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A B S T R A C T   

A Non-Small Cell Lung Cancer (NSCLC) is among the leading cause of cancer-associated morbidity and mortality 
worldwide. Novel treatment and drug repurposing strategies are needed. Cytosine arabinoside (AraC) is an S- 
phase inhibitor historically used for the treatment of leukemia. Previously AraC was not investigated as a 
therapeutic option for NSCLC. We explored a novel adjuvant therapy concept in vitro targeting S-phase and 
mitochondrial pathways. A synthetic pathway to generate novel mitochondria damaging N-(4-chlorophenyl)- 
γ-amino acid derivatives bearing an azole, diazole and triazole moieties was described. The resulting compounds 
were evaluated for their anticancer activity on well described A549 cells. Five compounds demonstrated 
convincing anticancer activity comparable to cytosine arabinoside (AraC). The most promising compound 7g 
(IC50 = 38.38 µM) bearing 3,4-dichlorophenyl moiety was able to induce the mitochondrial injury, leading to 
significant (p < 0.05) ROS production and inhibition of ATP synthesis. 7g synergized with AraC and significantly 
decreased A549 viability in comparison to AraC and 7g monotherapy or UC. The cytotoxic effect on A549 
viability after AraC combination with 7g was similar to doxorubicin monotherapy. These results suggest that 7g 
could be potentially explored adjuvant enhancing the activity of standard chemotherapeutic agents. Further 
studies are needed to better understand the safety, efficacy, and precise cellular targets of of N-(4-chlorophenyl)- 
γ-amino acids.   

Introduction 

Lung cancer remains the leading causes of malignancy-associated 
deaths worldwide [1]. Non-Small Cell Lung Cancer (NSCLC) is the 
most common cancer type affecting the pulmonary system [2]. In many 
patients, NSCLC represents locally advanced or even metastatic diseases 
therefore limiting the currently available treatment option. Standard 
chemotherapy with clinically approved cytostatic and cytotoxic drugs is 
often beneficial for NSCLC patients; however, NSCLC may acquire 
multiple resistance mechanisms leading to altered management and 
poor treatment prognosis. Furthermore, advanced-stage, metastatic and 
chemotherapy-resistant NSCLC often requires aggressive treatment 

strategies using high doses of cytotoxic agents, therefore increasing risk 
in development of chemotherapy-associated systemic toxicity [3]. The 
profound chemotherapy-associated toxicity can be reduced by estab-
lishing adjuvant-based treatment strategies by combining two or more 
cytostatic or cytotoxic compounds with synergistic interactions against 
NSCLC [4]. 

Cell cycle-specific chemotherapy drugs are common type of anti-
cancer chemotherapy that are used to treat number of various cancers, 
including NSCLC. The cell cycle specific drugs works by interacting with 
specific steps of cell cycle leading to the induction of apoptosis and death 
of transformed cells. Cancerous cells often acquire series of mutations 
leading to the ability to resist the cell cycle inhibitors [5–7]. Therefore, a 

* Corresponding author at: Joan and Sanford I. Weill Department of Medicine, Weill Cornell University, 1300 York Avenue, NY 1109. New York, United States. 
E-mail address: pok4001@med.cornell.edu (P. Kavaliauskas).  

Contents lists available at ScienceDirect 

Results in Chemistry 

journal homepage: www.sciencedirect.com/journal/results-in-chemistry 

https://doi.org/10.1016/j.rechem.2021.100193 
Received 5 May 2021; Accepted 15 September 2021   

mailto:pok4001@med.cornell.edu
www.sciencedirect.com/science/journal/22117156
https://www.sciencedirect.com/journal/results-in-chemistry
https://doi.org/10.1016/j.rechem.2021.100193
https://doi.org/10.1016/j.rechem.2021.100193
https://doi.org/10.1016/j.rechem.2021.100193
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rechem.2021.100193&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Results in Chemistry 3 (2021) 100193

2

novel drug repurposing and combinational strategies are needed to 
target rapidly emerging chemotherapy resistance in various neoplasms 
[8–10]. 

Cytosine arabinoside (AraC) is a known and clinically well tolerated 
S phase inhibitor targeting to the DNA synthesis in rapidly growing cells 
[11]. AraC is often used alone and in combinations with other chemo-
therapy drugs to treat acute leukemia [12]. The use of AraC for the 
treatment or control of NSCLC have not been investigated before. 
Cancerous cells that entered S phase are highly susceptible for the 
nutrient starvation and ROS induced-DNA damage. Therefore, combi-
national approach of using AraC as S cycle inhibitor and compounds 
inducing ROS could be potentially beneficial for the control of the 
chemotherapy resistant or advanced NSCLC. 

Mitochondria play a vital role in cancer pathogenesis and are 
considered as potential target for anticancer therapy [13]. Differently 
than normal cells, the cancer cells are known for their ability to generate 
reactive oxygen forms (ROS) and increased levels of adenosine 
triphosphate (ATP) by harnessing aerobic glycolysis known as Warburg 
effect [14]. Transformed cells have increased metabolic needs, therefore 
opening window for novel mitochondria-targeted therapies. Besides 
that, the overall ROS levels are overall greater in cancer cells, therefore 
modulating cellular ROS pathway could potentially enhance cytotoxic 
activity of standard chemotherapy by inducing mitochondria-depended 
apoptosis or mitophagy [15]. 

The combinational approach of using cytotoxic drugs and 
mitochondria-accumulating compounds could be potentially explored 
as adjuvant strategy for controlling systemic chemotherapy-associated 
toxicity [16]. Previous mitochondria-targeting approaches were based 
on conjugation of mitochondria-accumulating ligands with known 
anticancer drugs [17,18]. Besides that, several mitochondria-targeting 
small molecules with promising anticancer activity have been previ-
ously described and investigated [19,20]. Heterocyclic compounds play 
a pivotal role in the biological processes of all living organisms [21]. 
Many pharmacologically active compounds share various heterocyclic 
moieties. Various five-membered heterocyclic compounds, containing 
one or more nitrogen atoms exhibit profound biological activity. Among 
biologically active heterocycles, pyrrole, pyrazole and triazole cycles are 
commonly used to generate compounds bearing anticancer, antimicro-
bial and various inhibitory properties [22–25]. Therefore, compounds 
bearing various heterocyclic substitutions could be potentially explored 
as novel therapeutics. 

The anticancer activity of pyrrole-containing compounds is mostly 
based on the direct inhibition of Epidermal Growth Factor (EGFR) and 
Vascular Endothelial Growth Factor (VEGFR) receptors or various ki-
nases [26,27]. Kaspersen et al. reports a synthesis of selective and active 
EGFR tyrosine kinase inhibitors based on 4-N-substituted 6-aryl-7H- 
pyrrolo[2,3-d]pyrimidine-4-amines. The novel pyrrole derivatives 
exhibited good inhibitory and anticancer activity by targeting down-
stream EGFR pathway [26]. Furthermore, the study of La Regina et al. 
described a synthesis and biological characterization of novel pyrrole- 
containing compounds targeting cellular tubulin polymerization, 
migration, and intracellular trafficking [28]. Beside the inhibitory ac-
tivity on EGFR, VEGFR and tubulin, by Boukouvala et al. have demon-
strated that several pyrrole derivatives are able to interfere with 
mitochondrial carbon metabolism, leading to the induction of 
mitochondria-depended cell death [29,30]. Therefore, pyrrole contain-
ing compounds should be explored as promising anticancer and 
mitochondria-targeting compounds. 

Pyrazoles, the representatives of diazoles, are rarely found in nature, 
however, synthetic analogues display multifarious biological activities 
[31–33]. Pyrazole moieties bearing compounds have long been inves-
tigated as potential anticancer compounds [34–37]. Abdelgawad et al. 
reported that the incorporation of pyrazole scaffold greatly improved 
the antiproliferative activity of benzimidazole derivatives [34]. Pellei 
et al. reported pyrazole containing organo-copper compounds with po-
tential anticancer properties [38]. Marani et al. described the synthesis 

biological activity of pyrazolopyran derivatives with inhibitory activity 
of cytosolic hydroxymethyltransferase [39] (SHMT1). Cytosolic SMHT1 
shares a homology with mitochondrial enzyme SHMT2, therefore 
various pyrrole derivatives could potentially be used as a mitochondrial 
SHMT2 inhibitors and useful for treatment of metastatic neoplasms. 
Furthermore, various pyrazoles have been shown to disrupt mitochon-
drial membrane potential, modulate Bax and Bcl-2 protein levels and 
induce apoptosis in NSCLC cells by activating caspase-3 [33]. 

Triazoles have been already successfully implemented in clinics or 
under clinical trials for the treatment of various malignancies and other 
disorders (Fig. 1). The incorporation of various triazole linkers bearing 
anticancer pharmacophores greatly improving the anticancer and anti-
proliferative activity of the compounds [40,41]. The cytostatic activity 
of triazole containing compounds is often based on the inhibition of 
EGFR, BRAF, and tubulin pathways [41,42]. Several triazoles nucleus 
containing compounds have been shown to have strong anti- 
proliferative and apoptosis-inducing activity by targeting thymidine 
phosphorylase, making triazole containing compounds attractive for 
treatment NSCLC [40]. Furthermore, Omar et al. describes a synthesis of 
novel water-soluble and mitochondria-targeting osmium triazole com-
plexes with micromolar cytotoxic activity on HeLa cells [43]. The 
compounds were readily absorbed in mitochondria and after activation 
with light were able to induce the cell death by ROS generation. 
Favorable pharmacokinetics and selective cytotoxicity displayed by 
various triazoles makes them attractive pharmacophores for develop-
ment of compounds targeting various lung cancers [44]. 

γ-Aminobutyric acid (GABA) is a cell permeable inhibitory neuro-
transmitter highly abundant in mammalian central nervous system 
(CNS). Beside directly acting on CNS, GABA and its derivatives have 
previously showed to be involved in the regulation of cancer prolifera-
tion by directly acting on mitogen-activated protein kinase (MAPK) 
signalling pathways [45]. Like the GABA itself, various derivatives have 
great biological and pharmacological significance (Fig. 2). Due to good 
absorption and ability to cross brain-blood barrier many GABA-based 
compounds have good tissue distribution and activity on CNS. 

Various neurotransmitters have been previously reported to be 
involved in the initiation and progression of colon tumors [46,47]. 
GABA receptors are highly expressed in various tumors and their regu-
latory role in tumor migration and metastasis was experimentally 
confirmed by several researchers [48,49]. Therefore, pharmacological 
modulation of GABA receptors using various GABA derivatives could 
have profound anticancer and anti-metastatic activity. 

The wide spectrum in biological activity of γ-amino acid and het-
erocycle motifs containing compounds makes them attractive building 
blocks in the development of novel and mitochondria-targeting anti-
proliferative agents. With this notion, we aimed to synthesize and 
evaluate the biological and synergistic activity of novel mitochondria- 
targeting N-substituted γ-amino acid derivatives bearing functional-
ized azole, diazole, triazole, thiazole-triazole moieties on human non- 
small cell carcinoma cells. 

