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ARTICLE INFO ABSTRACT

Keywords: A simplified synthetic approach involving sulfonylation followed by amino group alkylation
2-Aminothiazole produced new 2-aminothiazole derivatives. UV/Vis, infrared, and NMR spectroscopies confirmed
a-amylase

their structures. Compounds 36, 22, 34, and 35 showed strong inhibition against Jack bean and
Anti.Urease Bacillus Pasteurii urease, with ICsg values from 14.06 to 20.21 pM/mL. Compounds 20, 26, 21,
a-glucosidase 29, 30, 31, and 32 exhibited potent inhibitory effects against a-glucosidase and a-amylase, with
NMR ICs0 values between 20.34 and 37.20 pM/mL. Compounds 33, 26, and 27 demonstrated potent
DPPH scavenging, with ICsg values around 34.4-39.2 pM/mL. FMO analysis showed compounds
21, 22, 24, and 25 having parallel aromatic ring systems due to n cloud interactions, while
compounds 32 and 38 had distinct electronic density distributions. Compound 22 had HOMO and
LUMO energy gaps of 5.805 eV, with bromo and fluoro substitutions in compounds 21 and 24
slightly increasing the gaps to 6.089 eV and 6.078 eV, respectively. Nitro groups in compounds 25
and 32 reduced the gaps to 0.384 eV and 1.187 eV. All compounds demonstrated high gastro-
intestinal absorption, non-permeability to the blood-brain barrier, and optimal skin permeation
(Log Kp between —5.83 and —6.54 cm/s). Compounds 22, 24, and 38 had promising QED scores
of 0.719, 0.707, and 0.860, respectively, with synthetic accessibility scores from 2.057 to 2.517.
ADMET predictions indicated minimal toxicity, cardiovascular safety, and significant inhibitory
potential for CYP enzymes. Strong in silico binding affinities (binding energies —5.75 to —7.63
kcal/mol) and metabolic stability suggest these derivatives are promising candidates for further
drug development.

Antioxidant

1. Introduction

The study of heterocyclic compounds is the most intricate and exciting field of organic science because of its physiological and
industrial significance, voluminous theoretical research, and challenging synthetic procedures. Heterocyclic compounds are widely
studied due to the large number of medications, dyes, natural products (alkaloids, vitamins, and antibiotics), and other molecules like
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nucleic acids that are closely linked to the development of life. The nitrogen-containing compounds are thought to be the most
important heterocyclic compounds as a result of these considerations [1,2].

Aminothiazole nuclei and their many variants have long been employed as precursors in the synthesis of physiologically active
drugs [3]. In medicinal chemistry and drug development research, the 2-aminothiazole scaffold has shown great promise due to its
wide range of pharmacological applications [4]. 2-Aminothiazole is a common heterocyclic amine that is used as an intermediate in
the synthesis of several compounds, such as biocides, fungicides, dyes, antibiotics, and chemical reaction accelerators. Numerous
2-aminothiazoles are altered with various groups for use in medicine [5-7]. Additionally, many 2-aminothiazole analogs’ strong and
targeted nanomolar inhibitory action is demonstrated in vitro anticancer evaluation tests against a variety of human malignant cell
lines, including those from the breast, leukemia, lung, colon, CNS, melanoma, ovarian, renal, and prostate [8-10]. Biologists are still
interested in these derivatives because of their wide range of applications in the administration of biological systems.

Several studies have explored the use of these substances for their antimicrobial [11-13], antifungal [14], anti-inflammatory [14],
anesthetic [5], antiviral [7], anti-leukemic [15], and antiproliferative properties [16]. These substances have shown activity against
various cell lines and enzymes related to eicosanoid metabolism [17,18].In medicinal chemistry, enzyme inhibition is key to devel-
oping new therapies for various diseases [19-21].

Alpha-glucosidase inhibitors, oral diabetes medications derived from microbes, delay carbohydrate absorption in the gut to reduce
postprandial hyperglycemia and improve cardiovascular health [22].Alpha amylase and alpha glucosidase are key enzymes in car-
bohydrate breakdown, aiding intestinal absorption. They are targets for developing diabetes treatments [23].

Free radical species, with an odd number of electrons in their outer shells, are extremely unstable and constantly seek an electron to
achieve stability [24]. Free radicals, created in mitochondria during oxygen metabolism, must be eliminated to prevent illnesses like
infections, brain tumors, heart disease, diabetes, aging, and AIDS [25]. The development of antioxidant drugs has shown biological
responses to infections through methods like chelating metal ions, dissolving peroxides, regulating hydrogen metabolism, preventing
chain initiation, and scavenging radicals. These drugs are used in various medications to treat free radical-induced illnesses [26,27].

Urea amidohydrolase (E.C. 3.5.1.5), a hyperactive urease enzyme dependent on nickel (Ni), is a member of the phosphotriesterase
and amidohydrolase family [28]. It is produced by various microorganisms, including soil bacteria, algae, plants, fungi, and in-
vertebrates [29]. The urease enzyme quickly converts urea into ammonia (NH3) and carbamic acid, which then becomes carbon di-
oxide (CO2) and another ammonia molecule [30]. Excess ammonia from overexpressed urease kills human cells, leading to various
diseases. These include urinary stones, urolithiasis, hepatic encephalopathy, pyelonephritis, hepatic coma, and urinary catheter
encrustation [31]. Helicobacter pylori’s urease enzyme allows it to survive in the stomach’s low pH, potentially causing gastric and
peptic ulcers [32,33]. Stomach cancer ranks second in global cancer deaths and fourth in frequency [34,35]. Excessive urease activity
from urea fertilization leads to high ammonia levels, harming both environment and economy. This causes nutrient deficiency,
ammonia toxicity, and raised soil pH, impacting plant growth [36].

Here, we present the synthesis and structural characteristics of 2-aminothiazole analogs as urease, a-glucosidase, and a-amylase
inhibitors as well as antioxidant agents. Nine out of the twenty-one compounds are of novel origin. These compounds have exciting
potential for controlling enzymes, which is important in medicine. We make these compounds more reactive and flexible using a two-
step process that involves careful chemical changes. Alkylating sulfonamides improves their potency, bioavailability, and duration of
action, among other pharmacological characteristics. Sulfonamides undergo alkylation, which modifies their chemical structure and
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Scheme 1. N-sulfonylated N-alkylated aminothiazole synthesis (19-39).
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increases their potency in the treatment of bacterial infections. Its versatility and reactivity in producing sulfonamide derivatives is
probably the reason why 2-aminothiazole was chosen for the synthesis of sulfonamides. Because 2-aminothiazole reacts easily with
sulfonyl chlorides to generate sulfonamides efficiently, it is a useful starting material. Its accessibility and somewhat easy synthesis also
make it a handy precursor for producing a variety of sulfonamide compounds with potentially useful pharmacological characteristics.
Our goal is to explore novel modifications, like ring formation and metal binding, to create unique compounds from 2-aminothiazoles.
We aim to advance scientific understanding by developing innovative molecules with diverse biological effects.

2. Materials and methods
2.1. Chemical syntheses
2.1.1. Experimental methodology details
Without any purification, chemicals from Acros Organics, Fluka, Alfa Aesar, Sigma Aldrich, and Merck were used. We utilized

distilled solvents. Thin layer chromatography was used to track the course of the reaction. A computerized device was used to record
melting points (up to 300 °C). A t80 + UV-Vis spectrophotometer was utilized for nanometer spectroscopic examination. Agilent FTIR
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Cary 630 was used to obtain FTIR spectra (cm’l). Using a Bruker NMR system, deuterated chloroform was utilized for NMR spectra;
300 MHz was employed for 'H NMR and 75 MHz for }*>CNMR. Recorded are coupling constants in Hz and chemical changes in ppm.

2.1.2. General procedure for syntheses

2-Aminothiazole 1, a commercially available compound, served as the starting material for the synthesis of compounds. Following
sulfonylation of the substrate, a series of N-sulfonylated intermediates (9-15) were obtained. These intermediates were subsequently
subjected to alkylation reactions using alkylating agents (16-18), resulting in the formation of the desired alkylated compounds
(19-39) in high yields. The complete synthetic procedure is illustrated in Schemes 1 and 2.

2.1.2.1. Procedure for N-sulfonylation of 2-aminothiazole (9-15). Sodium acetate was dissolved in water following a previously
established protocol [37], after which sulfonyl chloride (2-8) and 2-aminothiazole 1 were introduced to the solution. The reaction
mixture was heated to 80-85 °C and stirred continuously. Under these conditions, the initially yellow and sticky substance gradually
transformed into a finely powdered solid. Upon completion of the reaction, as monitored by thin-layer chromatography (TLC) using a
2:1 ratio of n-hexane to ethyl acetate, the solid product was isolated by filtration. The product was then recrystallized from absolute
ethanol to obtain pure compounds.

2.1.3. 4-Methyl-N-(thiazol-2-yl)benzenesulfonamide(9)

2-aminothiazole 1 (1 g, 0.00998 mol, 9.98 mmol), 4-methyl benzenesulfonyl chloride 2 (2.85 g, 14.97mmoles, 1.5 equiv.), distilled
water (15 mL), sodium acetate (2.71 g, 19.96mmoles, 2 equiv.); Temp:80-85 °C; Time: 4 h; Appearance: light brown powder; Yield:
2.1 g (83 %); Ry:0.46; M.P: 150-152 °C;M.W: 254.289 g/mol; Molecular Formula:C;oH;oN202So; FTIR(cm 1):3065 (sp2 C-H Str.),
2923 (sp® C-H Str.), 1620 (w Ar C—=C Bend.), 1588 (sp?> C-N Bend.), 1496 (sp> C-H Bend.), 1350 (S=O Str.), 743 (Ar. C-H Bend.).

2.1.4. 4-Methoxy-N-(thiazol-2-yl)benzenesulfonamide(10)

2-aminothiazolel (1 g, 0.00998 mol, 9.98 mmol), 4-methoxy benzenesulfonyl chloride3 (3.09 g, 14.97mmoles, 1.5 equiv.),
distilled water (15 mL), sodium acetate (2.71 g, 19.96 mmol, 2 equiv.); Temp: 80-85 °C; Time:8 h; Appearance:dark brown powder;
Yield: 2.2 g (82 %); Rf:0.54; M.P: 160-162 °C;M.W:270.289 g/mol; Molecular Formula:C;oH;oN203S5; FTIR(cm ): 3062 (sp2 C-H
Str.), 2929 (sp3 C-H Str.), 1618 (wAr C—=C Bend.), 1540 (sp2 C-N Bend.),1458 (sp3 C-H Bend.), 1380 (S=O Str.), 767 (Ar C-H Bend.).

2.1.5. 4-Bromo-N-(thiazol-2-yl)benzenesulfonamide(11)

2-aminothiazolel (1 g, 0.00998 mol, 9.98 mmol), 4-bromo benzenesulfonyl chloride4 (3.06 g, 11.976mmoles, 1.2 equiv.), distilled
water (15 mL), sodium acetate (2.02 g, 14.97 mmol, 1.5 equiv.); Temp: 80-85 °C; Time: 8 h; Appearance: light brown powder;
Yield:2.8 g (88 %); Rz 0.57; M.P:185-187 °C;M.W: 319.159 g/mol; Molecular Formula:CoH;BrN202So; FTIR(cm™1): 3099 (sp2 C-H
Str.), 2996 (sp® C-H Str.), 1624 (wAr C—=C Bend.), 1577 (sp? C-N Bend.), 1529 (sp° C-H Bend.), 1380 (S=O Str.), 765 (Ar C-H Bend.).

2.1.5.1. N-(Thiazol-2-yDbenzenesulfonamide(12). 2-aminothiazolel (1 g, 0.00998 mol, 9.98 mmol), benzenesulfonyl chloride 5 (1.93
g, 10.978 mmoles, 1.1 equiv.), distilled water (15 mL), sodium acetate (2.03 g, 14.97mmoles, 1.5 equiv.); Temp: 80-85 °C; Time: 6 h;
Appearance: dark brown powder; Yield: 1.92 g (80 %); Rgz 0.47; M.P: 140-142 °C;M.W: 240.259 g/mol; Molecular Formula:
CoHgN204S,;FTIR(cm ™ 1): . 3110 (sp? C-H Str.), 2953 (sp° C-H Str.), 1627 (wAr C—C Bend.), 1565 (sp> C-N Bend.), 1465 (sp°> C-H
Bend.), 1235 (S=0O Str.), 736 (Ar C-H Bend.).

2.1.6. 4-Chloro-N-(thiazol-2-yl)benzenesulfonamide(13)

2-aminothiazolel (1 g, 0.00998 mol, 9.98 mmol), 4-chloro benzenesulfonyl chloride 6 (3.15 g, 14.97 mmol, 1.5 equiv.), distilled
water (15 mL), sodium acetate (2.71 g, 19.96 mmol, 2 equiv.); Temp: 80-85 °C; Time: 8 h;Appearance:dark brown powder; Yield:
2.3 g (84 %); Ry:0.39; M.P: 162-164 °C;M.W:274.709 g/mol; Molecular Formula:C9H7C1N20252;FTIR(cm’1): 3106 (sp2 C-H Str.),
2951 (sp3 C-H Str.), 1620 (wAr C=C Bend.), 1586 (sp2 C-N Bend.), 1458 (sp3 C-H Bend.), 1319 (S=O Str.), 758 (Ar C-H Bend.).

2.1.6.1. 4-Fluoro-N-(thiazol-2-yl)benzenesulfonamide(14). 2-aminothiazolel (1 g, 0.00998 mol, 9.98 mmol), 4-fluorobenzenesulfonyl
chloride 7 (2.91 g, 14.97 mmol, 1.5 equiv.), distilled water (15 mL), sodium acetate (2.71 g, 19.96 mmol, 2 equiv.); Temp: 80-85 °C;
Time: 8 h; Appearance: dark brown powder; Yield: 2.1 g (82 %); Ry 0.29; M.P: 154-156 °C;M.W: 258.249 g/mol; Molecular
Formula:CoHyFN202S2;FTIR(cm 1):3121 (sp? C-H Str.), 2954 (sp> C-H Str.), 1626 (wAr C=C Bend.), 1507 (sp? C-N Bend.), 1472
(sp3 C-H Bend.), 1303 (S—=O Str.), 706 (Ar C-H Bend.).

