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ABSTRACT
In this study, four novels 2,5,6‐trisubstituted imidazothiadiazole derivative ligands and their Ag(I) complexes were synthesized

and characterized using various spectroscopic analysis techniques. First, imidazo[2,1‐b][1,3,4]thiadiazole derivative (3) was

obtained from the reaction of 5‐amino‐1,3,4‐thiadiazole‐2‐thiol with benzyl bromide in the presence of KOH in an ethanolic

medium. In the next step, the resultant compound reacted sequentially with four substituted phenacyl bromide derivatives

(4a–4d) under refluxed ethanol for 24 h to obtain substituted 2‐(benzylthio)‐6‐phenylimidazo[2,1‐b][1,3,4]thiadiazole deriva-

tives (5–8). Compounds (9–12) were obtained by attaching a carbonyl group to carbon number 5 of the imidazothiadiazole

group in these compounds with the help of Vilsmeier–Haack reagent. The resultant compounds were reacted in an ethanolic

medium to synthesize the novel (13–16) ligands by adding ethylenediamine in a 1:2 molar ratio. The Ag(I) complexes of the

resultant ligands were synthesized by mixing silver acetate with the ligands in a dimethyl sulfoxide medium to obtain (17–20)
complexes. All the synthesized compounds were analyzed using FTIR, 1H NMR, 13C NMR, mass spectroscopy, magnetic

susceptibility, ICP‐OES, and thermogravimetric analysis techniques. The study also investigates the in vitro cytotoxic effect of

the ligands and complexes on A549 (nonsmall cell lung cancer) cells using the MTT assay and shows that the 13, 15, and 16

ligands, together with their complexes, exhibit potent cytotoxicity. In addition, in silico molecular docking simulations were

conducted both to support the in vitro cytotoxicity experiments and to ascertain the active binding sites and interactions of the

ligands and complexes on the EGFR receptor. The result indicates that ligands and complexes may serve as promising

candidates for further investigation as anticancer agents.

1 | Introduction

Today, drug resistance has become a global problem, prompting
researchers to synthesize a new drug molecule and thiadiazole

derivatives are one of them [1]. Thiadiazole pentacyclic com-
pounds comprise two nitrogen atoms (containing a double
electron), a sulfur atom, and two carbon atoms. Thiadiazoles
are one of the most important heterocyclic compounds in recent
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decades, and they have been of great interest in research due to
their extensive biological activities [2–5]. Therefore, due to their
high biological activity, these compounds and their derivatives
are considered among the basic compounds used in the man-
ufacture of commercial medicines, chemistry, and agriculture.
They are found in nature with four isomers: 1,2,4‐thiadazole,
1,2,3‐thiadazole, 1,2,5‐thiadazole, and 1,3,4‐thiadazole [1, 6].

Numerous studies have shown the importance of thiadiazole
derivatives as antibacterial, antifungal, anticancer, and anti‐
inflammatory, and because of the emerging of multidrug‐
resistance problems against mycobacterial infections. Thiadia-
zoles are important in the preparation of specific antibiotics like
2‐(4‐chlorophenylamino)‐5‐(4‐aminophenyl)‐1,3,4‐thiadiazole
which showed high anti‐mycobacterial activity against Myco-
bacterium tuberculosis [7]. In 2019 Hakan Tahtaci and col-
leagues, successfully synthesized, characterized, and biological
activity tested a novel derivative of the thidiazole compound.
From their point of view 2‐(4‐fluorobenzylthio)‐6‐(4‐
fluorophenyl)imidazo[2,1‐b][1,3,4]thiadiazole showed high an-
tileishmanial activity, while 4‐(2‐(4‐fluorobenzylthio)imidazo
[2,1‐b][1,3,4]thiadiazol‐6‐yl)benzonitrile, 2‐(4‐fluorobenzylthio)‐
6‐(4‐phenylphenyl)imidazo[2,1‐b][1,3,4]thiadiazole, and 4‐(2‐(4‐
methoxybenzyl)imidazo[2,1‐b][1,3,4]thiadiazol‐6‐yl)benzonitrile
were effective at different concentrations [3, 8]. The biological
activity of these compounds comes from the sulfur atom,
hydrogen binding domain, and the two‐electron donor nitrogen
system, while conductivity and thermal properties come from
sulfur and nitrogen atoms [9].

Among four isomers of thiadiazole, 1,3,4‐thiadiazole is the
highly reactive one while amino‐1,3,4‐thiadiazole derivatives
have been used as starting material for the synthesis of antic-
ancer agents [2, 10–13]. Some thiadiazole derivatives like
Levamisole and Dexamisole enantiomers of Levamisole are used
to enhance and improve the immune system's role [14–16]. Also
one of the most important derivatives of these compounds is
imidazo[2,1‐b][1,3,4]thiadiazole because it has been considered
a nonsteroidal cytotoxic agent and that's why used in the syn-
thesis of many anticancer compounds [17–22].

Cancer is a multiple disease caused by limitless uncontrollable
division of the cells and the affected cells can invade healthy
ones in a process called metastasis. A couple of proteins are
responsible for metastasis, one of these proteins is TGFβ
receptors which triggers this process by receiving the phosphate
group from adenosine triphosphate (ATP) and initiating the
metastasis signaling [19, 23]. By binding imidazo[2,1‐b][1,3,4]
thiadiazole derivatives to TGFβ receptors they cancel the
phosphorylation reaction and signals that trigger the metastasis,
and all of this because of the similarity of these derivatives
to ATP which will lead to binding of thiadiazoles to TGFβ
receptors instead of ATP and making it anticancer
agent [24–28].

Lung cancer remains a significant global health concern,
responsible for a substantial number of deaths each year. As
noted previously, it primarily divides into two categories: small
cell lung cancer (SCLC) and nonsmall cell lung cancer
(NSCLC). NSCLC accounts for about 85%–90% of lung cancer
cases and is typically classified into subtypes, including

adenocarcinoma, squamous cell carcinoma, and large cell car-
cinoma. These types originate from the epithelial cells lining the
lungs [29]. Currently, lung cancer treatments include surgical
resection, radiotherapy, and chemotherapy. However,
molecular‐targeted therapies offer promising alternatives that
may enhance survival and quality of life for patients. Gefitinib is
a selective inhibitor of the epidermal growth factor receptor
(EGFR) tyrosine kinase which is one such targeted therapy. It
has been shown to suppress tumor growth, metastasis, and
angiogenesis in EGFR‐positive cells. Also, its triggering apo-
ptosis and increasing sensitivity to chemotherapy in the tar-
geted treatment of lung cancer [30]. Although standard
chemotherapy is effective for about 30% of lung cancer patients,
resistance to chemotherapy is a common occurrence. The low
response rate to chemotherapy has prompted scientists to
develop new treatment regimens [29].

This study aims to synthesize four novel derivatives (13–16) of
imidazo[2,1‐b][1,3,4]thiadiazole, characterize their structures
using various spectroscopic techniques, and evaluate their an-
ticancer activity against NSCLC cells.

