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Ultrasound-assisted synthesis of novel 2-aryl-3-
ethoxy-5-methyl-3-oxido-2H-thiazolo[2,3-€]
[1,4,2]diazaphosphole-6-carboxylates and their
anticancer efficacy in inducing apoptosis and
autophagy and targeting cell cycle progressionfy
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Mohammad Y. Alfaifi and Serag E. I. Elbehairi®

A novel class of ethyl 2-aryl-3-ethoxy-5-methyl-3-oxido-2H-thiazolo[2,3-€][1,4,2]diazaphosphole-6-
carboxylates (2a—j) were synthesized via a one-pot, three-component method. This reaction utilized
ethyl 2-amino-4-methylthiazole-5-carboxylate (1) with different aromatic aldehydes and ethyl
dichlorophosphite in THF under ultrasonic irradiation, with triethylamine as an efficient catalyst at 50 °C.
The reaction provided the desired products 2a—j in high yields within a short timeframe. The cytotoxic
effects of the synthesized compounds were assessed against two human cancer cell lines, lung cancer
(A549) and renal cancer (TK-10), using the sulforhodamine B (SRB) assay. This evaluation revealed that
products 2e, 2h and 2j demonstrated significantly higher cytotoxicity against the studied cancer cells
than the standard drug doxorubicin. These bioactive products notably increased the late apoptosis rate
in both cell lines and demonstrated a promising high ability to arrest the cell cycle at different phases in
renal TK-10 and lung A549 cancer cells. Additionally, compounds 2e, 2h and 2j displayed potential for

rsc.li/rsc-advances inducing autophagy.

1. Introduction

Thiazole-based compounds exhibit a wide range of effects in
medicinal chemistry and are present in numerous commer-
cially available medicines, displaying a variety of pharmaco-
logical behaviors." The thiazole moiety plays a critical role as
a pharmacophore, a fundamental building block for various
biological compounds. Notably, it is essential for vitamin B1
(thiamine) synthesis, which supports the nervous system by
enabling acetylcholine production.”> Thiazole derivatives are
present in a wide array of natural products and medications
with numerous health benefits (Fig. 1). These versatile mole-
cules can lower blood pressure, fight infections, control
seizures, combat various cancers, reduce inflammation, and
exhibit promising effects against viruses, oxidative damage,
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pain, HIV, and malaria.>** The diverse biological activities of
thiazole derivatives make them a fascinating area for research
with significant potential to impact numerous areas of human
health.

Phosphorus-containing heterocycles are interesting molec-
ular frameworks for the synthesis of pharmacological drugs in
medicinal chemistry due to their structural diversity and
biocidal effects®™* (Fig. 2). In particular, heterophospholes are
a broad family of five-membered ring molecules with a unique
structure (one phosphorus and two other elements), showing
significant potential in drug development. Certain isomers,
such as 1,4,2- and 1,2,3-diazaphospholes, exhibit valuable
bioactivities, including anti-inflammatory, antimicrobial, and
anticancer properties.'**°

As part of our studies on heterophospholes, we recently
synthesized a promising series of some 1,4,2- and 1,2,3-dia-
zaphosphole compounds, including 1,2,4-triazolo[3,4-¢][1,2,3]
diazaphospholes (A),** 1,2,4-triazolo[5,1-¢][1,4,2]diazaphosp-
holes (B),** and 5-pyrazolyl-1,4,2-diazaphosphole (C)** (Fig. 3).
According to our literature survey, molecular frameworks that
combine 1,3-thiazole and 1,4,2-diazaphosphole rings are
rare.”**® These structures were constructed through Hantzsch-
type 3 + 2 cyclocondensation of 2-amino-thiazoles with phos-
phorus halides in the presence of triethylamine (Fig. 4).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Thiazole derivatives that are found in a remarkable variety of commercial drugs.
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Fig. 2 Some phosphorus-containing heterocycles used in commercial drugs.

