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Abstract
Introduction  The coronavirus disease 2019 (COVID-19) pandemic has caused a global health crisis. The severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) is a highly contagious virus that can cause severe respiratory illness. There 
is no specific treatment for COVID-19, and the development of new drugs is urgently needed.
Problem statement  The SARS-CoV-2 main protease (Mpro) enzyme is a critical viral enzyme that plays a vital role in viral 
replication. The inhibition of Mpro enzyme can be an effective strategy for developing new COVID-19 drugs.
Methodology  An efficient operationally simple and convenient green synthesis method had been done towards a series of 
novel spiro-N-(4-sulfamoylphenyl)-2-carboxamide derivatives, in ethanol at room temperature in green conditions, up to 
90% yield. The molecular structures of the synthesized compounds were verified using spectroscopic methods.The title 
compounds were subjected to in silico analysis, including Lipinski’s rule and ADMET prediction, in addition to pharmaco-
phore modeling and molecular docking against the active site of SARS-CoV-2 target main protease (Mpro) enzyme (6LU7). 
Furthermore, both of the top-ranked compounds (5 and 6) and the standard Nirmatrelvir were subjected to DFT analysis.
Findings  The synthesized compounds exhibited good binding affinity to SARS-CoV-2 Mpro enzyme, with binding energy 
scores ranging from − 7.33 kcal/mol (compound 6) and − 7.22kcal/mol (compound 5) to − 6.54 kcal/mol (compounds 8 
and 9). The top-ranked compounds (5 and 6) had lower HOMO–LUMO energy difference (ΔE) than the standard drug 
Nirmatrelvir. This highlights the potential and relevance of charge transfer at the molecular level.
Recommendation  These findings suggest that the synthesized spiro-N-(4-sulfamoylphenyl)-2-carboxamide derivatives could 
be potential candidates for COVID-19 drug development. To confirm these drugs' antiviral efficacy in vivo, more research is 
required. With very little possibility of failure, this proven method could aid in the search for the SARS-CoV-2 pandemic's 
desperately needed medications.

 *	 Ahmed M. El‑Saghier 
	 el.saghier@science.sohag.edu.eg

1	 Chemistry Department, Faculty of Science, Sohag 
University, Sohag 82524, Egypt

2	 Chemistry Department, Faculty of Science, Al Zawiya 
University, Al Zawia, Libya

http://crossmark.crossref.org/dialog/?doi=10.1007/s11030-023-10761-0&domain=pdf


250	 Molecular Diversity (2024) 28:249–270

1 3

Graphical abstract

Keyword  Green synthesis · Spirooazoles,1,3,4-thiadiazole · Thiocarbohydrazide · 4-Sulfamoylphenylcarboxamide

Introduction

Viruses that cause various human illnesses on various 
organs or tissues and are slow to heal. As a result of 
genetic alterations, the resistance of viruses is constantly 
increasing [1]. The coronavirus disease 2019 (COVID-
19), a new-brand infectious illness, spread by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), trave-
led quickly in different countries. The public's safety was 
severely harmed by COVID-19, and in March 2020, the 
WHO announced it to be a pandemic. Due to the lack 
of an appropriate medication that can cure the condi-
tion of COVID-19 on the market, only a small number 
of currently available drugs can treat the clinical signs 
and symptoms of COVID-19. As a result, research into 
a medicine to treat COVID-19 became a critical require-
ment in Clinical studies which caught greater curiosity 
between chemical scientists [2–4]. The 1,3,4-thiadiazole 
moiety combining with bioisosteres benzenesulfonamide 
has substantial potential in this effort to create an antiviral 
activity of a new scaffold because of their pharmacological 
profile and pharmacokinetic features [5, 6].

Depending on their molecular structure, mesonic 
nature, good lipophilicity, highly effective with a less toxic 

[7, 8], and numerous pharmacological activities, 1,3,4-thi-
adiazole moieties can engage in a variety of functions as 
drugs that treat diabetes, cancer, inflammation, spastic-
ity, antivirals, antihypertensive, and bacteria [9–13]. In 
the literature, Several commercially available drugs have 
1,3,4-thiadiazole rings in them, for example, Cefazolin and 
Cefazedone as cell wall synthesis inhibitors (antibiotics), 
Megazol as protein and DNA synthesis inhibitor (Antipro-
tozoal), Methazolamide, and Acetazolamide as carbonic 
anhydrase inhibitors (Diuretics,) Sulphamethizole as dihy-
dropteroate synthase inhibitor (Antimicrobial), Azetepaan 
alkylating agent (anti‐Cancer) [5, 14]. Acetazolamide, 
besaglybuzole (glybuzole), and furidiazine (triafur) were 
three antiviral drugs that use 1,3,4-thiadiazole hybrid with 
sulfonamide group [15].The first drug that was widely and 
consistently utilized as chemotherapeutic and preventative 
agents against diverse diseases was sulfonamides (sulfa 
drugs) [16]. Rapid progress in this area has allowed the 
development of more potent and selective sulfonamide 
derivatives by linking them to a wide variety of 1,3,4-thi-
adiazole derivatives (A) and (B) as antiviral agents, as 
seen in Fig. 1. Moreover, derivatives of compound (C) 
were prepared. Methyl derivative (D) and allyl derivative 
(E) reduced the replication of RNA viruses (Poliovirus 1 
and Coxsackie virus B4), while ethyl derivative (F) was 
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completely inactive against all viral strains. These results 
suggest the importance of the side chain for antiviral activ-
ity (Fig. 1). Compound (G) is the most effective antiviral 
chemotherapeutic drugs that include these two bioisosteres 
moieties [17, 18].

Considering the significance of thiadiazole nucleus in 
the field of medicinal chemistry and the search for novel 
COVID antiviral drugs, newly design and development com-
pound (H) [19] subjected to in silico studies against coro-
navirus evaluations with EC50 = 7.1 mM(SARS-CoV-2) and 
IC50 = 29.0 mM(SARS-CoV-2 Mpro).The activity of the two 
2-aminothiadiazoles, CoViTris2022 (I) and ChloViD2022 
(J) [20], showed significant binding for the coronaviral-2 
polymerase/exoribonuclease with the four principal RNA 
nucleotides. Recent research [21] done on novel thiadiazole 
derivatives revealed that compound (K) exhibited remarka-
ble similarity characteristics and substantial-binding capaci-
ties inside the human organs. They also included compound 
(L), which could potentially treat coronavirus because it had 
a particularly high binding capacity (-9.1 kcal/mol) toward 
the target enzyme [22], Fig. 2.

