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Triazine–sulfonamide hybrids offer a versatile scaffold for antimicrobial drug, with the triazine core enabling structural modification and 

the sulfonamide group supporting target interactions. DHFR inhibition by these hybrids provides a rational strategy for developing new 

antimicrobial agents against the growing challenge of AMR. Hence, the present study focuses on the synthesis, structural characterization 

and evaluation of triazine–sulfonamide hybrids (A1–A12) for DHFR binding, supported by integrated in silico modelling and in vitro 

antimicrobial studies. Molecular docking with DHFR (PDB ID: 1RX3) showed good binding affinities (-8.5 to -10.2 kcal/mol), with key 

hydrogen-bonding interactions involving Asp27, Arg52, Arg57 and Ile94. Compounds A1 and A12 showed stronger binding than 

ciprofloxacin (-9.1 kcal/mol) and trimethoprim (-7.6 kcal/mol), which support its potential as DHFR-targeting antimicrobial candidates. In 

vitro antimicrobial screening via the tube dilution method demonstrated broad-spectrum potency across bacterial and fungal strains: 

compound A1 exhibited the lowest MIC against Escherichia coli (1.05 ± 0.06 g/mL), compound A10 against Staphylococcus aureus 

(2.11 ± 0.08 g/mL), compound A4 against Bacillus subtilis (2.14 ± 0.08 g/mL) and Candida albicans (1.11 ± 0.05 g/mL), compound 

A12 against Pseudomonas aeruginosa (1.19 ± 0.05 g/mL) and compound A5 against Aspergillus niger (2.41 ± 0.09 g/mL). Molecular 

dynamics (MD) simulations confirmed the dynamic stability and structural integrity of the top performing ligand DHFR complexes under 

simulated physiological conditions. DFT calculations provided insight into the frontier molecular orbitals and chemical reactivity 

descriptors, supporting the electronic stability and reactivity of the active scaffolds. 
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INTRODUCTION 

 Triazine–sulfonamide hybrids represent an attractive scaff-

old for antimicrobial drug discovery through the combination 

of two pharmacophoric motifs within a single molecular frame-

work. The electron-deficient 1,3,5-triazine nucleus undergoes 

versatile nucleophilic substitution, enabling structural diversi-

fication and systematic structure–activity relationship (SAR) 

studies [1,2]. Triazine derivatives, particularly diamino triazines, 

have shown activity against bacterial dihydrofolate reductase 

(DHFR), supporting their potential as antifolate scaffolds [3-6]. 

 Sulfonamides are established pharmacophores in anti-

infective drug development and continue to attract interest as 

antibacterial agents [7-12]. Incorporation of the sulfonamide 

group into hybrid structures can influence hydrogen bonding, 

electronic characteristics, lipophilicity and molecular recog-
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nition. Sulfonamide containing conjugates have reported anti-

bacterial activity together with DHFR inhibition, supporting 

their combination with scaffolds capable of interacting with 

folate-pathway targets [13-17]. 

 DHFR is an established antimicrobial target that cataly-

zes the NADPH-dependent reduction of dihydrofolate to tetra-

hydrofolate, maintaining the reduced folate pool required for 

one-carbon transfer reactions and nucleotide biosynthesis 

[18-22]. Inhibition of microbial DHFR disrupts folate metabo-

lism and restricts bacterial growth. The availability of struct-

urally characterized DHFR–inhibitor complexes has further 

supported structure-based development of new antimicrobial 

agents [23-25]. Trimethoprim provides clinical validation of 

bacterial DHFR as an antibacterial target, while the emergence 

of resistance has increased the need for structurally diverse 

DHFR inhibitors [26,27]. 
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 Substituted 1,3,5-triazine-2,4-diamines have been reported 

to bind and inhibit bacterial DHFR, with some derivatives 

exhibiting nanomolar enzyme inhibition. Molecular docking 

and kinetic studies have supported their binding within the 

dihydrofolate-binding region, providing a basis for further 

structural optimization [28,29]. Despite this progress, syste-

matic studies on triazine–sulfonamide hybrids as DHFR-directed 

antimicrobial agents remain limited, particularly those integ-

rating synthesis, molecular modelling, enzyme inhibition and 

whole-cell antimicrobial evaluation. The present study adder-

sses this gap through the synthesis of triazine–sulfonamide 

hybrids followed by structural characterization and in silico 

and in vitro evaluation. Molecular docking was employed to 

examine DHFR binding modes and ligand–target inter-

actions, while antimicrobial and DHFR inhibitory assays were 

used to assess biological activity. 

EXPERIMENTAL 

 All starting materials used were of analytical grade and 

procured from various sources, including Loba Chem Pvt. 

