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Abstract

Within the scope of this study, new 2‐{2‐[(5‐nitrothiophen‐2‐yl)methylene]

hydrazinyl}thiazole derivatives (2a–j) were synthesized and investigated for their

potential anticancer and enzyme inhibition activities. Spectroscopic techniques were

used to determine the structures of substances. The anticancer activities of

compounds were detected in A549 human lung carcinoma and L929 murine

fibroblast cell lines, determining cytotoxicity, apoptosis, mitochondrial membrane

integrity, and caspase‐3 activation. Compounds 2b bearing 4‐nitrophenyl, 2c bearing

phenyl, and 2d bearing 4‐cyanophenyl moieties were specified with high anticancer

activity, acting through an apoptotic pathway with an apoptosis ratio of

9.61%–15.59%. Mitochondrial membrane depolarization was determined to be

25.53% and 22.33% for compounds 2b and 2c, respectively. Furthermore,

compound 2c exhibited excellent caspase‐3 activation. A molecular docking study

was realized with compound 2c on the caspase‐3 enzyme. Furthermore, the

electronic characteristics of the active compounds were investigated using density

functional theory (DFT) at the B3LYP/6‐31G (d, p) level. The frontier molecular

orbital energy and atomic net charges were examined.
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1 | INTRODUCTION

One of the most pressing health issues today is cancer, which is

defined as the uncontrolled multiplication and spread of aberrant

cells.[1,2] Cancer is one of the leading causes of mortality, with

approximately 9 million deaths worldwide each year.[3] Cancer

morbidity and mortality have been increasing for a long time and

will continue to do so.[4,5] Lung cancer accounts for 12.3% of all new

cases, and therapy is highly connected to the kind and stage of the

diagnosed tumor.[6,7] Chemotherapy is the mainstay of cancer

treatment. However, the rapid emergence of medication resistance,

as well as the severe adverse effects of commonly utilized anticancer

medicines, remain major barriers to effective chemotherapy.[8,9] The

ongoing exploration of anticancer medicines with minimal toxicity

and great efficacy remains an important direction in anticancer drug

research.[10,11]

The thiazole ring exhibits a diverse set of biological activities,

including antibacterial,[12–14] analgesic,[15,16] anti‐inflammatory,[17,18]

antioxidant,[19,20] anti‐HIV,[21,22] antiallergic,[23] and anticancer

activities.[24–26] Thiazoles are one of the most effective classes of
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compounds for targeted anticancer treatments. Many anticancer

medicines contain the thiazole heterocycle, and various investiga-

tions have revealed that thiazole‐based drugs generate a variety of

therapeutically important pharmacological actions.[27,28] Several

anticancer medications contain the thiazole moiety, including

epothilones (cancer medications), dasatinib (used to treat leukemia),

sodelglitazar, and tiazofurin (antineoplastic drug), as shown in

Figure 1.[29,30] The thiazole nucleus is formed by the reaction of

the thiosemicarbazone moiety, and preclinical investigations show

that thiazole‐based medicines have broad‐spectrum antiproliferative

actions with low toxicity. The thiosemicarbazone precursor of the

thiazole heterocycle has also antitumor activity.[31,32] Thiosemicar-

bazones' anticancer effect appears to be due to an inhibition of DNA

synthesis caused by a change in the reductive conversion of

ribonucleotides to deoxyribonucleotides. This biological activity is

frequently associated with their ability to block the enzyme

ribonucleotide reductase, as shown with powerful anticancer

medications such as triapine.[33,34]

Furthermore, because of its biological activity, the thiophene

nucleus has received increased attention. It has been discovered in a

number of potential anticancer medicines, including raltitrexed

(Tomudex®), which induces DNA fragmentation and consequent cell

death by inhibiting the thymidylate synthase enzyme.[35,36] In another

study, thiophene‐pyrimidine derivatives were synthesized and

evaluated for antiproliferative efficacy against numerous cancer cell

lines expressing high levels of EGF.[37]

The thiazole nucleus is also a component of numerous anticancer

medications in clinical use, including dasatinib, dabrafenib, ixabepilone,

patellamide A, and epothilone.[38] There have been a lot of thiazoles

conjugated with heterocyclic molecules investigated as possible

anticancer medicines for their VEGFR‐2 kinase inhibitory action.[39,40]

In another study, phthalimide‐thiazole derivatives increased caspase

3/7 activity in A549 cells over 16 times more than the control.[41] In

many of our previous studies, the anticancer effects of thiazole

derivatives were determined especially on lung cancer.[42–44]

Based on the promising aspects indicated above, the method of

this study comprises the bioactive substances thiazole and for the

aim of synergism, and the synthesized compounds were tested as

anticancer agents. In this study, we synthesized the compounds

2a–2j and investigated their anticancer activity against A549 human

lung carcinoma and L929 murine fibroblast cell lines. As a step

forward in this study, the structural reactivity relationship (SAR) was

investigated to predict reactive sites for chemical and biological

applications using electron density and FMO energies.

