

glucose and releases it into the peripheral tissue through 

the bloodstream. B. Glucose enters into the 

bloodstream. C. Arterial glucose activates the pancreas 

to release insulin. D. Due to insulin resistance and less 

insulin secretion, glucose is unable to uptake by the 

cells. E. Increases the glucose concentration in the blood 

and leads to T2DM 

3 

2 The ominous octet illustrating the pathophysiologic 

dysfunction seen in T2DM. Modified from DeFronzo 

RA, 2013 [23] 

7 

3 Mechanism of action of newer classes (AGIs, amylin 

mimetics, incretin mimetics (GLP – 1 agonist and DPP-

IV inhibitors), and SGLT2 inhibitors) of drugs used in 

modern therapy for the management of T2DM 

12 

4 Treatment approaches for the management of T2DM 16 

5 Role of AG in hyperglycemia 18 

6 Structure of TZD and its physicochemical properties 19 

7 The historical background of thiazolidinediones (TZDs) 19 

8 Structure of antidiabetic medications containing TZD 

moiety 

20 

9 Tautomeric structures of TZD 21 

10 Reactivity of TZD at -CH2 and -NH 23 

CHAPTER II 

1 General structure of 5-A-TZD. 39 

2 General mechanism of KC between TZD and substituted 

aromatic aldehydes. 

43 

3 Multiple synthetic approaches of KC for 5-A-TZDs. 44 

4 SAR and structures of compound 1 and 2 as potent AGIs. 46 



xvii 
 

5 SAR and structures of compound 3 as potent AGI. 47 

6 SAR and structures of compound 4 as potent AGI and 

AAI. 

48 

7 SAR and structures of compound 5 as potent AGI, AAI, 

and antioxidant. 

49 

8 SAR and structures of compound 6 as potent AGI and 

AAI. 

50 

9 Design strategy of compound 7 as potent AGI. 51 

10 SAR and structures of compound 7 as potent AGI. 51 

11 Design strategy of compound 8 as potent AGI. 52 

12 SAR and structures of compound 8 as potent AGI. 53 

13 Design strategy of compound 9 as potent AGI. 54 

14 SAR and structures of compound 9 as potent AGI. 54 

15 SAR and structures of compound 10 as potent AGI and 

AAI. 

55 

16 Structures of compound 11 and 12 as potent AGIs, AAIs, 

DPP-4, and PTP1B inhibitors. 

56 

17 SAR and structures of compound 13 as potent AGIs and 

AAIs. 

57 

18 Previously reported compounds as potent AGIs and 

AAIs. 

58 

19 SAR and structures of compound 14 as potent AGIs. 58 

20 SAR and structures of compound 15 as potent AGIs and 

AAIs. 

59 

21 Design strategy of compound 16 as potent AGIs and 

AAIs. 

60 

22 SAR and structures of compound 16 as potent AGIs and 

AAIs. 

60 

23 Design strategy of compound 17 as potent AGIs and 

AAIs. 

61 

24 SAR and structures of compound 17 as potent AGI and 

AAI. 

62 



xviii 
 

25 Design strategy of compound 18, 19, and 20 as potent 

AGIs. 

63 

26 SAR and structures of compound 18, 19, and 20 as potent 

AGIs. 

63 

27 SAR and structures of compound 21, 22, and 23 as potent 

AGIs and AAIs. 

64 

28 SAR and structures of compound 24 as potent AGI. 65 

29 SAR and structures of compound 25 as potent AGI. 66 

30 SAR and structures of compound 26 as potent AGI and 

AAI. 

67 

31 SAR and structures of compound 27 as potent AGI and 

AAI. 

68 

32 SAR and structures of compound 28 as potent AGI. 69 

33 SAR and structures of compound 29 as potent AGI. 70 

34 SAR and structures of compound 30 as potent AGI. 71 

35 SAR and structures of compound 31 and 32 as potent 

AGIs. 

72 

36 SAR and structures of compound 33 as potent AGI and 

AAI. 

73 

37 SAR and structures of compound 34 as potent AGI. 74 

38 SAR and structures of compound 35 as potent AGI. 75 

39 Structure, chemical formula, molecular weight, melting 

point, logP, and tPSA of CUM (Chemical formula, 

molecular weight, melting point, logP, and tPSA were 

calculated from ChemBioDraw Ultra 12.0.). 

77 

40 Therapeutic potential of CUM with its schematic mode 

of action. 

78 

41 Structure of potential CUM analogues. 83 

CHAPTER III 

1 (A) Structure of α-glucosidase inhibitors containing TZD 

[1,2,36]; (B) Structure of α-glucosidase inhibitors 

(ibuprofen Schiff base and cuminaldehyde) [38,39]; (C) 

94 



xix 
 

Designing of cuminaldehyde-TZD hybrids for potential 

α-glucosidase inhibitors. 

2 ORTEP diagram of compound 6i (CCDC- 2402983) 

(Scheme 1). 

111 

3 SAR of compound series for α-glucosidase inhibitory 

activity. 

113 

4 Kinetics of α-glucosidase inhibition by compound 6i and 

the Lineweaver-Burk plot in the absence and presence of 

different concentrations of compound 6i. 

114 

5 The secondary plot between Km and various 

concentrations of compound 6i. 

115 

6 Fluorescence emission spectra at different concentrations 

of compound 6i. 

116 

7 Double logarithm regression plots of compound 6i and α-

glucosidase. 

117 

8 Stern-Volmer plots of compound 6i. 117 

9 CD spectra of α-glucosidase with compound 6i. 118 

10 3D representation of all the Aligned TZD derivatives at 

the active site of AG (PDB: 5NN8). 

121 

11 2D and 3D docking representation of AG–TZD 

derivatives 6i (A and B) and 6h (C and D). 

122 

12 Cell viability assay of compound 6i against HEK293. 123 

13 Radar plot and Boiled-Egg model of compound 6i and 

6h. 

125 

SPECTRAL FIGURES 

S.F1ʹ ¹H NMR of compound 5 127 

S.F1ʺ ¹³C NMR of compound 5 127 

S.F2ʹ ¹H NMR of compound 6a 128 

S.F2ʺ ¹³C NMR of compound 6a 128 

S.F3ʹ ¹H NMR of compound 6b 129 

S.F3ʺ ¹³C NMR of compound 6b 129 

S.F4ʹ ¹H NMR of compound 6c 130 

S.F4ʺ ¹³C NMR of compound 6c 130 



xx 
 

S.F5ʹ ¹H NMR of compound 6d 131 

S.F5ʺ ¹³C NMR of compound 6d 131 

S.F6ʹ ¹H NMR of compound 6e 132 

S.F6ʺ ¹³C NMR of compound 6e 132 

S.F7ʹ ¹H NMR of compound 6f 133 

S.F7ʺ ¹³C NMR of compound 6f 133 

S.F8ʹ ¹H NMR of compound 6g 134 

S.F8ʺ ¹³C NMR of compound 6g 134 

S.F9ʹ ¹H NMR of compound 6h 135 

S.F9ʺ ¹³C NMR of compound 6h 135 

S.F10ʹ ¹H NMR of compound 6i 136 

S.F10ʺ ¹³C NMR of compound 6i 136 

S.F11ʹ ¹H NMR of compound 6j 137 

S.F11ʺ ¹³C NMR of compound 6j 137 

S.F12ʹ ¹H NMR of compound 6k 138 

S.F12ʺ ¹³C NMR of compound 6k 138 

S.F13ʹ ¹H NMR of compound 6l 139 

S.F13ʺ ¹³C NMR of compound 6l 139 

S.F14ʹ ¹H NMR of compound 6m 140 

S.F14ʺ ¹³C NMR of compound 6m 140 

S.F15 FT-IR of compound 5 141 

S.F16 FT-IR of compound 6a 141 

S.F17 FT-IR of compound 6b 142 

S.F18 FT-IR of compound 6c 142 

S.F19 FT-IR of compound 6d 143 

S.F20 FT-IR of compound 6e 143 

S.F21 FT-IR of compound 6f 144 

S.F22 FT-IR of compound 6g 144 

S.F23 FT-IR of compound 6h 145 

S.F24 FT-IR of compound 6i 145 

S.F25 FT-IR of compound 6j 146 

S.F26 FT-IR of compound 6k 146 



xxi 
 

S.F27 FT-IR of compound 6l 147 

S.F28 FT-IR of compound 6m 147 

S.F29 MS (ESI, m/z) of compound 5 148 

S.F30 MS (ESI, m/z) of compound 6a 149 

S.F31 MS (ESI, m/z) of compound 6b 150 

S.F32 MS (ESI, m/z) of compound 6c 151 

S.F33 MS (ESI, m/z) of compound 6d 152 

S.F34 MS (ESI, m/z) of compound 6e 153 

S.F35 MS (ESI, m/z) of compound 6f 154 

S.F36 MS (ESI, m/z) of compound 6g 155 

S.F37 MS (ESI, m/z) of compound 6h 156 

S.F38 MS (ESI, m/z) of compound 6i 157 

S.F39 MS (ESI, m/z) of compound 6j 158 

S.F40 MS (ESI, m/z) of compound 6k 159 

S.F41 MS (ESI, m/z) of compound 6l 160 

S.F42 MS (ESI, m/z) of compound 6m 161 

S.F43 Molecular geometries of compound 6i in crystal 162 

CHAPTER IV 

1 (A) The structure of TZD-containing AGIs [1–3,12–14]; 

(B) Structure of some AGIs having veratraldehyde (VD) 

part [2,3,14]; (C) Structure of cuminaldehyde-TZD 

hybrids as an AG inhibitor [1] and structure of VD; (D) 

The process of designing hybrids of VD and TZD for the 

purpose of developing potential AGIs. 

173 

2 ORTEP diagram of compound 6b (CCDC- 2445001) 

(Scheme 1) 

191 

3 SAR of VD-TZD series for AGI activity 194 

4 Kinetics of AG inhibition by compound 6f and the 

Lineweaver-Burk plot in the absence and presence of 

different concentrations of compound 6f. 

195 

5 The secondary plot between Km and various 

concentrations of compound 6f. 

195 



xxii 
 

6 Fluorescence emission spectra at different concentrations 

of compound 6f. 

196 

7 Double logarithm regression plots of compound 6f and 

AG. 

197 

8 Stern-Volmer plots of compound 6f. 197 

9 CD spectra of AG with compound 6f. 198 

10 3D representation of all the Aligned TZD derivatives at 

the active site of AG (PDB: 5NN8). 

200 

11 2D and 3D docking representation of VD–TZD 

derivatives 6f. 

200 

12 Cell viability assay of compound 6f against HEK293. 201 

13 Radar plot and Boiled-Egg model of compounds 6f and 

6g. 

203 

SPECTRAL FIGURES 

S.F1ʹ ¹H NMR of compound 5 205 

S.F1ʺ ¹³C NMR of compound 5 205 

S.F2ʹ ¹H NMR of compound 6a 206 

S.F2ʺ ¹³C NMR of compound 6a 206 

S.F3ʹ ¹H NMR of compound 6b 207 

S.F3ʺ ¹³C NMR of compound 6b 207 

S.F4ʹ ¹H NMR of compound 6c 208 

S.F4ʺ ¹³C NMR of compound 6c 208 

S.F5ʹ ¹H NMR of compound 6d 209 

S.F5ʺ ¹³C NMR of compound 6d 209 

S.F6ʹ ¹H NMR of compound 6e 210 

S.F6ʺ ¹³C NMR of compound 6e 210 

S.F7ʹ ¹H NMR of compound 6f 211 

S.F7ʺ ¹³C NMR of compound 6f 211 

S.F8ʹ ¹H NMR of compound 6g 212 

S.F8ʺ ¹³C NMR of compound 6g 212 

S.F9ʹ ¹H NMR of compound 6h 213 

S.F9ʺ ¹³C NMR of compound 6h 213 

S.F10ʹ ¹H NMR of compound 6i 214 



xxiii 
 

S.F10ʺ ¹³C NMR of compound 6i 214 

S.F11ʹ ¹H NMR of compound 6j 215 

S.F11ʺ ¹³C NMR of compound 6j 215 

S.F12ʹ ¹H NMR of compound 6k 216 

S.F12ʺ ¹³C NMR of compound 6k 216 

S.F13ʹ ¹H NMR of compound 6l 217 

S.F13ʺ ¹³C NMR of compound 6l 217 

S.F14ʹ ¹H NMR of compound 6m 218 

S.F14ʺ ¹³C NMR of compound 6m 218 

S.F15 FT-IR of compound 5 219 

S.F16 FT-IR of compound 6a 219 

S.F17 FT-IR of compound 6b 220 

S.F18 FT-IR of compound 6c 220 

S.F19 FT-IR of compound 6d 221 

S.F20 FT-IR of compound 6e 221 

S.F21 FT-IR of compound 6f 222 

S.F22 FT-IR of compound 6g 222 

S.F23 FT-IR of compound 6h 223 

S.F24 FT-IR of compound 6i 223 

S.F25 FT-IR of compound 6j 224 

S.F26 FT-IR of compound 6k 224 

S.F27 FT-IR of compound 6l 225 

S.F28 FT-IR of compound 6m 225 

S.F29 MS (ESI, m/z) of compound 5 226 

S.F30 MS (ESI, m/z) of compound 6a 227 

S.F31 MS (ESI, m/z) of compound 6b 228 

S.F32 MS (ESI, m/z) of compound 6c 229 

S.F33 MS (ESI, m/z) of compound 6d 230 

S.F34 MS (ESI, m/z) of compound 6e 231 

S.F35 MS (ESI, m/z) of compound 6f 232 

S.F36 MS (ESI, m/z) of compound 6g 233 

S.F37 MS (ESI, m/z) of compound 6h 234 



xxiv 
 

S.F38 MS (ESI, m/z) of compound 6i 235 

S.F39 MS (ESI, m/z) of compound 6j 236 

S.F40 MS (ESI, m/z) of compound 6k 237 

S.F41 MS (ESI, m/z) of compound 6l 238 

S.F42 MS (ESI, m/z) of compound 6m 239 

S.F43 Molecular geometries of compound 6b in crystal 240 

CONCLUSION AND FUTURE PERSPECTIVE 

1 

Graphical representation of synthesis, single crystal 

XRD, in vitro evaluation, molecular docking and 

ADMET studies of cuminaldehyde-TZD hybrids as 

potential α-glucosidase inhibitors 

247 

2 

Graphical representation of synthesis, crystal structure, 

and in vitro evaluation of newer 2,4-thiazolidinedione 

hybrids as α-glucosidase inhibitors 

248 

 



 

xxv 
 

LIST OF TABLES 
 

TABLE NO. PARTICULARS PAGE NO. 

CHAPTER III 

1 Physiochemical properties of synthesized compounds 

(Compound 5 and 6a-6m). 

97 

2 The in vitro α-glucosidase inhibitory activity screening 

and IC50 values data of synthesized compounds (6a-6h, 

6i-6l, and 6m). 

112 

3 Secondary structural analysis of compound 6i with α-

glucosidase from CD. 

118 

4 Molecular docking scores of the most potent compound 

6i and 6h. 

121 

5 ADME prognosis using SwissADME, Physiochemical 

and Drug-likeness properties. ((MW=Molecular Weight, 

TPSA=total polar surface area, Consensus Log P 

=average of all predicted Log Po/w). 

125 

6 Pharmacokinetics prediction of synthesized compounds 

(6i and 6h) from the SwissADME server. 

126 

7 Toxicology predictions. Information was retrieved via 

the Deep-PK database. 

126 

S1 Tabular data of crystal 162 

CHAPTER IV 

1 Physiochemical properties of synthesized compounds 

(Compound 5 and 6a-6m). 

176 

2 The in vitro α-glucosidase inhibitory activity screening 

and IC50 values data of synthesized compounds (6a-6h, 

6i-6l, and 6m). 

192 

3 Secondary structural analysis of compound 6f with α-

glucosidase from CD. 

198 

4 Molecular docking scores of the most potent compound 

6f and 6h. 

199 



 

xxvi 
 

5 ADME prognosis using SwissADME, Physiochemical 

and Drug-likeness properties. ((MW=Molecular Weight, 

TPSA=total polar surface area, Consensus Log P 

=average of all predicted Log Po/w). 

203 

6 Pharmacokinetics prediction of synthesized compounds 

(6f and 6g) from the SwissADME server. 

204 

7 Toxicology predictions. Information was retrieved via 

the Deep-PK database. 

204 

S1 Tabular data of crystal 204-205 

 
 
 
 
 
 
 
 
 
 



 

xxvii 
 

LIST OF SCHEMES 
 

SCHEME 
NO. 

                               PARTICULARS PAGE NO. 

CHAPTER I 

1 Initially employed a way to synthesize TZD utilizing 

carbonyl sulfide. 

24 

2 A mechanistic perspective on the synthetic production of 

TZD utilizing thiourea and α-chloroacetic acid. 

25 

3 Synthesis of TZD via microwave irradiation utilizing 

thiourea and α-chloroacetic acid. 

25 

4 Synthesis of TZD using mineral acids. 25 

CHAPTER III 

1 Synthesis of target compounds 6a-h, 6i-6l, and 6m. 

Reagents and conditions: a) Concentrated hydrochloric 

acid, water, 100-110 0C, reflux, 8–10 hrs; b) Urea (1.5 

equiv), Glacial acetic acid, 100 0C, Reflux, 8–10 hrs; c) 

Substituted benzyl chlorides/ Alkyl halides, K2CO3, 

DMF, rt; 18-24 hrs. Scheme 1A: Synthesis of target 

compound 6m from 6l. Reagents and conditions: d) 

Conc. HCl:AcOH (1:2), reflux 2 h. 

110 

CHAPTER IV 

1 Synthesis of target compounds 6a-h, 6i-6l, and 6m. 

Reagents and conditions: a) Concentrated hydrochloric 

acid, water, 100-110 0C, reflux, 8–10 hrs; b) Urea (1.5 

equiv), Glacial acetic acid, 100 0C, Reflux, 8–10 hrs; c) 

Substituted benzyl chlorides/ Alkyl halides, K2CO3, 

DMF, rt; 18-24 hrs. Scheme 1A: Synthesis of target 

compound 6m from 6l. Reagents and conditions: d) 

Conc. HCl: AcOH (1:2), reflux 2 h [1] 

190 

 
 



xxviii 
 

LIST OF ABBREVIATIONS 
 

ABBREVIATIONS FULL FORM 

AA α-amylase 

AAIs α-amylase inhibitors  

ADMET Absorption, distribution, metabolism, excretion, and toxicity 

AG α-glucosidase  

AGI α-glucosidase inhibitory 

AGIs Alpha-glucosidase inhibitors / α-glucosidase inhibitors  

AKT1 Protein kinase B  

AMPK Adenosine 5′-monophosphate (AMP)-activated protein kinase  
ANOVA Analysis of variance 
BSA Bovine serum albumin 

CD  Circular dichroism 

DM Diabetes mellitus 
DMF Dimethylformamide 
DMSO Dimethyl sulfoxide 
DPP-IV Dipeptidyl peptidase-IV 

DPPH  2,2-Diphenyl-1-picrylhydrazyl 

EC50  Half-maximal effective concentration (effective concentration for 
50% of the maximal response) 

EDG Electron donating group  

ER Endoplasmic reticulum 
ESI Electrospray ionization 

ESI-MS Electrospray ionization mass spectrometry 

EWG  Electron withdrawing group  

FDA Food and drug administration 

FFA Free fatty acids 

FT-IR Fourier transform infrared spectroscopy 

GC-MS  Gas chromatography mass spectrometry  

GIP Glucose-dependent insulinotropic polypeptide 

GLP-1  Glucagon-like peptide-1 



xxix 
 

GLUT Glucose transporter  

HAS Human serum albumin 

HbA1c Glycated haemoglobin 

HPLC  High performance liquid chromatography 

HSCCC High-speed counter-current chromatography 

IAG Intestinal α-glucosidase  

IC50 Half-maximal inhibitory concentration 

IGT  Impaired glucose tolerance  

ILs Ionic liquids 

IR  Insulin resistance 

KC Knoevenagel condensation 

MIC Minimum inhibitory concentration 

MIC50  Minimum inhibitory concentration required to inhibit 50% of 
organisms 

MW Microwave  

OGTT Oral glucose tolerance test 

PAA Pancreatic α-amylase 

PBS Phosphate-buffered saline 

PPARγ Peroxisome proliferator-activated receptor gamma  

PTP1B Protein tyrosine phosphatase 1B 

ROS Reactive oxygen species 

RT Room temperature 

SEM  Scanning electron microscope 

SF Spectral figure 

SGLT2 Sodium-glucose co-transporter-2  

T2D Type 2 diabetes 

T2DM Type 2 diabetes mellitus 

TLC Thin-layer chromatography 

TZD 2,4-thiazolidinedione / Thiazolidinediones / thiazolidine-2,4-dione 
/ Thiazolidinone  

UV  Ultraviolet 



xxx 
 

VD Veratraldehyde 

XRD  X-ray diffraction 

μM Micromolar 
13C NMR  Carbon-13 nuclear magnetic resonance spectroscopy 
1H NMR Proton nuclear magnetic resonance spectroscopy 

3D  Three-dimensional 

5-A-TZD  5-Arylidene-2,4-thiazolidinedione  

 
 
 
 



 

 

 

 

 

 

CHAPTER-I 

INTRODUCTION 

 



CHAPTER I                            INTRODUCTION  |  2025 

Page |  1 
 

1. Introduction: 

1.1. Diabetes mellitus and its global burden: 

Diabetes mellitus (DM) is a metabolic illness in the body that develops due to impaired 

glucose metabolism and an abnormal rise in blood glucose concentration 

(hyperglycemia) as a result of reduced insulin secretion or function. Approximately 

400 million individuals globally suffer from DM, and this is a serious public health 

concern [1,2]. This metabolic condition gradually leads to life-threatening chronic 

microvascular, macrovascular, and neuropathic consequences. The inability of the cells 

of the pancreas to secrete insulin, damage to these cells, or insulin resistance caused by 

insulin not working properly are the three main causes of diabetes. The prevalence of 

diabetes is expected to reach 366 million in 2030 among individuals aged 65 and over, 

with a tendency toward inactivity being a key contributor [3,4]. 

Type 2 diabetes mellitus (T2DM) is the more prevalent kind of diabetes and is mostly 

caused by dietary and social factors. It is characterized by insulin resistance or 

decreased sensitivity, which results in a decline in the cell's ability to absorb glucose 

from the blood due to a weakened insulin signal (Figure 1). Incretin hormones, such 

as glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide 

(GIP), are secreted by gut endocrine cells in response to dietary intake and have 

essential functions in maintaining glucose homeostasis. For this reason, they are 

desirable targets for diabetes treatment [1,5]. 

Conventional medicine for T2DM mostly consists of sulfonylureas (increase the 

secretion of insulin), biguanides (reduce glucose synthesis in the liver), PPARγ agonists 

(increase the effects of insulin), and α-glucosidase inhibitors (AGIs; restrict the 

intestines from absorbing glucose). These medications are either used in combination 

with other hypoglycemics or as standalone therapy. The main disadvantages of using 
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the aforementioned conventional drugs are severe hypoglycemia, increased body 

weight, reduced therapeutic efficacy as a result of an inefficient or improper dose 

schedule, and low potency. Even with the introduction of promising anti-

hyperglycemic medications, the primary challenges in providing appropriate care for 

people with diabetes are reducing complications in the long run and making the current 

medications work better to achieve controlled glycemic control [6].  

Managing T2DM necessitates a patient-dependent strategy that optimizes glycemic 

management with the help of current pharmaceutical choices to maintain quality of life 

and reduce complications. Early and appropriate treatment is crucial since the 

Kumamoto and UK Prospective Diabetes Study (UKPDS) demonstrated that patients 

with newly diagnosed T2DM exhibit considerably lower risks of microvascular 

complications if they undergo intensive glycemic management. Since T2DM is a 

progressive illness, maintaining glycemic control is essential to avoid long-term 

consequences. This can be accomplished with prompt therapy escalation, although this 

is frequently not done, and patients end up with inadequate glycemic control for several 

years [7–9]. 

Clinicians now have more options for treating T2DM because of the development of 

novel, effective, and accepted oral and injectable pharmacological medications. 

However, given the frequently encountered limitations outlined above, it is necessary 

to create novel agents that are both safe to co-prescribe with the present range of 

treatment options and effective on their own. Furthermore, the medical community 

desires interventions that improve T2DM-related problems and impose little to no 

restrictions on their usage in patients presenting with substantial multiorgan 

comorbidities. 
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Figure 1: Pictorial representation of T2DM. A. Stomach absorbs glucose and releases 

it into the peripheral tissue through the bloodstream. B. Glucose enters into the 

bloodstream. C. Arterial glucose activates the pancreas to release insulin. D. Due to 

insulin resistance and less insulin secretion, glucose is unable to be taken up by the 

cells. E. Increases the glucose concentration in the blood and leads to T2DM. 

 

The Global Burden of Disease Study reports that the burden of T2DM and its associated 

complications has substantially increased from 1990 to 2017 as judged by increased 

mortality rates and years lived with disabilities (YLDs) [10,11]. T2DM, on the whole, 

represents a large share of non-communicable diseases, with severe health 

complications, such as diabetic nephropathy, retinopathy and cardiovascular diseases 

as leading causes of morbidity and mortality in diabetic patients [12–14]. 

Socioeconomic determinants are also critical in the diabetes epidemic. The prevalence 

of diabetes is a function of lifestyle modification trends related to urbanization and 

ageing populations, especially in emerging economies which are experiencing a rapid 

change in diet and physical activity level [15]. Dounousi et al., underline that diabetic 

nephropathy, which affects about one-third of diabetic patients, is a main cause of the 

increasing prevalence of end-stage renal disease [16]. As a result, these growing health 
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indicators are coupled with the economic burden of diabetes, which is projected to be 

around $1 trillion annually by 2045, further challenging the capacity of national health 

systems [16–18]. 

Furthermore, DM has important personal suffering and economic implications for the 

patient, their families and society. In part, this epidemic is being driven by the lack of 

early symptoms of viral HBV infection, resulting in a pool of undiagnosed persons, 

making prevention and control more challenging to achieve. Because of the myriad of 

challenges presented by diabetes care, it is imperative to develop comprehensive public 

health approaches that incorporate prevention, screening, and management of disease 

in an effort to reduce complications and enhance overall health status [19,20]. 

Overall, the prevalence of DM worldwide is increasing at an alarming pace, as a result 

of a combination of factors such as the shift of populations and lifestyle. This increasing 

prevalence has highlighted the urgent requirement for integrated public health 

preventive actions to mitigate and develop this complex of problems effectively by 

preventing diabetes, detecting it early, and managing diabetes and its complications. 

1.2. Pathophysiology of type 2 diabetes mellitus (T2DM): 

T2DM is caused by β-cell malfunction and insulin resistance (IR). IR causes a high 

demand for insulin from peripheral tissues, leading to the growth of β-cells and 

hyperinsulinemia. In the presence of a hyperglycaemic environment, the β-cells' 

compensatory reaction causes a persistent decrease in the bulk of β-cells, which is 

thought to be the outcome of higher apoptosis. The pathogenesis of T2DM begins with 

impaired glucose tolerance (IGT), a disorder in which people have about 80% less β-

cell function and a higher level of IR. To further understand the pathophysiologic 

abnormalities in T2DM, eight important collaborators have been identified. These 

include the liver (increased hepatic glucose output), the brain (impaired appetite 
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regulation), the kidney (enhanced glucose reabsorption), the gut (reduced impact of 

incretin), the kidney (decreased glucose uptake), and the pancreatic β-cells (increased 

insulin secretion). In combination, these collaborators have been referred to as the 

ominous octet. Figure 2 illustrates the potential involvement of many "ominous octet" 

pathways in the pathophysiology of T2DM. This system is addressed with therapeutic 

drugs to treat IR, decreased insulin production, and loss of β-cell mass [21]. 

Amylin and insulin are released concurrently and are crucial in regulating blood 

glucose levels. After a meal, it improves glucose absorption by reducing stomach 

emptying. The gut produces the peptides GLP and GIP, which are incretins. The 

pancreatic β cells produce and release insulin in response to these incretins. Neither the 

intestine nor cells needing energy readily take glucose. Consequently, the distribution 

of glucose to the cells is the responsibility of glucose transporters. SGLT, as well as 

facilitative glucose transporter (GLUT), are two distinct members of the membrane-

bound glycoprotein family that go by the name "glucose transporters". There are some 

other factors which increase the blood glucose levels, which are described below: 

a) Gestational diabetes is brought on by hormonal changes occurring during 

pregnancy. The placenta secretes hormones that lessen a cell's susceptibility to the 

effects of insulin. 

b) As well as single-gene mutations producing monogenic diabetes, genetic 

mutations can also result in DM. 

c) Though cystic fibrosis produces thick mucus, that’s why the pancreas is unable to 

generate enough insulin, which ultimately leads to scarring. 

d) Hemochromatosis causes the body to retain iron in excess. If iron accumulation is 

left untreated, it can damage the pancreas as well as other organs. 
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e) The body produces a lot of hormones as a result of certain hormonal illnesses, 

which, on rare occasions, may lead to IR and diabetes. 

• Cushing's syndrome arises when there is an excess production of cortisol, 

also referred to as a stress hormone. 

• An excess of growth hormone is produced by the body, which leads to 

Acromegaly. 

• The overproduction of thyroid hormone by the thyroid gland results in 

hyperthyroidism. 

f) Conditions (hepatocellular carcinoma and pancreatitis) that damage or remove the 

pancreas, which hamper insulin production and lead to diabetes. 

g) Certain medications can impact beta cells or cause disruptions in the functioning 

of beta cells. The following medications are included in this category: niacin, 

glucocorticoids, anti-rejection medication, pentamide, anti-seizure medicines, 

psychiatric pharmaceuticals, and statins [1]. 

Similarly, excess FFAs and high blood sugar cause ER stress, it results in β-cell 

dysfunction by stimulating the apoptotic unfolded protein response (UPR) 

mechanisms. Prior to this,, insulin secretion needs to be correctly controlled to match 

metabolic demand exactly. Because of this, maintaining appropriate islet integrity is 

necessary for β-cells to react to metabolic demands. Inadequate synthesis of insulin 

or its precursors, together with interference with the secretion pathway, can result in 

insulin secretory dysfunction. This is the principal cause of β-cell failure and the basis 

for T2DM [22]. 
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Figure 2: The ominous octet illustrating the pathophysiologic dysfunction seen in 

T2DM. Modified from DeFronzo RA, 2013 [23]. 

1.3. Current therapeutic options: 

Modern medicine for the control of T2DM has made use of newer classes of medicinal 

drugs, such as AGIs, amylin mimetics, incretin mimetics (GLP-1 agonist and DPP-IV 

inhibitors), and SGLT2 inhibitors. 

1.3.1. α-glucosidase inhibitors (AGIs): 

α-glucosidase (AG) is an enzyme that is part of the glycoside hydrolase family. It is 

found chiefly at the intestinal brush border and breaks down polysaccharides into 

monosaccharides. The process of breakdown of disaccharide and polysaccharide 

into easily absorbed monosaccharide units is carried out by AG, which regulates the 

amount of glucose available after meals and the severity of postprandial 

hyperglycemia. It does this by cleaving the α-glucopyranoside linkage (Figure 3) 

[2,24]. AGIs have a structure similar to saccharides and have the ability to attach to 
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α-active glucosidase's site, generating complexes with a higher affinity than the 

complex formed by carbohydrates and AG. This causes a competitive inhibition of 

the enzyme, which in turn reduces the rate at which carbohydrates are hydrolyzed 

and delays the absorption of glucose. Studies also show that AG stimulates L cells 

in the intestine, which suppresses glucagon secretion while enhancing insulin 

secretion [25]. However, AGIs have an insulin-independent hypoglycemic effect. 

As a result, they are used as monotherapy in moderate cases of diabetes and are 

regarded as first-line oral sugar-reducing medications. In contrast, they are used in 

combination therapy with insulin or other drugs in cases of acute diabetic 

complications [26]. 

Four AGIs are now being used therapeutically: emiglitate, acarbose, miglitol, and 

voglibose. The first AGI among them was acarbose, which was used therapeutically 

in the 1990s. However, it was noted that significant adverse effects such as bloating, 

gas, stomach discomfort, and diarrhoea are linked to these inhibitors. Due to these 

undesirable consequences, researchers are working to find a safer and more 

advanced second generation of agents [27]. AGIs are to be avoided if the person has 

an ulcer in the gastrointestinal tract, liver cirrhosis, or intestinal blockage. It should 

also be contraindicated in patients with Crohn’s disease, diabetic ketoacidosis, and 

pregnant women. AGIs are to be avoided if the individual suffers from bowel 

obstruction, hepatic cirrhosis, or gastrointestinal ulcers [28]. 