Ltd. and HI Media Pvt Ltd. (New Delhi, India). Thin-layer 

chromatography (TLC) was performed using silica gel G as 

the stationary phase and a mixture of ethyl acetate and n-hexane 

as the mobile phase. Melting points were determined using a 

sonar melting point instrument (Sunbim, India) and are uncor-

rected. 1H NMR spectra were recorded using a TopSpin 3.2 

400 MHz NMR spectrometer (Bruker Corporation, India) with 

DMSO as the solvent. Mass spectra were recorded using a 

Micromass Q-ToF Micro instrument. A laminar airflow bio-

safety cabinet (Hisar, India) and a BOD incubator (Laborate 

Pharmaceutical India Ltd., India) were used for determining 

minimum inhibitory concentrations (MIC). Molecular docking 

studies were performed using GROMACS (New York, USA), 

while chemical structures were drawn using ChemDraw 

Professional 15.0 (USA). 

 Synthesis: In the first step, cyanuric chloride was subj-

ected to nucleophilic substitution with sulfanilamide. Sulfanil-

amide (1 equiv.) was added gradually over 2 min to an ice-

cooled, magnetically stirred solution of cyanuric chloride in 

dry acetone. The reaction mixture was stirred at 0-5 ºC until 

complete consumption of the starting materials, as confirmed 

by TLC (n-hexane/acetone, 2:3). The HCl generated during the 

reaction was neutralized by the gradual addition of NaHCO3 

solution (1 equiv.), followed by stirring for 10 min. Crushed 

ice (100 mL) was then added and the precipitated product was 

collected by suction filtration and dried under vacuum over-

night at 30-40 ºC. In the next step, N-(4,6-dichloro-1,3,5-

triazin-2-yl)benzenesulfonamide (0.01 mol) was dissolved in 

acetone (15 mL) and treated with substituted anilines (0.01 

mol). A 4% NaOH solution was added dropwise at room 

temperature and the reaction mixture was stirred for 3 h. The 

mixture was poured onto crushed ice with constant stirring and 

neutralized with dilute HCl. The resulting solid was filtered, 

washed with water, dried and recrystallized. Finally, this pro-

duct (0.01 mol) dissolved in DMF (15 mL) was treated with 

substituted amines (0.01 mol). A 4% K2CO3 solution was 

added dropwise at room temperature and the reaction mixture 

was stirred for 1 h. The mixture was then poured onto crushed 

ice with constant stirring and neutralized with dilute HCl. The 

resulting solid (A1–A12) was filtered, washed with water, dried 

and recrystallized (Scheme-I). 
 

 

Scheme-I: Synthetic route for the synthesis of triazine-sulphonamide derivatives 
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 4-((4-(tert-Butylamine)-6-((4-nitrophenyl)amino)-1,3,5- 

triazin-2-yl)amino)benzene sulfonamide (A1): Yield: 36%, 

m.p.: 210-212 ºC, Rf: 0.31, m.f.: C19H22N8O4S (m.w.: 432.93 

g/mol); MS: 459.5 (M+1); IR (KBr, max, cm–1): 3375 (N–H 

str.), 3100 (C–H str., Ar.), 2984 (C–H str., aliph.), 1650 (C=N 

str., triazine), (NO2 asym. str.), 1360 (NO2 sym. str.), 1350 

and 1150 (SO2 str.), 825 (C–S str.); 1H NMR (500 MHz, 

DMSO-d6,  ppm): 9.02 (s, 1H), 8.83 (s, 1H), 8.22 (d, J = 8.8 

Hz, 2H), 7.91 (d, J = 8.8 Hz, 2H), 7.74 (d, J = 8.5 Hz, 2H), 

7.42 (d, J = 8.5 Hz, 2H), 7.18 (s, 2H), 6.82 (s, 1H), 1.29 (s, 

9H). 13C NMR (125 MHz, DMSO-d6,  ppm): 167.3, 165.8, 

163.9, 146.5, 143.8, 141.7, 137.2, 129.8, 127.4, 125.6, 123.8, 

119.5, 50.8, 29.4. 