2 | Experimental

2.1 | Materials and Methods

All the chemicals and reagents (ethanol, 5‐amino‐1,3,4‐thia-
diazol‐2‐thiol, potassium hydroxide, benzyl bromide, potassium
carbonate, N,N‐dimethylformamide, 2‐bromoacetophenone, 2‐
bromo‐4‐chloroacetophenone, 2‐bromo‐4‐methylacetophenone,
2‐bromo‐4‐methoxyacetophe‐ none, phosphoryl chloride, di-
chloromethane, sodium carbonate, sodium sulfate, ethylene‐
diamine, dimethylsulfoxide, and silver acetate) used were brought
from commercial suppliers (Merck and Sigma‐Aldrich) which
were used without any further purification. The reactions are
monitored by thin‐layer chromatography using silica gel plates
(Merck). Melting points were determined by (Electrothermal
M659160) using capillary tubes. UV light is used as a visualization
agent. The FTIR spectra of each compound were detected on
Thermo Scientific Nicolet IS5 with IS7 ATR apparatus. 1H and 13C
NMR spectra were recorded on a BURKER 400MHz spectrometer
using CDCl3 as a solvent. Elemental analysis of the ligands was
performed using a LECO 932 CHNS analyzer from St. Joseph, MI,
USA. The metal contents of each complex were determined on a
Perkin Elmer Optima 7000DV Model inductively coupled plasma
optical emission spectrophotometer (ICP‐OES). Magnetic suscep-
tibility measurements were carried out using the Gouy method
with Hg[Co(SCN)₄] as the calibrant on a Sherwood Scientific MX
Gouy apparatus. Thermal analysis, including thermogravimetric
analysis (TGA), was conducted using a HITACHI STA7300 ther-
mal analysis system. The mass spectra of the ligands and com-
plexes were determined by the ESI (+) method and a Thermo TSQ
Quantum Access device was used.

2.2 | Synthesis of imidazo[2,1‐b][1,3,4]thiadiazole
Derivatives (2–5)

In a two‐necked round‐bottom flask, KOH (2.81 g, 50.00 mmol)
was added to a solution of 5‐amino‐1,3,4‐thiadiazole‐2‐thiol
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(6.66 g, 50.00 mmol) (1) in ethyl alcohol. Benzyl bromide
(5.96 mL, 50.00 mmol) (2) dissolved in 100 mL ethyl
alcohol, was then added dropwise to the mixture using a
dropping funnel. The reaction mixture was refluxed for
6 h. The product was then filtered through a sintered funnel
and left to recrystallize from ethanol. The pure product (3)
was then filtered and dried in a vacuum desiccator with
silica gel [18].

The product was subsequently reacted with various phenacyl
bromide substituents (4a–4d) (13.40 mmol) in an ethanolic
medium and refluxed for 24 h; at the end of the reaction solvent
evaporated and the yielded compounds were washed with 5%
potassium carbonate solution, then filtered and recrystallized
from ethanol (Scheme 1). The resulting compounds (5–8) were
characterized using elemental analysis, FTIR, 1H NMR, and 13C
NMR spectroscopy.

Compound 3: C9H9N3S2; M.W. = 223.31; Color: Yellow; Yield:
10.7836 g (96.6%); M.P.: 152°C–154°C; m/z = 223.02. FTIR
(ATR, cm−1): 3278 (NH2), 3098 (C–Har.), 1641 (C=Nthia), and
694 (C–S). 1H NMR (400MHz, DMSO) δ 7.37–7.36 (d, 2H)
CHar., 7.35–7.34 (d, 2H) CHar., 7.32 (s, 2H) NH2, 7.28–7.26

(d, 2H) CHar., 4.30 (s, 2H) SCH2.
13C NMR (100MHz, DMSO) δ

170.34 (C–NH2), 149.97 (C=N), (137.57, 129.45, 128.95, 127.91)
C–C ar., 38.94 (C–S).

Compound 5: C17H13N3S2; M.W. = 323.43; Color: White; Yield:
3.9671 g (91.4%); M.P.: 144°C–147°C; m/z = 323.06. FTIR (ATR,
cm−1): 3048 (C–Har.), 1601 (C=Nimthd.), 1022

(N–N), 691 (C–S).
1H NMR (400MHz, CDCl3) δ 7.95 (s, 1H)imthd., 7.80–7.79 (d,
2H) CHar., 7.42–7.25 (m, 8H) CHar., 4.44 (s, 2H) SCH2.

13C NMR
(100MHz, CDCl3) δ 159.17, 135.09, 133.78, 129.16, 129.02,
128.93, 128.77, 128.26, 127.60, 125.04, 38.78. Elem. Anal. Cal-
culated/Found: C: 63.13/63.08, H: 4.05/3.99, N: 12.99/12.93, S:
19.82/19.77.

Compound 6: C17H12ClN3S2; M.W. = 357.87; Color: White;
Yield: 4.2356 g (88.2%); M.P.: 168°C–170°C; m/z = 357.02. FTIR
(ATR, cm−1): 3034 cm−1 (C–Har.), 1598 cm−1 (C=Nimthd.),
1087 cm−1 (N–N), 694 cm−1 (C–S). 1H NMR (400MHz, CDCl3) δ
7.92 (s, 1H)imthd., 7.72–7.70 (d, 2H) CHar., 7.40–7.25 (m, 7H)
CHar., 4.44 (d, 2H) SCH2.

13C NMR (100MHz, CDCl3) δ 159.53,
145.46, 144.88, 135.02, 133.20, 132.33, 129.15, 128.93, 128.28,
126.25, 38.73. Elem. Anal. Calculated/Found: C: 57.06/57.01, H:
3.83/3.78, N: 11.74/11.69, S: 17.92/17.87.

SCHEME 1 | Synthesis of all ligands and complexes.
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Compound 7: C17H12ClN3S2 M.W. = 337.46; Color: White;
Yield: 4.0134 g (88.75%); M.P.: 163°C–166°C; m/z = 337.07.
FTIR (ATR, cm−1): 3028 cm−1 (C‐Har.), 1601 cm

−1 (C=Nimthd.),
1069 cm−1 (N–N), 695 cm−1 (C–S). 1H NMR (400MHz, CDCl3) δ
7.93 (s, 1H)imthd., 7.69 (dd, J= 8.2, 1.9 Hz, 2H) ar.CH, 7.39 (d,
J= 7.8 Hz, 2H) CHar., 7.34 (d, J= 7.8 Hz, 3H) CHar., 7.22 (d,
J= 8.2 Hz, 2H) CHar., 4.45 (s, J= 2.0 Hz, 2H) SCH2, 2.38 (s, 3H)
CH3.

13C NMR (100MHz, CDCl3) δ 158.88, 146.09, 145.15,
137.40, 135.10, 130.92, 129.44, 129.13, 128.89, 128.22, 124.93,
108.95, 38.81, 21.26. Elem. Anal. Calculated/Found: C: 64.07/
64.01, H: 4.84/4.79, N: 12.45/12.40, S: 19./18.95.

Compound 8: C18H15N3OS2; M.W. = 353.46; Color: White;
Yield: 4.2569 g (89.9%); M.P.: 146°C–149°C; m/z = 353.07. FTIR
(ATR, cm−1): 3038 cm−1 (C–Har.), 1612 cm−1 (C=Nimthd.),
1073 cm−1 (N–N), 693 cm−1 (C–S). 1H NMR (400MHz, CDCl3) δ
7.87 (s, 1H)imthd.. CH, 7.70–7.72 (t, 2H) CHar., 7.40–7.23 (m, 5H)
CHar., 6.93–6.95 (d, J= 6.6 Hz, 2H) CHar., 4.44 (d, J= 2.1 Hz,
2H) SCH2, 3.84 (s, 3H) OCH3.

