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ABSTRACT 

Antioxidant compounds have gained current interest as potential protective agents for several therapeutic applica-

tions. Antimicrobial drug resistance and infectious diseases also still be concerning globally health issues. Accord-

ingly, the discovery of new antioxidative and antimicrobial agents is essential for human well-being. Thiazole and 

sulfonamide are privileged scaffolds in drug discovery due to their various bioactive properties. In this study, a 

series of 2-aminothiazole sulfonamide derivatives (1-12) were synthesized and investigated for their antioxidant 

(i.e., DPPH and SOD-mimic) and antimicrobial activities. Among tested compounds, compound 8 was the most 

promising one with potent DPPH and SOD (%DPPH = 90.09 %, %SOD = 99.02 %). However, none of these 

compounds are active antimicrobial agents. Quantitative structure-activity relationship (QSAR) modeling was per-

formed in which the key findings were further used to guide the rational design of additional derivatives. Two 

antioxidant QSAR models (i.e., DPPH and SOD) were constructed using multiple linear regression (MLR) with 

good predictive performance. An additional set of structurally modified compounds were designed based on QSAR 

findings to finally obtain 112 newly designed compounds in which their activities (DPPH and SOD) were pre-

dicted. Most of the modified compounds performed better activities than their prototypes. Mass, polarizability, 

electronegativity, the presence of C-F bond, van der Waals volume, and structural symmetry were revealed as key 
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properties influencing antioxidant activities. In summary, this study demonstrated the combination used of chem-

ical synthesis, experimental assays, and computer-aided drug design for developing novel antioxidants for poten-

tial medicinal applications.  

 

Keywords: Thiazole, sulfonamide, antioxidant, QSAR, computer-aided drug design 

Figure 1: Graphical abstract 
 

INTRODUCTION 

Free radicals are highly reactive mole-

cules containing an unpaired electron 

(Martemucci et al., 2022). Free radicals are 

endogenously produced by several physiolo-

gical processes and intracellular pathways 

(Chaudhary et al., 2023). Free radicals are 

harmful molecules capable of destroying cel-

lular components (i.e., DNA, proteins and li-

pids). These radicals are normally neutralized 

by the endogenous antioxidant system to 

maintain oxidant-antioxidant balance and 

protect against cellular damages (Chaudhary 

et al., 2023; Martemucci et al., 2022). Oxida-

tive stress is a condition by which the free rad-

icals are excessively accumulated due to the 

loss of oxidant-antioxidant balance. Oxida-

tive stress is well-recognized to play roles in 

pathogenesis and progression of many 

chronic and age-related diseases such as can-

cer, diabetes mellitus, neurodegenerative dis-

eases, and cardiovascular diseases 

(Chaudhary et al., 2023). Accordingly, anti-

oxidant molecules are gaining attention as po-

tential protective agents for several oxidative-

related conditions. Besides chronic diseases, 

infectious diseases and antimicrobial drug re-

sistance are considered one of the most con-

cerning public health issues worldwide (Chen 

et al., 2023; Salam et al., 2023; Urban-Chmiel 

et al., 2022). The emergence of resistant mi-

crobes leads to the ineffectiveness of clini-

cally available antimicrobial drugs. There-

fore, the discovery of novel antioxidants and 

effective antimicrobial agents is essential.  

Natural products are valuable sources of 

bioactive compounds and privileged scaf-

folds. Natural-derived pharmacophores are 

considered as attractive prototypes for effec-

tive design of bioactive compounds with ther-

apeutic properties (Nantasenamat and Pracha-

yasittikul, 2015; Prachayasittikul et al., 

2015a; Roy and Ojha, 2010). Thiazole is a 

five membered heterocyclic ring containing 

nitrogen and sulfur atoms (Ayati et al., 2015; 

Das et al., 2016) found in natural products 

such as vitamin B1 (thiamine), urukthapel-

statin A, and neobacillamide A (Ayati et al., 

2015; Davyt and Serra, 2010). Thiazole-based 

compounds exhibited various pharmacologi-

cal activities (i.e., antioxidant, antimicrobial, 

anticancer and antiviral properties) rendering 

a thiazole scaffold, an attractive pharmaco-

phore in drug design and development (Ayati 

et al., 2015; Das et al., 2016). Particularly, 2-

aminothiazole (2-AT) is the one in the drug 

discovery spotlight (Ayati et al., 2015; Das et 

al., 2016). The 2-AT derivatives displayed a 

variety of biological activities such as antimi-



EXCLI Journal 2025;24:60-81 – ISSN 1611-2156 

Received: September 19, 2024, accepted: December 18, 2024, published: January 03, 2025 

 

 

 

62 

crobial, anticancer and anti-inflammatory ac-

tivities (Das et al., 2016). This core structure 

is found in many available drugs (i.e., fa-

motidine, cefdinir, abafungin and sudoxican) 

as well as incorporated in many newly discov-

ered bioactive compounds (Ayati et al., 

2015). 

Sulfonamide (SO2NH) is an important 

functional moiety in drug design. Sulfona-

mide derivatives were reported for their anti-

microbial, antioxidant, and anticancer activi-

ties (Badgujar et al., 2018; Doungsoongnuen 

et al., 2011; Leechaisit et al., 2019; Sköld, 

2000). Particularly, sulfonamides are promis-

ing candidates for discovery of antimicrobial 

agents. Sulfa drugs (i.e., sulfamethoxazole 

and sulfathiazole) inhibit microbial growth 

via acting as competitive inhibitors of micro-

bial enzymes involved in folate biosynthetic 

(Sköld, 2000). Therefore, the sulfonamide 

moiety is a promising functional group in the 

discovery of novel antimicrobial as well as 

other therapeutic agents (Zafar et al., 2023). 

Computer-aided drug design has been 

widely used to facilitate drug development. 

Understanding structure-activity relation-

ships is essential for successful drug design. 

Among other tools, quantitative structure‐ac-

tivity relationship (QSAR) modeling is well-

known to effectively reveal the relationship 

between chemical structures and biological 

activities of the compounds (Nantasenamat 

and Prachayasittikul, 2015; Prachayasittikul 

et al., 2015a). The QSAR modeling not only 

provides a predictive model, but also effec-

tively elucidates key structural properties that 

are essential for guiding the design of new 

compounds with preferable properties 

(Bennani et al., 2022; Prachayasittikul et al., 

2015b; Worachartcheewan et al., 2020; 

Zhang et al., 2024).  

This study demonstrates the combination 

use of chemical synthesis, in vitro experi-

ments, and in silico tool in discovery of thia-

zole-based potential antioxidant and antimi-

crobial agents. A series of 2-aminothiazole 

sulfonamide derivatives (1-12) were synthe-

sized and experimentally investigated for 

their antioxidant and antimicrobial effects. 

The experimental results along with the 

chemical structures of the studied compounds 

were further used as a data set for QSAR mod-

eling. The constructed models were further 

applied to guide the design and predict activ-

ities of the new derivatives.  

 

MATERIALS AND METHODS 

Chemistry  
The analytical thin-layer chromatography 

(TLC) was investigated on silica gel 60 F254 

aluminum sheets. Column chromatography 

was performed using silica gel 60 (70-230 

mesh ASTM). Melting points (mp) were de-

termined using Griffin melting point appa-

ratus and were uncorrected. 1H and 13C nu-

clear magnetic resonance (NMR) spectra 

were recorded on Bruker AVANCE 300 

NMR spectrometer or Bruker AVANCE 

NEO 500 NMR spectrometer. Coupling con-

stants (J) were reported in hertz (Hz). The 

multiplicity of detected signals is expressed 

as: s (singlet), d (doublet), t (triplet), q 

(quartet), dd (doublet of doublet), and m 

(multiplet). High resolution mass spectra 

(HRMS) were obtained on a Bruker Daltonics 

(microTOF) mass spectrometer. Reagents for 

assays included DPPH (2,2-diphenyl-1-

picrylhydrazyl), superoxide dismutase (SOD) 

from bovine erythrocytes, HEPES (N-2-

hydroxyethylpiperazine-N′-2-ethanesulfonic 

acid), vitamin E, nitro blue tetrazolium (NBT) 

salt, L-methionine, riboflavin, Triton-100, 

ciprofloxacin and tetracyclin from Sigma, 

USA; dimethyl sulfoxide (DMSO), methanol 

and sodium chloride from Merck, Germany; 

Mueller Hinton broth (MHB) and Mueller 

Hinton agar (MHA) from Becton Dickinson, 

USA. Solvents were analytical grades. 