Results and discussion 

Synthesis and characterization of N-(4-chlorophenyl)-γ-amino acid 
derivatives bearing an azole, diazole and triazole moieties 

Herein we report the synthesis and biological properties of a series of 
novel N-(4-chlorophenyl)-γ-amino acid derivatives (Scheme 1). 1,2,4- 
Triazolethione derivative 1 was obtained according to the method 
described in [50,51] and applied for the preparation of 2 [50]. The 
obtained cyclic compound 1-(4-chlorophenyl)-4-(5-thioxo-4,5-dihydro- 
1H-1,2,4-triazol-3-yl)pyrrolidin-2-one (1) was treated with ethyl chlor-
oacetate in 1,4-dioxane. The alkylation reaction occurred fairly easily 
and after the dilution of the reaction mixture with water the desired 
product ethyl ({3-[1-(4-chlorophenyl)-5-oxopyrrolidin-3-yl]-1H-1,2,4- 
triazol-5-yl}sulfanyl)acetate (2) was isolated. 
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The interaction of ethyl esters 2 with benzene-1,2-diamine in 10% 
aqueous hydrochloric acid for 48 h afforded compound 3 with benz-
imidazole moiety in the molecule. The target derivative 3 was isolated 
from the reaction mixture by diluting it with water. 

The reaction of ester 2 with hydrazine monohydrate was carried out 
under ordinary conditions, and the obtained acid hydrazide 4 was un-
dergone various chemical transformations. 

The hydrazide moiety is a convenient functional group for the 
coupling with aldehydes or ketones through a dehydration reaction to 
form hydrazone linkage. Hence the reactions of compound 4 with 

appropriate aromatic aldehydes and thiophene-2-carbaldehyde proceed 
fairly quickly resulting in the formation of hydrazones 5a–e which, as 
expected, in DMSO‑d6 solution exists as a mixture of Z/E isomers, in 
which Z isomer predominates [52,53]. An interaction of hydrazide 4 
with hexane-2,5-dione in methanol catalysed by acetic acid led to the 
cyclization product 2,5-dimethylpyrrole derivative 6. 

The alkylation of 1,2,4-triazolethione 1 with substituted α-hal-
oketones in acetone at reflux showed that the reaction results in the 
formation of open chain non-condensed compounds 7a¡l in 51–97% 
yield (Scheme 2). The above-mentioned compounds 7a–l were then 

Fig. 1. Pharmaceuticals based on 1,2,4-triazole scaffold.  

Fig. 2. Pharmaceuticals with the γ-aminobutyric acid fragment in their structure.  

Scheme 1. Synthesis and chemical transformations of S-alkylated products 2–6.  

Scheme 2. Synthesis of S-alkylated products 7 and thiazolotriazoles 8.  
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readily cyclized to the thiazolo[3,2-b][1,2,4]triazoles 8a–l containing 
fused ring system in the structure by refluxing the corresponding start-
ing compoud 7 for 3–12 h in acetic acid with the addition of a catalytic 
amount of sulfuric acid. 

The formation of 2-oxoethylsulfanyl fragment in the structure of 
compounds 7a¡l can be demonstrated by comparison of the 1H NMR 
spectra of compounds 1 and 7d. The singlet at 4.82 ppm was assigned to 
the protons of the SCH2CO moiety and the additional peaks integrated 
for five protons were attributing to the newly attached aromatic ring. 
The obvious differences in the 13C NMR spectra of the mentioned 
compounds are also observed. The absence of the resonance line of C = S 
in the 13C NMR spectrum of 7d, which usually arise in the range of 
168–167 ppm for triazolethiones, and peaks at 33.7 (SCH2CO) and 193.8 
(SCH2CO) ppm, and the additional resonances in the aromatic region of 
the spectrum show the presence of the SCH2C(O)Ar moiety. 

Biological activity evaluation 

In silico ADME properties of N-(4-chlorophenyl)-γ-amino acid derivatives 
The Absorption, Distribution, Metabolism and Excretion (ADME) 

properties of compounds 7, 8a–l was estimated by using SwissADME 
software with default parameters [54]. The Lipinski rule of five was used 
to evaluate the drug-likeness of the synthesized compounds. The com-
pounds with molecular mass lover than 500 g/mol, high lipophilicity 
(LogP > 5), <5 hydrogen bond donors, <10 hydrogen bond acceptors, 
molar refractivity between 40 and 130 were considered as drug-like. 

The molecular weight of synthesized compounds ranged from 332.81 
to 491.79 g/mol. The lipophilicity of the synthesized compounds ranged 
from 2.22 to 4.88 LogP. Hydrogen bond donors ranged from 0 to 1, while 
hydrogen bond acceptor number ranged from 3 to 6. The total polar 
surface area (TPSA) of the compounds 7, 8a–l ranged from 78.74 to 
150.07 Å2, respectively (Table S1). M The investigated compounds were 
predicted to have moderate to poor water solubility, relatively good 
gastrointestinal (GI) absorption and low skin permeability (-9.3 to 
− 5.41 Log Kp) making them as promising oral chemotherapeutic agents. 
All synthesized compounds except 8a were predicted to be impermeable 
thought brain-blood barrier (Table S2). Based on the Lipinski rule of 
five, and predicted in silico ADME properties, the compounds were 
predicted to show good drug-likeness properties. 

The excretion and metabolism properties of the compounds 7, 8a–l 
were also estimated. The in silico estimation provided insights on the 
interaction with human P-glicoprotein 1 (Pgp) and major cytochrome 
P450 drug metabolisim systems. Both Pgp and cytochrome P450 are 
crucial for metabolisim and excreation of the drugs. Moreover, various 
cytochrome P450 isoforms are involved in the metabolic activation of 
various pre-carcinogens and participates in the inactivation and acti-
vation of anticancer drugs and xenobiotics [55].Compounds 7a, 8c, 8d, 
8e, 8f, 8g were predicted to be a substrates of Pgp (Table S3). All 
compounds, exept 7a, 7h, 7i and 8i were predicted to inhibit CYP1A2. 
Beside 7a, all other synthesized derivatives of N-(4-chlorophenyl)- 
γ-amino acid were predicted to be inhibitors of CYP2C9. No compounds 
were predicted to inhibit CYP2D6 cytochrome P450 system (Table S3). 

These results demosntrates that the N-(4-chlorophenyl)-γ-amino acid 
derivatives have various, structure-depended interactions with major 
cytochrome P450 drug metabolisim systems. 

N-(4-Chlorophenyl)-γ-amino acid derivatives demonstrated a structure and 
concentration-depended antiproliferative activity 

Anti-proliferative and cytotoxic activity of novel N-(4-chlorophenyl)- 
γ-amino acid derivatives 7, 8a–l bearing an azole, diazole and triazole 
moieties were tested against human NSCLC cells A549 using MTT assay 
[56,57]. The A549 cell line was used as a well characterized and 
translational model that was previously used by numerous studies to 
screen compounds and therapies against NSCLC. The treatment induced 
cytotoxicity was then compared with known G(2)/M cell cycle inhibitor 
doxorubicin (DOX) and S cycle inhibitor cytosine arabinoside (AraC). 

To understand the cytotoxic activity of novel N-(4-chlorophenyl)- 
γ-amino acid derivatives, the compounds were first screened at fixed, 
biologically-relavant concentration (100 µM) to select the most potent 
leads. The A549 cells were exposed to the compounds or control drugs 
for 24 h to simulate the realistic and humanised regime required for 
cancer treatment. 

Five out of sixteen screened compounds demonstrated good anti-
proliferative activity on A549 cells by reducing the A549 viability by 
50% in comparison to UC (Fig. 3). DOX demonstrated the highest 
cytotoxic activity by reducing the A549 ciability by 20%, while treat-
ment with AraC resulted in 50% decrease of A549 viability. The com-
pounds 8c, 7d, 7e, 7g, and 8i showed the highest anti-proliferative 
activity at the concentration of 100 µM and were further used for the 
studies. 

The related compounds (7b, 7c, 8a, 8b) did not demonstrated good 
anti-proliferative activity, therefore further suggesting that the anti-
proliferative activity of N-(4-chlorophenyl)-γ-amino acid derivatives is 
structure depended. The structure–activity relationship analysis of the 
investigated compounds 7, 8 has shown that (Fig. 3) the anticancer 
activity of the S-alkylated compounds 7a,b and their cyclization prod-
ucts 8a, b with non-aromatic substituents is low and almost uniform, 
while the chloromethyl group was introduced the activity of 7c and 8c is 
markedly different. This can be explained by the fact that the chlor-
omethyl group in compound 8c is significantly more active as an alky-
lating agent compared to the chloromethyl group in compound 7c due to 
the action of the carbonyl moiety. Examination of the anticancer activity 
of S-alkylated products 7d–l and their cyclization products 8d-l with 
variously substituted aromatic substituents shows that in the absence of 
a substituent in the phenyl ring (compound 7d) or when the substituent 
is not bulky (compounds 7e, g) such compounds are characterized by 
higher anticancer activity compared to cyclization products 8d, e, g. As 
the size of the substituent on the phenyl ring increases, another trend is 
observed - the anticancer activity of the cyclization products 8i–l is 
higher compared to the S-alkylated products 7i–l. After evaluating the 
biological activity of the tested compounds and the reliability of the 
data, compounds 7d, e, g and 8c, i were selected for further studies. 

The A549 cells were further treated with increasing concentrations 
(0 – 200 µM) of the most promising compounds (8c, 7d, 7e, 7g, and 8i) 
or cytotoxic controls (DOX and AraC) and the viability as well as long 
term survival assays were used to evaluate the anticancer activity. 

All selected compounds demostrated the concentration-depended 
anticancer activity on A549 cells. 7g demonstrated the strongest anti- 
prolierative activity (IC50 = 38.38 µM), followed by 8i (IC50 = 39.6 
µM), 7d (IC50 = 41.28 µM) in comparison to AraC (IC50 = 53.0 µM) 
(Table 1). The doxorubicin demonstrated the highest anticancer activity 
on A549 cells with IC50 = 2.6 µM. 

We further investigated weather the cytotoxic activity is more se-
lective for cancerous cells. The non-cancerous Vero african green 
moneky kidney cells were treated with fixed concentration (100 µM) as 
described before. All tested compounds reduced Vero viability by 
aproximatelly 50% (Fig. 4). The 7g demonstrated weaker cytotoxcix 
activity on Vero cells, in comparison to A549 NSCLC cells, suggesting the 
possible existence of NSCLC-speciffic targets for the 7g. 

The anticancer potency and treatment-induced changes in cell 
phenotype were further confirmed by Live/Dead assay (Fig. 4). The 
A549 cells were pretreated with fixed 50 µM concentration of 8c, 7d, 7e, 
7g, and 8i to simulate the IC50 of AraC. The DMSO treated cells served as 
compound untreated control while AraC (50 µM) served as a cytotoxicity 
comparator. The selected promising N-(4-chlorophenyl)-γ-amino acid 
derivatives were able to induce the death of A549 cells as it was evident 
by the acumulation of ethidium bromide homodimer (Eth-D) in A549 
cells after 24 h treatment. The compouds 7g and 8i demonstrated the 
highest cytotoxic activity in comparison to untreated control and AraC 
(Fig. 5). 