 4-((4-((4-Chlorophenyl)amino-6-(methylamino)-1,3,5- 

triazine-2-yl)amino)benzene sulfonamide (A2): Yield: 45%, 

m.p.: 243-245 ºC, Rf: 0.41, m.f.: C17H17ClN7O2S (m.w.: 432.93 

g/mol); MS: 406.86 (M+1); IR (KBr, max, cm–1): 3300 (N–H 

str.), 3100 (C–H str., Ar.), 2984 (C–H str., aliph.), 1650 (C=N 

str., 1,3,5-triazine), 1350 (SO2 asym. str.), 1135 (SO2 sym. 

str.), 825 (C–S str.), 680 (C–Cl str.); 1H NMR (500 MHz, 

DMSO-d6,  ppm): 9.08 (s, 1H), 8.76 (s, 1H), 7.82 (d, J = 8.7 

Hz, 2H, Ar–H), 7.56 (d, J = 8.7 Hz, 2H), 7.41 (d, J = 8.6 Hz, 

2H), 7.22 (d, J = 8.6 Hz, 2H), 7.10 (s, 2H), 6.95 (s, 1H), 2.88 

(d, J = 4.8 Hz); 13C NMR (125 MHz, DMSO-d6,  ppm): 166.8, 

165.4, 163.7, 145.8, 139.6, 136.2, 133.5, 129.6, 128.9, 127.5, 

125.8, 122.4, 118.7, 28.7. 

 4-((4-(Methylamino)-6-(phenylamino)1,3,5-triazine-

2-yl)amino)benzene sulfonamide (A3): Yield: 40%, m.p.: 

213-215 ºC, Rf: 0.38, m.f.: C17H18N7O2S (m.w.: 371.42 g/mol); 

MS: 373.13 (M+1); IR (KBr, max, cm–1): 3375 (N–H str.), 3100 

(C–H str., Ar.), 2980 (C–H str., aliph.), 1650 (C=N str., 1,3,5-

triazine), 1350 (SO2 asym. str.), 1186 (SO2 sym. str.), 850-670 

(C–S str.); 1H NMR (500 MHz, DMSO-d6,  ppm): 9.04 (s, 

1H), 8.71 (s, 1H), 7.76 (d, J = 8.6 Hz, 2H), 7.49 (d, J = 8.6 

Hz, 2H), 7.36-7.31 (m, 2H), 7.17-7.12 (m, 2H), 6.98-6.93 (m, 

1H), 7.08 (s, 2H), 6.87 (s, 1H), 2.86 (d, J = 4.9 Hz, 3H); 13C 

NMR (125 MHz, DMSO-d6,  ppm): 166.7, 165.2, 163.8, 

145.4, 139.5, 138.2, 129.5, 128.8, 127.3, 124.6, 122.1, 119.3, 

28.6. 

 4-((4-(Bromophenyl)amino)-6-(methylamino)1,3,5-

triazine-2-yl)amino)benesulfonamide (A4): Yield: 42%, 

m.p.: 232-234 ºC, Rf: 0.28, m.f.: C17H17BrN7O2S (m.w.: 450.31 

g/mol); MS: 451.03 (M+1); IR (KBr, max, cm–1): 3300 (N–H 

str.), 3100 (C–H str., Ar.), 2984 (C–H str., aliph.), 1650 

(C=N str.), 1350 (SO2 asym. str.), 1180 (SO2 sym. str.), 750 

(C–S str.), 650 (C–Br str.); 1H NMR (500 MHz, DMSO-d6, 

 ppm): 9.06 (s, 1H), 8.74 (br s, 1H), 7.79 (d, J = 8.6 Hz, 2H), 

7.61 (d, J = 8.5 Hz, 2H), 7.52 (d, J = 8.7 Hz, 2H), 7.29 (d, J 

= 8.7 Hz, 2H), 7.11 (br s, 2H), 6.91 (br s, 1H), 2.87 (d, J = 

4.8 Hz, 3H); 13C NMR (125 MHz, DMSO-d6,  ppm): 166.9, 

165.5, 163.8, 145.7, 139.7, 137.4, 132.1, 129.8, 128.9, 127.6, 

123.5, 122.3, 119.1, 28.8. 

 4-((4-Ethylamino)-6-(4H-1,4-oxazin-4yl)-1,3,5-triazine-

2-yl)amino)benzene sulfonamide (A5): Yield: 39%, m.p.: 

243-245 ºC, Rf: 0.31, m.f.: C17H22N8O3S (m.w.: 375.41 g/mol); 

MS: 392.15 (M+1); IR (KBr, max, cm–1): 3300 (N–H str.), 

3100 (C–H str.), 2980 (C–H str., aliph.), 1650 (C=N str.), 1350 

(SO2 str.), 1180 (SO2 str.), 1050 (C–O–C), 650 (C–S str.); 1H 

NMR (500 MHz, DMSO-d6,  ppm): 9.22 (s, 1H), 7.84-7.78 

(m, 4H), 7.72 (d, J = 8.6 Hz, 2H), 7.23 (d, J = 8.6 Hz, 2H), 4.07 

(t, J = 5.2 Hz, 4H), 3.57 (t, J = 5.2 Hz, 4H), 3.28 (q, J = 7.2 

Hz, 2H), 1.13 (t, J = 7.2 Hz, 3H); 13C NMR (125 MHz, DMSO-

d6,  ppm): 166.85, 165.72, 163.58, 144.21, 141.63, 136.89, 

128.42, 123.96, 118.37, 67.18, 49.84, 37.91, 14.63. 