 

General procedure for synthesis of  

thiazole-sulfonamide derivatives 1-12 

A mixture of 2-aminothiazole A (2.0 

mmol), appropriate sulfonyl chloride B (2.0 

mmol), and sodium carbonate (3.0 mmol) in 

dichloromethane (10 mL) was stirred at room 
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Figure 2: Synthesis of 2-aminothiazole sulfonamides 1-12 

 

 

temperature (rt) until completion of reaction 

(monitored by TLC) as shown in Figure 2. 

Distilled water (20 mL) was added, and the 

mixture was extracted with dichloromethane 

(3 × 30 mL). The organic layer was dried over 

anhydrous sodium sulfate, filtered and evapo-

rated under reduced pressure. The crude prod-

uct was further purified by recrystallization or 

column chromatography on silica gel to ob-

tain pure compound.  

 

4-fluoro-N-(thiazol-2-yl)benzenesulfona-

mide (1)  
From 2-aminothiazole and 4-fluoroben-

zenesulfonyl chloride. The spectral data have 

been reported in the literature (Ayimbila et 

al., 2024). 

 

4-bromo-N-(thiazol-2-yl)benzenesulfona-

mide (2)  
From 2-aminothiazole and 4-bromoben-

zenesulfonyl chloride. Off-white solid. 35 % 

yield; mp 214- 215 °C.  1H NMR ( 500 MHz, 

DMSO- d6)  6. 86 ( d, J =  4. 6 Hz, 1H, ArH) , 

7.28 (d, J = 4.6 Hz, 1H, ArH), 7.72 (d, J = 8.7 

Hz, 2H, ArH), 7.75 (d, J = 8.7 Hz, 2H, ArH), 

12. 84 ( s, 1H, NH) .  13C NMR ( 125 MHz, 

DMSO- d6)  δ 108. 6, 124. 6, 125. 7, 127. 8, 

132.0, 141.6, 169.1.  HRMS-TOF: [M+H]+ 
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318. 9199 ( Calcd for C9H8BrN2O2S2: 

318.9205). 

 

N-(thiazol-2-yl)-4-(trifluoromethyl)benzene-

sulfonamide (3)  
From 2- aminothiazole and 4- ( trifluoro-

methyl) benzenesulfonyl chloride.  Off- white 

solid. 44 % yield; mp 199-200 °C. 1H NMR 

(300 MHz, DMSO- d6)  6. 88 (d, J =  4. 6 Hz, 

1H, ArH), 7.29 (d, J = 4.6 Hz, 1H, ArH), 7.92 

(d, J = 8.4 Hz, 2H, ArH), 8.01 (d, J = 8.2 Hz, 

2H, ArH) , 12.94 (s, 1H, NH) .  13C NMR (75 

MHz, DMSO- d6)  δ 108. 9, 123. 6 ( q, 1JCF = 

271 Hz), 124.7, 126.3 (q, 3JCF = 4 Hz), 126.7, 

131.8 (q, 2JCF = 32 Hz), 146.2, 169.3. HRMS-

TOF:  [ M+ Na] +  330. 9789 ( Calcd for 

C10H7F3N2NaO2S2: 330.9793). 

 

4-cyano-N-(thiazol-2-yl)benzenesulfona-

mide (4)  
From 2- aminothiazole and 4- cyanoben-

zenesulfonyl chloride.  Dark brown solid. 

55 %  yield; mp 205- 206 °C.  1H NMR ( 300 

MHz, DMSO- d6)  6. 90 ( d, J =  4. 6 Hz, 1H, 

ArH), 7.30 (d, J = 4.6 Hz, 1H, ArH), 7.95 (d, 

J = 8.6 Hz, 2H, ArH), 8.02 (d, J = 8.5 Hz, 2H, 

ArH), 12.96 (s, 1H, NH). 13C NMR (75 MHz, 

DMSO- d6)  δ 109. 0, 114. 5, 117. 9, 124. 8, 

126. 5, 133. 3, 146. 3, 169. 3.  HRMS- TOF: 

[M+H]+ 266.0054 (Calcd for C10H8N3O2S2: 

266.0052). 

 

4-methoxy-N-(thiazol-2-yl)benzenesulfona-

mide (5)  
From 2- aminothiazole and 4- methyox-

ybenzenesulfonyl chloride.  Off- white solid. 

34 %  yield; mp 200- 201 °C.  1H NMR ( 500 

MHz, DMSO- d6)  3. 80 ( s, 3H, OCH3) , 6. 80 

(d, J = 4.6 Hz, 1H, ArH), 7.05 (d, J = 9.0 Hz, 

2H, ArH), 7.23 (d, J = 4.6 Hz, 1H, ArH), 7.72 

(d, J = 8.9 Hz, 2H, ArH), 12.64 (brs, 1H, NH). 
13C NMR ( 125 MHz, DMSO- d6)  δ 55. 6, 

108. 0, 114. 1, 124. 4, 127. 9, 134. 2, 161. 9, 

168. 7.  HRMS- TOF:  [ M+ H] +  271. 0206 

(Calcd for C10H11N3O3S2: 271.0206). 

 

4-nitro-N-(thiazol-2-yl)benzenesulfonamide 
(6)  

From 2- aminothiazole and 4- nitroben-

zenesulfonyl chloride. Off-white solid. 43 % 

yield; mp 265- 266 °C.  1H NMR ( 500 MHz, 

DMSO- d6)  6. 91 ( d, J =  4. 6 Hz, 1H, ArH) , 

7.31 (d, J = 4.6 Hz, 1H, ArH), 8.04 (d, J = 8.9 

Hz, 2H, ArH), 8.36 (d, J = 8.9 Hz, 2H, ArH), 

13. 00 ( s, 1H, NH) .  13C NMR ( 125 MHz, 

DMSO- d6)  δ 109. 1, 124. 5, 124. 9, 127. 3, 

147.8, 149.3, 169.3.  HRMS-TOF: [M+H]+ 

285.9959 (Calcd for C9H8N3O4S2: 285.9951). 

The spectroscopic data are in accordance with 

the reported literature ( Dea- Ayuela et al. , 

2009). 

 

4-methyl-N-(thiazol-2-yl)benzenesulfona-

mide (7)  
From 2-aminothiazole and 4-toluenesul-

fonyl chloride. Light brown solid. 69 % yield; 

mp 210-212 °C. 1H NMR (300 MHz, DMSO-

d6) 2.34 (s, 3H, CH3), 6.81 (d, J = 4.6 Hz, 1H, 

ArH), 7.24 (d, J = 4.6 Hz, 1H, ArH), 7.33 (d, 

J = 8.1 Hz, 2H, ArH), 7.68 (d, J = 8.6 Hz, 2H, 

ArH), 12.70 (s, 1H, NH). 13C NMR (75 MHz, 

DMSO-d6) δ 20.7, 107.8, 124.1, 125.6, 129.0, 

139.5, 141.8, 168.5.  HRMS-TOF: [M+H]+ 

255. 0260 (Calcd for C10H11N2O2S2: 

255.0256) .  The spectroscopic data are in ac-

cordance with the reported literature ( Lu et 

al., 2018). 

