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a b s t r a c t 

Currently, selective COX-2 inhibitors are used as a novel alternative approach in the course of pain man- 

agement due to their reduced adverse that generally occur after COX-1 inhibition by non-selective COX 

inhibitors. In this work, 16 new thiadiazole derivatives ( 3a-3p ) were designed, synthesized and biolog- 

ically evaluated for their COX-1 and COX-2 inhibitory potential using the in vitro fluorometric method. 

The biological evaluation showed that compounds 3c and 3d displayed significant activity against COX-2 

with IC 50 values of 0.350 ±0.015 μM and 0.134 ±0.004 μM, respectively, making the compound 3d similar 

in its activity to the reference drug celecoxib (IC 50 = 0.132 ±0.005 μM). Further docking simulation also re- 

vealed that the most active derivative ( 3d ) interacted with the enzyme active site in a similar manner to 

celecoxib. The binding modes of the compound on COX-2 were fully elucidated by molecular dynamics 

studies. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Inflammation, which can be used as a target for anti- 

nflammatory therapy, is a complex process involving vari- 

us enzymes [1] . It is known that long-term treatment with 

SAIDs, which suppresses the release of prostaglandins (PGs) 

nd thromboxane (TxA) by inhibiting the cyclooxygenase isoforms 

yclooxygenase-1 (COX-1) and COX-2 as the primary mechanism 

f action, causes serious adverse effects in the GI tract. These un- 

esirable effects arise from undesired inhibition of COX-1, result- 

ng in dramatic reductions in gastroprotective PG levels [2] . The 

herapeutic utility of non-selective NSAIDs have been limited by 

heir frequent gastrointestinal side effects, because they suppress 

nflammation by inhibiting prostaglandin biosynthesis from arachi- 

onic acid precursors by blocking COX isozymes [3] . Non-selective 

SAIDs are clinically used under certain limitations, especially in 

atients with a history of peptic ulcers, because of the accompa- 

ying primary and secondary adverse effects [4] . Selective COX-2 

nhibitors, which have no effect on the synthesis of prostaglandins 

n the gastric mucosa, do not cause acute damage or chronic ul- 

ers. This advantage also proposes the treatment of inflammation 
∗ Corresponding authors at: Anadolu University, Faculty of Pharmacy, Department 
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ith the selective inhibitory effect of COX-2 to the clinic as safer 

nti-inflammatory agents [5–11] . 

Each monomer of COX contains a separate cyclooxygenase and 

eroxidase active site that is functionally linked by a bridging 

eme moiety. For prostaglandin H 2 production, arachidonic acid 

inds within the cyclooxygenase channel with both the carboxylate 

oiety near Arg120 and Tyr355 at the channel entrance and the 

-terminus in a hydrophobic groove on the side chain of Ser530 

djacent to Gly533 on which it is based [12] . In addition, the he- 

ix of the membrane-binding domain is positioned differently in 

OX-2 shifting the position of Arg120 in the contraction region, 

nd thus provides a larger solvent accessible surface at the inter- 

ace between the membrane-binding domain and COX-2 active site 

ompared to COX-1. This single difference acquires a small side hy- 

rophobic pocket in COX-2, which has proven important in bind- 

ng some COX-2 selective inhibitors [ 13 , 14 ]. Most COX-2 selective 

rugs include a core ring with two aromatic rings, either homo- 

yclic or heterocyclic groups, connected to adjacent atoms . One 

f these aryl groups has a methyl (SO 2 CH 3 ) or amino (SO 2 NH 2 )

ulfonyl group added to the para position in order to increase se- 

ectivity targeting the hydrophobic pocket [15] . It was revealed that 

imilar to the sulfonamide moiety, the methyl sulfonyl group of ro- 

ecoxib is located in the side pocket due to interacting with the 

mino acids His90 and Arg513 (hydrophilic) positioned at the base 

f the side pocket within the COX channel [1] . However, due to 
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Fig. 1. Some representative examples of selective COX-2 inhibitors (celecoxib, rofecoxib, valdecoxib) and the designed compounds 3a-3p. 
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n increased risk of cardiovascular symptoms, this drug was with- 

rawn from the market. Compared to celecoxib, selective COX-2 in- 

ibitors that contain sulfonamides appear to be a promising topic 

or research in recent studies [ 11 , 16–23 ]. 

In this study, new thiadiazol derivatives containing sulfonamide 

r trifluoromethyl structure were designed. The trifluoromethyl 

roup, a group that is found in the structure of celecoxib, was 

elected due to its large size and ability to be inserted into the 

ydrophobic pocket therefore its contribution to the activity was 

nvestigated. It is also expected that sulfonamide structure are 

ble to fit into the hydrophobic pocket providing COX-2 selectiv- 

ty. More flexible structures are preferred for other parts of the 

olecule. It is thought that the obtained small molecules will be 

ffective in selective COX-2 inhibition Fig. 1 . 

. Experimental 

.1. Chemistry 

All the chemicals used in the synthesis were obtained from 

erck (Darmstadt, Germany) or Sigma-Aldrich (St. Louis, MO, USA). 

 MP90 digital melting point apparatus (Mettler Toledo, OH, USA) 
2

as used to determine the melting points of the resulting com- 

ounds and was presented uncorrected. 1 H NMR and 

13 C NMR 

pectra were recorded by a Bruker 300 MHz and 75 MHz digi- 

al FT-NMR spectrometer (Bruker Bioscience, Billerica, MA, USA) in 

MSO–d 6 , respectively. In the NMR spectra, splitting patterns were 

etermined and recognized as follows: s: singlet, d: doublet, t: 

riplet, dd: double doublet, and m: multiplet. Coupling constants ( J ) 

ere reported in units of Hertz (Hz). Mass spectra were recorded 

n an LCMS-IT-TOF (Shimadzu, Kyoto, Japan) by means of the ESI 

ethod. Silica gel 60 F254 with thin-layer chromatography (Merck 

GaA, Darmstadt, Germany) was used to check the purity of com- 

ounds. 