2.1.6.2. 4-Nitro-N-(thiazol-2-yl)benzenesulfonamide(15). 2-aminothiazolel (1 g, 0.00998 mol, 9.98 mmol), 4-nitro benzenesulfonyl
chloride 8 (2.43 g, 10.978 mmol, 1.1 equiv.), distilled water (15 mL), sodium acetate (2.03 g, 14.97mmoles, 1.5 equiv.); Temp: 80-
85 °C; Time: 4 h; Appearance: light brown powder; Yield:2 g (70 %); Ry 0.32; M.P:168-170 °C;M.W: 285.259 g/mol; Molecular
Formula:CoH7N304S2; FTIR (cm™1): 3070(sp? C-H Str.),2999 (sp® C-H Str.), 1623 (wAr C—=C Bend.), 1522 (sp> C-N Bend.), 1457 (sp°
C-H Bend.), 1380 (S—O Str.), 758 (Ar C-H Bend.).

2.1.6.3. Procedure for the syntheses of target compounds (19-39). N-sulfonamides were treated with calcium hydride in DMF at
50-55 °C with continuous stirring, following the protocol described [38]. After 30 min, the alkylating agents (16-18) were introduced
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to the reaction mixture. Upon completion, as verified by thin-layer chromatography (TLC) using an n-hexane to ethyl acetate ratio of
8:2, the reaction mixture was cooled and diluted with cold distilled water before filtration. The absorption maxima (1nyax) of the
products were determined using a 0.01 mmol solution in CHCl3. The resulting crystalline products were further purified by recrys-
tallization in absolute ethanol and by column chromatography, yielding the final compounds (19-39).

2.1.7. N-Benzyl-4-methyl-N-(thiazol-2-yl)benzenesulfonamide (19)

4-Methyl-N-(thiazol-2-yl)benzenesulfonamide9 (1 g, 3.93mmoles), benzyl chloride 16 (0.99 g, 7.86 mmoles, 2 equiv.), DMF (5
mL), calcium hydride (0.496 g, 11.79mmoles, 3 equiv.); Appearance: light brown crystals; Yield: 1.1 g (81 %);Rs 0.6; M.P: 190-
192 °C;M.W: 344.369 g/mol; Molecular Formula:C;7H14N202S2; UV/Vis: (Apax, 0.01 mmol, CHCl3) 265 nm; FTIR(cm 1):3063 (sp2
C-H Str.), 2952 (sp3 C-H Str.), 1618 (wAr C=C Bend.), 1553 (sp2 C-N Bend.), 1453 (sp3 C-H Bend.), 1358 (S=0O Str.), 746 (Ar C-H
Bend.); 'H NMR: § 7.65 (d, 2H 3] =8.2 Hz) 7.41 (d, 2H 357=82 Hz), 7.38-6.97(m,7H, aromatic region), 5.11 (s,2H, methylene of
benzyl group), 2.42 (s, 3H, Methyl group); I3C NMR: § 160.92 (N-C=N), 144.67 (C-N thiazole ring), 138.74, 135.81, 135.05, 129.84,
128.40, 128.38, 127.69, 127.42, 116.64, 53.16 (methylene carbon).

2.1.8. N-Benzyl-4-methoxy-N-(thiazol-2-yl)benzenesulfonamide (20)

4-Methoxy-N-(thiazol-2-yl)benzenesulfonamide10 (1 g, 3.69mmoles), benzyl chloride 16 (0.934 g, 7.38mmoles, 2 equiv.), DMF (5
mL), calcium hydride (0.465 g, 11.07mmoles, 3 equiv.); Appearance: light brown crystals; Yield: 1.07 g (80 %); Rg: 0.4; M.P: 200-
202 °C; M.W: 360.369 g/mol; Molecular Formula:C;7H16N203S2; UV/Vis: (Apmax, 0.01 mmol, CHCl3) 264 nm; FTIR(cm 1):3083 (sp2
C-H Str.), 2929 (sp3 C-H Str.), 1625 (wAr C=C Bend.), 1573 (sp2 C-N Bend.), 1453 (sp3 C-H Bend.), 1381 (S=0O Str.), 776 (Ar C-H
Bend.); 'H NMR: 6 7.79 (d, 2H 3J = 8.6 Hz) 7.41 (d, 2H 3J = 8.6 Hz), 7.39-6.90 (m,7H, aromatic region), 4.32 (s,2H, methylene of
benzyl group), 3.90 (s, 3H, Methoxy group); 13C NMR: § 162.77 (N-C=N), 135.74 (C-N, thiazole ring), 134.35, 132.35, 129.35,
128.97, 128.70, 128.58, 128.43, 127.64, 114.23, 55.67, 54.24 (methylene carbon).

2.1.8.1. N-benzyl-4-bromo-N-(thiazol-2-ybenzenesulfonamide (21). 4-Bromo-N-(thiazol-2-yl)benzenesulfonamidel1 ¢! g,
3.13mmoles), benzyl chloride 16 (0.79 g, 6.26 mmoles, 2 equiv.), DMF (5 mL), calcium hydride (0.395 g, 9.39mmoles, 3 equiv.);
Appearance: light brown crystals; Yield: 1.02 g (80 %); Rg 0.53; M.P: 232-234 °C;M.W: 414.85 g/mol; Molecular Formula:
C16H13BrN205So; UV/Vis: (Amax, 0.01 mmol, CHCl3) 261 nm; FTIR(cm 1):3064 (sp2 C-H Str.), 2976 (sp3 C-H Str.), 1618 (wAr C—=C
Bend.), 1573 (sp? C-N Bend.), 1450 (sp® C-H Bend.), 1338 (S=O Str.), 743 (Ar C-H Bend.); 'H NMR: & 7.60 (d, 2H 3J = 8.1Hz) 7.40(d,
2H 3J = 8.1 Hz), 7.39-7.01 (m, 7H, aromatic region), 5.11 (s, 2H, methylene of benzyl group); }3C NMR: 5 160.58 (N-C=N), 138.99
(C-N, thiazole ring), 137.05, 135.33, 132.46, 128.90, 128.83, 128.53, 128.47, 127.91, 117.14, 53.61 (methylene carbon).

2.1.9. N-Benzyl-N-(thiazol-2-yl)benzenesulfonamide (22)

N-(Thiazol-2-yl)benzenesulfonamide12(1 g, 4.16 mmoles), benzyl chloride 16 (1.05 g, 8.32mmoles, 2 equiv.), DMF (5 mL), cal-
cium hydride (0.525 g, 12.48mmoles, 3 equiv.); Appearance: light brown crystals; Yield: 1.1 g (80 %); Ry 0.5; M.P: 178-180 °C;M.W:
330.339 g/mol; Molecular Formula:C;H;4N202S2;UV/Vis: (Apax, 0.01 mmol, CHCl3) 270 nm; FTIR(cm’l):3063(sp2 C-H Str.), 2963
(sp> C-H Str.), 1620 (WAr C—C Bend.), 1584 (sp? C-N Bend.), 1458 (sp> C-H Bend.), 1423 (S=O Str.), 753 (Ar C-H Bend.); 'H NMR: &
7.78 (d, 2H3) = 8.2Hz), 7.61 (d, 1H3J = 7.2Hz), 7.46 (d, 2H3J = 8.2Hz), 7.26-7.39 (m,5H), 6.99 (d, 1H3J = 7.2Hz), 5.92 (m, 1H), 5.32
(dd, 1H), 5.19 (dd, 1H), 5.13 (s,2H); 3C NMR: & 160.77, 138.78, 138.02, 135.65, 133.67, 129.24, 128.42, 127.77, 127.37, 116.77,
53.26.

2.1.9.1. N-benzyl-4-chloro-N-(thiazol-2-yl)benzenesulfonamide  (23). 4-Chloro-N-(thiazol-2-yl)benzenesulfonamidel13(1 g, 3.64
mmoles), benzyl chloride 16 (0.92 g, 7.28 mmoles, 2 equiv.), DMF (5 mL), calcium hydride (0.459g, 10.92 mmoles, 3 equiv.);
Appearance: brown crystals; Yield: 1.07 g (81 %); Rg 0.60; M.P: 198-200 °C;M.W: 364.789 g/mol; Molecular Formula:
C16H13CIN202S2;UV/Vis: (Apay, 0.01 mmol, CHCl3) 266 nm; FTIR(cm 1):3083 (sp2 C-H Str.), 2971 (sp3 C-H Str.), 1624 (wAr C=C
Bend.), 1584 (sp? C-N Bend.), 1466 (sp® C-H Bend.), 1371 (S=O Str.), 777 (Ar C-H Bend.); 'H NMR: 6 7.71 (d, 2H 3J = 9.0Hz) 7.66(d,
2H 3J = 9.0 Hz), 7.46-7.01(m,7H, aromatic region), 5.12 (s,2H, methylene of benzyl group); 13C NMR: & 160.59(N-C—=N), 140.25
(C-N, thiazole ring), 138.98, 136.51, 135.35, 129.48, 128.85, 128.53, 128.47, 127.90, 117.13, 53.59 (methylene carbon).

2.1.9.2. N-benzyl-4-fluoro-N-(thiazol-2-yl)benzenesulfonamide (24). 4-Fluoro-N-(thiazol-2-yl)benzenesulfonamide 14(1 g,
3.87mmoles), benzyl chloride 16 (0.97 g, 7.74mmoles, 2 equiv.), DMF (5 mL), calcium hydride (0.488g, 11.6 mmoles, 3 equiv.);
Appearance: light brown crystals; Yield: 1.07 g (80 %); Ry 0.57; M.P: 192-194 °C;M.W: 348.329 g/mol; Molecular Formula:
C16H13FN202S5;UV/Vis: (Apax, 0.01 mmol, CHCl3) 263 nm; FTIR((:m’l):3073(sp2 C-H Str.), 2964 (sp3 C-H Str.), 1624 (wAr C—=C
Bend.), 1584 (sp? C-N Bend.), 1453 (sp° C-H Bend.), 1344 (S=O Str.), 777 (Ar C-H Bend.); "H NMR: 5 7.80 (d, 2H%J = 9.1Hz), 7.76 (d,
2H%J = 7.2Hz), 7.30 (d, 2H3J = 8.2Hz), 7.16 (d,2H%J = 7.2Hz), 5.12 (s,2H); 13C NMR: § 167.32, 163.92, 160.70, 138.93, 135.41,
134.08, 130.31, 130.19, 128.50, 128.46, 127.88, 117.88, 116.65, 116.35, 53.52.

2.1.9.3. N-bengzyl-4-nitro-N-(thiazol-2-yl)benzenesulfonamide (25). 4-Nitro-N-(thiazol-2-yl)benzenesulfonamide 15(1 g, 3.50mmoles),
benzyl chloride 16 (0.886 g, 7mmoles, 2 equiv.), DMF (5 mL), calcium hydride (0.441g, 10.5mmoles, 3 equiv.); Appearance: yellow
brown crystals; Yield: 1.02 g (78 %); Ry 0.36; M.P: 206-208 °C;M.W: 375.331 g/mol; Molecular Formula:C;¢H;3N304S,; UV/Vis:
(Amax, 0.01 mmol, CHCl3) 261 nm; FTIR(cm 1):3064 (sp? C-H Str.), 2923 (sp® C-H Str.), 1624 (wAr C=C Bend.), 1584 (sp?> C-N
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Bend.), 1478 (sp° C-H Bend.), 1368 (S=O Str.), 747(Ar C-H Bend.); 'H NMR: & 8.31 (d, 2H 3J = 9.2 Hz) 7.91(d, 2H 3J = 9.2 Hz),
7.89-7.07 m,7H, aromatic region), 5.14 (s,2H, methylene of benzyl group); I3C NMR: § 160.92 (N-C=N), 144.67 (C-N, thiazole ring),
138.74, 135.81, 135.05, 134.79, 128.79, 128.72, 128.20, 124.27, 117.86, 54.27 (methylene carbon).

2.1.10. N-Allyl-4-methyl-N-(thiazol-2-yl)benzenesulfonamide (26)

4-Methyl-N-(thiazol-2-yl)benzenesulfonamide9 (1 g, 3.93mmoles), allyl bromidel7 (0.95 g, 7.86 mmoles, 2 equiv.), DMF (5 mL),
calcium hydride (0.496 g, 11.79mmoles, 3 equiv.); Appearance:light brown crystals; Yield: 1 g (86 %); Ry: 0.42; M.P: 177-179 °C;M.
W: 294.369 g/mol; Molecular Formula:C;3H14N205S2; UV/Vis: (Apmax, 0.01 mmol, CHCl3) 271 nm; FTIR(cm 1):3082 (sp2 C-H Str.),
2950 (sp® C-H Str.), 1620 (WAr C—=C Bend.), 1570 (sp> C-N Bend.), 1472 (sp® C-H Bend.), 1350 (S=O Str.), 743 (Ar C-H Bend.); 'H
NMR: 5 7.70 (d, 2H 3J = 9.2Hz), 7.41 (d, 1H 3J = 9.8Hz),7.41 (d, 2H 3J = 9.2Hz), 7.01 (d, 1H 3J = 9.8Hz), 5.86 (m, 1H), 5.26 (m, 1H),
5.18 (m, 1H), 4.56 (d, 2H 3J = 7.8Hz), 2.49 (s, 3H); 3C NMR: 5 161.13 (N=C=S), 151.45, 144.71, 138.71, 135.12,
129.81,127.51,118.78 (=CHy), 116.15 (=CH), 52.24 (CH3), 21.65 (CH3)

2.1.10.1. N-allyl-4-methoxy-N-(thiazol-2-yl)benzenesulfonamide ~ (27). 4-Methoxy-N-(thiazol-2-yl)benzenesulfonamidel0 (1 g,
3.69mmoles), allyl bromide17(0.892 g, 7.38mmoles, 2 equiv.), DMF (5 mL), calcium hydride (0.465 g, 11.07mmoles, 3 equiv.);
Appearance: light brown crystals; Yield: 0.91 g (80 %); Ry 0.32; M.P: 185-187 °C;M.W:310.369 g/mol; Molecular Formula:
C13H14N203S5; UV/Vis: (Apax, 0.01 mmol, CHCl3) 280 nm; FTIR(cm 1):3062 (sp2 C-H Str.), 2954 (sp3 C-H Str.), 1622 (wAr C—=C
Bend.), 1570 (sp? C-N Bend.), 1478 (sp® C-H Bend.), 1363 (S=O Str.), 754 (Ar C-H Bend.); "H NMR: 5 7.76 (d, 2HJ = 8.2Hz), 7.41 (d,
1H3J = 7.2Hz), 6.69 (d, 2H>J = 8.2Hz), 6.69 (d, 1H3J = 7.2Hz), 5.92 (m, 1H), 5.32 (dd, 1H), 5.19 (dd, 1H), 4.56 (s, 2H), 3.86 (m, 3H);
13C NMR: § 163.68, 161.00, 138.69, 132.08, 129.75, 129.56, 118.74, 116.04, 114.34, 55.67, 52.20.