 

4-chloro-N-(thiazol-2-yl)benzenesulfona-

mide (8)  
From 2-aminothiazole and 4-chloroben-

zenesulfonyl chloride. Off-white solid. 35 % 

yield; mp 203-205 °C. 1H NMR (500 MHz, 

DMSO-d6) 6.85 (d, J = 4.6 Hz, 1H, ArH), 7.27 

(d, J = 4.6 Hz, 1H, ArH), 7.60 (d, J = 8.7 Hz, 

2H, ArH), 7.79 (d, J = 8.7 Hz, 2H, ArH), 

12.84 (brs, 1H, NH). 13C NMR (125 MHz, 

DMSO-d6) δ 108.5, 124.6, 127.7, 129.1, 

136.7, 141.2, 169.0. HRMS-TOF: [M+H]+ 

274.9712 (Calcd for C9H8ClN2O2S2: 

274.9710). The spectroscopic data are in ac-

cordance with the reported literature (Dea-

Ayuela et al., 2009). 
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4-acetyl-N-(thiazol-2-yl)benzenesulfona-

mide (9) 
From 2- aminothiazole and 4- acetylben-

zenesulfonyl chloride.  Brown solid.  34 % 

yield; mp 207- 208 °C.  1H NMR ( 300 MHz, 

DMSO-d6) 2.60 (s, 3H, COCH3), 6.86 (d, J = 

4. 6 Hz, 1H, ArH) , 7. 27 ( d, J =  4. 6 Hz, 1H, 

ArH), 7.92 (d, J = 8.3 Hz, 2H, ArH), 8.08 (d, 

J = 8.4 Hz, 2H, ArH), 12.87 (s, 1H, NH). 13C 

NMR ( 75 MHz, DMSO- d6)  δ 26. 7, 108. 4, 

124. 3, 125. 9, 128. 6, 139. 2, 146. 0, 169. 0, 

197. 1.  HRMS- TOF:  [ M+ H] +  283. 0209 

(Calcd for C11H11N2O3S2: 283.0206). 

 

3-nitro-N-(thiazol-2-yl)benzenesulfonamide 
(10)  

From 2- aminothiazole and 3- nitroben-

zenesulfonyl chloride. Off-white solid. 47 % 

yield; mp 204- 205 °C.  1H NMR ( 300 MHz, 

DMSO- d6)  6. 91 ( d, J =  4. 6 Hz, 1H, ArH) , 

7.31 (d, J = 4.6 Hz, 1H, ArH), 7.85 (t, J = 8.0 

Hz, 1H, ArH), 8.22 (d, J = 7.8 Hz, 1H, ArH), 

8.43 (dd, J = 8.1, 2.2 Hz, 1H, ArH), 8.47 (d, 

J = 1.7 Hz, 1H, ArH) 13.00 (s, 1H, NH). 13C 

NMR ( 75 MHz, DMSO- d6)  δ 109. 0, 120. 2, 

124. 8, 126. 6, 131. 1, 131. 7, 143. 9, 147. 7, 

169. 3.  HRMS- TOF:  [ M+ H] +  307. 9770 

(Calcd for C9H7N3NaO4S2: 307.9770). 

 

N-(thiazol-2-yl)naphthalene-2-sulfonamide 
(11)  

From 2-aminothiazole and 2-naphthalene-

sulfonyl chloride. Brown solid. 36 % yield; 

mp 206-207 °C. 1H NMR (300 MHz, DMSO-

d6) 6.83 (d, J = 4.6 Hz, 1H, ArH), 7.26 (d, J = 

4.6 Hz, 1H, ArH), 7.60-7.70 (m, 2H, ArH), 

7.80 (dd, J = 8.6, 1.8 Hz, 1H, ArH), 8.01 (dd, 

J = 6.9, 2.1 Hz, 1H, ArH), 8.07 (d, J = 8.7 Hz, 

1H, ArH), 8.15 (dd, J = 6.9, 2.2 Hz, 1H, ArH), 

8.46 (s, 1H, ArH), 12.79 (s, 1H, NH). 13C 

NMR (75 MHz, DMSO-d6) δ 108.0, 122.0, 

124.2, 125.8, 127.2, 127.5, 128.1, 128.8, 

131.5, 133.8, 139.3, 168.7. HRMS-TOF: 

[M+H]+ 313.0075 (Calcd for 

C13H10N2NaO2S2: 313.0076). 

 

2,3,5,6-tetramethyl-N-(thiazol-2-yl)benzene-

sulfonamide (12)  
From 2-aminothiazole and 2,3,5,6- tetra-

methylbenzenesulfonyl chloride. Dark brown 

solid. 68 % yield; mp 201-202 °C. 1H NMR 

(300 MHz, DMSO-d6) 2.20 (s, 6H, 2 × CH3), 

2.50 (s, 6H, 2 × CH3), 6.75 (d, J = 4.6 Hz, 1H, 

ArH), 7.15 (s, 1H, ArH), 7.22 (d, J = 4.6 Hz, 

1H, ArH) , 12.53 (s, 1H, NH) .  13C NMR (75 

MHz, DMSO-d6) δ 17.8, 20.5, 107.8, 124.3, 

134. 0, 134. 3, 135. 1, 140. 3, 167. 8.  HRMS-

TOF:  [ M+ H] +  297. 0723 (Calcd for 

C13H17N2O2S2: 297.2726). 

 

Biological activities  

Antioxidant activity assays 

Antioxidant activities of thiazole deriva-

tives (1-12) were evaluated for assessing the 

ability of the compounds to scavenge or neu-

tralize the free radicals and superoxide anion 

using 1,1-diphenyl-2-picrylhydrazyl (DPPH) 

and superoxide dismutase (SOD) assays, re-

spectively.  

The radical scavenging (DPPH) activity 

was investigated using 1,1-diphenyl-2-pic-

rylhydrazyl (DPPH) assay (Worachart-

cheewan et al., 2022). The DPPH is a stable 

purple colored compound used to represent 

free radicals. The color of testing solution was 

changed upon the reaction with antioxidant 

compound, in which the hydrogen atom or 

electron was donated to the DPPH radical to 

produce a light-yellow colored product (1,1-

diphenyl-2-picrylhydrazine) (Hussen and En-

dalew, 2023). The 0.1 mM DPPH solution 

was prepared in methanol and stored at 4 °C. 

The test tubes containing 0.45 mL of the 

tested compound solution (dissolved in 

DMSO solvent) were prepared. The assay 

was initiated by adding 1 mL of 0.1 mM 

methanolic DPPH solution in each test to give 

a final concentration of 300 μg/mL. The reac-

tion was mixed and incubated in a dark con-

dition for 30 min. After that, the absorbance 

was measured at 517 nm using UV-Visible 

spectrophotometer (UV-1610, Shimadzu 

Corporation, Japan). The percentage of radi-

cal scavenging activity (RSA) or %DPPH was 

calculated according to equation (1).  



EXCLI Journal 2025;24:60-81 – ISSN 1611-2156 

Received: September 19, 2024, accepted: December 18, 2024, published: January 03, 2025 

 

 

 

66 

DPPH (%) = 100
.

.
1 








−

control

sample

Abs

Abs  (1) 

where Abs.control is the absorbance of the 

control reaction without the tested com-

pounds, and Abs.sample is the absorbance of 

tested compound. -Tocopherol was used as 

a control experimentation and methanol was 

used as a blank reaction. All determinations 

were performed in triplicate. 