.1.1. General procedure for the synthesis of the compounds 

.1.1.1. Synthesis of 2-chloro-N-(5-sulfamoyl-1,3,4-thiadiazol-2- 

l)acetamide/2-chloro-N-(5-(trifluoromethyl) −1,3,4-thiadiazol-2- 

l)acetamide (1a-1b). 5-amino-1,3,4-thiadiazol-2-sulfonamide 

0.019 mol) was dissolved in DMF. 2-Chloroacetyl chloride solution 

n DMF was added as dropwise in reaction mixture. The reaction 

as processed under magnetic stirring for 10 h. After completion 

f the reaction, the mixture was poured on an ice-bath, precip- 

tated product was filtered, dried, and recrystallized from EtOH. 



D. Osmaniye, A.E. Evren, Ş . Karaca et al. Journal of Molecular Structure 1272 (2023) 134171 

Fig. 2. The superimposition poses of celecoxib and compound 3d in the enzyme active site (PDB Code: 6COX). 
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eside, 5-(trifluoromethyl) −1,3,4-thiadiazol-2-amine (0.019 mol) 

as dissolved in THF. TEA was used as catalyst. 2-Chloroacetyl 

hloride solution in THF was added as dropwise onto reaction 

ixture. The reaction was processed under magnetic stirring for 

0 h. After completion of the reaction the THF removed using 

otavapor. The precipitated product was washed with water, dried, 

nd recrystallized from EtOH. 

.1.1.2. Synthesis of dithiocarbamate salts (2a-2 h). Secondary amine 

erivatives were dissolved in absolute ethanol (10 mL) and an 

quimolar quantity of a NaOH was added to the reaction mixture. 

he carbon disulfide solution in EtOH was added to the reaction 

ixture as dropwise. After completion of the reaction the precipi- 

ated product was filtered washed with diethyl ether 3 times. 

.1.1.3. General procedures of target compounds (3a-3p). The com- 

ounds 2a –2 h (1 mmol) and dithiocarbamate salts ( 2a- 2 h) 

1 mmol) were stirred in acetone (20 mL) until all the starting 

ompounds disappeared, as determined by TLC. After completion 

f the reaction the acetone removed using rotavapor. The precip- 

tated product was washed with water, dried, and recrystallized 

rom EtOH. 

2-oxo-2-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)ethyl 

yrrolidine-1-carbodithioate ( 3a ) 

Yield: 83%, M.P.: 220.8–222.3 °C. 1 H NMR (300 MHz, DMSO–d 6 ): 

= 1.90–1.95 (2H, m, pyrrolidine), 2.03–2.08 (2H, m, pyrrolidine), 

.68 (2H, t, J = 6.8 Hz, pyrrolidine), 3.74 (2H, t, J = 6.8 Hz, pyrro-

idine), 4.43 (2H, s, -CH 2 -), 8.36 (2H, s, -SO 2 NH 2 ), 13.37 (1H, s, -

H). 13 C NMR (75 MHz, DMSO–d 6 ): δ = 24.31, 26.21, 51.21, 55.78, 

61.71, 164.86, 167.83, 189.94. HRMS ( m/z ): [ M + H ] + calcd for

 9 H 13 N 5 O 3 S 4 : 367.9974; found 367.9959. 

2-oxo-2-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)ethyl 

iperidine-1-carbodithioate ( 3b ) 

Yield: 79%, M.P.: 195.3–196.8 °C. 1 H NMR (300 MHz, DMSO–d 6 ): 

= 1.64 (6H, br.s., piperidine), 3.93 (2H, br.s., piperidine), 4.18 (2H, 

r.s., piperidine), 4.43 (2H, s, -CH 2 -), 8.35 (2H, s, -SO 2 NH 2 ), 13.37

1H, s, -NH). 13 C NMR (75 MHz, DMSO–d 6 ): δ = 23.86, 25.62, 26.30, 

1.74, 53.11, 161.77, 164.82, 167.91, 192.83. HRMS ( m/z ): [ M + Na] + 

alcd for C 10 H 15 N 5 O 3 S 4 : 403.9950; found 403.9961. 

2-oxo-2-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)ethyl 4- 

ethylpiperidine-1-carbodithioate ( 3c ) 
3 
Yield: 79%, M.P.: 192.3–194.5 °C. 1 H NMR (300 MHz, DMSO–d 6 ): 

= 0.93 (3H, d, J = 6.1 Hz, -CH 3 ), 1.12–1.14 (2H, m, piperidine),

.71–1.81 (3H, m, piperidine), 3.16–3.24 (1H, m, piperidine), 3.41–

.45 (1H, m, piperidine), 4.48 (2H, s, -CH 2 -), 4.49 (1H, br.s., piperi- 

ine), 5.15–5.19 (1H, m, piperidine), 8.35 (2H, s, -SO 2 NH 2 ), 13.37 

1H, s, -NH). 13 C NMR (75 MHz, DMSO–d 6 ): δ = 21.50, 30.34, 33.61, 

4.23, 50.84, 52.36, 161.74, 164.85, 167.88, 192.96. HRMS ( m/z ): 

 M + H ] + calcd for C 11 H 17 N 5 O 3 S 4 : 396.0287; found 396.0273. 