As part of our ongoing research, we examine novel het-
erocyclic nuclei hybridized with bioactive groups that might 

be employed as catalysts in the manufacture of novel phar-
macological models [23–33]. Due to the considerable impor-
tance of spirocyclic systems that include a 1,3,4-thiadiazole 
unit paired with a sulfamoylphenyl moiety [34], in this study, 
our objective was to design, synthesize, and characterize 
new series of novel spiro-N-(4-sulfamoylphenyl)-2-car-
boxamide derivatives that are derived from 2-hydrazinyl-
N-(4-sulfamoylphenyl)-2-thioxoacetamide. The approved 
methodology in use offered benefits such as delivering prod-
ucts with high yields and purity while reducing environmen-
tal pollution, also without the need for costly catalysis. In 
addition, a molecular docking analysis of these substances 
was carried out versus the intended protease. The Drug-like-
ness analysis of the synthesized compounds was explored in 
the term of ADMET (Absorption, Distribution, Metabolism, 
Excretion, and Toxicity) properties.

Methodology

Thin-layer chromatography (TLC) was employed to track 
all reactions utilizing percolated dishes of silica gel G/
UV-254 with a 0.25 mm thickness (Merck 60F254) and 

Fig. 1   Chemical structure of 1,3,4-thiadiazole derivatives bearing with benzenesulfonamide moiety as antiviral agents
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UV light (254  nm/365  nm) enable visualization. The 
uncorrected Kofeler melting point instrument was used to 
record all melting points. On an FT-IR spectrophotometer, 
KBr pellets were used to analyze IR spectra. At Sohag Uni-
versity, 1H-NMR and 13C-NMR (DMSO-d6) spectra were 
captured at 400 M Hz and 100 MHz, respectively. For 1H-
NMR data, the following information is provided: chemi-
cal shift, integration, and multiplicity (singlet, doublet, 
triplet, multiplet). Tetramethylsilane (TMS) was selected 
as the standard for internal measurement, and its chemi-
cal shifts (δ) were expressed in parts per million (ppm). 
TMS (= 0 ppm) or DMSO (= 39.51 ppm) was employed 
as internal standards for 13C-NMR. A Perkin-Elmer CHN 
analyzer model provided the elemental analyses.

Synthesis of 2‑hydrazi‑
nyl‑N‑(4‑sulfamoylphenyl)‑2‑thioxoacetamide (1)

Synthesized from appropriate 2-chloro-N-sulfamoylphenyl 
acetamide with morpholine and sulfur, followed by reac-
tion with hydrazine hydrate by a known procedure [35, 
36].

2‑Hydrazinyl‑N‑(4‑sulfamoylphenyl)‑2‑thioxoacetamide (1)

Pale yellow solid, Yield (72%). Mp. 185°C. FT-IR (KBr) 
νmax cm−1: 3344, 3269, 3175, 3106 (2NH, 2NH2), 3095 
(CH-arom.), 2934 (CH-aliph.), 1680 (C=Oamide, st), and 
1375 (S=O, st). 1H-NMR (DMSO-d6), δ ppm: 10.40 (s, 
1H, NHamide), 7.87–7.79 (m, 4H, CHarom.); 7.28 (s, 2H, 
NH2sulfa), 3.81 (br, 3H, 3NH); C. F.: C8H10N4O3S2 M. W: 
274.44; Elemental Analysis: Calc; C, 44.32; H, 4.75; N, 
16.81; S, 20.09, Found; C, 44.44; H, 4.70; N, 16.78; S, 
20.11.

Synthesis of spiro‑N‑(4‑sulfamoylphenyl)‑1,3,4‑thiadia‑
zole‑2‑carboxamide derivatives (2–12):

To a solution of 2-hydrazinyl-N-(4-sulfamoylphenyl)-
2-thioxoacetamide (1) (0.001 mol) in ethanol (15 mL), 
(0.001 mol) of ketone derivatives, the reaction mixture 
was stirring at room temperature for about 3h. The reac-
tion was cooled, and the solid precipitate was collected by 
filtration and crystalized from ethanol (Scheme1).

Fig. 2   Chemical structure of 1,3,4-thiadiazole derivatives as SARS-Cov-2 inhibitors
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N‑(4‑sulfamoylphenyl)‑4‑thia‑1,2‑diazaspiro[4.5]
dec‑2‑ene‑3‑carboxamide (2)

Pale yellow solid, Yield (92%). Mp. 185°C. FT-IR (KBr) 
νmax cm−1: 3348, 3314,3223(2NH, NH2), 3071(CH-arom.), 
2928,2857(CH-aliph.)1650 (C=Oamide, st), and 1334(S=O, 
st). 1H-NMR (DMSO-d6), δ ppm: 10.32 (s, 1H, NH amide), 
8.57 (s, 1H, NHthiadizole), 7.89–7.74 (m, 4H, CH-arom.); 
7.21(s,2H,NH2), 2.10–1.24 (m, 10H, 5CH2, exchangeable 
by Dept.), 13C-NMR (DMSO-d6), δ ppm: 159.51, 141.69, 
139.10, 137.67, 126.90, 120.12, 87.85,39.35, 24.95, 24.20,: 
C. F.: C14H18N4O3S2 M. W: 354.44; Elemental Analysis: 
Calc; C, 47.44; H, 5.12; N, 15.81; S, 18.09, Found; C, 47.44; 
H, 5.12; N, 15.78; S, 18.11.

N‑(4‑Sulfamoylphenyl)‑4‑thia‑1,2‑diazaspiro[4.4]
non‑2‑ene‑3‑carboxamide (3)

Greenish yellow solid, Yield (96%). Mp. 204–206°C. FT-IR 
(KBr) νmax cm−1: 3318, 3254 (2NH, NH2), 3071(CH-arom.), 
2971,2883(CH-aliph.)1678 (C=O amide, st), and 1313 
(S=O, st). 1H-NMR (DMSO-d6), δ ppm: 10.32 (s, 1H, NH 
amide, exchangeable by D2O), 8.92 (s, 1H, NHthiadizole, 
exchangeable by D2O), 7.88–7.75 (m, 4H, CH-arom.); 
7.27,7.21(s,2H,NH2), 2.06–1.63 (m, 8H, 4CH2, exchange-
able by Dept.), 13C-NMR (DMSO-d6), δ ppm:159.52, 
142.11,141.78, 139.08, 126.73, 119.81, 90.57, 42.22,23.21,: 
C. F.: C13H16N4O3S2; M. W.: 340.42; Elemental Analysis: 
Calc; C, 45.87; H, 4.74; N, 16.46; S, 18.84, Found; C, 45.90; 
H, 4.71; N, 16.43; S, 18.80.