The superoxide dismutase (SOD) activity 

was determined using SOD assay (Piacham et 

al., 2003). The assay was performed by mix-

ing 1 mL of stock solution (containing 27 mL 

of HEPES buffer (50 mM, pH 7.8), 1.5 mL of 

L-methionine (30 mg/mL), 1 mL of nitro blue 

tetrazolium (NBT, 1.41 mg/mL) and 0.75 mL 

of Triton X-100 (1 wt %)) in each test tube 

containing 0.45 mL solution of the tested 

compound (dissolved in DMSO solvent) to 

yield a final concentration of 300 µg/mL. The 

reaction was initiated by adding 10 μL of ri-

boflavin (44 μg/mL) and then was excited un-

der a Philips Classic Tone lamp (60 W) in a 

light box for 7 min. The superoxide anions 

were generated in the mixture reaction by ri-

boflavin under the light. The excited ribofla-

vin receives donated electron from methio-

nine to produce a semiquinone. The oxygen 

(O2) of the superoxide anion receives elec-

trons from the semiquinone and reacts with 

NBT to form a purple formazan product. The 

color of solution was changed to purple due to 

the NBT photoreduction. If the tested com-

pounds possess antioxidant effect, the super-

oxide anions were scavenged, and the solu-

tion remained in light-yellow color. The ab-

sorbance of NBT photoreduction was meas-

ured at 550 nm using UV–Vis spectrophotom-

eter (UV-1610, Shimadzu Corporation, Ja-

pan). The percentage of inhibition as SOD ac-

tivity was computed using equation (2). 

 

SOD (%) = 100
.

.
1 








−

control

sample

Abs

Abs  (2) 

where Abs.control is the absorbance of the 

control reaction without the tested com-

pounds, and Abs.sample is the absorbance of the 

tested compound. Superoxide dismutase 

(SOD) from bovine erythrocytes was used as 

a control experimentation. All determinations 

were performed in triplicate. 

All compounds were initially screened us-

ing the highest concentration at 300 µg/mL 

and the %DPPH or %SOD were calculated. 

Compounds exhibiting %DPPH or %SOD 

greater than 50 % were further investigated 

using serial dilutions to determine their IC50 

values (a concentration required for inhibiting 

50 % of radicals). The IC50 was finally calcu-

lated by plotting the measured absorbance 

values versus the tested diluted concentra-

tions.  

Antimicrobial activity assay 

The antimicrobial activity of the studied 

compounds was determined using convent-

ional agar dilution method (Baron et al., 1994; 

Cherdtrakulkiat et al., 2020). The antibacte-

rial drugs included ciprofloxacin and tetracy-

cline were employed as control drugs. The 

MIC quality control (QC) ranges in μg/mL of 

the antimicrobial drugs was recommended by 

Clinical & Laboratory Standards Institute 

(CLSI, 2013). The tested compounds and ref-

erence antibacterial drugs (i.e., ciprofloxacin 

and tetracycline as controls of the testing sys-

tem) were individually dissolved in DMSO 

solvent. The serial dilution was performed us-

ing Mueller Hinton broth (MHB) to prepare 

the concentrated solution of the compounds. 

Then, 1 mL of prepared compound solutions 

were transferred into test tubes containing 19 

mL of Mueller Hinton agar (MHA) to give the 

final concentrations of 4-256 μg/mL. Finally, 

agar plates containing diverse concentrations 

of tested compounds or control agents were 

prepared. 

A variety of microorganisms (i.e., gram-

positive and gram-negative bacteria) as well 

as diploid fungus (yeast) were used for anti-

microbial study. Twenty-nine strains of mi-

croorganisms comprised of reference strains 

and clinical isolates were used for antimicro-

bial activity testing included gram positive 

bacteria: Staphylococcus aureus ATCC 

29213, Staphylococcus aureus ATCC 25923, 

methicilin resistant staphylococcus aureus 
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JCSC 3063, methicilin resistant staphylococ-

cus aureus N315, methicilin resistant Staphy-

lococcus aureus JCSC 4788, Staphylococcus 

epidermidis ATCC 12228, Enterococcus fae-

calis ATCC 29212, Enterococcus faecalis 

ATCC 33186, Micrococcus luteus ATCC 

10240, Corynebacterium diphtheriae NCTC 

10356, Bacillus subtilis ATCC 6633, Bacillus 

cereus, Listeria monocytogenes; gram nega-

tive bacteria: Escherichia coli ATCC 25922, 

Klebsiella pneumoniae ATCC 700603, Serra-

tia macescens ATCC 8100, Salmonella typhi-

murium ATCC 13311, Shewanella putrefa-

ciens ATCC 8071, Achromobacter xylosoxi-

dans ATCC 2706, Pseudomonas aeruginosa 

ATCC 27853, Pseudomonas stutzeri ATCC 

17587, Shigella dysenteriae, Salmonella en-

teritidis, Morganella morganii, Aeromonas 

hydrophila, Citrobacter freundii, Plesio-

monas shigelloides and diploid fungus 

(yeast): Candida albicans ATCC 90028 and 

Saccharomyces cerevisiae ATCC 2601. 

The microbes were cultured in MHB at 

37 °C for 24 h and were diluted with 0.9 % 

normal saline solution (NSS) for adjusting the 

microorganism cell density to give 1×108 

CFU/mL (which is equivalent to 0.5 McFar-

land standards). The suspensions were then 

further diluted with 0.9 % NSS to obtain a fi-

nal microorganism cell density of 1×107 

CFU/mL. The microorganisms were inocula-

ted onto each plate containing various con-

centrations of tested compound using a 

multipoint inoculator (Denley-Teck Ltd., 

England) and further incubated at 37°C for 

24-48 h. In addition, the MHB and DMSO 

solvent without tested compounds and anti-

bacterial drugs (i.e., ciprofloxacin and tetra-

cyclin) were used as the controls to ensure 

that the solvents having none of antimicrobial 

effect or the testing system is not contami-

nated. Finally, the minimum inhibitory con-

centration (MIC), which is the lowest concen-

tration of the compounds to inhibit the growth 

of microorganisms, was determined.  

 

QSAR study 

Descriptors are numerical variables repre-

senting properties of compounds. The de-

scriptor values were obtained from structural 

calculations and were further used as predic-

tors (X variables), whereas the bioactivity 

values were utilized as dependent variable (Y 

variable) for QSAR modeling. A schematic 

workflow of constructing QSAR model and in 

silico rational design are presented in Figure 3. 

 

Data pre-processing 

The experimentally obtained bioactivity 

values (i.e., antioxidant (% or IC50) and anti-

microbial (MIC) values) along with chemical 

structures of the studied compounds (1-12) 

were used to prepare data sets for QSAR mod-

eling. Inactive compounds were excluded 

 

 
Figure 3: Schematic workflow of QSAR modeling and QSAR-guided rational design 
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from the data sets. Antimicrobial activity val-

ues expressed as MIC were prior converted to 

pMIC (-logMIC) by taking negative log10 to 

normalize the data points, while the same pre-

processing is not required for the antioxidant 

activity expressed as %DPPH pr %SOD.  

 

Chemical structure construction and  

descriptors calculation 

Chemical structures of the compounds 

were drawn using GaussView, version 3.09 

(Dennington et al., 2003), and were geometri-

cally optimized using Gaussian 09, Revision 

A.02 at the semi-empirical level using Austin 

Model 1 (AM1), followed by the density 

functional theory (DFT) calculation using 

Becke’s three-parameter hybrid method and 

the Lee–Yang–Parr correlation functional 

(B3LYP) together with the 6–31 g(d) basis set 

(Frisch et al., 2009). The optimized structures 

were used as input files for extracting a set of 

13 quantum chemical descriptors (i.e., the to-

tal energy (Etotal), the highest occupied molec-

ular orbital energy (EHOMO), the lowest unoc-

cupied molecular orbital energy (ELUMO), the 

total dipole moment (µ) of the molecule, the 

electron affinity (EA), the ionization potential 

(IP), the energy difference of HOMO and 

LUMO (HOMO–LUMOGap), Mulliken elec-

tronegativity (), hardness (), softness (S), 

electrophilicity (ω), electrophilic index (ωi) 

and the mean absolute atomic charge (Qm) 

(Pingaew et al., 2022). Moreover, the opti-

mized structures were further used for calcu-

lation of an additional set of 3,224 molecular 

descriptors, which were calculated using 

Dragon software, version 5.5 (Talete srl., 

2007). The calculated molecular descriptors 

included 22 categories: 48 constitutional de-

scriptors, 119 topological descriptors, 47 Fea-

ture selection of descriptors walk and path 

counts, 33 connectivity indices, 47 infor-

mation indices, 96 2D autocorrelation, 107 

edge adjacency indices, 64 burden eigenval-

ues, 21 topological charge indices, 44 eigen-

value-based indices, 41 randic molecular pro-

files, 74 geometrical descriptors, 150 RDF de-

scripttors, 160 3D-MoRSE descriptors, 99 

WHIM descriptors, 197 GETAWAY descrip-

tors, 154 functional group counts, 120 atom-

centred fragments, 14 charge descriptors, 29 

molecular properties, 780 2D binary finger-

prints and 780 2D frequency fingerprints. 