Building on the promising bioactivity observed in our
exploration of novel phosphorus heterocycles,**~** we developed
a simple and effective methodology to club the 1,4,2-dia-
zaphosphole ring with the thiazole moiety, generating a novel
class  of  thiazolo[2,3-e][1,4,2]diazaphospholes. ~ These
compounds were evaluated for their antiproliferative activities
in vitro against two specific human cancer cell lines, lung cancer
(A549) and kidney cancer (TK-10), to determine their
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Fig.3 Some of our recently prepared 1,4,2- and 1,2,3-diazaphosphole
compounds.
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therapeutic potential. The motivation for investigating these
novel products arises from the ongoing need for new anticancer
agents that can overcome the limitations of the existing thera-
pies, such as drug resistance and toxicity. Additionally, struc-
ture-activity relationship (SAR) studies could provide insights
into the optimal structural features for maximizing their
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Fig. 4 Hantzsch-type 3 + 2 cyclocondensation of 2-aminothiazoles
with phosphorus halides.
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anticancer potency and selectivity. Ultimately, these findings
aimed to inform the optimization of these compounds, leading
to the development of potentially life-saving synthetic drugs.

2. Results and discussion

The synthetic strategy for designing novel ethyl 2-aryl-3-ethoxy-
5-methyl-3-oxido-2H-thiazolo[2,3-€][1,4,2]diazaphosphole-6-
carboxylates (2a-j) was achieved via a two-step, one-pot
synthesis. The first step involved the condensation of ethyl 2-
amino-4-methylthiazole-5-carboxylate ~ (1)** with various
aromatic aldehydes, forming a Schiff base. In the second step,
this Schiff base reacted with ethyl dichlorophosphite under
Pudovik reaction conditions. To optimize the experimental
conditions, a model reaction was conducted to produce 3-
ethoxy-5-methyl-2-phenyl-3-oxido-2H-thiazolo[2,3-¢][1,4,2]
diazaphosphole-6-carboxylate (2a) by reacting ethyl 2-amino-4-
methylthiazole-5-carboxylate (1) with benzaldehyde, followed
by ethyl dichlorophosphite (Scheme 1).

Initially, the reaction conducted under catalyst-free and
solventless conditions produced no yield, even after 10 h at 25 °
C and 60 °C (Table 1, entries 1 and 2). When basic solvents, such
as DMF and pyridine, were used, the target product 2a was
formed with yields of 15% and 18%, respectively (Table 1,
entries 3 and 4). We then explored the effect of various non-
polar solvents, including DCM, benzene, toluene, dioxane,
and THF, in the presence of equimolar amounts of various
catalysts, such as K,CO3, DBU, and Et;N and (Table 1, entries 5-
19). Among the catalysts tested, Et;N worked effectively,
yielding the desired product 2a in good quantities across all
solvents (Table 1, entries 7, 10, 13, 16 and 19). The optimal
outcome was achieved in THF, where a 75% yield was obtained
with 1.0 mmol Et;N catalyst at 60 °C (Table 1, entry 19).
Increasing the amount of Et;N to 2.0 mmol did not improve the
yield further (Table 1, entry 20), but extending the reaction time
from 5 to 10 h increased the yield slightly, from 75% to 78%
(Table 1, entry 21). Subsequently, we aimed to perform the
reaction in shorter reaction times and improved yields by using
ultrasonic irradiation. Ultrasonic irradiation enhances chem-
ical reactions by promoting cavitation, which generates high-
energy microbubbles that collapse, creating localized extreme
conditions (high temperature and pressure).**** This acceler-
ates reaction rates, increases the reactant surface area, and
facilitates bond cleavage. It is widely used in organic synthesis,
catalysis, and polymerization, offering benefits such as faster
reactions, higher yields, and milder conditions.*® Therefore,
when the synthesis of product 2a was carried out in the

CHO

/»\NH2+ +

Scheme 1 Model reaction for synthesis of the target product 2a.
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Table 1 Optimization of various basic catalysts and solvents for the
model reaction