1.3.2. Amylin mimetics: 

The pancreatic hormone known as amylin is a peptide that has 37 amino acids and 

has a half-life of approximately thirteen minutes. The pancreas releases amylin from 

its β-cells in conjunction with insulin, and it triggers the satiety response by acting 

on the brain's hedonic and homoeostatic areas [29]. Everyone who has T1DM or 
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T2DM is deficient in amylin. Investigations have demonstrated that the amylin 

analogues, in conjunction with insulin, work together to control blood sugar levels. 

In light of this, several studies have been carried out to discover amylin analogues 

that can maintain blood glucose levels through any of the mechanisms that will be 

detailed here (Figure 3). 

a) Slows rapid emptying of the stomach: Studies have shown that amylin 

analogues not only lower the amount of food consumed but also slow down the 

release of several digestive enzymes and bile acids, eventually resulting in a 

lag in the absorption of nutrients from the stomach. 

b) Suppression of endogenous glucagon production: Moreover, amylin 

analogues suppress glucagon secretion, which reduces the liver's glucose 

production. This result facilitates lowering the amount of extra insulin needed 

to maintain euglycemia. 

c) Induces satiety by regulation of appetite centre: Amylin analogue causes an 

anorectic effect by directly acting on the region postrema and/or nucleus tractus 

solitarius. This decreases appetite and causes a decrease in food intake [30,31]. 

Clinical analogues are made to resemble natural amylin since it is described as 

"glue-like" and is not soluble in solution, making it unsuitable for use as a drug. 

Pramlintide is the only amylin mimic currently on the market and has been given 

Food and Drug Administration (FDA) permission for use. It has many 

physiological functions with native amylin. It might be created as a stable 

injectable and injected under the skin [32]. The advantages of amylin mimetics in 

the treatment of T1DM and T2DM are that they reduce weight, so they can be 

beneficial for people who are overweight or obese. When amylin analogues are 
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used with insulin, the most common side effects are hypoglycemia, vomiting, 

nausea, and headaches. Continuous use of this drug makes patients habituated, and 

the side effects seem to disappear. It is avoided by patients suffering from 

gastroparesis [22]. 

1.3.3. Incretin mimetics (GLP–1 agonist and DPP–IV inhibitors): 

When nutrients stimulate the gastrointestinal tract cells, they produce peptides 

known as incretin hormones, which may trigger the pancreas to secrete insulin in a 

way that is reliant on glucose. When compared to an equivalent intravenous glucose 

bolus, production of insulin from β cells of the pancreas was more robust after an 

oral glucose bolus, which first raised the possibility that intestinal peptides were 

involved in the regulation of after meal insulin release [33]. GLP-1 and also GIP 

were identified as the gut hormones responsible for this "incretin effect" due to their 

insulinotropic properties. Most T2DM patients do not respond to GIP in a way that 

lowers blood sugar. On the other hand, there is insufficient postprandial GLP-1 in 

the bloodstream despite the insulinotropic response to GLP-1 remaining intact. 

GLP-1 engages in the following biological activities (Figure 3): 

a) Glucose-dependent insulin production to facilitate plasma glucose absorption 

by tissues 

b) Hepatic glucose release is decreased by inhibiting postprandial glucagon. 

c) Delaying gastric emptying to prevent glucose from flooding the blood during 

absorption from the intestines. 

d) Reduction of dietary intake (appetite) [34]. 

A novel family of therapeutic agents known as incretin mimetics has a variety of 

anti-hyperglycemic activities that simulate specific properties of internal incretin 
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hormones, such as the acceleration of insulin production in response to glucose. 

Sadly, Type II transmembrane glycoprotein dipeptidyl peptidase-IV (DPP-IV) 

quickly deteriorates GLP-1 [half-life (t1/2) of < 2 minutes]. Many organs, including 

the kidney, liver, pancreas, fat cells, and immune cells, express DPP-IV extensively. 

Consequently, GLP-1 activity is increased with the use of DPP-IV inhibitors [35]. 

Exenatide was the first GLP-1 agonist used therapeutically; additional GLP-1 

agonists in use at the moment include semaglutide, dulaglutide, and liraglutide. The 

advantages associated with GLP-1 agonists are weight loss and lowering blood 

pressure. However, many DPP-IV inhibitors are peptides that are derived from 

alpha-aminoacyl pyrrolidine. The drugs that are currently on the market are 

sitagliptine, linagliptine, saxagliptine, alogliptine, and vildagliptine. Undesirable 

effects associated with these medications are joint pain, GI distress, pancreatitis, 

nausea, and flu-like symptoms [30,36]. 

1.3.4. Sodium-glucose co-transporter type 2 (SGLT2) inhibitors: 

These more recent diabetic medications function by targeting on the renal SGLT2, 

and which is essential for the reabsorption of glucose in the proximal tubule. As a 

supplement to another glucose-lowering drug, SGLT2 inhibitors have demonstrated 

their effectiveness in clinical studies, which were compared to placebo in a study of 

those undergoing dietary and exercise-based treatment for T2DM. Canagliflozin 

was the first SGLT2 blocker authorized by the FDA in 2013 to be launched 

therapeutically, and nowadays, dapagliflozin, empagliflozin, and ipragliflozin are 

prescribed drugs [37]. SGLT2 blockers work differently than insulin-dependent 

drugs that lower blood glucose without triggering insulin release by a new way of 

decreasing renal tubular glucose re-absorption. Other beneficial metabolic benefits 

of SGLT2 blockers come out as an advantage, as they help in weight loss, reduce 
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blood pressure, reduce triglycerides, and also reduce diabetics' susceptibility to 

cardiovascular illness (Figure 3). The various unwanted effects of SGLT2 

medication are urinary tract infections, hypotension, hypoglycemia, and noticeable 

sugar in the urine. It is very important to keep in mind when prescribing SGLT2 

inhibitors that they are contraindicated in patients with renal impairment and dialysis 

[30,38]. 

 

Figure 3: Mechanism of action of newer classes (AGIs, amylin mimetics, incretin mimetics 

(GLP–1 agonist and DPP-IV inhibitors), and SGLT2 inhibitors) of drugs used in modern 

therapy for the management of T2DM. 

1.4. Treatment approaches for type 2 diabetes mellitus (T2DM): 

T2DM is a long-term condition, and there's no permanent cure for it, but there are ways 

to manage it, such as lifestyle changes, medications, blood sugar monitoring devices, 

insulin pumps, and surgery. When patients are willing to put in the work, making 

changes to their diet can be an effective way of controlling their blood sugar, blood 

pressure, and weight. Not only that, but the benefits of these changes last even longer 

than the weight-loss results [39]. The improvement in blood sugar is linked to both the 
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amount of calories they cut out and the amount of weight they lose. Monitoring and 

controlling the glucose level can be achieved through regular exercise, a low-glycemic 

diet, ample amount of sleep, stress management, and taking oral anti-hyperglycemic 

agents. However, some people with T2DM might be tempted to try non-recommended 

alternative treatments, such as the plethora of natural ingredients in different forms 

[40]. 

Making changes to a patient's diet habits and recommended exercise can often be the 

first step in treating T2DM, while various eminent guidelines are suggested for treating 

T2DM with medications. There are a lot of treatment options, like monotherapy, dual 

therapy, and triple therapy, as primary and follow-up treatment options based on the 

severity and diabetic stage [41]. Alternative or adjuvant medicinal approaches are now 

introduced to alter blood sugar levels, like amylinomimetic analogues like pramlintide, 

to co-secrete with insulin to control blood sugar. Additionally, they inhibit frequent 

food intake, delay gastric emptying, reduce obesity, etc. Next are bile acid sequestrants 

(Colesevelam), which are primarily lipid-lowering agents but have a significant role in 

lowering plasma glucose as well as glycosylated haemoglobin levels. In addition to 

that, dopamine-2 agonist (bromocriptine) is used to control the setting of the drive of 

the hypothalamus by increasing plasma glucose, fatty acids, and triglycerides in 

diabetic patients. Other than diabetic diet and exercise, non-medicinal alternative 

approaches to controlling T2DM are bariatric surgery or metabolic surgery, mainly in 

obese patients with diabetes, gene therapies, stem cell therapies, pancreatic cell 

transplantation, artificial pancreas, and the latest innovation, a transdermal insulin 

patch that releases insulin in a sustained-release form [42]. The conventional and newer 

treatment algorithms for lowering the glucose in T2DM are discussed below: 
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1.4.1. Conventional treatment algorithm: 

Conventionally, it was believed that one could take charge of his or her T2DM 

without having to take medication and just make some changes to their lifestyle and 

opt for natural remedies. Keeping a healthy diet, exercising regularly, losing weight 

if needed, and quitting smoking will all help to control blood sugar levels. However, 

these are the conventional and adjuvant therapies associated with T2DM. It is very 

evident to remember that controlling T2DM without medication takes a prolonged 

dedication and utmost commitment, which, in reality, most diabetic patients fail to 

keep; that is why, as per globally appreciated recommendation, concerned 

physicians start metformin along with lifestyle modifications. This therapy includes 

anti-hyperglycemic agents primarily based on insulin activities. As per the condition 

of the patient and the serological test outcome, a considerable glycated haemoglobin 

(HbA1c) value of ≤ 7.5 is the most commonly used oral anti-hyperglycemic agent, 

like biguanide derivatives. The primary drug of choice is metformin (both as a form 

of standard and controlled release) to overcome insulin resistance at the targeted 

cellular level; along with this or separately, thiazolidinedione (TZD), like 

pioglitazone, was also recommended as it increases insulin receptor sensitivity. 

Similarly, when the HbA1c value crosses > 9 with insufficient production of insulin, 

sulfonylureas (Glimepiride, Glipizide, etc.) would be the drug of choice, with 

metformin as it increases β-cell insulin secretion. In addition to that, the most 

conventional remedy for T2DM is regular exercise and a good diet plan, as food 

impacts heavily on blood sugar levels (Figure 4). As diabetes is called a metabolic 

disorder, to enhance the metabolism, diabetic patients must rely on a low-

carbohydrate diet [43]. 
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1.4.2. Newer treatment algorithm: 

T2DM is a progressive disease, and sometimes, people will need to take more than 

one medication to control their blood sugar levels and reach their specific HbA1C 

goal. Monotherapy, dual therapy, and triple therapy are approaches of therapy 

suggested by the American Association of Clinical Endocrinologists 

(AACE)/American College of Endocrinology (ACE) and the American Diabetes 

Association (ADA) for the management of T2DM. The first line of care for T2DM 

is advised to involve lifestyle modifications and metformin. The ADA advises first 

dual treatment if the entry HbA1c level is higher than or equal to 9%, whereas the 

ACE suggests metformin plus another agent and dietary management for levels over 

7.5 per cent. [44]. Current newer treatment options for T2DM include SGLT2 

inhibitors, incretin mimetics (GLP-1 receptor agonists and DPP-IV inhibitors), and 

amylin mimetics. According to the endocrine practice, the glycemic control 

algorithm is a useful therapy for a person having T2DM and a low risk of any 

cardiovascular diseases. Amylin mimetics (Pramlintide), incretin mimetics (GLP-1 

receptor agonists and DPP-IV inhibitors), Dual GIP and GLP-1 receptor agonists, 

SGLT2 inhibitors (Anagliflozin, Dapagliflozin, and Empagliflozin), 2nd generation 

Sulfonylureas, and insulin (Human and analogues) are newer choices of glucose-

lowering medications to manage T2DM (Figure 4) [45]. 
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Figure 4: Treatment approaches for the management of T2DM. 

1.5. Importance of α-glucosidase inhibition: 

The reduction of postprandial hyperglycemia, a main cause of T2DM development, is 

a major factor for the inhibition of AG. It is a key enzyme in carbohydrate catabolism 

that hydrolyzes oligosaccharides as well as the terminal glycosidic linkage of alpha- 

and beta-linked disaccharides. Inhibition of AG will help to slow down the absorption 

of glucose in the intestines, and effectively reduce the postprandial blood glucose level 

(Figure 5). Inhibition of the AG enzyme has been proven to significantly control 
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postprandial blood glucose levels in diabetics and to prevent complications like 

retinopathy and neuropathy [46]. 

Several molecules have been found to possess AG inhibitory activity, and these 

molecules may provide a new implication for the management of diabetes. 

Polyphenolics, in particular, natural products have shown a great potential as AGIs. 

Isolated plant polyphenols, including those of Sphallerocarpus gracilis, are known to 

show inhibitive effects towards AG as well as general hypoglycemic potential. 

Furthermore, structural features of the polyphenols are essential for AG inhibitory 

activity, and specific functional groups are key to their activity. These results highlight 

the potential of NP-based compounds for the development of AGIs [47,48]. 

Moreover, synthetic drugs including acarbose, miglitol, and voglibose are clinically 

used as AGIs. These agents operate through competitive inhibition of the enzyme, 

resulting in reduced digestion of carbohydrates and glucose absorption, and reduced 

postprandial hyperglycemia [49]. In clinical trials, patients who take acarbose have 

shown a lowering of the glycemic index and improved blood glucose control, with 

average decreases in HbA1c values ranging from about 0.5% to 0.8% when compared 

to placebo [50,51]. 

In addition, some thiazole-based, benzimidazole derivatives that have recently 

appeared in the literature have exhibited interesting inhibitory effects on AG. For 

instance, recently developed benzothiazole derivatives have been recognized as potent 

inhibitors, which lead to potential agents for the treatment of diabetes. Technique new 

double inhibitors of AG and protein tyrosine phosphatase were developed, which 

indicated the continuing search for better drugs for treatment of diabetes [52,53]. 

In fact, the role of inhibiting AG cannot be overemphasized in the diabetes therapy. It 

is one of the pivotal medical interventions to regulate postprandial glucose responses. 
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By drugs of natural compounds and synthetic inhibitors, more and more effective ways 

for control of glucose have been found, which brought a new hope for the better 

treatment of diabetes and its complications. 

 

Figure 5: Role of AG in hyperglycemia. 

1.6. Overview of 2,4-thiazolidinedione (TZD): 

Heterocyclic compounds that include nitrogen and sulphur, particularly those in the 

thiazole family, have drawn significant attention in synthetic chemistry due to their 

pharmacological activity as natural compounds and their tremendous potency as 

agrochemicals and pharmaceuticals [54]. For the purpose of creating novel drugs to 

treat a variety of pathological/ conditions, such as melanoma, complications from 

diabetes, cancer, arthritis, and inflammation-related illnesses, the heterocyclic nucleus 

2,4-thiazolidinedione (TZD) has been the subject of extensive research. Beside from 

pharmaceuticals, TZD is used as a brightener in the electroplating industry, a highly 

sensitive reagent for heavy metals, and for preventing the corrosion of mild steels 

[55,56]. The well-studied anti-hyperglycemic effect of TZD derivatives is one of them; 
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this effect has also prompted the creation of therapeutically used "glitazone" drugs, 

including rosiglitazone, pioglitazone, lobeglitazone, and troglitazone [57]. The 

historical background and structure of TZD drugs are depicted in Figure 7 and Figure 

8. 

Thiazolidine-2,4-dione (TZD) is an important heterocyclic nucleus due to its ample 

reactivity and wide range of applications in medicinal chemistry. TZD is a five-member 

heterocyclic ring bearing one sulphur, nitrogen, methylene, and carbonyl groups [58]. 

The molecular formula of TZD is C3H3NO2S. The molecular weight, boiling point, 

melting point, Log P, tPSA, and CLogP are mentioned in Figure 6. 

 

Figure 6: Structure of TZD and its physicochemical properties. 

 

 

Figure 7: The historical background of thiazolidinediones (TZDs). 
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Figure 8: Structure of anti-diabetic medications containing TZD moiety. 

 

The ability of TZDs to be tautomers as a result of the two carbonyl groups and an α-

hydrogen further emphasizes the complicated nature of their chemistry (Figure 9) [58]. 

Such tautomeric nature is not solely a chemical curiosity, but would have considerable 

consequences on the biological effects and possible therapeutic applications of TZD-

derived drugs. Further investigation into the role of tautomerism in the structures of TZD 

that provide medicinal action will provide further insight into the pharmacological nature 

of these compounds and aid in the rational design of more potent analogues. 
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Figure 9: Tautomeric structures of TZD. 

1.6.1. Reactivity, synthetic routes and biological effects of TZDs: 

The reactivity of TZD hinges critically on its significant capacity to undergo a range 

of chemical modifications, including enigmatic Knoevenagel condensation and 

Michael addition, among other chemical reactions that are very important for 

synthesizing TZD-based analogues with improved pharmacological prospects [59]. 

The reactivity of the amine (-NH) group in TZD cores is pivotal in various chemical 

interactions and modifications. The intrinsic reactivity of the -NH group has 

implications in the synthesis of TZD derivatives and their biological applications. A 

prime aspect is the ability of the -NH group to participate in hydrogen bonding, 

which significantly influences the molecular interactions and properties of TZD 

compounds [59]. 

The TZD ring, characterized by its -NH linkage, can undergo structural 

modifications through substitution at this group. Moaty et al., report that structural 

modifications can be effectuated at the NH groups within the TZD core, such as 

through Knoevenagel condensation (KC) processes leading to the synthesis of 5-

Arylidene-2,4-TZDs [60]. This alteration not only changes the hydrophobicity and 

NHS

O

OH H

NS

O

H H OH

NS

OH H

OH

NS

H

OH

NHS

O

H OH OH

(IV)

(II) (III)(I)

(V)



CHAPTER I                            INTRODUCTION  |  2025 

Page |  22 
 

solubility profiles of the TZD compounds but also affects their reactivity towards 

various biological targets, including enzymes [60]. 

Furthermore, the presence of electron-rich substituents adjacent to the -NH group 

enhances its reactivity. In TZD derivatives, the proximity of carbonyl groups can 

facilitate increased hydrogen bonding capacity, promoting interactions with target 

proteins, notably with human pancreatic alpha-amylase. The interactions established 

through the hydrogen bond between the -NH group of TZDs and amino acid residues 

in the enzyme can modulate enzymatic activity, showcasing how the reactivity of 

the -NH group is central to the bioactivity of TZDs (Figure 10) [61]. 

 

The -CH2 unit of the TZD core is crucial for its reactivity and bioactivity. This 

methylene group is located between the TZD and some functional groups, which 

affects the interaction between TZDs and biological targets and allows the synthetic 

modification (Figure 10). 

The -CH2 function in the TZD scaffold is known to undergo chemical modifications 

like Michael-type additions and other electrophilic pathways. Recent reports show 

that TZDs can be chemically modified from reactions at their -CH2 moieties, hence 

during synthesis of a multitude of TZD derivatives [62,63]. The position of the -CH2 

group makes it a nucleophilic site that can participate in various transformation 

pathways such as electrophilic attacks and rearrangements. 

In addition, the chemical effect of the surrounding the -CH2 group has a great effect 

on its reactivity. It has been pointed out by Kumar et al that changes within the TZD 

core, for example, different substituents on the phenyl ring at the bridgehead carbon 

of the TZD moiety, can affect the electronic characteristics of this methylene group 

and, as such, reaction pathways and efficiencies [63]. The nucleophilicity of -CH2 
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can be significantly increased by the introduction of an electron-withdrawing or -

donating group, making it highly susceptible to attack by electrophiles. 

Moreover, investigations on the metabolism of a representative TZD, troglitazone, 

indicate that the -CH2 functionality can also serve as a site for metabolic activation, 

producing reactive intermediates like quinone methides. These metabolites formed 

on oxidatively opening the TZD ring highlight that the 2-substituent is crucial not 

only in the synthetic phase, but also in the mitochondria for the bioactivation of the 

drug [64–66]. Conversion pathways with the -CH2 group frequently include 

reactions with hepatic microsomal enzymes, demonstrating such considerations in 

terms of its reactivity in drug metabolism. 

Specifically, with reference to synthetic applications, the -CH2 moiety in TZDs may 

either participate in generating new reactive species for further transformation or be 

exploited to append these onto the TZD scaffold for maintaining or enhancing 

specific pharmacological activities. For example, the addition of electrophiles or 

other groups onto the -CH2 position can substantially modulate biological activity, 

and this may be a promising area to explore for some potential classes of anti-

diabetic agents based on TZD structures [67,68]. 

 
 

Figure 10: Reactivity of TZD at -CH2 and -NH. 
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The initial synthetic procedures for producing the TZD core were documented by 

Kallenberg in 1923. Kallenberg's approach entails the reaction of carbonyl sulphide 

with ammonia to produce alkyl thioncarbamate, which is further cyclized under 

acidic conditions to provide the required TZD (Scheme 1). Contemporary 

techniques entail refluxing α-chloroacetic acid with thiourea, employing water as a 

solvent for around 12 hours. The proposed reaction mechanism for this process is 

shown in Scheme 2. Similarly, microwave-induced synthesis for the production of 

TZD is achievable in under 0.5 hours. The procedure entails dissolving chloroacetic 

acid and thiourea in water, stirring under cryogenic conditions, and subsequently 

applying microwave initiation. In recent times, TZD was synthesized with the help 

of mineral acids (HCl/H2SO4) in high yield without additional purification (Scheme 

3). The reaction conducted with HCl as the acid and heated for 7–8 hours yielded 

the maximum amount of TZD at 94% (Scheme 4) [58]. 

 

Scheme 1. Initially employed a way to synthesize TZD utilizing carbonyl sulfide. 
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Scheme 2. A mechanistic perspective on the synthetic production of TZD utilizing thiourea 

and α-chloroacetic acid. 

 

Scheme 3. Synthesis of TZD via microwave irradiation utilizing thiourea and α-

chloroacetic acid. 

 

Scheme 4. Synthesis of TZD using mineral acids. 
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TZD exhibits various biological activities, including anti-diabetic, anticancer, 

antimicrobial, and anti-inflammatory properties, making it a target for drug 

development [58,67,68]. Various biological effects of TZDs are attributed to their 

ability to interfere with major biological pathways and targets. Some analogues were 

good inhibitors of AG, which are important for the management of T2DM. 

Furthermore, alterations at the C-5 position of TZD have led to compounds endowed 

with remarkable anti-diabetic activities, which reinforced their implication in 

glucose metabolism control and insulin sensitizing activity.  

Aside from the pharmacological use, TZDs have been investigated for their 

antioxidant and anti-inflammatory effects. The presence of different substituents in 

the TZD scaffold can dramatically shape its biological activity, leading to targeted 

therapeutic effects. Data accumulated from the literature has highlighted TZD 

scaffold-containing small molecules as potential multifunctional agents in cellular 

signalling pathways, supporting the concept of a multitarget approach in drug 

development. Moreover, novel synthetic methodologies, such as dual-functional 

and hierarchical synthetic methodologies, are promising to make TZD compounds 

with favourable properties realistic [54,59]. 

As a result, TZD is an important structural fragment for organic and medicinal 

chemistry featuring high reactivity during synthetic transformations and a wide 

range of biological activities. Studies investigating its mechanisms of action and 

preparation of new derivatives continue to bring its importance in drug discovery 

and development to the fore. 
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1.7. Rationale for Hybrid Molecule Design: 

1.7.1. Molecular hybridization in drug discovery: 

"Molecular hybridization", a concept that has now gained widespread acceptance in 

the field of drug discovery, involves the combination of two separate 

pharmacophores present in two different biologically active molecules toward 

designing newer entities with better biological activity and suitable physicochemical 

properties. Essentially, molecular hybridization is the fusion of two or more 

established pharmacophores into a single hybrid molecule, and may result in new 

therapeutic agents with the desired advantages of the respective moieties. This 

approach is especially useful for complicated diseases and conditions that demand 

multimodal interventions [69]. 

A major advantage of molecular hybridization is its capacity to develop compounds 

acting in more than one biological pathway. It has been reported that the 

hybridization of pharmacophores could neutralize the deleterious side effects of 

each drug entity or enhance therapeutic efficiency by acting on various biological 

targets in parallel [70]. The resulting hybrids offer therapeutic potentials as well as 

reduce drug-drug interactions and pharmacokinetic challenges encountered in 

traditional drug therapy. The dual-targeting strategy has also been shown to enhance 

therapeutic efficacy of anti-diabetic agents [71]. 

Additionally, Siddiki et al., reported that molecular hybridization can produce 

interesting derivatives like pyrazine-2-carbohydrazide compounds that displayed 

potent antimicrobial and antitubercular activities [72]. Also, the study of Vinindwa 

and coworkers on chalcone-quinoline hybrids for potent anti-malarial activities also 

demonstrated the flexibility of the hybrid strategy and the possibility to design new 

candidates that are equipotent or more active than their precursors [73]. This shows 
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the importance of hybrid molecules to access resistance that is observed in different 

pathogens and cancer cells, encouraging an interest in them in current medicinal 

chemistry. 

The use of computational approaches has greatly improved molecular hybridization 

in drug design. Using molecular docking and cheminformatics, researchers can 

improve the efficiency of predicting hybrid compounds’ interactions with biological 

targets. For instance, Aguiar and Camps reviewed the importance of molecular 

docking as an essential tool for the rapid assessment of the binding affinities of 

hybrids, to accelerate drug discovery [74]. The combination of hybridization and 

modern computational approaches allows a rationale design of hybrid molecules and 

speeds up the hit finding process. 

In addition, the case studies of Al-Warhi et al., stress that the hybridization approach 

is especially useful for the design of anticancer agents were linking pharmacophores 

could offer improved selectivity and potency towards cancer cell lines [75]. This is 

also supported by the reported bioactivities of isatin hybrids having good biological 

activities such as anti-tubercular activity and activity against MDR pathogens 

[74,76]. 

In summary, molecular hybridization is a novel approach to drug discovery by 

integration of pharmacophore, leading to new compounds with better therapeutic 

applications in terms of greater activity, less side effects and better possibility to 

combat complex diseases. This strategy not only opens the door to novel chemical 

entities/metabolites but also fits well with the increasing demand for diversified 

treatment approaches in the face of the drug resistance, a pressing issue nowadays. 
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1.7.2. Integration of TZD scaffold with other pharmacophores to enhance anti-

diabetic activity: 

The TZD scaffolds have been hybridized with other pharmacophores in an 

endeavour to enhance anti-diabetic potential and outline newer strategies in 

medicinal chemistry. TZDs (including troglitazone), also known as glitazones, have 

hypoglycemic effects and act as agonists of PPAR-γ, responsible for inducing 

insulin sensitivity and subsequently lowering blood glucose levels in T2DM [77–

79]. However, for greater potency and expanded therapeutic applications, 

exploration for methods with incorporation of other medicinal scaffolds is ongoing. 

Hybridization of the TZD scaffold with various pharmacophores exhibited good 

potential. For example, a new class of anti-diabetic agents was developed by the 

synthesis of TZD-based compounds that were fused to different heterocycles such 

as quinazoline [80]. These combinations, in addition to preserving intrinsic PPAR-

γ agonistic activity, lead to the development of new mechanisms of action, which 

might overcome side effects and resistance to classic TZDs [81,82]. 

Additionally, generation of TZD derivatives using original synthetic pathways has 

enabled the incorporation of potent substituents that are able to improve the 

biological activity. For instance, TZDs in combination with anti-inflammatory or 

anticancer pharmacophores can give a class of compounds with 

polypharmacological effect [83,84]. Another recent study brought into evidence the 

effectiveness of TZDs as dual inhibitors of other pharmacological targets in addition 

to carbonic anhydrases, shedding light on a novel role of this scaffold beyond 

diabetes treatment [85,86]. 

The development of bifunctional compounds based on TZD moieties is especially 

promising. With TZD in PGL backbones including multi-targeting capability, 
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researchers have recently reported that this class of compounds showed increasing 

glucose uptake activity, and some of them also presented with additional anti-

inflammation or anticancer activity (compound combined with sulfonylthiourea 

derivatives) [87,88]. Research into dual-acting TZD hybrids (i.e., activating PPAR-

γ and targeting other receptors) has received considerable interest and is a basis for 

the development of novel anti-diabetic agents [89,90]. 

TZDs with their distinctive five-membered ring structure present a privileged 

scaffold to perform numerous modifications, retaining anti-diabetic profile with the 

least side effects [91]. It is also likely that future directions in this area will 

emphasize the rational design of new TZD derivative(s) that can combine their 

targeting against other signalling pathways associated with glucose metabolism and 

homeostasis. These developments may offer not only better therapeutics for T2DM, 

but also new models for other metabolic diseases [92,93]. 

To conclude, the hybridization of TZD templates with other pharmacophores offers 

a significant scope to develop innovative anti-diabetic drugs with greatly enhanced 

efficacy and new modes of treatment.
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1. Literature Review: 

1.1. Overview of 5-arylidene-2,4-thiazolidinedione (5-A-TZD): 

5-Arylidene-2,4-thiazolidinedione (5-A-TZD) is a new class of substituted 

heterocycles that has been obtained by substitution of an arylidene group at the 5-

position of the respective parent 2,4-thiazolidinedione (TZD) moiety (Figure 1)[1]. 

TZD has also been studied for an extended period due to its synthetic diversity, 

medicinal relevance, and small heterocyclic rings with sulfur and nitrogen atoms. In 

the area of medicinal chemistry, 5-A-TZD derivatives have received special attention 

in recent years. Several pharmacological activities such as hypoglycaemic [2], 

antimicrobial and antiviral [3], analgesic [4], anti-inflammatory [5], antimalarial [6], 

hypolipidemic [7], antileishmanial [8], and anti-cancer [9] have been recorded for the 

5-A-TZD and proved as a versatile precursor molecule [10]. Therefore, the preparation 

of 5-A-TZDs has become increasingly important. Several synthetic methods have been 

developed to obtain these derivatives, but Knoevenagel condensation (KC) is one of 

the most widely used synthetic protocols in medicinal chemistry research. KC of 

aromatic aldehydes with TZD mainly yield 5-A-TZD [11]. 

 

Figure 1: General structure of 5-A-TZD. 

 
KC reaction is a reliable, efficient, versatile, and convenient method for carbon-carbon 

bond formation, and it is widely used in both industry and academic institutions. The 

end product is an α,β-unsaturated compound used to build naturally occurring 
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compounds [12]. KC has been used for the synthesis of several organic molecules like 

coumarin derivatives [13,14], arylidinemalononitrile derivatives [15], pharmaceutical 

chemicals [16], antibiotics [17], and chemo-sensors [18]. KC is also valuable for 

developing clinical drugs and their derivatives, such as pioglitazone and rosiglitazone, 

epalrestat, sulindac, nifedipine, and atorvastatin [19]. Because of such exceptional 

features of KC, medicinal chemists have always shown keen interest in using this 

simple, easy, and effective tool for producing 5-A-TZD. In the literature, several bases, 

organic catalysts, inorganic catalysts, heterogeneous solid catalysts, ionic liquids (ILs), 

and bio-catalysts, have been explored under specific reaction conditions to accelerate 

the KC for synthesizing 5-A-TZD derivatives (Figure 3). However, some researchers 

also developed microwave (MW), ultrasound, and grinding-assisted synthetic protocols 

to decrease the reaction time and increase the yield of 5-A-TZD derivatives [20–22].  

1.2. Knoevenagel condensation and its importance in 5-arylidene-2,4-

thiazolidinediones (5-A-TZDs) synthesis: 

Knoevenagel condensation (KC) is a transformation reaction in organic chemistry in 

which an aldehyde or ketone undergoes a reaction with compounds having activated 

methylene groups under the catalytic activity of organic bases like primary and 

secondary amines (not tertiary amines), their respective salt of them, and ammonia. The 

reaction was named after Emil Albert Knoevenagel (a German Chemist), who had 

investigated and developed this useful reaction (between 1896 and 1898). Another way, 

we can say that a KC is a nucleophilic attachment of an active methylene compound to 

a carbonyl group from either ketones or aldehydes, accompanied by a dehydration 

reaction during which a water molecule is released (therefore, condensation) [23,24]. 

It is usually done in organic solvents with organic bases like pyridine, piperidine, 

potassium hydroxide, and sodium hydroxide as mediators. However, since toxic and 



  CHAPTER II                 LITERATURE REVIEW  |  2025 

Page | 41 
 

unhealthy solvents accompany this reaction, and most of the catalysts used are non-

recoverable, their use is limited in the chemical industry. It is a modified aldol 

condensation in which the reaction of enols with carbonyl compounds affords 

conjugate enone [11,25].  