 

Descriptors selection 

Descriptors selection was performed to 

select a final set of important descriptors for 

QSAR modeling. The calculated set of 3,224 

molecular descriptors was initially filtered by 

excluding the one with constant value. A pair 

correlation between descriptors in this set was 

calculated to determine multi-collinearity, 

and the pair-descriptors with correlation coef-

ficient >0.99 were excluded. Subsequently, 

the remaining set of molecular descriptors 

was combined with 13 quantum chemical de-

scriptors, and was subjected to further selec-

tion to select a final set of important de-

scriptors by stepwise MLR using SPSS statis-

tics 18.0, SPSS Inc., USA) or by automatic 

variable selection procedure (CfsSubsetEval 

combined with the BestFirst) using Waikato 

Environment for Knowledge Analysis 

(Weka), version 3.4.5 (Witten et al., 2011). 

Furthermore, the intercorrelation matrix be-

tween each pair of selected descriptors was 

calculated by Pearson’s correlation coeffi-

cient (r) using SPSS statistics 18.0 (SPSS Inc., 

USA) to ensure their independence. Any pairs 

of descriptors with |r| ≥ 0.9 was defined as 

highly correlated predictors, and one of them 

was excluded (Nowaczyk and Kulig, 2012).  

 

Data splitting 

The data set was divided into 2 subsets in-

cluding training and leave-one-out cross-vali-

dation (LOO-CV) sets. The training set was 

used to train and generate machine learning-

based QSAR model, whereas the LOO-CV set 

was employed to validate the models. To vali-

date the performance of the model, one sample 

was excluded from the whole data set to be 

used as a testing set, while the remaining N−1 

sample was used as the training set. This sam-

pling process was repeated iteratively until 

every sample in the data set was used as the 

testing set (Leechaisit et al., 2019).  
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Multivariate analysis 

Multiple linear regression (MLR) is a ma-

chine learning algorithm to generate a linear 

interpretable mathematical equation which 

correlates between significant descriptors (X 

variables, independent variables) and biolog-

ical activities (Y, dependent variables). The 

QSAR models were constructed using multi-

ple linear regression (MLR) according to 

equation (3) 

 

nn XBBY += 0
 (3) 

 
where Y is the biological activity, B0 is the 

intercept, and Bn are the regression coeffi-
cients of the descriptors Xn. The MLR method 
was performed using Weka, version 3.4.5 
(Witten et al., 2011). 

 

Model evaluation 

Statistical parameters (i.e., squared corre-

lation coefficient (R2
Tr for training set), pre-

dictivity (Q2
LOO-CV for testing set), and root 

mean squared error (RMSETr and RMSELOO-CV 

of training and LOO-CV sets, respectively) 

were calculated to assess the performance of 

the constructed models (Nantasenamat et al., 

2010). Good predictive performance is indi-

cated for the model providing high values of 

R2
Tr and Q2

LOO-CV, but low RMSE values.  

 

In silico guided rational design 

Original compounds exhibiting antioxi-

dant activities (1-5, and 7-11) were selected 

as templates of design of new derivatives. 

Structural modification on the core of tem-

plates was performed according to key de-

scriptors presented in the QSAR models. A 

variety of chemical functional groups (R) 

were substituted or introduced to the tem-

plates. Chemical structures of the newly de-

signed compounds were constructed using 

GaussView, version 3.09 (Dennington et al., 

2003). Geometrical optimization and des-

criptor calculation were performed in the 

same manner with the original compounds as 

mentioned above. Values of key selected de-

scriptors presented in the QSAR equations 

then were prepared for predicting activities of 

the modified compounds using the con-

structed models (Prachayasittikul et al., 

2015b; Worachartcheewan et al., 2020). The 

newly designed compounds displaying higher 

activity than the prototypes were summarized 

as potential compounds for further develop-

ment.  

 

RESULTS AND DISCUSSION 

Synthesis of 2-aminothiazole sulfonamide 
derivatives 

Twelve 2-aminothiazole sulfonamides (1-

12) were synthesized by N-sulfonylation of 2-

aminothiazole A with the corresponding ben-

zenesulfonyl chlorides B in the presence of 

sodium carbonate in dichloromethane at room 

temperature as shown in Figure 2. Structures 

of the 2-aminothiazole sulfonamides (1-12) 

were confirmed based on their 1H and 13C 

NMR and HRMS data. In 1H NMR spectra, 

the two aromatic protons of thiazole ring were 

assigned at δ in the range of 6.75–6.91 ppm 

and 7.22–7.31 ppm as two doublets with cou-

pling constant of J = 4.6 Hz, whereas protons 

of the aromatic ring attached to the sulfonyl 

moiety showed signals in the region between 

7.05–8.47 ppm. In addition, all synthesized 

sulfonamides had molecular ion peaks corre-

sponding to their molecular formula. 

 

Biological activities 

DPPH activity  
All studied compounds (1-12) were ini-

tially tested with the highest concentration at 

300 μg/mL as shown in Table 1. It was found 

that all tested compounds displayed DPPH ac-

tivity providing %DPPH = 7.58 - 90.09 %. In-

terestingly, compound 8 containing chloride 

group at para-position on benzene ring dis-

played the highest DPPH activity (90.09 %). 

Five top-ranking compounds were listed as 

compound 8 (p-Cl, 90.09 %) >10 (m-NO2, 

70.29 %) >12 (2,3,5,6-tetraCH3, 41.97 %) >6 

(p-NO2, 33.96 %) >5 (p-OCH3, 33.33 %). In 

overview, most of the synthesized com-

pounds provided improved radical scaveng-
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ing activities when comparing to the proto-

type 2-AT (%DPPH = 11.03 %). Among 

these, only two compounds (8 and 10) dis-

played %DPPH activity more than 50 % and 

were further tested to determine their IC50 val-

ues (i.e., IC50: 8 = 109.73 µM, and 10 = 

484.25 µM). However, both compounds pro-

vided lesser activity when compared to the 

reference α-tocopherol (IC50 = 8.20 µM).  

SOD activity  
SOD-mimic activity of the 2-aminothia-

zole sulfonamide derivatives (1-12) were in-

vestigated at 300 μg/mL, Table 1. It was 

found that all compounds displayed SOD ac-

tivity providing %SOD from 5.41 to 99.02 %, 

except for compound 1 with inactive activity. 

Like DPPH activity, compound 8 (p-Cl) pro-

vided the highest antioxidant activity with 

99.02 % followed by compound compound 

10 (m-NO2, 92.05 %). Among all, five com-

pounds included compound 6 (64.14 %), 8 

(99.02 %), 9 (50.54 %), 10 (92.05 %) and 12 

(69.31 %) exhibited %SOD greater than 

50 %, and were further serial diluted to deter-

mine their IC50. The IC50 values of com-

pounds 6, 8, 9, 10 and 12 were 591.88 µM, 

188.27 µM, 1090.24 µM, 362.67 µM and 

606.78 µM, respectively. Top five most po-

tent compounds were ranked as compounds 8 

(p-Cl) >10 (m-NO2) >6 (p-NO2) >12 (2,3,5,6-

tetraCH3) >9 (p-COCH3). The two most po-

tent compounds 8 and 10 provided preferable 

activity (IC50: 8 = 188.27 and 10 = 362.67 

µM), but these compounds were less potent 

than the reference bovine SOD (IC50 = 0.01 

µM). However, it was noted that all top five 

compounds are more potent than their proto-

type 2-AT (IC50 = 1744.36 µM).  