Entry® Catalyst Solvent  Time (h) Temp (°C) Yield®
1 — — 10 25 —

2 — — 10 60 —

3 — DMF 5 100 15%
4 — Pyridine 5 100 18%
5 K,CO; (1.0 mmol) DCM 5 40 9%
6 DBU (1.0 mmol) DCM 5 40 11%
7 Et;N (1.0 mmol)  DCM 5 40 19%
8 K,CO; (1.0 mmol) Benzene 5 75 15%
9 DBU (1.0 mmol) Benzene 5 75 18%
10 Et;N (1.0 mmol) Benzene 5 75 21%
11 K,COj3 (1.0 mmol) Toluene 5 100 18%
12 DBU (1.0 mmol) Toluene 5 100 20%
13 Et;N (1.0 mmol) Toluene 5 100 28%
14 K,COj3 (1.0 mmol) Dioxane 5 100 24%
15 DBU (1.0 mmol) Dioxane 5 100 54%
16 Et;N (1.0 mmol) Dioxane 5 100 63%
17 K,CO; (1.0 mmol) THF 5 60 25%
18 DBU (1.0 mmol)  THF 5 60 52%
19 Et;N (1.0 mmol) THF 5 60 75%
20 Et;N (2.0 mmol)  THF 5 60 75%
21 Et;N (1.0 mmol) THF 10 60 78%
22 Et;N (1.0 mmol)  THF 0.5 US,25°C  62%
23 Et;N (1.0 mmol) THF 1.5 US, 50°C 82%
24 Et;N (1.0 mmol) THF 3 US,50°C  82%

¢ Reagents: amine (1) (1.0 mmol) with benzaldehyde (1.0 mmol) then
ethyl dichlorophosphite (1.0 mmol). ? Yields for the isolated product.

presence of Et;N (1.0 mmol) under ultrasonication at room
temperature, it took about 0.5 h to afford the product in a 62%
yield (Table 1, entry 22). However, when the reaction was
repeated under the same conditions at 50 °C for 1.5 and 3 h, it
produced the final product 2a with an improved yield of 82%
(Table 1, entries 23 and 24).

After determining the optimal reaction conditions, an equi-
molar amount of triethylamine was used as a catalyst to
promote the reaction, allowing all the components to couple
and form the final products (2a-j) within 60-120 min at 50 °C in
THF under ultrasonic irradiation (Scheme 2). Commercially
available aldehydes with various activating or deactivating
substituents were employed to yield the corresponding 2-aryl-3-
ethoxy-5-methyl-3-oxido-2H-thiazolo[2,3-¢][1,4,2]
diazaphosphole-6-carboxylate compounds (2a—j). Details of the
structures, yields, and reaction times for 2a-j are provided in
Scheme 2.

The proposed pathway for constructing products 2a-j is
illustrated in Scheme 3. The reaction of amine 1 with an

Me
Eto}_g/\ N~ H
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Scheme 2 Synthesis of the target products 2a—j, and their chemical structures, reaction times and yields.

aromatic aldehyde produces intermediate A, as a Schiff base,
through the elimination of a water molecule. Ethyl dichlor-
ophosphite then undergoes partial hydrolysis, forming ethyl
phosphonochloridate (B) upon the removal of water. Subse-
quent nucleophilic attack by intermediate B at the azomethine
bond of A, catalyzed by Et;N, leads to the formation of species
D, which can undergo intermolecular protonation to yield the
intermediate a-aminophosphonate E. Then, Et;N activates the
NH group of the thiazole ring in the tautomeric form F, facili-
tating an attack on the phosphorus atom and removal of a HCI
molecule, ultimately affording the target products 2a-j (Scheme
3).37

We confirmed the identity and structure of the target
compounds 2a-j using various physical and spectral tech-
niques, including IR, NMR, and mass spectrometry. The IR
spectra showed no NH absorption bands but displayed specific
absorption bands in the regions of 1694-1707, 1263-1272, and
1014-1097 cm ™', corresponding to C=0, P=0, and P-O-C
functionalities, respectively. In the "H-NMR spectra, doublet
chemical shifts in the range of ¢ 5.68-5.93 ppm were attributed
to CH-P protons, with coupling constants of 17.6-22.8 Hz.*®
Quartet signals at 6 3.89-4.24 ppm were assigned to OCH,
protons of ethoxy groups, while the singlets at 6 2.12-2.37 ppm
corresponded to CH; protons. Additionally, triplets in the range
of 6 1.03-1.29 ppm confirmed the presence of CH; protons in

© 2024 The Author(s). Published by the Royal Society of Chemistry

ethoxy groups. In the ">C-NMR spectra, signals in the ranges of
6 13.0-15.7, 59.0-63.3, 47.5-49.8 (Jpc = 143-157.8 Hz), 162.8-
164.9, and 166.5-168.7 ppm verified the presence of CH;, OCH,,
CH-P, C-7a, and C=O0 carbons, respectively.*® The *'P-NMR
chemical shifts for the synthesized compounds were within
a narrow range of ¢ 19.52-22.52 ppm,* indicating the similar
electronic environments for the phosphorus atoms across these
compounds.