2-oxo-2-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)ethyl 4- 

ethylpiperazine-1-carbodithioate ( 3d ) 

Yield: 83%, M.P.: 174.5–176.3 °C. 1 H NMR (300 MHz, DMSO–d 6 ): 

= 2.39 (3H, s, -CH 3 ), 2.71 (4H, br.s., piperazine), 4.05 (2H, br.s., 

iperazine), 4.45 (2H, s, -CH 2 -), 8.35 (2H, s, -SO 2 NH 2 ). 
13 C NMR

75 MHz, DMSO–d 6 ): δ = 42.96, 44.46, 51.46, 53.57, 161.82, 164.82, 

67.75, 194.96. HRMS ( m/z ): [ M + H ] + calcd for C 10 H 16 N 6 O 3 S 4 :

97.0239; found 397.0246. 

2-oxo-2-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)ethyl 4- 

thylpiperazine-1-carbodithioate ( 3e ) 

Yield: 79%, M.P.: 139.9–142.1 °C. 1 H NMR (300 MHz, DMSO–d 6 ): 

= 1.05 (3H, t, J = 7.2 Hz, -CH 3 ), 2.47–2.52 (2H, m, -CH 2 -), 2.62

4H, br.s., piperazine), 4.00 (2H, br.s., piperazine), 4.22 (2H, br.s., 

iperazine), 4.44 (2H, s, -CH 2 -), 8.34 (2H, s, -SO 2 NH 2 ). 
13 C NMR

75 MHz, DMSO–d 6 ): δ = 11.80, 43.19, 49.73, 50.96, 51.36, 51.74, 

62.02, 164.71, 167.88, 194.55. HRMS ( m/z ): [ M + H ] + calcd for

 11 H 18 N 6 O 3 S 4 : 411.0396; found 411.0397. 

2-oxo-2-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)ethyl 4- 

methylsulfonyl)piperazine-1-carbodithioate ( 3f ) 

Yield: 80%, M.P.: 181.6–183.9 °C. 1 H NMR (300 MHz, DMSO–d 6 ): 

= 2.94 (3H, s, -CH 3 ), 3.27 (4H, br.s., piperazine), 4.10 (2H, br.s., 

iperazine), 4.30 (2H, br.s., piperazine), 4.44 (2H, s, -CH 2 -), 8.29 

2H, s, -SO 2 NH 2 ). 
13 C NMR (75 MHz, DMSO–d 6 ): δ = 34.84, 40.64, 

5.35, 49.87, 50.85, 162.63, 164.43, 168.06, 195.44. HRMS ( m/z ): 

 M + H ] + calcd for C 10 H 16 N 6 O 5 S 5 : 460.9858; found 460.9870. 

2-oxo-2-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)ethyl 4- 

ethylsulfonyl)piperazine-1-carbodithioate ( 3 g ) 

Yield: 77%, M.P.: 180.1–182.7 °C. 1 H NMR (300 MHz, DMSO–

 6 ): δ = 1.21 (3H, t, J = 7.36 Hz, -CH 3 ), 3.11 (2H, q, J = 7.4 Hz,

CH 2 -), 3.34 (4H, br.s., piperazine), 4.07 (2H, br.s., piperazine), 4.28 

2H, br.s., piperazine), 4.46 (2H, s, -CH 2 -), 8.34 (2H, s, -SO 2 NH 2 ).
3 C NMR (75 MHz, DMSO–d ): δ = 7.88, 43.31, 45.15, 50.31, 51.16, 
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Fig. 3. The two-dimensional interacting mode of celecoxib in the active region of COX-2 (PDB ID: 6COX). 
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61.93, 164.78, 167.75, 195.34. HRMS ( m/z ): [ M + H ] + calcd for

 11 H 18 N 6 O 5 S 5 : 475.0015; found 475.0024. 

2-oxo-2-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)ethyl 4- 

yclohexylpiperazine-1-carbodithioate ( 3 h ) 

Yield: 88%, M.P.: 230.2–231.6 °C. 1 H NMR (300 MHz, DMSO–

 6 ): δ = 1.08–1.22 (5H, m, cyclohexyl), 1.55–1.58 (1H, m, cyclo- 

exyl), 1.72–1.75 (4H, m, cyclohexyl), 2.34 (1H, br.s., cyclohexyl), 

.62 (4H, br.s., piperazine), 3.92 (2H, br.s., piperazine), 4.16 (2H, 

r.s., piperazine), 4.42 (2H, s, -CH 2 -), 8.31 (2H, s, -SO 2 NH 2 ). 
13 C

MR (75 MHz, DMSO–d 6 ): δ = 25.65, 26.19, 28.64, 48.46, 50.75, 

1.97, 62.81, 162.27, 164.59, 168.04, 194.07. HRMS ( m/z ): [ M + H ] + 

alcd for C 15 H 24 N 6 O 3 S 4 : 465.0865; found 465.0871. 

2-oxo-2-((5-(trifluoromethyl) −1,3,4-thiadiazol-2-yl)amino)ethyl 

yrrolidine-1-carbodithioate ( 3i ) 

Yield: 83%, M.P.: 162.8–164.7 °C. 1 H NMR (300 MHz, DMSO–d 6 ): 

= 1.91–1.95 (2H, m, pyrrolidine), 2.04–2.09 (2H, m, pyrrolidine), 

.66–3.77 (4H, m, pyrrolidine), 4.46 (2H, s, -CH 2 -), 13.62 (1H, s, - 

H). 13 C NMR (75 MHz, DMSO–d 6 ): δ = 22.45, 24.31, 26.20, 51.21, 

5.79, 122.21 (q, J = 272.1 Hz), 150.96 (d, J = 37.8 Hz), 161.96, 
4 
68.08, 189.85. HRMS ( m/z ): [ M + Na] + calcd for C 10 H 11 N 4 OF 3 S 3 :

78.9939; found 378.9944. 