Antimicrobial activity 

The agar dilution method was used to de-

termine antimicrobial potential of the com-

pounds (Balouiri et al., 2016). It was found 

that ciprofloxacin displayed MIC values of 

0.5 μg/mL for S. aureus ATCC 29213 and P. 

aeruginosa ATCC 27853, and MIC values of 

1 μg/mL for E. faecalis ATCC 29212 which 

the MIC QC ranges of the microorganism 

were 0.12-0.5 μg/mL, 0.12-1 μg/mL and 0.25-

2 μg/mL for S. aureus ATCC 29213, P. aeru-

ginosa ATCC 27853 and E. faecalis ATCC 

29212, respectively. The tetracycline gave 

MIC value of 1 μg/mL against S. aureus 

ATCC 29213, MIC value of 2 μg/mL against 

E. coli ATCC25922, and MIC value of 32 

μg/mL against E. faecalis ATCC 29212 and 

P. aeruginosa ATCC 27853. The tetracycline 

with MIC QC ranges of the microorganism 

were 0.12-1 μg/mL, 0.5-2 μg/mL, 8-32 μg/mL 

and 8-32 μg/mL for S. aureus ATCC 29213, 

E. coli ATCC25922, E. faecalis ATCC 29212 

and P. aeruginosa ATCC 27853, respec-

tively. The MIC values of ciprofloxacin and 

tetracycline were in the MIC QC ranges 

against bacterial strains’ control (reference 

strains) according to CLSI (2013). In addi-

tion, the control (i.e., DMSO solvent and 

MHB) spots indicated that the solvent itself 

showed no effect on microbial growth and 

there is no contamination in the system. Ac-

cordingly, the testing system was reliable and 

acceptable for further testing and interpretat-

ing activities of the tested compounds. All 

twelve compounds (1-12) were tested, unfor-

tunately, none of them exhibit antimicrobial 

activities at concentration range of 4-256 

µg/mL. The prototype, 2-AT also did not ex-

hibit antimicrobial property. 

QSAR models  

QSAR modeling is widely employed to 

facilitate drug design and discovery (Arthur et 

al., 2016; Lu et al., 2022; Phanus-Umporn et 

al., 2020; Pingaew et al., 2021; Verma et al., 

2017). The QSAR modeling was performed 

as a tool for guiding the rational design of sev-

eral kinds of novel bioactive compounds 

(Bennani et al., 2022; Prachayasittikul et al., 

2015b; Worachartcheewan et al., 2020; 

Zhang et al., 2024). In this study, two QSAR 

models were constructed according to the pre-

sented antioxidant (i.e., DPPH and SOD)  
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Table 1: Antioxidant activity (%DPPH and %SOD) of 2-aminothiazole sulfonamide derivatives (1-12) 

Compounda Structure DPPH activity (%)b SOD activity (%)c 

1 

 

7.58 NA 

2 

 

16.30 10.17 

3 

 

11.11 5.41 

4 

 

18.84 45.04 

5 

 

33.33 46.99 

6 

 

33.96 64.14 

7 

 

26.66 10.19 

8 

 

90.09 99.02 

9 

 

32.68 50.54 

10 

 

70.29 92.05 

11 

 

27.19 36.74 

12 

 

41.97 69.31 

a Compounds were tested at 300 µg/mL. 
b -Tocopherol was used as a control experimentation displayed IC50 of 8.20 µM.  
c Superoxide dismutase ( SOD)  from bovine erythrocytes was used as a control experimentation ex-

hibited IC50 = 0.01 µM.  
2-aminothiazole was a parent compound which showed 11.03 % of DPPH activity and 65.63 % of SOD 
activity (IC50 = 1744.36 µM). 
NA = No antioxidant activity. 
 

 

activities of the tested compounds. All com-

pounds were inactive antimicrobial agents, 

therefore, the QSAR study on antimicrobial 

activity was not performed. Only active com-

pounds were included in the data set. Com-

pound 1 showing inactive SOD activity was 

removed from the SOD data set. Accordingly, 

there were 12 and 11 compounds included in 

the data sets of DPPH and SOD models, re-

spectively. Because only some of the com-

pounds are highly active enough to calculate 

IC50 values, bioactivity value in percentage 

form (i.e., %DPPH and %SOD) was used for 

constructing the models.  
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The compounds were drawn, geometri-

cally optimized, and calculated to obtain an 

original set of 3,224 molecular descriptors. 

The calculated molecular descriptors were in-

itially filtered to remain a set of 1,328 molec-

ular descriptors. These filtered descripttors 

were combined with 13 calculated quatum 

chemical descriptors to give a set of 1,341 de-

scriptors which was subjected to final feature 

selection to select important descriptors for 

DPPH model (i.e., RDF040m, H6m, B01[C-

F] and HATS8p) and SOD model (i.e., Gu, 

Mor31m, Mor13e and H0v). Definition of 

these selected descriptors are provided in Ta-

ble 2. The intercorrelation between each pair 

of descriptors were also determined using the 

cutoff value of |r| ≥ 0.9. It was found that 

every pair of the selected descriptors dis-

played |r| < 0.9 indicating that each descriptor 

was independent without any collinearity 

(Supplementary information, Tables S1 and 

S2). Values of selected descriptors of the 

compounds are provided in Tables 3 and 4.  

Two antioxidant QSAR (i.e., DPPH and 

SOD) models were successfully constructed 

using MLR method (equation (3)) as shown 

in Table 5. Results indicated that two con-

structed models provided acceptable predic-

tive performance. SOD model provided 2

TrR  = 

0.9956 and RMSETr = 2.0039 for training set; 
2

CVLOOQ −
= 0.9773 and RMSELOO-CV  = 4.5756 

for LOO-CV set (Table 5). DPPH model dis-

played 2

TrR  = 0.9966 and RMSETr = 1.3337 for 

training set; 2

CVLOOQ −
= 0.9614 and RMSELOO-

CV  = 6.6143 for LOO-CV set (Table 5). Val-

ues of experimental versus predicted %DPPH 

and %SOD are provided in Tables 3 and 4, 

and their scatter plots are shown in Figure 4a 

and 4b. The plots indicated that the predicted 

values were highly correlated with the exper-

imental values. 

Table 2: Definition and class of key descriptors for QSAR model construction 

Activity Symbol Description Class 

%DPPH RDF040m Radial Distribution Function - 040/ 
weighted by mass 

RDF descriptors 

 H6m H autocorrelation of lag 6 / weighted by 
mass 

GETAWAY descriptors 

 B01[C-F] Presence/absence of C - F at topological 
distance 1 

2D Atom Pairs 

 HATS8p Leverage-weighted autocorrelation of lag 
8 / weighted by polarizability 

GETAWAY descriptors 

%SOD Gu Total symmetry index/unweighted WHIM descriptors 

 Mor31m Signal 31/weighted by mass 3D-MoRSE descriptors 

 Mor13e Signal 13/weighted by Sanderson electro-
negativity 

3D-MoRSE descriptors 

 H0v H autocorrelation of lag 0/weighted by van 
der Waals volume 

GETAWAY descriptors 

 
Figure 4: Plot of the exper-
imental versus predicted 
%DPPH (a) and %SOD (b) 
activities. The white square 
symbol and solid regression 
line are represented as 
training set whereas blue 
square symbol and dotted 
regression line are repre-
sented as the leave-one-out 
cross validation 
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Table 3:  Values of key descriptors and experimental vs predicted antioxidant activity ( % DPPH)  of 2-
aminothiazole sulfonamide derivatives 

Compound 
Molecular descriptor  DPPH activity (%) 

RDF040m H6m B01[C-F] HATS8p  Exp. Pred. 