2.1.11. N-Allyl-4-bromo-N-(thiazol-2-yl)benzenesulfonamide (28)

4-Bromo-N-(thiazol-2-yl)benzenesulfonamide 11 (1 g, 3.13mmoles), allyl bromide17(0.75 g, 6.26 mmoles, 2 equiv.), DMF (5 mL),
calcium hydride (0.395 g, 9.39mmoles, 3 equiv.); Appearance: light brown crystals; Yield: 0.95 g (84 %); Ry 0.60; M.P: 210-212 °C;
M.W:359.239 g/mol; Molecular Formula:C;5H;1BrN202S2;UV/Vis: (A4pax, 0.01 mmol, CHCl3) 267 nm; FTIR(cm 1):3068 (sp2 C-H
Str.), 2996 (sp® C-H Str.), 1618 (wAr C—=C Bend.), 1572 (sp> C-N Bend.), 1478 (sp® C-H Bend.), 1364 (S=O Str.), 764 (Ar C-H Bend.);
H NMR: 5 7.64 (d, 2H 3J = 8.1Hz), 7.43 (d, 1H J = 8.1Hz), 7.14 (d, 2H 3J = 8.3Hz), 7.05 (d, 1H 3J = 8.3Hz), 5.87 (m, 1H), 5.32 (m,
1H), 5.17 (m, 1H), 456 (d, 2H 3J = 7.8Hz); !3C NMR: & 162.23 (N=C=S), 153.43, 139.00, 137.10, 132.48,
131.69,129.03,128.90,119.26(=CH>), 116.70 (=CH), 52.56 (CH>).

2.1.11.1. N-allyl-N-(thiazol-2-yl)benzenesulfonamide (29). N-(Thiazol-2-yl)benzenesulfonamide 12 (1 g, 4.16 mmoles), allyl bro-
midel7(1 g, 8.32mmoles, 2 equiv.), DMF (5 mL), calcium hydride (0.525 g, 12.48mmoles, 3 equiv.); Appearance:dark brown crystals;
Yield: 1 g (86 %); Ry: 0.53; M.P: 165-167 °C;M.W: 280.339 g/mol; Molecular Formula:C;5H12N202S2;UV/Vis: (Amay, 0.01 mmol,
CHCl3) 270 nm; FTIR(cm ™ 1):3097 (sp? C-H Str.), 2953(sp> C-H Str.), 1627 (wAr C—=C Bend.), 1563 (sp> C-N Bend.), 1478 (sp> C-H
Bend.), 1369 (§S—=O Str.), 754 (Ar C-H Bend.); 'H NMR: §7.86-7.52 (M, 5H),7.28 (d, 1H 8= 8.1Hz), 7.02(d, 1H 8j= 8.1Hz), 5.90 (m,
1H), 5.26 (m, 1H), 5.15 (m, 1H), 4.55 (d, 2H °J = 8.0Hz); '*C NMR: & 160.77 (N=C=S), 138.77, 138.12, 133.69, 131.98,
131.92,129.21,127.47,118.89,118.86(=CHy), 116.28 (=CH), 52.34 (CHy).

2.1.12. N-Allyl-4-chloro-N-(thiazol-2-yDbenzenesulfonamide (30)

4-Chloro-N-(thiazol-2-yl)benzenesulfonamide 13(1 g, 3.22mmoles), allyl bromidel17(0.77 g, 6.44mmoles, 2 equiv.), DMF (5 mL),
calcium hydride (0.406 g, 9.66 mmoles, 3 equiv.); Appearance: light brown crystals; Yield: 0.92 g (81 %); Ry 0.60; M.P: 187-189 °C;
M.W: 314.789 g/mol; Molecular Formula:C;5H;1CIN202S2;UV/Vis: (Apax, 0.01 mmol, CHCl3) 277 nm; FTIR(crn’l):3066(sp2 C-H
Str.), 2951(sp> C-H Str.), 1620 (wAr C=C Bend.), 1568 (sp> G-N Bend.), 1482(sp> C-H Bend.), 1364 (S=O Str.), 752 (Ar C-H
Bend.);'H NMR: 5 7.77 (d, 2H%J = 9.1Hz), 7.46 (d, 2H3J = 7.2Hz), 7.28 (d, 1HJ = 8.2Hz), 7.02 (d,1H>J = 7.2Hz), 6.94 (m, 1H3J =
7.2Hz), 5.32 (m, 1H), 5.30 (dd, 1H), 5.54 (s,2H); 13C NMR: 5 160.51, 140.34, 138.99, 136.52, 131.75, 131.68, 129.52, 129.00, 119.27,
116.27, 52.64.

2.1.13. N-Allyl-4-fluoro-N-(thiazol-2-yDbenzenesulfonamide (31)

4-Fluoro-N-(thiazol-2-yl)benzenesulfonamide 14(1 g, 3.87mmoles), allyl bromide17(0.93 g, 7.74mmoles, 2 equiv.), DMF (5 mL),
calcium hydride (0.488 g, 11.61mmoles, 3 equiv.); Appearance: light brown crystals; Yield: 1 g (87 %); Ry 0.52; M.P: 181-183 °C; M.
W: 298.329 g/mol; Molecular Formula:C;2H;1FN202S2;UV/Vis: (Apax, 0.01 mmol, CHCl3) 278 nm; FTIR(cm ™ 1):3072 (sp2 C-H Str.),
2954 (sp3 C-H Str.), 1626 (wAr C=C Bend.), 1567 (sp2 C-N Bend.), 1463 (sp3 C-H Bend.), 1363 (S=O Str.), 768 (Ar C-H Bend.); gy
NMR: §7.86 (d, 2H 3J = 9.1Hz), 7.43 (d, 2H 3J = 9.1Hz), 7.20 (d, 1H 3J = 8.0Hz), 7.06 (d, 1H 3J = 8.0Hz), 5.91 (m, 1H), 5.20 (m, 1H),
5.16 (m, 1H), 4.54 (d, 2H 87 = 7.8Hz).; 3¢ NMR: 5 167.38 (N=C=S), 163.98, 160.62,138.98, 134.15, 131.1, 131.74,
130.45,120.32,119.17(=CHy), 116.59 (=CH), 52.34 (CHy).

2.1.13.1. N-Allyl-4-nitro-N-(thiazol-2-yl)benzenesulfonamide (32). 4-Nitro-N-(thiazol-2-yl)benzenesulfonamide 15 (1 g, 3.50mmoles),
allyl bromide 17 (0.84 g, 7mmoles, 2 equiv.), DMF (5 mL), calcium hydride (0.442 g, 10.5mmoles, 3 equiv.); Appearance: brown
crystals; Yield: 0.9 g (79 %); Ry 0.42; M.P: 193-195 °C; M.W:325.339 g/mol; Molecular Formula:C;2H11N304S2; UV/Vis: (Amax,
0.01 mmol, CHCl3) 259 nm; FTIR(cm ™ 1):3066 (sp? C-H Str.), 2950 (sp® C-H Str.), 1623 (wAr C=C Bend.), 1561 (sp> C-N Bend.), 1485
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(sp® C-H Bend.), 1362 (S=0 Str.), 773 (Ar C-H Bend.); 'H NMR: 5 7.86 (d, 2H 3J = 8.1Hz), 7.47 (d, 2H 3J = 8.1Hz), 7.28 (d, 1H 3J =
8.0Hz), 7.11 (d, 1H J = 8.0Hz), 5.86 (m, 1H), 5.33 (m, 1H), 5.19 (m, 1H), 4.55 (d, 2H 3J = 8.1Hz); 13C NMR: § 160.05 (N—=C=S),
150.53, 143.77, 139.34, 131.26, 128.99, 124.36, 119.88, 117.49(=CH>), 116.15(=CH), 52.24 (CH,).

2.1.13.2. N,4-Dimethyl-N-(thiazol-2-yl)benzenesulfonamide (33). 4-Methyl-N-(thiazol-2-yl)benzenesulfonamide9 (1 g, 3.93mmoles),
methyl iodide18 (1.11 g, 7.86 mmoles, 2 equiv.), DMF (5 mL), calcium hydride (0.496 g, 11.79mmoles, 3 equiv.); Appearance: dark
brown crystals; Yield: 0.9 g (86 %); Ry 0.6; M.P: 167-169 °C;M.W: 268.318 g/mol; Molecular Formula:C;;H;5N202S2; UV/Vis:
(Amax, 0.01 mmol, CHCl3) 269 nm; FTIR(cm ™ 1):3063 (sp? C-H Str.), 2950 (sp> C-H Str.), 1616 (wAr C=C Bend.), 1554 (sp?> C-N
Bend.), 1443 (sp> C-H Bend.), 1364 (S=O Str.), 740 (Ar C-H Bend.); 'H NMR: & 7.70 (d, 2H 3J = 8.5Hz), 7.36(d, 2H 3J = 8.5Hz),7.30
(d, 1H 3J = 8.2Hz, thiazole ring), 6.69 (d, 1H 3J = 8.2Hz, thiazole ring),3.42 (s, 3H, Methyl), 3.41 (s, 3H, Ar-Methyl);'>C NMR: &
161.93 (N—C—=N), 144.90, 138.40, 133.65, 129.92, 127.32, 115.68 (C-S), 36.52 (N-CH3), 21.63 (Ar-CHs).

2.1.14. 4-Methoxy-N-methyl-N-(thiazol-2-yl)benzenesulfonamide (34)

4-Methoxy-N-(thiazol-2-yl)benzenesulfonamide10 (1 g, 3.69mmoles), methyl iodide18(1.04 g, 7.38mmoles, 2 equiv.), DMF (5
mL), calcium hydride (0.465 g, 11.07mmoles, 3 equiv.); Appearance: light brown crystals; Yield: 0.89 g (85 %); Ry 0.28; M.P: 175-
177 °C;M.W: 284.318 g/mol; Molecular Formula:C;1H;,N203S2;UV/Vis: (Amax, 0.01 mmol, CHCl) 288 nm; FTIR(cm ~1):2996 (sp?
C-H Str.), 2943 (sp3 C-H Str.), 1620 (wAr C—=C Bend.), 1525 (sp2 C-N Bend.), 1438 (Sp3 C-H Bend.), 1363 (S—=O Str.), 752 (Ar C-H
Bend.); 'H NMR: 6 7.77 (d, 2H 3J = 8.5Hz), 7.73 (d, 2H 3J = 8.5Hz),7.38 (d, 1H 3J = 8.2Hz, thiazole ring), 6.94 (d, 1H 3J = 8.2Hz,
thiazole ring), 3.86 (s, 3H, O-Methyl), 3.42 (s, 3H, Methyl);l3C NMR: 6 163.82 (N—C=N), 138.39, 129.89, 129.52, 128.16, 115.60,
114.47 (C-S), 114.16, 55.67 (O-CHj3), 36.47 (N-CH3).

2.1.15. 4-Bromo-N-methyl-N-(thiazol-2-yl)benzenesulfonamide (35)

4-Bromo-N-(thiazol-2-yl)benzenesulfonamide 11 (1 g, 3.13mmoles), methyl iodide18(0.88 g, 6.26 mmoles, 2 equiv.), DMF (5 mL),
calcium hydride (0.395 g, 9.39mmoles, 3 equiv.); Appearance: light brown crystals; Yield: 0.88 g (85 %); Ry 0.50; M.P: 210-212 °C;
M.W:333.188 g/mol; Molecular Formula:C;oHgBrN2O2S2;UV/Vis: (Apax, 0.01 mmol, CHCl3) 269 nm; FTIR(cm ™ 1):3072 (sp2 C-H
Str.), 2924 (sp® C-H Str.), 1620 (wAr C—=C Bend.), 1559 (sp> C-N Bend.), 1453 (sp® C-H Bend.), 1320 (S=O Str.), 753 (Ar C-H Bend.);
H NMR: 5 7.69 (d, 2H 3J = 8.5Hz), 7.67(d, 2H 3J = 8.5Hz),7.40 (d, 1H 3J = 8.2Hz, thiazole ring),7.02 (d, 1H 3J = 8.2Hz, thiazole
ring),3.43 (s, 3H, Methyl);'3C NMR: 5§ 161.49 (N—C—=N), 138.68, 135.56, 132.64, 129.12, 128.77, 116.13 (C-S), 36.76 (N-CHg).

2.1.16. N-Methyl-N-(thiazol-2-yl)benzenesulfonamide (36)

N-(Thiazol-2-yl)benzenesulfonamide 12 (1 g, 4.16 mmoles), methyl iodide18(1.18 g, 8.32mmoles, 2 equiv.), DMF (5 mL), calcium
hydride (0.525 g, 12.48mmoles, 3 equiv.); Appearance: white crystals; Yield: 0.92 g (88 %); Ry 0.41; M.P: 155-157 °C;M.W:
254,288 g/mol; Molecular Formula:C;oH;oN202S2;UV/Vis: (Amayx, 0.01 mmol, CHCls) 279 nm; FTIR(cm™1):3059 (sp? C-H Str.),
2953 (sp> C-H Str.), 1620 (wAr C=C Bend.), 1525 (sp? C-N Bend.), 1438 (sp> C-H Bend.), 1353 (S=O Str.), 746 (Ar C-H Bend.); 'H
NMR: 6 7.83-7.60 (m, 5H), 7.39 (d, 1H 3J = 8.2Hz, thiazole ring), 7.01 (d, 1H J = 8.2Hz, thiazole ring),3.44 (s, 3H, Methyl);'3C NMR:
 161.79 (N=C=N), 138.45, 136.65, 133.84, 129.32, 127.29, 115.79 (C-S), 36.60 (N-CHs).