Generally, KC can be carried out in the presence of a base and catalyst, mainly 

piperidine. The general mechanism of KC between TZDs and substituted aromatic 

aldehydes for the synthesis of 5-A-TZDs is shown in (Figure 2). The Knoevenagel 

reaction seems to have two phases: the nucleophilic addition to the carbonyl carbon of 

an aldehyde, and the formation of an adduct. The second is the 1,2 elimination of a 

water molecule, which results in forming a carbon-carbon double bond. The lone pair 

of piperidine N atoms strikes the 5th position (-CH2-) of the TZD molecule, abstracting 

one of the H atoms from the structure, forming an intermediate A, and converting the 

simple piperidine into a piperidinium ion. The nucleophile (intermediate A) then 

attacked the electrophilic center (C atom) of the aryl aldehyde, resulting in intermediate 

B. Afterwards, a proton was donated to intermediate B by the piperidinium ion. Then, 

subsequent dehydration resulted in the final compound 5-A-TZD and the piperidine 

conjugated acid as a byproduct (Figure 2)[26].  

Drawanz et al., established a simple, quick, and clean KC reaction method to synthesize 

5-A-TZDs using sonochemistry. Different mono- and di-substituted aromatic 

aldehydes have been reacted with TZDs in the presence of potassium hydroxide (KOH) 

and ethanol under ultrasonic irradiation (frequency 24 kHz) at room temperature for 

10-30 min to form the substituted 5-A-TZDs. Several bases (like triethylamine, sodium 

acetate, and potassium hydroxide) were used in different equimolar proportions to 

optimize the reaction. It has been found that in the presence of potassium hydroxide 

under suitable reaction conditions, the desired products were formed, which were then 
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analyzed through GC-MS (Gas chromatography Mass spectrometry) and calculated the 

percentage yields (Table 1)[21]. Similarly, Thari et al., explored a one-pot green 

synthesis of 5-A-TZDs containing isooxazoline derivatives via ultrasound-assisted 

technique. The compounds were synthesized via KC by the reaction of substituted 

aldehyde and TZD in the presence of sodium hydroxide as a base in ethanol/water (v/v, 

2:1) and stirred at room temperature for 5-6 hrs (Table 1)[27]. It has also been noticed 

that by altering the catalyst and reaction conditions, the mechanism of KC can be 

optimized even further. In recent advancements, scientists have been using a 

heterogeneous base and Lewis's acids such as LiOH, ZnCl2, InCl3, TiCl4, and NbCl5 as 

a catalysts. Given the fact that acids of heavy metals are not suitable in food and 

pharmaceutical products due to their toxicity [28]. Similarly, for the synthesis of 5-A-

TZDs, scientists have also developed a novel MW-assisted KC process. Furthermore, 

KC was carried out independently with MW-assisted and traditional methods to 

compare the reaction times for this particular synthesis. As a result, it was revealed that 

the reaction time in the MW-assisted methodology was significantly reduced compared 

to the conventional process[29]. Based on the above facts, we can assure that the KC 

reaction has been one of the most effective methods for synthesizing 5-A-TZDs. 

Table 1: Base-catalysed KC for the synthesis of 5-A-TZDs. 

Sl. 
No. 

 

Reactants Base used Time Product Ref. 

1 
 
 

 
 

R= EDG/EWG 

Potassium 
hydroxide 

(KOH) 
(0.02 mol) 

10-30 
min 

 
Yield: 25-81% 

[21] 
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2 

 
 

 
 

Ar= Substituted Aryl ring 
with EDG/EWG 

 

Sodium 
hydroxide 
(1.1 mmol) 

5-6 
hrs 

 
 

Yield: 55-77% 

[27] 

*EWG= Electron withdrawing group; EDG= Electron donating group. 

 

Figure 2: General mechanism of KC between TZD and substituted aromatic aldehydes. 

1.3. Recent approaches for the synthesis of 5-A-TZDs via KC: 

The synthetic strategy used for synthesizing 5-A-TZDs and their substitution mainly 

depends on the subtypes of TZDs and substituted aryl aldehydes. One of the most 

popular and considered procedures for 5-A-TZD synthesis is the KC. By using KC, 

many medicinal chemists have synthesized numerous potent molecules containing 5-

A-TZD as core precursors. KC is a type of aldol condensation reaction in which the 
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active methylene carbon atoms of any compound react with the carbonyl group of an 

aldehyde or ketone, followed by the elimination of water in the presence of a base and 

forms an α,ß-unsaturated compound. The organic base plays a vital role in condensation 

reactions like KC reactions. Previously, many organic chemists have explored the KC 

reaction by changing the different reaction conditions (like base catalysts, ionic liquids, 

and inorganic salts) and optimized the reaction to get better yields in a lesser amount 

of time. As a result, it has been depicted that the KC reaction produces a better yield in 

the present base and a precise amount of catalyst. Because of its diverse range of 

applications in the synthesis of pharmaceutical APIs (active pharmaceutical 

ingredients), drug intermediates, and agrochemicals (insecticides, pesticides), the KC 

has garnered considerable attention from industry as well as academia [30–34]. Here, 

we have discussed the different types of synthetic strategies/methodologies of KC used 

in the synthesis of 5-A-TZD derivatives, including the use of organic catalysts and ionic 

liquids (ILs), heterogenous solid catalysts, inorganic catalysts, and bio-catalysts 

(Figure 3). 

 
Figure 3: Multiple synthetic approaches of KC for 5-A-TZDs. 
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1.4. TZD-based hybrids as anti-diabetic agents: 

Tien Cong and co-workers designed and synthesized eleven derivatives of TZD, which 

show dual action against selected strains of both bacteria and fungi along with 

inhibition of AG activity. The compounds were synthesized through reactions 

involving aromatic aldehydes, and they showed significant activity as AGIs, as they 

have IC50 values ranging from 7.5 ± 0.5 µM to 290.3 ± 1.9 µM and outperformed the 

reference drug, voglibose (IC50 = 355.8 ± 3.5 µM) regarding activity. Among all 

synthesized derivatives, the one with a chlorine substituent, compound 1 (Figure 4) 

(4-chlorobenzylidene moiety), demonstrated the highest activity with an IC50 of 7.5 ± 

0.5 µM, then compound 2 (Figure 4) (piperonylidene moiety) demonstrated activity 

with an IC50 of 37.3 ± 1.8 µM, thus holding promise to be considered as effective 

inhibitors. Besides showing the anti-diabetic activity, these compounds were also 

screened for activity against bacteria and fungi, and their minimum inhibitory 

concentration (MIC) values lay between 6.25 and 100 µg/mL One of the most relevant 

findings of the research is the importance of substituents at the fifth position in the 

thiazolidine molecular structure in modulating biological activities, since compounds 

lacking this position were shown to be extremely inactive. Furthermore, fifth-position 

aromatic groups seemed necessary in case of activity, and halogenated compounds 

proved to be excellent. Docking studies further explained its binding interactions of 

these compounds with α-glucosidase (AG) enzyme, wherein compound 1 (-8.1 

kcal/mol) and compound 2 (-9.7 kcal/mol) could establish strong hydrogen bonding 

and halogen bonding with significant residues and would contribute markedly to the 

stability of the enzyme-ligand complex [35].  
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Figure 4: SAR and structures of compounds 1 and 2 as potent AGIs. 

 
Liang et al., synthesized and evaluated novel coumarin-TZD hybrids as potential AGIs. 

The results of the inhibitory activities against AG showed that most of the hybrids (IC50: 

5.12 to 24.07 µM) inhibited the enzyme much more strongly as compared to acarbose 

(IC50: 655.01 µM). Among the synthesized compounds, compound 3 (Figure 5) 

showed the highest inhibitory activity in terms of non-competitive inhibition. 

Mechanisms and binding interactions with AG were determined using various 

approaches, such as fluorescence quenching, CD spectrum, 3D fluorescence and 

molecular docking simulations. As demonstrated, during binding to the hybrids, 

conformational changes in the enzyme resulted in inhibition. Furthermore, in vitro 

studies of compound 3 (Figure 5) did not exhibit any notable cytotoxic effect against 
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HEK 293 cells, indicating that this compound may exhibit a safe profile for this 

compound. However, oral glucose tolerance test (OGTT) studies (in vivo) show that 

compound 3 (Figure 5) significantly decreases postprandial blood glucose levels in 

mice, similar to that of acarbose. This affirms that hybridization strategies are important 

in drug design for potential therapeutic agents [36]. 

 

Figure 5: SAR and structures of compound 3 as potent AGI. 

 

Sharfuddin and his colleagues synthesized TZD-naphthalene analogues against 

pancreatic α-amylase (PAA) and intestinal α-glucosidase (IAG) enzymes. In vitro 

inhibition assay showed that several compounds exhibit significant activity, among 

which compound 4 (Figure 6) is found to be the most potent with IC50 values of 4.488 

± 0.10 µM (PAA) and 2.145 ± 0.16 µM (IAG). Antioxidant activity was tested on 

DPPH assay, in which again compound 4 showed the highest radical scavenging effect 

(EC50 = 6.36 ± 0.03 µM). In addition, molecular docking studies further show that 

compound 4 (Figure 6) exhibited high binding affinities (−11.1 kcal/mol and −10.7 

kcal/mol, respectively) through hydrogen bonding, pi–pi stacking, and hydrophobic 

interactions with a few key residues. MM-GBSA showed that compound 4 (Figure 6) 
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was superior to acarbose in ΔGbind values, thus attesting to such strong and stable 

interactions. ADMET profiling using SwissADME and OSIRIS tools supported 

favourable pharmacokinetic properties and low predicted toxicity. All compounds 

obeyed Lipinski’s Rule of Five, which indicated high drug likeness [37]. 

 

Figure 6: SAR and structures of compound 4 as potent AGI and AAI. 

 

TZDs, a potential drug, are being widely used as a target for treating DM for their 

inhibition capacity against α-amylase (AA) and AG. Singh et al., have synthesized 

nineteen derivatives of TZD and examined their inhibitory capacity. The in vitro 

evaluation of AG and AA proved compound 5 (Figure 7) had potent inhibitory activity 

with IC50 of 10.33 ± 0.11 μM and 10.19 ± 0.25 μM, along with good antioxidant 

property (IC50 = 14.93 ± 0.65 μM). Docking scores of -7.5 to -10.7 kcal/mol against 

AA and a docking score of -7.4 to -10.3 kcal/mol against AG had been found. Through 

the in vitro inhibitory assay, it was seen that the activity of the compounds was greater 

in the case of AA instead of AG due to lesser micromolar inhibition. In PNAC-1 cells, 
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these substances also demonstrated significant antioxidant activity and reactive oxygen 

species inhibition [38]. 

 

Figure 7: SAR and structures of compound 5 as potent AGI, AAI, and antioxidant. 

 
Gharge et al., synthesized new 3,5-substituted TZD compounds using a three-step 

process, including Knoevenagel condensation. The synthesized compounds were 

thoroughly characterized using techniques like FTIR, HR-MS, 1H NMR, and 13C NMR. 

They have studied the anti-diabetic potential through both 'In vivo' studies in Wistar 

rats and 'In vitro' assays targeting 'AA', 'AG', and glucose uptake by yeast cells. From 

all the synthesized compounds, compound 6 (Figure 8) demonstrated the most 
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(Figure 8) showed inhibitory activity against 'AA' (IC50 = 86.06 ± 1.1 μM) and 'AG' 

(IC50 = 74.97 ± 1.23 μM), and enhanced glucose uptake (58.23 ± 0.13 %). 'In vivo', 

compound 6 (Figure 8) significantly reduced blood glucose levels (114 ± 1.17 mg/dL), 

comparable to the standard drug pioglitazone. The study concludes that modified 

TZDs, particularly compound 6 (Figure 8), are promising candidates for new anti-

diabetic agents [39]. 

 

Figure 8: SAR and structures of compound 6 as potent AGI and AAI. 

 

Some novel benzenesulfonamide-TZD hybrids were synthesized by Gamal et al., to 

target the enzymes AG. The design strategy of compound 7 as a potent AGI is depicted 

in Figure 9. The results obtained from the biological evaluation indicated that 

compound 7 (Figure 10) demonstrated the most potent inhibitory activity with IC50 

values of 0.3456 ± 0.01 µM. Molecular docking studies explained the binding 

interactions of the active compound 7 with a binding affinity value of -10.7 kcal/mol. 

Extended MM-GBSA and molecular dynamic simulations also indicated the potential 

of compound 7 (Figure 10).  Furthermore, an in vivo study of OGTT shows that 

compound 7 (Figure 10) significantly lowers blood glucose levels in diabetic mice 
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compared to acarbose. Together, these results proved that this compound is efficient in 

controlling T2DM [40]. 

 

Figure 9: Design strategy of compound 7 as potent AGI. 

 
Figure 10: SAR and structures of compound 7 as potent AGI. 
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drug design is the combination of indole and TZD moieties employing hybridization 

chemistry. Not only does this approach exploit the pharmacological advantage of each 

basic unit, but it may also lead to the discovery of new compounds having a better level 

of efficacy and different activity profile compared to that of the parent structures 

(Figure 11). The most significant inhibitory capacity had been shown by compound 8 

(Figure 12), whose IC50 values lie in the range of 2.35 ± 0.11 to 24.36 ± 0.79 μM. The 

mechanism of inhibition was also measured through 3D fluorescence spectra, 

molecular docking and CD spectra. In vivo anti-diabetic experiments showed that oral 

administration of compound 8 (Figure 12) suppressed fasting blood glucose levels and 

improved glucose tolerance and dyslipidemia in diabetic mice [41]. 

 
Figure 11: Design strategy of compound 8 as potent AGI. 
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Figure 12: SAR and structures of compound 8 as potent AGI. 

 

A series of TZD hybrids was synthesized for the inhibitory action of AG by Mengyue 

and co-workers. The strategy, a rationale hybridization of the TZD pharmacophore to 

1,3,4-thiadiazole tolerating frameworks, led to new compounds which might take 

advantage of the synergistic or additive effect of the two pharmacophores. This 

approach not only benefits from previous successes of the field but also it permits 

additional structural variability at the R-positions for fine-tuning of biological activity 

and druglike properties toward the newly synthesized hybrids (Figure 13). All the 

compounds showed greater inhibitory action as compared to reference compound 

acarbose, with the range of IC50 values of 0.52 ± 0.06 to 7.76 ± 0.06 μM and compound 

9 (Figure 14) emerged as the most potent inhibitor, with 1258-fold more power than 

acarbose. The AG inhibition assay also showed that compounds containing substituents 

at para-position had greater inhibition capacity than compounds containing substituents 

at meta- and ortho-position. Compound 9 (Figure 14) took a ‘U-shaped’ conformation 

in the active pocket of AG enzyme as evaluated from binding reactions of the molecular 

docking process, and this compound also showed zero cell toxicity against LO2 cells. 
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The study also included that oral administration of compound 9 (Figure 14) lowered 

the blood glucose levels in mice and increased the glucose tolerance [42]. 

 
Figure 13: Design strategy of compound 9 as potent AGI. 

 
Figure 14: SAR and structures of compound 9 as potent AGI. 
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Singh et al., have synthesized twelve 3,5-disubstituted-TZD hybrids, where they used 

solution phase chemistry. In their previous research, through antagonism of AG and 

AA, they evaluated the anti-diabetic potential of 3,5-disubstituted-TZD. The in vitro 

evaluation showed that all the molecules had moderate to potent inhibition activity, but 

compound 10 (Figure 15) emerged as a significantly promising candidate (5.15 ± 

0.0017 μM for AG, 17.10 ± 0.015 μM for AA). Compound 10 (Figure 15) displayed 

an acceptable fit into the active pocket of both enzymes. From the in vitro cytotoxicity 

assay, it was found that the molecules are without any toxicity. The in vivo evaluation 

of compound 10 (Figure 15) showed remarkable positive changes in Wistar rats, 

including lower blood glucose, stress, body weight, etc. In terms of ROS inhibitor, 

compound 10 (Figure 15) was also found potent [43]. 

 

Figure 15: SAR and structures of compound 10 as potent AGI and AAI. 
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methyl)-4 oxocyclohexyl) methyl) pentane-2,4-dione (S,S, R-D, 4) compound to 

evaluate its anti-diabetic actions. The study seeks to enhance an initial lead chemical 

for diabetes therapy by concurrently targeting various pathways. The initial 

thiazolidine-dione-based therapeutic candidates exhibit a robust binding affinity for 

DPP-4, PTP-1B, AA, and AG. The amalgamation of central 5-benzylidineTZD, East-

side cyclic amines, and West-side hydrophilic hydroxyl groups of gallic acid results in 

significant in vitro inhibitory potencies. From all the synthesized compounds, a few 

compounds were found to be multipotent compounds. Compound 11 and 12 (Figure 

16) with values 0.217 ± 0.016 μM, 0.190 ± 0.019, 0.09 ± 0.011, 0.129 ± 0.012 and 

0.185 ± 0.014, 0.241 ± 0.010, 0.036 ± 0.004, 0.042 ± 0.10, respectively, resulted out to 

be potent multi-target (for AGIs, AAIs, DPP-4, and PTP1B) inhibitors. In the study, 

the consequences of expanding the West-side of 5-benzylidine core by including amide 

of gallic acid were also explored [44]. 

 
Figure 16: Structures of compounds 11 and 12 as potent AGIs, AAIs, DPP-4, and PTP1B 

inhibitors. 
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Thiazolidine-4-one, which is a heterocyclic compound along with its derivatives, is a 

pivotal compound in terms of treatment of DM. Fuorenone–thiazolidine-4-one 

scaffolds were developed by Doddagaddavalli et al., and their structures were 

confirmed by FTIR, 1H NMR, 13C NMR, and mass spectral data. And its capacity to 

scavenge DPPH and inhibit AG was assessed. It was revealed that compound 13 

(Figure 17), which had hydroxyl functional groups at the para and meta positions, had 

greater AG inhibition (IC50 value of 114.58 ± 1.8 μM), whereas compounds attached 

with halogen groups showed mild inhibition action. With an IC50 value of 81.27 ± 1.3 

μM, compound 13 (Figure 17) demonstrated encouraging DPPH scavenging activity. 

On the other hand, compounds containing substitutions at ortho and para positions have 

been found to have greater antioxidant properties. Interaction of HAS (Human Serum 

Albumin) and ct-DNA with derivative compound 13 (Figure 17) demonstrated 

stronger inhibition capacity, which was found through fluorescence spectroscopy. 

Compounds obeyed Lipinski's rule of fifth, suggesting that compound 13 (Figure 17) 

could be a lead compound for the discovery of new anti-diabetic drugs [45].  

 
Figure 17: SAR and structures of compound 13 as potent AGIs and AAIs. 
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In recent times, some chromone derivatives have been found they have AG inhibitory 

activity (Figure 18). Zheng et al., synthesized chromone TZD derivatives and 

examined for their AG inhibitory action and mechanisms. In the evaluation of AG 

inhibition, it had been found that synthetic derivatives had better AG inhibition where 

the value of IC50 lies in the range from 2.40 ± 0.11 to 5.66 ± 0.15 μM. Among all the 

compounds, compound 14 (Figure 19) had shown a significant inhibition capacity, 

which is nearly 267 times that of the positive control acarbose. The molecular docking 

process demonstrated that compound 14 (Figure 19) can bind to the active pocket of 

AG. CD spectra and 3D fluorescence spectra of the study also revealed that compound 

14 (Figure 19) altered AG's institutional alterations. Furthermore, in vitro cytotoxicity 

revealed that compound 14 had no definite effect on the viability of L-02 cells [46]. 

 
Figure 18: Previously reported compounds as potent AGIs and AAIs. 

 
Figure 19: SAR and structures of compound 14 as potent AGIs. 
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Khan et al., synthesized and evaluated thiazole-based TZD derivatives against AG and 

AA enzymes. By using different spectroscopic techniques, the inhibitory activity of the 

derivatives was examined, where they showed good to moderate AG and AA inhibition. 

The IC50 values for AG were in the range of 2.40 ± 0.10 to 31.40 ± 0.90 μM, and the 

IC50 value for AA was in the range of 1.80 ± 0.05 to 27.60 ± 0.80 μM. Among those 

compounds, compound 15 (Figure 20), which bears meta-methoxy and para-hydroxyl 

substitutions, showed significant potency against both the enzymes. Compound 15 

(Figure 20) (with thiazole and fluorine moieties) emerged as the most potent inhibitor 

of both AG and AA with IC50 values of 2.40 ± 0.10 and 1.80 ± 0.05 μM [47].  

 
Figure 20: SAR and structures of compound 15 as potent AGIs and AAIs. 
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which is due to its 2-fluoro groups (IC₅₀ = 1.50 ± 0.05 μM for AA and 2.40 ± 0.10 μM 

for AG). While conducting the research, it has been seen that the derivatives with -CL 

with hydroxyl group or Hydroxyl group resulted as powerful antagonists of the 

enzymes AG and AA. Fluro-substituted derivative five was discovered to connect 

uniquely with AA at distances ranging from 4.50 to 6.85 A. Additionally, SAR and 

interaction of binding were evaluated through molecular docking process [48]. 

 
Figure 21: Design strategy of compound 16 as potent AGIs and AAIs. 

 
Figure 22: SAR and structures of compound 16 as potent AGIs and AAIs. 
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also evaluated. The design strategy of compound 17 as potent AGIs and AAIs is 

depicted in Figure 23. Almost all the derivatives, compound 17 (Figure 24), showed 

significant action against those enzymes, where IC50 against AA was 2.10 ± 0.70 μM 

and against AG it was 3.20 ±0.05 μM. Compound 17 (Figure 24)showed remarkable 

results due to the phenyl ring linked with it, where other derivatives also proved to 

contain better folds than other compounds. Other than compound 17 (Figure 24), there 

is a decreased activity due to the chlorine group. Compound 17, comprising 

exceptional activities against both AA and AG, revealed diverse interactions at various 

stages, which further indicates the site of activity in the molecule and both enzymes 

[49]. 

 

Figure 23: Design strategy of compound 17 as potent AGIs and AAIs. 
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Figure 24: SAR and structures of compound 17 as potent AGI and AAI. 

 

A series of N-substituted 5-benzylidene-2,4-TZD derivatives as potential AGIs were 

synthesized by Vijay and his researchers. Design strategy of compounds 18, 19, and 20 

as potent AGIs is shown in Figure 25. The compounds were further screened in silico 

using SwissADME and OSIRIS tools to predict drug-likeness, solubility, lipophilicity, 

polar surface area (PSA), and bioavailability. All candidates exhibited properties 

consistent with oral drug absorption and low toxicity. In vitro AG inhibition assay 

results indicated that several derivatives exhibited IC50 values < 65 μM, outperformed 

acarbose (IC50 = 67.06 μM). The most potent inhibitor was thus compound 18 (IC50 = 

29.91 μM; Figure 26), followed by compound 19 (36.52 μM; Figure 26) and 

compound 20 (39.19 μM; Figure 26). Structural elucidation indicated that chloro 

substitution on the phenyl and benzothiazole rings and methyl substitution are 

responsible for this potency. Docking scores ranged from −7.9 to −9.3 kcal/mol, 

indicating strong binding affinities. Key interactions were observed with crucial 

residues such as Asp232, Asn237, Ala234, and Asp568, which are essential for enzyme 

inhibition. For instance, compound 18 formed hydrogen bonds with Asp232, Ser497, 
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and Ser505 and adopted a U-shaped conformation at the active site, which supports 

their research [50].  

 

Figure 25: Design strategy of compounds 18, 19, and 20 as potent AGIs. 

 

Figure 26: SAR and structures of compounds 18, 19, and 20 as potent AGIs. 
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inhibition of AG was significant in vitro for the imine series, with compound 21 

exhibiting an IC50 of 5.60 ± 0.30 µM, followed by compound 22 (IC50 = 7.30 ± 0.10 

μM; Figure 27). The efficacy of these inhibitors was enhanced by the substitution of 

hydroxyl groups on the aryl rings, facilitating hydrogen bonding with the enzyme's 

active site. Similarly, AA inhibition was evaluated against the thiazolidine-4-one series 

with compound 23 being the most active (IC50 = 0.40 ± 0.05 µM; Figure 27). The 

SAR suggested that activities were enhanced by such electron-donating groups as –O 

and –OCH3 in concert through hydrogen bonding and polar interactions, while activity 

was diminished by bulky electron-withdrawing substituents. In molecular docking 

findings, compound 23 showed the most favourable binding profile with a docking 

score of -14.23 kcal/mol while forming multiple hydrogen bonds and π–π interactions 

with the key active site residues: Trp59, Asp197, Asp300 and Arg195. The kinetic 

analysis of AG confirmed competitive inhibition and the applicability of Michaelis-

Menten kinetics to all tested drugs. The enzyme kinetics and docking data lend support 

to a mechanistic basis for their inhibition, and therefore, compound 23 exhibited the 

most potent activity [51]. 

 

Figure 27: SAR and structures of compounds 21, 22, and 23 as potent AGIs and AAIs. 
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A series of novel TZD derivatives were synthesized via microwave-assisted 

Knoevenagel by Saad and co-workers. The synthesized compounds were evaluated for 

their inhibitory activity against AG and AA enzymes. The IC50 values of most of the 

compounds ranged between 43.85 and 380.10 µM for AG and 18.19 to 208.10 µM for 

AA.  Nonetheless, compound 24 (Figure 28) revealed itself as the most effective dual 

inhibitor, demonstrating IC50 values of 43.85 ± 1.06 µM (AG) and 18.19 ± 0.11 µM 

(AA). The bioactivity of the parent compounds was improved significantly by N-

allylation, suggesting that the allyl moiety takes part in the enzyme binding. Docking 

analysis pinpoints residues involved in hydrogen bond formation and hydrophobic 

interactions. Moreover, extensive in silico studies showed the dual target capability of 

this compound towards T2DM [52]. 

 

Figure 28: SAR and structures of compound 24 as potent AGI. 
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Novel diarylthiazolidin-4-one derivatives were synthesized and screened for their in 

vitro activity against AG by Ebrahim Saeedian and colleagues. All of the synthesized 

compounds were found to inhibit AG enzyme activity with an IC50 value in the range 

of 90-704 μM, better than the standard drug acarbose (IC50 = 750 μM). The most potent 

compound that was studied further was compound 25 (90 μM; Figure 29). Enzyme 

kinetics study revealed that compound 25 (Figure 29) acts as a competitive inhibitor 

with a Ki value of 87 μM. Molecular docking studies corroborated the experimental 

data, showing that the lead compound 25 interacts strongly with the enzyme active 

site, involving key residues such as THR310, ARG315, TYR158, ASP307, etc., by 

hydrogen bonding, π-π stacking, π-anion, and hydrophobic interactions. This indicates 

it as a potential inhibitor [53]. 

 
 

Figure 29: SAR and structures of compound 25 as potent AGI. 

 
Thari et al., designed and developed two TZD derivatives and evaluated them for AGIs 

and AAIs. The heterocyclic compound TZD contains oxygen, nitrogen and sulphur as 
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(Figure 30) contains an amine substitution which was responsible for its greater AA 

and AG inhibition. Negative binding energy was observed by joining the place of 

docked compound 26 (Figure 30) and binding site of amino acids of AG and AA, 

which clearly pointed out the thermodynamic advantages caused by enzymatic 

inhibition. Due to their low binding energy and strong affinity for the active sites 

of enzymes, compound 26 (Figure 30) has been described as an efficient inhibitor of 

these enzymes. These results confirm the premise that the structural characteristics of 

the synthesized TZD derivatives have a pronounced effect on their inhibitory activities 

[54]. 

 

Figure 30: SAR and structures of compound 26 as potent AGI and AAI. 

 
Gummidi et al., developed a protocol to synthesize hybrids of 1,3,4-thiadiazole-
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antioxidant potential of those hybrids was measured, and 4c hybrid was found to have 

fair antioxidant activity. Hybrid compound 27 (Figure 31) emerged as the most potent 

AG inhibitor, whose orientation at the active site of the enzyme was almost similar to 

acarbose. Furthermore, the molecular docking method proved the significance of para-

thiomethyl unit for stronger inhibition. 

The introduction of a bromine or iodine atom at the para-position of the phenyl ring by 

replacing the hydrogen resulted in lowering both AG and AA inhibitory activity. 

However, with the para-SCH₃ substituted derivative (Compound 27), the inhibition of 

both enzymes is the most potent among the compounds tested. This remarkable activity 

could be seen from its IC50 values, compound 27 (2.59 μM for both AG and AA) is 

more potent than the standard drug acarbose (3.87 μM for AG, 35.62 μM for AA), 

which establishes that the nature and position of the substituents on the phenyl ring 

plays a significant role in the modulation of biological activity [55]. 

 
Figure 31: SAR and structures of compound 27 as potent AGI and AAI. 
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triazole-in conjunction with click chemistry to increase enzyme inhibition, potency, 

and safety. From among all the synthesized hybrids, the most potent compound was 

compound 28 with an IC50 value of 24.73 ± 0.93 μM (Figure 32), and the EC50 value 

of antioxidant activity was 15.90 ± 0.28. Enzyme kinetic studies showed that 

compound 28 (Figure 32) inhibited AG in a competitive manner as directed by the 

Lineweaver–Burk plots. In in vivo studies, compound 28 (Figure 32) showed a 

significant decrease in postprandial blood glucose levels at both 10 mg/kg and 20 

mg/kg, thus confirming its effect in a physiological context. The results of the in-silico 

studies, including MM-GBSA, molecular docking and dynamic simulations, showed 

that compound 28 (Figure 32) established stable complexes through multiple 

interactions like hydrogen bonds, π–π stacking, and hydrophobic contacts with crucial 

residues in the active site. In silico ADME profiling also supported favourable drug-

likeness and pharmacokinetic properties of compound 28 (Figure 32) [56]. 

 
Figure 32: SAR and structures of compound 28 as potent AGI. 
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targeting T2DM. The rational design of these molecules was undertaken by the 

hybridization of three important pharmacophores, namely benzimidazole, TZD, and 

acyclic analogues such as DMM and DEM, which could work as extra electron-

withdrawing units and hydrogen bond acceptors. The outcomes of the in vitro 

biological activity showed that several compounds demonstrated excellent inhibitory 

potency with IC50 values ranging from 4.10-9.12 μM, out of which compound 29 

(Figure 33) turned out to be the best active (IC50 = 4.10 μM). The compound's 

antioxidant activity was evaluated using the DPPH radical scavenging assay, and 

among the compounds tested, compound 29 (Figure 33) exhibited excellent 

antioxidant activity (EC50 of 0.176 ± 0.002 μM). Given that compound 29 docking 

results revealed good binding affinities and strong interactions through hydrogen bonds 

and hydrophobic contacts, the further synthesized compounds were docked onto the 

active sites of the PPARγ protein and may act as dual-acting agents with AG inhibitory 

effects and PPARγ agonistic properties, which could have the benefits of insulin 

sensitization [57].  

 

Figure 33: SAR and structures of compound 29 as potent AGI. 
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A drug with dual action of both anti-inflammatory (AI) and anti-diabetic has certain 

market limitations. Khaled et al., synthesized two new series comprising a pyrazole 

ring with vicinal diaryl a ring, which acts as a selective COX-2 moiety and anti-diabetic 

moiety TZD; methylene was used to bind the two moieties. Using an enzyme 

immunoassay, the in vitro COX-1/COX-2 isozyme inhibition tests assessed the target 

thiazolidine-pyrazole derivatives' capacity to inhibit human recombinant COX-2 and 

ovine COX-1. Derivatives were evaluated in vivo for anti-inflammatory activity in the 

carrageenan-induced rat paw oedema assay. It has been found that compound 30 

(Figure 34) has the highest potential against COX-2. The compound 30 (Figure 34) 

has a comparatively higher selectivity index than drug celecoxib, and it also showed 

remarkable AI activities. Also, compound 30 (Figure 34) resulted in tter inhibitor 

activity against AA and AG [58]. 

 
Figure 34: SAR and structures of compound 30 as potent AGI. 

 

Postprandial hyperglycemic condition in diabetes patients is caused by dietary 

carbohydrate hydrolysis by AG and AA enzymes. This condition can be addressed by 
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agents. Their biological potential in inhibiting AG and AA has been investigated, and 

these compounds revealed intriguing nonlinear optical characteristics (NLO). The 

compounds' structures were validated by spectroscopic investigations, and compounds 

displayed encouraging NLO. Compared to common acarbose compound, compounds 

31 and 32 (Figure 35) revealed significant inhibition of AA and AG, where the IC50 

values were 54.46 μM and 4.84 μM, respectively. Furthermore, in the docking study, it 

was seen that compound 31 (Figure 35) has 6 hydrogen bonds, 2 electrostatic, 7 

hydrophobic and 2 other interactions entangled in the enzyme's active pocket [59]. 