13C NMR (100MHz, CDCl3) δ
159.37, 145.51, 145.02, 135.03, 129.12, 128.90, 128.24, 126.35,
126.08, 114.21, 108.43, 55.33, 38.86. Elem. Anal. Calculated/
Found: C: 61.17/61.11, H: 4.28/4.22, N: 11.89/11.83, S:
18.14/18.09.

2.3 | Synthesis of 2‐(Benzylthio)‐6‐phenylimidazo
[2,1‐b][1,3,4]thiadiazol‐5‐carbaldehyde
Derivatives (6–9)

The Vilsmeier–Haack reagent is prepared by carefully adding
phosphoryl chloride (2.00 mL, 21.00 mmol) to DMF (8.00 mL,
103.00mmol) at 0°C with continuous stirring. Compounds
(5–8) (4.50 mmol) were added separately to this reagent while
maintaining the temperature at 0°C for the first 30 min. The
temperature was then increased to room temperature for 2 h,
and finally to 60°C for another 2 h. The reaction mixture was
then poured into a sodium carbonate solution and stirred at
90°C for 2 h. After cooling to room temperature, the mixture
was suspended with water and extracted three times with di-
chloromethane. The collected extracts were washed with water
and dried with sodium sulfate. After filtration, the solvent was
evaporated using a rotary evaporator, and the resulting solids
(9–12) were recrystallized from dichloromethane (Scheme 1)
[31]. The resulting compounds were characterized using ele-
mental analysis, FTIR, 1H NMR, and 13C NMR spectroscopy.

Compound 9: C18H13N3S2O; M.W. = 351.44; Color: White;
Yield: 1.3159 g (83.3%); M.P.: 138°C–140°C; m/z = 351.05. FTIR
(ATR, cm−1): 3056 cm−1 (C–Har.), 1669 cm

−1 (C=O), 1092 cm−1

(N–N), 694 cm−1 (C–S). 1H NMR (400MHz, CDCl3) δ 10.05 (s,
1H) O=CH, 7.86–7.84 (d, 2H) CHar., 7.52–7.46 (m, 5H) CHar.,
7.37–7.29 (m, 3H) CHar., 4.55 (s, 2H) SCH2.

13C NMR (100MHz,
CDCl3) δ 177.37, 162.42, 155.58, 150.65, 134.75, 132.22, 129.83,
129.48, 129.10, 128.91, 128.86, 128.35, 124.16, 38.67. Elem. Anal.
Calculated/Found: C: 61.52/61.48, H: 3.73/3.69, N: 11.96/11.91,
S: 18.24/18.19.

Compound 10: C18H12ClN3S2O; M.W. = 385.88; Color: Yellow;
Yield: 1.4329 g (82.4%); M.P.: 117°C–121°C; m/z = 385.01. FTIR
(ATR, cm−1): 3058 cm−1 (C–Har.), 1674 cm

−1 (C=O), 1089 cm−1

(N–N), 691 cm−1 (C–S). 1H NMR (400MHz, CDCl3) δ 10.07 (s,

1H) O=CH, 7.88–7.86 (d, 2H) CHar., 7.46–7.44 (d, 4H) CHar.,
7.37–7.29 (m, 3H) CHar., 4.54 (s, 2H) SCH2.

13C NMR (100MHz,
CDCl3) δ 177.01, 162.75, 153.42, 150.25, 136.00, 134.67, 130.73,
130.19, 129.44, 129.02, 128.93, 128.40, 124.03, 38.63. Elem. Anal.
Calculated/Found: C: 56.03/55.98, H: 3.13/3.08, N: 10.89/10.85,
S: 16.62/16.57.

Compound 11: C19H15N3S2O; M.W. = 365.47; Color: Yellow;
Yield: 1.5435 g (94%); M.P.: 128°C–130°C; m/z = 365.07. FTIR
(ATR, cm−1): 3031 cm−1 (C–Har.), 1654 cm

−1 (C=O), 1069 cm−1

(N–N), 694 cm−1 (C–S). 1H NMR (400MHz, CDCl3) δ 10.03 (s,
1H) O=CH, 7.73–7.75 (d, 2H) CHar., 7.45–7.47 (d, 2H) CHar.,
7.36–7.29 (m, 5H) CHar., 4.54 (s, 2H) SCH2, 2.42 (s, 3H) CH3.

13C
NMR (100MHz, CDCl3) δ 177.35, 162.12, 155.81, 150.63, 140.07,
134.76, 129.57, 129.46, 129.38, 128.97, 128.88, 128.31, 123.99,
38.66, 21.42. Elem. Anal. Calculated/Found: C: 62.44/62.39, H:
4.14/4.10, N: 11.50/11.44, S: 17.54/17.49.

Compound 12: C19H15N3S2O2; M.W. = 381.47; Color: Yellow;
Yield: 1.5628 g (91%); M.P.: 142°C–144°C; m/z = 381.06. FTIR
(ATR, cm−1): 3006 cm−1 (C–Har.), 1667 cm

−1 (C=O), 1054 cm−1

(N–N), 695 cm−1 (C–S). 1H NMR (400MHz, CDCl3) δ 10.03 (s,
1H) O=CH, 7.85–7.82 (d, J= 8.8 Hz, 2H) CHar., 7.45–7.46 (d,
J= 6.9 Hz, 2H) CHar., 7.33–7.30 (m, 3H) CHar., 7.00–7.02 (d,
J= 8.8 Hz, 2H) CHar., 4.54 (s, 2H) SCH2, 3.86 (d, J= 2.0 Hz, 3H)
OCH3.

13C NMR (100MHz, CDCl3) δ 177.25, 161.88, 161.04,
155.42, 150.52, 134.76, 130.45, 129.43, 128.89, 128.32, 124.75,
123.71, 114.27, 55.41, 38.69. Elem. Anal. Calculated/Found: C:
59.82/59.77, H: 3.96/3.93, N: 11.02/10.97, S: 16.81/16.75.

2.4 | Synthesis of Ligands (13–16)

In a round‐bottom flask, ethylene diamine (0.5 mmol) was ad-
ded under reflux to 5‐formyl imidazo[2,1‐b][1,3,4] thiadiazole
derivatives (1 mmol) in an ethanolic medium (50mL) for 6 h. At
the end of the reaction, the solid yield (13–16) ligands were
filtered out, washed with cold ethanol, and left to dry
(Scheme 1). Elemental analysis, FTIR, 1H NMR, 13C NMR, and
mass spectroscopy characterized the resulting compounds.

Ligand 13: C38H30N8S4; M.W. = 726.95 g/mol; Color: Yellow;
Yield: 0.3436 g (94.5%); M.P.: 126°C–129°C; ESI m/z = 726.15.
FTIR (ATR, cm−1): 2831, 2880, 2906 (C–Hal.), 3029, 3055
(C–Har.), 1626 (C=Nim.), 1400, 1437, 1450 (C=Car), 1526, 1576,
1600 (C=Nimthd., and C=Cimthd.) 659, 692 (C–S); 1H NMR
(400MHz, CDCl3) δ 8.45 (s, 2H) N=CH, 7.60–7.58 (dd, 4H)
CHar., 7.35–7.33 (d, J= 6.4 Hz, 4H), 7.26–7.19 (m, 12H) CHar.,
4.30 (s, 4H) SCH2, 4.05 (s, 4H) NCH2;

13C NMR (100MHz,
CDCl3) δ 160.29 (C=Nimthd.), 150.56 (C=Nim.), 149.12, and
147.90 (C=Cimthd.), 135.13, and 133.35 (C=Nimthd.), 129.48,
128.80, 128.63, 128.51, 128.44, and 128.19 (C–Car.), 121.69
(C–Nimthd.), 62.73 (C–N), 38.53 (C–S). Elem. Anal. Calculated/
Found: C: 62.78/62.73, H: 4.16/4.11, N: 15.41/15.37, S:
17.64/17.60.