2.1.17. 4-Chloro-N-methyl-N-(thiazol-2-yl)benzenesulfonamide (37)

4-Chloro-N-(thiazol-2-yl)benzenesulfonamide 13 (1 g, 3.22mmoles), methyl iodide18(0.91 g, 6.44mmoles, 2 equiv.), DMF (5 mL),
calcium hydride (0.406 g, 9.66 mmoles, 3 equiv.); Appearance: dark brown crystals; Yield: 0.88 g (84 %); Ry 0.52; M.P: 177-179 °C;
M.W: 288.738 g/mol; Molecular Formula:C;yHgCIN502S2;UV/Vis: (Apax, 0.01 mmol, CHCl3) 271 nm; FTIR(cm 1):3063 (sp2 C-H
Str.), 2958 (sp3 C-H Str.), 1620 (wAr C=C Bend.), 1525 (sp2 C-NBend.), 1443 (sp3 C-H Bend.), 1363 (S—O Str.), 746 (Ar C-H Bend.);
1H NMR: § 7.63 (d, 2H 3J = 8.0Hz), 7.73 (d, 2H J = 8.5Hz), 7.40 (d, 1H 3J = 8.2Hz, thiazole ring), 7.02 (d, 1H J = 8.2Hz, thiazole
ring), 3.44 (s, 3H, Methyl);13C NMR: 6 161.79 (N—C=N), 138.45, 135.65, 133.84, 129.32, 127.29, 115.79 (C-S), 36.60 (N-CH3).

2.1.18. 4-Fluoro-N-methyl-N-(thiazol-2-yl)benzenesulfonamide (38)

4-Fluoro-N-(thiazol-2-yl)benzenesulfonamide 14 (1 g, 3.87mmoles), methyl iodide18(1.09 g, 7.74 mmol, 2 equiv.), DMF (5 mL),
calcium hydride (0.488 g, 11.61mmoles, 3 equiv.); Appearance: light brown crystals; Yield: 0.89 g (85 %); Ry: 0.29; M.P: 169-171 °C;
M.W: 272.278 g/mol; Molecular Formula:C;oHgFN202S5;UV/Vis: (Apax, 0.01 mmol, CHCl3) 278 nm; FTIR(cm 1):3067 (sp2 C-H
Str.), 2959 (sp® C-H Str.), 1615 (wAr C—=C Bend.), 1565 (sp> C-N Bend.), 1485 (sp® C-H Bend.), 1365 (S=O Str.), 765 (Ar C-H Bend.);
1H NMR: 5 7.85(d, 2H 3J = 8.0Hz), 7.82(d, 2H 3J = 8.5Hz),7.39 (d, 1H 3J = 8.2Hz, thiazole ring), 7.03 (d, 1H 3J = 8.2Hz, thiazole
ring), 3.44 (s, 3H, Methyl); 13C NMR: 5 161.51 (N—C=N), 164.11, 161.62, 138.62, 132.68, 132.64, 130.20, 130.07, 116.82, 116.52,
116.04 (C-S), 36.70 (N-CH3).

2.1.19. N-Methyl-4-nitro-N-(thiazol-2-yl)benzenesulfonamide (39)

4-Nitro-N-(thiazol-2-yl)benzenesulfonamide 15 (1 g, 3.50mmoles), methyl iodide18 (0.99 g, 7mmoles, 2 equiv.), DMF (5 mL),
calcium hydride (0.442 g, 10.5mmoles, 3 equiv.); Appearance:lightyellow crystals; Yield: 0.8 g (77 %); Ry 0.59; M.P: 183-185 °C;M.
W: 299.288 g/mol; Molecular Formula: C;10HgN304S2;UV/Vis: (Apmax, 0.01 mmol, CHCl3) 259 nm; FTIR(cm 1):3115 (sp2 C-H Str.),
2955 (sp® C-H St), 1631 (WAr C=C Bend.), 1525 (sp? C-N Bend.), 1438 (sp> C-H Bend.), 1370 (S=O Str.), 772 (Ar C-H Bend.); 'H
NMR: 5 8.38 (d, 2H °J = 8.2Hz), 7.99 (d, 2H 3J = 8.2Hz),7.43 (d, 1H 3J = 8.5Hz, thiazole ring),7.07 (d, 1H 3J = 8.5Hz, thiazole
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ring),3.48 (s, 3H, Methyl); *C NMR: & 160.99 (N—C=N), 150.69,142.16, 139.01, 128.70, 124.53,116.76 (C-S), 37.14 (N-CHa).

2.2. Crystallographic techniques using X-rays and data collection

Compounds 19, 23, and 24 underwent powder X-ray diffraction at a Thermo Fisher Scientific powder X-ray diffractometer in the
United States.

2.3. Urease inhibition assay

Ten minutes at 37 °C were used to pre-incubate 0.015 units of jack bean urease (Sigma) in an 85 pL assay mixture. After adding 40
pL of 20 mM urea substrate to each well, the Synergy HT plate reader was used to pre-read the results at 625 nm. To develop the color at
625 nm, 70 pL of alkali reagent and 45 pL of phenol were applied.

Inhibition (%) = 100-[(Abs. of sample/Abs. of control) x 100]

ICs values were calculated using the EZ-Fit Enzyme program with percent inhibition data from serial dilutions of active substances
tested (Perrella Inc., USA) [39].

2.4. a-Glucosidase and a-amylase inhibition assay

A solution of 0.1 g potato starch and 100 mL of 0.1 % w/v sodium acetate buffer was used to assess the activity of a-amylase. For the
enzyme solution, 27.5 mg of a-amylase was dissolved in 100 mL of distilled water. Using 96 mM 3,5 di-nitro salicylic acid and sodium
potassium tartrate, a colorimetric reagent was produced. Compounds and plant extract were mixed with a starch solution. The
resulting 3-amino-5-nitro salicylic acid was used to calculate the amount of maltose generated after adding a-amylase and incubation
at 25 °C. A UV/visible spectrophotometer (BMS, USA) was used to measure the absorbance at 540 nm in order to calculate the per-
centage of inhibition.

A 0.2 M Tris buffer (pH 8.0) and a 2 % w/v starch (sucrose) solution were used to test for alpha glucosidase inhibition. Following a
5-min incubation period at 37 °C, plant extracts and compounds (200-800 pg/mL) were combined with the starch solution and Tris
buffer. Intermittent additions of 5 mM P-nitrophenyl-a-D glucopyranoside were made. Once added, a-Glucosidase (1 U/mL) was
incubated at 35 °C for 40 min. A BMS spectrophotometer (USA) was used to detect the color intensity at 405 nm after the reaction was
stopped with 6 N HCI [40].

% Inhibition = Abs Control—Abs Sample/Abs Control x 100

2.5. Antioxidant assay

2.5.1. DPPH free radical scavenging activity

The protocol was followed for the DPPH free radical scavenging experiment [41,42]. For 1 h, a reaction mixture containing 100 pL
test samples (concentrations: 100, 250, 500, and 1000 pg) and 900 uL. DPPH was incubated at 37 °C in the dark. Using ascorbic acid as
the positive control and 3 % methanol as the blank, the spectrophotometric absorbance was measured at 517 nm.

Inhibition (%) = 100-(Absorbance of test sample/Absorbance of control) x 100.

2.5.2. ABTS method

Using ultrapure water, the antioxidant Assay Kit (Cat. no. CS0790) was used in duplicate assays. The ABTS substrate, the Trolox
standard, and a viable solution were prepared. A trolox standard curve was created using 20 pL of myoglobin and 10 pL of trolox. There
were two types of test samples: 10 pL and 20 pL myoglobin. After adding the ABTS substrate, the absorbance at 405 nm was measured
[43].

2.5.3. Superoxide anion scavenging assay

The Nitro Blue Tetrazolium (NBT) technique was used to detect superoxide production [44]. Ascorbic acid, NBT, and NADH so-
lutions with fractions were incorporated in the reaction mixture. The reaction was started by adding PMS solution, and the percentage
inhibition was determined by comparing the optical density at 530 nm before and after illumination.

2.6. Medicinal chemistry, docking and MD simulation protocols

The chemical structures of the synthesized derivatives were drawn using ChemDraw® Ultra 12.February 0, 1076, and Chem3D Pro
12.February 0, 1076 was used to optimize them.The ADMETIab 2.0 server [45] and SwissADME [46] were used to estimate a number
of the physiochemical properties, medicinal chemistry, absorption, distribution, metabolism, validation of toxicophoric rules, and
toxicity indicators. The drug likeness, bioavailability score, passive absorption in the gastrointestinal tract, and permeability across the
blood-brain barrier of the target motifs using the BOILED-Egg model were all measured using the SwissADME server. Furthermore, the
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AutoDockTools-1.5.6 program was utilized to determine the ligand efficacies of tiny compounds against the target substrates and
ligand-protein binding complexes with the lowest binding capabilities [47]. The produced compounds underwent molecular docking
studies to assess the ligand interactions with different enzyme substrates. The evolutionary algorithm of the docking program was used
to carry out the dockage simulations. The three-dimensional characteristics of the grid box were adjusted taking into account the
appropriate spacing values for every distinct substrate. The genetic algorithm parameters were maintained at their default settings,
with the exception of increasing the number of GA runs to 100 in order to increase the sampling. The substrate and ligands were
selected during the docking setup. Further analysis and visualization were performed on the top docked energy complexes using the
BIOVIA Discovery Studio software [48]. A precompiled binary application called NAMD 2.14 software [49] was utilized for molecular
dynamics (MD) simulation studies of ligand-substrate complexes. Subsequently, VMD 1.9.3 [50] was utilized for the simulation setup,
trajectory analysis, visualization, and additional investigations of simulated ligand-substrate complexes. The CHARMM general force
field (CGenFF) [51,52] and a ligand reader and modeller based on the CHARMM graphical user interface [53,54] were used to
construct ligand topologies.

3. Results and discussions
3.1. Target compounds

The synthesis, chemical studies, and biological activity of twenty one 2-aminothiazole derivatives were carried out. The com-
pounds 20, 21, 23, 25, 27, 28, 30, 31 and 32 are novel among the synthesized ones. Two steps were involved in designing the synthetic
pathway: First, the amino group of 2-aminothiazole was sulfonylated; this was followed by the same group being N-alkylated.
Furthermore, spectro-analytical methods were used to examine all chemicals (19-39). The compounds’ UV spectra revealed ab-
sorption in the 259-288 nm range.

3.1.1. Chemistry

The chemical aspects of the methodology for N-sulfonylation of 2-aminothiazole involve nucleophilic substitution reactions be-
tween the amino group of 2-aminothiazole and sulfonyl chloride, facilitated by a base such as sodium acetate. Heating and stirring
promote reaction kinetics and uniformity. Formation of a yellow sticky mass followed by powdered solid indicates intermediate and
product formation. TLC monitoring allows tracking of reaction progress, while recrystallization purifies the product for subsequent
characterization using techniques like NMR and IR spectroscopy. The alkylation process starts with the reductive alkylation of N-
sulfonamides at 50-55 °C using calcium hydride in DMF. Next, an alkylating agent is added. The progress of the reaction is monitored
using Thin Layer Chromatography (TLC), which uses an 8:2 ratio of n-hexane to ethyl acetate to guide the next steps. Upon confir-
mation of completion, the mixture is cooled, filtered post-addition of cold distilled water, likely precipitating out impurities. Spec-
troscopic analysis involves determining Anmax values using a CHCl3 solution. Crystals obtained undergo further purification via column
chromatography, separating product from impurities. Final refinement occurs through recrystallization in pure ethanol, yielding a
purer product. This methodology amalgamates reductive chemistry, chromatographic purification, and spectroscopic analysis for
effective synthesis and purification of the desired product from N-sulfonamides.

Based on the NMR data, it can be inferred that the compounds with benzyl group contain an aromatic ring and a methylene group.
The presence of aromatic protons and carbons suggests a compound with an aromatic moiety. The compounds with allyl group contain
an aromatic ring, and an olefinic bond. The presence of both aromatic and olefinic protons and carbons suggests a conjugated system.
The compounds with methyl group contain a thiazole derivative with an aromaticringand carbons as well as a methyl group attached
to a nitrogen atom.

The IR data of the final products shows that the compounds contain aromatic ring(ArC—C Bend. 1615 em 11631 em™Y; ArC-H
Bend. 740 cm~1-777 cm™!) and substituents like amino groups (G-N Bend. 1525 c¢m™~1-1584 cm™!) and sulfur containing func-
tional groups (S—=O Str. 1344 em1-1371 em™Y).

The UV data indicates the presence of compounds with conjugated pi-electron systems, which are likely aromatic or contain
multiple double bonds.

3.2. The packing of molecules in crystals of compounds 19, 23, and 24

The structural information and properties of 19 and 23 were investigated by using X-ray spectrometer. In the obtained XRD pattern
of 19 and 23, diffraction peaks at 12.90°, 16.40° 18.05° 19.35° 31.19° 22.11° 38.32°,38.32°44.50°, 65.10°,78.41° have corre-
sponding diffraction planes (020), (101), (101), (111), (121), (231), (121), (311),(123),(115),(420) respectively. XRD pattern of 19
and 23 (Fig. 543 supporting file) exposes our sample showing orthorhombic crystal system. These XRD results were matched according
to literature (JCPDS No. = 00-030-1945). XRD was performed on the prepared sample 24. The diffraction peaks for the compound 24
were seen at 24.07°, 26.51°, 34.54°, 41.95°, 44.51°, 56.07° have their respective diffraction planes (011), (140), (141),(241) (JCPDS
No. = 00-032-1683). XRD pattern of 24 (Fig. S44 supporting file) exposes our sample showing monoclinic crystal system.

3.3. Invitro Urease inhibition assay

Samples with >50 % enzyme inhibition were ICs( assayed. Compounds 36, 22, 34, and 35 demonstrated strong inhibition against
Jack bean urease (J.B. urease) and Bacillus Pasteurii urease with ICsq values of 14.06 + 0.03 pM/mL, 15.31 + 0.09 pM/mL, 16.01 +
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0.21 pM/mL, and 18.71 + 0.15 pM/mL for J.B. urease, and 17.06 + 0.03 pM/mL, 18.03 + 0.23 pM/mL, 18.70 + 0.04 pM/mL, and
20.21 + 0.19 pM/mLfor B.P urease respectively, compared to thiourea. Other compounds exhibited varied ICsq values, with 32 and 25
showing weak inhibition against both enzymes (Table 1). Urease affects urinary and digestive tracts, contributing to conditions like
urolithiasis, pyelonephritis, and gastritis. Inhibitors can help manage urease activity, essential for treatment and cultivation [55].