2 | RESULTS AND DISCUSSION

2.1 | Chemistry

The compounds 2a–2j were synthesized as summarized in Scheme 1.

Initially, the 2‐[(5‐nitrothiophen‐2‐yl)methylene]hydrazinecarbothioamide

(1) was catenated from 5‐nitrothiophene‐2‐carbaldehyde and hydrazine

carbothioamide. Then, the 2‐bromo‐1‐phenylethanone derivatives and

compound 1 were reacted in ethanol to obtain 2‐{2‐[(5‐nitrothiophen‐2‐

yl)methylene]hydrazinyl}thiazole derivatives (2a–2j) as the core structure.

Compounds' structures that have been synthesized (2a–2j) were

confirmed by 1H‐NMR, 13C‐NMR, and high‐resolution mass

F IGURE 1 The chemical structures of drugs containing the thiazole ring.
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spectroscopy (HRMS). In the 1H‐NMR spectra of the aromatic and

aliphatic region, the peaks were seen in estimated areas. In the 13C‐NMR

spectra, aromatic and aliphatic regions, the peaks had been visible in the

anticipated areas. The mass spectra (ESI‐MS) peaks of the compounds [M

+1] agreed with their expected chemical formulas (2a–2j).

In this investigation, we synthesized 10 novel compounds, including

the 2‐{2‐[(5‐nitrothiophen‐2‐yl)methylene]hydrazinyl}thiazole nucleus in

their core structures. In the first step, 5‐nitrothiophene‐2‐carbaldehyde

and thiosemicarbazide were reacted for 2 h at 80°C to obtain 2‐[(5‐

nitrothiophen‐2‐yl)methylene]hydrazinecarbothio‐amide (1).[45] Then

compound 1 and 2‐bromo‐1‐phenylethanone derivatives were reacted

in ethanol to gain the final products: 2‐{2‐[(5‐nitrothiophen‐2‐yl)

methylene]hydrazinyl}thiazole derivatives (2a–2j) as shown in Scheme 1.

Analytical and spectral data were used to characterize all of the produced

compounds. The 1H‐NMR spectra of compounds showed doublets at δ

7.45–8.34ppm for thiophene protons. Thiazole proton was observed at δ

7.20–8.27ppm as a singlet peak. Azomethine proton (H–C═N) was

observed at δ 7.42–8.47ppm as a singlet peak. The acetamide N–H

proton was identified by a wide singlet signal at δ 11.83–12.99 ppm. The

appearance of a pair of singlet, doublets, triplets, and/or multiplets at δ

6.84–8.10ppm was due to the aromatic protons of the aromatic rings.

The 13C‐NMR spectra of compounds showed signals at δ 125.94–128.93

ppm for methylene proton (H–C═N) carbon, at δ 103.18–178.59ppm for

aromatic. The computed molecular weight of the target compounds

2a–2j was in accord with M±1 peaks in LC‐MS/MS spectra.

2.2 | ADME parameters

An in silico ADME investigation of chemicals 2a–2j was performed using

the SwissADME web tool.[46,47] The five most important physicochemical

factors were identified, and they are listed inTable 1. On the idea of the

Lipinski “Rule of five,” all the final products have good membrane

permeability (BBB/GI), log P (2.53–4.15) ≤5, number of hydrogen bond

acceptors (4–6) ≤10, molecular weight ≤500, and also the number of

hydrogen bond donors (1) ≤5.[48,49] The pharmacophoric properties of

the compounds indicate that they all follow and satisfy Lipinski's rule,

with all attributes falling within a tolerable range. These results are

consistent with the activity potency of the compounds. The synthesized

molecules are expected to have a favorable pharmacokinetic profile. As a

result, the compounds' drug‐likeness was designated as a positive.

2.3 | Biological activity

2.3.1 | Cytotoxicity

All compounds showed higher cytotoxic activity against the A549

lung cancer cell line compared to the standard drug cisplatin (IC50:

11.56 μg/ml), except compounds 2i and 2j. Compound 2j also

showed similar antiproliferative activity to the standard drug with a

value of IC50: 15.99 μg/ml. The IC50 value of compound 2i containing

2,5‐dimethoxyphenyl moiety could not be calculated even at the

highest concentration tested (>250 μg/ml). Compounds 2a, 2b, 2c,

and 2d exhibited significant cytotoxic activity against the A549 cell

line (IC50:6.04, 4.86, 5.25, 4.26 μg/ml, respectively) with selectivity to

cancer cells. These compounds were found to be more effective than

cisplatin (11.56 ± 0.38 μg/ml) (Table 2) and the cytotoxicity of the

compounds on L929 cells was detected to be quite low. Other

compounds 2e–2h were not used in further anticancer activity tests

since they exhibited a very high cytotoxic effect on healthy lung cell

line L929 cells as well as cancer cells.