2.1 Antiproliferative properties

2.1.1 Assessment of cytotoxicity effects. To evaluate the
impact of the synthesized compounds, ethyl 2-aryl-3-ethoxy-5-
methyl-3-oxido-2H-thiazolo[2,3-¢][1,4,2]diazaphosphole-6-
carboxylate (2a-j), on cancer cell viability, the SRB assay*® was
conducted on two cancer cell lines: TK-10 and A549. The results
were compared to the standard drug doxorubicin to evaluate the
potential of the new compounds. A549 is a well-established
human lung carcinoma cell line, widely used as a model for
non-small cell lung cancer (NSCLC), the most common form of
lung cancer. On the other hand, TK-10 is a human kidney renal
adenocarcinoma cell line derived from a tumor, and is valuable
for studying kidney cancer in laboratory settings. Table 2 pres-
ents the results, including the half-maximal inhibitory
concentration (ICs,) values for each cell line, offering insights

RSC Adv., 2024, 14, 37554-37569 | 37557
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Scheme 3 The suggested reaction mechanism for the formation of the target products 2a-2j.

into the compounds' effectiveness. The National Cancer Insti-
tute considers an IC5, value of =10 pg mL ™" as a benchmark for
potential anticancer efficacy. In the case of TK-10 human kidney
renal cancer cells, the growth data showed that compounds 2e,
2g, 2h, and 2j exhibited strong cytotoxic activity, effectively

Table 2

In vitro anticancer activity of the products 2a—j against TK-10
and A549 cancer cells

ICs0 (g mL™)

Compounds TK-10 A549

2a =100 =100

2b =100 66.9 + 0.7
2¢ 11.7 £ 2.3 334 +£0.8
2d =100 =100

2e 1.0 £ 0.1 2.4+ 0.3
2f =100 =100

2g 514 0.7 10.9 + 1.2
2h 23 +0.1 4.7 £ 0.2
2i =100 44.7 £ 3.6
2j 1.4+ 0.1 1.0 £ 0.1
Doxorubicin 1.4+ 0.4 1.9 £0.7

37558 | RSC Adv, 2024, 14, 37554-37569

suppressing cancer cell growth. Their ICs, values ranged from
1.0 £ 0.1 to 5.1 & 0.7 pg mL~". While the standard drug doxo-
rubicin also inhibited cancer cell growth, it showed an ICs,
value of 1.4 + 0.4 pg mL ™" compared to these compounds. In
contrast, compounds 2a, 2b, 2f, and 2i were ineffective,
requiring higher concentrations to inhibit cell proliferation.
Compound 2c showed some potential anticancer activity, with
an ICso of 11.7 £ 2.3 ug mL ™, though it was less potent than the
other active compounds. Compounds 2e, 2g, 2h, and 2j
demonstrated remarkable cytotoxicity against A549 human
lung cancer cells, achieving over 50% growth inhibition at very
low concentrations (1.0 &+ 0.1 to 10.9 £ 1.2 pg mL™"). In
contrast, the other synthesized compounds 2a, 2b, 2¢, 2f, and 2i
were inactive, requiring higher concentrations than doxoru-
bicin to achieve similar effects. Therefore, compounds 2e, 2h,
and 2j showed promising cytotoxicity against lung cancer cells
and warrant further investigation as potential candidates for
developing new treatments for both kidney and lung cancers.
2.1.2  Study of the structure-activity relationship (SAR). The
combination of a 1,4,2-diazaphosphole ring and a thiazole ring
within a single molecular framework exhibited variable cyto-
toxic effects in most products, depending on the type of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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substituted aryl group. The data suggested that these functional

groups play a significant role in influencing the compounds'’
potency against the tested cell lines.

o The existence of any substituent at the phenyl ring in most
compounds 2b-j caused cytotoxic effects in comparison with

compound 2a against the two cancer cell lines.
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e The presence of ortho-substituted groups in compounds 2b
(2-Br), 2¢ (2-Cl), and 2d (2-HO) generally exhibited lower ICs,
values against A549 cells. This suggested that steric effects in
the ortho position may hinder effective binding.

e The presence of meta-substituted groups, as in compound
2e (3-MeO), significantly enhanced the bioactivity. Compound