Ligand 14: C38H28Cl2N8S4; M.W. = 795.84 g/mol; Color: Yel-
low; Yield: 0.3775 g (94.87%); M.P.: 159°C–162°C; ESI m/
z = 794.07. FTIR (ATR, cm−1): 2849, 2876, 2912 (C–Hal.), 3028
(C–Har.), 1625 (C=Nim.), 1446,1460,1495 (C=Car.), 1518, 1568
(C=Nimthd., and C=Cimthd.) 635, 675, 696 (C–S); 1H NMR
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(400MHz, DMSO‐d6) δ 8.47 (s, 2H) N=CH, 7.87–7.85 (d, 4H)
CHar., 7.50–7.49 (d, 4H) CHar., 7.31–7.24 (m, J= 7.3 Hz, 10H)
CHar..CH, 4.49 (s, 4H) SCH2, 4.06 (s, 4H) NCH2.;

13C NMR
(100MHz, CDCl3) δ 159.69 (C=N imthd.), 149.29 (C=N im.),
146.34 (C=Cimthd.), 133.95, 133.40 (C=Nimthd.), 130.78, 129.18,
128.74, 128.39, 127.81, 127.55, and 127.23 (C–Car.), 120.60
(C–Nimthd.), 61.56 (C–N), 37.63 (C–S). Elem. Anal. Calculated/
Found: C: 57.35/57.31, H: 3.55/3.51, N: 14.08/14.01, S:
16.11/16.06.

Ligand 15: C40H34N8S4; M.W. = 755.01 g/mol; Color: Yellow;
Yield: 0.3499 g (92.69%); M.P.:82°C–85°C; ESI m/z = 754.18.
FTIR (ATR, cm−1): 2866, 2916, 2972 (C–Hal.), 3026 (C–Har.),
1622 (C=Nim.), 1400, 1439, 1474 (C=Car.), 1536, 1574
(C=Nimthd., and C=Cimthd.) 614, 667, 695 (C–S); 1H NMR
(400MHz, CDCl3) δ 8.43 (s, 2H) N=CH, 7.49–7.47 (d, J= 8.1 Hz,
4H) CHar., 7.33–7.34 (d, J= 6.3 Hz, 4H) CHar., 7.22–7.18 (t, 6H)
CHar., 7.06–7.04 (d, J= 7.8 Hz, 4H) CHar., 4.29 (s, 4H) SCH2,
4.04 (s, 4H) NCH2, 2.27 (s, 6H) CH3.;

13C NMR (100MHz,
CDCl3) δ 158.98 (C=N imthd.), 149.61, and 148.28 (C=N im.),
146.81 (C=C imthd.), 137.36, and 134.12 (C=N imthd.), 129.46,
128.45, 128.21, 127.75, 127.48, and 127.12 (C–Car.), 120.45
(C–Nimthd.), 61.46 (C–N), 37.68 (C–S), 20.40 (CH3). Elem. Anal.
Calculated/Found: C: 63.63/63.59, H: 4.54/4.50, N: 14.84/14.80,
S: 16.99/16.94.

Ligand 16: C40H34N8S4O2; M.W. = 787.01 g/mol; Color: Yellow;
Yield: 0.3728 g (94.74%); M.P.: 176°C–178°C; ESI m/z = 786.17.
FTIR (ATR, cm−1): 2832, 2927, 2960 (C–Hal.), 3043 (C–Har.),
1644 (C=Nim.), 1436, 1495 (C=Car.), 1527, 1574 (C=Nimthd., and
C=Cimthd.) 640, 664 (C–S); 1H NMR (400MHz, CDCl3) δ 8.41 (s,
2H) N=CH, 7.56–7.54 (d, J= 8.8 Hz, 4H) CHar., 7.35–7.33 (d,
4H) Char., 7.24–7.18 (m, 6H) CHar., 6.76–6.75 (d, J= 8.8 Hz, 4H)
CHar., 4.30 (s, 4H) SCH2, 4.05 (s, 4H) NCH2, 3.71 (s, 6H) OCH3;
13C NMR (100MHz, CDCl3) δ 158.84 (C=Nimthd.), 149.71,
148.00 (C=Nim.), 146.64 (C=Cimthd.), 134.12 (C=Nimthd.), 128.85,
128.44, 127.76, 127.14, 124.88, 120.10, 113.26, and 112.90
(C–Car.), 61.65 (C–N), 54.39 (O–CH3), 37.70 (C–S). Elem. Anal.
Calculated/Found: C: 61.05/61.00, H: 4.35/4.29, N: 14.24/14.20,
S: 16.29/16.24.

2.5 | Synthesis of Ag(I) Complexes (17–20)

Ligands containing heterocyclic compounds (0.50 mmol) were
mixed with (0.0835 g, 0.50 mmol) Ag(CH3COO) in a 1:1
equivalent ratio in dimethyl sulfoxide medium at 65°C for 2 h.
to obtain complex structures. The resulting complexes were
crystallized and purified in the same medium. Subsequently,
the structures of all these coordination compounds were char-
acterized using elemental analysis, ICP‐OES, FTIR, mass spec-
troscopy, and TGA methods. Due to the d10 electronic
configuration of Ag(I) complexes, they generally preferred tet-
rahedral geometry. Ag(I) complexes also formed diamagnetic
complexes due to their electronic structure.

Complex 17: C40H33N8O2S4Ag; M.W. = 834.82, µeff: Dia.; Color:
Orange; D.P.: 97°C–100°C; m/z = 892.07; FTIR (ATR, cm−1):
2939, 2884, 2819 (C–Hal.), 3026, 3052 (C–Har.), 1671
(C=O)acetate, 1642 (C=Nim.), 1419, 1434, 1481 (C–Car.), 1507,
1597 (C=Nimthd., and C=Cimthd.) 617, 651 (C–S). Elem. Anal.

Calculated/Found: C: 54.67/54.63, H: 3.62/3.57, N: 13.42/13.37,
S: 15.36/15.32, Ag: 12.92/12.88.

Complex 18: C40H31Cl2N8O2S4Ag; M.W. = 903.71; µeff: Dia.;
Color: Brown; D.P.: 162°C–164°C; m/z = 859.09; FTIR (ATR,
cm−1): 2834, 2872, 2900 (C–Hal.), 3026, 3060 (C–Har.), 1681
(C=O)acetate, 1640 (C=Nim.), 1406, 1434, 1452 (C–Car.), 1510,
1564, 1599 (C=Nimthd., and C=Cimthd.) 632, 666 (C–S). Elem.
Anal. Calculated/Found: C: 50.51/50.47, H: 3.12/3.07, N: 12.40/
12.37, S: 14.19/14.15, Ag: 11.94/11.90.