2.3.2 | Apoptosis induction

Apoptosis is a programmed cell death process that plays an

important role in maintaining the regular functions and activities of

cells involved in different physiological and pathological processes

in the organism.[50] Compounds 2a–2d that displayed a satisfying

SCHEME 1 Synthesis diagram of the compounds 2a–2j. Reagents and conditions: (a) EtOH, 80°C, 2 h; (b) EtOH, 80°C.
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cytotoxic profile were tested on flow cytometry to detect the

apoptosis/necrosis cell ratio caused by these compounds. Com-

pounds and cisplatin were applied at IC50 doses by incubating with

A549 cells for 24 h. At least 10,000 cells were analyzed and

evaluated on quadrants in the measurement (Figure 2). It was seen

that all compounds affected A549 cells by the apoptotic pathway;

compound 2b including the 4‐nitrophenyl moiety caused the

highest rate of early apoptosis compared to other compounds

(9.72%). The total apoptosis rate of cisplatin was 46.18%, followed

by compound 2b with a percentage of 15.59. This ratio was

determined as 10.21% for compound 2d and 9.71% for com-

pound 2c.

2.3.3 | Mitochondrial membrane
depolarization (ΔΨm)

The compounds 2a–2d were tested to detect mitochondrial

membrane integrity and the results are represented in Table 3. The

mitochondrial membrane depolarization was found to be 3.73%,

whereas polarization was detected at 86.64%. This ratio was assigned

as 37.37% and 54.37%, respectively, for cisplatin. As with the

apoptotic rate, 2bwas determined as the most potent compound that

caused the highest depolarization (25.53%). It was followed by 2c

with 22.33%, 2d with 13.83%, and 2a with 7.48%, respectively.

2.3.4 | Caspase‐3 activation

Compounds 2a–2d, which are the most cytotoxic compounds, were

evaluated for caspase‐3 activation and the findings are presented in

Figure 3. The compounds 2c with phenyl and 2d with 4‐cyanophenyl

moieties were shown to cause higher caspase‐3 activation compared

to cisplatin. Even more, compound 2c showed excellent activation

with a percentage of 96.44%. In addition, compound 2a with

4‐methyl caused high activation of the enzyme, although not as

much as cisplatin.

2.4 | Molecular docking study

Due to high‐level caspase activation, we performed a molecular

docking study on the caspase‐3 pocket. According to the data

(Figure 4), there are two hydrophobic interactions, one H‐bond, and

TABLE 1 In silico ADME profile of our final compounds 2a–2j and standard drugs

Physicochemical properties Pharmacokinetics Medicinal chemistry
HBA HBD TPSA Log Po/w Log S GIA Log Kp RoF (V) SA

2a 4 1 139.58 3.39 −7.79 Low −4.77 Yes (0) 3.38

2b 6 1 185.40 2.53 −8.19 Low −5.35 Yes (0) 3.31

2c 4 1 139.58 3.23 −7.40 Low −4.95 Yes (0) 3.27

2d 5 1 163.37 2.85 −7.16 Low −5.30 Yes (0) 3.34

2e 5 1 139.58 3.55 −7.50 Low −4.99 Yes (0) 3.25

2f 5 1 152.47 2.54 −6.56 Low −5.72 Yes (0) 3.23

2g 4 1 139.58 4.15 −8.70 Low −4.37 Yes (0) 3.48

2h 4 1 139.58 4.13 −8.70 Low −4.37 Yes (0) 3.48

2i 6 1 158.04 3.19 −7.73 Low −5.36 Yes (0) 3.48

2j 5 1 148.81 3.23 −7.56 Low −5.15 Yes (0) 3.28

RF‐1 / / 55.28 / / / / / /

RF‐2 4 1 41.93 1.92 −2.34 High −6.75 Yes (0) 4.57

Abbreviations: HBA, H‐bond acceptor; HBD, H‐bond donor; GIA, gastrointestinal absorption; Log Kp, skin permeation (cm/s); Log Po/w, Consensus Log Po/w
(average of all five predictions); Log S, water solubility; RoF (V), Rule of Five (violation number); SA, synthetic accessibility from 1 (very easy) to 10 (very
difficult); TPSA, topologic polar surface area (Å²). RF‐1: cisplatin, RF‐2: galantamine.

TABLE 2 IC50 values of the compounds 2a–2j against the A549
and L929 cell lines (μg/ml)

Compounds A549 L929

2a 6.04 ± 0.46 >250

2b 4.86 ± 0.54 >250

2c 5.25 ± 0.50 62.50 ± 0.95

2d 4.26 ± 0.58 31.25 ± 0.95

2e 3.06 ± 0.32 0.90 ± 0.33

2f 3.66 ± 0.30 1.11 ± 0.73

2g 9.27 ± 0.70 1.46 ± 0.40

2h 6.45 ± 0.32 0.90 ± 0.33

2i >250 1.90 ± 0.63

2j 15.99 ± 0.72 3.80 ± 0.49

Cisplatin 11.56 ± 0.38 ‐
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F IGURE 2 Flow cytometry diagrams of A549 cells treated with cisplatin, compounds 2a, 2b, 2c, and 2d (necrotic, Q1; late apoptotic, Q2;
viable, Q3; and early apoptotic, Q4).
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two aromatic H‐bonds. Compound 2c interacted with Tyr204 and