2e
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Fig. 5 Apoptosis/necrosis assessment of the products 2e, 2h and 2j against the TK-10 cell lines.
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2e had among the lowest IC5, values (2.4 pg mL~" for A549 cells
and 1.0 ug mL~" for TK-10 cells), indicating that a meta-posi-
tioned electron-donating group (MeO) is highly favorable for

potency.
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e The presence of para-substituted halogens in compounds
2g (4-Br) and 2h (4-Cl) also improved the activity, although they
were less potent than meta-substituted 2e (3-MeO).

e The existence of nitro groups in any position, as in both
products 2f and 2i, appeared to reduce the cytotoxic effects, as
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Fig. 6 Apoptosis/necrosis assessment of the products 2e, 2h and 2j against the A549 cell lines.
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these compounds had ICs, values = 100 pg mL ™" for atleastone  This suggested that a single meta-positioned methoxy or

of the cell lines. multiple methoxy groups may be effective modifications to
e Halogen-substituted compounds, such as 2b, 2¢c, 2g, and optimize the potency.

2h, may be effective in improving the cytotoxic effect, especially e We can hypothesize the potential mechanisms based on

when they are in the para-position. the structural features. The different aromatic rings and planar

¢ Both products 2e and 2j showed ICs, values that were close  structures in these products can often intercalate into DNA,
to doxorubicin, indicating their strong anticancer activities. disrupting replication and transcription processes, which is
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Fig. 7 Cell cycle distribution determined using DNA cytometry analysis of the products 2e, 2h and 2j against the TK-10 cell lines.
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common in anticancer agents. In addition, the products that
have halogen and methoxy substituents could interact with
specific cell receptors or enzymes, potentially inhibiting path-
ways critical to cancer cell survival and proliferation.

2.1.3 Apoptosis analysis. To investigate the apoptotic
activity of the bioactive compounds 2e, 2h, and 2j, we analyzed
and quantified the percentage of apoptotic cells using Alexa
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Fluor-488/PI staining, followed by flow cytometric analysis.**
The data revealed a significant increase in late apoptosis in TK-
10 lung cancer cells treated with 2e, 2h, and 2j, with annexin-V
quantification showing 85.46%, 87.30%, and 80.68% apoptotic
cells, respectively, compared to the control (4.19%), alongside
mild changes in early apoptosis. More notably, compounds 2e,
2h, and 2j effectively reduced the percentage of viable cells to
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Fig. 8 Cell cycle distribution determined using DNA cytometry analysis of the products 2e, 2h and 2j against the A549 cell lines.
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4.59%, 4.72%, and 6.32%, respectively, compared to the control
(93.61%) (Fig. 5). Consistently, the necrotic cell populations in
TK-10 cells treated with these compounds were significantly
higher, ranging from 7.30% to 10.38%. Similarly, in A549 renal
cancer cells, compounds 2e, 2h, and 2j induced a significant
increase in late apoptosis (85.66%, 72.22%, and 70.87%,
respectively) compared to the control (8.75%). Furthermore,
these compounds significantly increased the necrotic cell pop-
ulations (4.96%, 13.35%, and 8.71%) relative to the control
(0.28%) and reduced cellular viability (Fig. 6). These results
supported that compounds 2e, 2h, and 2j exert their cytotoxic
effects on both TK-10 lung and A549 renal cancer cells by
enhancing late apoptosis and reducing cellular viability.

2.1.4 Cell cycle distribution. To evaluate the potential
activity of the bioactive compounds 2e, 2h, and 2j, we examined
their effects on the cell cycle of TK-10 and A549 cancer cells
using standard flow cytometry.*” In TK-10 lung cancer cells, our
results demonstrated that compounds 2e, 2h, and 2j, induced
cell cycle arrest at the G1 phase, with average percentages of
44.28%, 42.13%, and 52.46%, respectively, compared to the
control group (49.1%). Our data also showed that these
compounds did not cause cell cycle arrest at the S phase relative
to the control. Moreover, compounds 2e, 2h, and 2j significantly
increased cellular accumulation and cell cycle arrest at the G2
phase, with respective percentages of 7.09%, 23.34%, and
12.74%, compared to the control (1.90%) (Fig. 7). In A549 renal
cancer cells, the analysis indicated that compounds 2h and 2j
significantly arrested the cell cycle at the G1 phase (38.75% and
38.97%, respectively) compared to the control (19.33%).
Compound 2e showed a non-significant effect on arresting cell
distribution at the S phase, with a percentage of 78.66% relative
to the control (43.87%). Additionally, compounds 2h and 2j
arrested the cell cycle at the S phase at lower percentages
(35.59% and 28.14%, respectively) compared to the control
(43.87%). For compound 2e, cellular accumulation was notably
decreased at the G2 phase, with cell cycle arrest also observed
for compounds 2h and 2j (Fig. 8). In summary, compounds 2e,
2h, and 2j exhibited promising potential for inducing cell cycle
arrest at the G1, S, and G2 phases in TK-10 lung and A549 renal
cancer cells.