Colectivelly, this data demonstrates a structure-depended and se-
lective cytotoxic activity of N-(4-chlorophenyl)-γ-amino acid derivatives 
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on human A549 NSCLC cells. Compounds 7g, 8i and 7d showed the 
highest potency, suggesting the important role of phenyl radical in the 
cytotoxic activity. The 3,4-dichlorophenyl substituted ring in 7g greatly 
improved the biological activity thus suggesting a this group as critical 
for cytotoxic activity. 

The N-(4-chlorophenyl)-γ-amino acid derivatives are able to alter A549 
colony formation 

The cytotoxic assay based on A549 colony formation was performed 
to explore the effect of most potent compounds 8c, 7d, 8e, 7g and 8i on 
A549 cancer cell cytotoxicity (Fig. S46–50). All tested N-(4-chlor-
ophenyl)-γ-amino acid derivatives were able to signifficantly (*p < 
0.05) reduce the A549 viability in comparison to the untreated control 
(UC) (Fig. S46-50B). All selected compounds were able to alter the 
formation in vitro thus further supporting their cytotoxic and cytostatic 
activity. 

The compound 8c bearing the chloromethyl substituent demon-
strated promising cytotoxic activity on A549 cells and was able to sup-
press the colony formation by concentration-depended manner. A549 
exposed with 50 µM of 8c was able to fully suppress the colony forma-
tion (Fig. S46 A, C) and significantly reduce the A549 viability (p < 0.05) 
in comparison to the untreated control Fig. S46 B). The activity of 8c 
could be partly explained by the ability of chloromethyl compound act 
as alkylating agent. Furthermore, the compounds 7d and 7e bearing 
C6H5 and 4-FC6H4 radicals demonstrated similar activity on A549 col-
ony formation as well as proliferation inhibition (Fig. S47, S48 A-C). 
Interestingly, despite high antiproliferative activity of 8i (Fig. S50 B), 
the compound failed to greatly affect the colony formation of A549 cells 
(Fig. 50 A, C) thus exerting mostly cytostatic and non-cytoxic activity. 

Fig. 3. The viability of A549 Non-Small Cell Lung Cancer cells after 24 h treatment with compounds 7, 8a–l and reference drugs: doxorubicin (DOX) and cytosine 
arabinoside (AraC) with fixed concentration of 100 µM. The cell viability was evaluated by using MTT assay and % of viability was calculated from untreated control. 
Data shown are mean ± SD values from 3 separate experiments for each group. 

Table 1 
The anti-cancer activity of the most potent N-(4-chlorophenyl)-γ-amino acid 
derivatives and comparator drugs (doxorubicin, DOX and cytosine arabinoside, 
AraC) on human A549 lung carcinoma cells.  

Compound IC50 (µM) R 

7d  41.28 C6H5 

7e  65.41 4-FC6H4 

7g  38.38 3,4-Cl2C6H3 

8i  39.6 4-(CF3)C6H4 

8c  106.8 CH2Cl 
DOX  2.6 NA 
AraC  53.0 NA 

Abbreviations: R – radical, IC50 – Inhibitory concentration, DOX – doxorubicin, 
AraC – cytosine arabinoside. 

Fig. 4. The selected and most proising N-(4-chlor-
ophenyl)-γ-amino acid derivatives 8c, 7d, 7e, 7g, and 
8i demonstrated the higher cytoxic activity on A549 
than non-cancerous Vero cells. The A549 and Vero 
cells were treated with selected compounds or cyto-
toxicity comparators (doxorubicin, DOX, cytosine 
arabinoside, AraC) for 24 h at the fixed concentration 
of 100 µM. After the treatment, the viability was 
evaluated using MTT assay. Data shown are mean ±
SD values from 3 separate experiments for each group.   
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Furthermore, compound 7g demosntrated the highest cytotoxicity 
and proliferation inhibition of A549 cells (Fig. S49 A-C). 7g was able to 
signifficantly (p < 0.005) reduce the viability of A549 cells at the 
concentration of 25 µM after 24 h of treatment (Fig. S49 B). The anti-
cancer activity of 7g on A549 colony formation was comparable cyto-
sine arabinoside and doxorubicin (Fig. S49 A) therefore highlighting 7g 
as potencial lead for further studies. 

Colectivelly, these results demonstrate that N-(4-chlorophenyl)- 
γ-amino acid derivatives possess anticancer properties while compound 
7g bearing 3,4-Cl2C6H3 substitution shows the highest potency in inhi-
bition of proliferation and colony formation of human A549 non-small 
cell lung carcinoma cells in vitro. 

N-(4-Chlorophenyl)-γ-amino acid derivatives induces mitochondrial injury 
and ROS generation in A549 cells 

It was previously demonstrated that numerous xenogenic amino acid 
derivatives are able to accumulate in mitochondria [58]. Ttherefore, we 
hypothesized that the cytotoxic activity of 8c, 7d, 8e, 7g and 8i could be 
a result of mitochondrial injury . To support our hypothesis we exam-
ined the microscopic changes in mitochondrial phenotypeand ROS for-
mation in A549 cells treated with test compounds. 

The A549 cells were treated with the selected and most active 
compounds (8c, 7d, 8e, 7g and 8i) at the concentration of 50 µM for 24 
h. After the treatment mitochondrial phenotype was examined by 
staining with MitoTracker mitochondria-specific probe [59] (Fig. 5). 

The most promising N-(4-chlorophenyl)-γ-amino acid derivatives 
were able to affect the mitochondrial phenotype in A549 cells (Fig. 5). 
The treatment with compounds 7e, 7g and 8i resulted highest mito-
chondrial injury in comparison to untreated control (UC) or known S- 
phase inhibitor cytosine arabinoside (AraC) treatment (Fig. 5). 

We further evaluated weather the cytotoxic activity of the com-
pounds is leading to the ROS formation, often associated with mito-
chondrial injury [60–62]. The A549 cells were treated for 24 h using 50 
µM of compounds 8c, 7d, 8e, 7g and 8i as well as AraC and DOX. 
Subsequently after the trreatment, the activity of superoxide dismuthase 
(SOD) and production of hydrogen peroxide radical was measured. The 
A549 treatment with compound 7d (p < 0.0021) resulted significantly 
higher SOD activity in comparison to untreated control (UC) (Fig. 6A). 
Moreover, treatment with compound 7g resulted decreased SOD activ-
ity, in comparison to UC. These results suggests that compound 7g is 
capable to inducing ROS leading to the reduced SOD activity [16]. This 
observation was further confirmed when hydrogen peroxide radical was 
measured (Fig. 6B). The treatment with 7g resulted significantly higher 
hydrogen peroxide production (p < 0.0001) in comparison to UC 
(Fig. 6B). 

Collectively these results demonstrate that the cytotoxic activity of 
N-(4-chlorophenyl)-γ-amino acid derivatives is leading to the mito-
chondrial injury events resulting to elevated ROS production. Moreover, 
we demonstrated that 3,4-Cl2C6H3 radical is critical, since 3,4-Cl2C6H3 

Fig. 5. The novel N-(4-chlorophenyl)-γ-amino acid derivatives 8c, 7d, 7e, 7g, 
and 8i induces death in A549 cells. A live/dead assay were employed after 
A549 treatment with compounds 8c, 7d, 7e, 7g, and 8i and cytosine arabi-
noside (AraC) for 24 h at 50 µM concentration or DMSO that served as un-
treated control (UC). A green fluoresence denotes viable cells stained with 
calcein-AM, while red/orange fluoresence represents dead cells stained with 
ethidium homodimer (EthD-1). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. The novel N-(4-chlorophenyl)-γ-amino acid derivatives 8c, 7d, 8e, 7g 
and 8i are able to induce the mitochondrial injury in A549 cells. The cells were 
treated with 50 µM of each compound or cytosine arabinoside (AraC, cyto-
toxicity control) and DMSO (UC, untreated control) for 24 h. After the treat-
ment mitochondria were visualized by staining with MitoTracker red 680 while 
nuclei were stained with DAPI. 
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replacement with other groups resulted in decreased ROS production 
and effect on mitochondrial phenotype. 

N-(4-Chlorophenyl)-γ-amino acid derivatives suppresses ATP production in 
A549 cells 

After demonstrating that the most active N-(4-chlorophenyl)- 
γ-amino acid derivatives 8c, 7d, 8e, 7g and 8i are able to target mito-
chondria resulting ROS formation, we further evaluated weather the 
disruption of mitochondrial function leading to the inhibition of 
oxidative phosphorylation and ATP production. The A549 cells were 
treated with 50 µM of compounds 8c, 7d, 8e, 7g and 8i or cytotoxic 
comparators and ATP production was evaluated using colorimetric 
assay (Fig. 7). 

All compounds except 8i were able to significantly (p < 0.05 and p 
< 0.0021) reduce the intracellular ATP concentration, in comparison to 
untreated control (Fig. 7). The treatment with 7d, 7e, 8c resulted in 
decreased intracellular ATP concentration and it was comparable to 
AraC treated cells (Fig. 7). Moreover, among all tested compounds, 
treatment with 7g resulted in the highest ATP reduction in comparison 
to UC (p < 0.0021). The intracellular ATP levels after treatment with 7g 
was also significantly lower than in AraC treated cells (p < 0.0021). t. 

These results demonstrate that N-(4-chlorophenyl)-γ-amino acid 
derivatives can suppress oxidative phosphorylation and ATP synthesis 
by structure-depended manner, while 3,4-Cl2C6H3 radical is crucial for 
the biological activity. 

The compound 7 g enhances the cytotoxic activity of s cycle inhibitor 
cytosine arabinoside 

We postulate that that the cytotoxic activity of S cycle inhibitor AraC 
could be further enhanced by using 7g as a mitochondria-targeting 
compound. We hypothesized that the 7g induced ATP starvation and 
profound ROS could enhance the AraC cytotoxic activity. 

The A549 treatment with AraC (50 µM) alone was able to reduce the 
cell viability on average by 50%, while treatment with 7g (25 and 50 
µM) resulted in significant, dose-depended viability suppression in 
comparison to UC (Fig. 8A). The AraC (50 µM) combination with 25 µM 
of 7g resulted in significantly higher reduction of A549 viability in 
comparison to AraC monotreatment (p < 0.0021). The most potent 
reduction of A549 viability was observed, when AraC was combined 
with 50 µM of 7g. The combination therapy was able to reduce the A549 

viability to 15–20% in comparison to UC or AraC monotreatment 
(Fig. 8A). 

The AraC combination with 7g (25 and 50 µM) resulted in signifi-
cantly higher hydrogen peroxide radical formation (p < 0.0001) in 
comparison to untreated control or AraC monotreatment (Fig. 8B). 
Moreover, combinational treatment resulted decrease in SOD activity, 
therefore further suggesting the production of ROS (Fig. 8C). Further-
more, the AraC combination with 7g was able to supress the A549 col-
ony formation after 24 h of exposure with the compounds (Fig. 8E). 

The enhanced cytotoxic effect was further confirmed by Live/Dead 

Fig. 7. The effect of cytotoxic of N-(4-chlorophenyl)-γ-amino acid derivatives on the superoxide dismutase (SOD) activity and hydrogen peroxide radical formation in 
A549 cells. The cells were treated with 50 µM of compounds 8c, 7d, 8e, 7g and 8i as well as AraC or DOX for 24 h and the SOD activity (A) and hydrogen peroxide 
production (B) was measured. Statistical significance was tested with Mann-Whitney t test; error bars show mean ± SD from 2 experiments containing 3 experimental 
replicas *p < 0.05, **p < 0.0021, ***p < 0.0002, **** p < 0.0001. 