Trp206 via π–π stackings, with Arg207 via H‐bond, and with Ser63

and Ser205 via aromatic H‐bonds. All these amino acids were

previously described as important residues to observe the activ-

ity.[51] Moreover, the docking study clarified the importance of the

nitro thiophene group against the caspase‐3 enzyme. Since all

compounds did not have high caspase‐3 activation, this common

moiety could not be named as a pharmacophore group. It is obvious

that there are no contacts between this group and the enzyme.

However, the solvent exposure to this group is noteworthy. For this

compound (2c), the interacted amino acids may be stabilizing the

compactness of the complex, and then it may be causing the

increase in bond strength. Hence, the nitro group may be choosing

to face away from protein. In another scenario, the nitro group may

have interacted via water‐mediated H‐bonds with the enzyme

residues, and then it may be caused to bond more than we

observed. In this case, it should have a positive effect on caspase‐3

activation. In conclusion, although all these recommended scenarios

were drawn forth to support the structure–activity relationship

considering in vitro and in silico studies; more nitro thiophene

derivatives (also its bioisosteric moiety) should be tested to finalize

the structure–activity relationship.

2.5 | Results of DFT Studies

The determination of several properties of different biomolecules,

such as selectivity, stability, reactivity, and some other characteristic

properties, is of particular importance. In this study, we applied DFT‐

based global reactivity descriptors to identify these properties of the

most active compounds 2b and 2c. The most active chemicals' three‐

dimensional structures are analyzed by optimizing their structures

using a theoretical method without the use of any imaginary

frequencies. The optimized structures of active compounds are

shown in Figure 5.

The optimized geometries' frontier molecular orbital analysis was

performed at the B3LYP/6‐31G (d, p) level (Figure 6). The calculation

of the energies of the highest occupied molecular orbital (HOMO)

and lowest unoccupied molecular orbital (LUMO) determines not

only the stability of the respective compounds but also enables the

calculation of some of the reactivity parameters. Looking at the

negative values of HOMO and LUMO, the stability of compounds 2b

and 2c is high. Some of the reactivity parameters of the active

compounds are presented in Table 4. As evidenced by the

experimental findings and the values of these parameters, compound

2c is more active. Furthermore, the most notable ionization potential

(I) and electron affinity (A) values have compound 2c with a low I

value and compound 2b with a high A value. As a result, the 2c

compound has a nucleophilic character, and the 2b molecule has a

better electrophilic character.

The tendency of an atom to attract shared electrons to itself is

known as electronegativity (χ). The higher the associated electro-

negativity, the more electrons are attracted to an atom or a

substituent group. Electro‐positivity is the polar opposite of electro-

negativity; it is a measure of a molecule's capacity to give valence

electrons. As we can see, compound 2b has stronger electronega-

tivity and a better electrophilic character than compound 2c. The

determination of intramolecular charge transfer of the respective

compounds was calculated from the chemical hardness and softness

(η, S) values. Compound 2c has the highest softness and the lowest

hardness value.

The determination of the potential bonds of the ligand with the

biomolecules, as well as the distribution of the charges of these 3D

molecules, is critical, and this is accomplished by computing the

molecular electrostatic potential (MEP).[52] Figure 7 depicts the active

compounds' MAP maps. The electron‐rich area is highlighted in red,

the electron‐deficient area in blue, the moderately electron‐rich area

in yellow, and the neutral area in green.[53] According to the MEP

mapping, the highest negative potential is found at the nitro moiety

of compounds 2b and 2c.

Compounds were investigated for anticancer activities in A549

human lung carcinoma and L929 murine fibroblast cell lines. The

SAR (structure–activity relationship) revealed that electron‐

withdrawing groups on aromatic rings, such as nitro, fluoro, and

cyano, increase activity, whereas electron‐releasing groups (–OCH3)

decrease activity against the A549 lung cancer cell line. The

cytotoxic activity of the unsubstituted phenyl ring (2c) was also

greater. These findings demonstrated that the electron‐withdrawing

group on the aromatic ring linked to the thiazole ring had a major

impact on activity.[54,55] Compounds 2b containing 4‐nitrophenyl

moieties, and 2c containing phenyl moieties were shown to have

potent antitumor action. The reason for this is hydrophobic

interactions between the phenyl group and the active site in the

caspase‐3 binding pocket. The SAR study revealed that when

various substituents (electron‐releasing groups) are present in the

phenyl chain, they have a deleterious impact on their activity due to

their inability to properly place themselves in the caspase‐3 binding

region. Electron‐withdrawing groups (especially the nitro group),

demonstrate considerable activity due to increases in topologic

polar surface area and electronegativity. This is exactly the main

reason why we used nitro‐thiophene in this study. This allows the

chemical to engage with the improved group of caspase‐3 more

effectively.[44,56]

TABLE 3 % Mitochondrial membrane depolarization (2a–2d)

% Mitochondrial
membrane polarized cells

% Mitochondrial membrane
depolarized cells

Control 86.64 3.73

2a 87.17 7.48

2b 65.17 25.53

2c 73.82 22.33

2d 80.52 13.83

Cisplatin 54.37 37.37
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3 | CONCLUSIONS

In this study, we designed and synthesized 2‐{2‐[(5‐nitrothiophen‐2‐

yl)methylene]hydrazinyl}thiazole derivatives (2a–2j). The anticancer

and enzyme inhibitory actions of the final compounds were studied.