 

Figure 35: SAR and structures of compounds 31 and 32 as potent AGIs. 
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workers against AA and AG inhibition. All the compounds synthesized were assessed 

for their inhibition against the enzymes AA and AG. Among the tested compounds, the 

highest inhibition was exhibited by compounds between 35 to 40% at 250 µg/mL, 

comparable to standard drug acarbose. These results were supported further by glucose 

Compound IC50 (µM) 
Alpha-glucosidase inhibitory activity

Acarbose 10.53 ± 1.38

31 54.46 ± 1.23

32 4.48 ± 1.38

Thiazolidine moiety
responsible for enzyme inhibition

Substitution of OCH3 
group exhibited increase

inhibition properties

Compound 31

S
HN

O

N
O

N
N

O

S
NH

O

N
N

N+
O

O-

N
O

Compound 32

Substitution of OCH3 and NO2
group exhibited increase

inhibition properties



  CHAPTER II                 LITERATURE REVIEW  |  2025 

Page | 73 
 

diffusion study, during which it was observed that these lead compounds significantly 

reduced glucose movement through bio-membranes over a time of 3 h. The SAR study 

exhibited that the enhanced activity of compound 33 (Figure 36) will be due to 

fluorinated aryl amine substituents at the 7th position of the azaindole moiety, 

increasing between lipophilicity (6.49, 5.63, 6.45) and molar refractivity (125, 117, 

123) which is associated almost proportionally with better binding efficiency and 

selectivity [60].  

 
Figure 36: SAR and structures of compound 33 as potent AGI and AAI. 

 
Hussain et al., developed and evaluated AG inhibition of TZD derivatives along with 

pyrrolidine-2,5-dione. The synthesized compounds were tested against yeast AG, 
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directly to enzyme inhibition. Furthermore, para-substitutions on the phenyl ring (the 
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hydrogen by methyl (CH₃) or chlorine (Cl)) significantly decrease the inhibitory 

activity of the compound toward the enzyme. Biologically, compound 34 (Figure 37) 

displays a higher inhibitory activity of AG (IC50 = 0.98 ± 0.008 μM) than the market 

drug acarbose (IC50 = 10.6 ± 0.10 μM), indicating that compound 34 (Figure 37) could 

be a promising inhibitor. The study of antioxidant potential showed that only a few 

compounds exhibit moderate anti-oxidant activity. The in vivo anti-diabetic study of 

selected compounds was able to lower blood glucose levels in comparison with drug 

glibenclamide. Interactions of active compounds with important residues like Asp214, 

Glu276 and Phe157 resulted in high potency of the compounds, which were evaluated 

by bioassay and binding mode method [61]. 

 
Figure 37: SAR and structures of compound 34 as potent AGI. 

 
Guang-cheng et al., synthesized the newer derivatives of TZD and evaluated their AG 

inhibitory action. Among all these compounds, compound 35 (Figure 38) showed 

significant inhibitory capacity AG in the in vitro assay, where the IC50 values of 
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inhibition, because it contributes directly to enzyme inhibition. Furthermore, ortho-

substitutions on the phenyl ring by chlorine significantly decrease the inhibitory 

activity of the compound toward the enzyme. The molecular docking process showed 

that compound 35 (Figure 38)  resulted in a ‘L-shape’ conformation in the pocket of 

AG. Compound 35 (Figure 38) also showed almost similar docking activity with a 

slight difference due to the oxygen atom of compound 35 (Figure 38), which created 

one extra hydrogen bond [62]. 

 
Figure 38: SAR and structures of compound 35 as potent AGI. 

 
1.5. Cuminaldehyde: 
 

Cuminaldehyde (CUM; CAS Registry Number: 122-03-2 and PubChem CID: 326; 

Figure 39) is a terpenoid class of compounds isolated from essential oil components 

and is found in cumin (C. cyminum) seeds and other plants [63]. Traditionally, fruits 

and seeds of C. cyminum were used for the treatment of cough, inflammation, ulcers, 

and boils. The essential oil components have been extracted using various extraction 

techniques, and hydrodistillation is one of the beneficial techniques with 30-35% yields 

of essential oil components. Cumin essential oil (CEO) was also explored in 
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nutraceuticals and perfumes and as a flavour in culinary dishes due to its aromatic 

nature [64–66]. There are several bioactive secondary metabolites discovered in C. 

cyminum seeds, which have been shown to have antibacterial, anti-inflammatory, 

antioxidant, anti-cancer, and anti-diabetic effects [67]. The composition of essential oil 

components has been studied using GC-MS, and the analytical result indicates that 

CUM is a prominent chemical in essential oil components. As a result, scientists believe 

CUM has potential benefits as an antioxidant, antibacterial, and anti-diabetic agent.  

Recent research studies revealed that CUM has also been demonstrated to have 

phytotoxic action, preventing the growth of a variety of plant species and promoting 

the generation of reactive oxygen species (ROS) and programmed cell death in the roots 

of onions [68]. It has also been demonstrated that CUM forms a stable combination 

with bovine serum albumin (BSA) through hydrogen bonding and hydrophobic forces 

[69]. Furthermore, against Pseudomonas aeruginosa, CUM has shown antibiofilm 

efficacy by preventing ROS buildup, which prevents biofilm development [70]. Figure 

40 illustrates the various pharmacological effects that CUM provides, together with 

their mechanisms of action. 

Structurally, CUM is a member of the benzaldehyde class, where the isopropyl group 

is attached at position 4. The structure, chemical formula, molecular weight, melting 

point, logP, and tPSA of CUM are depicted in Figure 39. CUM can be structurally 

confirmed with the help of 1H NMR, Fourier-transform infrared (FT-IR) spectroscopy, 

and mass spectrometry. In 1H NMR, CUM showed specific chemical shift in ppm value 

as follows: at 1.2 ppm (assigned to -CH3 group, doublet), 3.1 ppm (assigned to -CH 

group, multiplate), 7.4 ppm (assigned to -CH of aromatic ring, doublet), 7.8 ppm 

(assigned to -CH of aromatic ring, doublet), and 10.0 ppm (assigned to -H of aldehyde 

group, singlet). In FT-IR spectroscopy, CUM exhibited characteristic vibrational peaks 
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at 2930, 2871, and 2824 cm-1, while the C–H stretching vibration in the aromatic ring 

was at 2662 cm-1, the CO– stretching vibration was at 1698 cm-1, the C–H bending 

vibration in the aromatic ring plane was at 1211−1015 cm-1, and the C–H bending 

vibration out of the aromatic ring was at 826 cm-1. Similarly, in mass spectrometry, 

CUM showed a base peak at an m/z value of 133 and a molecular ion peak at an m/z 

value of 148 [71].  

Numerous extraction methodologies (like plant selection, techniques, and solvents have 

been developed by researchers to extract essential oils and purify CUM from them. 

Recently, high-speed counter-current chromatography (HSCCC) was used to purify 

CUM from essential oils. Similarly, different HPLC methods have been developed for 

the analysis of CUM from essential oils. For both academic and commercial research 

institutes, CUM is a crucial topic of study due to its possible biological usefulness. 

Nevertheless, there are published review studies that provide a thorough presentation 

of CUM, which consists of an overview of CUM’s isolation and purification processes, 

HPLC methods for the analysis, and therapeutic applications with their molecular 

mechanism of action. Therefore, CUM is a therapeutic agent that may be utilized 

therapeutically to address a variety of ailments. 

 

Figure 39: Structure, chemical formula, molecular weight, melting point, logP, and 
tPSA of CUM (Chemical formula, molecular weight, melting point, logP, and tPSA 
were calculated from ChemBioDraw Ultra 12.0.). 
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Figure 40: Therapeutic potential of CUM with its schematic mode of action. 

1.6. Biological activity potentials of Cuminaldehyde analogues: 

CUM analogues have also been explored by researchers in the last few years to identify 

the best possible analogue for diverse biological activities. Hydrazone, oxadiazole, 

pyrazoline, isoxazoline, thiosemicarbazone, hydrazide with thiophene, and Schiff bases 

are a few of the heterocyclic cores that have been mostly explored for the development 

of synthetic CUM analogues. Presented below is an extensive overview of the possible 

biological effects of CUM analogues. 

 

Meenatchi et al., synthesized cuminaldehyde-3-hydroxy-2-napthoichydrazone 

(Compound 36) (Figure 41), a new essential oil component derivative, using the 

ultrasonication method. The CUM derivatives have been evaluated for antibacterial 

activity using the agar-well diffusion method, which showed a significant growth 

inhibition zone against B. subtilis (21 ± 0.2 mm) and E. coli (18 ± 0.3 mm). These 

bactericidal effects may be attributed to the disruption of the cell wall and cytoplasmic 

membranes, as well as the release of pathogen cytoplasm. In addition, it has been 
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determined that the biological activity of an essential oil component, CUM was retained 

even if its derivative was synthesized by condensation with polycyclic aryl hydrazide. 

This novel CUM derivative has also shown remarkable promise as an antioxidant with 

nonlinear optical activity [72]. By modifying the natural scaffold CUM, a series of 

oxadiazoles were designed, synthesized by Hamdy et al., and evaluated for antifungal 

activity. At sub-micromolar MIC50 concentrations, the novel series inhibited Candida 

albicans and Candida auris, with compound 37 (Figure 41) being the most potent 

analogue that did not exhibit toxicity on normal mammalian cells. Additionally, they 

carried out molecular dynamics simulations of the C. auris CYP51 enzyme using 

molecular docking and homology modelling, demonstrating the stability and 

effectiveness of compound 37. Furthermore, a 70% decrease in the fungal ergosterol 

content was shown by compound 37, and the ADME prediction suggested that 

compound 37 meets the requirements for drug resemblance as a potential antifungal 

medication (Figure 41) [73]. Zhang et al., planned and created two sets of new CUM 

derivatives, which include pyrazoline and isoxazoline components. They assessed their 

antifungal activity against six plant-pathogenic fungal strains. Compounds 38 and 39 

(Figure 41) with potent antifungal properties should undergo further assessment in vivo 

and in field conditions, as reported. Remarkably, compound 38, which has a fluorine 

atom, exhibited exceptional antifungal properties, surpassing those of commercially 

available fungicides. The CUM derivatives in this research showed notable antifungal 

activity against the fungi that were examined. Compared to CUM alone, around half of 

the reported compounds showed more potent inhibitory effects. Specifically, 

compound 38 outperformed CUM by 3.5 times in activities against Ph. Piricola (7.25 

vs. 25.50 μg·mL−1), while compound 39 outperformed CUM by around five times in 

potential against S. sclerotiorum (12.75 vs. 63.62 μg·mL−1) [74]. 
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Francesca and his fellow researchers have effectively synthesized semi-carbazone, a 

compound derived from CUM thiosemicarbazone (compound 40; Figure 41), in 

which the sulphur atom has been replaced with an oxygen atom. This modification 

aimed to investigate the role of sulphur and oxygen in forming hydrogen bonds of 

varying strength, as well as their redox potentials. Typically, sulphur has weaker 

hydrogen bonds compared to oxygen because of its lower electronegativity. 

Additionally, sulphur is more prone to oxidation by creating disulfide bridges. 

Thiosemicarbazones may function as reducers due to their ability to undergo thione-

thiol tautomerism in their thiolic form. As a result, they can also operate as producers 

of reactive oxygen species or scavengers of radicals. The selection of the ortho-

Htcum and meta-Htcum isopropyl derivatives of Htcum is determined by the similarity 

in hydrophobicity to CUM while exhibiting distinct geometries. This study seeks to 

determine if the position of the isopropyl group serves as a general hydrophobic 

segment that enables the molecule to enter the cell or whether its placement is part of a 

more specialized molecule recognition process [75]. 

Regarding the biochemical characterization of hydrazide with thiophene moiety 

produced from CUM, no research has been done until Rajavel et al., reported a 

synthesis of compound 41; [(E)-N-(4-isopropyl benzylidene) thiophene-2-

carbohydrazide] (Figure 41). CUM and 2-thiophenecarboxylic acid hydrazide were 

condensed to create compound 41. The findings indicate that compound 41 exhibits 

lower activity against the tested microorganisms in comparison to the standards. In 

addition, compound 41 has modest efficacy against two bacterial strains (P. 

aeruginosa and E. coli) and two fungal strains (Mucor sp. and Rhizopus sp.), as seen 

by the MIC values. The compound 41 also exhibited a mild antioxidant property. The 

compound's notable activity may be attributed to the existence of the thiophene ring 
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[76]. Witold and his colleagues researched the stereoisomers of CUM derivatives. They 

showed trans-lactones with a (4S,5R,6S)-framework more activity than other 

compounds. The trans-lactone and cis-lactone enantiomers with a 1,3-benzodioxole 

substituent (compound 42; Figure 41) showed a moderate variation (IC50 = 34.75 and 

14.48 vs. 38.93 and 20.28 for the Jurkat and GL-1 cancer lines, respectively). The 

observed relationship in the case of cis-isomers was dependent on an aryl substituent 

and tested cancer line [77]. Degola et al., researched the function of a series of modified 

thiosemicarbazones CUM derivatives. They carried out antifungal and antimycotoxin 

activity. Two compounds exhibited distinct toxicological characteristics against 

Aspergillus and Fusarium, two genera of mycotoxigenic fungi that affect cereal. This 

provides an illustration of the differences between the impacts of compound 43 

(Figure 41) thiosemicarbazones on the growth of A. flavus mycelium. These initial 

findings demonstrated that the CUM and trans-cinnamaldehyde moieties are critical to 

the potential. Compound 43's IC50 was 49 μM, and it caused significant cytotoxicity 

with a dose-response relationship. Thiosemicarbazones are a significant class of 

chemicals containing sulphur and nitrogen. They have drawn considerable interest due 

to their physical and chemical features, which include cancer prevention and 

antimicrobial activities in human pharmacotherapy [78]. Bisceglie et al., synthesized 

and characterized a trans-cinnamaldehyde thiosemicarbazone (compound 44; Figure 

41), CUM thiosemicarbazone (compound 45; Figure 41), and their copper and nickel 

complexes for antileukemic activity. All the compounds were evaluated in vitro in the 

U937 cell line, which exhibited negligible cytotoxicity on healthy human fibroblasts. 

Despite their molecular similarity, these compounds exhibit a variety of behaviours. In 

U935 cells, compound 44 does not show any inhibition activity, whereas both of its 

metal complexes inhibit proliferation with an IC50 at μM concentrations. In addition to 
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inhibiting proliferation, the other ligand, compound 45, and its metal complexes induce 

apoptosis. The G2/M checkpoint halt is emphasized in the cell cycle analysis, which 

implies a potential direct action on topoisomerase IIa or DNA. The DNA is not the 

primary target of any of these compounds, as evidenced by CD and UV spectroscopy 

experiments. However, both copper complexes are effective inhibitors of 

topoisomerase IIa. Both cinnamonaldehyde metal complexes substantially induce 

caspase-8 activity, while all of these compounds activate caspase-9 and caspase-3. The 

compounds accumulate in the cytoplasm, and the cells are unable to expel copper and 

nickel ions, as evidenced by tests on PgP and intracellular metal concentrations 

(determined by the mean of atomic absorption spectrometry) [79]. Arish et al., 

developed a Schiff base (L) by the condensation of CUM and L-histidine as 

antimicrobial agents. This Schiff-base ligand is synthesized and characterized by 

elemental analysis, molar conductance, mass, IR, electronic spectra, magnetic moment, 

electron spin resonance (ESR), CV, TG/DTA, granular XRD, and SEM. The complexes 

of Co(II), Ni(II), Cu(II), and Zn(II) are also involved. The Schiff base is a tridentate 

monobasic donor, as IR data indicates. It coordinates through carboxylate oxygen, 

imidazole nitrogen, and azomethine nitrogen. The crystalline nature of the Co(II), 

Cu(II), and Zn(II) complexes is demonstrated by XRD and SEM. In contrast, the Ni(II) 

complex is amorphous, and the particles are in the nanocrystalline phase. The disc 

diffusion method was employed to evaluate the in vitro biological activities of the 

synthesized compounds against the bacterial species. The biological investigation 

suggests complexes demonstrate more significant activity than their ligand 

counterparts. In the presence and absence of H2O2, the nuclease activity of the ligand 

and its complexes is evaluated on CT DNA using gel electrophoresis. Experiments on 
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CT-DNA cleavage and antimicrobial activity indicate that the complex (Compound 

46; Figure 41) exhibits more significant activity than the ligand [80]. 

 

Figure 41: Structure of potential CUM analogues. 

 

1.7. Comparative studies between Cuminaldehyde and its analogues: 

In the last decade, CUM has been extensively studied for numerous biological activities 

with appropriate pharmacological mechanisms, and we have highlighted those in the 

above section. Similarly, we have also emphasized different synthetic analogues of 

CUM as reported in various research articles [73–82]. When we examined the 

biological activities and efficacy of CUM and analogues, we found that both showed 

comparable biological activities and efficacy in various pharmacological models of 

diseases. However, we lack any data on in vivo or in vitro experimental support to 

compare the safety and toxicity profiles. Lastly, we can say that extensive future 
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research on the preclinical and clinical study of CUM, including the synthesis, 

biological study and toxicological study of its synthetic analogues, is necessary to 

develop CUM-based medicine. 
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1. Introduction: 

Diabetes mellitus (DM) is a chronic, progressive condition characterized by 

hyperglycemia and long-term microvascular and macrovascular consequences. It 

impacts millions globally and is projected to affect 700 million by 2045 [1–3]. Patients 

with type 2 diabetes (T2D) utilize hypoglycemic agents to manage postprandial 

hyperglycemia. DM results in significant health complications, including 

cardiovascular illnesses, hypertension, obesity, renal disorders, and visual impairment  

[4–9]. α-glucosidase inhibitors serve as a treatment to manage DM by obstructing the 

digestion of dietary carbohydrates, which generate monosaccharide units that 

subsequently enter the circulation. α-glucosidase inhibitors, including acarbose, 

voglibose, and miglitol, serve as first-line oral hypoglycemic medicines under moderate 

circumstances and as adjunct therapy in acute scenarios [10]. Although contemporary 

α-glucosidase inhibitors are beneficial, their adverse effects, including stomach 

discomfort, gas, and diarrhoea, might pose challenges [11]. Therefore, novel α-

glucosidase inhibitors are significant since they assist researchers and pharmaceutical 

companies in identifying safer and more efficacious treatments. This has the potential 

to enhance the quality of life for individuals living with DM by leading to more effective 

treatment alternatives.  

Among various bioactive heterocyclic nuclei, thiazolidinedione (TZD) plays a crucial 

role in providing molecules that are potent anti-diabetic agents [12,13]. Glitazones, or 

TZDs, are recognized for their PPAR-gamma agonistic properties, which enhance 

insulin production and modulate glucose metabolism. Troglitazone, rosiglitazone, and 

pioglitazone received approval from the US FDA in 1997, 1999, and 2007, respectively, 

for the treatment of T2D. However, troglitazone and rosiglitazone have been pulled 

from the market due to hepatotoxicity and myocardial infarction [14]. Pioglitazone is 
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only available globally [1,15]. TZD derivatives have a wide spectrum of 

pharmacological activities such as anti-cancer [16–18], antimicrobial [19,20], anti-

tubercular [21], antioxidant [22,23], anti-inflammatory [24,25], anti-obesity [26,27] 

agents.  

Molecular hybridization is an attractive approach in drug design that aids in the 

discovery of pharmacological agents for diverse diseases, promoting the development 

novel therapeutic agents with enhanced efficacy and diminished adverse effects [28]. 

About 20% of approved drugs have used this approach in recent years. Recently, many 

studies employed this strategy to synthesize synthetic α-glucosidase inhibitors and 

elucidated their mechanism of α-glucosidase inhibition [29–33].  

TZD-heterocyclic hybrids have a favored pharmacophore in medicinal chemistry, 

prompting research to investigate their pharmacological significance [34,35]. 

Moreover, in recent times, various TZD derivatives and their hybrids have been 

investigated as possible α-glucosidase inhibitors for the management of T2D, as 

presented in Figure 1 [1,2,36–38]. In 2004, Li et al. developed TZD-thiadiazole 

derivatives as effective α-glucosidase inhibitors (1A; Figure 1) [36]. Hu et al. 

developed indole-TZD hybrids as effective α-glucosidase inhibitors (1B; Figure 1) 

[37]. Similarly, Singh et al. discovered 3,5-Disubstituted-TZD hybrids as anti-diabetic 

agents by targeting α-glucosidase (1C and 1D; Figure 1) [1,2]. On the other hand, Daud 

et al. developed ibuprofen and mefenamic acid Schiff base analogues as α-glucosidase 

inhibitors (1E; Figure 1) [38]. In 2005, Lee et al. also revealed that cuminaldehyde has 

α-glucosidase inhibitory action with an IC50 value of 0.50 mg/ml (1F; Figure 1) [39]. 

These prior results indicate that TZD and cuminaldehyde may serve as viable 

pharmacophoric fragments for the identification and development of newer α-

glucosidase inhibitors. Encouraged by the earlier research and our ongoing endeavours 
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to discover TZD-derived possible α-glucosidase inhibitors, we planned to synthesize 

cuminaldehyde-TZD hybrids (6a-6h, 6i-6l, and 6m) as potential anti-diabetic agents 

through the inhibition of α-glucosidase (Figure 1). All synthesized substances were 

evaluated for their α-glucosidase inhibitory activities in vitro. Additionally, the 

interaction mechanism between α-glucosidase and the best molecule was investigated 

by enzyme kinetic fluorescence quenching circular dichroism spectroscopy. Further, the 

best molecule was subjected to in silico molecular docking and ADMET predictions. 

The cell viability assay of the best molecule was also carried out against the human 

embryonic kidney (HEK-293) cell line. 

 

Figure 1: (A) Structure of α-glucosidase inhibitors containing TZD [1,2,36]; (B) Structure 

of α-glucosidase inhibitors (ibuprofen Schiff base and cuminaldehyde) [38,39]; (C) 

Designing of cuminaldehyde-TZD hybrids for potential α-glucosidase inhibitors. 
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2. Experimental section: 

2.1. Chemistry: 

All required chemicals and solvents of the highest grades for this research work 

were purchased from commercial suppliers. Thin layer chromatography (TLC) was 

performed on 0.20 mm Silica Gel 60 F254 plates, and an ultraviolet light chamber 

(short and long wavelength) was used to monitor the synthesis process. The melting 

point of the synthesized compounds was determined using the VEEGO melting 

point apparatus. Nuclear magnetic resonance (NMR) spectra at 400/300 MHz (1H 

NMR) and 101/75 MHz (13C NMR) were recorded on a Bruker Avance NMR 

Spectrophotometer (Germany), respectively, using CDCl3 and DMSO-d6 as 

solvent. The chemical shifts were reported in parts per million (ppm) concerning 

the internal standard tetramethylsilane (TMS) (δ = 0.00 ppm), and coupling 

constant values were reported in Hertz (Hz). The following are the descriptions of 

the peak splitting: dd (doublet of doublets), t (triplet), q (quartet), m (multiplet), and 

s (singlet). Mass spectra (m/z) were recorded using an ESI (ETM, positive/negative 

ion mode) mass spectrometry instrument (API 2000 ABSCIEX). X-ray crystal 

structure determination was performed using a single-crystal X-ray diffractometer 

(Bruker SMART, Germany). 

2.1.1. Synthesis of thiazolidine-2,4-dione (TZD; Compound 3): 

In a 150 mL round-bottomed flask, 28.35 g chloroacetic acid (compound 1; 

0.3 mol) and 22.83 g thiourea (compound 2; 0.3 mol) were dissolved in 35 

mL of water. The mixture was stirred for 1 h to form a white precipitate, 

accompanied by considerable cooling. To the contents of the flask, 18 mL 

of concentrated hydrochloric acid was then added slowly from a dropping 

funnel, and the flask was then connected with a reflux condenser, and gentle 
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heat was applied to produce a complete solution, after which the reaction 

mixture was stirred and refluxed for 8–10 h at 100–110 °C. The progress of 

the reaction was monitored by using TLC using n-hexane/ethyl acetate 3:2 

as an eluent. On cooling, the contents of the flask solidified to a cluster of 

white needles; the TZD (compound 3) was filtered and washed with double 

distilled water to remove traces of hydrochloric acid and dried. Finally, the 

TZD (compound 3) was purified by recrystallization from ethyl alcohol 

[2,40]. 

2.1.2. (Z)-5-(4-isopropylbenzylidene)thiazolidine-2,4-dione (Compound 5): 

To get the Knoevenagel condensation (KC) product, 0.550 g TZD 

(Compound 3; 0.004 mol) and 0.7 g of cuminaldehyde (compound 4; 0.004 

mol) were taken in 50 mL of RBF and added 10 mL of acetic acid with 

stirring for 5 mins. Then, 0.423 g urea (0.007 mol) was added and stirred for 

15 mins. After 15 mins, the reaction mixture was set up for reflux condition 

at 100 oC for 10-12 h, and the reaction was monitored by performing TLC. 

After completion of the reaction, the reaction mixture was poured into 

crushed ice in a beaker. The precipitated solid was filtered under vacuum, 

dried at RT, and recrystallized from EtOH/Methanol to obtain pure product 

5 [40]. 

(Z)-5-(4-isopropylbenzylidene)thiazolidine-2,4-dione (Compound 5): 

1H NMR (300 MHz, CDCl3) δ 9.482 (s, 1H), 7.866 (s, 1H), 7.459 – 7.424 

(m, 2H), 7.355 – 7.327 (m, 2H), 2.96 (p, J = 6.9 Hz, 1H), 1.27 (d, J = 6.9 

Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 167.6, 167.0, 152.4, 134.7, 130.6, 

130.5, 127.5, 121.1, 34.2, 23.7. FT-IR (ATR) υmax/cm-1: 3739.49 (-NH 
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str.), 2385.53, 2312.26 (C-H str.), 1694.79, 1516.27 (CH3-CH3 str.). MS 

(ESI) m/z: [M-H]+ calcd. for C13H12NO2S+ : 244.8; found 245.8 

2.1.3. General procedure for synthesis of (Z)-3-substituted-5-(4-

isopropylbenzylidene)thiazolidine-2,4-dione (Compound 6a-6l): 

First, anhydrous K2CO3 (2 equiv) in a 100 mL flat bottom flask was taken 

and heated for 2-3 mins to remove the excess moisture. Then, the (Z)-5-(4-

isopropylbenzylidene)thiazolidine-2,4-dione (Compound 5; 0.002 mol) was 

dissolved in 15 ml of dimethylformamide (DMF) in a 100 mL flat bottom 

flask and stirred for 15-20 mints in an RT condition. Then, the substituted 

benzyl chlorides (1.2 equiv)/ alkyl halides (1.2 equiv) were added dropwise 

and stirred (400-600 rpm) on a magnetic stirrer at RT for 10-12 h. After 

completion of the reaction, TLC was performed to monitor the reaction. 

After that, the reaction mixture was diluted with ethyl acetate and extracted 

from water using a separating funnel. Finally, the ethyl acetate phase was 

concentrated under a vacuum to give substituted target compounds 

(Compound 6a-6l). The physicochemical properties of synthesized 

compounds (Compound 5 and 6a-6m) are presented in Table 1. 

Table 1: Physiochemical properties of synthesized compounds (Compound 5 and 6a-6m). 

 
Compound Molecular 

formula 
Molecular 

mass 
(g/mol) 

Appearance % 
yield 

Melting 
point (°C) 

Rf (H-
EA: 4:1) 

5 C13H13NO2S 247.1 Creamy 
brown solid 

88.32% 160-162 °C 0.72 

6a C20H19NO2S 337.1 White solid 79.12% 138-140 °C 0.63 
6b C21H21NO2S 351.1 Creamy 

white crystal 
76.82% 

 

130-132 °C 0.54 

6c C20H18ClNO2S 371.1 Creamy 
white crystal 

77.22% 158-160 °C 0.64 

6d C20H17Cl2NO2S 405.0 Shining white 
crystals 

75.81% 142-144 °C 0.68 
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6e C20H18FNO2S 355.1 White crystal 72.35% 

 

125-127 °C 

 

0.65 

6f C20H18ClNO2S 371.1 Shining white 
crystals 

74.71% 

 

118-120 °C 0.60 

6g C20H17Cl2NO2S 405.0 Creamy 
white crystal 

72.68%  0.67 

6h C20H18BrNO2S 416.3 White flakes 77.42% 

 

158-160 °C 0.58 

6i C17H21NO2S 303.1 White crystal 75.34% 

 

104-106 °C 

 

0.64 

6j C18H23NO2S 317.1 White flakes 72.41% 109-111 °C 0.56 
6k C17H21NO2S 303.1 White flakes 82.12% 80-82 °C 0.64 
6l C17H19NO4S 333.1 White flakes 75.20% 104-110 °C 0.46 

6m C15H15NO4S 305.1 Pale yellow 
solid 

86.22% - 0.2 

H-EA: Hexane: Ethyl acetate 
 

(Z)-3-benzyl-5-(4-isopropylbenzylidene)thiazolidine-2,4-dione 

(Compound 6a): 

1H NMR (400 MHz, CDCl3) δ 7.89 (s, 1H), 7.45 (d, J = 1.8 Hz, 1H), 7.44 

(s, 1H), 7.43 (s, 1H), 7.42 (s, 1H), 7.36 (d, J = 1.9 Hz, 1H), 7.34 (s, 1H), 7.32 

(s, 1H), 7.29 (d, J = 7.8 Hz, 1H), 4.90 (s, 2H), 2.95 (p, J = 6.9 Hz, 1H), 1.27 

(d, J = 6.9 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 168.0, 166.3, 152.1, 

135.2, 134.2, 130.8, 130.5, 128.9, 128.8, 128.3, 127.4, 120.2, 45.2, 34.2, 

23.7. FT-IR (ATR) υmax/cm-1: 3850.88, 3739.03, 3600.03 (Benzyl C-H 

str.), 2810.88 (CH2 str.), 2312.29 (C-H str.), 1643.35 (C=O str.), 1513.07, 

1378.21 (CH3-CH3 str.), 1169.35 (Benzyl C-H str.), 833.83 (Benzyl C-H 

str.). MS (ESI) m/z: [M-H]+ calcd. for C20H18NO2S+ : 334.7; found 335.7 

 



CHAPTER III                            EXPERIMENTAL  | 2025 

Page | 99 
 

(Z)-5-(4-isopropylbenzylidene)-3-(4-methylbenzyl)thiazolidine-2,4-dione 

(Compound 6b): 

1H NMR (400 MHz, CDCl3) δ 7.88 (s, 1H), 7.44 (s, 1H), 7.42 (s, 1H), 7.35 

(s, 1H), 7.33 (s, 1H), 7.31 (s, 1H), 7.15 (s, 1H), 7.13 (s, 1H), 4.86 (s, 2H), 

2.95 (p, J = 7.0 Hz, 1H), 2.32 (s, 3H), 1.27 (d, J = 6.9 Hz, 6H). 13C NMR 

(101 MHz, CDCl3) δ 168.0, 166.3, 152.1, 138.1, 134.1, 132.3, 130.9, 130.5, 

129.4, 128.9, 127.4, 120.3, 45.0, 34.2, 23.7, 21.2. FT-IR (ATR) υmax/cm-1: 

3862.36, 3735.88 (Benzyl C-H str.), 3390.32 (CH2 str.), 2311.48 (C-H str.), 

1660.63 (C=O str.), 1516.37, 1375.09 (CH3-CH3 str.), 1160.64 (Benzyl C-H 

str.), 829.02 (Benzyl C-H str.). MS (ESI) m/z: [M+H]+ calcd. for 

C21H22NO2S+ : 352.1; found 352.2 

(Z)-3-(4-chlorobenzyl)-5-(4-isopropylbenzylidene)thiazolidine-2,4-dione 

(Compound 6c): 

1H NMR (400 MHz, CDCl3) δ 7.89 (s, 1H), 7.43 (d, J = 7.9 Hz, 2H), 7.38 

(d, J = 8.0 Hz, 2H), 7.31 (t, J = 9.3 Hz, 4H), 4.86 (s, 2H), 2.95 (p, J = 7.0 

Hz, 1H), 1.27 (s, 3H), 1.26 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 168.0, 