Complex 19: C42H37N8O2S4Ag; M.W. = 862.88; µeff: Dia.; Color:
Brown; D.P.: 116°C–118°C; m/z = 920.10; FTIR (ATR, cm−1):
2830, 2867, 2898 (C–Hal.), 3032 (C–Har.), 1668 (C=O)acetate, 1642
(C=Nim.), 1440, 1442, 1497 (C–Car.), 1532 (C=Nimthd., and
C=Cimthd.), 664, 698 (C–S). Elem. Anal. Calculated/Found: C:
55.68/55.63, H: 3.97/3.94, N: 12.99/12.95, S: 14.86/14.81, Ag:
12.50/12.46.

Complex 20: C42H37N8O4S4Ag; M.W. = 894.87; µeff: Dia.; Color:
Orange; D.P.: 104°C–106°C; m/z = 952.09; FTIR (ATR, cm−1):
2832, 2931, 2958 (C–Hal.), 3005, 3085 (C–Har.), 1668
(C=O)acetate, 1644 (C=Nim.), 1434, 1451, 1480 (C–Car.), 1522,
1576 (C=Nimthd., and C=Cimthd.) 644, 695 (C–S). Elem. Anal.
Calculated/Found: C: 53.69/53.64, H: 3.83/3.79, N: 12.52/12.47,
S: 14.33/14.28, Ag: 12.05/12.00.

2.6 | Cell Culture

In this study, the highly metastatic, poorly differentiated, and
aggressive non‐small lung cancer (A549) cell line was used. The
cells were cultured as monolayers in Dulbecco's Modified Eagle
Medium (DMEM)‐High Glucose supplemented with
L‐glutamine (Sigma Aldrich), non‐essential amino acids
(Multicell), sodium pyruvate (Multicell), 10% fetal bovine serum
(FBS) (Gibco), and penicillin/streptomycin (Sartorius), in an
incubator (ESCO) at 37°C with a 5% CO2 atmosphere. Culture
monitoring was performed using an inverted microscope
(Zeiss).

2.7 | In Vitro Cytotoxicity Assay

The compounds we synthesized were treated at various
concentrations, and their cytotoxic effects on A549 cells were
determined using the commercially available MTT agent
(Sigma Aldrich). For this purpose, cells were seeded into
96‐well cell culture plates at a density of 1 × 104 cells/well.
The following day, cells were treated with compounds pre-
pared at specified concentrations (0.1, 0.5, 1, 5, 10, 50,
100 μM) and cultured for 72 h. At the end of this period,
10 μL/well MTT reagent (5 mg/mL) was added to each well
and incubated for 4 h in culture conditions. Then, the formed
insoluble formazan crystals were solubilized by dimethyl
sulfoxide (100 μL/well). Subsequently, the absorbance of each
well of a 96‐well plate was measured at 570 nm with a 690 nm
reference using a spectrophotometer (MultiscanGO, Thermo
Fisher Sci.). Cell viability rates of the cells were calculated
using the following formula.
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sCell viability (%) : Abs of ample/Abs of control × 100.

2.8 | Molecular Docking Study

The structures of the ligands and complexes were built up with
the help of Avogadro 1.2.060. Subsequently, the energy of the
structures for the docking process was minimized using
MMFF94 force field parameters within the Avogadro program
[32]. The target structure for docking simulation was deter-
mined as PDB ID: 3UG2 [33]. The 3UG2 structure from the
Protein Data Bank (PDB) represents the EGFR kinase domain
with two mutations: G719S and T790M, bound to the inhibitor
gefitinib. As it is well established, EGFR plays a critical role in
cancer development, particularly in various types of carcinomas
such as lung, breast, colon, and head and neck cancers [34–38].
Also, choosing 3UG2 for molecular docking studies in the
context of NSCLC is significant since it has two key mutations
on EGFR associated with NSCLC [33]. G719S mutation
increases EGFR's kinase activity, leading to uncontrolled cell
growth while The T790M mutation is responsible for acquired
resistance in around 50%–60% of NSCLC patients treated with
EGFR inhibitors. Therefore, the 3UG2 structure captures the
dual mutation (G719S and T790M) in EGFR. In conclusion,
3UG2 is an excellent structure for studying the drug resistance
mechanisms in NSCLC and for guiding the development of
next‐generation EGFR inhibitors.

Prior to molecular docking, all ions, ligands, and solvent mo-
lecules were removed from the 3UG2 target structure. Fur-
thermore, any missing residues were incorporated into the
3UG2 structure in accordance with the data provided by the
UniProt database [39], utilizing the CHARMM‐GUI server [40].
Additionally, Kollman charges were incorporated for the pro-
tein residues, while Gasteiger charges were applied to the lig-
and. Subsequently, a docking method utilizing a Lamarckian
genetic algorithm was employed to investigate the interactions
between all ligands and gefitinib with the 3UG2 target struc-
ture, employing AutoDock 4.2.6 [41]. Furthermore, additional
parameters for the silver atoms were incorporated for the
molecular docking. 2D and 3D visualizations of the docking
results were generated utilizing Discovery Studio [42]. 2D
images of ligands and complexes except ligand 13 are given in
Supporting Information (Figures S48–S53).

3 | Results and Discussion

3.1 | Chemical Evaluation of All Compounds

In this study, we used 5‐amino‐1,3,4‐thiadiazole‐2‐thiol and
reacted it with benzyl bromide in an ethanolic medium to
produce a compound (3). The resulting compound was then
reacted with phenacyl bromide derivatives (4a–4d) to produce
substituted 2‐(benzylthio)‐6‐phenylimidazo[2,1‐b][1,3,4] thia-
diazole derivatives (5–8). Subsequently, the Vilsmeier–Haack
reagent was used to produce 2‐(benzylthio)‐6‐phenylimidazo
[2,1‐b][1,3,4]thiadiazol‐5‐carbaldehyde derivatives (9–12) in the
presence of phosphoryl chloride and N,N‐dimethylformamide.
Finally, in a 2:1 ratio, the resulting products were reacted with
ethylenediamine in an ethanolic medium for 6 h to produce the

targeted ligands (13–16). The produced ligands were then
reacted with silver acetate (AgCH3COO) in a dimethyl sulfoxide
medium to create the targeted complexes (17–20) (Scheme 1).
For the characterization of the obtained compounds, melting
point determination, FTIR, 1H and 13C NMR analysis, mass
spectroscopy, and TGA were performed and confirmed the
structure.

Magnetic susceptibility measurements of Ag(I) complexes
obtained in the study were also made. As a result of the mea-
surement, it was determined that all complexes were dia-
magnetic. According to these results, it is thought that all
complexes may be in either triangular bipyramid or square
pyramidal geometry with sp3d hybridization in d10 electronic
configuration.