The structures of the novel compounds were determined using

spectroscopic methods such as 1H‐NMR, 13C‐NMR, and high‐

resolution mass spectroscopy (HRMS). Compounds 2a–2d showed

strong cytotoxic action against the A549 cell line with cancer cell

selectivity. These compounds were found to be more effective than

cisplatin, and their cytotoxicity on L929 cells was shown to be fairly

minimal. Compounds 2b–2d were identified as having substantial

anticancer activity, operating via an apoptotic route with an

apoptosis ratio of 9.61%–15.59%. As with the apoptotic rate, 2b

and 2c were shown to be the most potent compounds, causing the

most depolarization (25.53% and 22.33%, respectively). Compared to

cisplatin, compounds 2c and 2d were observed to activate caspase‐3

more. Additionally, compound 2c showed excellent activation with a

F IGURE 3 % Caspase activation exerted by the compounds at IC50 doses on the A549 cell line.

NUHA ET AL. | 7 of 14

 15214184, 2022, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ardp.202200105 by B

ilecik Seyh E
debali, W

iley O
nline L

ibrary on [15/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



F IGURE 4 2D and 3D diagrams of the 2c–caspase‐3 enzyme complex (PDBID: 4QTX).
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F IGURE 5 The optimized geometries of the active compounds.

F IGURE 6 Highest occupied molecular orbital (HOMO)‐lowest unoccupied molecular orbital (LUMO) diagrams of the active compounds.

TABLE 4 Some reactivity parameters of the most active compounds

Compounds EHOMO (eV) ELUMO (eV) ΔE (eV) I (eV) A (eV) χ (eV) η (eV) S (eV−1) μ (eV) ω (eV)

2b −0.2242 −0.1146 0.1096 0.2242 0.1146 0.1694 0.0548 9.1241 −0.1694 0.2618

2c −0.2121 −0.1092 0.1029 0.2121 0.1092 0.1606 0.0514 9.7276 −0.1606 0.2509

Abbreviations: HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital.
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percentage of 96.44%. Molecular docking experiments on the

caspase‐3 enzyme were carried out for compound 2c. Furthermore,

a computational study was performed to examine the electronic

properties of the active compounds using density functional

theory (DFT).

4 | EXPERIMENTAL

4.1 | Chemistry

4.1.1 | General remarks

All chemical substances used in the syntheses had been bought from

Merck Chemicals (Merck KGaA) or Sigma‐Aldrich Chemicals (Sigma‐

Aldrich Corp.). The reactions and, therefore, the purities of the

compounds were ascertained by thin layer chromatography (TLC) on

silica gel 60 F254 aluminum sheets obtained from Merck. Melting

points of the synthesized compounds had been recorded by MP90

digital melting point apparatus (Mettler Toledo) and had been

provided as uncorrected. 1H NMR and 13C NMR spectra (see the

Supporting Information) were recorded in DMSO‐d6 using a Bruker

300 and 75MHz digital FT‐NMR spectrometer (Bruker Bioscience),

respectively. In the NMR spectra, the cleavage patterns were

denoted as follows: s: singlet; d: doublet; t: triplet; m: multiplet.

Coupling constants (J) are given in Hertz. High‐resolution mass

spectrometric (HRMS) studies were performed using an LC/MS‐IT‐

TOF system (Shimadzu).

The InChI codes of the investigated compounds are provided as

Supporting Information.

4.1.2 | Synthesis of 2‐[(5‐nitrothiophen‐2‐
yl)methylene]hydrazinecarbothioamide (1)

Thiosemicarbazide (2.52 g, 0.03mol) was added to a solution of

5‐nitrothiophene‐2‐carbaldehyde (4.17 g, 0.03mol) in ethanol (50ml)

at room temperature. The mixture was stirred for 2 h at 80°C. The

reaction was monitored with TLC using silica on Al‐plates and using

EtOH/PE (1:3) as the mobile phase. After the reaction was

completed, the precipitate was filtered off and washed with cold

ethanol. m.p. 255°C–258°C[45] yield 75%.