2-oxo-2-((5-(trifluoromethyl) −1,3,4-thiadiazol-2-yl)amino)ethyl 

iperidine-1-carbodithioate ( 3j ) 

Yield: 78%, M.P.: 170.8–172.9 °C. 1 H NMR (300 MHz, DMSO–

 6 ): δ = 1.59–1.64 (6H, m, piperidine), 3.93 (2H, br.s., piperidine), 

.18 (2H, br.s., piperidine), 4.46 (2H, s, -CH 2 -), 13.64 (1H, s, -NH). 
3 C NMR (75 MHz, DMSO–d 6 ): δ = 23.86, 25.61, 26.32, 40.07, 41.94, 

1.73, 53.13, 120.41 ( J = 271.7 Hz), 150.94 ( J = 37.6 Hz), 161.97,

68.13, 192.73. HRMS ( m/z ): [ M + Na] + calcd for C 11 H 13 N 4 OF 3 S 4 :

93.0096; found 393.0108. 

2-oxo-2-((5-(trifluoromethyl) −1,3,4-thiadiazol-2-yl)amino)ethyl 4- 

ethylpiperidine-1-carbodithioate ( 3k ) 

Yield: 77%, M.P.: 122.8–124.8 °C. 1 H NMR (300 MHz, DMSO–d 6 ): 

= 0.93 (3H, d, J = 6.3 Hz, -CH 3 ), 1.12–1.19 (2H, m, piperidine),

.72–1.82 (3H, m, piperidine), 3.16–3.24 (1H, m, piperidine), 3.36–

.45 (1H, m, piperidine), 4.46 (3H, br.s., -CH 2 -, piperidine), 5.14–

.19 (1H, m, piperidine), 13.64 (1H, s, -NH). 13 C NMR (75 MHz, 

MSO–d 6 ): δ = 21.50, 30.35, 33.61, 34.23, 43.01, 50.84, 52.35, 
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Fig. 4. The 3D interacting mode of celecoxib in the active region of COX-2 enzyme (PDB Code: 6COX). Celecoxib is shown in a tube pattern and turquoise colored. 
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(

20.42 ( J = 271.9 Hz), 150.65 ( J = 37.6 Hz), 162.01, 168.15, 192.86.

RMS ( m/z ): [ M + Na] + calcd for C 12 H 15 N 4 OF 3 S 3 : 407.0252; found

07.0268. 

2-oxo-2-((5-(trifluoromethyl) −1,3,4-thiadiazol-2-yl)amino)ethyl 4- 

ethylpiperazine-1-carbodithioate ( 3l ) 

Yield: 85%, M.P.: 153.6–154.7 °C. 1 H NMR (300 MHz, DMSO–

 6 ): δ = 2.34 (3H, s, -CH 3 ), 2.61 (4H, br.s., piperazine), 4.01 (2H,

r.s., piperazine), 4.22 (2H, br.s., piperazine), 4.46 (2H, s, -CH 2 ), 

2.95 (1H, s, -NH). 13 C NMR (75 MHz, DMSO–d 6 ): δ = 42.25, 

5.49, 47.32, 51.82, 53.69, 55.53, 120.48 ( J = 271.9 Hz), 150.47 

 J = 37.3 Hz), 162.43, 168.19, 194.86. HRMS ( m/z ): [ M + H ] + calcd

or C 11 H 14 N 5 OF 3 S 3 : 386.0385; found 386.0377. 

2-oxo-2-((5-(trifluoromethyl) −1,3,4-thiadiazol-2-yl)amino)ethyl 4- 

thylpiperazine-1-carbodithioate ( 3 m ) 

Yield: 83%, M.P.: 182.5–184.5 °C. 1 H NMR (300 MHz, DMSO–

 6 ): δ = 1.05 (3H, t, J = 7.2 Hz, -CH 3 ), 2.46–2.51 (2H, m, -CH 2 -),

.60 (4H, br.s., piperazine), 3.99 (2H, br.s., piperazine), 4.21 (2H, 

r.s., piperazine), 4.45 (2H, s, -CH 2 -). 13 C NMR (75 MHz, DMSO–

 6 ): δ = 11.96, 49.88, 51.06, 51.41, 51.87, 120.53 ( J = 271.9 Hz), 

50.53 ( J = 37.4 Hz), 162.78, 168.42, 194.47. HRMS ( m/z ): [ M + H ] + 

alcd for C 12 H 16 N 5 OF 3 S 3 : 400.0542; found 400.0533. 

2-oxo-2-((5-(trifluoromethyl) −1,3,4-thiadiazol-2-yl)amino)ethyl 4- 

methylsulfonyl)piperazine-1-carbodithioate ( 3n ) 

Yield: 80%, M.P.: 216.3–217.9 °C. 1 H NMR (300 MHz, DMSO–

 6 ): δ = 2.94 (3H, s, -CH 3 ), 3.28 (4H, br.s., piperazine), 4.10 (2H,

r.s., piperazine), 4.32 (2H, br.s., piperazine), 4.50 (2H, s, -CH 2 ), 

3.66 (1H, s, -NH). 13 C NMR (75 MHz, DMSO–d 6 ): δ = 33.88, 

5.72, 42.04, 43.47, 45.37, 47.18, 120.41 ( J = 272.0 Hz), 150.95 

 J = 37.5 Hz), 162.04, 167.92, 195.19. HRMS ( m/z ): [ M + Na] + calcd

or C 11 H 14 N 5 O 3 F 3 S 4 : 471.9824; found 471.9835. 