1  6.108 0.005 1 0.114  7.58 12.43 

2  6.138 0.006 0 0.217  16.30 18.95 

3  5.742 0.010 1 0.099  11.11 6.26 

4  5.240 0.008 0 0.131  18.84 18.60 

5  6.055 0.009 0 0.121  33.33 31.58 

6  6.014 0.009 0 0.102  33.96 34.38 

7  5.660 0.008 0 0.106  26.66 28.97 

8  10.949 0.006 0 0.177  90.09 94.69 

9  5.857 0.020 0 0.123  32.68 31.92 

10  6.161 0.143 0 0.135  70.29 91.15 

11  5.893 0.014 0 0.142  27.19 27.87 

12  7.147 0.020 0 0.185  41.97 39.76 

Exp.  = Experimental activity 
Pred. = Predicted activity 

 
 
 
Table 4: Values of key descriptors and experimental vs predicted antioxidant activity (%SOD) of 2-
aminothiazole sulfonamide derivatives 

Compound 
Molecular descriptor  SOD activity (%) 

Gu Mor31m Mor13e H0v  Exp. Pred. 

1 a  0.198 0.296 -0.245 1.327  NA - 

2  0.206 -0.112 -0.144 1.769  10.17 13.84 

3  0.235 0.508 0.072 1.268  5.41 7.09 

4  0.212 0.225 -0.215 1.463  45.04 40.34 

5  0.207 0.175 -0.386 1.248  46.99 44.57 

6  0.196 0.181 0.229 1.309  64.14 67.58 

7  0.219 0.276 0.153 1.250  10.19 14.42 

8  0.198 0.372 0.205 1.523  99.02 102.45 

9  0.212 0.363 0.181 1.285  50.54 49.15 

10 0.188 0.203 0.315 1.325  92.05 93.94 

11  0.201 -0.01 -0.357 1.390  36.74 36.28 

12  0.193 0.283 1.176 1.195  69.31 57.52 

aCompound without antioxidant activity was not used for QSAR model construction. 
Exp.  = Experimental activity 
Pred. = Predicted activity 
NA = No antioxidant activity 
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Table 5: QSAR equations and summarized predictive performance 

Model Equation N 

Training set LOO-CV set 

2

TrR  RMSETr 2

CVLOOQ −
 RMSELOO-CV 

DPPH ac-
tivity 

%DPPH = 13.9303(RDF040m) + 
294.3631(H6m) - 
22.5344(B01[C-F]) - 
156.75(HATS8p) - 
36.1716   

12 0.9966 1.3337 0.9614 6.6143 

SOD  
activity 

%SOD = -3032.2671(Gu) +  

 167.4172(Mor31m) – 

 24.1546(Mor13e) +  

 30.364(H0v) +  

 596.791   

11 0.9956 2.0039 0.9773 4.5756 

 
In silico guided rational design and  

structure-activity relationship  

The parent 2-AT displayed DPPH and 

SOD activities with 11.03 % and 65.63 % 

(IC50 = 1744.36 µM), respectively, but 

demonstrated none of antimicrobial activity. 

From the findings of tested compounds (1-

12), both DPPH and SOD activities were im-

proved when the core of 2-AT was linked to 

the sulfonamide moiety and various func-

tional groups were introduced into the at-

tached benzene ring. However, the modifica-

tion of the 2-AT by introducing sulfonamide 

moiety showed no effect on antimicrobial ac-

tivity although the sulfonamide group has 

been recognized for the design and synthesis 

of antimicrobial drugs (Ovung and Bhatta-

charyya, 2021).  

Among original compounds, the chloro-

compound 8 (R = Cl at para-position on ben-

zene ring) was shown to be the most promis-

ing one with the highest DPPH and SOD ac-

tivities (90.09 % and 99.02 %, respectively) 

followed by the nitro-compound 10 (R = Cl at 

para-position on benzene ring, %DPPH = 

70.29 and %SOD = 92.05). It was noticed that 

both activities were decreased for the fluoro-

compound 1 (DPPH = 7.58 % and inactive 

SOD).  

The DPPH model indicated that mass 

(RDF040m, H6m), presence/absence of C–F 

and polarizability (HATS8p) were significant 

properties for DPPH activity. The positive re-

gression coefficient values of RDF040m and 

H6m indicated that the increasing values of 

these descriptors promote higher %DPPH, 

while the negative regression coefficient val-

ues of B01[C-F] and HATS8p suggested their 

decreasing values are required for preferabley 

DPPH activity. Among all key descriptors, 

mass (H6m) of the compounds played major 

influence on the activity followed by polariza-

bility (HATS8p). Considering the most potent 

compound 8, the high %DPPH was mainly 

due to its highest mass along with absence of 

C-F bond in the molecule (RDF040m = 

10.949, B01[C-F] = 0, Table 3). It was noted 

that the lowest DPPH activity of fluoro-com-

pound 1 was due to the presence of C-F bond 

(B01[C-F] = 1) as well as its lowest mass de-

scriptor value (H6m = 0.0005). Similar effect 

of C-F bond was also noted for another 

fluoro-compound 3 with B01[C-F] = 1 (Table 

3). In addition, the position of substituted R 

group on the benzene ring also affected DPPH 

activity of the compounds. As observed for 

both nitro-compounds, changing the substi-

tuted position from para-position (compound 

6) to meta-position (compound 10) notably 

increased the values of two mass descriptors 

(i.e., RDF040m and H6m) leading to notable 

increase of the DPPH activity (6: RDF040m 

= 6.014, H6m = 0.009, %DPPH = 33.96, 10: 

RDF040m = 6.161, H6m = 0.143,  %DPPH = 

70.29) (Table 3).  

The SOD model indicated that total sym-

metry index (Gu), mass (Mor31m), Sander-

son electronegativity (Mor13e) and van der 
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Waals volume (H0v) are essential properties 

governing SOD-mimic activity. According to 

regression coefficient values, low values of 

Gu and Mor13e, but high values of Mor31m 

and H0v were required for high %SOD. The 

most potent SOD activity of compound 8 was 

noted to be due to its high Mor31m (0.372) 

and H0v (1.523) values, but low Gu (0.198) 

and Mor13e (0.205) values. Like the DPPH, 

better SOD activity was observed for com-

pound 10 bearing meta-NO2 when compared 

to its para-NO2 derivative 6. This could be 

due to the decreased value of total symmetry 

index (Gu), but increased values of mass 

(Mor31m) and van der Waal volume (Hov) 

descriptors (6: Gu = 0.196, Mor31m = 0.181, 

Hov = 1.309, %SOD = 64.14 %, 10: Gu = 

0.188, Mor31m = 0.203, H0v = 1.325, %SOD 

= 92.05 %) (Table 4). 

Nine original compounds (1, 2, 3, 4, 5, 7, 

9, 10 and 11) with antioxidant (i.e., DPPH 

and/or SOD) activities were used as templates 

for the design of new derivatives. Structural 

modifications on the core of templates were 

performed according to QSAR findings. Var-

ious types of functional groups such as elec-

tron-donating groups (EDG), electron-with-

drawing groups (EWG), aromatic or hetero-

cyclic rings (i.e., furan, thiophene and pyr-

role) were substituted on the core of the pro-

totypes (Figure 5). Finally, a total set of 112 

modified compounds were designed from 

prototypes 1, 2, 3, 4, 5, 7, 9, 10 and 11 to give 

1, 26, 26, 6, 11, 26, 1, 1, and 14 modified com-

pounds, respectively (Supplementary infor-

mation, Table S3 and Figures S1-S7). The 

newly designed compounds were drawn, op-

timized, and calculated to obtain values of key 

descriptors, which subsequently used to pre-

dict their antioxidant activities using the con-

structed DPPH and SOD models. Values of 

key descriptors and predicted activities of the 

modified compounds are provided in Supple-

mentary information, Tables S4 and S5. 