4.1.3 | General synthesis of the 2‐{2‐[(5‐
nitrothiophen‐2‐yl)methylene]hydrazinyl}thiazole
derivatives (2a–2j)

2‐Bromo‐1‐phenylethanone derivatives (1.30mmol) were added to a

solution of 2‐[(5‐nitrothiophen‐2‐yl)methylene]hydrazinecarbothioamide

(1) (0.3 g, 1.30mmol) in ethanol (30ml). The mixture was stirred at 80°C.

The reaction was monitored with TLC using silica on Al‐plates and using

EtOH/PE (1:1) as the mobile phase. After the reaction was completed, the

product was filtered. The final products were recrystallized from ethanol.

2‐{2‐[(5‐Nitrothiophen‐2‐yl)methylene]hydrazinyl}‐4‐(p‐tolyl)-

thiazole (2a)

m. p. 221–222°C, yield 79%, 1HNMR (300MHz, DMSO‐d6, ppm)

δ = 3.42 (s, 3H, –CH3), 7.22 (d, J = 8.08 Hz, 1H, Ar–H), 7.40 (m, 1H,

Ar–H), 7.54 (d, J = 4.41 Hz, 1H, Ar–H), 7.74 (d, J = 8.12Hz, 1H, Ar–H),

8.06–8.10 (m, 2H, thiophene‐H), 8.19 (s, 1H, thiazole‐H), 8.47 (s, 1H,

H–C═N), and 11.83 (brs, 1H, N–N–H). 13C‐NMR (75MHz, DMSO‐d6,

ppm) δ 21.27 (CH3), 125.93, 128.19, 129.70, 130.92, 131.40, 135.71,

137.52, 147.23, 151.20, and 178.59 (S–C═N). HRMS (m/z): [M+H]+

calculated for C15H12N4O2S2: 345.0474; found 345.0460.

4‐(4‐Nitrophenyl)‐2‐{2‐[(5‐nitrothiophen‐2‐yl)methylene]-

hydrazinyl}thiazole (2b)

m. p. 252–254°C, yield 82%, 1HNMR (300MHz, DMSO‐d6, ppm)

δ = 7.42 (d, J = 4.34Hz, 1H, Ar–H), 7.78 (s, 1H, thiazole‐H), 8.05–8.09

(m, 3H, Ar–H), 8.18 (s, 1H, H–C═N), 8.25 (d, J = 8.83Hz, 2H, thiophene‐

H), and 12.82 (brs, 1H, N–N–H). 13C‐NMR (75MHz, DMSO‐d6, ppm) δ

110.22, 124.62, 126.83 (–CH═N), 128.49, 131.32, 135.24, 140.81,

146.76, 147.46, 149.21, 150.23, and 168.05 (S–C═N). HRMS (m/z): [M

+H]+ calculated for C14H9N5O4S2: 376.0169; found 376.0172.

2‐{2‐[(5‐Nitrothiophen‐2‐yl)methylene]hydrazinyl}‐4‐

phenylthiazole (2c)

m. p. 209–210°C, yield 75%, 1HNMR (300MHz, DMSO‐d6, ppm)

δ = 7.31 (d, J = 7.19 Hz, 1H, Ar–H), 7.37–7.40 (m, 3H, Ar–H), 7.42 (s,

F IGURE 7 Molecular electrostatic potential surface presentation of the compounds 2b and 2c.
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1H, thiazole‐H), 7.84 (d, J = 8.17 Hz, 2H, thiophene‐H), 8.03 (dd,

J1 = 1.44Hz, J2 = 4.32 Hz, 1H, Ar–H), 8.16 (s, 1H, H–C═N), and 12.75

(brs, 1H, N–N–H). 13C‐NMR (75MHz, DMSO‐d6, ppm) δ 105.29,

125.97 (–CH═N), 128.05, 128.15, 129.09, 131.23, 134.68, 147.80,

150.02, 151.01, and 167.69 (S–C═N). HRMS (m/z): [M+1]+ calculated

for C14H10N4O2S2: 331.0318; found 331.0310.

4‐{2‐{2‐[(5‐Nitrothiophen‐2‐yl)methylene]hydrazinyl}thiazol‐4‐

yl}benzonitrile (2d)

m. p. 249–251°C, yield 81%, 1HNMR (300MHz, DMSO‐d6, ppm) δ =

7.47 (d, J = 4.43 Hz,1H, Ar–H), 7.76 (s, 1H, thiazole‐H), 7.88 (d,

J = 8.54 Hz, 2H, Ar–H), 8.03 (d, J = 8.50 Hz, 2H, thiophene‐H), 8.10 (d,

J = 4.37 Hz, 1H, Ar–H), 8.22 (s, 1H, H–C═N), and 12.83 (brs, 1H,

N–N–H). 13C‐NMR (75MHz, DMSO‐d6, ppm) δ 109.29, 110.24,

119.42 (–CN), 126.60 (–CH═N), 128.49, 131.36, 133.24, 135.19,

138.94, 147.49, and 167.95 (S–C═N). HRMS (m/z): [M+1]+ calculated

for C15H9N5O2S2: 356.0270; found 356.0272.