Soil enzymes, bacteria, fungus, and higher plants all include ureases [56]. Urinary stone formation, peptic ulcers, hepatic coma, and
pyelonephritis are among the ailments that are attributed to bacterial ureases [57]. Urease activity, by releasing excess ammonia after
urea fertilization, poses ecological and economic challenges in agriculture, leading to plant damage and soil pH elevation. Recent
developments include urease inhibitors like fluorofamide, hydroxyureas, and hydroxamic acids, gaining attention as potential anti-
ulcer drugs [58].

3.4. Invitro a-glucosidase and a-amylase inhibition assay

Samples with >50 % enzyme inhibition were assayed for ICsy. Compounds 20, 26, 21, 29, 30, 31, and 32 exhibited potent
inhibitory effects against a-glucosidase and a-amylase, with ICsq values ranging from 20.34 pM/mL to 32.01 pM/mL for a-glucosidase
and 25.09 pM/mLto 37.20 pM/mLfor a-amylase, compared to the standard Glimepiride (IC5yp = 18.02 pM/mL for a-glucosidase, ICsg =
23.02 pM/Ml for a-amylase). Other compounds showed mild to moderate enzyme inhibition, while 39, 24, 37, 36, 35, 34, and 33
showed weak inhibition against both enzymes (Table 2). Postprandial Hyperglycemia, a precursor to diabetes, is linked to a-gluco-
sidase and a-amylase, making their inhibition a potential strategy for managing hyperglycemia. Phenolic compounds like phenols,
terpenoids, and flavonoids are natural a-glucosidase inhibitors, aiding glucose regulation. In diabetes, oxidative damage occurs due to
reactive oxygen free radicals, emphasizing the importance of insulin in glucose regulation. Inhibiting a-amylase and a-glucosidase
helps reduce glucose absorption and manage blood glucose levels, presenting a promising avenue for diabetes management [59-64].

3.5. Invitro DPPH free radical scavenging, ABTS, and superoxide scavenging activity

The compounds demonstrated strong antioxidant effects. Specifically, compounds 33, 26, and 27 exhibited potent scavenging
against DPPH, with ICsg values of approximately 34.4, 38.3, and 39.2 pM/mL respectively. In addition, compounds 26 and 33 showed
excellent efficacy against ABTS, with ICso values of about 33.01 and 35.09 pM/mL respectively. Compound 26 was also effective in
scavenging superoxide anion radicals, with an ICsy value of approximately 36 pM/mL. Other compounds had varying levels of
scavenging effects against these radicals, ranging from moderate to weak (Table 3).

Compounds 21, 28, and 36 demonstrated strong scavenging against DPPH, with ICs( values of approximately 45.2 uM/mL, 48.4
pM/mL, and 49.3 pM/mL respectively. These same compounds were highly effective against ABTS, with ICsq values of about 33.01
pM/mL, 35.01 pM/mL, and 38.01 pM/mL respectively, as shown in Table 4. Additionally, compounds 35 and 28 showed effectiveness
in scavenging superoxide anion radicals, with ICsg values of approximately 38 pM/mL and 39 pM/mL respectively. Other compounds
displayed varying degrees of scavenging effects, ranging from moderate to weak (Table 4).

Table 1

Urease inhibition activities of compounds (19-39).
S.no Compounds Enzyme (SEM +) pM/mL Types of inhibition

1. B.P Urease
J.B Urease

2 19 26.15 + 0.02 29.05 + 0.01 Competitive
3 26F 30.11 + 0.07 38.20 + 0.36 Non-competitive
4. 33 22.05 £ 0.29 25.09 £ 0.14 Non-competitive
5. 20 20.55 + 0.41 2211 £ 0.35 Competitive
6 27 24.13 £ 0.34 26.37 £ 0.22 Competitive
7 34 16.01 + 0.21 18.71 £ 0.15 Competitive
8. 21 23.06 £ 0.11 27.04 £ 0.48 Non-competitive
9. 28 29.55 + 0.12 36.13 £ 0.43 Non-competitive
10. 35 18.70 + 0.04 20.21 £ 0.19 Competitive
11. 22 15.31 + 0.09 18.70 + 0.23 Competitive
12. 29 21.22 £ 0.17 23.02 £ 0.15 Non-competitive
13. 36 14.06 + 0.03 17.06 + 0.03 Competitive
14. 23 25.10 + 0.28 28.02 + 0.07 Non-competitive
15. 30 28.09 £+ 0.35 32.33 £0.37 Non-competitive
16. 37 21.02 £ 0.21 25.35 £ 0.31 Competitive
17. 24 32.11 £ 0.13 40.88 + 0.26 Competitive
18. 31 46.02 + 0.05 51.39 £ 0.11 Non-competitive
19. 38 24.31 £ 0.18 27.15+0.14 Competitive
20. 25 48.11 +£ 1.19 53.32 + 0.21 Non-competitive
21. 32 52.05 + 1.12 57.89 + 0.18 Non-competitive
22. 39 38.17 £ 0.01 43.71 £0.13 Non-competitive
22. Thiourea 10.12 + 0.08 14.08 + 0.05 -

Experiments = 3, Values = mean + SEM.
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Table 2
The a-Glucosidase and a-Amylase Inhibitory Activities of compounds (19-39).
Sr. No. Compounds Enzyme (% Inhibition + SEM)pM/mL Type of Inhibition
23. a-Amylaset SEM
a-Glucosidase+ SEM

1. 19 32.13 +£ 0.08 37.05 + 0.11 Competitive

2. 26 22.18 + 0.03 28.02 + 0.27 Competitive

3. 33 69.09 + 0.16 77.22 £ 0.12 Competitive

4. 20 20.34 + 0.71 25.09 + 0.23 Non-competitive
5. 27 34.22+£0.15 38.25+0.11 Non-competitive
6. 34 63.03 £ 0.19 65.33 £ 0.13 Non-competitive
7. 21 25.07 + 0.08 30.02 + 0.27 Competitive

8. 28 37.12+0.11 39.04 £ 0.10 Competitive

9. 35 60.60 + 0.03 63.11 + 0.16 Competitive

10. 22 39.41 + 0.05 41.60 + 0.12 Non-competitive
11. 29 27.12 + 0.16 32.03 £ 0.14 Non-competitive
12. 36 59.05 + 0.07 62.11 £ 0.12 Non-competitive
13. 23 41.14 £ 0.18 43.04 + 0.05 Non-competitive
14. 30 29.05 + 0.35 34.23 + 0.27 Non-competitive
15. 37 57.04 + 0.11 59.25 + 0.41 Non-competitive
16. 24 55.01 + 0.12 57.08 £ 0.16 Non-competitive
17. 31 30.01 + 0.15 35.34 + 0.34 Non-competitive
18. 38 44.21 + 0.28 44.14 £ 0.13 Non-competitive
19. 25 46.13 £ 1.09 47.22 £ 0.11 Non-competitive
20. 32 32.01 + 1.02 37.20 + 0.16 Non-competitive
21. 39 53.17 + 0.03 55.71 + 0.05 Non-competitive
22. Glimepiride 18.02 £+ 0.015 23.02 +0.13 -

Experiments = 3, Values = mean + SEM.

The substances exhibited strong scavenging abilities. With ICsg values of 49.15 + 0.05 and 43.02 + 0.13 (uM/mL) against DPPH,
compounds 23 and 39 shown strong scavenging performance; in contrast, compounds 23 and 25 demonstrated exceptional efficacy
against ABTS, with ICsg values of 29.01 + 0.11 pM/mL and 29.01 + 0.14 (uM/mL) respectively. The ICs values of compounds 30 and
25 were 43 + 0.09 pM/mL and 44 + 0.15 (uM/mL), respectively, indicating their effectiveness in scavenging superoxide anion radicals
(Tables 5-6). The scavenging activities of the other compounds were mild to moderate. Oxygen is crucial for life, but excess reactive
oxygen species can cause serious health issues. Antioxidant drugs combat these problems through diverse mechanisms, and tests like
DPPH, ABTS, and superoxide anion assays help evaluate their effectiveness and mechanisms [65-67]. Synthesized compounds show
potent antioxidant effects, valuable for preventing oxidative stress-related disorders.

3.6. Structure optimizations and FMO analyses

FMO analysis is a key tool in quantum chemistry, focusing on a molecule’s HOMO and LUMO [68]. It’s vital in medicinal chemistry
for predicting reactivity, selectivity, and electronic properties of drugs, aiding in identifying crucial molecular interactions for binding
affinity and pharmacophore features [69]. For the analysis of MOs of the screened compounds, the structures were first energy
minimized by employing MM2 force field which resulted the structural arrangement so that both homocyclic ring systems on the
central nitrogen atom of sulfonamide moiety stay parallel one above the other along the mutual interactions of aromatic « clouds in
compounds 21, 22, 24, and 25 where the heterocyclic thiazole moiety stays away from these carbocyclic systems. In all the screened
compounds 21, 22, 24, 25, 32, and 38, the electronic densities of HOMOs stay at the thiazole ring whereas the electronic densities of
LUMO:s stay at both of the carbocyclic ring systems with head on overlaps of MOs of the two ring systems for compounds 21, 22, 24,
and 25, whereas, the derivatives 32 and 38 contain one carbocyclic ring which held the electronic density (Fig. 1). It was found that the
electronic cloud stays on the carbocyclic moieties in the excited state of 22 and as it is electronically rich part which resultantly
attracted the acidic amino acid Asp730 through a n-cation force in the docked complex. Moreover, as the carbocyclic rings overlapped
over each other in the FMO structures thus rendering the -SO,- moiety more exposed which easily formed two intermolecular
hydrogen bonds through its both oxygen atoms with the neighboring amino acids including Arg150, Ser209, Thr211, Lys716, Met746,
thus suggesting that the results of FMO analyses were supporting the binding capabilities of screened motifs with their biological
targets.

Considering the energies of HOMOs and LUMOs and the energy gaps, it is related to the functional moieties conjugated with the &
systems such as the energies of HOMO and LUMO for compound 22 with no substituent at the aromatic rings were found to be —5.783
eV and 0.022 eV with the energy gap of 5.805, whereas, bromo and fluoro at the para position increased this energy difference
minutely by shifting LUMO to somewhat higher with energy values of 0.278 eV and 0.288 eV along with the energy gaps of 6.089 eV
and 6.078 eV for compounds 21 and 24, respectively. The presence of nitro functionality at the para positions of compound 25 and 32
sufficiently reduced the energy gaps to 0.384 eV and 1.187 eV by lowering the energies of LUMOs to —5.336 eV and —4.997,
respectively (Table 7). As higher chemical reactivity and decreased stability are generally indicated by a smaller HOMO-LUMO energy
gap, which might improve a compound’s capacity to interact with biological targets. The compound 38 has the smallest HOMO-LUMO
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Table 3
Concentration-dependent antioxidant effect of compounds 19, 20, 26, 27, 33, and 34.
Compounds Concentrations (M) 1Csp, (pM/
25 50 75 100 mi)
(a) Concentration-dependent DPPH % Scavenging 19 39.1+£0.2 65.8 + 89.6 + 95.1 + 0.41 40.01 +
0.03 0.11 0.01
20 35.2+0.1 49.2 + 56.3 + 80.2 £ 0.01 43.5 £ 0.03
0.01 0.83
26 43.2+0.8 74.8 £ 0.3 88.5 £ 0.1 99.2 +£ 0.2 38.3 £0.03
27 332+ 59.6 + 0.2 75.4 £ 0.2 91.8 £ 0.03 39.2 £ 0.02
0.01
33 30.2+£0.2 374 +£0.1 65.6 + 88.3 £ 0.2 34.4 +£0.07
0.01
34 29.2 + 69.6 + 0.2 78.4 £ 0.2 94.8 + 0.03 45.5 £ 0.05
0.01
Ascorbic 48.2 £ 70.3 + 85.3 + 97.2 £ 0.2 30.4 +0.08
acid 0.02 0.01 0.01
10 20 30 40 50
(b) Concentration-dependent ABTS % 19 18.01 + 37.05 + 41.09 + 69.02 + 89.03 + 37.01 +
Scavenging 0.09 0.04 0.01 0.03 0.91 0.04
20 15.04 + 22.02 + 45.08 + 61.01 + 82.03 + 38.01 +
0.2 0.05 0.06 0.03 0.07 0.06
26 09.02 + 24.03 £ 43.08 + 75.07 £ 96.06 + 33.01 £
0.03 0.01 0.09 0.02 0.21 0.09
27 10.02 + 19.08 + 43.02 + 70.02 + 93.09 + 40.05 +
0.05 0.03 0.09 0.11 0.02 0.08
33 29.02 + 41.07 £ 49.08 + 72.02 £ 113.03 + 113.03 +
0.08 0.03 0.01 0.07 0.05 0.05
34 27.2 + 35.6 £0.2 46.4 = 0.2 69.8 + 80.1 + 0.08 47.05 + 0.0
0.01 0.03
Trolox 36.08 + 58.02 + 67.03 + 85.01 + 105.02 + 16.4 + 0.08
0.1 0.62 0.02 0.06 0.02
25 50 75 100
(c) Concentration-dependent superoxide anion 19 32 + 0.07 59 + 0.25 80 +£0.11 88 + 0.01 42 + 0.15
% scavenging 20 31 £0.02 54 +£0.12 79 £ 0.22 85+ 0.25 40 £ 0.06
26 27 £ 0.07 63 £+ 0.01 73 £0.11 94 + 0.51 36 £ 0.22
27 25+ 0.17 71 £0.25 86 + 0.03 93 £+ 0.52 45+ 0.19
33 20 £ 0.01 51 + 0.03 60 + 0.15 99 +0.18 38 £+ 0.55
34 18.2 + 39.6 £ 0.2 69.4 + 0.2 89.8 £ 0.03 52.1 £0.01
0.01
Ascorbic 39 + 0.09 55 + 0.05 77 £0.12 90 £ 0.02 33.4 £ 0.08
acid

Experiments = 3.
Values = mean + SEM.

gap and is expected to be highly reactive towards it biological targets as it was found to be with better ICso values of 24.31 + 0.18,
27.15+0.14, 44.21 4+ 0.28, and 44.14 + 0.13 against the J.B urease, B.P urease, glucosidase, and amylase enzymes which are found to
be much better than many other similar compounds.