166.2, 152.3, 134.5, 134.3, 133.7, 130.7, 130.5, 130.4, 128.9, 127.4, 120.0, 

44.5, 34.2, 23.7. FT-IR (ATR) υmax/cm-1: 3863.32, 3736.45 (Benzyl C-H 

str.), 3613.06 (CH2 str.), 2384.68, 2311.68 (C-H str.), 1667.07 (C=O str.), 

1517.55, 1376.96 (CH3-CH3 str.), 1153.29 (Benzyl C-H str.), 698.46 

(Benzyl C-H str.). MS (ESI) m/z: [M-H]+ calcd. for C20H17ClNO2S+ : 370.1; 

found 370.2 
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(Z)-3-(2,4-dichlorobenzyl)-5-(4-isopropylbenzylidene)thiazolidine-2,4-

dione (Compound 6d): 

1H NMR (400 MHz, CDCl3) δ 7.92 (d, J = 1.9 Hz, 1H), 7.48 – 7.43 (m, 2H), 

7.41 (d, J = 2.7 Hz, 1H), 7.37 – 7.33 (m, 2H), 7.21 (d, J = 8.3 Hz, 1H), 7.16 

(d, J = 1.9 Hz, 1H), 5.00 (d, J = 2.0 Hz, 2H), 3.00 – 2.92 (m, 1H), 1.29 – 

1.28 (m, 3H), 1.26 (d, J = 2.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 167.7, 

166.1, 152.4, 134.8, 134.4, 130.7, 130.6, 129.8, 129.7, 127.5, 127.3, 119.6, 

42.4, 34.2, 23.7. FT-IR (ATR) υmax/cm-1: 3850.82, 3736.94 (Benzyl C-H 

str.), 3598.64 (CH2 str.), 2385.05, 2311.75 (C-H str.), 1696.13 (C=O str.), 

1516.40, 1378.58 (CH3-CH3 str.), 704.09 (Benzyl C-H str.). MS (ESI) m/z: 

[M+H]+ calcd. for C20H18Cl2NO2S+ : 406.0; found 406.2 

(Z)-3-(4-fluorobenzyl)-5-(4-isopropylbenzylidene)thiazolidine-2,4-dione 

(Compound 6e): 

1H NMR (400 MHz, CDCl3) δ 7.89 (s, 1H), 7.45 (d, J = 5.8 Hz, 2H), 7.42 

(d, J = 1.7 Hz, 2H), 7.33 (d, J = 7.3 Hz, 2H), 7.05 – 6.98 (m, 2H), 4.86 (s, 

2H), 2.95 (p, J = 6.8 Hz, 1H), 1.27 (s, 3H), 1.26 (d, J = 1.6 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 168.0, 166.3, 152.2, 134.4, 131.1, 131.1, 131.0, 

130.9, 130.8, 130.5, 127.4, 115.8, 44.5, 34.2, 23.7, 23.7. FT-IR (ATR) 

υmax/cm-1: 3859.39, 3736.35 (Benzyl C-H str.), 3609.23 (CH2 str.), 

2387.81, 2309.36 (C-H str.), 1689.27 (C=O str.), 1513.01, 1378.06 (CH3-

CH3 str.), 1158.86 (Benzyl C-H str.), 704.74 (Benzyl C-H str.). MS (ESI) 

m/z: [M+H]+ calcd. for C20H19FNO2S+ : 356.1; found 356.2 
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(Z)-3-(3-chlorobenzyl)-5-(4-isopropylbenzylidene)thiazolidine-2,4-dione 

(Compound 6f): 

1H NMR (400 MHz, CDCl3) δ 7.90 (s, 1H), 7.45 (s, 1H), 7.43 (s, 2H), 7.33 

(d, J = 8.1 Hz, 3H), 7.28 (s, 2H), 4.86 (s, 2H), 2.95 (p, J = 6.9 Hz, 1H), 1.28 

(s, 3H), 1.26 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 167.9, 166.2, 152.3, 

137.0, 134.6, 134.6, 130.5, 130.0, 129.0, 128.5, 127.5, 127.1, 119.9, 44.6, 

34.2, 23.7. FT-IR (ATR) υmax/cm-1: 3851.20, 3736.95 (Benzyl C-H str.), 

3598.85 (CH2 str.), 2311.78 (C-H str.), 1697.32 (C=O str.), 1516.57, 1378.48 

(CH3-CH3 str.), 1168.88 (Benzyl C-H str.), 705.13 (Benzyl C-H str.). MS 

(ESI) m/z: [M+H]+ calcd. for C20H19ClNO2S+ : 372.1; found 372.3 

(Z)-3-(3,4-dichlorobenzyl)-5-(4-isopropylbenzylidene)thiazolidine-2,4-

dione (Compound 6g): 

1H NMR (400 MHz, CDCl3) δ 7.90 (s, 1H), 7.54 (d, J = 2.0 Hz, 1H), 7.45 – 

7.41 (m, 2H), 7.39 (s, 1H), 7.33 (d, J = 8.1 Hz, 2H), 7.29 (dd, J = 8.3, 2.1 

Hz, 1H), 4.83 (s, 2H), 2.97-2.93 (m, 1H), 1.27 (d, J = 6.9 Hz, 6H). 13C NMR 

(101 MHz, CDCl3) δ 167.9, 166.1, 152.4, 135.2, 134.8, 130.9, 130.7, 130.7, 

130.6, 128.4, 127.5, 119.8, 44.00, 34.2, 23.7. FT-IR (ATR) υmax/cm-1: 

3862.83, 3737.20 (Benzyl C-H str.), 3612.95 (CH2 str.), 2310.98 (C-H str.), 

1661.96 (C=O str.), 1593.28, 1372.37 (CH3-CH3 str.), 1140.18 (Benzyl C-H 

str.), 812.84 (Benzyl C-H str.). MS (ESI) m/z: [M+H]+ calcd. for 

C20H18Cl2NO2S + : 405.1; found 406.1 

(Z)-3-(4-bromobenzyl)-5-(4-isopropylbenzylidene)thiazolidine-2,4-dione 

(Compound 6h): 

1H NMR (400 MHz, CDCl3) δ 7.89 (s, 1H), 7.46 (d, J = 8.2 Hz, 2H), 7.43 

(d, J = 7.8 Hz, 2H), 7.32 (dd, J = 8.3, 3.2 Hz, 3H), 4.84 (s, 2H), 3.00 – 2.88 
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(m, 1H), 1.27 (d, J = 7.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 167.9, 

166.2, 152.3, 134.9, 134.5, 134.2, 131.9, 130.7, 130.5, 127.4, 122.4, 120.0, 

44.6, 34.2, 23.7. FT-IR (ATR) υmax/cm-1: 3864.50, 3736.83 (Benzyl C-H 

str.), 3613.69 (CH2 str.), 2385.16, 2311.72 (C-H str.), 1674.27 (C=O str.), 

1516.47, 1378.20 (CH3-CH3 str.), 1161.49 (Benzyl C-H str.), 697.62 (Benzyl 

C-H str.). MS (ESI) m/z: [M-H]+ calcd. for C20H17BrNO2S+ : 415.3; found 

415.1 

(Z)-3-isobutyl-5-(4-isopropylbenzylidene)thiazolidine-2,4-dione 

(Compound 6i): 

1H NMR (400 MHz, CDCl3) δ 7.87 (s, 1H), 7.45 (d, J = 7.9 Hz, 2H), 7.33 

(d, J = 7.9 Hz, 2H), 3.58 (dd, J = 7.5, 1.3 Hz, 2H), 2.95 (p, J = 7.0 Hz, 1H), 

2.18 – 2.10 (m, 1H), 1.27 (dd, J = 7.0, 1.3 Hz, 6H), 0.94 (dd, J = 6.7, 1.2 Hz, 

6H). 13C NMR (101 MHz, CDCl3) δ 168.3, 166.8, 152.0, 133.8, 130.9, 

130.5, 127.4, 120.3, 49.0, 34.2, 27.2, 23.7, 20.0. FT-IR (ATR) υmax/cm-1: 

3864.47, 3736.81 (Benzyl C-H str.), 3391.67 (CH2 str.), 2311.75 (C-H str.), 

1696.46 (C=O str.), 1516.36, 1376.79 (CH3-CH3 str.), 1166.91 (CH-CH3-

CH3 C-H str.), 830.57 (C-H str.). MS (ESI) m/z: [M+H]+ calcd. for 

C17H22NO2S+ : 304.1; found 304.1 

(Z)-3-isopentyl-5-(4-isopropylbenzylidene)thiazolidine-2,4-dione 

(Compound 6j): 

1H NMR (400 MHz, CDCl3) δ 7.87 (d, J = 2.0 Hz, 1H), 7.45 (dd, J = 8.3, 

2.1 Hz, 2H), 7.33 (dd, J = 8.3, 2.1 Hz, 2H), 3.80 – 3.73 (m, 2H), 2.94 (dt, J 

= 13.1, 6.4 Hz, 1H), 1.62 (s, 1H), 1.59 – 1.51 (m, 2H), 1.27 (dd, J = 7.0, 2.0 

Hz, 6H), 0.96 (dd, J = 6.4, 2.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 

168.1, 166.5, 152.0, 133.7, 130.9, 130.5, 127.4, 120.4, 40.6, 36.5, 34.2, 26.0, 
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23.7, 22.4. FT-IR (ATR) υmax/cm-1: 3864.23, 3736.39 (Benzyl C-H str.), 

3598.58 (CH2 str.), 2311.45 (C-H str.), 1696.27 (C=O str.), 1516.65, 1377.66 

(CH3-CH3 str.), 1167.76 (CH-CH3-CH3 C-H str.), 831.40 (C-H str.). MS 

(ESI) m/z: [M+H]+ calcd. for C18H24NO2S + : 317.1; found 318.0 

(Z)-3-butyl-5-(4-isopropylbenzylidene)thiazolidine-2,4-dione (Compound 

6k): 

1H NMR (400 MHz, CDCl3) δ 7.81 (s, 1H), 7.40 – 7.36 (m, 2H), 7.27 (d, J 

= 7.1 Hz, 2H), 3.69 (t, J = 7.3 Hz, 2H), 2.89 (p, J = 6.7 Hz, 1H), 1.64 – 1.57 

(m, 2H), 1.30 (h, J = 7.7 Hz, 2H), 1.23 – 1.18 (m, 6H), 0.89 (t, J = 7.3 Hz, 

3H). 13C NMR (101 MHz, CDCl3) δ 168.2, 166.6, 152.0, 133.8, 130.9, 

130.5, 127.4, 120.4, 41.8, 34.2, 29.8, 29.8, 23.7, 20.0, 13.6. FT-IR (ATR) 

υmax/cm-1: 3850.85, 3736.24 (Benzyl C-H str.), 3391.53 (CH2 str.), 2311.70 

(C-H str.), 1641.03 (C=O str.), 1375.72 (CH3-CH3 str.), 1259.77, 1166.60 

(CH2-CH2-CH2-CH3 C-H str.), 830.04 (C-H str.). MS (ESI) m/z: [M-H]+ 

calcd. for C17H20NO2S+ : 302.1; found 302.2 

Ethyl (Z)-2-(5-(4-isopropylbenzylidene)-2,4-dioxothiazolidin-3-yl)acetate 

(Compound 6l): 

1H NMR (400 MHz, CDCl3) δ 7.92 (s, 1H), 7.49 – 7.42 (m, 2H), 7.38 – 7.31 

(m, 2H), 4.47 (s, 2H), 4.24 (q, J = 7.1 Hz, 2H), 3.02 – 2.89 (m, 1H), 1.30 (d, 

J = 7.1 Hz, 3H), 1.28 – 1.26 (m, 6H) 13C NMR (101 MHz, CDCl3) δ 167.7, 

166.3, 165.8, 152.4, 134.9, 130.7, 130.6, 127.5, 119.8, 62.2, 42.1, 34.2, 23.7, 

14.1. FT-IR (ATR) υmax/cm-1: 3864.47, 3735.87 (Benzyl C-H str.), 

3597.55 (CH2 str.), 2311.67 (C-H str.), 1681.10 (C=O str.), 1516.61 (CH-

(CH3)2 C-H str.), 1377.58 (Ester CH2 C-H str.), 1203.70 (Aromatic C-H str.), 
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829.54 (CH2-CH3 C-H str.). MS (ESI) m/z: [M+H]+ calcd. for C17H20NO4S 

+ : 334.1; found 334.3 

2.1.4. General procedure for synthesis of (Z)-2-(5-(4-isopropylbenzylidene)-2,4-

dioxothiazolidin-3-yl)acetic acid (Compound 6m): 

0.5 g of compound 6l (0.5 mmol) was taken in a 150 ml round-bottomed 

flask. To the same flask, 3 mL of concentrated hydrochloric acid and 6 mL 

of glacial acetic acid were added in a 1:2 ratio and kept for reflux at 100 ºC 

for 2 to 3 hours. The reaction mixture was then cooled to room temperature 

and poured into ice-cold water. After a few minutes, the pale-yellow color 

precipitate was recovered by filtering under a vacuum, washing it with water 

for several times, and drying it at room temperature to get the target 

compound 6m [41]. 

(Z)-2-(5-(4-isopropylbenzylidene)-2,4-dioxothiazolidin-3-yl)acetic acid 

(Compound 6m): 

1H NMR (300 MHz, CDCl3) δ 7.93 (s, 1H), 7.48 – 7.43 (m, 2H), 7.34 (d, J 

= 8.3 Hz, 2H), 6.24 (s, 1H), 4.54 (s, 2H), 2.96 (p, J = 6.9 Hz, 1H), 1.27 (d, J 

= 6.9 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 171.0, 167.6, 165.7, 152.5, 

135.2, 133.9, 130.6, 127.5, 119.5, 41.7, 34.2, 23.7. FT-IR (ATR) υmax/cm-

1: 3735.25 (Benzyl C-H str.), 3597.68 (CH2 str.), 3391.81, 2982.52 (OH 

bond in carboxylic acid O-H str.), 2893.69 (CH2 C-H str.), 2386.09, 2311.36 

(C-H str.), 1851.57 (Ester C=O str), 1743.13, 1695.87 (TZD C=O str.), 

1516.60 (Dimethyl attached with aromatic ring C-H str.), 1378.30, 1166.64 

(CH2 C-H str.), 830.78 (O-H bond), 703.61 (O-H str.). MS (ESI) m/z: [M-

H]+ calcd. for C15H14NO4S+ : 305.1; found 304.0 
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2.2. In vitro assay of α-glucosidase inhibitory activity: 

The α-glucosidase inhibition assay was conducted in 96-well plates with minor 

modifications to the prior methodology, which was denoted by Meiyan Fan et al. 

[42]. The α-glucosidase enzyme derived from Saccharomyces cerevisiae 

(>100U/mg), p-nitrophenyl-α-d-glucopyranoside (pNPG) and acarbose were 

purchased from Sisco Research Laboratories Pvt. Ltd. In this assay, pNPG served 

as the substrate, whereas acarbose provided as the positive control. In 96-well plates, 

20 μL of various concentrations of test samples and acarbose, dissolved in methanol, 

and 10 μL of α-glucosidase (0.5 U/mL) soluble in 0.1 mM phosphate buffer (pH 

6.8) were allowed to incubate at 37 °C for 15 minutes. Subsequent to pre-incubation, 

20 μL of PNPG substrate, which was soluble in the previously mentioned phosphate 

buffer (pH 6.8), was introduced into each well and again incubated at 37 °C for 25 

minutes. The alteration in absorbance was measured at 405 nm using a SpectraMax 

M5 multi-mode microplate reader (Molecular Devices, California, USA). The 

percentage of inhibition for examined substances, control, and positive control was 

represented as % inhibition and calculated by using the following formula- 

% Inhibition =		𝐀𝐛𝐬(𝐜𝐨𝐧𝐭𝐫𝐨𝐥)	-𝐀𝐛𝐬(𝐬𝐚𝐦𝐩𝐥𝐞)
	𝐀𝐛𝐬(𝐜𝐨𝐧𝐭𝐫𝐨𝐥)

 × 100 

The IC 50 values of the examined substances or positive control were determined 

using the linear regression curve utilizing the Logit technique. 

2.3. Inhibition kinetics: 

A kinetic investigation of the chosen substance compound 6i against α-glucosidase 

was conducted following established literature procedures with slight modifications 

to determine the type of inhibition of the enzyme and the inhibition constant [42]. 

A substrate of p-NPG with concentrations of 0.10, 0.15, 0.20, and 0.30 μM was 

incorporated into a mixture containing a fixed concentration of α-glucosidase (0.5 
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U/mL) and varying amounts of compound 6i with varying concentrations of 0, 

4.882, 9.756, 19.531, 39.062, 78.125 and 156.25 μg/ml. The absorbance at 405 nm 

was detected 15 times over a duration of 30 seconds using SpectraMax M5 multi-

mode microplate reader (Molecular Devices, California, USA). The inhibition type 

was ascertained using the Lineweaver-Burk plot, and the Michaelis-Menten 

constant (Km) was calculated from the plot depicting the reciprocal of varying 

pNGP concentrations (1/[S]) against the reciprocal of enzyme activity (1/V) across 

different inhibitor concentrations. 

2.4. Fluorescence quenching: 

The slightly modified approach from a prior article was employed to assess the 

fluorescence quenching of α-glucosidase in either the absence or presence of 

compound 6i [42]. 3.5 U/mL α-glucosidase which was dissolved in phosphate 

buffer at pH 6.8, was combined with different concentrations of inhibitors (0, 4.882, 

9.765, 19.531, 39.062, 78.125 and 156.250 μg/ml) for 10 minutes at 25 °C. The 

fluorescence intensities of α-glucosidase were measured using an emission 

wavelength ranging from 300 to 450 nm using an excitation wavelength of 280 nm 

by SpectraMax M5 multi-mode microplate reader (Molecular Devices, California, 

USA). The compound 6i exhibited fluorescence at an excitation wavelength of 280 

nm and subtracted the initial fluorescence value. Additionally, the fluorescence 

spectrum of phosphate buffer was evaluated under identical conditions and 

subtracted as the background. 

2.5.  Circular dichroism spectra: 

The circular dichroism (CD) spectra of α-glucosidase solution (0.5 U/mL) were 

analyzed with and without incremental concentrations of compound 6i at 0, 15, 30 

and 60 μg/ml within the wavelength range of 190–260 nm. The bandwidth of 1 nm 
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was measured using a CD spectrometer (J-1500 CD spectrometer, JASCO) at 

ambient temperature under consistent nitrogen conditions. The solvent background 

of the phosphate buffer signal was subtracted to rectify the CD spectra. The CDNN 

software was utilized to assess the impact of compound 6i by calculating the 

alteration of α- helix, random coils, β-sheets, and β-turn content of α-glucosidase 

[43]. 

2.6. Molecular docking: 

2.6.1. Protein preparation: 

The crystal structures (3D) were acquired with the integration of Protein 

Data Bank (https://www.rcsb.org) of AG (PDB ID: 5NN8) with the 

resolution 2.45 Å. Inhibitors, unnecessary water molecules and all 

heteroatoms were filtered with DiscoveryStudio Visualizer (v21.1.020298), 

and the macromolecule preparation protocol was carried out using 

AutoDockTools 1.5.7. Gasteiger charges were introduced post-merging the 

non-polar hydrogens, and docking evaluations were performed on the 

prepared complex structures [44,45]. 

2.6.2. Ligand preparation: 

The .mol2 files containing the 3D structures of 6i and 6h molecules were 

minimized using the mmff94 method. Additionally, hydrogen atoms were 

incorporated into the ligand molecules. Finally, to determine the most stable 

conformation of ligands, molecular docking research was performed using 

AutoDockTools 1.5.7 [46]. 

2.6.3. Docking: 

The ligand-protein interactions were studied using molecular docking. 

AutoDockTools 1.5.7 performed the docking analysis using a grid-based 

https://www.rcsb.org/
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methodology with x, y, and z coordinates of -14.597930, -33.591140, and 

95.075744, respectively. Every protein-ligand complex binding energy 

(Kcal/mol) was calculated using the docking results [47]. The docking score 

quantitatively indicates the binding affinity of the ligands, with lower values 

suggesting better interaction. The ligands interact with the receptor through 

many bonding interactions [48]. According to Agu et al. such interactions 

may contribute to an understanding of the mechanism of action of the 

compounds and their probable therapeutic efficacies. Using Discovery 

Studio Visualizer, the interaction features of the protein-ligand complex 

were examined [45,49]. 

2.7. In vitro cytotoxicity: 

The cell viability assay was performed to assess the cytotoxic effects of compound 

6i on HEK293 cells, according to Gupta et al. with slight modifications [50]. In 

brief, cells were cultured in DMEM at 37 ᵒC. After reaching confluence, 6000 cells 

were seeded into each well of 96 well plates and incubated for 24 h. Following 24 

h of incubation, the cells were treated with concentrations ranging from 3.9 to 250 

µM of compound 6i for 24 h. After 24 h, 5 mg/mL MTT was added to the wells, 

followed by incubation for 3 h. After 3 h, formazan crystals were solubilized in 

DMSO. The resulting absorbance was recorded using SpectraMax-M5 (Molecular 

Devices, USA) at 570 nm [51]. The percentage cell viability was determined 

according to: 

𝐶𝑒𝑙𝑙	𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦	(%) = /
𝑂𝐷𝑠𝑎𝑚𝑝𝑙𝑒
𝑂𝐷𝑐𝑜𝑛𝑡𝑟𝑜𝑙9 𝑥	100 
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2.8. ADME, drug-likeness and toxicity assessment: 

The physicochemical and pharmacokinetic characteristics of the chosen candidates 

were assessed using the SwissADME online tool (http://www.swissadme.ch), 

created by the Swiss Institute of Bioinformatics (SIB) in Lausanne, Switzerland, 

for evaluating their ADME predictions and drug-likeness attributes [52]. 

Additionally, the toxicity profiles of the following picked endpoints of chosen 

potent analogues were investigated using the online Deep-PK webserver: Ames 

(Mutagenicity), Maximum Tolerated Dose, Carcinogenesis, Liver Injury, hERG 

Blockers, Fathead Minnow, Skin Sensitization, and Acute and Chronic Rat toxicity 

[53]. 

 

http://www.swissadme.ch/
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3. Result and discussion: 

3.1. Chemistry: 

In this research work, 14 new heterocyclic compounds bearing cuminaldehyde-

TZD hybrids (Table 1) were synthesized, starting with chloroacetic acid and 

thiourea. The TZD, intermediate compound 5, and proposed compounds (6a-6l and 

6m) were synthesized using a synthetic procedure involving three steps and 1 step. 

The synthetic schemes are outlined in Scheme 1 and Scheme 1A. All the 

compounds (compound 5, 6a-6m) were characterized by NMR, FT-IR, and ESI 

mass (Spectral figures). Similarly, the molecular geometry and tabular data of 

compound 6i crystal was analyzed and presented in spectral figures. 

 
 
Scheme 1: Synthesis of target compounds 6a-h, 6i-6l, and 6m. Reagents and conditions: 
a) Concentrated hydrochloric acid, water, 100-110 0C, reflux, 8–10 hrs; b) Urea (1.5 equiv), 
Glacial acetic acid, 100 0C, Reflux, 8–10 hrs; c) Substituted benzyl chlorides/ Alkyl halides, 
K2CO3, DMF, rt; 18-24 hrs. Scheme 1A: Synthesis of target compound 6m from 6l. 
Reagents and conditions: d) Conc. HCl:AcOH (1:2), reflux 2 h. 
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3.2. X-ray crystallographic analysis with ORTEP diagram of compounds 6i: 

To verify the suggested structure, we carried out an X-ray crystallographic 

investigation on compound 6i (Scheme 1). The structures of other compounds were 

determined by analogy and verified by spectral data (1H, 13C, and MS-ESI data 

analysis). The crystallization was accomplished in compounds 6i using Methanol 

solvents via a gradual evaporation method. Spectral figure (S43 and Table S1) 

provides additional information on these crystals. We were interested in offering the 

product stereochemistry, for which we have already supplied the data examined 

using X-ray crystallography (Scheme 1). 

 

Figure 2: ORTEP diagram of compound 6i (CCDC- 2402983) (Scheme 1). 

3.3. In vitro assay of α-glucosidase inhibitory activity: 

All synthetic molecules, compounds 5 and 6a-6m, were evaluated for their in vitro 

antagonistic effect of α-glucosidase activity by using acarbose as a standard 

through a modified established method, which was previously discussed (Table 2). 

Several distinct synthetic compounds exhibited α-glucosidase inhibitory activity, 

with IC50 values ranging from 31.29 ± 0.94 μM to greater than 600 μM. Compounds 
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named compound 6i, compound 6h, compound 6b and compound 5 exhibited better 

α-glucosidase inhibitory action, compared with others, with IC50 values ranging 

from 31.29 ± 0.94 μM to 196.75 ± 1.02 μM. Among them, compound 6i exhibited 

the most promising antagonistic activity with an IC50 value of 31.29 ± 0.94 μM in 

comparison to Acarbose (IC50 = 61.24 ± 1.81 μM). 

However, it is worth mentioning that the series has a cuminaldehyde part and a TZD 

core ring as one of the moieties. It has also previously been reported that this 

heterocyclic ring structure has a potential antagonistic activity towards the α-

glucosidase enzyme in the management of hyperglycemic conditions [36]. 

Table 2: The in vitro α-glucosidase inhibitory activity screening and IC50 values data of 
synthesized compounds (6a-6h, 6i-6l, and 6m). 

 

Sl. no. Compound R  IC50 (µM) 

1 5 - 196.75 ± 1.02 

2 6a -H >600 

3 6b 4-methyl 75.71 ± 0.82 

4 6c 4-chloro >600 

5 6d 2,4-dichloro >600 

6 6e 4-fluro >600 

7 6f 3-chloro >600 

8 6g 3,4-dichloro >600 

9 6h 4-bromo 68.86 ± 1.25 

10 6i -isobutyl 31.29 ± 0.94 

11 6j -isopentyl 116.36 ± 2.14 

12 6k -butyl >600 

S
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R

6a-6h

S
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13 6l -ethyl ehionate >600 

14 6m -acetic acid >600 

15 Acarbose - 61.24 ± 1.81 

 

3.4. Structure-activity relationships (SARs): 

To study the activity of different N-benzyl, alkyl, and acid substitutions at 

cuminaldehyde-TZD intermediate (compound 5) on α-glucosidase inhibitory 

activity, the structure-activity relationship (SAR) was analyzed. From all the benzyl 

substitution at cuminaldehyde-TZD intermediate (compound 5; Figure 3), the 4-

bromo group resulted in an increase in the α-glucosidase inhibitory activity as 

compound 6h (68.8636 µM). Similarly, the substitution of the alkyl chain towards 

cuminaldehyde-TZD intermediate (compound 5; Figure 3) also enhances the α-

glucosidase inhibitory activity as compound 6i (31.29 ± 0.94 µM). The attachment 

of the acetic acid group at the cuminaldehyde-TZD intermediate (compound 5; 

Figure 3) resulted in a decrease in the α-glucosidase inhibitory activity. The 

findings on SARs informed the enhancement of inhibitory action in subsequent 

structural modifications. 

 

Figure 3: SAR of compound series for α-glucosidase inhibitory activity. 

 

Compound 6a-6h, 6i-6l, and 6m
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compound 6i (31.29 ± 0.94  µM). 
The attachment of acetic acid group at the 
cuminaldehyde-TZD intermediate (compound 5; 
Scheme 1) resulted in a decreased in the α-
glucosidase inhibitory activity.
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3.5. Enzyme kinetic study: 

To investigate the inhibitory mechanism of compound 6i on α-glucosidase, the 

results of an inhibition kinetics study were evaluated using the Lineweaver-Burk 

method (Figure 4). The plots of 1/V versus 1/[S] exhibited a series of straight lines 

with varying slopes that didn't intersect the X-axis or Y-axis but converged in the 

second quadrant. The results indicated that Km values increased while Vmax was 

unaffected with higher concentrations of compound 6i, which implies competitive 

inhibition mechanisms against α-glucosidase by compound 6i. So, it can be 

explained that compound 6i has a tendency to bind the active site of the enzyme 

and inhibit the formation of the enzyme-substrate (ES) complex by competing with 

the substrate (S) [54]. The plot of Km with the concentration of compound 6i was 

mentioned in (Figure 5). 

 

Figure 4: Kinetics of α-glucosidase inhibition by compound 6i and the Lineweaver-Burk 
plot in the absence and presence of different concentrations of compound 6i. 
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Figure 5: The secondary plot between Km and various concentrations of compound 6i. 

3.6. Fluorescence quenching: 

To extend this finding, fluorescence quenching studies were conducted to 

investigate the interactions between compound 6i and α-glucosidase (Figure 6 and 

Figure 7). The fluorescence quenching technique is frequently employed in the 

interaction analysis of macromolecules and ligand compounds [55]. The 

application of compound 6i, ranging from 0 to 156.25 μg/ml, resulted in a variable 

reduction of fluorescence intensity across different cases, indicating that compound 

6i may have interacted with α-glucosidase, subsequently quenching its intrinsic 

fluorescence. The fluorescence value of the system diminished as the concentration 

of the compound increased, and the maximum emission wavelength exhibited a 

minor blue shift. The fluorescence quenching data were evaluated using the Stern-

Volmer equation. 

𝑭𝟎
𝑭 = 𝟏 + 𝑲𝒔𝒗[𝑸] = 𝟏 + 𝑲𝒒	𝝉𝟎[𝑸]	 
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In the aforementioned equation, F0 and F denote the fluorescence intensity of α-

glucosidase in the absence and presence of the quencher compound 6i, respectively. 

Ksv and Kq represent the fluorescence quenching constant and the bimolecular 

quenching constant, respectively. τ0 denotes the mean lifespan of biomolecules 

absent a quencher (10-8 s), while [Q] indicates the concentration of quencher at 

compound 6i. The Stern-Volmer plot (Figure 8) exhibits a robust linear correlation, 

suggesting that the enzyme's quenching effect is due to a solitary quenching 

mechanism. The values of Ksv and Kq were ascertained to be 1.44 × 104 L/mol and 

1.44 × 1012 L⋅mol-1⋅S-1, respectively. 

Considering that the Kq value substantially surpasses the maximum dynamic rate 

constant for bimolecular interactions (2 × 1010 L⋅mol⁻¹⋅S⁻¹), it can be concluded that 

the quenching mechanism of compound 6i on the intrinsic fluorescence of α-

glucosidase is static quenching due to complex formation. 

 

Figure 6: Fluorescence emission spectra at different concentrations of compound 
6i. 
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Figure 7: Double logarithm regression plots of compound 6i and α-glucosidase. 

 

 

Figure 8: Stern-Volmer plots of compound 6i. 

3.7. Circular dichroism spectra: 

Circular dichroism (CD) was employed to study alterations in the secondary 

structure of proteins. Two negative bands at around 210 and 220 nm were detected 
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in the far-UV CD spectra of α-glucosidase (Figure 9), with alterations in the size 

and shape of the peaks, indicative of the α-helix structure of α-glucosidase. The 

computed results indicate that treatment with compound 6i (molar ratios: 2:1) 

resulted in an increase in α-helix content (from 34.4% to 62.9%), alongside 

decreases in β-sheet (from 13.8% to 7.48%), β-turn (from 12.3% to 9.2%), and 

random coil (from 41.0% to 21.1%) (Table 3). The results indicated that the 

structure of α-glucosidase became more flexible and unstable; compound 

6i induced alterations in the secondary structure of α-glucosidase, modifying its 

hydrophobicity, thereby obstructing active site formation or impeding substrate 

binding, which subsequently impacts the enzymatic activity. 

Table 3: Secondary structural analysis of compound 6i with α-glucosidase from 
CD. 

µM α-helix (%) β-sheet (%) β-turn (%) Random coil (%) 

0 34.4 13.8 12.3 41.0 
10 42.1 12.5 11.2 39.3 
15 45.5 7.78 10.8 34.5 
30 48.4 6.36 10.4 25.2 

60 62.9 7.48 9.2 21.1 

 

 

Figure 9: CD spectra of α-glucosidase with compound 6i. 
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3.8. Molecular docking: 

3.8.1. Molecular docking analysis: 

To investigate the binding pattern, screening, and identify the structural 

feature responsible for the activity and selectivity of the ligands towards the 

studied targets, compound 6i and 6h were docked using the Lamarckian 

genetic algorithm (LGA) method on AG (PDB ID: 5NN8) Various analyses 

were conducted based on the docking results, which are detailed below: 

3.8.1.1. Docking score and binding interaction analysis of Compound 6i and 

6h: 

The enzyme AG in the small intestine catalyzes the hydrolysis of long-

chain dietary carbohydrates, yielding monosaccharide units that enter the 

circulation, resulting in hyperglycemia [56]. Thus, the inhibition of α-

glucosidase has become a significant therapeutic target capable of 

lowering blood sugar levels by diminishing carbohydrate digestion. The 

AG inhibitors primarily target hyperglycemia without directly 

influencing insulin secretion [10]. The synthesized compounds were 

docked into the active sites of AG (PDB ID: 5NN8), as given in Table 

4. It was observed that both the compounds were docked in the active 

areas of the corresponding macromolecules (Figure 10). The molecular 

docking studies on the AG (PDB ID: 5NN8) revealed that the binding 

energies of compound 6i and 6h were -6.54 and -6.19, respectively. 