4‐(4‐Fluorophenyl)‐2‐{2‐[(5‐nitrothiophen‐2‐yl)methylene]-

hydrazinyl}thiazole (2e)

m. p. 218–221°C, yield 76%, 1HNMR (300MHz, DMSO‐d6, ppm)

δ = 7.25 (t, J = 8.91Hz, 2H, Ar–H), 7.42–7.46 (m, 2H, Ar–H), 7.87–7.91

(m, 2H, Ar–H), 8.10 (d, J = 4.86Hz, 1H, Ar–H), 8.20 (s, 1H, H–C═N), and
12.77 (brs, 1H, N–N–H). 13C‐NMR (75MHz, DMSO‐d6, ppm) 105.21,

115.85, 116.14, 127.94 (–CH═N), 128.05, 128.27, 131.37, 134.84,

147.70, 150.08, 160.53, and 163.77 (S–C═N). HRMS (m/z): [M+1]+

calculated for C14H9FN4O2S2: 349.0224; found 349.0229.

2‐{2‐[(5‐Nitrothiophen‐2‐yl)methylene]hydrazinyl}‐4‐(pyridin‐4‐

yl)thiazole (2f)

m. p. 278–279°C, yield 84%, 1HNMR (300MHz, DMSO‐d6, ppm)

δ = 7.50 (d, J= 4.44Hz, 1H, pyridine‐H), 8.11 (d, J= 4.35Hz, 1H,

pyridine‐H), 8.27 (s, 1H, thiazole‐H), 8.34 (d, J = 6.76Hz, 2H,

thiophene‐H), 8.37 (s, 1H, H–C═N), 8.90 (d, J = 6.80Hz, 2H, pyridine‐

H), and 12.99 (brs, 1H, N–N–H). 13C‐NMR (75MHz, DMSO‐d6, ppm) δ

117.12, 122.45, 128.93 (–CH═N), 131.34, 136.09, 143.32, 146.64,

147.10, 148.74, 150.46, and 168.67 (S–C═N). HRMS (m/z): [M+1]+

calculated for C13H9N5O2S2: 332.0270; found 332.0272.

4‐(Naphthalen‐2‐yl)‐2‐{2‐[(5‐nitrothiophen‐2‐yl)methylene]-

hydrazinyl}thiazole (2g)

m. p. 216–217°C, yield 80%, 1HNMR (300MHz, DMSO‐d6, ppm)

δ = 7.43–7.56 (m, 4H, Ar–H), 7.92–8.06 (m, 6H, Ar–H), 8.21 (s, 1H,

H–C═N), and 8.37 (brs, 1H, N–N–H). 13C‐NMR (75MHz, DMSO‐d6,

ppm) δ 106.01, 124.29, 124.62, 126.49 (–CH═N), 126.88, 128,

128.59, 131.09, 132.12, 132.91, 133.54, 134.72, 147.75, 150.01,

150.79, and 167.74 (S–C═N). HRMS (m/z): [M+1]+ calculated for

C18H12N4O2S2: 381.0474; found 381.0471.

4‐(Naphthalen‐1‐yl)‐2‐{2‐[(5‐nitrothiophen‐2‐yl)methylene]-

hydrazinyl}thiazole (2h)

m. p. 226–227°C, yield 77%, 1HNMR (300MHz, DMSO‐d6, ppm)

δ = 7.20 (s, 1H, thiazole‐H), 7.45 (d, J = 4.42 Hz, 1H, thiophene‐H),

7.52–7.57 (m, 3H, naphthalene‐H), 7.68–7.71 (m, 1H, naphthalene‐

H), 7.94–7.99 (m, 2H, naphthalene‐H), 8.09 (d, J = 4.36Hz, 1H,

thiophene‐H), 8.22 (s, 1H, H–C═N), 8.39–8.42 (m, 1H, naphthalene‐

H), and 12.81 (brs, 1H, N–N–H). 13C‐NMR (75MHz, DMSO‐d6, ppm)

δ 108.95, 125.94 (–CH═N), 126.43, 126.66, 127.43, 128.15, 128.73,

128.92, 131.02, 131.36, 133.09, 133.95, 134.83, 147.87, 150.03,

and 167.51 (S–C═N). HRMS (m/z): [M+1]+ calculated for

C18H12N4O2S2: 381.0474; found 381.0485.