2-oxo-2-((5-(trifluoromethyl) −1,3,4-thiadiazol-2-yl)amino)ethyl 4- 

ethylsulfonyl)piperazine-1-carbodithioate ( 3o ) 

Yield: 81%, M.P.: 180.2–181.8 °C. 1 H NMR (300 MHz, DMSO–d 6 ): 

= 1.22 (3H, t, J = 7.4 Hz, -CH3), 3.11 (2H, q, J = 7.3 Hz, -CH 2 -),

.34 (4H, br.s., piperazine), 4.06 (2H, br.s., piperazine), 4.28 (2H, 

r.s., piperazine), 4.49 (2H, s, -CH 2 -), 13.06 (1H, s, -NH). 13 C NMR 
5 
75 MHz, DMSO–d 6 ): δ = 7.87, 40.10, 43.25, 45.15, 50.28, 51.23, 

20.40 ( J = 271.9 Hz), 150.99 ( J = 37.5 Hz), 161.95, 167.89, 195.18.

RMS ( m/z ): [ M + H ] + calcd for C 12 H 16 N 5 O 3 F 3 S 4 : 464.0161; found

64.0159. 

2-oxo-2-((5-(trifluoromethyl) −1,3,4-thiadiazol-2-yl)amino)ethyl 4- 

yclohexylpiperazine-1-carbodithioate ( 3p ) 

Yield: 83%, M.P.: 168.5–170.1 °C. 1 H NMR (300 MHz, DMSO–d 6 ): 

= 1.16–1.19 (5H, m, -cyclohexyl), 1.54–1.58 (1H, m, -cyclohexyl), 

.73–1.78 (4H, m, -cyclohexyl), 2.42 (1H, br.s., -cyclohexyl), 2.69 

4H, m, piperazine), 3.95 (2H, br.s., piperazine), 4.19 (2H, br.s., 

iperazine), 4.44 (2H, s, -CH 2 -). 13 C NMR (75 MHz, DMSO–

 6 ): δ = 25.56, 26.08, 28.46, 48.40, 50.38, 51.59, 62.97, 120.53 

 J = 271.9 Hz), 150.51 ( J = 37.4 Hz), 162.77, 168.43, 194.23. 

RMS ( m/z ): [ M + H ] + calcd for C 16 H 22 N 5 OF 3 S 3 : 454.1011; found

54.0992. 

.2. In vitro COX-1 and COX-2 inhibition assay 

The in vitro inhibitory potency of the compounds against COX- 

/COX-2 was measured by using fluorometric COX-1 and COX-2 

nhibitor screening kits (Biovision, Switzerland) according to the 

anufacturer’s instructions [ 24 , 25 ]. The assay is based on the flu- 

rometric detection of prostaglandin G 2 , the intermediate product 

enerated by the COX enzyme. The in vitro COX inhibition test was 

erformed using the available fluorometric method, and the per- 

entages and IC 50 values of obtained compounds were calculated 

s previously described by our research group [ 15 , 26 ]. 

.3. Molecular docking studies 

Molecular docking studies were carried out using a structure- 

ased protocol to reveal the binding mechanisms of compound 

d to the active site of the COX-2 enzyme. For this purpose, the 

rystal structure of COX-2 crystallized with celecoxib (PDB ID: 

COX) [27] was extracted from the Protein Data Bank database 

 www.pdb.org ). 

http://www.pdb.org
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Fig. 5. The two-dimensional interacting mode of compound 3d in the active region of COX-2 (PDB ID: 6COX). 
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The ligands’ configurations were designed using the Schrödinger 

aestro [28] tool and submitted to the Schrödinger Suite 2020 Up- 

ate 2 Protein Preparation Wizard method. The ligands were pro- 

essed using LigPrep 3.8 [29] to correctly detect the atom groups as 

ell as the protonation conditions at a pH of 7.4 ± 1.0. Bond orders 

ere assigned, and hydrogen atoms were added to the structures. 

lide 7.1 was used to construct the grid generation [30] . Flexible 

igand docking runs were performed in standard-precision docking 

ode (SP). 

.4. Molecular dynamic simulations 

Molecular dynamic (MD) simulations are considered an impor- 

ant computational tool for evaluating the time-dependent stabil- 

ty of a ligand in an active site for a drug–receptor complex [31] .

D simulations for 50 ns were carried out to ensure the stability 

f the identified hits from the docking result. We performed the 

esmond application [32] using the standard force field (OPLS3e) 

f the Schrodinger Suite with a transferable intermolecular poten- 

ial with a 3 points (TIP3P) water model followed by energy mini- 

ization of the complex [33] . The neutralization of the system was 

chieved using Na + and Cl − ions to provide a final salt concen- 

ration of 0.15 M in order to simulate physiological concentration 

f monovalent ions [34] . Constant temperature (300 K) and pres- 
S

6 
ure (1.01325 bar) were employed with NPT (constant number of 

articles, pressure, and temperature) as ensemble class. RESPA in- 

egrator [35] was used in order to integrate the equations of mo- 

ion. NH thermostats [36] were used to keep the constant simula- 

ion temperature, and the MTK method [37] was applied to con- 

rol the pressure. Long-range electrostatic interactions were cal- 

ulated by pmE method [38] . The cutoff for van der Waals and 

hort-range electrostatic interactions was set at 9.0 Å. The equi- 

ibration of the system was performed with the default protocol 

rovided in Desmond, which consists of a series of restrained min- 

mizations and molecular dynamics simulations used to slowly re- 

ax the system. This procedure was also previously applied by our 

n silico study group [39] . The MD simulation was performed using 

bove settings and following the completion of the system setup. 

g (radius of gyration), root mean square fluctuation (RMSF) and 

oot mean square deviation (RMSD) values were calculated by the 

esmond application [32] . 