3.2 | FTIR Evaluation of the Ligands and
Complexes

FTIR spectroscopy analysis was carried out for the determina-
tion and characterization of the ligand and complexes func-
tional groups. The stretching bands observed at 3278 cm−1 for
NH2, 3098 cm

−1 for aromatic C–H, 1641 cm−1 for thiadiazole
C=N, and 694 cm−1 for C–S in the FTIR spectrum are evidence
for the successful synthesis of the starting compound 3 [43].
When evaluating 5–8 compounds, resulting from the reaction
of compound (3) and phenacyl bromide derivatives 4(a–d),
we figured out that the stretching bands at the range
of 3028–3048 cm−1 for aromatic C–H, at the range of
1598–1612 cm−1 for imidazothiadiazole C=N, at the range of
1022–1087 cm−1 for N–N, and the range of 691–695 cm−1 for
C–S groups [33, 44]. In the same way, when we evaluated
the FTIR spectra of the (9–12) compounds, resulting from the
carbonylation reaction of compounds (5–8), we concluded that the
stretching bands were observed at the range of 3006–6058 cm−1 for
aromatic C–H, 1654–1674 cm−1 for C=O, 1054–1092 cm−1 for
N–N, and 695–691 cm−1 for C–S groups [33, 44]. Evaluation of
FTIR spectra of the targeted ligands resulted from the reaction of
compounds (9–12) and ethylenediamine concluded the disap-
pearance of C=O peaks and appearance of imine (C=N) stretching
bands at 1626, 1625, 1622, and 1644 for ligands (13–16), respec-
tively, is strong evidence for the successful synthesizing of these
ligands [45]. The shift of the C=N peak for the azomethine group
from the range of 1622–1644 cm−1 for the ligands to the range of
1640–1644 cm−1 for the complexes (17–20) is evidence for the
formation of the Ag(I) complexes (Figure 1). The observation of
C=O stretching bands in the range of 1668–1681 cm−1 in complex
compounds also showed that acetate groups were coordinated to
the silver nucleus. Below is the FTIR spectra for the complex 17
while the rest of the spectrum is attached to the Supporting
Information (Figures S1–S17).

3.3 | Evaluation of 1H and 13C NMR Spectra

1H and 13C NMR spectroscopy analysis were carried out for the
determination and characterization of the compound's func-
tional group position. The signals at the range of 7.37–7.36 ppm
for CHar. protons, 7.32 ppm for NH2, and 4.30 ppm for SCH2
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protons in 1H NMR spectrum. The signals at 170.34 ppm of
C–NH2 atoms for thiadiazole ring, 149.97 ppm for C=N, 137.57,
129.45, 128.95, 127.91 ppm for C–Car., and 38.94 ppm for C–S in
13C NMR spectrum are evidence for successfully synthesizing of
starting compound (3) (Figures S18 and S19) [4].

1H NMR signals at the range of 7.95–7.87 ppm for imida-
zothiadiazole ring, at the range of 7.80–6.95 ppm for aromatic
C–H, and at the range of 4.44 4.45 ppm for S–CH2, while signals
at 2.38 ppm for CH3, and 3.84 ppm for OCH3, and

13C NMR
signals at the range of 159.53–158.88 ppm, and the range of
146.09–144.88 ppm for imidazothiadiazole groups, at the range
of 137.40–124.93 ppm for aromatic carbons, at 55.33 ppm for
OCH3 group, at the range of 38.81–38.73 ppm for S–CH2 groups,
and at 21.26 ppm for CH3 group are strong evidence for the
formation of targeted compounds (5–8) (Figures S20–S27) [46].

The disappearance of signals at the range of 7.95–7.87 ppm for
the carbon number 5 at the imidazothiadiazole ring and
appearance of signals at the range of 10.07–10.03 ppm for O=CH,
and observing of signals at 7.86–7.02 ppm for C–Har.,
4.55–4.54 ppm for SCH2, 3.86 ppm for OCH3, and 2.42 ppm for
CH3, and

13C NMR signals at the range of 177.37–177.01 ppm
for carbonyl carbons, 162.75–161.04 ppm and 155.81–150.25 ppm
for imidazothiadiazole groups, 140.07–123.71 ppm for aromatic
carbons, at 55.41 ppm for OCH3 group, 38.69–38.63 ppm for
S–CH2 groups, and 21.42 ppm for CH3 group are evidence for
successfully synthesizing of compounds (9–12) (Figures S28–S35)
[47, 48].

In the 1H NMR spectrum of the synthesized ligands, we observed
disappearance of signals at 10.07–10.03 ppm for O=CH, and
appearance of singlet signals at 8.47–8.41 ppm corresponds to
N=CH, doublet signals at 7.87–6.75 ppm corresponds to aromatic
C–H, singlet signals at 4.49–4.29 ppm corresponds to S–CH2 and
singlet signals at 4.06–4.04 ppm corresponds to N–CH₂ are strong
evidence for the formation of ligands (13–16). Singlet signals at

2.27 ppm for CH3 and 3.71 ppm for OCH3 are for the ligands 15
and 16, respectively. While the study of 13C NMR revealed
that, carbonyl carbon signals disappeared, and signals at
160.29–159.69 ppm for imidazothiadiazole C=N, 150.56–148 ppm
for imine C=N, 149.12–146.34 ppm for imidazothiadiazole C=C,
130.78–112.90 ppm for aromatic C–H are another evidence for
the synthesis of the targeted ligands. Below are the 1H and 13C
NMR spectra for the ligand 13 (Figures 2 and 3), while the rest of
the spectra are attached to the Supporting Information
(Figures S36–S41) [49].

3.4 | Evaluation of Electrospray Ionization Mass
Spectrometry (ESI‐MS) Data of All Ligands and
Complexes

Electrospray ionization mass spectrometry (ESI‐MS) confirmed
the successful synthesis of the ligands. The experimental M/Z
values for 13–16 were 727.20 (35%), 819.18 (100% M++Na),
755.27 (38%), 787.26 (64%), respectively; while it was 892.10
(37%), 959 (62%), 920 (72%), 952 (53%) for 17–20, respectively,
which agreed well with their calculated molecular weights.
Below are the ESI‐MS spectra for the ligand 13 and complex 17
(Figures 4 and 5), while the rest of the spectra are attached to
the Supporting Information (Figures S42–S47).

3.5 | Evaluation of Thermogravimetric Analysis

In this study, the thermal decomposition behavior and the
substituted functional groups of Ag(I) complexes with selected
ligands (13 and 15) specifically 17, and 19 were investigated.
TGA and differential thermal analysis (DTA) were performed in
a controlled nitrogen (N2) environment at a heating rate of
10°C/min, spanning from 25°C to 800°C. Prior to analysis, all
samples were dried under vacuum at 60°C for 4 h.

FIGURE 1 | FTIR spectra of complex 17.
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Upon examination of the TGA curve of complex 17, degra-
dation is observed to occur in two distinct steps (Figure 6).
The first decomposition step takes place between 175°C and
380°C, resulting in a mass reduction of 34.00%. This observed

reduction closely matches the theoretical mass reduction of
34.17%. This agreement between calculated and measured
values corresponds to the separation of the Ar–CH2–S
and CH3COO– groups from the main molecule. The second

FIGURE 2 | 1H NMR spectrum of the ligand 13.

FIGURE 3 | 13C NMR spectrum of the ligand 13.
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degradation step occurs between 380°C and 610°C, with a
mass reduction of 42.99%, which is attributed to the
remaining organic structure. No further weight loss is
observed after this temperature, as the TGA analysis was
terminated at 800°C. These results demonstrate a strong
correlation between the computed values and empirical

observations, thus supporting the proposed structure of the
target complex.

Upon examining the TGA curve of complex 19, it is observed
that degradation occurs in two steps (Figure 7). The first
decomposition step takes place between 180°C and 350°C, with

FIGURE 4 | ESI‐MS spectrum of ligand 13.