Fig. 8. The cytotoxic of N-(4-chlorophenyl)-γ-amino acid derivatives sup-
presses the intracellular ATP synthesis and oxidative phosphorylation. The 
A549 cells were treated with 50 µM of compounds 8c, 7d, 8e, 7g and 8i as well 
as AraC and DOX for 24 h and the intracellular ATP concentration was 
measured by using colorimetric assays. Statistical significance was tested with 
Mann-Whitney t test; error bars show mean ± SD from 2 experiments with 3 
experimental replicas*p < 0.05, **p < 0.0021, ***p < 0.0002, **** p 
< 0.0001. 
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staining (Fig. 9). The AraC combination with 7g (25 and 50 µM) resulted 
in increased accumulation of EthD-1 and reduction of calcein-AM 
staining in A549 cells in comparison to UC or AraC monotreatment. 
Fig. 10. 

The greatest cytotoxic activity was observed when AraC was com-
bined with 50 µM (p < 0.0002) (Fig. 8A). 

The cytotoxic anticancer effect was observed when AraC was com-
bined with 7g as it was evident that A549 cells failed to formed colonies 
after 24 h of treatment in comparison to monotreatment with AraC or 7g 
(Fig. 8 E). 

After demonstrating that the AraC combination with 7g resulting 
synergistic cytotoxic interactions leading to the generation of increased 
amount of ROS, we further evaluated weather 7g complementation with 
AraC results in greater inhibition of oxidative phosphorylation leading 
to decreased production of cellular ATP. We showed that the AraC 
combination with 50 µM of compound 7g resulted significantly lower 
levels of cellular ATP (p < 0.0002) in comparison to AraC monotherapy 
(Fig. 8D). 

Collectively these results shows that compound 7g synergizes with 
AraC-mediated anticancer activity by inducing mitochondrial damage, 
ROS formation and inhibition of oxidative phosphorylation. These 
events are leading to significant reduction of ATP production and cell 
death. Further studies are needed to better understand the therapeutic 
potential, further synergistic interactions, and cellular targets of N-(4- 
chlorophenyl)-γ-amino acid derivatives. 

Conclusions 

In the present study, a series of mitochondria-targeting N-(4-chlor-
ophenyl)-γ-amino acid derivatives bearing azole, diazole, and triazole 

moieties were successfully synthesized. Additionally, we have demon-
strated that the most potent compounds exert the promising anticancer 
activity on A549 Non-Small Cell Lung Cancer (NSCLC) cells. The N-(4- 
chlorophenyl)-γ-amino acid derivatives showed good predicted ADME 
and drug-like properties with good predicted gastrointestinal absorption 
properties, making N-(4-chlorophenyl)-γ-amino acid derivatives as po-
tential orally bioavailable anticancer drugs. 

Further compounds were able to induce the mitochondrial injury, 
leading to ROS formation and decreased ATP production. Furthermore, 
the compound 7g showed synergistic interactions with cytosine arabi-
noside (AraC) suggesting the possible further exploration of 7g as 
adjuvant in sensitizing NSCLC to standard therapy of AraC. 

Mitochondria plays a vital role in cell homeostasis both in normal as 
well as transformed cells. Therefore, mitochondria is considered as a 
promising marker for anticancer therapy. Among compounds targeting 
mitochondria, various ubiquinone derivatives are known to interact 
with mitochondrial respiration complex II by competitive binding 
leading to mitochondrial injury and cell death. A strong complex II in-
hibitor α-tocopherol succinate (α-TOS) is able to compete with ubiqui-
none by binding Q site of respiratory chain complex II and induce the 
cell death in various cell lines [63]. 

Beside ubiquinone derivatives, various heterocyclic compounds have 
been previously reported to demonstrate the anticancer properties by 
interacting with mitochondrial pathway. Hickey et al. reported synthesis 
of novel mitochondria-targeted organometallic chemotherapeutics 
based on N-heterocyclic carbene complexes with gold [64]. The inves-
tigated compounds were highly accumulating in mitochondria and were 
able to induce a death in breast cancer cell lines. 

The in vitro activity studies revealed that the most potent compounds 
synthesized during this study is able to induce the mitochondrial injury, 

Fig. 9. The compound 7g enhances the cytotoxic activity (panel A) of cytosine arabinoside (AraC) by inducing ROS formation (panel B and C) and inhibiting ATP 
synthesis (panel D) and colony formation (panel E). The A549 cells were treated with 50 µM of AraC and compound 7g (12.5–50 µM) for 24 h. After the treatment, 
the viability, SOD activity, hydrogen peroxide production and ATP concentration were measured. Statistical significance was tested with one-way ANOVA test; error 
bars show mean ± SD from 3 experiments *p < 0.05, **p < 0.0021, ***p < 0.0002, **** p < 0.0001. 
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as it was evident by the aberrant mitochondrial staining using selective 
probes. The mitochondrial injury phenotype was most evident when 
A549 cells were treated with 7g (IC50 38.38 µM) bearing 3,4-Cl2C6H3 
substituent. The treatment resulted in significant production of ROS as 
evidenced by the increase in formation of hydrogen peroxide, decrease 
in superoxide dismutase activity and ATP production. 

Only compound 7g synergized with AraC, suggesting that the 3,4- 
Cl2C6H3 group is critical for biological activity. The synergistic combi-
nation of AraC and 7g resulted in greater reduction of A549 viability in 
treated cells as well as ROS formation. The combinatory treatment 
resulted decreased production of ATP suggesting that the combination is 
acting on oxidative phosphorylation. The anticancer activity of 7g 
combination with AraC was comparable to doxorubicin monotherapy, 
suggesting that the adverse doxorubicin associated side effects could be 
potentially avoided by using a combination of two drugs with additive 
anticancer effect. 

The in silico prediction of ADME properties revealed that 7g have 
good drug-liknes properties with Lipinski-acceptable lipophilicity, sol-
ubility and high GI absorption properties. 7g was not predicted to be 
permeant through Brain-Blood barrier, therefore chemotherapy 

associated toxicity to CNS could be potentially avoided. 
With this notion, 7g could be further investigated as adjuvant com-

pound enhancing cytarabine (AraC) induced killing of NSCLC. Further 
studies are needed to better understand the safety, in vivo efficacy, and 
cellular targets of 7g and other anticancer N-(4-chlorophenyl)-γ-amino 
acid derivatives. 

Experimental section 

General procedures 
Starting materials and solvents were purchased from Sigma-Aldrich 

(St. Louis, MO, USA) and used without further purification. The reac-
tion course and purity of the synthesized compounds were monitored by 
TLC using aluminium plates pre-coated with Silica gel with F254 nm 
(Merck KGaA, Darmstadt, Germany). Melting points were determined 
with a B-540 melting point analyser (Büchi Corporation, New Castle, DE, 
USA) and are uncorrected. IR spectra (ν, cm− 1) were recorded on a 
Perkin–Elmer Spectrum 100 FT–IR spectrometer (Perkin–Elmer Inc., 
Waltham, MA, USA) using KBr pellets. NMR spectra were recorded on a 
Brucker Avance III (400, 101 MHz) spectrometer (Bruker BioSpin AG, 

Fig. 10. The compound 7g enhances the cytotoxic activity of cytosine arabinoside (AraC) on human A549 lung cancer cells. The A549 cells were incubated with 
AraC (50 µM) alone and in combination with compound 7g (12.5–50 µM) for 24 h and the cell viability was evaluated by using Live/Dead staining. A green flu-
oresence denotes viable cells stained with calcein-AM, while red/orange fluoresence represents dead cells stained with ethidium homodimer (EthD-1). 
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Fällanden, Switzerland). Chemical shifts were reported in (δ) ppm 
relative to tetramethylsilane (TMS) with the residual solvent as internal 
reference ([d6] DMSO, δ = 2.50 ppm for 1H and δ = 39.5 ppm for 13C). 
Data are reported as follows: chemical shift, multiplicity, coupling 
constant [Hz], integration and assignment. Mass spectra were obtained 
on Bruker Daltonic – maXis 4G mass spectrometer (Bruker Daltonics, 
Bremen, Germany) with ESI ionization. Elemental analyses (C, H, N) 
were conducted using the Elemental Analyzer CE-440, their results were 
found to be in good agreement (±0.3%) with the calculated values. 

1-(4-Chlorophenyl)-4-(5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-3- 
yl)pyrrolidin-2-one (1, C12H11ClN4OS). Compound 1 was synthesized 
according to the method described in literature [44,45]. 

Ethyl ({3-[1-(4-chlorophenyl)-5-oxopyrrolidin-3-yl]-1H-1,2,4-triazol- 
5-yl}sulfanyl)acetate (2, C16H17ClN4O3S). A mixture of triazole 1 (5.90 g, 
20 mmol), ethyl chloroacetate (3.06 g, 25 mmol), and 1,4-dioxane (50 
mL) was heated at reflux for 3 h. Then the reaction mixture was cooled 
down and diluted with water (50 mL), the precipitate was filtered off, 
washed with water. Recrystallization from the mixture of propan-2-ol 
and water (1 : 1) afforded 5.26 g (69%) 2. M.p.: 66–67 ◦C; 1H NMR 
(400 MHz, DMSO‑d6): δ = 13.96 (s, 1H, NH), 7.68 (d, J = 8.9 Hz, 2H, 
HAr), 7.43 (d, J = 8.9 Hz, 2H, HAr), 4.24–3.93 (m, 6H, NCH2, SCH2, 
OCH2), 3.90–3.80 (m, 1H, CH2CH), 3.02–2.75 (m, 2H, CH2CO), 1.14 (t, 
J = 7.1 Hz, 3H, CH3) ppm; 13C NMR (101 MHz, DMSO‑d6): δ = 174.6, 
171.9 (2C = O), 168.7, 158.2, 138.0, 128.6, 127.9, 121.0 (CAr + 2C =
N), 61.0 (OCH2), 52.0 (NCH2), 37.2 (COCH2), 33.4 (SCH2), 28.7 
(CH2CH), 14.0 (CH3) ppm; IR (KBr): ν = 3520, 1699, 1721, 1566, 1493 
cm− 1; HRMS (ESI): m/z calcd. for C16H18ClN4O3S [M + H]+ 381.0783, 
found 381.0787. 

4-(5-{[(1H-Benzimidazol-2-yl)methyl]sulfanyl}-1H-1,2,4-triazol-3-yl)- 
1-(4-chlorophenyl)pyrrolidin-2-one (3, C20H17ClN6OS). A mixture of ester 
2 (1.00 g, 2.63 mmol), benzene-1,2-diamine (0.60 g, 5.50 mmol) and 
10% hydrochloric acid (25 mL) was heating at reflux for 48 h, cooled, 
diluted with water (30 mL). The precipitate was filtered off, washed with 
water, and dissolved in methanol, the solution was added 5% sodium 
carbonate (20 mL). The precipitate was filtered off, washed with water, 
recrystallized from methanol to afford 0.68 g (60%) 3. M.p.: 
180–181 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ = 13.01 (br. s, 2H, 2NH), 
7.69 (d, J = 8.9 Hz, 2H, HAr), 7.56–7.06 (m, 6H, HAr), 4.54 (s, 2H, SCH2), 
4.25–3.95 (m, 2H, NCH2), 3.85 (p, J = 7.6 Hz, 1H, CH), 3.02–2.77 (m, 
2H, CH2CO) ppm; IR (KBr): ν = 3393, 3139, 1682, 1624, 1573, 1503 
cm− 1; HRMS (ESI): m/z calcd. for C20H18ClN6OS [M + H]+ 425.0946, 
found 425.0948. 