. Result and discussion 

.1. Chemistry 

The compounds 3a - 3l were synthesized as presented in 

cheme 1 . Initially, compound 1a and 1b were produced by means 
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Fig. 6. The 3D interacting mode of compound 3d in the active region of COX-2 enzyme (PDB Code: 6COX). Compound 3d is shown in a tube pattern and orange colored. 

Scheme 1. Synthesis pathway for obtained compounds ( 3a-3p ). 
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f the acetylation reaction. No product was obtained when THF 

as used to obtain compound 1a . Therefore, the reaction solvent 

as changed to DMF. Unlike the standard acetylation procedure, it 

as carried out in DMF without using a catalyst. Compounds 2a- 

 h were obtained by the reaction of appropriate secondary amine 

nd carbon disulfide in the presence of NaOH. Compounds 1a-1b 

nd compound 2a- 2 h were reacted in acetone to yield the final 

roducts. The structures of the compounds obtained were veri- 

ed using spectroscopic methods, namely 1 H NMR, 13 C NMR, and 

RMS ( Supplementary Data ). 
7

When the 1 H NMR data of the compounds were examined, it 

as observed that the pyrrolidine-containing compounds ( 3a and 

i ) gave peaks between 1.90 ppm and 3.77 ppm. The protons of 

iperidine of compounds containing piperidine ( 3b, 3c, 3j and 3k ) 

ere observed between 1.12 ppm and 5.19 ppm. Protons of the 

iperazine ring were detected between 2.47 ppm and 4.32 ppm 

 3d- 3 h, 3l-3p ). Methylene group protons were distinguished as 

inglet between 4.42 ppm and 4.50 ppm values. Protons of the 

ulfonamide structure ( 3a -3 h) were determined as singlet be- 

ween 8.29 ppm and 8.36 ppm values. Protons belonging to the 
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Fig. 7. The superimposition poses of compound 3d and compound 3l in the enzyme active site (PDB Code: 6COX). Compound 3d and 3l is shown in a tube pattern and 

orange, gray colored respectively. 

Fig. 8. Stability diagrams of compound 3d-COX-2 enzyme complex. Top: Plot of radius of gyration-time (ns), Left side: Plot of RMSD ( ̊A)-time (ns), Right side: Plot of 

RMSF-residue index (The areas were represented in light red for the helices, light blue for the strands, and white for the loops). 
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mide group were recognized as singlet between 12.95 ppm and 

3.66 ppm values. 

When the 13 C NMR data of the compounds were analyzed, the 

rotons belonging to the carbonyl (C = O) group were observed 

etween 167.75 ppm and 168.43 ppm values. The peak of C = S 

roup was detected between 189.94 ppm and 195.44 ppm val- 

es. The peaks of the CF 3 group ( 3i-3p ) were shown between 

20.53 ppm and 122.21 ppm values with J = 271.7–272.1 Hz. The 

hiadiazol carbon, to which the CF 3 group is attached, was detected 

etween 150.51 ppm and 150.99 ppm values with J = 37.3–

7.8 Hz. 

.2. COX inhibition assay 

All obtained thiadiazol derivatives were evaluated for their abil- 

ty to inhibit COX-1 and COX-2 enzymes using fluorometric in- 

ibitor screening kits (Biovision, Switzerland). Evaluation crite- 

ia were performed according to the manufacturer’s instructions 

 24 , 25 ]. According to the inhibition percentages and concentrations 

f the compounds, enzyme activity experiments were carried out 

n 2 stages. Synthesized compounds and reference agents prepared 

t 10 −3 and 10 −4 M concentrations were used for the first step 
8 
f the assay. The results of this step are given in Table 1 . Com-

ounds with more than 50% inhibitory activity at the concentration 

f 10 −4 M were preferred for step 2. The selected compounds and 

eference agents were prepared in their further concentrations by 

erial dilutions (ranging from 10 −5 M to 10 −9 M) for second step. 

t the end of the second step, the half-maximum inhibitory con- 

entration (IC 50 ) values of the selected compounds and reference 

nhibitors were calculated, and these results are given in Tables S1 

nd 2 . 

Most of the tested compounds showed greater than 50% in- 

ibitory activity for both COX-1 and COX-2 enzymes at 10 −3 M 

oncentration (as seen in Table 1 ). Similar efficacy was not ob- 

erved for inhibition at 10 −4 M concentration . None of the com- 

ounds showed significant activity against the COX-1 enzyme at a 

oncentration of 10 −4 M. On the other hand, compounds 3c and 3d 

emonstrated more than 50% inhibitory activity on COX-2 enzyme. 

herefore, compounds 3c and 3d were chosen for the second step 

f the inhibition analysis to determine their IC 50 values as shown 

n Table 2 . Generally, it could be concluded that all synthesized 

ompounds showed selective inhibitory potency against COX-2 en- 

yme. Among the selected derivatives, compound 3d was found to 

e the most active agent with an IC value of 0.134 ±0.004 μM. 
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Fig. 9. Interactions diagrams of compound 3d-COX-2 enzyme complex. First: The plot of number of interactions and their types; Second: Interaction fractions by residue 

during the simulation (Blue: water mediated H-bond; green: H-bond, pink: ionic interaction, purple: hydrophobic interaction); Third: Plot of number of interactions-residue 

index; Fourth: Diagram of the interaction strengths (cut off 30%). 
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hen this value compared to that of reference drugs, it was seen 

hat compound 3d displayed a similarly inhibition profile with 

elecoxib (IC 50 = 0.132 ±0.005 μM). 