3.7. Physiochemical properties and drug likelihood

The rate and extent of drug absorption throughout the digestive process are determined by the intestinal absorption process, which
makes it essential for the drug’s effectiveness [70]. The screened compounds 21, 22, 24, 25, 32, and 38 showed higher values of GI
absorptions indicating their greater absorbability by the intestine with increased therapeutic outcomes because drug with little ab-
sorption in the GI tract may lead to reduced bioavailability, little or no therapeutic efficacy, and requirement of higher doses and
resultantly increasing the risk of adverse effects. Another corresponding parameter for the measurement of bioavailability of a drug is
the impact of P-gp on target ligands [71] and the measurement of this parameter for the screened motifs declared them to be
non-substrates of this protein thus resulting the probability of higher concentrations of drug to reach the circulation system. The
blood-brain barrier (BBB) prevents entry into the brain of most drugs from the blood [72]. The output values of all the screened
compounds indicate them to be non-permeable of BBB thus declaring these ligands to be non-CNS drug candidates, reduction in the
unintended effects on CNS, minimizing side effects on CNS such cognitive impairment, enhancing safety profile, and indicating them to
be focused on their intended therapeutic targets permeability therefore all are not able to cross the blood-brain barrier. The rate at
which a substance penetrates the stratum corneum is known as skin permeation, or Log Kp, and it represents an additional possible
route for drug administration. This number is frequently used to quantify the movement of molecules in the epidermal skin’s outermost
layer and to highlight the importance of skin absorption. The Kp presents a measure by which the potential of biological uptake via the
skin for a compound can be quantified and the datasets by QSPR evaluation of screened libraries of compounds resulted the skin
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Table 4
Concentration-dependent antioxidant effect of compounds 21, 22, 28, 29, 35,and 36.
Compounds Concentrations (pM) ICs0, (M/
25 50 75 100 mL)
(a) Concentration-dependent DPPH % Scavenging 21 351+ 63.5 + 90.5 + 99.1 + 0.32 45.2 + 0.03
0.05 0.11 0.16
22 314+ 50.1 + 66.1 + 79.5 £ 0.05 57.2 £ 0.07
0.08 0.11 0.23
28 48.2 + 70.7 £ 85.3+0.3 91.2 £ 0.06 48.4 £ 0.11
0.09 0.01
29 34.5 + 49.1 + 77.2+0.7 93.5 + 0.08 52.5 £ 0.11
0.21 0.13
35 28.1 + 34.4+0.8 61.5 + 89.1 +£ 0.6 53.1 £0.11
0.04 0.03
36 25.3 + 65.5 + 88.3 + 93.8 + 0.09 49.3 +
0.07 0.12 0.11 0.099
Ascorbic 45.2 + 68.2 + 88.1 £ 94.2 £ 0.5 42.2 £+ 0.06
acid 0.01 0.17 0.02
10 20 30 40 50
(b) Concentration-dependent ABTS % 21 15.1 + 30.5 + 46.03 + 72.05 + 90.03 + 33.01 +
Scavenging 0.05 0.04 0.11 0.15 0.51 0.05
22 12.04 = 27.2+0.5 47.03 + 66.11 + 86.13 + 40.01 +
0.01 0.06 0.31 0.12 0.01
28 10.01 + 27.3 £ 48.08 + 55.7 £ 99.06 + 35.01 +
0.02 0.05 0.9 0.22 0.25 0.11
29 19.2 £ 0.5 23.07 £ 45.01 + 74.12 £ 89.19 + 43.21 +
0.13 0.19 0.17 0.12 0.15
35 33.02 + 31.05 + 43.01 + 62.2 + 105.13 + 38.01 +
0.08 0.01 0.03 0.09 0.11 0.13
36 232+ 37.5+0.2 48.3 + 65.5 + 87.5 £ 0.05 45.07 £
0.11 0.21 0.01 0.09
Trolox 26.05 + 55.02 + 70.03 + 82.01 + 109.2 + 19.4 £ 0.03
0.03 0.12 0.01 0.05 0.22
25 50 75 100
(c) Concentration-dependent superoxide anion 21 33+0.3 57 +£0.13 82 + 0.01 86 + 0.11 45 + 0.03
% scavenging 22 35+ 0.02 57 £0.15 80 + 0.25 87 £ 0.15 40 £+ 0.06
28 25+ 0.02 66 + 0.11 77 £0.18 99 + 0.31 39 +0.14
29 28 +0.07 73 £0.20 85+ 0.13 96 + 0.32 43 +£0.17
35 27 £0.12 53 +0.05 64 + 0.04 89 +0.28 38 £0.55
36 20.6 + 43.6 + 65.1 £ 0.5 87.5 £ 0.08 57.1 £ 0.09
0.11 0.12
Ascorbic 49 + 0.05 53 +0.03 75+ 0.15 93 £+ 0.01 35.4 £0.19
acid

Experiments = 3.
Values = mean + SEM.

permeation values range between —11.436 cm/s and —1.778 cm/s with the majority of compound lying < —4 cm/s and >-10 cm/s
[73]. The test compounds 21, 22, 24, 25, 32, and 38 have log Kp values —5.83, —5.02, —5.88, —6.23, —6.54, and —6.48 respectively,
representing their placements in the optimal range thus indicating these compounds drug-like and possess good dermal permeability
and may be administered via the route alternative to oral path (Table 8).

QED scoring evaluates a compound’s drug-likeness by considering factors like molecular weight, lipophilicity, polarity, and other
physicochemical properties, aiding in drug discovery [74]. A greater QED score >0.67 corresponds to the attractive molecules in the
process of drug discovery whereas the unattractiveness varies proportional to the decrease in this value. Among the screened com-
pounds, the derivatives 22, 24, and 38 stood favorite with the QED scores of 0.719, 0.707, and 0.860, respectively, whereas the
derivatives 21, 25, and 32 exhibited this value 0.631, 0.486, and 0.462, respectively. SA score is implemented based on the synthetic
accessibility score, which is an estimated ease of synthesis of a drug-like molecule [75]. Drug-like molecules having SA score of >6 are
difficult to synthesize, while those with a score of <6 are easy to achieve synthetically. The SA scores of all the compounds 21, 22, 24,
25, 32, and 38 of 2.107, 2.096, 2.057, 2.185, 2.517, and 2.248 respectively were in the acceptable range of synthetic ease which were
in accordance with the experimental data of synthesis of these motifs in better yields thus validating the model adopted for the
computational studies. Another metric used in medicinal chemistry is Fsp® and its higher value is associated with increased water
solubility, lower lipophilicity, and enhanced metabolic stability and thus improving bioavailability, reduction in toxicity, and
enhanced drug-like properties, ultimately increasing the likelihood of success in the drug development process [76]. The compounds
21, 22, 24, 25, 32, and 38 exhibited Fsp3 values of 0.062, 0.087, 0.062, 0.062, 0.083, and 0.1 respectively thus establishing that the
compounds 22, 32, and 38 had comparatively greater saturation in their structures than rest of the screened motifs. Caco-2 is a human
epithelial colorectal adenocarcinoma cell line that is commonly used in drug discovery and development and widely used in absorption
studies [77] with the optimal score for this assay to be > —5.15 log unit where all the screened compound stood in the optimal range
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Table 5
Concentration-dependent antioxidant effect of compounds 23,24,30,31,37and38.
Compounds Concentrations (pM) ICs0, (M/
25 50 75 100 mL)
(a) Concentration-dependent DPPH % Scavenging 23 32.6 + 57.3 + 70.5 + 93.05 £+ 0.32 49.15 +
0.21 0.01 0.16 0.05
24 21.3 + 44.1 + 75.1 + 89.4 £ 0.35 62.5 +£ 0.07
0.18 0.55 0.30
30 385+ 46.1 £ 77.2 £ 81.2 £0.15 52.3 £0.21
0.19 0.11 0.13
31 34.02 + 43.1 + 73.2+ 0.5 90.5 +0.11 66.3 = 0.2
0.1 0.13
37 19 £0.17 42.4 £ 0.8 66.8 + 99.1 £0.21 57.1 £0.11
0.15
38 21.3 + 67.3 £ 0.2 89.3 + 95.01 £ 0.9 69.5 + 0.1
0.11 0.05
Ascorbic 20.2 + 58.1 + 79.1 £ 84.2 £ 0.18 45.11 +
acid 0.11 0.05 0.12 0.16
10 20 30 40 50
(b) Concentration-dependent ABTS % 23 19.5 + 39.5 + 55.13 + 76.01 + 93.03 + 30.01 +
Scavenging 0.05 0.24 0.13 0.5 0.31 0.11
24 25.11 + 33.6 + 44.31 + 48.23 + 76.23 + 42.12 +
0.11 0.55 0.17 0.51 0.22 0.21
30 23.11 + 40.3 £ 46.01 + 59.5 £ 87.11 + 37.6 £ 0.01
0.02 0.53 0.19 0.20 0.15
31 29.31 + 37.15 £ 41.11 £ 47.12 £ 73.04 £ 46.13 £
0.2 0.28 0.39 0.17 0.12 0.13
37 30.22 + 41.25 + 48.01 + 65.5 + 99.03 + 34.11 +
0.22 0.11 0.12 0.07 0.15 0.16
38 13.2+ 353+ 41.2 + 48.13 + 79.3 £ 0.44 49.03 £
0.91 0.42 0.71 0.11 0.15
Trolox 35.01 + 65.2+0.1 77.31 + 89.01 + 105.12 + 17.5 £ 0.05
0.3 0.07 0.5 0.21
25 50 75 100
(c) Concentration-dependent superoxide anion 23 39 +0.3 60 + 0.56 89 + 0.07 103 +0.19 47 +0.11
% scavenging 24 33+0.21 45 + 0.35 84 +£0.25 97 £ 0.15 59 +0.16
30 29 + 0.34 63 +0.01 79 £ 0.11 87 +£0.21 43 £ 0.09
31 25 +0.11 46 + 0.05 79 £+ 0.33 104 £+ 0.22 60 £+ 0.05
37 37 +£0.21 43 + 0.6 67 + 0.03 99 + 0.15 54 + 0.15
38 315+ 45.01 + 55.7 £ 0.5 92.5 £ 0.03 67.6 + 0.93
0.11 0.5
Ascorbic 35+ 0.33 57 £0.13 86 + 0.53 99 +0.11 39.1 £0.21
acid

No. of experiments = 3.
Values presented are mean + SEM.

Table 6
Concentration-dependent antioxidant effect of compounds 25, 32 and 39.
Compounds Concentrations (pM) 1Cs0, (pM/mL)
25 50 75 100
25 35.2+0.2 57.8 £0.11 71.6 = 0.03 85.1 +0.41 47.1 + 0.08
32 39.2+£0.2 53.5+0.3 64.4 +0.01 88.24+0.2 46.2 + 0.01
39 15.04 + 0.05 55.02 + 0.08 77.08 £ 0.11 91.01 £ 0.34 43.02 £ 0.13
Ascorbic acid 43.2 + 0.02 69.3 + 0.41 95.3 +0.01 105.2 £ 0.2 35+ 0.05
10 20 30 40 50
25 09.01 + 0.09 28.05 + 0.04 43.09 £+ 0.01 70.02 £+ 0.03 81.03 £ 0.91 29.01 £ 0.14
32 12.02 + 0.03 25.03 + 0.01 49.01 + 0.09 75.03 £ 0.02 94.06 + 0.21 31.01 + 0.09
39 24.02 + 0.05 39.01 +£0.3 47.06 £ 0.1 72.11 £ 0.09 102.03 + 0.01 36.09 + 0.15
Trolox 18.08 £ 0.1 40.02 + 0.62 55.03 £ 0.02 84.01 £+ 0.06 93.02 + 0.02 20.3 + 0.02
25 50 75 100
25 19 + 0.07 25 £ 0.25 44 +0.10 67 £+ 0.01 44 £+ 0.15
32 15 + 0.05 32 £0.02 67 +£0.11 97 £ 0.51 49 £ 0.12
39 22.2 £0.01 48.5 £ 0.17 71.4 +0.34 93.8 £ 0.11 54.1 +£0.55
Ascorbic acid 25 + 0.03 60 + 0.07 67 +£0.11 82+ 0.01 38 +£0.20

Experiments = 3.
Values = mean + SEM.
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Fig. 1. Surface plots of molecular orbitals of compounds 21, 22, 24, 25, 32, and 38.
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Table 7

Energies of HOMOs and LUMOs of compounds 21, 22, 24, 25, 32, and 38 along with HOMO-LUMO energy differences.
Compound HOMO (eV) LUMO (eV) Eg(eV)
21 -5.811 0.278 6.089
22 —5.783 0.022 5.805
24 —5.790 0.288 6.078
25 -5.720 —5.336 0.384
32 —6.184 —4.997 1.187
38 —5.960 0.349 6.309

Table 8
Absorption and bioavailability potential of screened motifs 21, 22, 24, 25, 32, and 38.
Compound GI absorption BBB permeant P-gpsubstrate Log Kp (skin permeation) Bioavailability score
21 High No No —5.83 0.55
22 High No No —5.84 0.55
24 High No No —5.88 0.55
25 Low No No —6.23 0.55
32 Low No No —6.54 0.55
38 High No No —6.48 0.55

with —4.664, —4.924, —4.615, —4.707, —4.567, and —4.235 Caco-2 Permeability scores for the compounds 21, 22, 24, 25, 32, and 38,
respectively. The Madin-Darby canine kidney (MDCK) permeability is another parameter useful to assess BBB permeability, oral
bioavailability, drug transporter interactions, and for drug regulatory purposes [78]. The standard low, medium, and high passive
permeability scores are distributed to <2 x 107® cm/s, 2-20 x 107® cm/s, and >20 x 107° cm/s, respectively. Among the screened
compounds, exhibited high passive permeability with 1.70 x 10>, 2.40 x 107>, 2.13x >, 1.29x 10% 1.50 x 10™*, and 2.53 x 107>,
respectively, indicating their improved absorptions, greater concentrations of drug reaching circulation system, and more desirable
pharmacokinetics profiles.

The optimal range of Plasma protein binding (PPB) is <90 % because highly protein-bound drugs may have a low therapeutic
index. High plasma protein binding limits the partitioning of xenobiotics from the blood into the tissues where they could be
metabolized. This serves to extend the half-life of the xenobiotic as only free chemicals may enter the metabolizing enzymes [79]. All
the compounds have PPB values higher than the optimal range. High PPB values may affect the drug’s clinical results. Thus,
amendments will be made to set the PPB value.

MCE-18 stands for medicinal chemistry evolution. The optimum MCE-18 score limit given by ADMETlab 2.0 is > 45. A1, A2, A3,
A4, A5, and A6 have MCE-18 scores of 17, 21, 17, 18, 14, and 13 respectively. All the values are below the optimum range.