2-({3-[1-(4-Chlorophenyl)-5-oxopyrrolidin-3-yl]-1H-1,2,4-triazol-5- 
yl}sulfanyl)acetohydrazide (4, C14H15ClN6O2S). A mixture of ester 2 
(5.50 g, 15 mmol), hydrazine monohydrate (1.00 g, 20 mmol), and 
propan-2-ol (50 mL) was heated at reflux 5 h. Then the reaction mixture 
was cooled down, filtered, and washed diethyl ether. Recrystallized 
from methanol to afforded 3.74 g (68%) 4. M.p.: 165–166 ◦C; 1H NMR 
(400 MHz, DMSO‑d6): δ = 13.94 (s, 1H, NH), 9.26 (s, 1H, CONH), 7.69 
(d, J = 8.9 Hz, 2H, HAr), 7.43 (d, J = 8.9 Hz, 2H, HAr), 4.36 (br. s, 2H, 
NH2), 4.24–3.97 (m, 2H, NCH2), 3.90–3.80 (m, 1H, CH), 3.78 (s, 2H, 
SCH2), 3.01–2.77 (m, 2H, CH2CO) ppm; 13C NMR (101 MHz, DMSO‑d6): 
δ = 172.1 (C = O), 166.7 (NHC = O), 165.2, 158.4, 138.0, 128.6, 127.9, 
121.0 (CAr), 52.0 (NCH2), 37.3 (COCH2), 33.6 (SCH2), 29.0 (CH2CH) 
ppm; IR (KBr): ν = 3437, 3332, 3134, 1682, 1661, 1552, 1467 cm− 1; 
HRMS (ESI): m/z calcd. for C14H16ClN6O2S [M + H]+ 367.0740, found 
367.0738. 

General procedure for the preparation of hydrazones 5a–e. A mixture of 
hydrazide 4 (0.37 g, 1 mmol), corresponding aldehyde (1.1 mmol), and 
1,4-dioxane (10 mL) was heated at reflux for 2 h. Then the reaction 
mixture was cooled down, diluted with diethyl ether (20 mL). The 
precipitate was filtered off, washed with diethyl ether and recrystallized 
from methanol. 

2-({3-[1-(4-Chlorophenyl)-5-oxopyrrolidin-3-yl]-1H-1,2,4-triazol-5- 
yl}thio)-N’-[phenylmethylidene]acetohydrazide (5a, C21H19ClN6O2S). 

Yield 0.31 g (68%). M.p.: 116–117 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ 
= 13.95 (s, 1H, NH), 11.65 (s, 0.6H, CONH), 11.57 (s, 0.4H, CONH), 
8.18 (s, 0.4H, N = CH), 8.00 (s, 0.6H, N = CH), 7.95–7.50 (m, 4H, HAr), 
7.50–7.05 (m, 5H, HAr), 4.35 (s, 1.3H, SCH2), 4.25–4.12 (m, 1H, NCH2), 
4.03–3.70 (m, 1H, NCH2, 0.7H, SCH2 and 1H, CH), 3.03–2.74 (m, 2H, 
CH2CO) ppm; IR (KBr): ν = 3422, 3210, 1682, 1678, 1605, 1593, 1557 
cm− 1; HRMS (ESI): m/z calcd. for C21H19ClN6O2SNa [M + Na]+

477.0876, found 477.0870. 
2-({3-[1-(4-Chlorophenyl)-5-oxopyrrolidin-3-yl]-1H-1,2,4-triazol-5-yl 

}sulfanyl)-N’-[(4-fluorophenyl)methylidene]acetohydrazide (5b, C21H18 
ClFN6O2S). Yield 0.35 g (74%). M.p.: 127–128 ◦C; 1H NMR (400 MHz, 
DMSO‑d6): δ = 13.89 (br. s, 1H, NH), 11.60 (br. s, 1H, CONH), 8.18 (s, 
0.4H, N = CH), 8.00 (s, 0.6H, N = CH), 7.80–7.58 (m, 4H, HAr), 
7.47–7.34 (m, 2H, HAr), 7.32–7.19 (m, 2H, HAr), 4.35 (s, 1.2H, SCH2), 
4.26–3.91 (m, 2H, NCH2 and 0.8H, SCH2), 3.91–3.74 (m, 1H, CH), 
3.02–2.74 (m, 2H, CH2CO) ppm; IR (KBr): ν = 3437, 3223, 1709, 1674, 
1607, 1595, 1555 cm− 1; HRMS (ESI): m/z calcd. for C21H19ClFN6O2S 
[M + H]+ 473.0957, found 473.0950. 

N’-[(4-Chlorophenyl)methylidene]-2-({3-[1-(4-chlorophenyl)-5-oxopy 
rrolidin-3-yl]-1H-1,2,4-triazol-5-yl}sulfanyl)acetohydrazide (5c, C21H18 
Cl2N6O2S). Yield 0.37 g (76%). M.p.: 127–128 ◦C; 1H NMR (400 MHz, 
DMSO‑d6): δ = 13.84 (br. s, 1H, NH), 11.66 (br. s, 1H, CONH), 8.17 (s, 
0.35H, N = CH), 8.00 (s, 0.65H, N = CH), 7.74–7.62 (m, 4H, HAr), 
7.54–7.45 (m, 2H, HAr), 7.44–7.34 (m, 2H, HAr), 4.38 (s, 1.3H, SCH2), 
4.27–3.90 (m, 2H, NCH2 and 0.7H, SCH2), 3.92–3.77 (m, 1H, CH), 
3.04–2.70 (m, 2H, CH2CO) ppm; IR (KBr): ν = 3444, 3179, 1706, 1689, 
1652, 1609, 1545 cm− 1; HRMS (ESI): m/z calcd. for C21H19Cl2N6O2S [M 
+ H]+ 489.0662, found 489.0666. 

2-({3-[1-(4-Chlorophenyl)-5-oxopyrrolidin-3-yl]-1H-1,2,4-triazol-5- 
yl}sulfanyl)-N’-[(4-nitrophenyl)methylidene]acetohydrazide (5d, C21H18 
ClN7O4S). Yield 0.42 g (84 %). M.p.: 139–140 ◦C ; 1H NMR (400 MHz, 
DMSO‑d6): δ = 13.96 (s, 1H, NH), 11.95 (s, 0.35H, CONH), 11.87 (s, 
0.65H, CONH), 8.34–8.19 (m, 0.35H, N = CH and 2H, HAr), 8.08 (s, 
0.65H, N = CH), 7.91 (d, J = 8.3 Hz, 2H, HAr), 7.64 (d, J = 8.8 Hz, 2H, 
HAr), 7.38 (d, J = 7.9 Hz, 2H, HAr), 4.40 (s, 1.25H, SCH2), 4.23–3.90 (m, 
2H, NCH2 and 0.75H, SCH2), 3.91–3.69 (m, 1H, CH), 3.02–2.72 (m, 2H, 
CH2CO) ppm; IR (KBr): ν = 3457, 3199, 1694, 1658, 1592, 1686, 1520 
cm− 1; HRMS (ESI): m/z calcd. for C21H19ClN7O4S [M + H]+ 500.0902, 
found 500.0900. 

2-({3-[1-(4-Chlorophenyl)-5-oxopyrrolidin-3-yl]-1H-1,2,4-triazol-5-yl 
}sulfanyl)-N’-[(thiophen-2-yl)methylidene]acetohydrazide (5e, C19H17 
ClN6O2S2). Yield 0.30 g (65 %). M.p.: 115–116 ◦C; 1H NMR (400 MHz, 
DMSO‑d6): δ = 13.95 (s, 1H, NH), 11.60 (s, 0.6H, CONH), 11.54 (s, 0.4H, 
CONH), 8.39 (s, 0.4H, N = CH), 8.17 (m, 0.6H, N = CH) 7.74–7.58 (m, 
3H, HAr+Thioph), 7.47–7.35 (m, 3H, HAr+Thioph), 7.17–7.07 (m, 1H, 
HThioph), 4.27 (s, 1.2H, SCH2), 4.24–3.68 (m, 2H, NCH2 and 0.8H, SCH2 
and 1H, CH), 3.01–2.76 (m, 2H, CH2CO) ppm; IR (KBr): ν = 3470, 3195, 
1675, 1597, 1565 cm− 1; HRMS (ESI): m/z calcd. for C19H17ClN6O2S2Na 
[M + Na]+ 483.0440, found 483.0434. 

2-[{3-(1-(4-Chlorophenyl)-5-oxopyrrolidin-3-yl)-1H-1,2,4-triazol-5-yl 
}thio]-N-(2,5-dimethyl-1H-pyrrol-1-yl)acetamide (6, C20H21ClN6O2S). A 
mixture of hydrazide 4 (0.96 g, 2.7 mmol), hexane-2,5-dione (0.34 g, 
3.0 mmol), and methanol (10 mL) was heated at reflux for 3 h. Then the 
liquid fractions were evaporated under reduced pressure and the residue 
was poured over with 10% aqueous Na2CO3 solution (20 mL). The 
precipitate was filtered off, washed with water, and recrystallized from 
propan-2-ol to afford 0.91 g (76%) 6. M.p.: 93–94 ◦C ; 1H NMR (400 
MHz, DMSO‑d6): δ = 10.46 (br s, 2H, 2NH), 7.68 (d, J = 8.9 Hz, 2H, 
HAr), 7.42 (d, J = 8.9 Hz, 2H, HAr), 5.72 and 5.60 (2 s, 2H, CH-CH), 
4.22–3.98 (m, 2H, NCH2), 3.95 (s, 2H, SCH2), 3.86–3.74 (m, 1H, CH), 
3.00–2.78 (m, 2H, CH2CO), 1.91 (s, 6H, 2CH3) ppm; 13C NMR (101 MHz, 
DMSO‑d6): δ = 172.2, 167.7 (2C = O), 160.8, 155.3, 138.1, 128.6, 
127.8, 126.8, 120.9, 102.9 (CAr), 52.2 (NCH2), 37.5 (COCH2), 33.4 
(SCH2), 29.1 (CH2CH), 11.1, 10.8 (2CH3) ppm; IR (KBr): ν = 3329, 3253, 
1694, 1662, 1595, 1570 cm− 1; HRMS (ESI): m/z calcd. for 
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C20H22ClN6O2S [M + H]+ 445.1208, found 445.1212. 
General procedure for the preparation of compounds 7a–l. A mixture of 

triazole 2 (1.20 g, 4.1 mmol), corresponding α -haloketone (4.5 mmol), 
and acetone (10 mL) was heated at reflux for 2 h. The precipitate was 
filtered off, washed with water, and dried. Solids were dissolved in 
appropriate solvent, filtered and diluted with 10% aqueous sodium ac-
etate solution. 