In overview, the modified compounds dis-

played improved activities than their proto-

types (i.e., 88 compounds for DPPH and 64 

compounds for SOD activities, Supplemen-

tary information, Table S3). Chemical struc-

tures of ten modified compounds with top-

ranked DPPH and SOD activities are summa-

rized in Figures 6 and 7, and their predicted 

antioxidant activities are provided in Supple-

mentary information, Table S6. 

It was found that most of the newly de-

signed compounds displaying highly pre-

dicted DPPH activity are compounds bearing 

heterocyclic rings (i.e., furan, thiophene and 

thiazole) on the amino group of sulfonamide 

core whereas their terminal benzene ring is 

substituted with F, CN, Cl, SO2CH3, SC6H5, 

and NO2 (Figure 6). Among all, four thio-

phene-based modified compounds from se-

ries 2 exhibited the highest DPPH activity 

 

 

Figure 5: Structural modification strategy to obtain an additional set of 112 modified compounds. Vari-
ous functional groups (i.e., electron withdrawing groups (EWG), electron donating group (EDG) and 
aromatic ring) were substituted on the core of the parent templates 
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(%DPPH = 153.54-186.20). These top-four 

compounds are thiophene-containing com-

pounds (2d > 2a > 2t > 2v: R = para-CN > 

para-F > para-Cl > para-SO2CH3). Addition-

ally, meta-NO2 thiophene analog 2w was also 

presented in the list of top-ten compounds 

with %DPPH = 126.76. Furan ring was shown 

to be an essential moiety for potent activity of 

the compounds from series 7 in which the 

compound 7t bearing para-Cl (%DPPH = 

133.58) was the most potent compound of the 

series, followed by the compound 7v with 

para-SO2CH3 (%DPPH = 118.39). Addition-

ally, two thiazole-based compounds 5i (R = 

para-SC6H5, %DPPH = 133.03) and 11a (R = 

naphthalene, %DPPH = 116.89) as well as the 

pyrrole-analog 3h (R = para-Cl, %DPPH = 

114.17) (Supplementary information, Table 

S6). 

Seven out of ten most potent SOD-mimic 

agents are the members of modified com-

pounds series 2 (Figure 7). Like the DPPH ac-

tivity, these top-ranking compounds are thio-

phene-bearing analogs in which the para-po-

sition of their terminal benzene ring is substi-

tuted with F, CH3, CF3, OCH3, and COOCH3 

as well as tetra-CH3 groups. Moreover, thia-

zole-bearing compounds 5a (R = OC6H5) and 

4c (R = COOCH3) exhibited comparable ac-

tivity with %SOD = 114.72 and 114.11, re-

spectively. Moreover, a pyrrole-based com-

pound 3o (R = CF3, %SOD = 102.91) was in-

cluded in the top ten list. 

In overview, the introduction of the thio-

phene ring to the sulfonamide core and sub-

stitutions of electron withdrawing groups 

(i.e., CN, Cl and F) on terminal benzene ring 

of the parent compounds provided the most 

promising effects on improving antioxidant 

(both DPPH and SOD) activities of the com-

pounds.  

Antioxidant agents have been document-

ed for their therapeutic applications as single 

or combined drugs for several diseases in-

cluding cancers (Khurana et al., 2018; Marino 

et al., 2023; Neha et al., 2019; Singh et al., 

2018). Cancerous cells display the unique 

characteristic of requiring the high reactive 

oxidative stress (ROS) condition to maintain 

their high rate of proliferation. The ability to 

neutralize the free radicals renders the use of 

antioxidants beneficial for decreasing cellular 

survival rate. The use of antioxidant agents 

for combined therapy with conventional 

chemotherapeutic drugs for enhancing poten-

cy as well as minimizing oxidative-related 

side effects and toxicities was also reported 

(Asnaashari et al., 2023; Wongsawatkul et al., 

2024). Many ongoing clinical studies of using 

antioxidant agents for cancer therapeutics 

have been reported (Luo et al., 2022). Several 

studies suggested the positive effects of using 

antioxidant supplements as conjunctives for 

chemotherapy. However, their enhancing im-

pact on therapeutic outcomes is still contro-

versial (Khurana et al., 2018; Saeidnia and  

 
Figure 6: Top ten modified compounds with the highest predicted DPPH activity (%) 
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Figure 7: Top ten modified compounds with the highest predicted SOD activity (%) 

 
 

Abdollahi, 2013; Singh et al., 2018). Besides 

cancers, antioxidant agents have been recog-

nized for their benefits on preventing or treat-

ing many oxidative-related diseases including 

cardiovascular and neurodegenerative dis-

eases (Blagov et al., 2024; Neha et al., 2019; 

Zhang et al., 2015). 

 

CONCLUSION 

A series of 2-aminothiazole derivatives 

(1-12) were synthesized and investigated for 

their antioxidant and antimicrobial effects. 

From the antioxidant studies using DPPH and 

SOD assays, it was indicated that most of the 

compounds are active antioxidants, except for 

compound 1 (inactive SOD activity). The 

most potent antioxidant compounds were 

noted to be para-Cl compound 8 with DPPH 

IC50 = 109.73 µM and SOD IC50 = 188.27 µM. 

Unfortunately, all tested compounds dis-

played none of antimicrobial effects. Two an-

tioxidant QSAR models (i.e., DPPH and 

SOD) were successfully constructed using 

MLR algorithm. Both constructed models 

displayed good predictive performance as in-

dicated by high correlation coefficient (R2
Tr 

and Q2
LOO.CV) and low root mean square 

(RMSE) values. Key structural features influ-

encing antioxidant activities were revealed in-

cluding mass (H6m, RDF040m, and 

Mor31m), polarizability (HATS8p), electro-

negativity (Mor13e), as well as structural 

symmetry (Gu) and the presence of C-F bond 

(B01[C-F]). The models were further em-

ployed to guide the rational design and predict 

antioxidant activities of an additional set of 

112 modified compounds. Most of the modi-

fied compounds demonstrated improved ac-

tivities when compared to their parents, par-

ticularly, compound 2a with promising DPPH 

and SOD predicted activities. Structure-activ-

ity relationship analysis suggested that the re-

placement of thiazole ring with the thiophene 

ring along with the substitution of electron-

withdrawing group (i.e., CN, Cl, and F) at 

para-position of the terminal benzene ring 

could preferably increase antioxidant activi-

ties of the thiazole sulfonamides. The key 

findings obtained herein would be beneficial 

for the design, screening, and development of 

the related compounds as antioxidants for fu-

ture therapeutic applications.  

The current study demonstrates the effec-

tive utilization of computational tools in facil-

itating the design of new potent antioxidants. 

However, the synthesis and further studies (in 

vitro, in vivo, and clinical trials) to validate 

the antioxidant effects of these newly de-

signed compounds are recommended. Phar-

macokinetics profiles and drug-likeness of the 
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compounds are crucial factors contributing to 

clinical health-promoting effects of the ad-

ministered antioxidants. The antioxidant 

agents, particularly the natural-derived ones, 

were noted for their undesirable bioavailabil-

ity (Danyo and Ivantsova, 2025). Accord-

ingly, studies on pharmacokinetics and tox-

icity profiles of these thiazole sulfonamide-

based antioxidants are necessary for success-

ful development. The structure-activity rela-

tionships findings obtained from this study 

would partially be helpful for future structural 

optimization to improve their bioavailability, 

stability, as well as drug-like profiles. Addi-

tional drug delivery technologies may also be 

further investigated for effective delivery and 

sustaining optimal concentration at target tis-

sues (Gao et al., 2023; Li et al., 2019; Marino 

et al., 2022). However, further synthesis and 

studies on antioxidant effects of the high-

lighted compounds as well as their pharmaco-

kinetic properties are highly recommended 

for successful therapeutic applications. 
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