NP score reflects the natural product-likeness score. This score ranges from —5 to 5; the higher the score, the higher the probability
of being a natural product. Natural products are more likely to be safe, with reduced risk of toxicity. All the values —1.96,-1.416,-
2.176,-2.097,-2.308, and-2.442 lie in the optimal range (Table 9).

The human Ether-a-go-go-Related Gene (hERG) K" channel blockade is linked with fatal cardiac arrhythmias. Preventing severe
cardiac adverse effects, guaranteeing the safety of pharmaceutical compounds, and increasing the overall success rate of drug
development all depend on designing medications with lower hERG liability [80]. Among the screened compounds, the hERG values
were found to be 0.033, 0.017, 0.028, 0.137, 0.024, and 0.008 for compounds 21, 22, 24, 25, 32, and 38 which were approaching to
zero thus indicating the safety of these drug candidates for cardiovascular system. The probabilities of the screened motifs for the
inhibition of CYP1A2 estimated by the employed algorithm were 0.724, 0.750, 0.711, and 0.738 for 21, 22, 24, and 38 indicating them
to be better inhibitors whereas the compounds 25 and 32 offered moderate inhibitory potentials of 0.586 and 0.629, respectively.
Similarly, the screened compounds were found to be poor substrates of this enzyme with 0.368, 0.235, 0.387, 0.114, and 0.270,
respectively except compound 38 with the value of 0.756 indicating it to be more vulnerable for biotransformation by this enzyme. The
probabilities of the screened compounds 21, 22, 24, 25, 32, and 38 to inhibit CYP2C19 estimated to be 0.974, 0.95, 0.975, 0.971,
0.939, and 0.939 respectively declared these derivatives to be potent inhibitors of this metabolic enzyme whereas this protein was
moderately active to bio transform the most of these compounds as substrates except 38 with the score of 0.866 being more vulnerable

Table 9

Drug permeation investigations of compounds 21, 22, 24, 25, 32, and 38.
No. QED SA score Fsp3 MCE-18 NP score Caco-2 Permeability MDCK Permeability PPB
21 0.631 2.107 0.062 17 —-1.96 —4.664 1.70E-05 98.15 %
22 0.719 2.096 0.062 16 -1.897 —4.768 2.40E-05 97.84 %
24 0.707 2.057 0.062 17 -2.176 —4.615 2.13E-05 98.20 %
25 0.486 2.185 0.062 18 —2.097 —4.707 1.29E-04 98.20 %
32 0.462 2.517 0.083 14 —2.308 —4.567 1.50E-04 95.11 %
38 0.860 2.248 0.1 13 —2.442 —4.235 2.53E-05 95.60 %
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to the biochemical modifications. Moreover, all the investigated compounds were found to be good CYP2C9 inhibitors due to their
higher probability values of 0.969, 0.967, 0.965, 0.963, 0.913, and 0.899. CYP3A4, the primary and most clinically significant
drug-metabolizing enzyme in the human body, oxidizes more than 50 % of commonly used medications; however, some of these
substances also function as inducers, effectors, and inhibitors of CYP3A4. On the other hand, these compounds were also effective
CYP2C9 substrates. Inhibition of CYP3A4 is generally undesirable and can result in drug toxicity, drug-drug interactions, and other
negative effects. CYP3A4 inactivation, however, may be advantageous in some circumstances since it may increase the therapeutic
efficacy of medicines that are rapidly digested by raising their plasma levels. In this study, the compounds A1, A2, A3, and A4 with
probability values of 0.833, 0.862, 0.813, and 0.835, respectively, were good CYP3A4 inhibitors and A5 as a moderate inhibitor as its
value is 0.656. However, the compound A6 was found to be a poor inhibitor as it has a very low value of 0.177, whereas, the rest of the
characteristics of screened candidates are presented in Table 10. In conclusion, these investigations offer an overview of behaviors of
synthesized compounds in the human metabolic system, as drug candidates.

3.7.1. Metabolism evaluation

When drugs enter the body, the liver metabolizes them through various processes like hydrolysis, condensation, conjugation,
oxidation, reduction, and isomerization. These transformations break down the drugs into metabolites, some of which are pharma-
cologically active and contribute to the medication’s effects. However, the metabolism rate varies among individuals, affecting the
drug’s efficacy and toxicity.

The metabolites were obtained by the metabolic processes the parent compound 21 has undergone various reactions and thus
different metabolites have been obtained. The metabolite M1 was obtained by the aromatic hydroxylation of the parent compound and
the probability of this predicted biotransformation to undergo in the real biological system was found to be 0.9313, M2 by aromatic
hydroxylation with 0.7832 probability, M3 by aromatic hydroxylation with a 0.9505 probability rate, M4 was obtained by the glu-
tathionation reaction of the parent compound with probability rate of 0.9974, M5 was obtained by S-oxidation of the parent compound
with probability of 0.9980, M6 metabolite was obtained by the reaction N-dealkylation of the parent compound with probability rate
of 0.9851.

The physiological potencies of the parent compound 21 and its predicted metabolites were evaluated by the employed algorithm
which declared the parent compound to be active as an ABCA1 expression enhancer, transcription factor inhibitor and p-lactamase
inhibitor with activity (Pa) values of 0.556, 0.482, and 0.325 respectively, where some of the predicted metabolites also showed some
activity for these factors with Pa values with slight variations such as M1 shows activity as ABCA1 expression enhancer (Pa = 0.511)
and transcription factor inhibitor (Pa = 0.472) which were comparable to the parent compound, M2 also showed the activity against
these proteins with Pa scores of 0.510 and 0.493 respectively, the Pa value for the transcription factor inhibitor is slightly greater which
shows that the M2 shows greater activity for transcription factor inhibitor as compared to the parent compound and the M1. M3 was
also found to be ABCA1 expression enhancer and transcription factor inhibitor with the Pa values of 0.522 and 0.462 respectively,
where the rest of the metabolites were less active in the physiological responses. The metabolite M4 was also mildly active as
Glutathione S-transferase inhibitor and Cyclin-dependent kinase 2 inhibitor with Pa values of 0.271 and 0.265, respectively. M1, M2,
and M3 were mild lipoxygenase inhibitors with the activity scores of 0.394, 0.414, and 0.363. The metabolic product M5 was a potent
analgesic with a Pa value of 0.784, an anti-inflammatory candidate with a Pa value of 0.730, and an antioxidant with a Pa value of
0.562. The metabolite M7 showed various potentials as Nav1.3 sodium channel blocker, sodium channel blocker, and Nav1.5 sodium
channel blocker with the Pa values of 0.709, 0.569, and 0.533, respectively.

During the toxicity evaluations, most of the metabolites showed very little toxicity in the body causing only few toxic side effects
such as the parent compound showed the toxicity of ulceration with a Pa value of only 0.114. On the other hand, M1, M3, M4, M5, and
M6 also showed similar toxicity with minor variations as the ulceration toxicity score for M1 was found to be 0.120 which is nearly
similar to the parent compound, M3 and M6 had ulceration toxicity by 0.119 and a 0.117 value reflecting that there is also somehow
little toxicity by these metabolites, M4 had extraordinarily reduced ulceration toxicity with Pa score of only 0.044 which is even less
than the parent compound as well as other metabolites. Similarly, the metabolite M5 exhibited ulceration toxicity less than the parent
moiety with Pa value of 0.132. Further, the parent compound also showed the toxicity of carcinogenic group 1 with a Pa score of only
0.067 indicating its little or no carcinogenicity. Other metabolites M1, M2, M3, M4, M5, and M6 all showed the toxicity of carci-
nogenic group 1 with Pa scores of 0.063, 0.061, 0.066, 0.028, 0.067, and 0.076 respectively. Out of these investigations, M4 showed
least toxicity in this category with a Pa score of 0.028 whereas all other metabolic products had Pa values a little higher than M4 with
few variations. Further screening of parent compound showed some little toxicity of pneumotoxic with 0.042 Pa value, M2 also showed
pneumotoxicity in an acceptable range with Pa value of 0.061, minutely higher than the parent compound, M5 was also found to be

Table 10
Enzymatic metabolism investigation of screened compounds 21, 22, 24, 25, 32, and 38.

Compound CYP1A2-inh/sub CYP2C19-inh/sub CYP2C9-inh/sub CYP2D6-inh/sub CYP3A4-inh/sub hERG Ames NR-PPAR-gamma

21 0.724/0.368 0.974/0.649 0.969/0.935 0.627/0.358 0.833/0.92 0.033 0.031 0.216
22 0.750/0.235 0.979/0.643 0.967/0.854 0.451/0.249 0.781/0.922 0.017 0.023 0.449
24 0.711/0.387 0.975/0.503 0.965/0.929 0.616/0.427 0.813/0.918 0.028 0.042 0.673
25 0.586/0.114 0.971/0.393 0.963/0.953 0.58/0.511 0.835/0.915 0.137 0.718 0.273
32 0.629/0.270 0.939/0.603 0.913/0.943 0.703/0.807 0.656/0.834 0.024 0.939 0.042
38 0.738/0.756 0.939/0.866 0.899/0.928 0.15/0.52 0.177/0.91 0.008 0.089 0.336
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safe with a Pa score of 0.047. The metabolites M1, M2, M3, and M6 all are very safe to be metabolized in the body, they exhibit little or
no hypoglycemic with Pa scores of 0.088, 0.071, 0.081, and 0.155 respectively, only M6 have very little potential to cause hypo-
glycemic otherwise there is no such toxicity to be concerned (Fig. 2).

Another algorithm [81] was employed for the prediction of metabolic outcomes of compound 21 after its absorption as a drug
candidate resulting various metabolites among which E1 and E2 were obtained by the environmental microbial transformation of the
parent moiety, bearing the ALogP values of 3.3179 and 3.1049 respectively reflecting that they were polar compounds. The metab-
olites ABland AB2 were obtained by the hydrolysis of sulfonamide moiety to sulfonic acid and the corresponding secondary amine by
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Fig. 2. Schematic representation of formation of metabolite of compound 21 with calculated Pa/Pi scores, LogP, and drug likeness.
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an abiotic transformation, with ALogP values of 1.5418 and 2.2194, respectively. AB3 (ALogP = 0.9651) were obtained by sulfon-

amide C-Sphoto hydrolysis of the parent compound by an abiotic transformation, whereas AB4 and AB5 metabolites were also ob-
tained by an abiotic transformation process, the parent moiety underwent ozonation by the oxidation of para position of the substrate,
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with ALogP values of 3.5853 and 2.8488, respectively.

Investigations on the drug resemblance of these metabolic products, it was found that E1 had a structure resemblance with some
marketed drugs, firstly with N-[4-(aminosulfonyl)benzyl]-5-(5-chloro-2,4-dihydroxyphenyl)-1H-pyrazole-4-carboxamidewith a
resemblance score of 0.202, with xipamide with a score of 0.143. E2 had similarities with N-butyl-benzenesulfonamide with a score of
0.309, the drugsfamphur and 2, 2-dibenzothiazyl disulfide also showed similarity with the metabolite E2 with similarity scores of
0.203 and 0.158, respectively. Further, AB1 metabolite had similarity with the approved drugs 2-naphthalenesulfonic acid, p-tolue-
nesulfonic acid, and 5-(dimethylamino)-1-naphthalenesulfonic acid (dansyl acid) with similarity scores of 0.989, 0.982, and 0.951.
Similarly, AB2 had similarity with drugs 5-benzyl-1,3-thiazol-2-amine, N3~-benzylpyridine-2,3-diamine, and thiabendazole with a
score of 0.876, 0.829, and 0.791, whereas, the metabolite AB3 had similarity with the drug nitazoxanide(a thiazolide anti-infective
used to treat infections by protozoa, helminths, anaerobic bacteria, microaerophilic bacteria, and viruses) and 2-amino-N-(4-
methyl-1,3-thiazol-2-y1)-5-[(4-methyl-4H-1,2,4-triazol-3-yl)sulfanyl]benzamide with a score of 0.776 and 0.685. Moreover, AB4
exhibited similarity with the drugs2-amino-N-(4-methyl-1,3-thiazol-2-y1)-5-[(4-methyl-4H-1,2,4-triazol-3-yl)sulfanyl]benzamide and
2-(methylamino)-N-(4-methyl-1,3-thiazol-2-yl)-5-[(4-methyl-4H-1,2,4-triazol-3-yl)sulfanyl] benzamide with similarity scores of 0.500
and 0.479. Finally, AB5 had resemblance with the standard drug 1-{3-[(4-pyridin-2-ylpiperazin-1-yl)sulfonyl]phenyl}-3-(1,3-thiazol-
2-yDurea with a score of 0.487 (Fig. 3).

3.8. Molecular dockings

Predicting protein-ligand binding compatibility via in silico methods has long been crucial in structure-based drug design. Now,
relative binding free energy (RBFE) calculations, rooted in molecular simulations and statistical mechanics, offer a novel approach to
this endeavor [82]. Binding free energy is the total of all the intermolecular interactions that are present between the ligand and the
target. Binding free energy is the sum of all intermolecular interactions between the ligand and the target. Best-docked compounds
showed binding energies from —8.0 to —11.71 kcal/mol. The compounds 21, 22, 24, 25, 32, and 38 exhibited binding energies of
—7.03, —7.35, —6.63, —7.63, —6.75, and —5.75 kcal/mol, respectively. The ligand efficiency values of compounds 21, 22, 24, 25, 32,
and 38 are —0.31, —0.25, —0.29, —0.31, —0.32, and —0.34 kcal/mol, respectively (Table 11). The inhibitory constant indicates a
compound’s ability to reduce the binding affinity of a ligand, affecting its partner’s binding activity. It reflects the concentration at
which the inhibitor occupies 50 % of receptor sites when no other ligands compete. Values for screened motifs ranged from 2.56 to
61.27 pM, with lower values indicating higher binding affinity and requiring less ligand to inhibit partner activity.