6‑Methyl‑N‑(4‑sulfamoylphenyl)‑4‑thia‑1,2‑diazaspiro[4.5]
dec‑2‑ene‑3‑carboxamide (4)

Brownish yellow solid, Yield (90%). Mp. 199–201 °C. FT-IR 
(KBr) νmax cm−1: 3350, 3310,3231(2NH, NH2), 3101(CH-
arom.), 2963,2931,2859(CH-aliph.), 1648 (C=O amide, 
st), and 1336(S=O, st). 1H-NMR (DMSO-d6), δ ppm: 10.32 
(s, 1H, NH amide), 8.76(s, 1H, NH, thiadizole), 7.89–7.73 
(m, 4H, CH-arom.); 7.24 (br, 2H, NH2); 2.20(m,1H, CH), 
1.72–1.28 (m, 8H, 4CH2),0.98 (d, 3H, CH3) 13C-NMR 
(DMSO-d6), δ ppm: 159.52, 141.88, 139.00, 135.81, 126.88, 
120.03, 93.30, 41.75, 32.74, 25.18, 24.16 and 17.89.; C.F.: 
C15H20N4O3S2; M. W.: 368.47; Elemental Analysis: calc;C, 
48.90; H, 5.47; N, 15.21;S, 17.40.; Found; C, 48.91; H, 5.46; 
N, 15.19;S, 17.37.

N‑(4‑Sulfamoylphenyl)‑4‑thia‑1,2‑diazaspiro[4.6]
undec‑2‑ene‑3‑carboxamide (5)

Deep yellow solid, Yield (91%). Mp. 214–216 °C. FT-IR 
(KBr) νmax cm−1: 3427, 3324,3241(2NH, NH2), 3071(CH-
arom.), 2931,2895,2855(CH-aliph.),1676 (C=O amide, st), 

and 1286(S=O, st). 1H-NMR (DMSO-d6), δ ppm: 10.37 (s, 
1H, NH amide), 8.90 (s, 1H, NH thiadiazole), 7.89–7.73 
(m, 4H, CH-arom.); 7.25(br, 2H, NH2), 2.18–1.35 (m, 12H, 
6CH2), 13C-NMR (DMSO-d6), δ ppm: 159.44, 142.02, 
139.12, 130.45, 129.78, 127.05, 120.12, 90.74, 43.76, 
42.28, 30.31, 28.12, 24.36,22.93.; C.F.: C15H20N4O3S2; M. 
W.: 368.47; Elemental Analysis: calc. C, 48.90; H, 5.47; 
N, 15.21; S, 17.40; Found. C, 48.89; H, 5.50; N, 15.11; S, 
17.39.

7,7‑Dimethyl‑9‑oxo‑N‑(4‑sulfamoylphenyl)‑4‑thia‑1,2‑di‑
azaspiro[4.5]dec‑2‑ene‑3‑carboxamide (6)

Greenish yellow solid, Yield (90%). Mp. d > 300 °C. FT-IR 
(KBr) νmax cm−1: 3344, 3271,3179 (2NH, NH2), 3109 (CH-
arom.), 2937 (CH-aliph.), 1722 (C=O dimedone, st), 1682 
(C=O amide, st), and 1286(S=O, st). 1H-NMR (DMSO-d6), 
δ ppm: 10.50 (s, 1H, NH amide), 9.46 (s, 1H, NH, thia-
diazole), 7.95–7.86 (m, H, CH-arom.); 7.31 (s, 2H, NH2); 
4.52(s,2H,CH2), 1.69–1.65 (m, 4H, 2CH2), 1.06–0.96(m, 
6H, CH3); 13C-NMR (DMSO-d6), δ ppm: 168.14, 159.00, 
140.80, 140.12,133.25,127.06, 90.89, 61.22, 57.11, 23.71 
and 21.78.; C.F.: C16H20N4O4S2; M. W.: 396.48.Elemen-
tal Analysis: calc.; C, 48.47; H, 5.08; N, 14.13;S, 16.17; 
Found.; C, 48.44; H, 5.00; N, 14.11;S, 16.15.

2‑Oxo‑N‑(4‑sulfamoylphenyl)‑3'H‑spiro[indoline‑3,2'‑[1,3,4]
thiadiazole]‑5'‑carboxamide (7)

Orang solid, Yield (98%). Mp. 255–257 °C. FT-IR (KBr) 
νmax cm−1: 3315, 3281,3220(2NH, NH2), 3104, 3054(CH-
arom.), 2903(CH-aliph.), 1714 (C=O isatin, st), 1677 
(C=O amide, st), and 1271 (S=O, st). 1H-NMR (DMSO-
d6), δ ppm: 10.60, 10.54 (s, 2H, 2NH amide, exchange-
able by D2O), 9.63 (s, 1H, NH, thiadiazole, exchange-
able by D2O) 7.93–6.87 (m, 8H, CH-arom.); 7.23 (s, 
2H, NH2,exchangeable by D2O);13C-NMR (DMSO-d6), 
δ ppm:175.63, 158.47, 141.68, 139.36, 137.43, 131.53, 
129.42, 126.97, 126.39, 123.52, 120.35, 110.78 and 80.54.; 
C.F.: C16H13N5O4S2, M.W.: 403.Elemental Analysis: calc. 
C, 47.64; H, 3.25; N, 17.36; S, 15.89; Found, C, 47.66; H, 
3.21; N, 17.30; S, 15.90.

5‑(4‑Chlorophenyl)‑5‑phenyl‑N‑(4‑sulfamoylphenyl)‑4,5‑di‑
hydro‑1,3,4‑thiadiazole‑2‑carboxamide (8).

Pale yellow, Yield (91%). Mp. > 300 °C. FT-IR (KBr) νmax 
cm−1: 3345, 3273, 3249(2NH, NH2), 3110(CH-arom.), 
2935(CH-aliph.)1680 (C=O amide, st), and 1286(S=O, st), 
652(C–Cl). 1H-NMR (DMSO-d6), δ ppm: 13.09, (s, 1H, 
NH amide), 10.47 (s, 1H, NH, thiadizole), 7.95–7.28 (m, 
13H, CH-arom.); 7.23 (s, 2H, NH2); 13C-NMR (DMSO-d6), 
δ ppm: 159.19, 140.76, 140.09, 129.24, 128.95, 128.68, 
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127.08, 126.95, 120.49 and 56.72.; C.F; C21H17ClN4O3S2, 
M. W.: 472.96.Elemental Analysis: C, 53.33; H, 3.62; Cl, 
7.50; N, 11.85; S, 13.56; Found; C, 53.36; H, 3.60; Cl, 7.48; 
N, 11.75; S, 13.45.

5‑(2‑Bromophenyl)‑5‑phenyl‑N‑(4‑sulfamoylphenyl)‑4,5‑di‑
hydro‑1,3,4‑thiadiazole‑2‑carboxamide (9).