({5-[1-(4-Chlorophenyl)-5-oxopyrrolidin-3-yl]-4H-1,2,4-triazol-3-yl} 
sulfanyl)acetaldehyde (7a, C14H13ClN4O2S). Yield 0.76 g (55%). M.p. 
204–205 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ = 12.23 (br. s, 1H, NH), 
9.55 (t, 1H, J = 5.4, CHO), 7.70 (d, 2H, J = 8.9, HAr), 7.42 (d, 2H, J =
8.9, HAr), 4.41–4.08 (m, 2H, NCH2), 3.78 (p, 1H, J = 7.9, CH), 3.65 (d, 
2H, J = 12.2, SCH2), 3.05–2.72 (m, 2H, CH2CO) ppm; 13C NMR (101 
MHz, DMSO‑d6): δ = 197.5, 172.4, 170.1 158.3, 138.2, 128.6, 127.7, 
120.8, 52.2, 42.4, 37.3, 30.7 ppm; Analysis calcd. for C14H13ClN4O2S 
(%) C, 49.93; H, 3.89; N, 16.64; Found: C, 50.03; H, 4.00; N, 16.52. 

1-(4-Chlorophenyl)-4-{5-[(2-oxopropyl)sulfanyl]-1H-1,2,4-triazol-3- 
yl}pyrrolidin-2-one hydrochloride (7b, C15H16Cl2N4O2S). Yield 0.89 g 
(56%). M.p. 162–163 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ = 10.24 (br. 
s, 2H, NH), 7.68 (d, 2H, J = 8.9, HAr), 7.43 (d, 2H, J = 8.9, HAr), 4.12 (s, 
2H, SCH2), 4.27–3.77 (m, 3H, CH, NCH2), 3.02–2.73 (m, 2H, CH2CO), 
2.21 (s, 3H, CH3) ppm; 13C NMR (101 MHz, DMSO‑d6): δ = 202.4, 172.0, 
160.1, 154.0, 138.0, 128.6, 127.9, 121.0, 52.0, 42.0, 37.3, 28.7 ppm; 
Analysis calcd. for C15H16Cl2N4O2S (%) C, 46.52; H, 4.16; N, 14.47. 
Found: C, 46.24; H, 4.20; N, 14.35. 

4-{5-[(3-Chloro-2-oxopropyl)sulfanyl]-4H-1,2,4-triazol-3-yl}-1-(4- 
chlorophenyl)pyrrolidin-2-one (7c, C15H14Cl2N4O2S). Yield 0.80 g (51%). 
M.p. 111–112 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ = 14.08 (br. s, 1H, 
NH), 7.75–7.40 (m, 4H, HAr), 5.04 (s, 2H, CH2Cl), 4.56 (s, 2H, SCH2), 
4.34–3.91 (m, 3H, NCH2, CH), 3.12–2.86 (m, 2H, CH2CO) ppm; 13C 
NMR (101 MHz, DMSO‑d6): δ = 199.2, 172.0, 156.8, 153.9, 138.0, 
128.6, 127.8, 121.0, 52.0, 40.6, 37.2, 28.9, 26,9 ppm; Analysis calcd. for 
C15H14Cl2N4O2S (%) C, 46.76; H, 3.66; N, 14.54; Found: C, 46.58; H, 
3.75; N, 14.35. 

1-(4-Chlorophenyl)-4-{5-[(2-oxo-2-phenylethyl)sulfanyl]-1H-1,2,4-tri-
azol-3-yl}pyrrolidin-2-one (7d, C20H17ClN4O2S). Yield 1.64 g (97%). M. 
p.: 180–181 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ = 12.26 (s, 1H, NH), 
8.09–7.34 (m, 9H, HAr), 4.82 (s, 2H, SCH2), 4.21–3.91 (m, 2H, NCH2), 
3.88–3.76 (m, 1H, CH), 2.99–2.70 (m, 2H, CH2CO) ppm; 13C NMR (101 
MHz, DMSO‑d6): δ = 193.8 (SCH2CO), 172.0 (C = O), 160.3, 155.3, 
138.0, 135.6, 133.6, 128.8, 128.6, 128.5, 128.4, 127.9, 121.0, 120.9 
(CAr), 52.0 (NCH2), 37.2 (COCH2), 33.7 (SCH2), 28.9 (CH2CH) ppm; IR 
(KBr): ν = 3143, 1684, 1661, 1594, 1555 cm− 1; HRMS (ESI): m/z calcd. 
for C20H18ClN4O2S [M + H]+ 413.0834, found 413.0837. 

1-(4-Chlorophenyl)-4-(5-{[2-(4-fluorophenyl)-2-oxoethyl]sulfanyl}- 
1H-1,2,4-triazol-3-yl)pyrrolidin-2-one (7e, C20H16ClFN4O2S). Yield 1.48 
g (84 %). M.p.: 184–185 ◦C ; 1H NMR (400 MHz, DMSO‑d6): δ = 13.91 (s, 
1H, NH), 8.15–7.28 (m, 8H, HAr), 4.78 (s, 2H, SCH2), 4.25–3.90 (m, 2H, 
NCH2), 3.88–3.73 (m, 1H, CH), 2.99–2.70 (m, 2H, CH2CO) ppm; 13C 
NMR (101 MHz, DMSO‑d6): δ = 192.5 (SCH2CO), 172.0 (C = O), 166.4, 
163.9, 158.0, 138.0, 132.3, 131.5, 131.4, 128.6, 128.5, 127.8, 120.9, 
121.0, 115.9, 115.7 (CAr), 52.0 (NCH2), 37.2 (COCH2), 30.7 (SCH2), 
28.9 (CH2CH) ppm; IR (KBr): ν = 3150, 1683, 1660, 1594, 1557 cm− 1; 
HRMS (ESI): m/z calcd. for C20H17ClFN4O2S [M + H]+ 431.0739, found 
431.0740. 

1-(4-Chlorophenyl)-4-(5-{[2-(4-chlorophenyl)-2-oxoethyl]sulfanyl}- 
1H-1,2,4-triazol-3-yl)pyrrolidin-2-one (7f, C20H16Cl2N4O2S). Yield 1.35 g 
(74%). M.p. 184–185 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ = 13.90 (br. 
s, 1H, NH), 8.10–7.30 (m, 8H, HAr), 4.77 (br. s, 2H, SCH2), 4.22–3.74 (m, 
3H, CH, NCH2), 2.89–2.70 (m, 2H, CH2CO) ppm; 13C NMR (101 MHz, 
DMSO‑d6): δ = 193.0, 172.0, 167.6, 158.0, 138.5, 138.0, 134.3, 130.3, 
128.9, 128.6, 127.8, 120.9, 52.0, 37.2, 29.3 ppm; Analysis calcd. for 
C20H16Cl2N4O2S (%) C, 53.70; H, 3.61; N, 12.52. Found: C, 53.54; H, 
3.48; N, 12.31. 

1-(4-Chlorophenyl)-4-(5-{[2-(3,4-dichlorophenyl)-2-oxoethyl] 

sulfanyl}-1H-1,2,4-triazol-3-yl)pyrrolidin-2-one (7g, C20H15Cl3N4O2S). 
Yield 1.44 g (73%). M.p. 148–149 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ 
= 13.94 (br. s, 1H, NH), 8.31–7.31 (m, 7H, HAr), 4.75 (br. s, 2H, SCH2), 
4.22–3.68 (m, 3H, CH, NCH2), 2.66–3.02 (m, 2H, CH2CO) ppm; Analysis 
calcd. for C20H15Cl3N4O2S (%) C, 49.86; H, 3.14; N, 11.63. Found: C, 
49.75; H, 3.08; N, 11.51. 

4-(5-{[2-(4-Bromophenyl)-2-oxoethyl]sulfanyl}-1H-1,2,4-triazol-3-yl)- 
1-(4-chlorophenyl)pyrrolidin-2-one (7h, C20H16BrClN4O2S). Yield 1.57 g 
(78%). M.p. 170–171 ◦C; 1H NMR (400 MHz, DMSO‑d6) δ (ppm): 1H 
NMR (400 MHz, DMSO‑d6): δ = 13.42 (br. s, 1H, NH), 7.98–7.30 (m, 8H, 
HAr), 4.76 (s, 2H, SCH2), 4.22–3.74 (m, 3H, CH, NCH2), 3.00–2.64 (m, 
2H, CH2CO) ppm; 13C NMR (101 MHz, DMSO‑d6): δ = 193.2, 172.0, 
160.5, 155.3, 138.0, 134.6, 131.8, 131.5, 130.3, 128.54, 127.8, 120.9, 
52.0, 37.3, 28.9 ppm; Analysis calcd. for C20H16BrClN4O2S (%) C, 48.85; 
H, 3.28; N, 11.39. Found: C, 48.71; H, 3.23; N, 11.25. 

1-(4-Chlorophenyl)-4-[5-({2-oxo-2-[4-(trifluoromethyl)phenyl]ethyl} 
sulfanyl)-1H-1,2,4-triazol-3-yl]pyrrolidin-2-one (7i, C21H16ClF3N4O2S). 
Yield 1.48 g (75%). M.p. 181–182 ◦C; 1H NMR (400 MHz, DMSO‑d6) δ 
(ppm): 1H NMR (400 MHz, DMSO‑d6): δ = 13.93 (br. s, 1H, NH), 
8.35–7.28 (m, 8H, HAr), 4.83 (br. s, 2H, SCH2), 4.21–3.73 (m, 3H, CH, 
NCH2), 2.99–2.67 (m, 2H, CH2CO), ppm; 13C NMR (101 MHz, 
DMSO‑d6): δ = 193.5, 172.4, 172.0, 138.9, 138.0, 132.9, 132.6, 129.2, 
128.5, 127.9, 126.1, 125.72, 125.69, 125.1, 122.4, 120.9, 52.0, 37.3, 
33.7 ppm; Analysis calcd. for C21H16ClF3N4O2S (%) C, 52.45; H, 3.35; N, 
11.65. Found: C, 52.37; H, 3.24; N, 11.54. 

4-[({5-[1-(4-Chlorophenyl)-5-oxopyrrolidin-3-yl]-1H-1,2,4-triazol-3- 
yl}sulfanyl)acetyl]benzonitrile (7j, C21H16ClN5O2S). Yield 1.01 g (56%). 
M.p. 165–166 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ = 13.91 (br. s, 1H, 
NH), 8.22–7.33 (m, 8H, HAr), 4.80 (s, 2H, SCH2), 4.21–3.73 (m, 3H, CH, 
NCH2), 2.98–2.65 (m, 2H, CH2CO) ppm; 13C NMR (101 MHz, DMSO‑d6): 
δ = 193.5; 171.9, 138.9, 138.0, 132.7, 128.9, 128.6, 128.6, 127.8, 
120.9, 120.8, 118.1, 115.4, 51.9, 37.2, 28.8 ppm; Analysis calcd. for 
C21H16ClN5O2S (%) C, 57.60; H, 3.68; N, 15.99. Found: C, 57.48; H, 
3.60; N, 15.85. 