2.1.5 Autophagy assessment. We investigated the impact of
the bioactive compounds 2e, 2h, and 2j on cancer cells by
focusing on autophagy, a cellular self-cleaning process. Acridine
orange staining, combined with flow cytometry, was used to
track the formation of acidic vesicular organelles (AVOs) asso-
ciated with autophagy.*® The percentage of net fluorescent
intensity (NFI) for AVO formation was calculated after exposure
to the pre-determined ICs, values of compounds 2e, 2h, and 2j.
In TK-10 cells, compounds 2e, 2h, and 2j significantly induced
AVO formation at the tested doses, with increases of 36.1%,
42.2%, and 53.4%, respectively, compared to the control
(31.9%) (Fig. 9). Similarly, in A549 cells, these compounds
induced significant increases in autophagic signals by 47.6%,
32.9%, and 58.0%, respectively (Fig. 10). These findings sug-
gested that compounds 2e, 2h, and 2j have the potential to
activate both autophagic and apoptotic cell death pathways in
cancer cells.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Experimental

The melting points were measured using a digital Stuart SMP-3
apparatus in open capillary tubes. Infrared spectroscopy (FT-IR)
was performed using a Nicolet iS10 spectrophotometer. Nuclear
magnetic resonance (NMR) analysis, comprising 'H, *C, and *'P
NMR spectroscopies, was performed on a Bruker 400 MHz
spectrometer in deuterated dimethyl sulfoxide (DMSO-d,) at 400,
100, and 162 MHz, respectively, with tetramethyl silane (TMS) as
the internal standard. Mass spectrometry was performed using
a single quadrupole mass analyzer (Thermo Scientific GCMS)
with a direct probe controller inlet. The purity of the synthesized
compounds was confirmed using thin-layer chromatography
(TLC), while their elemental composition was determined by
analysis with a PerkinElmer 2400II instrument. For ultrasonic
irradiation, an Elmasonic S 60 (H) (ultrasonic frequency 37 MHz,
power 60 W) ultrasound bath was used, and the reaction flask
was located in the ultrasonic bath containing water.

3.1 Syntheses of 2-phenyl-3-ethoxy-5-methyl-3-oxido-2H-
thiazolo[2,3-¢][1,4,2]diazaphosphole-6-carboxylate (2a-2j)

3.1.1 Method 1 (conventional thermal heating). A mixture
of ethyl 2-amino-4-methylthiazole-5-carboxylate (1) (2.5 mmol,
0.46 g) and an aromatic aldehyde (2.5 mmol) was dissolved in
tetrahydrofuran (20 mL). The reaction was carried out by heat-
ing under reflux for 2 h. Subsequently, a solution of ethyl
dichlorophosphite (2.5 mmol, 0.29 mL) in THF (5 mL) with
triethylamine (2.5 mmol, 0.34 mL) was added dropwise to the
reaction mixture. The mixture was then heated under reflux at
60 °C for an additional 8 h. After completion, the reaction
mixture was cooled to room temperature, and the solvent was
removed under reduced pressure. The residue was dissolved in
ethyl acetate (50 mL) and washed with water (3 x 50 mL) to
remove water-soluble byproducts. The organic phase was
separated, dried over anhydrous sodium sulfate, and concen-
trated under reduced pressure. The crude product was then
purified by column chromatography using a hexane/ethyl
acetate (1:2) elution system, yielding the purified product.