Pale yellow, Yield (92%). Mp. 224–226 °C. FT-IR (KBr) 
νmax cm−1: 3345, 3278, 3244(2NH, NH2), 3089, 3062 
(CH-arom.), 2913 (CH-aliph.), 1679 (C=O amide, st), and 
1285(S=O, st), 688 (C–Br). 1H-NMR (DMSO-d6), δ ppm: 
13.86 (s, 1H, NH amide), 10.18 (s, 1H, NHthiadiazol), 
7.96–7.32 (m, 13H, CH-arom.); 7.25 (br, 2H, NH2); 13C-
NMR (DMSO-d6), δ ppm: 159.08, 141.21, 140.79, 139.86, 
139.17, 137.40, 136.53, 133.36, 132.03, 131.45, 130.03, 
129.32, 127.15, 120.45,56.52C.F.: C21H17BrN4O3S2; M. 
W.: 517.42; Elemental Analysis: calc; C, 48.75; H, 3.31; 
Br, 15.44; N, 10.83; S, 12.39:; found: C, 48.76; H, 3.29; Br, 
15.39; N, 10.80; S, 12.40.

N‑(4‑Sulfamoylphenyl)‑3'H,10H‑spiro[anthrac
ene‑9,2'‑[1,3,4]thiadiazole]‑5'‑carboxamide (10)

Brownish yellow solid, Yield (95%). Mp. 220–222 °C. 
FT-IR (KBr) νmax cm−1: 3340, 3267, 3239 (2NH, NH2), 
3098 (CH-arom.), 2964 (CH-aliph.), 1681 (C=O amide, st), 
and 1329(S=O, st). 1H-NMR (DMSO-d6), δ ppm: 10.51 (s, 
1H, NH amide), 10.36 (s, 1H, NHthaidizole), 8.06–7.78 (m, 
12H, CH-arom.); 7.24 (br, 2H, NH2); 4.20 (s,2H,CH2); 13C-
NMR (DMSO-d6), δ ppm: 166.05,142.21, 141.70, 141.05, 
140.39, 139.09, 127.06,121.53,121.02, 120.61, 120.15, 
119.64, 92.48,27.92.; C. F.: C22H18N4O3S2; M. W.: 450.53.
Elemental Analysis: calc; C, 58.65; H, 4.03; N, 12.44; S, 
14.23; Found; C, 58.67; H, 4.00; N, 12.31; S, 14.22.

7,7‑dimethyl‑9‑oxo‑N‑(4‑sulfamoylphenyl)‑6,8‑di‑
oxa‑4‑thia‑1,2‑diazaspiro[4.5]dec‑2‑ene‑3‑carboxamide 
(11)

Pale brawn solid, Yield (90%). Mp. > 300°C. FT-IR (KBr) 
δmax cm−1: 3378, 3342, 3239(2NH, NH2), 3093(CH-arom.), 
2963, 2930(CH-aliph.), 1701(C=O ring, st.),1680(C=O 
amide, st), and 1317(S=O, st). 1H-NMR (DMSO-d6), δ 
ppm: 11.08 (s, 1H, NH amide), 10.36 (s, 1H, NH thaidi-
zole), 7.94–7.78 (m, 4H, CH-arom.), 7.21(br, 2H, NH2), 
4.18–3.65(m, 2H, CH2), 1.12–1.07(m, 6H, 2CH3); C.F.: 
C20H14N4O3S2. M. W.: 422.48. Elemental Analysis: calc. 
C, 56.86; H, 3.34; N, 13.26; S, 15.18,; Found; C, 56.88; H, 
3.33; N, 13.18; S, 15.15.

10‑Benzylidene‑N‑(4‑sulfamoylphenyl)‑3'H,10H‑spiro[anthr
acene‑9,2'‑[1,3,4]thiadiazole]‑5'‑carboxamide (12)

Deep brawn solid, Yield (93%). Mp. 232–234 °C. FT-IR 
(KBr) νmax cm−1: 3350, 3259,3204(2NH, NH2), 3106(CH-
arom.), 2928(CH-aliph.)1674 (C=O amide, st), and 1313 
(S=O, st). 1H-NMR (DMSO-d6), δ ppm: 10.47 (s, 1H, NH 
amide), 9.91 (s, 1H,), 8.23–7.03 (m, 18H, CH-arom.).); 
6.45 (br, 2H, NH2); 13C-NMR (DMSO-d6), δ ppm: 
159.07, 140.84, 140.06, 135.56, 135.04, 133.28, 133.05, 
132.63,130.55, 129.88,128.15, 127.23, 126.04, 124.11, 
123.63, 120.48, 53.08.; C.F.: C29H22N4O3S2; C. F.: 538.64.
Elemental Analysis: calc.: C, 64.67; H, 4.12; N, 10.40; S, 
11.90; Found: C, 64.77; H, 4.08; N, 10.22; S, 11.85.

Drug‑likeness analysis

The drug-likeness analysis, including Lipinski’s rule of five 
as well as ADMET, an abbreviation denoting the fundamen-
tal processes of absorption, distribution, metabolism, and 
excretion, as well as toxicity, prediction of the title com-
pounds were calculated in ADMET lab 2.0 tool (https://​
admet​mesh.​scbdd.​com/) [37].

Pharmacophore investigation

The pharmacophore generation protocol was performed 
using MOE on a training set database consisting of ten 
FDA-approved drugs for COVID-19 therapy: Chloroquine, 
Cycloheximide, Emetine, Exalamide, Hycanthone, Lycorine, 
Promazin, Propranalol, Trilorene, and Zoxazolamine, Fig-
ure S38. The database compounds were subjected to energy 
minimization and flexible alignment before performing the 
pharmacophore search. The ‘feature mapping’ protocol was 
applied to identify the common features among the database 
compounds [38].

The validation of the pharmacophore model was done 
using the internal validation method by using the training set 
(the molecules used to generate the model) and by using two 
active Nirmatrelvir and Ritonavir drugs, to test the model’s 
performance.