1-(4-Chlorophenyl)-4-(5-{[2-(4-nitrophenyl)-2-oxoethyl]sulfanyl}-1H- 
1,2,4-triazol-3-yl)pyrrolidin-2-one (7k, C20H16ClN5O4S). Yield 1.69 g (90 
%). M.p.: 179–180 ◦C ; 1H NMR (400 MHz, DMSO‑d6): δ = 13.95 (s, 1H, 
NH), 8.32 (d, J = 8.4 Hz, 2H, HAr), 8.21 (d, J = 8.6 Hz, 2H, HAr), 7.64 (d, 
J = 8.6 Hz, 2H, HAr), 7.40 (d, J = 8.4 Hz, 2H, HAr), 4.93 (s, 2H, SCH2), 
4.21–3.78 (m, 2H, NCH2), 3.75–3.60 (m, 1H, CH), 3.01–2.64 (m, 2H, 
CH2CO) ppm; IR (KBr): ν = 3148, 1689, 1660, 1596, 1565 cm− 1; HRMS 
(ESI): m/z calcd. for C20H17ClN5O4S [M + H]+ 458.0684, found 
458.0681. 

1-(4-Chlorophenyl)-4-{5-[(2-{4-(methylsulfonyl)phenyl}-2-oxoethyl) 
thio]-1H-1,2,4-triazol-3-yl}pyrrolidin-2-one (7l, C21H19ClN4O4S2). Yield 
1.19 g (59%). M.p. 156–157 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ =
13.85 (br. s, 1H, NH), 8.29–7.35 (m, 8H, HAr), 4.83 (s, 2H, SCH2), 
4.21–3.76 (m, 3H, CH, NCH2), 3.28 (s, 3H, CH3), 2.68–2.97 (m, 2H, 
CH2) ppm; Analysis calcd. for C21H19ClN4O4S2 (%) C, 51.37; H, 3.90; N, 
11.41. Found: C, 51.30; H, 3.83; N, 11.33. 

General procedure for the preparation of compounds 8a–l. Corre-
sponding compound 7a–l (2 mmol) was dissolved in acetic acid (10 mL), 
and several drops of sulphuric acid were added. Then the mixture was 
heated at reflux for 3–12 h, cooled, and pour into crashed ice (20 mL). 
The precipitate was filtered off, washed with water and recrystallized 
from methanol. 

1-(4-Chlorophenyl)-4-([1,3]thiazolo[3,2-b][1,2,4]triazol-2-yl)pyrroli-
din-2-one (8a, C14H11ClN4OS). Yield 0.43 g (67%). M.p. 160–161 ◦C; 1H 
NMR (400 MHz, DMSO‑d6): δ = 8.32 (d, 1H, J = 4.4, CHTh), 7.71 (d, 2H, 
J = 8.8, HAr), 7.51 (d, 1H, J = 4.4, CHTh), 7.42 (d, 2H, J = 8.6, HAr), 
4.34–4.03 (m, 2H, NCH2), 4.00–3.88 (m, 1H, CHPyr), 3.10–2.76 (m, 2H, 
CH2CO) ppm; 13C NMR (101 MHz, DMSO‑d6): δ = 172.8; 169.9, 157.4, 
138.6, 129.0, 128.2, 121.4, 115.3, 52.8, 38.0, 31.0 ppm; Analysis calcd. 
for C14H11ClN4OS (%) C, 52.75; H, 3.48; N, 17.58. Found: C, 52.55; H, 
3.57; N, 17.41. 

1-(4-Chlorophenyl)-4-(6-methyl[1,3]thiazolo[3,2-b][1,2,4]triazol-2- 
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yl)pyrrolidin-2-one (8b, C15H13ClN4OS). Yield 0.46 g (69%). M.p. 
160–161 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ = 7.72 (d, 2H, J = 9.0, 
HAr), 7.42 (d, 2H, J = 9.0, HAr), 7.13 (s, 1H, CHTh), 4.34–4.05 (m, 2H, 
NCH2), 4.01–3.90 (m, 1H, CHPyr), 3.11–2.84 (m, 2H, CH2CO), 2.45 (s, 
3H, CH3) ppm; 13C NMR (101 MHz, DMSO‑d6): δ = 172.3; 169.1, 156.2, 
138.1, 129.1, 128.5, 127.7, 120.9, 108.6, 52.4, 37.6, 30.7, 12.0 ppm; 
Analysis calcd. for C15H13ClN4OS (%) C, 54.14; H, 3.94; N, 16.84. 
Found: C, 54.03; H, 3.85; N, 16.78. 

4-[6-(Chloromethyl)[1,3]thiazolo[3,2-b][1,2,4]triazol-2-yl]-1-(4- 
chlorophenyl)pyrrolidin-2-one (8c, C15H12Cl2N4OS). Yield 0.39 g (53%). 
M.p. 103–104 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ = 7.69 (d, 2H, J =
8.7, HAr), 7.42 (d, 2H, J = 8.8, HAr), 7.24 (s, 1H, CHTh), 5.21 (s, 2H, 
CH2Cl), 4.24–4.05 (m, 2H, NCH2), 4.05–3.92 (m, 1H, CH), 2.97–2.77 
(m, 2H, CH2CO) ppm; 13C NMR (101 MHz, DMSO‑d6): δ = 172.3; 169.5, 
156.7, 148.5, 138.0, 128.8, 128.5, 120.9, 115.0, 52.4, 37.3, 32.9, 30.7 
ppm; Analysis calcd. for C15H12Cl2N4OS (%) C, 49.06; H, 3.29; N, 15.26; 
Found: C, 49.15; H, 3.12; N, 15.11. 

1-(4-Chlorophenyl)-4-(6-phenyl[1,3]thiazolo[3,2-b][1,2,4]triazol-2- 
yl)pyrrolidin-2-one (8d, C20H15ClN4OS). Yield 0.62 g (78 %). M.p.: 
175–176 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ = 8.19 (d, J = 7.9 Hz, 2H, 
HAr), 7.92–7.35 (m, 8H, HAr+Th), 4.37–4.09 (m, 2H, NCH2), 4.06–3.97 
(m, 1H, CH), 3.12–2.90 (m, 2H, CH2CO) ppm; 13C NMR (101 MHz, 
DMSO‑d6): δ = 172.3 (C = O), 169.3, 157.2, 138.1, 131.5, 129.6, 128.9, 
128.6, 127.8, 127.7, 126.3, 121.0, 110.3 (CAr), 52.5 (NCH2), 37.6 
(COCH2), 30.8 (CH2CH) ppm; IR (KBr): ν = 1700, 1596, 1553, 1500 
cm− 1; HRMS (ESI): m/z calcd. for C20H16ClN4OS [M + H]+ 395.0728, 
found 395.0728. 

1-(4-Chlorophenyl)-4-[6-(4-fluorophenyl)[1,3]thiazolo[3,2-b][1,2,4] 
triazol-2-yl]pyrrolidin-2-one (8e, C20H14ClFN4OS). Yield 0.58 g (70 %). 
M.p.: 151–152 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ = 8.35–7.27 (m, 9H, 
HAr), 4.37–4.09 (m, 2H, NCH2), 4.03 (p, J = 6.8 Hz, 1H, CH), 3.16–2.83 
(m, 2H, CH2CO) ppm; 13C NMR (101 MHz, DMSO‑d6): δ = 172.3 (C =
O), 169.3, 163.8, 161.4, 157.2, 138.1, 131.3, 130.5, 128.7, 128.6, 
121.0, 116.1, 115.9, 115.7, 110.1 (CAr), 52.5 (NCH2), 37.6 (COCH2), 
30.7 (CH2CH) ppm; IR (KBr): ν = 1689, 1596, 1560, 1510 cm− 1; HRMS 
(ESI): m/z calcd. for C20H15ClFN4OS [M + H]+ 413.0634, found 
413.0635. 

1-(4-Chlorophenyl)-4-[6-(4-chlorophenyl)[1,3]thiazolo[3,2-b][1,2,4] 
triazol-2-yl]pyrrolidin-2-one (8f, C20H14Cl2N4OS). Yield 0.63 g (73 %). M. 
p.: 191–192 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ = 8.24 (d, 2H, J = 8.7, 
HAr), 7.97 (s, 1H, HTh), 7.72 (d, 2H, J = 8.9, HAr), 7.64 (d, 2H, J = 8.6, 
HAr), 7.42 (d, 2H, J = 8.9, HAr), 4.37–3.98 (m, 3H, NCH2, CH), 3.16–2.86 
(m, 2H, CH2CO) ppm; 13C NMR (101 MHz, DMSO‑d6): δ = 172.3; 169.4, 
157.2, 138.1, 134.2, 130.4, 129.0, 128.6, 127.9, 127.8, 126.5, 121.0, 
120.9, 111.1, 52.5, 37.6, 30.7 ppm; Analysis calcd. for C20H14Cl2N4OS 
(%) C, 55.95; H, 3.29; N, 13.05; Found: C, 55.76; H, 3.21; N, 13.01. 

1-(4-Chlorophenyl)-4-[6-(3,4-dichlorophenyl)[1,3]thiazolo[3,2-b] 
[1,2,4]triazol-2-yl]pyrrolidin-2-one (8g, C20H13Cl3N4OS). Yield 0.72 g 
(78%). M.p. 116–117 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ = 8.54–7.36 
(m, 8H, CH, HAr+Th), 4.36–3.94 (m, 3H, CHPyr, NCH2), 3.15–2.86 (m, 
2H, CH2CO) ppm; 13C NMR (101 MHz, DMSO‑d6): δ = 172.3, 169.4, 
157.2, 138.1, 132.0, 131.8, 131.1, 129.0, 128.6, 128.0, 127.8, 127.6, 
126.1, 120.9, 112.5, 52.5, 37.7, 30.7 ppm; Analysis calcd. for 
C20H13Cl3N4OS (%) C, 51.80; H, 2.83; N, 12.08. Found: C, 51.64; H, 
2.80; N, 12.01. 

4-[6-(4-Bromophenyl)[1,3]thiazolo[3,2-b][1,2,4]triazol-2-yl]-1-(4- 
chlorophenyl)pyrrolidin-2-one (8h, C20H14BrClN4OS). Yield 0.53 g (56%). 
M.p. 134–135 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ = 8.25–7.31 (m, 9H, 
CH, HAr+Th) 4.35–3.93 (m, 3H, CHPyr, NCH2), 3.11–2.88 (m, 2H, 
CH2CO) ppm; 13C NMR (101 MHz, DMSO‑d6): δ = 172.3, 169.3, 157.2, 
138.1, 131.9, 130.4, 128.5, 128.1, 127.8, 126.8, 122.9, 120.9, 120.9, 
111.1, 52.5, 37.6, 30.7 ppm; Analysis calcd. for C20H14BrClN4OS (%) C, 
50.70; H, 2.98; N, 11.83. Found: C, 50.60; H, 2.89; N, 11.71. 