After closely examining the ligand-substrate complex of compound 21, it was possible to identify three types of bonding: n-alkyl
(4.66) between the heterocyclic ring’s n-cloud and Val744’s beta-carbon; m-alkyl (5.38) between the ring’s n-cloud and Val36’s
p-carbon; and m-sulfur (5.84 A) between Tyr32’s n-cloud of the benzene ring and the sulfur contained in the ring. The benzene ring
adjacent to the methyl (-CHx-) group in the ligand, the n-x stacked (3.76 A) interaction between the n-cloud of the ring and the n-cloud
of the phenyl ring of Phe712, the n-alkyl (4.70 A) bonding between the n-cloud of the ring and the y-carbon of Lys716, the r-r stacked
(5.47 A) bonding between the n-cloud of the ring and the n-cloud of other benzene ring present within the ligand molecule, and a
7-anion (3.78 A) between the n-cloud of the ring and the terminal hydroxyl group of Asp730 will all be discussed now. The oxygen of
the sulfonamide and the a-carbon of Lys745 were implicated in certain interactions between the ligand molecule and the sulfonamide
group. The phenyl ring of the benzene sulfonamide moiety forms a n-alkyl (3.52 A) interaction with the a-carbon of Lys716, a n-cation
(4.76 A) between the n-cloud of ring and the terminal amidic NH of Lys716, a n-alkyl (4.67 A) between the n-cloud of ring and the
sulfur atom found in Met746, the bromide present on the ring at para position formed an alkyl interaction with the sulfur atom of
Met746 at the bond distance of 5.08 10\, an interaction (4.01 A) with the five-membered ring of Pro717, and another interaction (4.01 A
with the y-carbon of Lys716.Ser 422, Glu 418, Phe712, Phe 838, Ser 421, Gly 641, Lys 709, and Tyr837 were discovered to be present
in the binding pocket along with interacting amino acids in the case of compound 22’s ligand-protein complex. The five-membered
heteroatomic ring interacted with the following: the n-sulfur force (5.76 A) connected the sulfur atom in the ring to the n-cloud of
Tyr32’s benzene ring; the n-sigma bonding (3.99 A) linked the n-cloud of the five-membered unsaturated ring to the terminal methyl of
Thr33; the carbon linkage (3.28 A) linked the carbon atom adjacent to the nitrogen in the ring and the oxygen atom of the hydroxyl
group of Thr33; and the conventional hydrogen bonding (3.28 A) connected the nitrogen atom of the heterocyclic ring to the hydrogen
of the terminal amidic -NHj of Lys716 with a bond distance of 2.13 A. More details about the docked ligands and their interactions
with the amino acid residues in the binding pocket of target substrates are given in Table 12.

Ligand-substrate complex of compound 24 featured significant interactions involving the five-membered hetero aromatic ring.

Table 11
Binding energy parameters of best docked conformations of the screened compounds 21, 22, 24, 25, 32, and 38 against urease enzyme PDB ID: 3LA4.
Compounds  Binding energy Ligand efficiency Inhib Intermol Vdw Electrostatic Total Torsional
(Kcal/mol) (Kcal/mol) constant energy hb_desolv_energy energy internal energy
(uM)
21 -7.03 —0.31 7.01 —8.52 —8.58 0.06 -1.4 1.49
22 -7.35 -0.25 4.11 —9.44 -9.12 —0.31 —-1.55 2.09
24 —6.63 -0.29 13.85 —-8.12 —7.72 —0.4 -1.13 1.49
25 —7.63 —0.31 2.56 —8.52 —6.93 —1.59 —0.76 0.89
32 —6.75 -0.32 11.34 —7.64 —6.08 -1.57 -0.48 0.89
38 —5.75 —0.34 61.27 —6.64 —6.41 —0.24 —0.53 0.89
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These interactions included a n-anion interaction (3.39 A) between the aromatic ring’s n-cloud and Asp730’s terminal hydroxyl group,
as well as a n-alkyl bonding (4.66 A) with Lys716’s a-carbon. The n-alkyl force (4.74 A) between the n-cloud of the phenyl ring and the
sulfur atom of Met746; the n-alkyl interaction (3.92 A) between the n-cloud of ring and the y-carbon of Lys716; and the n-cation force
(4.76 A) between the n-cloud of ring and the nitrogen of amidic NH; of Lys716 were among the prominent interactions among which
the 7 cloud of benzyl moiety was involved. In the benzene sulfonamide portion, the third ligand ring formed a n-c force (3.74 A)
between the n-cloud of ring and the terminal methyl group of Thr33, a n-alkyl interaction (4.61 A) between the n-cloud of ring and the
B-carbon of Val36, and an interaction between the hydroxyl group of Glu742 and the fluorine present at the para position of this
benzene ring. Compounds 21, 22, 24, 25, 32, and 38’s ligand-protein complexes are depicted in three dimensions in Fig. 4, which
displays each compound’s complete binding patterns in its corresponding binding cavity.

3.9. MD simulations

Molecular Dynamics (MD) simulations are crucial for drug discovery, revealing how biological molecules behave at the atomic
level. They model atom movements over time, offering insights into protein structures and interactions, aiding in identifying thera-
peutic opportunities [83,84]. MD simulations aid in optimizing drug design, assessing effectiveness, and predicting how drugs bind to
target molecules where this guidance informs the development of new therapeutic agents [85]. The increased concentration of
ammonia due to the action of urease enzyme along with the pH elevation result in negative implications in medicine and agriculture
including urinary catheter encrustation, hepatic coma urolithiasis, pathologies induced by Helicobacter pylori, and pathogenesis of
hepatic encephalopathy thus declaring this protein to be an important drug target [86]. Thus, the search of new urease inhibitors is still
on for the development of novel inhibitors of this metalloenzyme with promising level of potency. In the enthusiasm of finding po-
tential candidate inhibitors of an enzyme, molecular dynamic simulation explores the stability of ligand-protein complexes through the
investigation of protein folding, flexibility of protein and ligand, protein-ligand binding interactions, and conformational changes in
proteins after binding the ligand molecule [87].In drug discovery, stability of a ligand-protein complex as estimated by MD simulations
is essential to guarantee high binding affinity, specificity, and efficacy which directs rational drug design, impacts pharmacodynamics,
and helps overcome drug resistance [88].

3.9.1. Root mean square deviation (RMSD)

In drug development, a crucial metric for assessing molecular interactions is the computed residual RMSD of a ligand-protein
complex, indicating precision and stability [89]. The structural variation in the expected locations of the atoms of complex is quan-
tified by RMSD [90]. Predicting how a ligand binds to its target protein is vital in optimizing drug design. A low residual RMSD
validates computational models, ensuring alignment with real biological systems. This knowledge refines molecular docking studies,
enhancing ligand structures for improved binding affinity and specificity [91]. RMSD values of amino acid residues were calculated
over a 175 nm simulation trajectory for three ligand-protein complexes: compounds 21, 22, and 24. Plots with color-coded protein
structures are depicted in the figure. Among the calculated data it was observed that the RMSD values ranged from 0.094 A for Val 816
t0 0.517 A for Asn 297 with an average value of 0.243 A per residue, from 0.103 A for Gly 538 to 0.486 A for Glu 598 with an average
value of 0.241 A, and from 0.092 A for Gly 754 to 0.567 A for Asn 836 with an average value of 0.239 A per residue for the complexes of
compounds 21, 22, and 24, respectively, with the target substrate. The color-coded representations of protein structures along each
plot differentiate between the portions with the little coded with blue, average coded with green and higher than average mobility
coded with red, of amino acid residues. However, it is obvious form the MD simulation data of RMSD that the screened ligands formed
stable complexes with the target substrate under the employed conditions and validates the reliability of the simulation model (Fig. 5).

3.9.2. Root mean square fluctuation (RMSF)

In MD simulations for drug development, estimation of RMSF plays a critical role by providing information on the flexibility of
protein structures [92]. A dynamic profile of atomic fluctuations may be obtained by analyzing RMSF, which helps to identify the
conformationally unstable areas of macromolecule [93]. Understanding the flexibility of binding sites is crucial for designing ligands

Table 12
Tabular depiction of Interacting Amino Acids (IAAs) and their Hydrophobic Interactions (HPIs) with the ligands docked in the binding cavities of the
target protein.

Compound IAAs HPIs (A)
21 Tyr32, Val 36, Phe712, Lys716, Pro717, n-anion (4.20), n-cation (6.43), n-sulfur (6.65), n-n stacked (5.34), van der Waals (5.15), n-alkyl
Asp730, Val744, Lys745, Met746, (4.12, 4.15, 4.49, 4.62, 4.97, 5.15, 5.34)
22 Tyr32, Thr33, Lys716, Asp730, Met746 Conventional hydrogen bonds (4.45, 5.53, 5.82), n-anion (4.45), n-cation (5.11, 6.99),n-sulfur
(6.31), n-0 (5.46), van der Waals (3.87, 4.39),n-alkyl (4.89, 5.02)
24 Thr33, Val36, Lys716, Asp730, Glu742, Conventional hydrogen bonds (4.50, 4.81),n-anion (4.53), n-cation (5.94),7-6 (4.41), van der
Met746, Waals (4.72), n-alkyl (4.72, 4.87, 6.14), halogen (5.10)
25 Asn 193, Ile194, Val200, Lys208, Thr211 Conventional hydrogen bonds (4.18, 4.99), n-c (4.90, 5.03), van der Waals (4.50), n-alkyl (6.61)
32 Ile 148, Argl50, Leu 308 Conventional hydrogen bonds (3.62, 5.47),r-alkyl (4.76, 4.79), n-donor hydrogen bond (4.59),
unfavorable acceptor-acceptor (5.26)
38 1le194, Val200, Lys208, Ser209, Val 210 Conventional hydrogen bonds (4.88, 5.48), n-6 (4.80, 5.23), van der Waals (4.36),r-alkyl (4.80,
6.63),
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Fig. 4. Three-dimensional representations of the binding pockets of target substrate occupying the ligand molecules 21 (A), 22 (B), 24 (C), 25 (D),
32 (E), and 38 (F) in the protein bound state.

that can adjust to the dynamics of proteins and thus precisely quantifying protein flexibility is crucial in drug research to forecast
binding affinity and enhance potential therapeutic options [94]. The complexes of compounds 21 and 24 were analyzed and found
little flexibility in the amino acid residues ranging from 0.047 A for Ser 169 to 0.368 A for Thr426 with an average value of 0.114 A for
compound 21 and from 0.058 A for Val 345 to 0.319 A for Met 241 with an average value of 0.146 A indicating slightly increased
fluctuations for compound 24 and overall, The data unveils the stability exhibited by the ligand-protein complexes (Fig. 6).

3.9.3. Solvent Accessible Surface Area (SASA)

Solvent Accessible Surface Area (SASA) measures the surface area of a biomolecule accessible to solvent molecules, crucial for
understanding biomolecular dynamics, especially proteins [95]. It quantifies the exposure of different regions of a molecule to the
surrounding solvent, providing information about ligand binding and unbinding events, protein folding and unfolding leading to
structural transitions, identification of functionally relevant regions, and interaction of solvent particular water molecules in the real
biological systems with the biomolecules [96]. The plots A, B, C, and D in figure represent the SASA profiles of complexes of com-
pounds 21 (blue), 22 (black), and 24 (green) for various portions of protein molecules including the whole protein structure (plot A),
backbone (plot B), helix (plot C), and sheet (plot D). Considering the plot A, it is obvious that the complex of compound 21 was buried
in the solvent from 32439.38 A2 to 32797.62 A2 along the simulation trajectory with minor fluctuations where the solvent interactions
were reached to minima of 32369.58 AZ, however, the SASA plot was initiated from 3807.69 AZ, reached to the minima of 3781.33 A2
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Fig. 5. RMSD plots and color-coded macromolecule structures are shown for ligand-protein complexes of compounds 21 (A), 22(B), and 24(C)
along with their corresponding color-coded protein structures. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

after 7 ns followed by gradual increase to 3865.06 A2 at 143 ns and got stabilized. It is also obvious from plot B that the amino acid
residues in the backbone of complex were buried in the solvent than the complexes of compounds 22 with the SASA range of
3694.65-3781.01 A% and 24 with the SASA range of 3712.50-3794.89 A2, Considering the interactions of solvent molecules with the
amino acids of helix, the complex of compound 21 is surrounded by solvent molecules to the largest extent ranging 8999.46-9141.48
A2 followed by complex of ligand 22 ranging 8854.06-8974.25 A2 where the helix of ligand-protein complex of compound 24 offered
least surface area accessible to the solvent molecules. Interestingly, the complex of compound 22 offered the greatest surface area of
B-sheet to the solvent molecules (Fig. 7). This discussion, along with the figure, illustrates how ligand-protein complexes behave in real

cell systems.
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Fig. 6. RMSF plots show protein structure fluctuations in ligand-protein complexes 21(A) and 24(B).

4. Conclusion

Twenty-one 2-aminothiazole derivatives were successfully synthesized in an efficient and practical manner; of these, compounds
20, 21, 23, 25, 27, 28, 30, 31, and 32 are novel; nevertheless, docking, XRD, and bioactivities increase the overall novelty of the work.
The target compounds were characterized using FTIR, NMR, and UV/Vis spectroscopy. In vitro, several substances were discovered to
possess antioxidant, anti-urease, and anti-a-glucosidase activities. These molecules are likely to serve as promising motifs for future
breakthroughs in the field of drug discovery.Both monoclinic and orthorhombic geometries were seen in the synthesized compounds as
was clear through XRD studies of compounds 19, 23 and 24. The FMO analysis revealed significant electronic properties of the
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Fig. 7. Solvent Accessible Surface Area (SASA) of protein structures of ligand-protein complexes of compounds 21, 22, and 24, where SASA of
whole protein (A), SASA of backbone (B), SASA of helix (C), and SASA of sheet (D).
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screened compounds, with HOMO and LUMO energy gaps ranging from 5.805 eV in compound 22 to 0.384 eV in compound 25,
indicating varied reactivity and selectivity. All compounds exhibited high gastrointestinal absorption, enhancing their therapeutic
potential, while none crossed the blood-brain barrier, reducing CNS side effects. Optimal skin permeation values (—5.83 to —6.54 cm/
s) and QED scores (0.462-0.860) further supported their drug-like properties. Metabolite predictions for compound 21 highlighted
diverse transformations, with M5 showing significant analgesic (Pa = 0.784) and anti-inflammatory (Pa = 0.730) activities. Toxicity
assessments showed minimal side effects, with ulceration scores near 0.114. Protein binding studies indicated substantial binding
efficiencies, with compound 21 forming multiple n-alkyl and n-sulfur interactions, demonstrating strong receptor affinities. These
insights provide a comprehensive understanding of the compounds’ pharmacokinetic profiles and potential as drug candidates,
emphasizing their medicinal chemistry value and guiding future synthetic and clinical explorations.
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