 4-((4-Ethylamino)-6-(4H-1,4-oxazin-4yl)-1,3,5-triazine-

2-yl)amino)benzene sulfonamide (A6): Yield: 40%, m.p.: 

209-211 ºC, Rf: 0.41, m.f.: C17H22N8O3S (m.w.: 430.44 g/mol); 

MS: 392.42 (M+1); IR (KBr, max, cm–1): 3300 (N–H str.), 

3100 (C–H str., Ar.), 2984 (C–H str., aliph.), 1650 (C=N str., 

1,3,5-triazine), 1350 (SO2 asym. str.), 1180 (SO2 sym. str.), 

1050 (C–O–C str., oxazine), 750 (C–S str.); 1H NMR (500 

MHz, DMSO-d6,  ppm): 9.21 (s, 1H), 7.83-7.76 (m, 3H), 

7.72 (d, J = 8.6 Hz, 2H), 7.22 (d, J = 8.6 Hz, 2H), 4.06 (t, J = 

5.2 Hz, 4H), 3.56 (t, J = 5.2 Hz, 4H), 3.27 (q, J = 7.1 Hz, 2H), 

1.12 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, DMSO-d6  

ppm): 167.38, 166.12, 164.79, 144.56, 140.82, 136.74, 128.55, 

123.42, 118.64, 66.98, 49.52, 38.15, 14.76. 

 4-((4-((4-Chlorophenylamino)-6-(propylamino)-1,3,5- 

triazine-2-yl)amino)benzene sulfonamide (A7): Yield: 41%, 

m.p.: 256-258 ºC, Rf: 0.43, m.f.: C19H22ClN7O2S (m.w.: 419.89 

g/mol); MS: 421.91 (M+); IR (KBr, max, cm–1): 3300 (N–H 

str.), 3100 (C–H str., Ar.), 2984 (C–H str., aliph.), 1650 (C=N 

str., 1,3,5-triazine), 1350 (SO2 asym. str.), 1150 (SO2 sym. str.), 

750 (C–S str.), 650 (C–Cl str.); 1H NMR (500 MHz, DMSO-

d6  ppm): 9.34 (s, 1H), 8.82 (s, 1H), 7.84-7.77 (m, 4H), 7.55 

(d, J = 8.7 Hz, 2H), 7.38 (d, J = 8.6 Hz, 2H), 7.22 (d, J = 8.6 

Hz, 2H), 6.98 (d, J = 8.7 Hz, 2H), 3.18 (q, J = 6.8 Hz, 2H), 

1.54–1.47 (m, 2H), 0.89 (t, J = 7.4 Hz, 3H); 13C NMR (125 

MHz, DMSO-d6  ppm): 167.82, 166.45, 164.94, 144.38, 

141.26, 137.82, 135.46, 129.31, 128.54, 124.37, 122.61, 

118.83, 115.72, 42.63, 22.51, 11.63. 

 4-((4-((4-Bromophenyl)amino)-6-(ethylamino)-1,3,5-

triazin-2-yl)amino)benzene sulfonamide (A8): Yield: 54%, 

m.p.: 222-224 ºC, Rf: 0.34, m.f.: C18H20BrN7O2S (m.w.: 

464.34 g/mol); MS: 452 (M+2); IR (KBr, max, cm–1): 3300 

(N–H str.), 3100 (C–H str., Ar.), 2984 (C–H str., aliph.), 

1650 (C=N str., 1,3,5-triazine), 1350 (SO2 asym. str.), 1150 

(SO2 sym. str.), 750 (C–S str.), 550 (C–Br str.); 1H NMR (500 

MHz, DMSO-d6  ppm): 8.97 (s, 1H), 8.85-8.80 (m, 1H), 

7.94-7.88 (m, 1H), 7.86-7.80 (m, 1H), 7.74-7.68 (m, 1H). 13C 

NMR (125 MHz, CDCl3  ppm): 168.71, 168.66, 162.93, 152.13, 

152.10, 152.09, 152.07, 152.03, 152.00, 136.68, 136.67, 136.61, 

136.60, 135.06, 135.01, 131.71, 131.70, 131.69, 130.59, 130.56, 

130.53, 130.51, 124.57, 124.56, 124.52, 124.50, 122.29, 122.23. 