Molecular docking investigation

The investigation of the binding power of the aforemen-
tioned compounds to the SARS-CoV-2 enzyme protease 
(6LU7) was conducted through the utilization of molecu-
lar docking strategy [39, 40]. The generation of the three-
dimensional models of the title compounds was done uti-
lizing the builder user interface of MOE [41]. The ligands 
were constructed through the generation of new database, 
followed by the implementation of protonate 3D, partial 
charge assignment, and energy minimization process on 

https://admetmesh.scbdd.com/
https://admetmesh.scbdd.com/
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the respective title compounds [42, 43]. The ligands have 
been saved in an MDB file format to facilitate the dock-
ing calculation [44, 45].The crystallographic arrangement 
of the SARS-CoV-2 protease enzyme (6LU7) was acquired 
from the Protein Data Bank (PDB) repository, accessible at 
https://​www.​rcsb.​org/​struc​ture/​6LU7 [46]. Then, the protein 
underwent protonation and acquired a charge through utili-
zation of the protonate 3D module within the MOE software. 
The bond and atom types were thoroughly examined and 
duly assigned, considering the hydrogen atoms, receptor, 
and atom potentials [47, 48]. The identification of the active 
site of the enzyme was accomplished through the utilization 
of the MOE Alpha Site Finder. The conformation of the 
active site was optimized to incorporate the residues that 
engage in interactions with the receptor [49, 50]. Docking 
experiments were conducted to evaluate the binding free 
energy of the inhibitor-protein complex. The London disper-
sion-based free energy (dG) scoring function was employed 
to evaluate the scoring metrics in molecular docking inves-
tigations [51]. The exported docking poses and interaction 
parameters were utilized to rank the inhibitory activity based 
on scoring (abbreviated as S, kcal/mol) and to analyze the 
interaction features. The Nirmatrelvir as standard drug was 
used as standard for docking studies and for comparison of 
docking scores with the investigated compounds.

The docking procedure was validated through the utili-
zation of the re-docking and overlaying methodology. The 
indigenous ligand derived from the 6LU7 structure was iso-
lated and subsequently repositioned within the active site 
employing an identical docking methodology [52].

Density functional theory (DFT) analysis

Density functional theory (DFT) analyses play an essential 
role in the computation of molecular orbital characteristics 
[53, 54]. In this framework, the top two compounds from 
the screening process (5, and 6) underwent a structure-based 
DFT analysis utilizing B3LYP [55, 56] and a 6-31 g + (d,p) 
[57] basis set using Gaussian 09w [58]. Comparative 
research between the highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO) 
energies was performed [59–61].

Results and discussion

Chemistry

In continuation of our work in the synthesis of novel spiro-
heterocycles [62–65], we prepared in this article a new series 
of spiro-N-(4-sulfamoylphenyl)-2-carboxamide derivatives 
containing a 1,3,4-thiadiazole unit, in a new method, smooth 
way, one-pot reaction, saving energy (at room temperature), 

low cost (without catalyst), short period, green solvent, no 
requirements for toxic chemicals, and high yield which 
achieve the green synthesis rules. In the present wor, we used 
the reported method by Yarovenko et al. (2003) for synthesis 
of 2-hydrazinyl-N-(4-sulfamoylphenyl)-2-thioxoacetamide 
(1) that involves the reaction of 2-chloro-N-sulfamoylphenyl 
acetamide with morpholine and sulfur, followed by reaction 
with hydrazine hydrate as illustrated in (Eq. 1.) and used it 
as a novel building block nucleus in further preparations.

The desired compounds synthesized using new method 
by stirring2-hydrazinyl-N-(4-sulfamoylphenyl)-2-thiox-
oacetamide (1) under green condition in ethanol at room 
temperature with a variety of ketones namely, cyclohex-
anone, cyclopetanone, 2-methylcyclohexanone, cyclo-
heptanone, dimedone, isatin, anthracen-9(10H)-one, 
acetonaphthaylene-1,2-dione, 10-benzylideneanthracene-
9(10H)-one, and acyclic ketones, namely, 4-chlorobenzo-
phenone and 2-bromobenzophenone to afford new spiro-
N-(4-sulfamoylphenyl)-2-carboxamide derivatives 2–12 
(Scheme1).

The reaction mechanism was assumed via a nucleophilic 
attack of amino group of thiocarbohydrazide1 at the car-
bonyl group of ketone followed via a nucleophilic attack of 
hydrazine group at the carbonyl carbon of ketone to afford 
thiohydrazone followed by a nucleophilic attack of thiol 
group at the same carbonyl group of ketone with elimina-
tion of water and cyclization (Scheme 2).

The formation of spiro-N-(4-sulfamoylphenyl)-2-carbox-
amide derivatives 2–12 was validated from its physical and 
spectral data. In the FT-IR spectrum, NH, NH2 stretching 
band at 3370–3180 cm−1, C=H (aromatic) stretching band 
at 3070–3036 cm−1, CH/CH2(aliphatic) stretching band of 
cycloalkane at 2980–2970 cm−1 and new bands of C=O 
for compound 7,6, and 11 at 1710, 1690, and 1701 cm−1, 
respectively. In addition, it was demonstrated that the crea-
tion of the spiro system had progressed as evidenced by the 
removal of the C=S stretching band at 1280–1160 cm−1 and 
the appearance of a C–S–C stretching band at 748 cm-1. In 
the 1H-NMR spectra, the signals at 10.50–9.90 (s, NH-thid-
iazole), 9.30–9.00 (s, NH– C=O), 8.30–7.20 (m, CH–aro-
matic), 7.10–6.30 (s, 2H, NH2), 4.60–3.70 (m, CH2- C=O), 
and 2.90–1.10 (m, CH2-cyclic) confirmed the formation of 
compounds2-12.

The formation of spiro compounds 2–12 was proved by a 
clear band at 80.90–79.20 ppm in the 13C-NMR. Finally, the 
DEPT-135 of compounds 2,3 obviously distinguished char-
acteristic negative signals of three CH2 groups of cyclohex-
ane ring at 24.20, 24.93, 39.35 ppm and two CH2 groups of 
cyclopentane ring at 23.07, 42.09 ppm, it showed two CH 

(1)
preparation method of 2 − hydrazinyl−
N − (4 − sulfamoylphenyl) − 2 − thioxoacetamide (�).

https://www.rcsb.org/structure/6LU7
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Fig. 3   Summary of 
SAR for spiro-N-
(4-sulfamoylphenyl)-1,3,4-thia-
diazole-2-carboxamides

Scheme 1   Formation of spiro-N-(4-sulfamoylphenyl)-1,3,4-thiadiazole-2-carboxamides
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groups of aromatic rings with a positive phase at 120.12, 
126.89 and 120.15, 127.07 ppm, respectively.

Structure activity relationship (SAR):

The results from our data revealed that spiro-N-
(4-sulfamoylphenyl)-1,3,4-thiadiazole-2-carboxamides has 
potent activity as antiviral agent. In actual, the slight modifi-
cation of desired compounds led to dramatic change in their 
activity and revealed that

–	 By increasing the ring size of spiro-cycloalkyl lipophilic 
tail, the activity of compounds 2–5 increased. So, com-
pound 5 showed the highest binding energy between 
them with binding score − 7.22. Moreover, the presence 
of methyl group (electron donating group (EDG)) as a 
substituted in cyclohexanone ring, decreases it.