3.1.2 Method 2 (ultrasonic irradiation). A mixture of ethyl
2-amino-4-methylthiazole-5-carboxylate (1) (2.5 mmol, 0.46 g)
and an aromatic aldehyde (2.5 mmol) was dissolved in tetra-
hydrofuran (20 mL). The reaction mixture was then exposed to
ultrasound irradiation for 30 min. Following this, a solution of
ethyl dichlorophosphite (2.5 mmol, 0.29 mL) in THF (5 mL),
along with triethylamine (2.5 mmol, 0.34 mL), was added
gradually to the reaction mixture. The resulting mixture was
further subjected to ultrasound irradiation at 50 °C for an
additional 30-90 min. Upon completion, the reaction mixture
was cooled to room temperature, and the solvent was evapo-
rated under reduced pressure. The residue was dissolved in
ethyl acetate (50 mL) and washed with water (3 x 50 mL) to
remove water-soluble byproducts. The organic layer was sepa-
rated, dried over anhydrous sodium sulfate, and concentrated
under reduced pressure. The crude product was purified by
column chromatography using a hexane/ethyl acetate (1:2)
elution system, yielding the purified product.
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Fig. 9 Autophagic cell death assessment in TK-10 cell lines to compounds 2e, 2h and 2j.

3.1.3 3-Ethoxy-5-methyl-2-phenyl-3-oxido-2H-thiazolo[2,3-
e][1,4,2]diazaphosphole-6-carboxylate (2a). White solid ob-
tained after 90 min in an 82% yield (0.74 g), mp 182-183 °C.
IR (KBr), (v max, cm '): 3040 (C-Hurom), 2982, 2943, 2905
(C-Haiipn), 1707 (C=0), 1268 (P=0), 1088, 1043, 1017 (P-O-C
and O-C). "H-NMR (400 MHz, DMSO-d,): 1.06 (t, 3H, ] = 7.2 Hz,
CH3), 1.26 (t, 3H, ] = 7.2 Hz, CH3), 2.33 (s, 3H, CH3), 3.99 (q, 2H,
J = 7.2 Hz, OCH,), 4.21 (q, 2H, J = 7.2 Hz, OCH,), 5.82 (d, 1H,
Jecu = 20.4 Hz, P-CH), 7.15 (d, 2H, J = 7.2 Hz, Ph-H), 7.37-7.45

37564 | RSC Adv, 2024, 14, 37554-37569

(m, 3H, Ph-H). *C-NMR (100 MHz, DMSO-d,): 13.0 (CH3), 14.2
(CH3), 15.1 (CH3), 47.5 (d, Jpc = 143.0 Hz, C-2), 62.3 (OCH,), 63.3
(OCH,), 125.4 (C-4phenyt)s 129.4 (C-3,5phenyt); 130.1 (C-2,6phenyl)s
137.0 (C-1pheny1), 139.6 (C-6), 153.7 (C-5), 164.9 (C-7a), 168.4 (C=
0). *'P-NMR (162 MHz, DMSO-d,): 22.25 ppm. MS (m/z, I%): 366
(M", 18%). Anal. calcd for C;¢H;oN,0,4PS (366.37): C, 52.45%; H,
5.23%; N, 7.65%; S, 8.75%. Found: C, 52.34%; H, 5.16%; N,
7.49%; S, 8.61%.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Autophagic cell death assessment in TK-10 cell lines to compounds 2e, 2h and 2j.

3.1.4 2-(2-Bromophenyl)-3-ethoxy-5-methyl-3-oxido-2H-
thiazolo[2,3-e][1,4,2]diazaphosphole-6-carboxylate (2b). Yellow
solid obtained after 90 min in an 83% yield (0.91 g), mp 192-
194 °C. IR (KBr), (v max, cm '): 3090 (C-Harom), 2979, 2926,
2899 (C-Hajipn), 1698 (C=0), 1269 (P=0), 1097, 1038 (P-O-C
and 0-C). 'H-NMR (400 MHz, DMSO-dg): 1.06 (t, 3H, ] = 7.2 Hz,
CH3), 1.23 (t, 3H,J = 7.6 Hz, CH3), 2.20 (s, 3H, CH3), 3.92 (q, 2H,
J = 7.2 Hz, OCH,), 4.13 (q, 2H, J = 6.8 Hz, OCH,), 5.79 (d, 1H,
Jecu = 17.6 Hz, P-CH), 7.39-7.7.47 (m, 2H, Ar-H), 7.72 (t, 1H, ] =
7.2 Hz, Ar-H), 7.90 (d, 1H, ] = 7.2 Hz, Ar-H). ">C-NMR (100 MHz,
DMSO-dg): 13.1 (CH3), 15.3 (CH;), 16.1 (CH;), 48.5 (d, Joc =