4‐(2,5‐Dimethoxyphenyl)‐2‐{2‐[(5‐nitrothiophen‐2‐yl)methylene]-

hydrazinyl}thiazole (2i)

m. p. 217–218°C, yield 71%, 1HNMR (300MHz, DMSO‐d6, ppm)

δ = 3.73 (s, 3H, –OCH3), 3.85 (s, 3H, –OCH3), 6.84 (d, J = 3.21Hz, 1H,

Ar‐H), 6.87 (d, J = 3.21 Hz, 1H, Ar–H), 7.02–7.05 (m, 1H, Ar–H),

7.42–7.45 (m, 1H, N–N–H), 7.50 (s, 1H, thiazole‐H), 7.58 (d,

J = 3.19Hz, 1H, thiophene‐H), 8.07–8.09 (m, 1H, thiophene‐H), and

8.19 (s, 1H, H–C═N). 13C‐NMR (75MHz, DMSO‐d6, ppm) δ 55.79

(CH3), 56.28 (CH3), 109.74, 113.20, 114.25, 116.69, 123.40, 128.13

(–CH═N), 131.35, 134.69, 147.84, 151.35, 153.37, and 166.09

(S–C═N). HRMS (m/z): [M+1]+ calculated for C16H14N4O4S2:

391.0529; found 391.0532.

4‐(4‐Methoxyphenyl)‐2‐{2‐[(5‐nitrothiophen‐2‐yl)methylene]-

hydrazinyl}thiazole (2j)

m. p. 214–215°C, yield 89%, 1HNMR (300MHz, DMSO‐d6, ppm)

δ = 3.78 (s, 3H, –OCH3), 6.95–6.98 (m, 2H, Ar–H), 7.24 (s, 1H,

thiazole‐H), 7.42 (s, 1H, H–C═N), 7.77 (d, J = 3.88Hz, 2H, Ar–H), 8.07

(d, J = 4.25Hz, 1H, thiophene‐H), 8.17 (d, J = 1.82 Hz, 1H, thiophene‐

H), and 12.72 (brs, 1H, N–N–H). 13C‐NMR (75MHz, DMSO‐d6, ppm)

δ 55.58 (CH3), 103.18, 114.46, 127.32 (–CH═N), 127.64, 128.10,

131.35, 134.62, 147.85, 149.98, 159.36, and 167.56 (S–C═N). HRMS

(m/z): [M+1]+ calculated for C15H12N4O3S2: 361.0424; found

361.0428.

4.2 | Biological assays

4.2.1 | MTT assay for cytotoxicity of compounds

The degree of cellular reduction of tetrazolium salt, 3‐(4,5‐

dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide (MTT), to for-

mazan by mitochondrial succinate dehydrogenase was assessed in

the same way as previously described in the literature with minor

adjustments.[57] The MTT assay for cytotoxicity of compounds

has been determined according to the previously published

procedures.[43]

4.2.2 | Flow cytometric analyses of apoptosis

Compounds 2a–2d with a satisfactory cytotoxic profile were

examined on flow cytometry to assess apoptosis/necrosis cell ratio

using previously published procedures.[58]
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4.2.3 | The analysis of mitochondrial membrane
potential by flow cytometry

The analysis of mitochondrial membrane potential by flow cytometry

for compounds 2a–2d, and cisplatin has been determined according

to the previously published procedures.[43]

4.2.4 | Spectrofluorometric analysis of caspase‐3
activation

Compounds 2a–2d, which are the most cytotoxic compounds, were

evaluated for caspase‐3 activation using previously published

procedures.[59]

4.3 | Prediction of physicochemical and
pharmacokinetic properties

The determination of drug‐like qualities, also known as the

medicinal chemical profile, is critical for evaluating the proposed

compounds. In this step, the pharmacokinetic profile is also

predicted using in silico techniques as a preliminary evaluation.

Because the current study is primarily concerned with evaluating

activity, the active substances may be considered for in vivo

pharmacokinetic investigations in the future.[60] As a result, the

Swiss‐ADME web‐based application was used to determine the

medicinal chemistry and pharmacokinetic profiles of the 2a–2j

compounds.[61,62]

4.4 | In silico studies

4.4.1 | Molecular docking

The crystal structure of the caspase‐3 enzyme was retrieved from the

Protein Data Bank server (PDBID: 4QTX). The protein preparation

process, ligand preparation process, grid generation, docking, and

visualization studies were performed on Schrodinger's Maestro

molecular modeling package.[63–65]

The molecular docking study for compound 2c was calculated

according to the previously published procedures.[66]

4.4.2 | Density functional theory studies

The Gaussian 09W package[67] and GaussView 5.0[68–70] molecular

visualization programs were used to perform theoretical approaches

for our active compounds. DFT, Becke's Three‐Parameter Hybrid

Functional using the Lee, Yang, and Parr correlation (B3LYP)[71]

method with 6–31G(d, p) basis set in the ground state and gas phase

were used to optimize the compounds' geometry. To specify

intramolecular charge‐transfer interactions, the HOMO and LUMO

energy values of the groups of compounds were determined at a

level of time‐dependent (TD)‐DFT.

HOMO–LUMO energy values were used to calculate chemical

activity parameters such as I: ionization potential (I = −EHOMO), A:

electron affinity (A = −ELUMO), χ: electronegativity (χ = (I + A)/2), η:

chemical hardness (η = (I – A)/2), S: chemical softness (S = 1/2η), μ:

chemical potential (μ = −(I + A)/2) and ω: electrophilicity index (ω = μ2/

2η) of the molecular groups.
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