 4-((4-(Ethylamino)-6-(phenylamino)-1,3,5-triazin-2-

yl)amino)benzene sulfonamide (A9): Yield: 37%, m.p.: 

230-222 ºC, Rf: 0.39, m.f.: C18H20N7O2S (m.w.: 353.42 g/mol); 

MS: 388.15 (M+1); IR (KBr, max, cm–1): 3300 (N–H str.), 

3100 (C–H str., Ar.), 2984 (C–H str., aliph.), 1650 (C=N str.), 

1350 (SO2 asym. str.), 1150 (SO2 sym. str.), 750 (C–S str.). 
1H NMR (500 MHz, DMSO-d6  ppm): 9.82 (s, 1H), 9.18 (s, 

1H), 8.05 (br s, 2H), 7.62 (d, 2H), 7.38 (d, 2H), 7.31-7.25 (m, 

2H), 7.08-7.03 (m, 2H), 6.92-6.88 (m, 1H), 7.48 (s, 1H), 3.32 

(q, 2H), 1.12 (t, 3H); 13C NMR (125 MHz, DMSO-d6  ppm): 

168.8, 167.2, 165.4, 145.2, 139.6, 129.5, 128.8, 127.3, 124.9, 

121.8, 118.6, 114.9, 36.4, 15.1. 
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 4-((4-(4H-1,4-Oxazin-4-yl)-6-(propylamino)-1,3,5-

triazine-2-yl)amino)benzene sulfonamide (A10): Yield: 42%, 

m.p.: 229-231 ºC, Rf: 0.48, m.f.: C18H23N7O3S (m.w.: 389.43 

g/mol); MS: 392.15 (M+1); IR (KBr, max, cm–1): 3300 (N–H 

str.), 3100 (C–H str., Ar.), 2984 (C–H str., aliph.), 1650 (C=N 

str., 1,3,5-triazine), 1350 (SO2 asym. str.), 1150 (SO2 sym. str.), 

1050 (C–O–C str., oxazine), 750 (C–S str.); 1H NMR (500 

MHz, DMSO-d6,  ppm): 9.25 (s, 1H), 8.02 (s, 2H, SO2NH2), 

7.60 (d, 2H), 7.35 (d, 2H), 7.46 (s, 1H), 3.82-3.76 (m, 4H), 3.62-

3.56 (m, 4H), 3.18 (q, 2H), 1.52-1.45 (m, 2H), 0.90 (t, 3H); 
13C NMR (125 MHz, DMSO-d6  ppm): 168.9, 166.8, 165.1, 

145.4, 128.9, 126.7, 118.2, 114.8, 66.4, 49.6, 41.3, 22.6, 11.8. 

 4-((4-((4-Chlorophenyl)amino)-6-(propylamino)-1,3,5- 

triazine-2-yl)amino)benzenesulfonamide (A11): Yield: 54%, 

m.p.: 223-225 ºC, Rf: 0.40, m.f.: C19H22ClN7O2S (m.w.: 433.92 

g/mol); MS: 423 (M+2); IR (KBr, max, cm–1): 3300 (N–H 

str.), 3100 (C–H str., Ar.), 2984 (C–H str., aliph.), 1650 (C=N 

str.), 1350 (SO2 asym. str.), 1150 (SO2 sym. str.), 750 (C–S str.), 

650 (C–Cl str.); 1H NMR (500 MHz, DMSO-d6,  ppm): 9.85 

(s, 1H), 9.18 (s, 1H), 8.03 (br s, 2H), 7.63 (d, 2H), 7.41 (d, 

2H), 7.36 (d, 2H), 7.12 (d, 2H), 7.50 (s, 1H), 3.18 (q, 2H), 1.55-

1.47 (m, 2H), 0.91 (t, 3H); 13C NMR (125 MHz, DMSO-d6, 

 ppm): 168.9, 167.4, 165.3, 145.1, 138.6, 130.8, 129.6, 128.8, 

127.2, 124.9, 121.6, 116.0, 41.0, 22.5, 11.0. 

 4-((4-((4-Nitrophenyl)amino)-6-(propylamino)-1,3,5-

triazin-2-yl)amino)benzene sulfonamide (A12): Yield: 51%, 

m.p.: 241-243 ºC, Rf: 0.58, m.f.: C19H22N8O4S (m.w.: 433.11 

g/mol); MS: 433.47 (M+1); IR (KBr, max, cm–1): 3300 (N–H 

str.), 3100 (C–H str., Ar.), 2984 (C–H str., aliph.), 1650 (C=N str., 

1,3,5-triazine), 1520 (NO2 asym. str.), 1350 (NO2 sym. str.), 

1300 (SO2 asym. str.), 1150 (SO2 sym. str.), 750 (C–S str.); 
1H NMR (500 MHz, DMSO-d6,  ppm): 10.12 (s, 1H), 9.24 

(s, 1H), 8.08 (s, 2H), 8.18 (d, 2H), 7.63 (d, 2H), 7.48 (d, 2H), 

7.40 (d, 2H), 7.52 (br s, 1H), 3.19 (q, 2H), 1.54-1.47 (m, 2H), 

0.91 (t, 3H); 13C NMR (125 MHz, DMSO-d6,  ppm): 169.1, 

167.6, 165.4, 147.8, 145.3, 141.6, 129.4, 128.8, 125.3, 124.6, 

121.7, 116.0, 41.3, 22.5, 11.7.  