When the activity results were examined, it was recognized 

hat the derivatives containing sulfonamide ( 3a -3 h) were more ac- 

ive than the derivatives containing CF 3 ( 3i - 3p ). Among the deriva-

ives containing sulfonamide substituent, compounds 3c and 3d 

xhibited higher activity comparing to the other compounds. Com- 

ound 3c possesses a 4-methylpiperidine ring, while compound 

d has a 4-methylpiperazine ring. It was also revealed that com- 

ounds containing a 6-membered ring in their skeleton were more 

ctive than compounds having 5-membered ring ( 3a ). In addition, 
c

9 
he methyl substituent placed at the 4th position among the 6- 

embered rings contributed significantly to the activity. It was ob- 

erved that the activity decreased as the substituent at this po- 

ition grows. Moreover, the introduction of methyl sulfonyl, ethyl 

ulfonyl or cyclohexyl bulky groups in this position resulted in 

educed activity compared to the 5-membered ring containing 

erivatives 

.3. Molecular docking 

As mentioned in the COX enzymes inhibitory activity assay, 

ompound 3d was found to be the most active derivative in the se- 
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Table 1 

% Inhibition of the synthesized compounds, ibuprofen, celecoxib and nimesulide 

against COX-1 and COX-2 enzymes. 

Compounds COX-1% Inhibition COX-2% Inhibition 

10 −3 M 10 −4 M 10 −3 M 10 −4 M 

3a 50.2 ± 0.9 38.4 ± 1.2 80.5 ± 2.0 48.9 ± 1.3 

3b 53.4 ± 1.7 41.5 ± 0.9 85.3 ± 2.0 48.4 ± 1.6 

3c 59.4 ± 1.6 46.2 ± 1.1 89.6 ± 0.3 77.6 ± 0.8 

3d 65.6 ± 1.3 48.4 ± 0.9 93.2 ± 0.1 87.9 ± 0.1 

3e 60.2 ± 0.9 41.4 ± 1.4 80.5 ± 1.5 51.3 ± 1.5 

3f 51.3 ± 1.7 38.3 ± 1.1 66.3 ± 2.1 48.1 ± 1.0 

3 g 48.9 ± 1.4 34.2 ± 1.0 59.1 ± 1.1 42.4 ± 2.1 

3h 49.5 ± 1.9 36.3 ± 1.0 61.3 ± 1.9 43.5 ± 1.0 

3i 45.3 ± 2.0 31.1 ± 0.9 65.0 ± 2.1 42.3 ± 1.6 

3j 47.5 ± 1.6 33.9 ± 0.9 70.5 ± 1.5 45.4 ± 1.6 

3k 52.2 ± 1.0 38.4 ± 1.3 75.3 ± 1.6 49.0 ± 1.0 

3l 58.4 ± 0.9 35.4 ± 0.8 78.4 ± 1.1 50.6 ± 1.5 

3m 49.1 ± 1.6 30.5 ± 1.3 69.6 ± 1.0 44.2 ± 1.3 

3n 44.1 ± 1.2 27.3 ± 1.0 58.7 ± 2.0 40.3 ± 1.9 

3o 40.4 ± 1.2 21.3 ± 0.9 55.9 ± 1.9 37.5 ± 2.0 

3p 42.2 ± 1.9 25.2 ± 0.7 59.2 ± 1.7 35.1 ± 1.9 

Ibuprofen 98.2 ± 1.1 89.4 ± 1.2 98.2 ± 1.2 88.2 ± 1.3 

Celecoxib – – 92.3 ± 1.4 85.5 ± 1.3 

Nimesulide – – 97.8 ± 1.2 89.6 ± 1.0 

Table 2 

IC 50 values of 3c, 3d, ibuprofen, celecoxib and nimesulide against 

COX-2. 

Compounds IC 50 (μM) 

3c 0.350 ±0.015 

3d 0.134 ±0.004 

Ibuprofen 5.326 ±0.218 

Celecoxib 0.132 ±0.005 

Nimesulide 1.684 ±0.079 
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ies against COX-2 enzyme. After determination of the most potent 

ompound, we performed the docking study. By applying molecu- 

ar docking studies, further information about the binding mode 

f compound 3d and the impact of structural modifications on 

he inhibitory activity against COX-2 enzyme have been evaluated. 

tudies were performed using the X-ray crystal structure of COX- 

 (COX-2 PDB Code: 6COX) [27] retrieved from Protein Data Bank 

atabase ( www.pdb.org ). Firstly, the docking procedure was vali- 

ated by executing the protocol with celecoxib. Validated docking 

ose are presented in the supplementary file in overlapping form 

Fig. S1). Then, compound 3d was subjected to the same docking 

rocedure. The rendered docking poses of celecoxib and compound 

d are presented in Figs. 2 - 6 . Fig. 2 shows the positions of ac-

ive compound 3d and celecoxib into the enzyme active site. Com- 

ound 3d were fitted into the enzyme active site similarly to cele- 

oxib. 

The results showed that there were three hydrogen bond and 

ingle π-cation bond between celecoxib and COX-2. The amino 

roup of sulfonamides established two hydrogen bonds with car- 

onyls of Gln192 and carbonyls of Leu352. The oxygen atoms of 

ulfonamide formed one hydrogen bond with the Phe518 amino 

roup. There was also a single π-cation interaction between the 

yrazole ring of the celecoxib and amino groups of Arg120 ( Figs. 3 

nd 4 ). 