Thus, compound 6i is the most potent compound among all three test 

compounds. Considering the better binding scores of compounds 6i and 

6h against the AG protein, it is worth exploring the inhibitory pathways 

of these compounds in the management of diabetes mellitus by inhibiting 
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AG [2]. Figure 11 illustrates the 2D and 3D interactions that occur 

between compound 6i (Figure 11; A and B) and compound 6h (Figure 

11; C and D) and the active site of the AG.  

The activity of compound 6i against AG could be due to the formation 

of several interactions with active side residues. The TZD ring in 

compound 6i formed one pi-pi and two pi-alkyl interactions with the 

amino acid residues PHE649, LEU678 and LEU650, as shown in Figure 

11; A and B. In contrast, the =O group at the 2 position forms two vital 

conventional hydrogen bonds with LEU677 and LEU678, respectively. 

Other than that, the phenyl group core forms two pi-pi T-shaped bonds 

along with one pi-anionic interaction with PHE649, ASP616, and 

TRP481. The terminal methyl group in the isopropyl chain were found 

to possess a couple of pi-alkyl interactions with TRP481 and MET519. 

Furthermore, the 2‐methylpropyl group in the TZD end also possessed 

significant hydrophobic interactions with TRP618, LEU678 and 

LEU650. 

In the case of compound 6h, the terminal methyl groups in the isopropyl 

chain possessed several hydrophobic interactions with TRP376, 

TRP481, LEU405, ILE441, HIS674 and TRP516 residues. The phenyl 

group core forms one pi-pi T-shaped bond along with one pi-anionic and 

pi-sulfur interaction with TRP481, ASP616 and MET519. Furthermore, 

the TZD ring in compound 6h formed one pi-anionic interaction with the 

amino acid residue ASP282 (Figure 2C and 2D). Apart from several 

hydrophobic interactions, the –Br in the bromophenyl group of 

compound 6h was found to interact with ALA555 through a carbon-



CHAPTER III          RESULT AND DISCUSSION  | 2025 

Page | 121 
 

hydrogen bond ((Figure 11; C). In addition, the 3D structures of the 

interaction between compound 6i and 6h, as well as the active site of 

AG, demonstrate that the TZD components of the compounds engage in 

both polar and non-polar interactions with the amino acid residues. The 

higher binding scores of the compound 6i and 6h can be attributed to the 

presence of several non-polar and polar contacts facilitated by the 

heterocyclic rings (Figure 11; A and C). The image illustrates the 2D 

and 3D interactions between compound 6h and the active region of the 

AG protein. 

Table 4:  Molecular docking scores of the most potent compound 6i and 6h. 

Compound Docking Score 
against AG  

(PDB: 5NN8) 

Conventional 

-H Bond 

Hydrophobic 
interactions 

Active site pocket 
residues 

 
 
 

6i 

 
 
 

-6.54 

LEU677, 
LEU678 

TRP618, LEU650 
(2), TRP481 (2), 

MET519, 
PHE649 (2), 

ASP616, LEU678 
(2)  

TRP618, LEU650, 
TRP481, MET519, 
PHE649, ASP616, 
LEU678, ARG600, 
TRP613, ASP518, 
TRP376, SER676, 
SER679, GLY651  

 
 
 

6h 

 
 
 

-6.19 

 
 
 
- 

ASP616, 
MET519, 

TRP376, TRP481 
(2), LEU405, 
ILE441 (2), 

HIS674, TRP516, 
ASP282, ALA555 

ASP616, MET519, 
TRP376, TRP481, 
LEU405, ILE441, 
HIS674, TRP516, 
ASP282, ALA555, 
PHE649, ASP404, 
ARG600, ASP518, 
PHE525, ASN524 

 

 

Figure 10: 3D representation of all the Aligned TZD derivatives at the active site of AG 
(PDB: 5NN8). 
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Figure 11:  2D and 3D docking representation of AG–TZD derivatives 6i (A and B) and 6h 
(C and D). 

3.9. In vitro cytotoxicity: 

The cell viability assay by MTT assay is a vital approach for determining the 

therapeutic and adverse effects of chemicals on live cells, hence assuring their 

safety for therapeutic use [57]. HEK293 cells are regarded as an established human 

cell line model, characteristic of human cells, and are regularly used to assess the 

cytotoxicity of compounds [58]. The assay involved the exposure of various 

increasing concentrations of compound 6i (3.9–250 μM). The experiment indicated 

that compound 6i exhibited cytotoxicity at an IC50 of 543.3 μM (Figure 12). 

Furthermore, the in vitro cytotoxicity assay against HEK293 cells revealed that 

compound 6i is nontoxic in lower doses. The viability decreases in a dose-

dependent manner. This assay showed that even at 250 μM, the viability of HEK293 

cells was 78.22267 ± 4.121515 % and at 3.9 μM, it increased up to 103.0176 ± 
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1.948184 % when compared with the control. In a nutshell, this study concludes 

that compound 6i is nontoxic against normal cells and thus can be used as a potent 

candidate in therapeutic studies. 

 

Figure 12: Cell viability assay of compound 6i against HEK293. 

3.10. ADME, drug-likeness and toxicity assessment: 

In drug discovery and development, the absorption, distribution, 

metabolism, excretion, and toxicity (ADMET) profiles of compounds have 

a significant role. Pharmacokinetic (pK) and pharmacodynamic (pD) 

profiles of any compounds provide confidence for the development of the 

drugs to indicate various diseases. Orally, bioavailable compounds are more 

inclined to exhibit drug-like properties and fulfil the Lipinski and Veber 

principles. Molecules, due to their drug-like properties, may equal or surpass 

the efficacy of currently available pharmaceuticals [52]. 

ADME prognosis indicates that compounds 6h and 6i do not break any of 

the rules of drug-likeness. Both compounds adhere to the criteria set by 

Lipinski, Veber, and Ghose, achieving a bioavailability score of 0.55, 

indicative of satisfactory drug resemblance. In contrast, compound 6h 
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seemed to violate Lipinski's rule with one infraction (MLOGP>4.15). 

Compounds 6h and 6i possess four rotatable bonds and two hydrogen bond 

acceptors and lack hydrogen bond donors. Their TPSA values are 62.68 Å², 

which is below the acceptable limit of 140 Å², indicating favourable oral 

bioavailability and suggesting excellent gastrointestinal absorption. The 

radar plot (Figure 13) illustrates that compound 6i is situated inside the pink 

area, affirming its strong drug similarity and superior bioavailability profile, 

while compound 6h exhibits permissible bioavailability (Table 5). 

In addition, pharmacokinetics was checked using the Boiled-Egg model, 

wherein compounds 6h and 6i were situated in the yellow zone (Figure 13), 

indicating their enhanced gastrointestinal absorption and a significant 

likelihood of penetrating the blood-brain barrier (BBB). Additionally, it 

showed that both compounds had negative log Kp values, which indicates 

reduced skin permeation, and that they might block CYP2C19 and CYP2C9 

but not CYP2D6 (Table 6). 

The computational toxicity evaluation executed through the Deep-PK web 

server reveals that compounds 6h and 6i are non-AMES, lack carcinogenic 

qualities, exhibit reasonable toxicity towards the liver and skin, and are also 

safely biodegradable. Compound 6h and 6i have higher maximum tolerated 

doses of 0.86 and 0.82 logs (mg/kg/day), respectively, with the standard 

threshold for low being below or equivalent to 0.477 logs (mg/kg/day), while 

high doses are defined as over 0.477 logs (mg/kg/day). Furthermore, the 

compounds 6h and 6i exhibit LD50 values of 2.23 mM and 2.11 mM, 

accordingly indicating low or satisfactory acute toxicity, as LD50 values less 
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than 0.5 mM (Log LD50 < 0.3) are regarded as having high acute toxicity 

(Table 7). 

The aforementioned in silico ADME metrics and toxicology predictions of 

the most potent analogues may facilitate the advancement of potential novel 

drugs with improved oral bioavailability, which gives them the property of 

acceptable lead-like potential for future development of safe and efficient 

drugs. 

 

Figure 13: Radar plot and Boiled-Egg model of compound 6i and 6h. 

Table 5:  ADME prognosis using SwissADME, Physiochemical and Drug-likeness 
properties. ((MW=Molecular Weight, TPSA=total polar surface area, Consensus Log P 
=average of all predicted Log Po/w). 
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Table 6: Pharmacokinetics prediction of synthesized compounds (6i and 6h) from the 
SwissADME server. 
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Table 7: Toxicology predictions. Information was retrieved via the Deep-PK database. 
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4. Spectral data: 
 

I. 1H and 13C NMR data (Compound 5 and 6a-6m):  

 
S.F1ʹ: 1H NMR of compound 5 

 
S.F1ʺ: 13C NMR of compound 5 

S
NH

O

O

S
NH

O

O
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S.F2ʹ: 1H NMR of compound 6a 

 
S.F2ʺ: 13C NMR of compound 6a 
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S.F3ʹ: 1H NMR of compound 6b 

 
S.F3ʺ: 13C NMR of compound 6b 
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S.F4ʹ: 1H NMR of compound 6c 

 
S.F4ʺ: 13C NMR of compound 6c 
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S.F5ʹ: 1H NMR of compound 6d 

 
S.F5ʺ: 13C NMR of compound 6d 
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S.F6ʹ: 1H NMR of compound 6e 

 
S.F6ʺ: 13C NMR of compound 6e 
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S.F7ʹ: 1H NMR of compound 6f 

 
S.F7ʺ: 13C NMR of compound 6f 

 
 

S
N

O

O

Cl

S
N

O

O

Cl



CHAPTER III                            SPECTRAL DATA  | 2025 

Page | 134 
 

 
S.F8ʹ: 1H NMR of compound 6g 

 

 
S.F8ʺ: 13C NMR of compound 6g 
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S.F9ʹ: 1H NMR of compound 6h 

 

 
S.F9ʺ: 13C NMR of compound 6h 
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S.F10ʹ: 1H NMR of compound 6i 

 

 
S.F10ʺ: 13C NMR of compound 6i 
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S.F11ʹ: 1H NMR of compound 6j 

 

 
S.F11ʺ: 13C NMR of compound 6j 
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S.F12ʹ: 1H NMR of compound 6k 

 
S.F12ʺ: 13C NMR of compound 6k 
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S.F13ʹ: 1H NMR of compound 6l 

 
S.F13ʺ: 13C NMR of compound 6l 
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S.F14ʹ: 1H NMR of compound 6m 

 

 
S.F14ʺ: 13C NMR of compound 6m 
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II. FT-IR data (Compound 5 and 6a-6m): 
 

 
 

S.F15: FT-IR of compound 5 
 

 
 

S.F16: FT-IR of compound 6a 
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S.F17: FT-IR of compound 6b 
 

 
 

S.F18: FT-IR of compound 6c 
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S.F19: FT-IR of compound 6d 
 

 
 

S.F20: FT-IR of compound 6e 
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S.F21: FT-IR of compound 6f 
 

 
 

S.F22: FT-IR of compound 6g 
 
 



CHAPTER III                            SPECTRAL DATA  | 2025 

Page | 145 
 

 
 

S.F23: FT-IR of compound 6h 
 

 
 

S.F24: FT-IR of compound 6i 
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S.F25: FT-IR of compound 6j 
 

 
 

S.F26: FT-IR of compound 6k 
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S.F27: FT-IR of compound 6l 
 

 
 

S.F28: FT-IR of compound 6m 
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III. ESI mass data (Compound 5 and 6a-6m): 
 
 

  
 

S.F29: MS (ESI, m/z) of Compound 5 
 
 
 
 
 

S
NH

O

O
Chemical Formula: C13H13NO2S

Exact Mass: 247.1
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S.F30: MS (ESI, m/z) of Compound 6a 
 
 
 
 
 
 

S
N

O

O
Chemical Formula: C20H19NO2S

Exact Mass: 337.1



CHAPTER III                            SPECTRAL DATA  | 2025 

Page | 150 
 

 
 

 
S.F31: MS (ESI, m/z) of Compound 6b 

 
 
 
 
 
 
 

S
N

O

O
Chemical Formula: C21H21NO2S

Exact Mass: 351.1
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S.F32: MS (ESI, m/z) of Compound 6c 
 
 
 
 
 
 

S
N

O

O

Cl

Chemical Formula: C20H18ClNO2S
Exact Mass: 371.1
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S.F33: MS (ESI, m/z) of Compound 6d 
 
 
 
 
 
 

S
N

O

O

Cl

Cl

Chemical Formula: C20H17Cl2NO2S
Exact Mass: 405.0
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S.F34: MS (ESI, m/z) of Compound 6e 
 
 
 
 
 
 

S
N

O

O

F

Chemical Formula: C20H18FNO2S
Exact Mass: 355.1
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S.F35: MS (ESI, m/z) of Compound 6f 
 
 
 
 
 
 

S
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Cl

Chemical Formula: C20H18ClNO2S
Exact Mass: 371.1
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S.F36: MS (ESI, m/z) of Compound 6g 
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Cl

Cl

Chemical Formula: C20H17Cl2NO2S
Exact Mass: 405.0
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S.F37: MS (ESI, m/z) of Compound 6h 
 
 
 
 
 
 

S
N

O

O

Br

Chemical Formula: C20H18BrNO2S
Exact Mass: 416.3
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S.F38: MS (ESI, m/z) of Compound 6i 
 
 
 
 
 
 

S
N

O

O
Chemical Formula: C17H21NO2S

Exact Mass: 303.1
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S.F39: MS (ESI, m/z) of Compound 6j 
 
 
 
 
 
 

S
N

O

O
Chemical Formula: C18H23NO2S

Exact Mass: 317.1
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S.F40: MS (ESI, m/z) of Compound 6k 
 
 
 
 
 
 

S
N

O

O
Chemical Formula: C17H21NO2S

Exact Mass: 303.1
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S.F41: MS (ESI, m/z) of Compound 6l 
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O

Chemical Formula: C17H19NO4S
Exact Mass: 333.1
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S.F42: MS (ESI, m/z) of Compound 6m 
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HO

Chemical Formula: C15H15NO4S
Exact Mass: 305.1
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IV. X-Ray Crystallographic data: 

a) Molecular geometries of compound 6i 

 
 

S.F43: Molecular geometries of compound 6i in crystal. 
 

b) Tabular data of crystal: 

Table S1: Crystallographic table: 

Complexes 6i 

CCDC 2402983 

formula C17H21NO2S 

fw 303.41 

crystal system triclinic 

space group P -1 

a (Å) 5.5659(9) 
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b (Å) 10.8650(19) 
c(Å) 14.029(3) 
α ( ͦ) 74.617(6) 

β ( ͦ) 84.389(6) 

γ ( ͦ) 79.193(6) 
V (Å3) 802.5(2) 

Z 2 
T (K) 231 

 Dx, g cm-3 1.256 
μ 

(mm-1) 
0.206 

R1a[I>2σ(I)]/GOF b 0.0792/ 
1.038 

wR2c 
(I>2σ (I)) 

0.2448 

Observation criterion: aR1 = S||Fo|-|Fc||/S|Fo|. bGOF = {S[w(Fo2-Fc2)2]/(n-p)}1/2, 
cwR2 = [S[w(Fo2-Fc2)2]/S[w(Fo2)2]]1/2 where w = 1/[s2(Fo2) + (aP)2+bP], P = (Fo2+2Fc2)/3. 
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1. Introduction: 

Diabetes mellitus (DM) is a worldwide health concern marked by increased blood 

glucose levels, resulting in serious complications such as cardiovascular disease, 

cerebrovascular accident, renal failure, and neuropathy. Prevalent varieties encompass 

type 1, type 2, and gestational diabetes. It affects millions worldwide and is anticipated 

to influence 700 million by 2045 [1–4]. Individuals with type 2 diabetes (T2D) employ 

hypoglycemic medications to regulate postprandial hyperglycemia. Alongside TZD 

medicines, a notable treatment strategy for diabetes management includes the utilization 

of synthetic α-glucosidase inhibitors (AGIs). AGIs represent an alternative treatment 

strategy for diabetes management, regulating postprandial glucose levels and providing 

advantages such as improved glycemic control. AGIs must be administered with meals 

and may induce gastrointestinal adverse effects. AGIs function as a therapeutic 

intervention for DM by inhibiting the breakdown of dietary carbohydrates, hence 

preventing the release of monosaccharides into the bloodstream. AGIs, such as 

Acarbose, voglibose, and miglitol, function as first-line oral hypoglycemic agents in 

moderate conditions and as adjunctive therapy in acute situations [5]. While modern 

AGIs are advantageous, their side effects, such as abdominal pain, flatulence, and 

diarrhoea, may provide difficulties [6]. Consequently, novel AGIs are crucial as they 

aid researchers and pharmaceutical businesses in discovering safer and more effective 

therapies. This could improve the quality of life for patients with DM by providing more 

effective treatment options. 

Thiazolidinedione (TZD) is a bioactive heterocyclic nucleus that is known for its potent 

anti-diabetic properties [7,8]. TZDs, including troglitazone, rosiglitazone, and 

pioglitazone, have been approved by the US FDA for treating T2D. However, these 

drugs have faced market withdrawal due to hepatotoxicity and myocardial infarction 
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[9]. TZD-heterocyclic hybrids represent a prominent pharmacophore in pharmaceutical 

chemistry, leading to investigations into their medicinal importance [10,11]. Recent 

studies have explored various TZD derivatives and their hybrids as potential AGIs for 

T2D management, as illustrated in Figure 1. In 2025, Liang et al. developed novel 

coumarin-TZD hybrids for effective AGIs (1A; Figure 1) [12]. Nguyen et al. 

discovered naphthalene-based TZD hybrid inhibitors for dual activities against AG 

enzyme and some strains of bacteria and fungi (1B; Figure 1) [13]. In 2024, Gharge et 

al. developed new compounds with 3,5-substituted TZD as effective AGIs (1C; Figure 

1) [14]. Similarly, Singh et al. discovered 3,5-Disubstituted-TZD hybrids as anti-

diabetic agents by targeting AG (1D and 1E; Figure 1) [2,3]. In our previous work, we 

have developed cuminaldehyde-TZD hybrids as potential AGIs (1F; Figure 1)[1]. 

Similarly, veratraldehyde (VD), a compound with the chemical structure 3,4-

dimethoxybenzaldehyde (1G; Figure 1), is a compound derived from vanillin. It has 

been identified and extracted from a variety of sources, including peppermint, ginger, 

bourbon vanilla, and certain fruits like raspberry [15]. It also exhibits a range of 

biological and pharmacological properties, such as antioxidant, antimicrobial activities 

[16], and antihypertensive effects [17]. It is primarily recognized for its role as a 

precursor in various industrial applications, including the production of flavouring 

agents, odorants, and pharmaceuticals [18]. The compound's biological activities and 

pharmacokinetics have been explored in several studies, revealing its potential in 

different therapeutic areas [19]. Moreover, VD is widely utilized in the pharmaceutical 

industry as an essential intermediate in the synthetic generation of organic compounds 

[20,21]. 

Natural substances possess a wide range of medicinal properties and are essential for 

the advancement of therapeutic agents [22]. In the past few years, many medicinal 
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chemists have synthesized diverse derivatives from natural product frameworks to 

create AGIs by using a molecular hybridization strategy [23]. Molecular hybridization 

represents a valuable strategy in the development of drugs, facilitating the identification 

of medicinal agents for multiple illnesses and fostering the creation of new therapeutics 

with improved efficacy and reduced negative consequences [24]. Approximately 20% 

of recently approved drugs have utilized this method of development. Several studies 

have utilized this approach to synthesize synthetic AGIs and establish the structure and 

function of AG inhibition [25–29]. 

The previous findings suggest that TZD and VD could function as effective 

pharmacophoric fragments for the discovery and advancement of novel AGIs. 

Establishing on prior research and our continuous efforts to identify TZD-derived 

potential AGIs, our laboratory aimed to synthesize VD-TZD hybrids (6a-6h, 6i-6l, and 

6m) as prospective anti-diabetic agents via AG inhibition (Figure 1). A simple and 

efficient method was applied for synthesizing VD-TZD hybrids with various 

substitutions at the intermediate (compound 5) in high yields. Every compound that was 

synthesized was assessed for its in vitro inhibitory effects on AG. Furthermore, the best 

molecule's interaction mechanism with AG was examined using enzyme kinetic 

fluorescence quenching and circular dichroism (CD) spectroscopy. Additionally, 

ADMET predictions and in silico molecular docking were applied to the best 

compound. The best compound was further tested against the human embryonic kidney 

(HEK-293) cell line to determine its cell viability. 
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Figure 1: (A) The structure of TZD-containing AGIs [1–3,12–14]; (B) Structure of some 
AGIs having veratraldehyde (VD) part [2,3,14]; (C) Structure of cuminaldehyde-TZD 
hybrids as an AG inhibitor [1] and structure of VD; (D) The process of designing hybrids 
of VD and TZD for the purpose of developing potential AGIs. 
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2. Experimental section: 

2.1. Chemistry: 

All essential chemical compounds and solvents of the highest quality for the present 

study were acquired from commercial operations vendor partners. Thin layer 

chromatography (TLC) was conducted using 0.20 mm Silica Gel 60 F254 plates, 

with an ultraviolet light chamber employed to observe the synthesis process under 

both short and long wavelengths. The synthesized compounds' melting points were 

evaluated using VEEGO melting point apparatus. Nuclear magnetic resonance 

(NMR) spectra were obtained at 400/300 MHz for 1H NMR and 101/75 MHz for 

13C NMR using a Bruker Avance NMR Spectrophotometer (Germany), with CDCl3 

and DMSO-d6 serving as solvents. Chemical shifts were expressed in parts per 

million (ppm) relative to the internal standard tetramethylsilane (TMS) (δ = 0.00 

ppm) while coupling constant values were indicated in Hertz (Hz). The descriptions 

of peak splitting include: dd (doublet of doublets), t (triplet), q (quartet), m 

(multiplet), and s (singlet). Mass spectra (m/z) were obtained using an ESI (ETM, 

positive/negative ion mode) mass spectrometry instrument (API 2000 ABSCIEX). 

The analysis of the X-ray crystal structure was conducted utilizing a single-crystal 

X-ray diffractometer (Bruker SMART, Germany). 

2.1.1. Synthesis of thiazolidine-2,4-dione (TZD; Compound 3): 

The TZD (compound 3) was synthesized according to our previously 

described procedure [1]. In this method, chloroacetic acid (compound 1; 0.3 

mol) and thiourea (compound 2; 0.3 mol) were used as starting material. The 

TZD (compound 3) was ultimately refined through recrystallization from 

ethyl alcohol [1,30]. 
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2.1.2. (Z)-5-(3,4-dimethoxybenzylidene)thiazolidine-2,4-dione (Compound 5): 

To obtain the Knoevenagel condensation (KC) product, 0.550 g of TZD 

(Compound 3; 0.004 mol) and 0.664 g of VD (Compound 4; 0.004 mol) were 

placed in a 50 mL round-bottom flask, to which 10 mL of acetic acid was 

added while stirring for 5 minutes. Subsequently, 0.423 g of urea (0.007 mol) 

was incorporated and stirred for 15 minutes. Following 15 minutes, the 

reaction mixture was subjected to reflux conditions at 100 °C for 10 to 12 

hours, with progress monitored via thin-layer chromatography (TLC). Upon 

completion of the reaction, the reaction mixture was transferred into a beaker 

containing crushed ice. The solid was filtered under vacuum, dried at room 

temperature, and recrystallized from ethanol/methanol to yield pure product 

5 (Compound 5) [1,30]. 

(Z)-5-(3,4-dimethoxybenzylidene)thiazolidine-2,4-dione (Compound 5): 

1H NMR (300 MHz, DMSO-d6) δ 12.50 (s, 1H), 7.73 (s, 1H), 7.19 – 7.16 

(m, 1H), 7.15 (d, J = 2.0 Hz, 1H), 7.12 (s, 1H), 3.81 (d, J = 5.5 Hz, 6H).13C 

NMR (75 MHz, DMSO-d6) δ 168.44, 167.84, 151.27, 149.40, 132.69, 

126.14, 124.19, 120.87, 113.71, 112.53, 56.14, 55.99. FT-IR (ATR) 

υmax/cm-1: 3113.31 (aromatic =C–H str.), 2981.24, 2775.32 (C–H str., –

OCH₃), 11768.48, 1726.45 (C=O str., TZD), 1681.17 (C=C str., aromatic + 

exocyclic alkene), 1586.51, 1506.87, 1451.10 (C–H bending, aromatic), 

1327.23, 1261.69 (C–O str., –OCH₃), 1146.11 (C–N str., TZD ring), 1016.03 

(C–H bending), 959.06–686.64 (C–H, aromatic substitution pattern). MS 

(ESI) m/z: [M-H]+ calcd. for C12H10NO4S+ : 264.0; found 263.7 
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2.1.3. General procedure for synthesis of (Z)-3-substituted-5-(3,4-

dimethoxybenzylidene)thiazolidine-2,4-dione (Compound 6a-6l):  

First, to eliminate extra moisture, anhydrous K₂CO₃ (2 equiv) was placed in 

a 100 mL flask with a flat bottom and heated for two to three minutes. 

Subsequently, (Z)-5-(3,4-dimethoxybenzylidene)thiazolidine-2,4-dione 

(Compound 5; 0.002 mol) was solubilized in 15 mL of dimethylformamide 

(DMF) within a 100 mL flat-bottom flask and agitated for 15-20 minutes at 

room temperature. After that, the substituted benzyl chlorides (1.2 equiv) 

and alkyl halides (1.2 equiv) were added dropwise and agitated (400–600 

rpm) for 10–12 hours at room temperature using a magnetic stirrer. Upon 

completion of the reaction, thin-layer chromatography (TLC) was conducted 

to assess the reaction progress. The reaction mixture was subsequently 

diluted with ethyl acetate and removed from water utilizing a separating 

funnel. In order to obtain substituted target compounds (Compound 6a-6l), 

the ethyl acetate phase was lastly concentrated under vacuum. Table 1 

illustrates the physicochemical characteristics of the synthesized compounds 

(Compound 5 and 6a-6m). 

Table 1: Physiochemical properties of synthesized compounds (Compound 5 and 6a-6m). 

Compound Molecular 
formula 

Molecular 
mass 

(g/mol) 

Appearance % 
yield 

Melting 
point (°C) 

Rf (H-
EA: 4:1) 

5 C12H11NO4S 265.3 Light yellow 
solid 

87.42% 201-203 °C 0.35 

6a C19H17NO4S 355.4 Light brown 
solid 

82.02% 132-134 °C 0.40 

6b C20H19NO4S 369.4 Yellow 
crystal 

74.20% 

 

146-148 °C 0.38 

6c C19H16ClNO4S 389.9 Light yellow 
solid 

81.12% 147-149 °C 0.52 

6d C19H15Cl2NO4S 424.3 Light brown 
solid 

78.18% 163-165 °C 0.48 
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6e C19H16FNO4S 373.4 Yellow solid 79.53% 

 

144-146 °C 

 

0.46 

6f C19H16ClNO4S 389.9 Light pink 
solid 

74.43% 

 

148-150 °C 0.47 

6g C19H15Cl2NO4S 423.0 White solid 80.12% 160-162 °C 0.41 
6h C19H16BrNO4S 433.0 Yellow 

crystal 
79.87% 

 

136-138 °C 0.44 

6i C16H19NO4S 321.1 Light yellow 
solid 

77.82% 

 

180-182 °C 

 

0.42 

6j C17H21NO4S 335.1 Yellow 
crystal 

76.21% 178-180 °C 0.65 

6k C16H19NO4S 321.1 Yellow 
crystal 

84.76% 167-169 °C 0.55 

6l C16H17NO6S 351.1 Light brown 
crystal 

76.80% 113-115 °C 0.62 

6m C14H13NO6S 323.0 Light yellow 
solid 

88.90% 106-108 °C 0.30 

H-EA: Hexane: Ethyl acetate 
 

(Z)-3-benzyl-5-(3,4-dimethoxybenzylidene)thiazolidine-2,4-dione 

(Compound 6a): 

1H NMR (300 MHz, CDCl3) δ 7.84 (s, 1H), 7.46 – 7.40 (m, 2H), 7.36 – 7.28 

(m, 3H), 7.11 (dd, J = 8.4, 2.1 Hz, 1H), 6.99 (d, J = 2.0 Hz, 1H), 6.94 (d, J 

= 8.4 Hz, 1H), 4.89 (s, 2H), 3.92 (d, J = 3.8 Hz, 6H). 13C NMR (75 MHz, 

CDCl3) δ 167.85, 166.26, 151.27, 149.36, 135.27, 134.18, 128.85, 128.74, 

128.23, 126.16, 124.75, 118.70, 112.38, 111.41, 77.50, 76.65, 56.08, 55.97, 

45.22. FT-IR (ATR) υmax/cm-1: 3343.78, 2925.99, 2372.79, 2310.26 (C–H 

str., aliphatic/aromatic and –OCH₃), 1722.96, 1667.27 (C=O str., TZD ring), 

1590.29, 1507.04 (C=C str., aromatic + exocyclic alkene), 1451.34, 1418.72, 

1369.43, 1342.43,  (C–H bending, aromatic rings), 1270.49, 1283.33 (C–O 

str., –OCH₃ groups), 1143.18, 1089.75 (C–N str., TZD ring), 1019.73, 

1019.73 (C–H bending, out-of-plane, substituted aromatic), 957.70-688.27 
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(Aromatic C–H oop bending). MS (ESI) m/z: [M-H]+ calcd. for 

C19H16NO4S+ : 354.1; found 352.9 

(Z)-5-(3,4-dimethoxybenzylidene)-3-(4-methylbenzyl)thiazolidine-2,4-

dione (Compound 6b): 

1H NMR (300 MHz, CDCl3) δ 7.83 (s, 1H), 7.36 – 7.30 (m, 2H), 7.17 – 7.08 

(m, 3H), 7.00 – 6.90 (m, 2H), 4.86 (s, 2H), 3.92 (d, J = 3.8 Hz, 6H), 2.32 (s, 

3H). 13C NMR (75 MHz, CDCl3) δ 167.85, 166.28, 151.23, 149.35, 138.04, 

134.05, 132.33, 129.39, 128.87, 126.20, 124.72, 118.81, 112.36, 111.40, 

56.07, 55.96, 45.01, 21.18. FT-IR (ATR) υmax/cm-1: 2898.33, 2824.13, 

2386.78, 2310.31 (C–H str., aliphatic and aromatic, including –CH₃ and –

OCH₃), 1729.57 (C=O str., TZD ring), 1672.98 (C=C str., aromatic + 

alkene), 1579.20, 1501.84 (C–H bending, aromatic), 1421.14, 1315.06 (C–

H bending, –CH₃ of p-tolyl group), 1267.20 (C–O str., –OCH₃ groups), 

1165.28, 1120.53 (C–N str., TZD ring), 1010.31 (C–H oop bending, 

aromatic), 933.84-667.84 (Aromatic C–H oop bending, substituted rings). 