 Molecular docking analysis: Molecular docking was 

performed using the AutoDock against the dihydrofolate 

reductase (PDB ID: 1RX3). The protein was prepared using 

the protein preparation wizard (hydrogen addition, bond order 

assignment, PROPKA pH 7.4, OPLS4 energy minimization, 

RMSD 0.30 Å). Ligands were prepared using LigPrep/Epik 

at pH 7.4 ± 2.0. A receptor grid box of 20 Å × 20 Å × 20 Å 

was placed around the substrate-binding channel, with Ile94, 

Asp27, Arg52 and Arg57 located within the docking region. 

Optimal poses were selected based on GScore and interaction 

analysis and binding free energies were estimated using MM-

GBSA. Ciprofloxacin was used as the reference standard. 

 Antimicrobial activity: The synthesized compounds 

(A1–A12) were evaluated for in vitro antimicrobial activity by 

the standard tube dilution method and their minimum inhi-

bitory concentrations (MICs) were determined. The comp-

ounds were tested against Gram-positive bacteria S. aureus 

(MTCC 3160) and B. subtilis (MTCC 441), Gram-negative 

P. aeruginosa (MTCC 2488) and E. coli (MTCC 443) and 

fungi C. albicans (MTCC 227) and A. niger (MTCC 281), 

using ciprofloxacin as the reference drug. Serial dilutions of 

the test compounds and standard were prepared in double-

strength nutrient broth for bacterial strains and Sabouraud 

dextrose broth for fungal strains. The cultures were incubated 

at 37 ± 1 ºC for 24 h (bacteria), 37 ± 1 ºC for 48 h (C. albicans) 

and 25 ± 1 °C for 7 days (A. niger). 

 Molecular dynamic (MD) simulation: The software 

GROMACS 2022.2 was used to conduct molecular dynamics 

(MD) simulations, Ligands A1, A12 and standard drug cipro-

floxacin were selected based on their docking score, binding 

interactions and pharmacokinetic profiling to evaluate their 

complex stability with the receptor site by performing MD 

(molecular dynamic) simulation. GROMACS 2022. MD simu-

lations of the selected ligand–S. aureus complexes were per-

formed for 100 ns using two computational programs. The 

systems were equilibrated under low-temperature and constant 

pressure (NPT) conditions, with positional restraints followed 

by gradual temperature elevation to achieve a stable and 

balanced state. The 100 ns trajectories were analysed using 

energy, RMSD, RMSF, radius of gyration (Rg) and solvent-

accessible surface area (SASA) parameters to assess the struc-

tural stability and dynamic behaviour of the complexes. 

 Density functional theory (DFT) analysis: The most 

active compounds (A1 and A9) were examined for the DFT 

calculations using Schrödinger Suite2022 software, which is 

based on molecular docking and molecular simulation data. 

The B3LYP method was used to construct a 6-311+G(d,p) 

basis set. The HOMO and LUMO of both molecules were 

optimized to assess their electronic characteristics. The LUMO 

reflects electron-accepting ability, while the HOMO represents 

electron-donating tendency. Quantum mechanical descriptors 

including electron affinity (A), ionization potential (I), electro-

negativity (), chemical potential () and hardness (), were 

calculated to evaluate the electronic properties and chemical 

reactivity of the molecules. These descriptors were measured 

by applying the Koopman’s theorem and Parr approximation 

eqns. 1-3 below:  

  HOMO LUMO(E E )

2

+
 =   (1) 

  LUMO HOMO(E E )

2

−
 =   (2) 

  
2

2


 =


  (3) 

 Molecular electrostatic potential (MEP) maps were used 

to identify the electrophilic and nucleophilic regions of the 

compounds. Electron-deficient regions (blue) represent poten-

tial sites for nucleophilic attack, whereas electron-rich regions 

(red) indicate favourable sites for electrophilic attack. 

RESULTS AND DISCUSSION 

 A series of novel triazine–sulfonamide derivatives (A1-A12) 

was synthesized following the route outlined in Scheme-I. 