–	 According compound 6, The presence of carbonyl group 
(electron withdrawing group (EWG)) inside cyclohex-
anone enhanced the binding energy and illustrated the 
best binding score − 7.33.

–	 Methylene group in compound 10 obstructed the reso-
nance process in phenyl groups, so decrease the activity. 
But, replacing two protons in the methylene with ben-
zylidene group (EWG)in compound 12 led to a relative 
increase in activity as a result of the appearance of con-
jugation with adjacent benzene ring.

–	 The presence of sulfonamide group which considered one 
of compounds incorporating sulfur-based zinc-binding 
groups (ZBGs) and responsible for improve the activity 
and selectivity. Moreover, 1,3,4-thiadiazole was essential 
in enhancing the potency (Fig. 3).

Drug‑likeness and ADMET properties

In our investigation of drug-likeness, our primary emphasis 
was placed on Lipinski's rule of five (RO5) [66, 67]. Accord-
ing to it, in order for a substance to exhibit efficacy as a small 
molecule pharmaceutical candidate, it must adhere to the 
subsequent set of criteria: the compound's molecular weight 
should not exceed 500, the octanol–water partition coeffi-
cient (Log P) should not surpass 5, the number of hydrogen 
(H) bond donors should not exceed 5, and the number of 
hydrogen bond acceptors should not exceed 10. The com-
pound was excluded from the active pool due to its non-
compliance with the rule. All the compounds investigated 
in this study demonstrate adherence to the rule, as indicated 
in the Supporting Information, Table (S1). This observation 
implies that these compounds possess characteristics that are 
consistent with drug-like properties.

In order for a compound to be deemed a promising can-
didate for drug selection, it is imperative that it exhibits a 
notable degree of biochemical activity, coupled with a propi-
tious profile in terms of ADMET. In recent times, a plethora 
of software and online platforms have emerged with the 
purpose of forecasting the ADMET properties of potential 
antitumor drug candidates. In the past year, the scientific 
community has witnessed the emergence of ADMETlab 2.0, 
a meticulously redesigned online platform dedicated to the 
accurate prediction of ADMET properties. This cutting-edge 
web service has undergone extensive reengineering to ensure 
its optimal performance and reliability. Notably, it has now 
become commercially available, although it is worth men-
tioning that it continues to be offered to users without any 
financial burden [37]. A considerable fraction of scientists is 
utilizing this platform to discover innovative antineoplastic 

Scheme 2   Reaction mechanism for Spiro-N-(4-sulfamoylphenyl)-1,3,4-thiadiazole-2-carboxamides
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agents. In accordance with scientific protocol, the utiliza-
tion of ADMETlab 2.0 was employed to make predictions 
regarding the ADMET properties of the aforementioned 
compounds. The predicted ADMET (Absorption, Distribu-
tion, Metabolism, Excretion, and Toxicity) properties of the 
tested compounds are presented in Fig. 4. These properties 

included the molecular weight, denoted as Mw, nRig, 
which represents the quantity of rigid bonds present. The 
term "fChar" represents the formal charge, where nHet rep-
resents the number of heteroatoms present. MaxRing: The 
maximum number of atoms present in the largest ring within 
the molecular structure. The parameter nRing represents the 

Fig. 4   Predicted ADMET properties of the title compounds
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quantity of rings present in the system under consideration. 
The term "nRot" represents the quantity of rotatable bonds 
present in the system. TPSA, which stands for Topological 
Polar Surface Area. The nHD which represents the num-
ber of hydrogen bond donors, nHA represents the count of 

hydrogen bond acceptors. logD refers to the logarithm of 
the partition coefficient (logP) at a physiological pH of 7.4. 
logs that represent the logarithm of the aqueous solubil-
ity. The logP refers to the logarithm of the partition coef-
ficient between octanol and water. As depicted in Fig. 4, it 

Fig. 4   (continued)
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is observed that all the examined samples fall within the des-
ignated 'upper limit' region (highlighted in yellow in Fig. 4. 
Consequently, it can be inferred that all the properties exhib-
ited satisfactory performance. The computational analyses 
have revealed that these compounds demonstrate exceptional 
ADMET properties. The comprehensive statistical analysis 
of ADMET calculations can be readily accessed in the Sup-
porting Information, specifically in Table S1.

Pharmacophore analysis

The pharmacophore model was obtained through the align-
ment of the molecular structures of the ten FDA-approved 
active compounds against COVID-19, which comprise the 
training set. The alignment revealed a favorable fit [68, 69], 
as depicted in Supplementary Information Figure S38. The 
pharmacophore model was composed of three indispensable 
characteristics: Feature F1 exhibits hydrophobic properties 
due to its chemical structure, characterized by the presence 
of hydrophobic groups. Similarly, Feature F2 also displays 
hydrophobic characteristics owing to its chemical composi-
tion. On the other hand, Feature F3 is classified as a metal 
legator, demonstrating both electron-accepting and donating 
capabilities. These molecular properties are visually repre-
sented in Fig. 5. The three characteristics were employed 
to scrutinize the assessed database (2, 3, 4, 5, 6, 7, 8, 9,10, 
11, 12) with the aim of discerning plausible inhibitors for 
COVID-19. All the compounds (2, 3, 4, 5, 6, 7, 8, 9, 10, 
11, 12) subjected to examination were found to satisfy the 
criteria outlined in the pharmacophore model, as depicted 
in Fig. 5. Henceforth, it has been observed that all the com-
pounds subjected to experimentation, namely 2, 3, 4, 5, 6, 
7, 8, 9, 10, 11, and 12, have exhibited structurally favorable 
attributes for the inhibition of enzymes as well as the inhibi-
tion of COVID-19. The quantification of the deviation from 
the pharmacophore model was determined through the utili-
zation of the root-mean-square deviation (RMSD) technique, 
which involved superimposing the molecular structure onto 
the pharmacophore model (as depicted in Fig. 5). Based on 
RMSD values, the reactivity order of the tested compounds 
can be arranged as follows: Compound 6 (RMSD = 0.2763) 
exhibits the highest reactivity, followed by Compound 5 
(RMSD = 0.32), Compound 12 (RMSD = 0.324), Compound 
10 (RMSD = 0.364), Compound 11 (RMSD = 0.372), Com-
pound 2 (RMSD = 0.461), Compound 7 (RMSD = 0.479), 
Compound 4  (RMSD = 0 .506) ,  Compound 3 
(RMSD = 0.534), Compound 8 (RMSD = 0.534), and Com-
pound 9 (RMSD = 0.534).

The validation of the pharmacophore model was done 
using the internal validation method by using the training 
set (the molecules used to generate the model) and also by 
using two active Nirmatrelvir and Ritonavir drugs, to test 
the model’s performance. The results, Figure S39, showed 

good performance of the pharmacophore model with lower 
values of RMSD.