MS (ESI) m/z: [M-H]+ calcd. for C20H18NO4S+ : 368.1; found 367.0 

(Z)-3-(4-chlorobenzyl)-5-(3,4-dimethoxybenzylidene)thiazolidine-2,4-

dione (Compound 6c): 

1H NMR (300 MHz, CDCl3) δ 7.84 (s, 1H), 7.41 – 7.34 (m, 2H), 7.33 – 7.27 

(m, 2H), 7.12 (dd, J = 8.4, 2.1 Hz, 1H), 7.01 – 6.91 (m, 2H), 4.85 (s, 2H), 

3.93 (d, J = 4.3 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 167.82, 166.15, 

151.36, 149.39, 134.48, 134.25, 133.70, 130.36, 128.93, 126.06, 124.81, 

118.45, 112.39, 111.42, 56.08, 55.97, 44.48. FT-IR (ATR) υmax/cm-1: 

3056.92, 2942.31, 2832.45, 2311.10 (C–H str., aliphatic and aromatic, 

including –OCH₃), 1729.28 (C=O str., TZD ring), 1676.66 (C=C str., 
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aromatic + alkene), 1587.54, 1506.14, 1455.67, 1424.77, 1374.58, 1324.61 

(C–H bending, aromatic), 12672.87 (C–O str., –OCH₃ groups), 1139.33 (C–

N str., TZD ring), 1095.17 (C–Cl str., aryl chloride), 1019.99 (C–H oop 

bending, substituted aromatic rings), 950.51–676.09 (Aromatic C–H oop 

bending, characteristic of para-substituted benzene rings). MS (ESI) m/z: 

[M-H]+ calcd. for C19H15ClNO4S+ : 388.9; found 388.7 

(Z)-3-(2,4-dichlorobenzyl)-5-(3,4-dimethoxybenzylidene)thiazolidine-2,4-

dione (Compound 6d): 

1H NMR (300 MHz, CDCl3) δ 7.87 (s, 1H), 7.40 (d, J = 2.0 Hz, 1H), 7.21 

(dd, J = 8.4, 2.1 Hz, 1H), 7.17 – 7.11 (m, 2H), 7.03 – 6.93 (m, 2H), 4.99 (s, 

2H), 3.94 (d, J = 3.9 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 167.53, 165.99, 

151.47, 149.42, 134.79, 134.41, 133.94, 131.00, 129.67, 129.64, 127.33, 

126.00, 124.92, 118.07, 112.44, 111.45, 56.10, 55.99, 42.38. FT-IR (ATR) 

υmax/cm-1: 3077.08, 2925.67, 2386.80, 2310.06 (C–H str., aliphatic and 

aromatic including –OCH₃), 1730.66 (C=O str., TZD ring), 1673.62, 

1580.76 (C=C str., aromatic + exocyclic alkene), 1580.76, 1508.76, 1455.22, 

1418.38, 1362.83, 1334.56 (C–H bending, aromatic), 1256.22 (C–O str., –

OCH₃ groups), 1141.92 (C–N str., TZD ring), 1086.61 (C–Cl str., aryl 

chlorides), 1014.82, 914.63 (C–H bending, out-of-plane), 829.23–658.80 

(C–H oop bending, disubstituted benzene ring). MS (ESI) m/z: [M-H]+ 

calcd. for C19H14Cl2NO4S+ : 423.3; found 422.9 

(Z)-5-(3,4-dimethoxybenzylidene)-3-(4-fluorobenzyl)thiazolidine-2,4-

dione (Compound 6e): 

1H NMR (300 MHz, CDCl3) δ 7.84 (s, 1H), 7.47 – 7.40 (m, 2H), 7.12 (dd, 

J = 8.4, 2.1 Hz, 1H), 7.05 – 6.99 (m, 2H), 6.99 – 6.92 (m, 2H), 4.86 (s, 2H), 
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3.93 (d, J = 4.3 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 167.85, 166.19, 

164.27, 161.00, 151.34, 149.38, 134.37, 130.94, 130.83, 126.09, 124.79, 

118.55, 115.78, 115.49, 112.38, 111.42, 56.08, 55.97, 44.45. FT-IR (ATR) 

υmax/cm-1: 3067.01, 2943.98, 2835.14, 2386.81, 2310.22 (C–H str., 

aliphatic and aromatic, including –OCH₃), 1728.91 (C=O str., TZD ring), 

1674.73 (C=C str., aromatic + alkene), 1587.70, 1505.47, 1427.21, 1370.99, 

1322.46 (C–H bending, aromatic), 1272.25, 1213.09 (C–O str., –OCH₃ 

groups), 1134.58 (C–N str., TZD ring), 1089.61 (C–F str., aryl fluoride), 

1012.57 (C–H oop bending, substituted aromatic rings), 947.21–668.89 

(Aromatic C–H oop bending, characteristic of para-substituted benzene 

rings). MS (ESI) m/z: [M+H]+ calcd. for C19H17FNO4S+ : 374.1; found 374.0 

(Z)-3-(3-chlorobenzyl)-5-(3,4-dimethoxybenzylidene)thiazolidine-2,4-

dione (Compound 6f): 

1H NMR (300 MHz, CDCl3) δ 7.84 (s, 1H), 7.42 – 7.39 (m, 1H), 7.32 – 7.26 

(m, 2H), 7.26 – 7.23 (m, 1H), 7.14 – 7.09 (m, 1H), 6.98 (d, J = 2.1 Hz, 1H), 

6.93 (d, J = 8.4 Hz, 1H), 4.84 (s, 2H), 3.92 (d, J = 4.1 Hz, 6H). 13C NMR 

(75 MHz, CDCl3) δ 167.77, 166.09, 151.37, 149.39, 137.06, 134.58, 134.56, 

130.03, 128.90, 128.50, 127.01, 126.06, 124.82, 118.40, 112.40, 111.43, 

56.08, 55.97, 44.55. FT-IR (ATR) υmax/cm-1: 3257.14, 3067.01–2081.13 

(C–H str., aliphatic and aromatic, including –OCH₃), 1734.83 (C=O str., 

TZD ring), 1666.91 (C=C str., aromatic + alkene), 1595.63–1343.72 (C–H 

bending, aromatic), 1267.97 (C–O str., –OCH₃ groups), 1148.94 (C–N str., 

TZD ring), 1089.46 (C–Cl str., aryl chloride), 1019.65 (C–H oop bending, 

substituted aromatic rings), 823.89–675.34 (Aromatic C–H oop bending, 
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characteristic of meta-substituted benzene rings). MS (ESI) m/z: [M+H]+ 

calcd. for C19H17ClNO4S+ : 390; found 389.8 

(Z)-3-(3,4-dichlorobenzyl)-5-(3,4-dimethoxybenzylidene)thiazolidine-2,4-

dione (Compound 6g): 

1H NMR (300 MHz, CDCl3) δ 7.85 (s, 1H), 7.53 (d, J = 2.0 Hz, 1H), 7.40 

(d, J = 8.2 Hz, 1H), 7.29 (d, J = 2.1 Hz, 1H), 7.12 (dd, J = 8.4, 2.1 Hz, 1H), 

6.99 (d, J = 2.1 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 4.82 (s, 2H), 3.93 (d, J = 

4.5 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 167.76, 166.01, 151.45, 149.40, 

135.24, 134.78, 132.82, 132.60, 130.90, 130.73, 128.34, 125.99, 124.87, 

118.21, 112.42, 111.44, 56.09, 55.98, 43.98. FT-IR (ATR) υmax/cm-1: 

3084.10, 2925.24, 2310.49 (C–H str., aliphatic and aromatic, including –

OCH₃), 1724.97 (C=O str., TZD ring), 1667.26 (C=C str., aromatic + 

alkene), 1592.08–1337.76 (C–H bending, aromatic), 1260.54 (C–O str., –

OCH₃ groups), 1143.59 (C–N str., TZD ring), 1086.37 (C–Cl str., aryl 

chlorides), 1016.75, 938.72 (C–H oop bending, substituted aromatic rings), 

865.72–678.50 (Aromatic C–H oop bending, characteristic of disubstituted 

benzene rings). MS (ESI) m/z: [M+H]+ calcd. for C19H16Cl2NO4S+ : 424.0; 

found 424.8 

(Z)-3-(4-bromobenzyl)-5-(3,4-dimethoxybenzylidene)thiazolidine-2,4-

dione (Compound 6h): 

1H NMR (300 MHz, CDCl3) δ 7.84 (s, 1H), 7.49 – 7.41 (m, 2H), 7.36 – 7.28 

(m, 2H), 7.12 (dd, J = 8.5, 2.1 Hz, 1H), 6.98 (d, J = 2.1 Hz, 1H), 6.94 (d, J 

= 8.4 Hz, 1H), 4.84 (s, 2H), 3.93 (d, J = 4.4 Hz, 6H). 13C NMR (75 MHz, 

CDCl3) δ 167.80, 166.13, 151.38, 149.40, 134.49, 134.20, 131.89, 130.67, 

126.07, 124.81, 122.42, 118.44, 112.41, 111.44, 56.08, 55.98, 44.54. FT-IR 
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(ATR) υmax/cm-1: 3282.08, 3177.52, 3005.97, 2943.11, 2874.48, 2824.08, 

2447.24, 2325.55 (C–H str., aliphatic and aromatic, including –OCH₃), 

1725.65 (C=O str., TZD ring), 1670.93 (C=C str., aromatic + alkene), 

1576.94, 1500.51, 1420.73, 1370.52, 1321.92 (C–H bending, aromatic), 

1265.25 (C–O str., –OCH₃ groups), 1134.30 (C–N str., TZD ring), 1089.61 

(C–Br str., aryl bromide), 1096.79, 1009.52 (C–H oop bending, substituted 

aromatic rings), 907.36–663.74 (Aromatic C–H oop bending, characteristic 

of para-substituted benzene rings). MS (ESI) m/z: [M+H]+ calcd. for 

C19H17BrNO4S+ : 435.3; found 435.7 

(Z)-5-(3,4-dimethoxybenzylidene)-3-isobutylthiazolidine-2,4-dione 

(Compound 6i): 

1H NMR (300 MHz, CDCl3) δ 7.83 (s, 1H), 7.13 (dd, J = 8.4, 2.1 Hz, 1H), 

7.01 (d, J = 2.1 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 3.93 (d, J = 2.7 Hz, 6H), 

3.57 (d, J = 7.5 Hz, 2H), 2.19 – 2.09 (m, 1H), 0.93 (d, J = 6.7 Hz, 6H). 13C 

NMR (75 MHz, CDCl3) δ 167.86, 166.42, 150.87, 149.06, 133.45, 125.97, 

124.36, 118.49, 112.10, 111.11, 76.94, 55.76, 55.66, 48.72, 26.93, 19.66. 

FT-IR (ATR) υmax/cm-1: 2983.41, 2890.91, 2497.12, 2325.93 (C–H str., 

aliphatic –CH₃, –CH₂–, isobutyl and –OCH₃ groups), 1733.19 (C=O str., 

TZD ring), 1684.59, 1580.15 (C=C str., aromatic + exocyclic alkene), 

1510.15, 1450.09 (C–H bending, aromatic), 1385.70, 1367.00, 1312.86 (C–

H bending, –CH(CH₃)₂ of isobutyl), 1260.23, 1202.34 (C–O str., methoxy 

groups), 1141.94 (C–N str., TZD ring), 1096.43, 1012.40 (C–H oop bending, 

substituted aromatic), 950.10–663.79 (Aromatic C–H oop bending, 1,2,3-

trisubstituted ring pattern). MS (ESI) m/z: [M-H]+ calcd. for C16H18NO4S+ : 

320.1; found 320.7 
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(Z)-5-(3,4-dimethoxybenzylidene)-3-isopentylthiazolidine-2,4-dione 

(Compound 6j): 

1H NMR (300 MHz, CDCl3) δ 7.82 (s, 1H), 7.13 (dd, J = 8.5, 2.1 Hz, 1H), 

7.00 (d, J = 2.1 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 3.93 (d, J = 2.7 Hz, 6H), 

3.81 – 3.71 (m, 2H), 1.60 (d, J = 6.0 Hz, 1H), 1.55 (ddd, J = 8.4, 4.6, 1.3 Hz, 

2H), 0.96 (d, J = 6.3 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 167.92, 166.47, 

151.18, 149.36, 133.67, 126.27, 124.67, 118.95, 112.39, 111.41, 56.06, 

55.96, 40.56, 36.47, 25.96, 22.35. FT-IR (ATR) υmax/cm-1: 3007.66, 

2311.22 (C–H str., aliphatic –CH₃, –CH₂–, isobutyl and –OCH₃ groups), 

1727.67, 1667.07 (C=O str., TZD ring), 1600.35 (C=C str., aromatic + 

exocyclic alkene), 1373.75 (C–H bending of isopentyl), 1202.50 (C–O str., 

methoxy groups), 1110.19 (C–N str., TZD ring), 1016.38 (C–H oop bending, 

substituted aromatic), 831.15, 658.13 (Aromatic C–H oop bending, 1,2,3-

trisubstituted ring pattern). MS (ESI) m/z: [M+H]+ calcd. for C17H22NO4S+ 

: 336.4; found 337.8 

(Z)-3-butyl-5-(3,4-dimethoxybenzylidene)thiazolidine-2,4-dione 

(Compound 6k): 

1H NMR (300 MHz, CDCl3) δ 7.82 (s, 1H), 7.13 (dd, J = 8.5, 2.1 Hz, 1H), 

7.00 (d, J = 2.1 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 3.93 (d, J = 2.7 Hz, 6H), 

3.79 – 3.71 (m, 2H), 1.70 – 1.54 (m, 3H), 1.42 – 1.29 (m, 2H), 0.94 (t, J = 

7.3 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 167.98, 166.52, 151.18, 149.36, 

133.70, 126.26, 124.66, 118.92, 112.40, 111.41, 56.06, 55.96, 41.80, 29.84, 

19.98, 13.62. FT-IR (ATR) υmax/cm-1: 2942.58, 2318.45 (C–H str., 

aliphatic –CH₃, –CH₂– and –OCH₃), 1741.85 (C=O str., TZD ring), 1602.41 

(C=C str., aromatic and alkene), 1433.66 (C–H bending, aromatic), 1368.90 
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(C–H bending, aliphatic chain), 1257.22 (C–O str., –OCH₃ groups), 1107.81 

(C–N str., TZD ring), 1091.66 (C–H bending, out-of-plane), 660.86 

(Aromatic C–H oop bending, 1,2,3-trisubstituted ring). MS (ESI) m/z: 

[M+H]+ calcd. for C16H20NO4S+ : 322.4; found 323.0 

Ethyl (Z)-2-(5-(3,4-dimethoxybenzylidene)-2,4-dioxothiazolidin-3-

yl)acetate (Compound 6l): 

1H NMR (300 MHz, CDCl3) δ 7.87 (s, 1H), 7.14 (dd, J = 8.5, 2.1 Hz, 1H), 

7.01 (d, J = 2.1 Hz, 1H), 6.96 (d, J = 8.4 Hz, 1H), 4.47 (s, 2H), 4.24 (q, J = 

7.1 Hz, 2H), 3.93 (d, J = 3.3 Hz, 6H), 1.29 (t, J = 7.1 Hz, 3H). 13C NMR (75 

MHz, CDCl3) δ 167.23, 166.01, 165.37, 151.12, 149.10, 134.46, 125.71, 

124.54, 117.94, 112.15, 111.14, 76.94, 61.81, 55.78, 55.67, 41.80, 13.79. 

FT-IR (ATR) υmax/cm-1: 3374.00, 2937.78 (C–H str., aliphatic –CH₃, –

CH₂– and –OCH₃), 1729.13 (C=O str., ester group), 16662.46 (C=O str., 

TZD ring), 1662.46 (C=C str., aromatic and exocyclic alkene), 1596.81 (C–

H bending, aromatic), 1443.90, 1370.03 (C–H bending, –CH₂– and –CH₃ 

groups), 1257.11 (C–O str., methoxy groups and ester), 1162.14 (C–N str., 

TZD ring), 1015.06 (C–O–C str., ethyl ester and methoxy), 941.87 (C–H 

bending, out-of-plane), 827.28 (Aromatic C–H oop bending, 1,2,3-

trisubstituted ring). MS (ESI) m/z: [M+H]+ calcd. for C16H18NO6S+ : 352.4; 

found 352.9 

2.1.4. General procedure for synthesis of (Z)-2-(5-(3,4-dimethoxybenzylidene)-

2,4-dioxothiazolidin-3-yl)acetic acid (Compound 6m): 

The compound 6m was synthesized as per our previous published method 

[1]. A round-bottomed flask with a volume of 150 ml was used to collect 0.5 

grams of compound 6l, which is equivalent to 0.5 millimoles. In the same 
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flask, 3 mL of concentrated hydrochloric acid and 6 mL of glacial acetic acid 

were combined in a 1:2 ratio and subjected to reflux at 100 ºC for 2 to 3 

hours. The reaction mixture was subsequently cooled to ambient temperature 

and transferred into ice-cold water. After a few minutes, the light-yellow 

solid precipitate was obtained by vacuum filtration, washed multiple times 

with water, and dried at room temperature to provide the target compound 

6m. 

(Z)-2-(5-(3,4-dimethoxybenzylidene)-2,4-dioxothiazolidin-3-yl)acetic acid 

(Compound 6m): 

1H NMR (400 MHz, CDCl3) δ 7.88 (s, 1H), 7.14 (s, 1H), 7.02 (s, 1H), 6.96 

(d, J = 8.4 Hz, 1H), 4.50 (s, 2H), 3.94 (d, J = 4.6 Hz, 6H). 13C NMR (101 

MHz, CDCl3) δ 168.41, 151.40, 149.39, 142.24, 134.78, 124.84, 118.32, 

112.44, 111.44, 77.23, 56.09, 55.98, 29.71. FT-IR (ATR) υmax/cm-1: 

3391.50 (O–H str.), 2943.35, 2800.98 (C–H str., aliphatic and –OCH₃), 

1693.72 (C=O str., carboxylic acid), 1758.99 (C=O str., cyclic imide/dione 

from TZD), 1516.05 (C=C str., aromatic and alkene), 1381.74 (C–H 

bending, aliphatic –CH₂), 1144.39 (C–N str., TZD ring). MS (ESI) m/z: [M-

H]+ calcd. for C14H12NO6S+ : 322.3; found 322.7 

2.2. In vitro assay of α-glucosidase inhibitory activity: 

The AG inhibition experiment was performed in 96-well plates according to our 

previous protocol [1]. The AG enzyme sourced from Saccharomyces cerevisiae, p-

nitrophenyl-α-d-glucopyranoside (pNPG), and Acarbose were obtained from SRL. 

In this experiment, pNPG functioned as the substrate, while Acarbose acted as the 

positive control. In well plates, 20 μL of diverse quantities of test samples and 

Acarbose, solubilized in methanol, together with 10 μL of AG (0.5 U/mL) in 0.1 
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mM phosphate buffer (pH 6.8), were incubated at 37 °C for 15 minutes. 20 μL of 

pNPG substrate, soluble in the aforementioned PBS, was added to each well and 

kept at 37 °C for 25 minutes. The absorbance was quantified at 405 nm. The 

percentage of inhibition for the analyzed drugs, control, and positive control was 

expressed as % inhibition using the following formula- 

% Inhibition =		𝐀𝐛𝐬(𝐜𝐨𝐧𝐭𝐫𝐨𝐥)	-𝐀𝐛𝐬(𝐬𝐚𝐦𝐩𝐥𝐞)
	𝐀𝐛𝐬(𝐜𝐨𝐧𝐭𝐫𝐨𝐥)

 × 100 

The IC50 of the analyzed compounds or positive control were ascertained by Logit 

method for linear regression analysis. 

2.3. Inhibition kinetics: 

A kinetic study of compound 6f against AG was performed according to our 

previous technique to ascertain the type of enzyme inhibition and the inhibition 

constant [1]. pNPG at concentrations of 0.10, 0.15, 0.20, and 0.30 μM was 

integrated with a constant amount of AG (0.5 U/mL) and different concentration of 

compound 6f at values of 0, 15, 30, 60 and 120 μM. The absorbance with 405 nm 

was measured 15 times over 30 seconds. The antagonistic effect was determined 

using the Lineweaver-Burk plot, and the Michaelis-Menten constant (Km) was 

derived from the plot illustrating the reciprocal of variable pNGP concentrations 

(1/[S]) against the reciprocal of enzyme activity (1/V) at varied doses. 

2.4. Fluorescence quenching: 

The method from our previous work was utilized to evaluate the fluorescence 

quenching of AG in compound 6f [1]. 3.5 U/mL AG, solubilized in PBS at pH 6.8, 

was mixed with various amounts of inhibitors (0, 0, 10, 20, 40, 80 and 160 μM) for 

10 minutes at 25 °C. The fluorescence intensities of AG were quantified with an 

emission wavelength of 300 to 450 nm and an excitation wavelength of 280 nm. 

The compound 6f demonstrated fluorescence at an excitation wavelength of 280 
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nm and subtracted the baseline fluorescence value. The fluorescence spectra of the 

PBS were assessed under the same conditions. 

2.5.  Circular dichroism spectra: 

The CD spectra of AG solution (0.5 U/mL) were examined with and without 

varying doses of compound compound 6f at 0, 10, 20, 40, and 80 μM across the 

wavelength range of 190–260 nm. The 1 nm bandwidth was quantified utilizing a 

CD spectrometer (Chirascan qCD, Applied Photophysics) at RT under stable 

nitrogen circumstances. The solvent background of the PBS signal was eliminated 

to correct the CD spectra. The CDNN program was employed to evaluate the effect 

of compound 6f by quantifying the changes in α-helix, random coils, β-sheets, and 

β-turn content of AG [1]. 

2.6. Molecular docking: 

2.6.1. Protein preparation: 

The three-dimensional crystal structure of AG (PDB ID: 5NN8) with a 

resolution of 2.45 Å was retrieved from the Protein Data Bank 

(https://www.rcsb.org). Using Discovery Studio Visualizer (v21.1.020298), 

all co-crystallized ligands, non-essential water molecules, and other 

heteroatoms were removed. The macromolecule was subsequently prepared 

for docking using AutoDockTools version 1.5.7. This involved merging non-

polar hydrogens and applying Gasteiger charges. The prepared structure was 

then used for further docking simulations [31]. 

2.6.2. Ligand preparation: 

The 3D conformer of compound 6f, in .mol2 format, was energy-minimized 

using MMFF94 force field. Hydrogen atoms were also added to the ligand 

https://www.rcsb.org/
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structure. To identify the most favourable binding conformation, molecular 

docking was carried out through AutoDockTools 1.5.7 [32]. 

2.6.3. Docking: 

The ligand-protein interactions were investigated using molecular docking. 

AutoDockTools 1.5.7 carried out the docking study utilizing a grid-based 

methodology using x, y, and z coordinates of -14.597930, -33.591140, and 

95.075744, respectively. The binding energy (Kcal/mol) of each protein-

ligand complex was determined using the docking results. The docking score 

quantitatively reflects the binding affinity of the ligands, with lower values 

indicating superior interaction. The ligands engage with the receptor via 

several bonding interactions. However, Agu et al. suggest that these 

interactions may enhance the comprehension of the compounds' mechanisms 

of action and their potential therapeutic efficacies. The interaction 

characteristics of the protein-ligand complex were analyzed using Discovery 

Studio Visualiser [33]. 

2.7. In vitro cytotoxicity: 

The cell viability assay was conducted to evaluate the cytotoxic effects of 

compound 6f on HEK-293 cells, following our established technique [1]. Cells were 

grown in DMEM at 37 °C. Upon achieving confluence, 6000 cells were inoculated 

into each well of 96-well plates and incubated for 24 hours. After 24 hours of 

incubation, the cells were exposed to doses of compound 6f varying from 3.9 to 250 

μM for an additional 24 hours. After 24 hours, 5 mg/mL MTT was introduced to the 

wells, followed by a 3 hour incubation period. After three hours, formazan crystals 

were dissolved in DMSO. The absorbance was measured at 570 nm. The percentage 

cell viability was determined according to: 
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𝐶𝑒𝑙𝑙	𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦	(%) = /
𝑂𝐷𝑠𝑎𝑚𝑝𝑙𝑒
𝑂𝐷𝑐𝑜𝑛𝑡𝑟𝑜𝑙9 𝑥	100 

2.8. ADME, drug-likeness and toxicity assessment: 

The SwissADME online tool (http://www.swissadme.ch), designed by the Swiss 

Institute of Bioinformatics (SIB) in Lausanne, Switzerland, was used to evaluate the 

physicochemical and pharmacokinetic properties of the selected candidates to 

determine their ADME predictions and drug-like features. Likewise, the online 

Deep-PK webserver was used to examine the toxicity characteristics of the specified 

endpoints of selected potent molecules: Skin Sensitization, Carcinogenesis, Liver 

Injury, hERG Blockers, Fathead Minnow, Maximum Tolerated Dose, Ames 

(Mutagenicity), and Acute and Chronic Rat Toxicology [34][35]. 

 

http://www.swissadme.ch/
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3. Result and discussion: 

3.1. Chemistry: 

The present study developed 14 new heterocyclic compounds employing VD based 

TZD hybrids (Table 1), beginning with thiourea and chloroacetic acid. A synthetic 

process consisting of three steps, one step of which was used for developing the 

TZD, intermediate compound 5, and suggested compounds (6a-6l and 6m). Scheme 

1 and Scheme 1A describe the synthesis schemes. NMR, FT-IR, and MS-ESI were 

used to characterize all of the compounds (compound 5, 6a-6m) (Spectral figure). 

Additionally, the molecular geometry and table data of compound 6b crystal were 

studied and shown in spectral figure. 

 
 
Scheme 1: Synthesis of target compounds 6a-h, 6i-6l, and 6m. Reagents and conditions: 
a) Concentrated hydrochloric acid, water, 100-110 0C, reflux, 8–10 hrs; b) Urea (1.5 equiv), 
Glacial acetic acid, 100 0C, Reflux, 8–10 hrs; c) Substituted benzyl chlorides/ Alkyl halides, 
K2CO3, DMF, rt; 18-24 hrs. Scheme 1A: Synthesis of target compound 6m from 6l. 
Reagents and conditions: d) Conc. HCl: AcOH (1:2), reflux 2 h [1]. 
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3.2. X-ray crystallographic analysis with ORTEP diagram of compounds 6b: 

We conducted an X-ray crystallographic investigation on compound 6b (Scheme 

1). to verify the proposed structure. The structures of additional compounds were 

established through analogy and corroborated by spectral data, including 1H, 13C, 

and MS-ESI analysis. The crystallization of compound 6b was achieved using 

methanol solvents through a gradual evaporation method. The spectral figure (S43 

and Table S1) contains further details regarding these crystals. We aimed to provide 

the product stereochemistry, for which we have already supplied the data analyzed 

through X-ray crystallography (Scheme 1). 

 

Figure 2: ORTEP diagram of compound 6b (CCDC- 2445001) (Scheme 1). 

3.3. In vitro assay of α-glucosidase inhibitory activity: 

All synthetic compounds (compound 5 to compounds 6a-6m) were assessed for 

their in vitro antagonistic effect on AG activity, utilizing Acarbose as a reference, 

employing an established method which was previously described (Table 2). 

Multiple different synthesized compounds demonstrated AGI action, with IC50 

values spanning from 18.16 ± 0.41 μM to over 500 μM. The compounds compound 

6f, 6g, 6d, 6h, and 6e showed superior AGI activity compared to others, with IC50 



CHAPTER IV                                                          RESULT AND DISCUSSION | 2025 

Page | 192 
 

values between 18.16 ± 0.41 μM and 66.09 ± 1.95 μM. Among the compounds, 

compound 6f demonstrated the most promising antagonistic activity, with an IC50 

value of 18.16 ± 0.41 μM, in contrast to Acarbose, which had an IC50 of 55.04 ± 

1.51 μM. However, it is noteworthy that the VD-TZD series has a TZD ring as one 

of its moieties. This heterocyclic ring structure has been previously reported to 

exhibit possible antagonistic activity against the AG enzyme in the control of 

hyperglycemia [36]. 

Table 2: The in vitro AGI activity screening and IC50 values data of synthesized compounds 
(6a-6h, 6i-6l, and 6m). 

 

Sl. no. Compound R  IC50 (µM) 

1 5 - >500 

2 6a -H >500 

3 6b 

 

66.77 ± 0.58 

4 6c 

 

97.62 ± 1.24 

5 6d 

 

21.60 ± 0.97 
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6 6e 

 

66.09 ± 1.95 

7 6f 

 

18.16 ± 0.41 

8 6g 

 

19.59 ± 0.78 

9 6h 

 

42.15 ± 1.25 

10 6i 

 

>500 

11 6j 
 

>500 

12 6k 
 

104.29 ± 0.58 

13 6l 

 

116.96 ± 1.10 

14 6m 

 

>500 

15 Acarbose - 55.04 ± 1.51 

 

3.4. Structure-activity relationships (SARs): 

The activity of various N-benzyl, alkyl, and acid substitutions at the VD-TZD 

intermediate (compound 5) on AGI activity was examined by a structure-activity 

relationship (SAR) analysis. The introduction of a 3-chloro group in the benzyl 
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substitution of the VD-TZD intermediate (compound 5; Figure 3) enhanced the 

AGI activity, achieving compound 6f with an IC50 of 18.16 ± 0.41 µM. The 

replacement of the 3,4-dichloro group similarly improves the AGI activity, as 

demonstrated by compound 6g (IC50 = 19.59 ± 0.78 µM). The incorporation of the 

alkyl, ester, and acetic acid moieties into the VD-TZD intermediate (compound 5; 

Figure 3) led to a reduction in AGI activity. The results regarding SARs guided the 

improvement of inhibitory efficacy in later structural alterations. 

 

Figure 3: SAR of VD-TZD series for AGI activity. 

3.5. Enzyme kinetic study: 

The antagonistic effect of 6f on AG was examined using inhibition kinetics research 

analyzed via the Lineweaver-Burk method (Figure 4). The graphs of 1/V against 

1/[S] displayed a succession of linear relationships with differing gradient that 

converged in the second quadrant. The results demonstrated that Km values rose 

while Vmax remained unchanged with elevated level of compound 6f, suggesting 

competitive inhibition mechanisms of AG by 6f. Compound 6f exhibits a 

propensity to occupy the reactive site of the enzyme, hence inhibiting the enzyme-

substrate (ES) complex by competitive interaction with the substrate (S) [37] 

referenced in (Figure 5). 

Compound 6a-6h, 6i-6l, and 6m

3-chloro group resulted increase in the α-
glucosidase inhibitory activity as compound 6f 
(18.61 ± 0.41 µM). 

Similarly, substitution of 3,4-dichloro group also 
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compound 6g (19.59 ± 0.78 µM).

3-chloro, 3,4-dichloro, and 2,4-dichloro substitution 
(Compound 6f, 6g, and 6d) showed better α-
glucosidase inhibitory activity compared to other 
compounds.

The attachment of alkyl, ester, and acetic acid 
group at the veratraldehyde-TZD intermediate 
(compound 5; Scheme 1) resulted in a decreased 
in the α-glucosidase inhibitory activity compared to 
other compounds.

Substituted 
Benzyl / 

Alkyl / Ester /
Acid Group

SAR of α-glucosidase inhibitory activity

O S
N

O

OO



CHAPTER IV                                                          RESULT AND DISCUSSION | 2025 

Page | 195 
 

 

Figure 4: Kinetics of AG inhibition by compound 6f and the Lineweaver-Burk plot in the 
absence and presence of different concentrations of compound 6f. 

 

Figure 5: The secondary plot between Km and various concentrations of compound 6f. 

3.6. Fluorescence quenching: 

Fluorescence quenching tests were performed to explore the effect of compound 

compound 6f with enzyme, hence extending this finding. The fluorescence 

quenching method is generally utilized for the investigation of interactions between 

macromolecules and ligand chemicals. The administration of 6f, at concentrations 

between 0 and 160 μM, led to a variable decrease in fluorescence intensity across 

various instances, suggesting that compound 6f may have interacted with AG, 

hence quenching its intrinsic fluorescence (Figure 6 and Figure 7). The 
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fluorescence value of the system was lower with increasing compound 

concentration, and the maximum emission wavelength displayed a little blue shift. 

The fluorescence quenching data were analyzed using the Stern-Volmer equation 

[38].  

𝑭𝟎
𝑭 = 𝟏 + 𝑲𝒔𝒗[𝑸] = 𝟏 + 𝑲𝒒	𝝉𝟎[𝑸]	 

In the specified equation, F0 and F represent the fluorescence activity of AG without 

and with 6f, respectively. τ0 represents the average lifespan of biomolecules in the 

absence of a quencher (10-8 s), whereas [Q] signifies the concentration of quencher 

in compound 6f. The Stern-Volmer graph demonstrates a strong linear connection, 

indicating that the enzyme's quenching action results from a singular quenching 

process. The values of Ksv (fluorescence quenching constant) and Kq (bimolecular 

quenching constant) were discovered to be 1.4 ×104 L/mol and 1.44 ×1012 L⋅mol-

1⋅S-1, respectively (Figure 8). It can be inferred that the quenching technique of 

compound 6f on the intrinsic fluorescence of AG is static quenching resulting from 

complex formation. 

 

Figure 6: Fluorescence emission spectra at different concentrations of compound 6f. 
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Figure 7: Double logarithm regression plots of compound 6f and AG. 

 

Figure 8: Stern-Volmer plots of compound 6f. 