The synthesis involved sequential nucleophilic substitution 

reactions, with intermediate 3 serving as the key intermediate 

for the final coupling step in DMF to afford the target deri-

vatives. All the synthesized compounds were characterized 

by IR, 1H NMR and 13C NMR spectroscopy. In the 1H NMR 

spectra, the N–H proton attached to the triazine-linked cyclic 
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amine appeared as a broad singlet or in some cases, a broad 

doublet at  5.0-6.5 ppm (1H). The assignments were confir-

med by D2O exchange experiments, in which the correspon-

ding resonances disappeared upon D2O addition, confirming 

their exchangeable nature. The observed integration values 

were consistent with the proposed structures and accounted 

for all exchangeable and non-exchangeable protons. 

 Antimicrobial activity: The synthesized triazine–sulfo-

namide hybrids (A1-A12) showed variable antimicrobial activity 

against the tested microorganisms (Table-1). Compound A1 

showed the lowest MIC against E. coli (1.05 ± 0.06 g/mL), 

while A10 was most active against S. aureus (2.11 ± 0.08 

g/mL). Compounds A4 and A12 showed strong activity against 

B. subtilis (2.14 ± 0.08 g/mL), C. albicans (1.11 ± 0.05 

g/mL) and P. aeruginosa (1.19 ± 0.05 µg/mL), respectively. 

A5 showed the best activity against A. niger (2.41 ± 0.09 

g/mL). Several active derivatives exhibited lower MIC 

values than ciprofloxacin against the corresponding bacterial 

strains. 

 Molecular docking: Molecular docking was performed 

to examine the binding of the synthesized compounds within 

the active site of dihydrofolate reductase (PDB ID: 1RX3), 

using ciprofloxacin and trimethoprim as reference drugs. The 

docking scores and key ligand–protein interactions are shown 

in Fig. 1. The docking results showed a general relationship 

between binding affinity and antimicrobial activity, with com-

pounds A1 and A12 showing the closest agreement between 

computational and experimental results. Substituent variation 

on the terminal aromatic ring influenced both DHFR binding 

and antimicrobial activity. para-Electron-withdrawing groups, 

particularly those capable of polar or hydrogen-bonding inter-

actions, were associated with favourable docking scores and 

antimicrobial activity. Nitrogen-containing heteroaromatic 

substituents likewise showed good activity in selected deriva-

tives. These findings provide a preliminary structure–activity 

relationship in which the electronic and interaction properties 

of the terminal aromatic substituent appear to influence bio-

logical activity, although a definitive substituent-dependent 

SAR cannot be established from the present series. 

 Molecular dynamic simulation: To evaluate the thermo-

dynamic stability of compounds A1, A9, A10, A12 and the 

standard drug ciprofloxacin with the DHFR inhibitors, MD 

simulation was performed for a duration of up to 100 ns. The 

findings showed that every macromolecular complex could 

endure an MD simulation in GROMACS software version 

2022 for 100 ns.2. To measure their thermodynamic stability, 

the macromolecular backbone’s structure was modified and 

its RMSD was evaluated. The macromolecule complex com-

prising ligands A1 and A12 was found to include ten flexible 

bonds with thirty-four heavy atoms out of sixty-one atoms. 

The complex of ligand A12 exhibited potent binding efficiency 

with receptor site having RMSD fluctuation ranging from 2.4-

4.8 Å and ligand fluctuated between 7-10 Å. Apo-protein, 

query ligands and positive control have been compared using 

the GROMACS metrics RMSD, energy, radius of gyration, 

RMSF, SASA and MMPBSA, as shown in Table-2. 

 The RMSD and RG plots for complexes A1, A12 and the 

standard drug (Fig. 2) indicate relatively stable trajectories, 

although A1 shows comparatively higher structural deviation 

than A12 and the standard drug. Fig. 3 further supports these 

observations through the radius of gyration and SASA profiles, 

which suggest differences in the molecular compactness and 

solvent exposure while maintaining the stable behaviour throu-

ghout the simulation. 

 DFT studies: DFT calculations were performed for repre-

sentative compounds A1 and A9 (Fig. 4), selected based on 

their favourable structural and energetic stability. The analysis 

was used to examine the electronic structure, molecular stabi-

lity and reactivity of these compounds rather than to establish 

a direct relationship between DFT parameters and antimicro-

bial or docking activity. Both compounds showed well-defi-

ned HOMO and LUMO distributions across the molecular 

framework. The HOMO–LUMO energy gap (E) and quantum 

molecular descriptors including hardness (), electron affinity 

(A), electronegativity (), ionization potential (I), electrophi-

licity index () and chemical potential (), were calculated using 

Koopmans’ theorem. These parameters provided insight into 

the electronic stability and chemical reactivity of A1 and A9. 