The results showed that there were four hydrogen bond and 

ne salt bride bond between compound 3d and COX-2. The amino 

roup of sulfonamides established three hydrogen bonds with the 

arbonyls of Gln192, the carbonyls of Leu352 and hydrogens of im- 

dazole’s of Hie90. The oxygen atoms of sulfonamide established 

ne hydrogen bond with amino group of Phe518. There was also 

 π-cation interaction between the amide group of the compound 

d and amino groups of Arg120 ( Figs. 5 and 6 ). 
10 
Subsequently, consistent results were obtained when compared 

ith the activity results. The derivative that have a six-membered 

ing with methyl substitution was the most active derivative and 

nteracted with the enzyme active site in a similar way to cele- 

oxib. The docking pose for compound 3f were further analyzed 

o investigate at the positioning in the enzyme active site when 

 bulkier substituent replaced the methyl group. Relevant docking 

oses are presented in the supplementary file. Examining Figs. S2 

nd S3 , it was observed that the compound was not fully fitted 

nto the enzyme active site. 

Derivatives containing sulfonamides ( 3a- 3 h) appear to be 

ore effective in general. This difference in activity between CF 3 - 

ontaining derivatives and sulfonamide-containing derivatives may 

e due to the good positioning of the sulfonamide group in the hy- 

rophobic pocket of the COX-2 enzyme and its interactions there. 

n Fig. 7 , the overlapping poses of compound 3d and compound 

l in the active site is presented. Both compounds contain methyl 

iperazine. The distinguished difference in their structure is that 

ne carries sulfonamide and the other CF 3 . When the figure was 

xamined, it was observed that the sulfonamide structure is fully 

laced in this pocket ( Fig. 7 ). 

.4. Molecular dynamic simulation (MDS) studies 

The stability was checked by following rules: 1. RMSD value of 

rotein was calculated between 1 and 3 Å during the entire simu- 

ation, which is indicative of stability for small proteins [32] ; 2. In 

g and RMSF plots, picks should have minimum fluctuation; 3. The 

oop (white area) region may show big fluctuation. In this simula- 

ion, the stability properties displayed that the system was not sta- 

le until 10 ns (the equilibration phase), and after that, the system 

tability was reached. Also, one of the loop regions was detected 

ith minimal fluctuation ( Fig. 8 ). 

According to Fig. 9 , the interaction with the Arg120 amino acid 

s key point for the activity. During the entire simulation, the inter- 

ction with this residue never cut off, and it had very strong con- 

act power, which enabled the protection of the stability. Arg120 

as interacted with thiadiazol N 4 and acetamide nitrogen via H- 

onds. As previously mentioned in the introduction section, the 

elation between the COX inhibition and this amino acid was clar- 

fied, in our study, we also observed that. Besides, Arg513 was 

lso another non-stop interacted amino acid which interacted with 

ulphonyl amide nitrogen. Also, until 10 ns, there were several in- 

eractions between ligand and His90, but after that time, although 

he interactions were occasionally seen until the end of the simu- 

ation, they were not continually. On the contrary to His90, the fre- 

uency of the interaction with Ser353 was increasing after 10 ns. 

he interactions with Leu352 and Tyr355 observed with high fre- 

uency during the entire simulation. All these residues could have 

 significant impact on stability. Moreover, the simulation can be 

plit into two parts, and the 10 ns could be marked as a mile- 

tone for the stability and so for the activity. Besides, His90 amino 

cid was described as one of the important residues for COX-2 se- 

ectivity, we found that it was breaking the stability on contrary 

o the description in this study. Furthermore, Arg513 residue was 

dentified as another crucial residue to evaluate COX-2 activity and 

electivity, which was found to be consistent with the literature 

 40 , 41 ]. Moreover, it was proposed that the COX-2 selectivity of 

ompound 3d was especially related to interaction strength and 

ype with Arg513. Additionally, aromatic H-bonds were detected 

etween sulphonamide oxygens and His90, Tyr355, and Phe518; 

cetamide oxygen and Tyr355. Although the aromatic H-bond with 

is90 was incrementally established over the course of the sim- 

lation and broke after 10 nanoseconds, similarly to the H-bond 

nteraction, it could strengthen the COX-2 inhibition. 

http://www.pdb.org
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Another important result was about the water molecules which 

layed an important role to protect the complex stability and 

herefore the inhibition activity. Water-mediated H-bonds were 

een with Asn87, His90, Val116, Ser119, Arg120, Gln192, Leu352, 

er353, Tyr355, Asp515, Phe518, Gly519, Glu520, and Glu524. Espe- 

ially, when the water-mediated H-bonds with Leu352 and Ser353 

ere in contact with the ligand, the selective COX-2 inhibition ac- 

ivity has been increasing because these residues were blocked in 

OX-1. Hence, the sulfonamide group was determined as an impor- 

ant pharmacophore moiety to display selective COX-2 activity. 

In summary, this study established that COX-2 activity was me- 

iated by H-bonds with Arg120 and Tyr355, while COX-2 selectiv- 

ty was mediated by H-bonds with Arg513, Leu352, and Ser353. 

. Conclusion 

In this study, 16 new thiadiazole derivatives were synthesized. 

ne half of these compounds carry sulfonamide group while the 

ther half have CF 3 substitution. Derivatives containing sulfon- 

mides exhibited superior activity and selectivity towards COX- 

 enzyme. It was also observed that the methyl substitution at- 

ached to the 4th position of the piperazine ring increased the 

ctivity. As this substitution grows, the activity decreases. When 

he piperazine ring is replaced by the piperidine ring, the activity 

ecreases. Molecular docking studies have shown that compound 

d is localized at the same enzyme active site as celecoxib and 

ives the same interactions. Molecular dynamics studies are also 

ompatible with activity studies. However, the loss of continuity 

f interactions between ligand and His90 after 10 ns is thought to 

e due to the positioning of the sulfonamide group. The sulfon- 

mide group might be located closer to the His90 amino acid if it 

as attached to a larger ring. To investigate this effect, it is pro- 

osed to insert larger rings instead of the thiadiazole in future 

tudies. 
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