3.7. Circular dichroism spectra: 

CD was utilized to examine changes in the secondary structure of proteins. Two 

negative bands at approximately 210 and 220 nm were observed in the far-UV CD 

spectra of AG (Figure 9), with variations in peak size and shape, indicative of the 

α-helix conformation of AG. The calculated outcomes demonstrate that dissolved 

with compound 6f (molar ratios: 2:1) led to an augmentation in α-helix content 
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(from 35.6% to 60.4%), concomitantly with reductions in β-sheet (from 14.6% to 

7.02%), β-turn (from 12.8% to 8.8%), and random coil (from 44.2% to 26.4%). The 

outcome demonstrated that the structure of AG exhibited increased flexibility and 

instability; compound 6f caused changes in the secondary structure of AG, altering 

its hydrophobicity, which hindered active site formation or obstructed substrate 

binding, consequently affecting enzymatic activity. 

Table 3: Secondary structural analysis of compound 6f with AG from CD. 

µM α-helix (%) β-sheet (%) β-turn (%) Random coil (%) 

0 35.6 14.6 12.8 44.2 
10 38.3 13.1 10.9 40.1 
15 41.4 12.3 10.2 36.3 
30 47.8 7.68 10.2 28.8 

60 60.4 7.02 8.8 26.4 

 

 

Figure 9: CD spectra of AG with compound 6f. 

3.8. Molecular docking: 

AG primarily active in the small intestine, catalyzes the hydrolysis of complex 

carbohydrates into monosaccharides, which are subsequently absorbed into the 
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bloodstream, contributing to elevated blood glucose levels [39]. As a result, AG has 

become a key target for managing hyperglycemia by delaying carbohydrate 

breakdown. Notably, AG inhibitors modulate blood glucose levels without directly 

stimulating insulin secretion [5]. Docking analysis of compound 6f with AG (PDB 

ID: 5NN8) obtained a binding energy of −7.50 kcal/mol, indicating favorable 

interaction of 6f with the macromolecule. Due to this significant binding affinity, 

compound 6f needs to be further investigated for its inhibitory mechanism and 

potential role in DM management through AG inhibition. (Table 4). 

The two- and three-dimensional interaction profiles of compound 6f within the AG 

active site are shown in Figure 10. The strong binding potential of 6f can be 

attributed to multiple interactions with key active site residues. Specifically, the 

TZD ring forms one π–π stacking interaction and three π–alkyl contacts with 

TRP376, LEU677, and LEU678 (Figure 11). Additionally, the carbonyl (=O) group 

forms two conventional hydrogen bonds with LEU677 and LEU678. The two 

phenyl rings in the compound contribute to one π–π T-shaped interaction and one 

π–alkyl contact with LEU678 and TRP376. The 3D interaction model further 

highlights the involvement of both polar and non-polar interactions facilitated by 

the TZD moiety of compound 6f with surrounding amino acid residues. 

Table 4:  Molecular docking scores of compound 6f. 

Compound Docking Score 
against AG  

(PDB: 5NN8) 

Conventional 
-H Bond 

Hydrophobic 
interactions 

Active site pocket 
residues 

 
 
 

6f 

-7.50 LEU A:678 
LEU A:677 

ARG A:411(2) 

TRP A:376 
LEU A:678(2) 

LEU A:678 
LEU A:677 
ARG A:411 
TRP A:376 
LEU A:678 
LEU A:650 
GLY A:651 
ASNA:652, 
SER A:679, 
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SER A:676, 
TRP A:481 

 

 

Figure 10: 3D representation of all the Aligned TZD derivatives at the active site of AG 
(PDB: 5NN8). 

 

Figure 11:  2D and 3D docking representation of VD–TZD derivatives 6f. 

3.9. In vitro cytotoxicity: 

The MTT assay is a widely utilized technique for evaluating the effects of chemical 

compounds on cell viability, playing a critical role in determining both therapeutic 

potential and cytotoxic risk, thereby supporting their suitability for clinical 

applications. HEK-293 cells, a well-established human cell line, serve as a 

representative model for evaluating the cytotoxic effects of various agents [40]. In 

this study, HEK-293 cells were treated with increasing concentrations of compound 

6f, ranging from 3.9 to 250 μM (Figure 12). The results revealed that compound 6f 

exhibited cytotoxic activity with an IC50 value of 449.64 μM. 
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The in vitro cytotoxicity assay indicated that compound 6f exhibited no toxicity at 

lower concentrations. A dose-dependent decline in cell viability was observed. 

Specifically, treatment with 250 μM of compound 6f resulted in 72.82 ± 5.12% cell 

viability, whereas treatment with 3.9 μM showed a viability of 98.76 ± 0.95%, 

relative to the untreated control. These findings suggest that compound 6f is 

relatively safe for normal cells at lower concentrations, supporting its potential for 

further investigation in therapeutic applications. 

 
Figure 12: Cell viability assay of compound 6f against HEK293. 

3.10. ADME, drug-likeness and toxicity assessment: 

An essential part of developing new drugs is studying their ADMET 

(absorption, distribution, metabolism, excretion, and toxicity) profiles. Any 

compound's pharmacokinetic (pK) and pharmacodynamic (pD) profiles give 

promise for the creation of medications that can detect a range of illnesses. 

The Lipinski and Veber criteria are more likely to be met by substances that 

are bioavailable orally and have drug-like characteristics. Because 

molecules resemble drugs, they may be just as effective as or perhaps more 

so than medications that are currently on the market [34]. 
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Compounds 6f and 6g do not violate any of the drug-likeness requirements, 

according to the ADME prediction. The two compounds reach a 

bioavailability score of 0.55, which indicates acceptable drug similarity, 

meeting the standards established by Lipinski, Veber, and Ghose. On the 

other hand, compound 6g appeared to have one breach of Muegge's rule 

(MLOGP>4.15). Neither compound 6f nor 6g has a hydrogen bond donor; 

instead, they have five rotatable bonds as well as four hydrogen bond 

acceptors. Their TPSA values of 81.14 Å² are lower than the permitted limit 

of 140 Å², meaning they have good oral bioavailability and may be absorbed 

very well by the gastrointestinal tract. Compounds 6f and 6g are seen inside 

the pink region of the radar map (Figure 13), confirming their intended 

pharmacological similarity and allowable bioavailability (Table 5). 

Further, the Boiled-Egg concept was used to investigate pharmacokinetics. 

Compounds 6f and 6g were located outside the yellow zone (Figure 13), 

suggesting that they had improved gastrointestinal absorption and had little 

to no probability of crossing the blood-brain barrier (BBB). Also, studies 

revealed that the two drugs may inhibit CYP1A2, CYP2C19, CYP3A4, and 

CYP2C9 but not CYP2D6 and that their negative log Kp values suggest 

decreased skin penetration (Table 6). 

The computational toxicological evaluation conducted via the Deep-PK web 

server indicates that compounds 6f and 6g are non-AMES, devoid of 

carcinogenic properties, demonstrate moderate toxicity against the liver and 

skin, and are compostable without risk. The conventional criterion for low 

doses is less than or equal to 0.477 logs (mg/kg/day), whereas elevated doses 

are defined as more than 0.477 logs (mg/kg/day). Compounds 6f and 6g 
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possess higher maximum tolerated amounts of 1.35 and 1.32 logs 

(mg/kg/day), accordingly. Moreover, although LD50 values below 0.5 mM 

(Log LD50 < 0.3) are considered to have significant acute toxicity, 

Compounds 6f and 6g show LD50 values of 2.13 mM and 2.31 mM, in that 

order, indicating low or tolerable acute toxicity (Table 7). 

The toxicology forecasts of the highest-activity analogues and the previously 

discussed in silico ADME metrics could contribute to advancing novel drugs 

with enhanced oral bioavailability, thereby providing them with the ability 

to be accepted as lead-like candidates for the development of safe and 

effective medications in the future. 

 
 

Figure 13: Radar plot and Boiled-Egg model of compounds 6f and 6g. 
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Table 5:  ADME prognosis using SwissADME, Physiochemical and Drug-likeness 
properties. ((MW=Molecular Weight, TPSA=total polar surface area, Consensus Log P 
=average of all predicted Log Po/w). 
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Table 6: Pharmacokinetics prediction of synthesized compounds (6f and 6g) from the 
SwissADME server. 
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Table 7: Toxicology predictions. Information was retrieved via the Deep-PK database. 
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4. Spectral data: 
 

I. 1H and 13C NMR data (Compound 5 and 6a-6m):  

 
S.F1ʹ: 1H NMR of compound 5 

 
S.F1ʺ: 13C NMR of compound 5 

S
NH

O

OO
O

S
NH

O

OO
O
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S.F2ʹ: 1H NMR of compound 6a 

 
S.F2ʺ: 13C NMR of compound 6a 
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S
N

O
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S.F3ʹ: 1H NMR of compound 6b 

 

 
S.F3ʺ: 13C NMR of compound 6b 

 

S
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O

CH3
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CH3
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S.F4ʹ: 1H NMR of compound 6c 

 

 
S.F4ʺ: 13C NMR of compound 6c 
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S.F5ʹ: 1H NMR of compound 6d 

 

 
S.F5ʺ: 13C NMR of compound 6d 
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S.F6ʹ: 1H NMR of compound 6e 

 

 
S.F6ʺ: 13C NMR of compound 6e 
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S.F7ʹ: 1H NMR of compound 6f 

 

 
S.F7ʺ: 13C NMR of compound 6f 
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S.F8ʹ: 1H NMR of compound 6g 

 

 
S.F8ʺ: 13C NMR of compound 6g 
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S.F9ʹ: 1H NMR of compound 6h 

 

 
 

S.F9ʺ: 13C NMR of compound 6h 
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S.F10ʹ: 1H NMR of compound 6i 

 

 
S.F10ʺ: 13C NMR of compound 6i 
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S.F11ʹ: 1H NMR of compound 6j 

 

 
S.F11ʺ: 13C NMR of compound 6j 
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S.F12ʹ: 1H NMR of compound 6k 

 

 
S.F12ʺ: 13C NMR of compound 6k 
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S.F13ʹ: 1H NMR of compound 6l 

 

 
S.F13ʺ: 13C NMR of compound 6l 
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S.F14ʹ: 1H NMR of compound 6m 

 

 
S.F14ʺ: 13C NMR of compound 6m 
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II. FT-IR data (Compound 5 and 6a-6m): 
 

 
 

S.F15: FT-IR of compound 5 
 

 
 

S.F16: FT-IR of compound 6a 
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S.F17: FT-IR of compound 6b 
 

 
 

S.F18: FT-IR of compound 6c 
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S.F19: FT-IR of compound 6d 
 

 
 

S.F20: FT-IR of compound 6e 
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S.F21: FT-IR of compound 6f 
 

 
 

S.F22: FT-IR of compound 6g 
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S.F23: FT-IR of compound 6h 
 

 
 

S.F24: FT-IR of compound 6i 
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S.F25: FT-IR of compound 6j 
 

 
 

S.F26: FT-IR of compound 6k 
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S.F27: FT-IR of compound 6l 
 

 
 

S.F28: FT-IR of compound 6m 
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III. ESI mass data (Compound 5 and 6a-6m): 
  

 
 

S.F29: MS (ESI, m/z) of Compound 5 
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Chemical Formula: C12H11NO4S
Exact Mass: 265.0
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S.F30: MS (ESI, m/z) of Compound 6a 
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Chemical Formula: C19H17NO4S
Exact Mass: 355.1
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S.F31: MS (ESI, m/z) of Compound 6b 
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Chemical Formula: C20H19NO4S
Exact Mass: 369.1
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S.F32: MS (ESI, m/z) of Compound 6c 
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Chemical Formula: C19H16ClNO4S
Exact Mass: 389.0
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S.F33: MS (ESI, m/z) of Compound 6d 
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Chemical Formula: C19H15Cl2NO4S
Exact Mass: 423.0
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S.F34: MS (ESI, m/z) of Compound 6e 
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Chemical Formula: C19H16FNO4S
Exact Mass: 373.1
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S.F35: MS (ESI, m/z) of Compound 6f 
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Chemical Formula: C19H16ClNO4S
Exact Mass: 389.0
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S.F36: MS (ESI, m/z) of Compound 6g 
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Chemical Formula: C19H15Cl2NO4S
Exact Mass: 423.0
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S.F37: MS (ESI, m/z) of Compound 6h 
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Chemical Formula: C19H16BrNO4S
Exact Mass: 433.0
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S.F38: MS (ESI, m/z) of Compound 6i 
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Chemical Formula: C16H19NO4S
Exact Mass: 321.1
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S.F39: MS (ESI, m/z) of Compound 6j 
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Chemical Formula: C17H21NO4S
Exact Mass: 335.1
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S.F40: MS (ESI, m/z) of Compound 6k 
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Chemical Formula: C16H19NO4S
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S.F41: MS (ESI, m/z) of Compound 6l 
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Chemical Formula: C16H17NO6S
Exact Mass: 351.1
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S.F42: MS (ESI, m/z) of Compound 6m 
 
 

 
 
 
 
 
 
 

S
N

O

O

6m
O

O

O
HO

Chemical Formula: C14H13NO6S
Exact Mass: 323.0
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IV. X-Ray Crystallographic data: 

a) Molecular geometries of compound 6b 

 
 

S.F43: Molecular geometries of compound 6b in crystal. 
 

b) Tabular data of crystal: 
 

Table S1: Crystallographic table: 

Complexes Compound 6b 

CCDC 2445001 

formula C20 H19 N O4 S 

fw 369.42 

crystal system block 

space group P21/n 

a (Å) 4.2415(2) 
b (Å) 24.1911(11) 
c(Å) 16.9988(7) 
α ( ͦ) 90 

β ( ͦ) 95.848(2) 

γ ( ͦ) 90 
V (Å3) 1735.11(13) 



CHAPTER IV                                                                            SPECTRAL DATA | 2025 

Page | 241 
 

Z 4 
T (K) 195 

 Dx, g cm-3 1.414 
μ 

(mm-1) 
0.213 

R1a[I>2σ(I)]/GOF b 0.0404/ 
1.123 

wR2c 
(I>2σ (I)) 

0.1088 

observation criterion: aR1 = S||Fo|-|Fc||/S|Fo|. bGOF = {S[w(Fo2-Fc2)2]/(n-p)}1/2, 
cwR2 = [S[w(Fo2-Fc2)2]/S[w(Fo2)2]]1/2 where w = 1/[s2(Fo2) + (aP)2+bP], P = 
(Fo2+2Fc2)/3. 

 

  



CHAPTER IV                                                                                    REFERENCE | 2025 

Page | 242 
 

References: 

[1] A. Paul, S.S. Mishra, A. Sarkar, R. Bhowmik, A. De, A. Maji, U. Shee, A. Samanta, 
S. Karmakar, T.K. Maity, Synthesis, single crystal XRD, in vitro evaluation, 
molecular docking and ADMET studies of cuminaldehyde-thiazolidine-2,4-dione 
hybrids as potential α-glucosidase inhibitors, J Mol Struct 1331 (2025) 141510. 
https://doi.org/10.1016/j.molstruc.2025.141510. 

[2] G. Singh, R. Singh, V. Monga, S. Mehan, Thiazolidine-2,4-dione hybrids as dual 
alpha-amylase and alpha-glucosidase inhibitors: design, synthesis, in vitro and in 
vivo anti-diabetic evaluation, RSC Med. Chem. 15 (2024) 2826–2854. 
https://doi.org/10.1039/D4MD00199K. 

[3] G. Singh, R. Singh, V. Monga, S. Mehan, 3,5-Disubstituted-thiazolidine-2,4-dione 
hybrids as antidiabetic agents: Design, synthesis, in-vitro and In vivo evaluation, Eur 
J Med Chem 266 (2024). https://doi.org/10.1016/j.ejmech.2024.116139. 

[4] A. Paul, S. Nahar, P. Nahata, A. Sarkar, A. Maji, A. Samanta, S. Karmakar, T.K. 
Maity, Synthetic GPR40/FFAR1 agonists: An exhaustive survey on the most recent 
chemical classes and their structure-activity relationships, Eur J Med Chem 264 
(2024) 115990. https://doi.org/10.1016/j.ejmech.2023.115990. 

[5] A. Mushtaq, U. Azam, S. Mehreen, M.M. Naseer, Synthetic α-glucosidase inhibitors 
as promising anti-diabetic agents: Recent developments and future challenges, Eur J 
Med Chem 249 (2023). https://doi.org/10.1016/j.ejmech.2023.115119. 

[6] M. Fan, X. Zhong, Y. Huang, Z. Peng, G. Wang, Synthesis, biological evaluation and 
molecular docking studies of chromone derivatives as potential α-glucosidase 
inhibitors, J Mol Struct 1274 (2023). 
https://doi.org/10.1016/j.molstruc.2022.134575. 

[7] A. Sharma, N. Kumar, H.K. Gulati, R. Rana, Jyoti, A. Khanna, Muskan, J.V. Singh, 
P.M.S. Bedi, Antidiabetic potential of thiazolidinedione derivatives with efficient 
design, molecular docking, structural activity relationship, and biological activity: an 
update review (2021–2023), Mol Divers (2024). https://doi.org/10.1007/s11030-
023-10793-6. 

[8] K. Kajal, G. Singh, T. Pradhan, D. Bhurta, V. Monga, The medicinal perspective of 
2,4-thiazolidinediones based ligands as antimicrobial, antitumor and antidiabetic 
agents: A review, Arch Pharm (Weinheim) 355 (2022). 
https://doi.org/10.1002/ardp.202100517. 

[9] A. Paul, A. Sarkar, T. Banerjee, A. Maji, S. Sarkar, S. Paul, S. Karmakar, N. Ghosh, 
T.K. Maity, Structural and molecular insights of protein tyrosine phosphatase 1B 
(PTP1B) and its inhibitors as anti-diabetic agents, J Mol Struct 1293 (2023) 136258. 
https://doi.org/10.1016/j.molstruc.2023.136258. 

[10] P. Seboletswe, N. Cele, P. Singh, Thiazolidinone‐Heterocycle Frameworks: A 
Concise Review of Their Pharmacological Significance, ChemMedChem 18 (2023). 
https://doi.org/10.1002/cmdc.202200618. 



CHAPTER IV                                                                                    REFERENCE | 2025 

Page | 243 
 

[11] A. Singh, K. Singh, A. Sharma, K. Kaur, K. Kaur, R. Chadha, P.M.S. Bedi, Recent 
developments in synthetic α-glucosidase inhibitors: A comprehensive review with 
structural and molecular insight, J Mol Struct 1281 (2023) 135115. 
https://doi.org/10.1016/j.molstruc.2023.135115. 

[12] B. Liang, J. Li, S. Wu, X. Kou, T. Liu, X. Xu, Novel coumarin-thiazolidine-2,4-dione 
hybrids as potential α-glucosidase inhibitors: Synthesis and bioactivity evaluation, J 
Mol Struct 1322 (2025) 140481. https://doi.org/10.1016/j.molstruc.2024.140481. 

[13] T.C. Nguyen, T.D. Le, T.K.D. Hoang, C.T. Pham, J.A. Alhaji, T.C. Nguyen, N.A. 
Truong, C.P. Dinh, L. Van Meervelt, Synthesis, evaluation of α-glucosidase 
inhibitory and antimicrobial activities of novel N-(5-arylidene-4-oxo-2-
thioxothiazolidin-3-yl)-2-(naphthalen-1-yl)acetamide derivatives, J Mol Struct 1326 
(2025) 141068. https://doi.org/10.1016/j.molstruc.2024.141068. 

[14] S. Gharge, S.G. Alegaon, S. Jadhav, S.D. Ranade, R.S. Kavalapure, Design, 
synthesis, characterization and antidiabetic evaluation of 3,5-substituted 
thiazolidinediones: Evidenced by network pharmacology, Molecular docking, 
dynamic simulation, in vitro and in vivo assessment, European Journal of Medicinal 
Chemistry Reports 12 (2024) 100213. https://doi.org/10.1016/j.ejmcr.2024.100213. 

[15] A. Olatunde, A. Mohammed, M.A. Ibrahim, N. Tajuddeen, M.N. Shuaibu, Vanillin: 
A food additive with multiple biological activities, European Journal of Medicinal 
Chemistry Reports 5 (2022) 100055. https://doi.org/10.1016/j.ejmcr.2022.100055. 

[16] M. Naz, Z. Akhter, A. Zaka, B. Mirza, V. McKee, E. Ullah, M. Bolte, Structural 
characterization, biological evaluation and DNA interaction of some potential drugs 
based on bifunctional aldehyde functionality, European Journal of Chemistry 8 
(2017) 195–202. https://doi.org/10.5155/eurjchem.8.3.195-202.1576. 

[17] Y. Cong, Y. Wu, S. Shen, X. Liu, J. Guo, A Structure‐Activity Relationship between 
the Veratrum Alkaloids on the Antihypertension and DNA Damage Activity in Mice, 
Chem Biodivers 17 (2020). https://doi.org/10.1002/cbdv.201900473. 

[18] S. Venkataraman, J.K. Athilakshmi, D.S. Rajendran, P. Bharathi, V.V. Kumar, A 
comprehensive review of eclectic approaches to the biological synthesis of vanillin 
and their application towards the food sector, Food Sci Biotechnol 33 (2024) 1019–
1036. https://doi.org/10.1007/s10068-023-01484-x. 

[19] H.W. Huh, H.-Y. Song, Y.-G. Na, M. Kim, M. Han, T.M.A. Pham, H. Lee, J. Suh, S.-
J. Lee, H.-K. Lee, C.-W. Cho, Bioanalytical Method Development and Validation of 
Veratraldehyde and Its Metabolite Veratric Acid in Rat Plasma: An Application for a 
Pharmacokinetic Study, Molecules 25 (2020) 2800. 
https://doi.org/10.3390/molecules25122800. 

[20] Synthesis, anticancer activity, and docking study of N-acetyl pyrazolines from 
veratraldehyde, J Appl Pharm Sci 9 (2019) 14–20. 
https://doi.org/10.7324/JAPS.2019.90303. 



CHAPTER IV                                                                                    REFERENCE | 2025 

Page | 244 
 

[21] A.A.T. Suma, T.D. Wahyuningsih, D. Pranowo, Synthesis and Antibacterial 
Activities of N-Phenylpyrazolines from Veratraldehyde, Materials Science Forum 
901 (2017) 124–132. https://doi.org/10.4028/www.scientific.net/MSF.901.124. 

[22] L. Han, H. Wang, J. Cao, Y. Li, X. Jin, C. He, M. Wang, Inhibition mechanism of α-
glucosidase inhibitors screened from Tartary buckwheat and synergistic effect with 
acarbose, Food Chem 420 (2023) 136102. 
https://doi.org/10.1016/j.foodchem.2023.136102. 

[23] M. Dhameja, P. Gupta, Synthetic heterocyclic candidates as promising α-glucosidase 
inhibitors: An overview, Eur J Med Chem 176 (2019) 343–377. 
https://doi.org/10.1016/j.ejmech.2019.04.025. 

[24] P. de Sena Murteira Pinheiro, L.S. Franco, T.L. Montagnoli, C.A.M. Fraga, 
Molecular hybridization: a powerful tool for multitarget drug discovery, Expert Opin 
Drug Discov 19 (2024) 451–470. https://doi.org/10.1080/17460441.2024.2322990. 

[25] B. Liang, J. Li, S. Wu, X. Kou, T. Liu, X. Xu, Novel coumarin-thiazolidine-2,4-dione 
hybrids as potential α-glucosidase inhibitors: Synthesis and bioactivity evaluation, J 
Mol Struct 1322 (2025) 140481. https://doi.org/10.1016/j.molstruc.2024.140481. 

[26] M. Feng, B. Liang, J. Sun, X. Min, S.-H. Wang, Y. Lu, X. Xu, Synthesis, anti-α-
glucosidase activity, inhibition interaction, and anti-diabetic activity of novel 
cryptolepine derivatives, J Mol Struct 1310 (2024) 138311. 
https://doi.org/10.1016/j.molstruc.2024.138311. 

[27] X. Min, S. Guo, Y. Lu, X. Xu, Investigation on the inhibition mechanism and binding 
behavior of cryptolepine to α-glucosidase and its hypoglycemic activity by multi-
spectroscopic method, J Lumin 269 (2024) 120437. 
https://doi.org/10.1016/j.jlumin.2024.120437. 

[28] B. Liang, D. Xiao, S.-H. Wang, X. Xu, Novel thiosemicarbazide-based β-carboline 
derivatives as α-glucosidase inhibitors: Synthesis and biological evaluation, Eur J 
Med Chem 275 (2024) 116595. https://doi.org/10.1016/j.ejmech.2024.116595. 

[29] X.-Z. Wu, W.-J. Zhu, L. Lu, C.-M. Hu, Y.-Y. Zheng, X. Zhang, J. Lin, J.-Y. Wu, Z. 
Xiong, K. Zhang, X.-T. Xu, Synthesis and anti-α-glucosidase activity evaluation of 
betulinic acid derivatives, Arabian Journal of Chemistry 16 (2023) 104659. 
https://doi.org/10.1016/j.arabjc.2023.104659. 

[30] A. Paul, A. Maji, A. Sarkar, S. Saha, P. Janah, T.K. Maity, Recent Approaches in the 
Synthesis of 5-Arylidene-2,4-thiazolidinedione Derivatives Using Knoevenagel 
Condensation, Mini Rev Org Chem 20 (2023) 5–34. 
https://doi.org/10.2174/1570193X19666220331155705. 

[31] A. Aispuro-Pérez, J. López-Ávalos, F. García-Páez, J. Montes-Avila, L.A. Picos-
Corrales, A. Ochoa-Terán, P. Bastidas, S. Montaño, L. Calderón-Zamora, U. Osuna-
Martínez, J.I. Sarmiento-Sánchez, Synthesis and molecular docking studies of imines 
as α-glucosidase and α-amylase inhibitors, Bioorg Chem 94 (2020) 103491. 
https://doi.org/10.1016/j.bioorg.2019.103491. 



CHAPTER IV                                                                                    REFERENCE | 2025 

Page | 245 
 

[32] S. Ghannay, M. Snoussi, S. Messaoudi, A. Kadri, K. Aouadi, Novel enantiopure 
isoxazolidine and C-alkyl imine oxide derivatives as potential hypoglycemic agents: 
Design, synthesis, dual inhibitors of α-amylase and α-glucosidase, ADMET and 
molecular docking study, Bioorg Chem 104 (2020) 104270. 
https://doi.org/10.1016/j.bioorg.2020.104270. 

[33] P.C. Agu, C.A. Afiukwa, O.U. Orji, E.M. Ezeh, I.H. Ofoke, C.O. Ogbu, E.I. Ugwuja, 
P.M. Aja, Molecular docking as a tool for the discovery of molecular targets of 
nutraceuticals in diseases management, Sci Rep 13 (2023) 13398. 
https://doi.org/10.1038/s41598-023-40160-2. 

[34] A. Daina, O. Michielin, V. Zoete, SwissADME: A free web tool to evaluate 
pharmacokinetics, drug-likeness and medicinal chemistry friendliness of small 
molecules, Sci Rep 7 (2017). https://doi.org/10.1038/srep42717. 

[35] Y. Myung, A.G.C. de Sá, D.B. Ascher, Deep-PK: deep learning for small molecule 
pharmacokinetic and toxicity prediction, Nucleic Acids Res (2024) gkae254. 
https://doi.org/10.1093/nar/gkae254. 

[36] M. Li, J. Sun, B. Liang, X. Min, J. Hu, R. Wu, X. Xu, Thiazolidine-2,4-dione 
derivatives as potential α-glucosidase inhibitors: Synthesis, inhibitory activity, 
binding interaction and hypoglycemic activity, Bioorg Chem 144 (2024). 
https://doi.org/10.1016/j.bioorg.2024.107177. 

[37] T.P. Kenakin, Chapter 6 - Enzymes as Drug Targets, in: Pharmacology in Drug 
Discovery and Development, 2017. 

[38] O. Duman, S. Tunç, B. Kancı Bozoğlan, Characterization of the binding of 
metoprolol tartrate and guaifenesin drugs to human serum albumin and human 
hemoglobin proteins by fluorescence and circular dichroism spectroscopy, J Fluoresc 
23 (2013). https://doi.org/10.1007/s10895-013-1177-y. 

[39] U. Ghani, Re-exploring promising α-glucosidase inhibitors for potential 
development into oral anti-diabetic drugs: Finding needle in the haystack, Eur J Med 
Chem 103 (2015). https://doi.org/10.1016/j.ejmech.2015.08.043. 

[40] X. Jiang, C. Lu, M. Tang, Z. Yang, W. Jia, Y. Ma, P. Jia, D. Pei, H. Wang, 
Nanotoxicity of Silver Nanoparticles on HEK293T Cells: A Combined Study Using 
Biomechanical and Biological Techniques, ACS Omega 3 (2018) 6770–6778. 
https://doi.org/10.1021/acsomega.8b00608. 

  
 
 
 
 
 
 
 
 



 

 

 

 

 

 

CHAPTER-V 

CONCLUSION AND FUTURE 
PERSPECTIVE 

 



CHAPTER V                           CONCLUSION AND FUTURE PERSPECTIVE |  2025 

Page | 246 
 

Conclusion and future perspective: 

In summary, a series of cuminaldehyde-TZD hybrids were designed, synthesized and 

evaluated their α-glucosidase inhibitory activity by using in vitro study (Figure 1). Among 

all synthesized compounds, compound 6i and compound 6h with isobutyl and 4-

bromobenzyl moiety on the N-position of the TZD ring exhibited the most potent α-

glucosidase inhibitory activity, with IC50 values of 31.29 ± 0.94 and 68.86 ± 1.25 μM. The 

enzyme kinetic analysis demonstrated that compound 6i functions as a mixed-competitive 

inhibitor of α-glucosidase. The fluorescence quenching experiment demonstrated that 

compound 6i had a strong affinity for α-glucosidase, with the contact occurring via a static 

mechanism. The CD spectral data indicated that the relationship between compound 6i and 

α-glucosidase promoted conformational and microenvironmental alterations in α-

glucosidase, as evidenced by the analysis of its α-helix, β-turn and random coil content, 

hence impacting the overall protein structure, characteristics, and catalytic activity. The 

molecular docking experiments of compound 6i and compound 6h indicated that 

compounds have a better binding affinity for α-glucosidase (PDB: 5NN8). The carbonyl 

group of compound 6i interacted with hydrogen bonding with the amino acid residues of 

LEU677 and LEU678. Similarly, the in silico absorption, distribution, metabolism, 

excretion, and toxicity (ADMET) profile of compound 6i and compound 6h suggests their 

satisfactory oral drug-likeness without toxic effects. The cell viability showed that 

compound 6i exhibited low cytotoxic activity against HEK-293 cells. While the current 

work focuses on preliminary investigations, future studies will aim to explore the 

hypoglycemic activity of the potent compound in diabetic animal models. These studies 

will provide deeper insights into its therapeutic potential for managing diabetes. 
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Figure 1: Graphical representation of synthesis, single crystal XRD, in vitro evaluation, 

molecular docking and ADMET studies of cuminaldehyde-TZD hybrids as potential α-

glucosidase inhibitors. 

 
Similarly, a number of veratraldehyde-TZD (VD-TZD) hybrids were designed and 
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the N-position of the TZD ring, were found to have the most effective AGI action among 

all the compounds that were developed. Their IC50 values were 18.16 ± 0.41 and 19.59 ± 

0.78 μM, respectively. According to the enzyme kinetic analysis, compound 6f inhibits AG 

competitively. The fluorescence quenching experiment showed that compound 6f had a 

strong affinity for AG and that a static mechanism was responsible for the contact. The CD 

spectral data showed that the interaction between compound 6f and AG influenced the 

protein's overall structure, properties, and catalytic activity by promoting conformational 

and microenvironmental changes in AG, as demonstrated by the analysis of its α-helix, β-

turn, and random coil content. The molecular docking studies of compound 6f shown that 
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compound 6f by hydrogen bonding. Cell viability assays indicated that compound 6f had 

minimal cytotoxicity against HEK-293 cells at a concentration of 3.9 μM. The in silico 

ADMET profiles of compounds 6f and 6g indicate their acceptable oral drug-likeness and 

absence of harmful effects, meeting the drug-likeness criteria. Consequently, these 

compounds may represent promising candidates for the development of novel anti-diabetic 

agents. This study concentrates on initial findings, while subsequent research will seek to 

examine the hypoglycemic effects of the active compound in diabetic animal models. These 

investigations will yield profound insights into its therapeutic efficacy for diabetes 

management. 

 

Figure 2: Graphical representation of synthesis, crystal structure, and in vitro evaluation of 

newer 2,4-thiazolidinedione hybrids as α-glucosidase inhibitors. 
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