Conclusion  

 A novel series of sulfonamide-linked 1,3,5-triazine hybrids 

(A1-A12) was synthesized and evaluated for antimicrobial 

activity using DHFR docking (PDB ID: 1RX3) and in vitro 

assays. Compound A1 showed the strongest DHFR binding  

 
TABLE-1 

ANTIMICROBIAL ACTIVITY DATA OF NEWLY SYNTHESIZED TRIAZINE-SULFONAMIDE DERIVATIVES (A1-A12) 

Compd. S. aureus B. subtilis E. coli P. aeruginosa A. niger C. albicans 

A1 3.21 ± 0.12 2.84 ± 0.10 1.05 ± 0.06 2.31 ± 0.09 2.23 ± 0.08 2.10 ± 0.07 

A2 2.16 ± 0.08 2.44 ± 0.09 3.33 ± 0.11 – – – 

A3 4.18 ± 0.15 3.19 ± 0.12 5.14 ± 0.18 2.22 ± 0.09 10.00 ± 0.25 6.10 ± 0.20 

A4 3.36 ± 0.11 2.14 ± 0.08 1.12 ± 0.05 3.35 ± 0.12 3.25 ± 0.11 1.11 ± 0.05 

A5 9.11 ± 0.22 4.56 ± 0.16 3.20 ± 0.12 7.23 ± 0.21 2.41 ± 0.09 – 

A6 3.30 ± 0.11 2.77 ± 0.10 – 3.68 ± 0.13 4.44 ± 0.15 3.48 ± 0.12 

A7 3.66 ± 0.12 – 2.64 ± 0.09 – 2.65 ± 0.09 3.26 ± 0.11 

A8 2.12 ± 0.08 2.65 ± 0.09 3.55 ± 0.12 1.94 ± 0.07 3.31 ± 0.11 4.10 ± 0.14 

A9 4.01 ± 0.14 5.23 ± 0.18 6.18 ± 0.20 2.55 ± 0.09 – 3.26 ± 0.11 

A10 2.11 ± 0.08 2.21 ± 0.08 – 3.68 ± 0.13 6.99 ± 0.21 1.12 ± 0.05 

A11 4.05 ± 0.14 – 1.23 ± 0.06 2.55 ± 0.09 – 5.10 ± 0.17 

A12 – 2.99 ± 0.10 – 1.19 ± 0.05 3.22 ± 0.11 – 

Ciprofloxacin 11.10 ± 0.28 15.10 ± 0.35 14.00 ± 0.32 12.10 ± 0.30 – – 
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Fig. 1. Docking score and key interaction of compounds (A1-A12) against DHFR 
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(-10.2 kcal/mol) and the lowest MIC against E. coli (1.05 ± 

0.06 g/mL), compared with ciprofloxacin (-9.1 kcal/mol; 

14.00 ± 0.32 µg/mL) and trimethoprim (-7.6 kcal/mol). Com-

pounds A4, A10 and A12 likewise showed favourable anti-

microbial profiles, supported by hydrogen-bonding, - stack-

ing and halogen-bonding interactions. para-Electron-with-

drawing groups and nitrogen-containing heteroaromatic rings 

were associated with favourable DHFR binding and anti-

microbial activity. The combined computational and experi-

mental findings support the sulfonamide-linked 1,3,5-triazine 

scaffold as a useful platform for further antimicrobial develop-

ment. 

TABLE-2 

COMPARISON OF DHFR APO-PROTEIN AND DHFR COMPLEXES WITH LIGANDS (A1, A12 AND CIPROFLOXACIN) 

  
dhfr_1rx3_prot-

rmsd_mdsim.xvg 

dhfr_Complex_A1-

rmsd_mdsim.xvg 

dhfr_Complex_A12-

rmsd_mdsim.xvg 

dhfr_Complex_Cipro-

rmsd_mdsim.xvg 

RMSD 
Mean 0.220 0.129 0.159 0.118 

Std. 0.069 0.029 0.036 0.018 

Energy 
Mean -275857.430 -270403.091 -270460.521 -268290.159 

Std. 830.908 824.606 838.803 830.779 

Radius of gyration 
Mean 1.558 1.569 1.574 1.567 

Std. 0.010 0.009 0.012 0.007 

RMSF 
Mean 0.164 0.128 0.145 0.113 

Std. 0.076 0.055 0.069 0.052 

SASA 
Mean 90.585 91.590 92.739 91.413 

Std. 2.148 1.572 1.798 1.453 

MMPBSA 
Mean -32.956 -36.335 -35.000  

Std. 7.525 5.109 3.800  

 

 

Fig. 2. Comparison of RMSD & RMSF of complex over 100 ns A1, A12 and ciprofloxacin 

 

 

Fig. 3. Comparison of radius of gyration & MMPBSA of complex A1, A12 and ciprofloxacin 
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