FIGURE 5 | ESI‐MS spectrum of complex 17.
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a mass reduction of 31.20%. The calculated theoretical mass
reduction for this step is 33.13%. Both the calculated and
measured mass reductions correspond to the loss of the Ar–
CH2–S and CH3COO– groups from the main molecule.

The second degradation step occurs between 350°C and 610°C,
resulting in a mass reduction of 52.50%, which corresponds to
the remainder of the organic structure. The calculated theo-
retical mass reduction for this step is 55.17%. No additional

FIGURE 6 | TGA–DTG/DTA curve of complex 17.

FIGURE 7 | TGA–DTG/DTA curve of complex 19.
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weight loss is observed after this temperature due to the ter-
mination of the TGA analysis at 800°C. These results demon-
strate a strong correlation between the calculated values and
empirical observations, thereby supporting the proposed struc-
ture of our target complex.

3.6 | In Vitro Investigation, Molecular Docking
Evaluation, and Cytotoxicity Effect of the
Synthesized Ligands and Complexes

3.6.1 | In Vitro Cytotoxic Effects of Compounds on
Nonsmall Lung Cancer Cell Line

This study comprehensively analyzes the cytotoxic effects of
various compounds on A549 lung cancer cells. The findings
underscore the potential of certain compounds and their silver
complex as potent cytotoxic agents, warranting further research
into their mechanisms of action and potential therapeutic
applications.

Ligand 13 exhibits a robust dose‐dependent cytotoxic effect,
with cell viability plummeting to 15.2% at 25 µg/mL and fully
cytotoxic at 50 µg/mL and above. This significant reduction
suggests a high potency of ligand 13 against A549 cells,
making it a strong candidate for further investigation. Com-
plex 17 also shows dose‐dependent cytotoxicity, though it is
less potent compared to ligand 13. Despite this, it still
demonstrates notable activity with a viability of 54.19% at
25 µg/mL, 33.61% at 50 µg/mL, and fully cytotoxic at 100 µg/
mL, indicating that the silver complex may enhance the
efficacy of the base compound. According to these results,
ligand 13 was found to have ~3.56‐fold higher cytotoxic effect
at 25 µg/mL and 10‐fold higher cytotoxic effect at 50 µg/mL
concentration than its Ag complex.

Ligand 14 shows minimal cytotoxicity with cell viability
remaining high (around 90% even at 100 µg/mL). This suggests
that ligand 14 is relatively ineffective against A549 cells. Com-
plex 18 displays a similar low potency, with slight decreases in
cell viability but still maintaining viabilities above 87% at all
tested concentrations. The presence of silver does not appear to
significantly enhance the activity of ligand 14.

Ligand 15 demonstrates moderate cytotoxicity, with a viability
of 64.98% at 100 µg/mL. This indicates that ligand 15 has
potential but is not as potent as some other compounds. Com-
plex 19 exhibits higher efficacy with a reduced viability of
35.07% at 100 μM, highlighting the potential enhancement of
activity by the silver complex.

Ligand 16 shows moderate cytotoxic effects, with viability
decreasing to 56.34% at 100 μM. This suggests moderate
potential for ligand 16. Complex 20 demonstrates greater
potency, reducing viability to 27.02% at 100 μM. The silver
complex significantly enhances the cytotoxic effect of ligand 16.
At concentrations of 50 µg/mL and above, the complex 20 has
1.3–2.1‐fold higher cytotoxicity than ligand 16 on A549 cells
(Table 1).

According to the current drug sensitivity reports in cancer of
Sanger Institute and Massachusetts Cancer Center (www.
cancerrxgene.org), IC50 values for cisplatin and etoposide,
which are frequently used chemotherapeutics in the treatment
of A549 cells, were determined as 20.23 and 0.95 µM, respec-
tively. Another important class of agents used in the treatment
of NSCLC is receptor tyrosine kinase inhibitors (TKIs). Among
these, gefitinib is a commonly utilized EGFR inhibitor. The
EGFR is overexpressed in the majority of NSCLC cells [49]. The
use of neutralizing antibodies against EGFR was the most
widely accepted third‐line treatment regimen. However, the
discovery of activating mutations in this receptor led the med-
ical community to support the use of TKIs of EGFR. Gefitinib
was the first TKI developed against EGFR. Clinical studies have
shown significant differences in response to TKIs. There were
significant responses in patients with G719X and L858R
mutations. More importantly, patients with mutations in exons
18–21 other than these two mutations respond very poorly to
TKIs. This has changed the way patients with NSCLC are
treated. The original rationale for using TKIs was based on
EGFR expression levels. However, in the presence of certain
mutations, the response to TKI therapy may not be acceptable
[50]. Gefitinib is selective inhibitor for EGFR activation via
binding to ATP‐competitive binding sites and is used for tar-
geted therapy. However, lung cancer cells are capable of
developing resistance to gefitinib therapy [51]. For example, the
T790M mutation identified in EGFR exon 19 causes resistance

TABLE 1 | Cell viability rates according to the concentration of the synthesized compounds in A549 cell line.

Compound

Cell viability (%)

Control

Conc.

6 µg/mL 12 µg/mL 25 µg/mL 50 µg/mL 100 µg/mL

13 100 ± 15.2 47.91 ± 3.2 23.45 ± 1.5 15.22 ± 1.8 3.35 ± 0.3 3.67 ± 0.3

17 100 ± 12.7 77.02 ± 4.9 62.03 ± 5.6 54.18 33.61 ± 6 7.01 ± 2.2

14 100 ± 3.4 94.59 ± 2.7 94.74 ± 2.5 96.23 ± 3.8 93.72 ± 2.2 90.68 ± 6.9

18 100 ± 8.7 92.17 ± 8.7 94.24 ± 5.1 91.28 ± 8.9 92.33 ± 11.9 87.69 ± 6.2

15 100 ± 8.9 97.19 ± 8.3 99.74 ± 4.8 96.85 ± 16.9 74.58 ± 10.4 64.98 ± 6.1

19 100 ± 3.8 95.32 ± 3 96.73 ± 4.5 80.58 ± 8.2 49.15 ± 4.5 35.07 ± 1

16 100 ± 4.8 97.39 ± 5 98.89 ± 9 88.25 ± 6.8 70.81 ± 3.2 56.34 ± 5.8

20 100 ± 0.66 97.88 ± 2 98.28 ± 6.5 79.56 ± 6.8 54.52 ± 6.3 27.02 ± 3.2
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to EGFR‐TKI agents [52]. In this respect, the EGFR mutation
spectrum determines the response to gefitinib treatment. Ac-
cording to the literature of gefitinib‐induced growth inhibition,
the IC50 value of gefitinib in A549 cells was calculated to be
8.42 µM (3.76 µg/mL) (Table 2) [52]. Besides that, gefitinib in-
hibits tumor progression, metastasis, angiogenesis, and also
induces autophagy and apoptosis in A549 cells through the
PI3K/AKT/mTOR pathway [51]. According to this evidence,
among the newly synthesized compounds in this study, the one
with similar cytotoxicity to gefitinib is compound 13 (Table 2).
In light of the literature, there is a need for alternative com-
bined treatment strategies for resistant NSCLC to chemo-
therapeutic agents and TKI molecules. In this context, we
believe that compound 13 is a valuable molecule that can be
considered in further research as a candidate molecule in the
treatment of gefitinib‐resistant lung cancer cells.