Molecular docking

The evaluation of pharmacological effectiveness for novel 
compounds typically involves the investigation of their sus-
ceptibility to interactions with primary goals, namely pro-
teins [70, 71]. In this investigation, the technique of Molecu-
lar docking was employed to elucidate the intricate interplay 
among the compounds under scrutiny and the selected pro-
tein. Molecular docking is a computational methodology 
employed to ascertain the anticipated biological efficacy 
of pharmaceutical compounds by determining the most 
favorable conformation of the ligand upon its interaction 
with the binding site of the desired protein [72, 73]. The 
investigated substances were subjected to molecular dock-
ing with the main protease (6LU7) protein in order to assess 
their efficacy as antiviral substances [38, 49, 71]. Molecular 
docking investigations facilitate the anticipation of binding 
characteristics through the utilization of simulated screen-
ing techniques and scoring features [74, 75]. This method-
ology explores the conformational compatibility between 
two molecular entities, namely a substance and the binding 
region of the desired receptor, akin to the intricate interlock-
ing of puzzle pieces within a three-dimensional space.

The docking procedure was experimentally validated 
through the utilization of the re-docking and overlaying 
technique. The indigenous ligand derived from the 6LU7 
structure was isolated and subsequently repositioned within 
the active region. The re-docking process was executed in 
order to assess the efficacy and efficiency of the docking 
methodology [76]. The identical methodology previously 
employed was utilized in the subsequent re-docking proce-
dure. The re-docked complex was successfully aligned with 
the native ligand from 6LU7, resulting in a RMSD value of 
1.014 Å (see Figure S40).

In this specific instance, the 6LU7 protein serves as the 
designated receptor, whereas the substances are regarded 
as substrates. The tabulated data in Table 1 present the out-
comes of molecular docking, while Fig. 6 exhibits the most 
favorable arrangement of the substrates within the binding 
pocket. The substrates exhibit noteworthy favorable dock-
ing scores (S, kcal/mol), as illustrated in Table 1. The 6LU7 
pocket is subject to diverse modes of interaction, includ-
ing the establishment of hydrogen bonds and hydrophobic 
interactions. The observed phenomenon suggests a robust 
interplay between the docked substrates and the binding site 
of the receptor. The inhibitory activity degrees were ordered 
in the following manner: Compound 6 exhibits the lowest 
entropy (S) value of − 7.33 kcal/mol, followed by Com-
pound 5 with a S value of − 7.22 kcal/mol. Compound 12 
possesses a slightly higher S value of − 7.11 kcal/mol, while 
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Fig. 5   The developed pharma-
cophore model, where Hyd: 
Hydrophobic, Aro: Aromatic 
center, Acc: H-bond acceptor, 
Don: H-bond acceptor, ML: 
Metal Ligator, and the chosen 
molecular entities derived from 
the pharmacophoric character-
istics for the compounds under 
investigation (2, 3, 4, 5, 6, 7, 
8, 9, 10, 11, 12), with their 
(RMSD)

Compound (2) (RMSD =0.461)

Compound (3) (RMSD =0.534) Compound (4) (RMSD =0.506)

Compound (5) (RMSD =0.320) Compound (6) (RMSD =0.2763)

Compound (7) (RMSD =0.479) Compound (8) (RMSD =0.534)

Compound (9) (RMSD =0.534) Compound (10) (RMSD =0.364)

Compound (11) (RMSD =0.372) Compound (12) (RMSD =0.324)
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Compound 11 has a S value of − 6.88 kcal/mol. Compound 
10 exhibits a lower S value of − 6.81 kcal/mol, followed 
by another Compound 10 with a S value of − 6.66 kcal/
mol. Compound 4 and Compound 7 both have an identical S 

value of − 6.65 kcal/mol. Compound 3 possesses a slightly 
higher S value of − 6.61 kcal/mol, while Compound 9 and 
Compound 8 both have an identical S value of − 6.54 kcal/
mol. It is intriguing to note that the compounds with the 

Table 1   Molecular docking data Ligand Receptor Interaction Distance E (kcal/mol) S (kcal/mol) %

2 S 11 CYS 145 H-donor 3.30 − 1.40 − 6.81 79.74
N 13 THR 24 H-donor 3.28 − 1.30
O 15 SER 46 H-acceptor 2.82 − 2.00

3 S 11 ARG 188 H-donor 3.30 − 0.10 − 6.61 77.40
N 17 GLU 166 H-donor 2.93 − 1.40
O 15 GLY 143 H-acceptor 3.03 − 1.70

4 N 13 THR 24 H-donor 3.21 − 1.50 − 6.65 77.87
N 17 CYS 145 H-donor 3.99 − 1.90
O 15 SER 46 H-acceptor 2.90 − 1.80

5 N 7 MET 49 H-donor 3.21 − 0.90 − 7.22 84.54
N 13 THR 25 H-donor 2.94 − 0.90
O 14 SER 46 H-acceptor 3.02 − 1.10

6 O 10 MET 49 H-donor 3.07 − 0.70 − 7.33 85.83
N 13 THR 25 H-donor 2.95 − 0.90
N 17 ASN 142 H-donor 2.84 − 1.60
O 24 CYS 145 H-donor 3.43 − 0.80
O 14 SER 46 H-acceptor 2.87 − 2.00

7 N 7 CYS 145 H-donor 4.34 − 1.80 − 6.65 77.87
O 10 MET 49 H-donor 3.40 -0.10
S 11 MET 49 H-donor 3.41 0.20
N 17 HIS 164 H-donor 2.80 -2.70
6-ring GLU 166 pi-H 4.60 -1.00

8 N 13 THR 24 H-donor 3.19 -1.60 -6.54 76.58
N 17 CYS 145 H-donor 4.35 -1.30
O 15 SER 46 H-acceptor 2.91 -1.20

9 N 13 THR 24 H-donor 3.24 -1.40 -6.54 76.58
O 15 SER 46 H-acceptor 2.92 -1.30
6-ring GLU 166 pi-H 4.41 -1.70

10 S 11 GLN 189 H-donor 3.77 -1.30 -6.66 77.99
N 13 MET 165 H-donor 4.17 -1.90
N 13 GLU 166 H-donor 2.93 -3.10
O 15 GLN 192 H-acceptor 2.98 -1.00

11 N 13 THR 24 H-donor 3.12 -1.70 -6.88 80.56
C 22 CYS 145 H-donor 4.16 -0.60
O 23 GLU 166 H-acceptor 3.11 -1.30
O 26 SER 46 H-acceptor 2.86 -1.50