1-(4-Chlorophenyl)-4-{6-[4-(trifluoromethyl)phenyl][1,3]thiazolo[3,2- 
b][1,2,4]triazol-2-yl}pyrrolidin-2-one (8i, C21H14ClF3N4OS). Yield 0.68 g 

(74%). M.p. 172–173 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ = 8.48–7.34 
(m, 9H, CH, HAr+Th), 4.37–3.92 (m, 3H, CHPyr, NCH2), 3.15–2.88 (m, 
2H, CH2CO) ppm; 13C NMR (101 MHz, DMSO‑d6) δ = 172.3, 169.4, 
157.3, 138.1, 131.3, 130.0, 129.5, 129.2, 129.1, 128.5, 127.8, 126.8, 
125.8, 125.3, 122.6, 120.9, 113.0, 52.5, 37.6, 30.7 ppm; Analysis calcd. 
for C21H14ClF3N4OS (%) C, 50.70; H, 2.98; N, 11.83. Found: C, 50.60; H, 
2.89; N, 11.71. 

4-{2-[1-(4-Chlorophenyl)-5-oxopyrrolidin-3-yl][1,3]thiazolo[3,2-b] 
[1,2,4]triazol-6-yl}benzamide (8j, C21H16ClN5O2S). Yield 0.64 g (73%). 
M.p. 238–239 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ = 8.46–7.33 (m, 
11H, NH2, CH, HAr+Th), 4.38–3.92 (m, 3H, CHPyr, NCH2), 3.13–2.90 (m, 
2H, CH2CO) ppm; 13C NMR (101 MHz, DMSO‑d6): δ = 172.4, 169.4, 
167.2, 157.3, 138.1, 134.8, 130.8, 130.0, 128.6, 128.0, 127.8, 126.0, 
121.0, 111.8, 52.5, 37.7, 30.8 ppm; Analysis calcd. for C21H16ClN5O2S 
(%) C, 57.60; H, 3.68; N, 15.99. Found: C, 57.41; H, 3.53; N, 15.90. 

1-(4-Chlorophenyl)-4-[6-(4-nitrophenyl)[1,3]thiazolo[3,2-b][1,2,4]tri-
azol-2-yl]pyrrolidin-2-one (8k, C20H14ClN5O3S). Yield 0.65 g (74 %). M. 
p.: 139–140 ◦C ; 1H NMR (400 MHz, DMSO‑d6): δ = 8.50 (d, J = 9.0 Hz, 
2H, HAr), 8.39 (d, J = 8.9 Hz, 2H, HAr), 8.24 (s, 1H, HTh), 7.72 (d, J = 9.0 
Hz, 2H, HAr), 7.42 (d, J = 8.8 Hz, 2H, HAr), 4.38–4.10 (m, 2H, NCH2), 
4.09–3.99 (m, 1H, CH), 3.11–2.94 (m, 2H, CH2CO) ppm; IR (KBr): ν=
1699, 1598, 1552, 1519 cm− 1; HRMS (ESI): m/z calcd. for 
C20H15ClN5O3S [M + H]+ 440.0579, found 440.0579. 

1-(4-Chlorophenyl)-4-{6-[4-(methanesulfonyl)phenyl][1,3]thiazolo 
[3,2-b][1,2,4]triazol-2-yl}pyrrolidin-2-one (8l, C21H17ClN4O3S2). Yield 
0.49 g (52%). M.p. 126–127 ◦C; 1H NMR (400 MHz, DMSO‑d6): δ =
8.65–7.29 (m, 9H, CH, HAr+Th) 4.38–3.97 (m, 3H, CHPyr, NCH2), 3.29 (s, 
3H, CH3), 3.16–2.87 (m, 2H, CH2) ppm; 13C NMR (101 MHz, DMSO‑d6): 
δ = 172.3, 169.5, 157.4, 141.1, 138.1, 132.1, 130.0, 128.6, 127.8, 
127.7, 127.0, 121.0, 113.7, 52.5, 43.4, 37.6, 30.7 ppm; analysis calcd. 
for C21H17ClN4O3S2 (%) C, 53.33; H, 3.62; N, 11.85. Found: C, 53.25; H, 
3.57; N, 11.73. 

In silico ADME prediction 
The in silico absorption distribution, metabolism, and excretion 

(ADME) properties were predicted by using SwissADME software [54]. 
The SMILE structures were generated and used for ADME prediction. 
The physicochemical properties such as molecular weight, number of 
aromatic heavy atoms, Csp3 fraction, number of rotatable bonds, 
number of hydrogen bond acceptors and donors, molar refractivity, and 
total polar surface (TPSA) were predicted. The pharmacological prop-
erties, such as consensus lipophilicity (Log Po/w), water solubility (mol/ 
L), gastrointestinal absorption, permeability through the brain-blood 
barrier, interactions with P-glycoprotein 1 (Pgp) and cytochromes, 
and skin permeability (Log Kp) was estimated. 

Cell lines and culture conditions 
The non-small cell human lung carcinoma A549 cells and Vero Af-

rican green monkey kidney cells were obtained from American Type 
Culture Collection (Rockville, MD, USA). Cells were maintained in 
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F- 
12) (Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine 
serum (10% FBS) (Gibco, Waltham, MA, USA) and 100 U/ml penicillin 
and 100 μg/ml streptomycin (P/S). Cells were cultured at 37 ◦C hu-
midified atmosphere containing 5% of CO2. Cells were fed every 2–3 
days and subculture upon reaching 70–80% confluence. 

MTT viability assay 
The remaining number of viable A549 or Vero cells after the treat-

ment with compounds, doxorubicin, and cytosine arabinoside (cytotoxic 
controls) was evaluated by using commercial MTT (3-[4,5-methyl-
thiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) assay [57]. Briefly, 
A549 cells were plated in the flat bottomed 96-well microplates (1 × 104 

cells/well) and incubated overnight to facilitate the attachment. The test 
compounds were dissolved in hybridoma-grade DMSO (Sigma-Aldrich, 
St. Louis, MO, USA) and then further serially diluted in cell culture 
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media containing 0.25 % DMSO to achieve a series of compound con-
centration (0 – 200 µM). 

Subsequently, the media from the cells was aspirated and the com-
pounds were added to the microplates. The cells were incubated at 
37 ◦C, 5% CO2 for 24 h. After incubation, a 10 μl of Vybrant® MTT Cell 
Proliferation Reagent (ThermoFisher Scientific) was added, and cells 
were further incubated for 4 h. After incubation, the media was aspi-
rated, and the resulted formazan was solubilized by the addition of 100 
μl of DMSO. The absorbance was then measured at 570 nm by using a 
microplate reader (Multiscan, ThermoFisher Scientific). The following 
formula was used to calculate the % of A549 viability: ([AE-AB]/[AC- 
AB]) × 100%. AE, AC, and AB were defined as the absorbance of 
experimental samples, untreated samples, and blank controls, respec-
tively. The concentration series of 0 – 200 µM of compounds and com-
parators were used for the IC50 calculations. The experiments were 
performed in triplicates. 

Colony formation assay 
A549 cells were seeded at 6-well plates at the density of 3 × 102 

cells/well and allowed to attach overnight. Then the cells were treated 
for 24 h with selected, most active compounds (0 – 100 µM) in media 
containing 0.25% DMSO. Cytosine arabinoside (AraC) and doxorubicin 
(DOX) ((0 – 100 µM) were used as cytotoxicity controls. After treatment, 
media with test compounds was aspirated, cells were washed with PBS, 
and then further incubated in fresh media for 10 days to facilitate the 
development of the colonies. 

After incubation, the cells were fixed with methanol, colonies were 
stained with 0.5% crystal violet in 10% methanol. The surviving fraction 
was calculated as described as elsewhere [50]. The experiment was 
performed in triplicates for each test condition. 

Determination of ATP production 
The intracellular ATP levels were determined using colorimetric ATP 

Assay Kit (Sigma-Aldrich). Cells were seeded to 12-well plates at the 
density of 1 × 105 cells/well and incubated overnight to facilitate the 
attachment. Cells were subsequently treated with test compounds or 
comparators (DOX, AraC) at 50 µM for 24 h. After treatment, cells were 
washed twice with ice-cold PBS and lysed in 200 µl of ice-cold ATP assay 
buffer. The proteins were removed by using 10 kDa centrifugal filtration 
system (Micron-10 kDa, Millipore) and the samples were flash frozen by 
dropping in liquid nitrogen and stored at − 80 ◦C. On the day of analysis, 
the samples were defrosted on ice and incubated with reaction mix for 
30 min at room temperature. After incubation, the absorbance was 
measured at 570 nm and the ATP concentration was calculated as 
described by the manufacturer. 

Determination of superoxide dismutase (SOD) activity 
The activity of superoxide dismutase (SOD) was determined by using 

Invitrogen Superoxide Dismutase (SOD) Colorimetric Activity Kit 
(ThermoFisher Scientiffic). The A549 cells were seeded in 6-well plates 
at the density of 1 × 106 cells/well and incubated overnight to facilitate 
the attachment. Cells were subsequently treated with test compounds or 
comparators at 50 µM for 24 h. After incubation, the media was dis-
carded, and the cells were washed with pre-warmed PBS. Cells were 
trysinized and pelleted by centrifugation at 250 × g for 10 min. at 4 ◦C. 
The cells were suspended in 0.5 mL of ice-cold PBS and lysed by soni-
cation. The lysate was clarified by centrifugation at 1500 × g for 10 min. 
at 4 ◦C and supernatant was used for SOD assay. Prior the assay, the 
samples were diluted 1:4 and total SOD activity was determined as 
recommended my manufacturer. 

Determination of hydrogen peroxide formation 
The production of hydrogen peroxide was measured by using Pierce 

Quantitative Peroxide Assay Kit (ThermoFisher Scientiffic). The A549 
cells were seeded in 6-well plates and treated with test compounds as 
described above. After the treatment, the cells were washed with ice- 

cold PBS, scarped, and suspended in 0.5 mL of ice-cold PBS. The cells 
were lysed by sonication and the production of hydrogen peroxide was 
determined as described by manufacturer. 

Live/Dead assay 
The qualitative microscopic evaluation of the viability of A549 cells 

was evaluated by using LIVE/DEAD® Viability/Cytotoxicity Kit (Ther-
moFisher Scientiffic). A total of 1 × 104 cells were plated on sterile 
coverslips and incubated overnight to facilitate the adhesion. The 
following day, cells were treated with test compounds at 50 µM for 24 h. 
The media was aspirated, and the cells were washed with PBS. Cells 
were stained with freshly prepared mixture of calcein-AM (2 µM) and 
ethidium homodimer (4 µM) (Eth-D) for 1 h. at room temperature. Im-
ages were acquired on Zeiss LSM880 confocal microscope (Germany). 

Mitochondria staining 
A549 cells were plated on sterile coverslips to achieve 1 × 104 cells 

and incubated overnight. After incubation, cells were treated with test 
compounds at 50 µM for 24 h and stained using 50 nM of MitoTracker 
red 580 for 1 h at 37 ◦C. After staining, cells were washed with PBS and 
fixed with 4% paraformaldehyde solution for 10 min. at room temper-
ature. After fixation, cells were permeabilized with 0.1% Triton X-100 in 
PBS for 1 min and nuclei were stained with 300 nM of DAPI. Coverslips 
were mounted and images were acquired on Zeiss LSM880 confocal 
microscope (Germany). 

Data analysis 
Statistical significance was tested with Mann-Whitney t test or one- 

way ANOVA test; error bars show mean ± SD from 3 experiments *p 
< 0.05, **p < 0.0021, ***p < 0.0002, **** p < 0.0001. All analyses 
were performed at GraphPad Prism software. 
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