According to our data, it can be said that ligand 13 has prom-
ising strong cytotoxic effects with the lowest IC50 value (5.43 µg/
mL) among other compounds. In addition to this, the newly
synthesized complexes 17, 19, and 20 (IC50 values; 23.11, 56.81,
and 55.21 µg/mL, respectively) may also be suggested to have
possible potential anticancer effects (Table 2).

3.6.2 | Molecular Docking Evaluation

The docking binding scores allow for a comparative analysis of
their binding affinity and inhibitory efficacy against EGFR. In
this context, according to the performed docking simulation the
binding affinities of the synthesized compounds and Gefitinib,
reference drug for 3UG2, from strongest to weakest, are as
follows: 13, gefitinib (−9.8 kcal/mol) > 17 (−9.7 kcal/mol) > 19,
20 (−9.5 kcal/mol) > 15, 16 (−9.2 kcal/mol) > 18 (9.0 kcal/
mol) > 14 (8.9 kcal/mol) > gefitinib (−8.9 kcal/mol). The bind-
ing scores of compounds, expressed as negative values, indicate
binding strength and range from −8.8 to −9.8 kcal/mol. Com-
pound 13 shows the highest binding affinity with a score of
−9.8 kcal/mol, indicating it binds most effectively to EGFR
among the tested compounds (Figure 8). Other compounds
with strong binding scores include complexes 17, 19, and 20,
ranging from −9.7 to −9.5 kcal/mol. On the other hand, the
reference compound, gefitinib, has a binding affinity of
−9.8 kcal/mol. Accordingly, gefitinib and compound 13 display
both high binding affinities (−9.8 kcal/mol) and low IC50 values
(3.76 and 5.43 μM, respectively), suggesting that strong binding
correlates well with potent inhibition. This alignment confirms
that gefitinib and compound 13 are likely to be highly effective
against EGFR. Also, complexes 17, 19, and 20 also show a
reasonable correlation between docking scores (−9.7, −9.5, and
−9.5 kcal/mol) and moderate IC50 values (23.11, 56.81, and
55.21 μM), suggesting that binding affinity contributes to their
biological potency. In summary, docking scores and IC50 values
correlate well for compounds 13, 17, 19, and 20, indicating that
binding affinity contributes to their in vitro efficacy. Also,

compound 13, with the strongest results in both metrics, is the
most promising candidate for further investigation. In this
regard, we furthermore displayed the 2D interaction diagram
and 3D binding pose of compound 13 to EGFR (Figure 8).
Accordingly, the 2D docking interaction results between com-
pound 13 and EGFR reveal various noncovalent bonds that play
a crucial role in stabilizing the molecular complex and influ-
encing biological activity. A more in‐depth discussion shows
that compound 13 exhibits a total of three pi–sulfur interac-
tions, one with the MET790 residue of EGFR and two with the
CYS797 residue of EGFR. Here, the interaction of the MET790‐
mutated residue in the 3UG2 EGFR structure with compound
13 may hold significant implications for NSCLC treatment. The
MET790 mutation in EGFR is associated with acquired resist-
ance to EGFR inhibitors in NSCLC, such as gefitinib and erlo-
tinib, which are common treatments. This mutation alters the
binding site conformation, often reducing the efficacy of first‐
generation TKIs by blocking or weakening their interactions.
Hence, pi–sulfur interaction of the ligand 13 with MET790 can
be crucial because it strengthens ligand binding, particularly
when the mutation alters the local electron distribution around
MET790, which may enhance the ligand's anchoring to the
mutated site. Accordingly, it can be said that such interactions
can potentially counteract the destabilizing effects of the
mutation, allowing the ligand to bind effectively even with the
presence of MET790 mutations, which could otherwise lead to
drug resistance. Also, it is well known that these pi‐sulfur bonds
are formed between the electron clouds of sulfur‐containing
amino acids and the aromatic rings of the ligand, stabilizing the
ligand's binding position. Hence, it can be stated that these
interactions facilitate binding of ligands within the active site of
EGFR. Also, two pi–pi stacked interactions with PHE723 occur
through the stacking of aromatic rings, which contributes to the
stability of the ligand within the binding site. On the other
hand, residues such as ALA743, VAL726, MET790, LYS745,
LEU718, and LEU844 participate in alkyl and pi–alkyl inter-
actions, further stabilizing the ligand's position within the
hydrophobic region of EGFR. Also, it is well established that
these hydrophobic interactions occur through Van der Waals
forces, preventing the ligand from dislocating from its binding
site and supporting sustained interaction with the target pro-
tein. In summary, the mentioned interactions collectively en-
hance the binding and inhibitory potential of the ligand toward
EGFR. The density of pi–sulfur and hydrophobic interactions
strengthens the ligand's position in the binding site, potentially
enabling effective inhibition of EGFR's biological activity.
Below is the 2D interaction diagram between ligand 13 and
3UG2 (Figure 8), while the other diagrams are attached to the
Supporting Information (Figures S48–S53).

4 | Conclusion

In this work, four novel Schiff bases containing 2,5,6‐
trisubstituted imidazothiadiazole derivatives ligands (13–16)

TABLE 2 | Average IC50 values of the synthesized compounds and gefitinib in A549 cell line.

Compounds 13 17 14 18 15 19 16 20 Gefitinib

IC50 (µg/mL) 5.43 23.11 470.25 437.12 144.53 56.81 113.60 55.21 3.76
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were conveniently synthesized and meticulously characterized
through the application of elemental analysis, 1H and 13C NMR
spectroscopy, FTIR spectroscopy, ESI‐MS spectroscopy, and
TGA methods. The Ag(I) complexes of these ligands were
synthesized in dimethylsulfoxide media. Their structures were
characterized using FTIR spectroscopy and TGA. The metal
contents in all complexes were analyzed using ICP‐OES spec-
troscopy. The thermal stabilities of some complexes were
determined using TGA. It was understood that the resulting
complexes showed high thermal stability.

Cytotoxic activity tests indicate varying levels of cytotoxicity among
the tested compounds and their silver complexes. The potency of
the silver complexes Ag(I) generally appears higher than their
parent compounds, suggesting the silver form may enhance the
cytotoxic properties. Ligands 13, 15, and 16 along with their silver
complexes, demonstrate particularly strong cytotoxic effects, mak-
ing them potential candidates for further investigation as anticancer

agents. The variations in cytotoxicity highlight the importance of
structural modifications in drug development. Also, the molecular
docking results demonstrated a strong correlation between the high
binding affinities against of certain compounds and their observed
in vitro biological activity. Molecular docking studies further dem-
onstrated that ligand 13, in particular, binds with high affinity to the
EGFR, stabilizing effectively in the presence of the MET790
mutation, a mutation associated with drug resistance in NSCLC.
These interactions suggest a mechanism through which ligand 13
can counteract resistance‐related conformational changes, thereby
enhancing its inhibitory efficacy.

These findings highlight the potential of certain silver complexes as
more effective anticancer agents and underscore the need for fur-
ther investigation into their mechanisms of action and therapeutic
potential. Further studies are warranted to elucidate the mecha-
nisms underlying these effects and to explore the potential of these
compounds and their complexes in cancer therapy.

FIGURE 8 | 2D interaction diagram and 3D binding pose of the compound 13 to 3UG2.
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