12 N 13 THR 25 H-donor 2.96 -1.30 -7.11 83.26
N 17 CYS 145 H-donor 3.52 -1.50
O 14 SER 46 H-acceptor 2.85 -1.50
6-ring GLU 166 pi-H 4.42 -0.60

Nirmatrelvir N9 CYS 145 H-donor 3.14 -3.20 -8.54
N10 GLU 166 H-donor 2.87 -5.40
C16 HIS 164 H-donor 3.24 -1.30
C17 GLN 189 H-donor 3.16 -0.80
N12 GLY 143 H-acceptor 3.60 -0.60
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highest efficacy in the docking process are numbered 6, 
5, 12, and 11, as indicated in Table 1. Compound 6 was 
effectively stabilized within the binding region through the 
establishment of specific intermolecular interactions. The 
docking score (S) of − 7.33 kcal/mol indicates a favorable 
binding affinity. These interactions involve the formation 
of three hydrogen-donor interactions with O10-MET49, 

N13-THR25, and N17-ASN142, as well as one hydrogen-
acceptor interaction with O24-CYS145. In addition, an inter-
action between O14-SER46 is also observed. The distances 
between the interacting atoms are measured at 3.07, 2.95, 
2.84, 3.43, and 2.87 Å, respectively. Additionally, com-
pound 5 exhibited stabilization within the binding pocket 
through a docking score (S) of − 7.22 kcal/mol, facilitated 

Fig. 6   3D and 2D position of the title compounds inside the active site of 6lu7 protein
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by the establishment of two hydrogen-donor interactions 
with N7-MET49 and N13-THR25, as well as one hydrogen-
acceptor interaction with O14-SER46. These interactions 
occurred at distances of 3.21, 2.94, and 3.02 Å, respectively. 
Compound 12 exhibited stabilization within the binding 
pocket through the establishment of various intermolecular 

interactions. The docking score (S) of − 7.11 kcal/mol 
signifies the favorable energy associated with this bind-
ing event. Specifically, two hydrogen-donor interactions 
were formed between N13-THR25, one hydrogen-acceptor 
interaction between N17-CYS145, and one pi-H interac-
tion between O14-SER46 and the 6-ring-GLU166. These 

Fig. 6   (continued)
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interactions occurred at distances of 2.96, 3.52, 2.85, and 
4.42 Å, respectively. In contrast, compound 11 exhibited 
stabilization within the binding pocket, as evidenced by a 
docking score (S of − 6.88 kcal/mol. This stabilization was 
achieved through the formation of two hydrogen-donor and 

two hydrogen-acceptor interactions involving N13- THR24, 
C22- CYS145, O23- GLU166, and O26-SER46, with dis-
tances of 3.12, 4.16, 3.11, and 2.86 Å, respectively.

The Nirmatrelvir as standard drug was used as standard 
for docking studies and for comparison of docking scores 

Fig. 6   (continued)
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with the investigated compounds. The docking score (S) of 
the tested compounds was compared with that of the Nir-
matrelvir as standard drug and the activity percent (% = (Stest 
/ Sstandard)/100) was calculated, Table 1. The activity per-
cent (%) of the current investigated compounds ranged from 
highest activity percent of 85.83% (in the case of compound 
6) and 84.54% (in the case of compound 5) to the lowest 
activity percent of 76.58% (in the case of compounds 8 and 
9), Table 1.

Density functional theory (DFT) analysis

The DFT analysis was conducted using the B3LYP func-
tional and a 6-31g + (d,p) basis set. Figure 7 displays the 

DFT assessments of the two highest-ranking compounds (5 
and 6) obtained from the screening method, as well as the 
reference drug Nirmatrelvir. The results of the DFT analy-
sis demonstrated that the HOMO–LUMO energy difference 
(ΔE) of compounds 5 and 6 (3.88 eV, and 4.00 eV, respec-
tively) was lower compared to that of Nirmatrelvir (4.85eV). 
This finding indicates the possibility and significance of 
molecular charge transfer [77–79].

Furthermore, the hardness (ƞ) and softness (σ) values 
of the two highest-ranking compounds (5 and 6) identified 
by the screening approach, together with the reference drug 
Nirmatrelvir, were determined by evaluating the energies 
of their HOMOs and LUMOs orbitals using the Parr and 
Pearson interpretation [80–83]. Interestingly, compounds 

Fig. 7   DFT exploration of compounds (5 and 6) and reference drug Nirmatrelvir



267Molecular Diversity (2024) 28:249–270	

1 3

(5 and 6) had the highest chemical softness (0.52 eV−1, 
and 0.50 eV−1, respectively) and lowest chemical hardness 
(1.94 eV, and 2.00 eV, respectively) compared to that of Nir-
matrelvir (0.21eV−1 and 2.43 eV, respectively) values which 
may contribute the higher chemical reactivity compared to 
Nirmatrelvir.

Conclusion

New series of 1,3,4-thiadiazole derivatives have been syn-
thesized from 2-hydrazinyl-N-(4-sulfamoylphenyl)-2-thi-
oxoacetamide using a well-established method that has 
several advantages to afford a novel spiro heterocyclic com-
pounds based on 1,3,4-thiadiazole derivatives hybrid with 
sulfamoylphenyl as a two bioisosteres moieties. We have 
confirmed the structure of these compounds by using spec-
tral analysis techniques. Also, the drug-likeness properties 
of these compounds, such as Lipinski’s rule and ADMET 
(absorption, distribution, metabolism, excretion, and toxic-
ity) profiles were evaluated using the ADMETlab 2.0 tool. 
Ten FDA-approved drugs for COVID-19 treatment were 
selected as reference pharmacophores to identify the struc-
tural features required for COVID-19 inhibition. Molecular 
docking against the 6LU7 protein had been performed to 
investigate the antiviral potential of these compounds and 
to analyze their binding interactions. The docking results 
showed that these compounds had good binding affinity to 
the COVID-19 main protease, with binding energy scores 
ranging from − 7.33 kcal/mol (compound 6) and − 7.22kcal/
mol (compound 5) to − 6.54 kcal/mol (compounds 8 and 
9). Furthermore, density functional theory (DFT) analysis 
was performed on the two most promising compounds (5 
and 6) that have been identified through the screening meth-
odology, along with the reference drug Nirmatrelvir. The 
DFT analysis showed that compounds 5 and 6 had a lower 
HOMO–LUMO energy gap compared to Nirmatrelvir. This 
finding explains the potential and significance of intermo-
lecular charge transfer. Here, this study greatly expands the 
chemical diversity of SARS-CoV-2 Mpro inhibitors and 
provides new building blocks for coronavirus antiviral drug 
discovery. Further studies are needed to validate the antiviral 
activity of these compounds in vivo.
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