© 2024 The Author(s). Published by the Royal Society of Chemistry

148.7 Hz, C-2), 59.0 (OCH,), 60.4 (OCH,), 124.3 (C-24y1), 126.9
(C-5ary)y 127.7 (C-4aryn), 131.3 (C-641y1), 132.1 (C-341y1), 137.9 (C-6),
141.5 (C-14y1), 155.5 (C-5), 164.1 (C-7a), 167.5 (C=0). >'P-NMR
(162 MHz, DMSO-dq): 20.25 ppm. MS (m/z, 1%): 444 (M", 27%)
and 446 (M + 2, 18%). Anal. calced for C;cH;sBrN,0,PS (445.27):
C, 43.16%; H, 4.07%; N, 6.29%; S, 7.20%. Found: C, 43.04%; H,
3.92%; N, 6.13%; S, 7.10%.

3.1.5 2-(2-Chlorophenyl)-3-ethoxy-5-methyl-3-oxido-2H-
thiazolo[2,3-¢][1,4,2]diazaphosphole-6-carboxylate (2c). Yellow
solid obtained after 100 min in an 85% yield (0.84 g), mp 186-
188 °C. IR (KBr), (v max, cm 1): 3053 (C-Hgrom), 2979, 2943,

RSC Adv, 2024, 14, 37554-37569 | 37565
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2911 (C-Hajipn), 1704 (C=0), 1268 (P=0), 1082, 1042 (P-O-C
and O-C). "H-NMR (400 MHz, DMSO-d): 1.07 (t, 3H, J = 6.4 Hz,
CHj,), 1.23 (t, 3H,J = 6.8 Hz, CH3), 2.21 (s, 3H, CH3), 3.93 (q, 2H,
J = 7.2 Hz, OCH,), 4.24 (q, 2H, ] = 6.4 Hz, OCH,), 5.82 (d, 1H,
Jpcu = 20.8 Hz, P-CH), 7.42 (t, 1H, J = 7.2 Hz, Ar-H), 7.50 (t, 1H,
J=7.2Hz, Ar-H), 7.91 (d, 1H, ] = 7.6 Hz, Ar-H), 8.04 (d, 1H, ] =
8.0 Hz, Ar-H). >C-NMR (100 MHz, DMSO-dg): 13.5 (CH3), 15.6
(CH3), 16.3 (CH3), 48.4 (d, Jpc = 148.6 Hz, C-2), 60.5 (OCH,), 61.6
(OCH,), 125.8 (C-5a1y1); 126.9 (C-4ary1), 128.1 (C-341y1), 130.5 (C-
6ary1), 133.3 (C-2a1y1); 135.5 (C-1a1y1), 138.4 (C-6), 154.6 (C-5), 164.4
(C-7a), 168.7 (C=0). *'P-NMR (162 MHz, DMSO-d;): 20.03 ppm.
MS (m/z, I%): 399 (M", 9%) and 401 (M", 3%). Anal. calcd for
C16H15CIN,0,PS (400.81): C, 47.95%; H, 4.53%; N, 6.99%; S,
8.00%. Found: C, 47.83%; H, 4.42%; N, 6.89%; S, 7.85%.

3.1.6 3-Ethoxy-2-(4-hydroxyphenyl)-5-methyl-3-oxido-2H-
thiazolo[2,3-e][1,4,2]diazaphosphole-6-carboxylate (2d). Yellow
solid obtained after 120 min in an 80% yield (0.75 g), mp 175-
176 °C. IR (KBr), (v max, cm™'): 3208 (OH), 3032 (C-Harom),
2984, 2940, 2908 (C-Hyjipn), 1698 (C=0), 1267 (P=0), 1091,
1016 (P-O-C and O-C). "H-NMR (400 MHz, DMSO-dg): 1.16 (t,
3H, J = 6.8 Hz, CH3), 1.22 (t, 3H, J = 7.2 Hz, CH3), 2.39 (s, 3H,
CHj,), 4.02 (q, 2H, J = 7.2 Hz, OCH,), 4.21 (t, 2H, J = 6.8 Hz,
OCH,), 5.93 (d, 1H, Jpcy = 20.4 Hz, P-CH), 6.82 (t, 2H, J =
7.2 Hz, Ar-H), 7.11 (d, 1H, J = 7.2 Hz, Ar-H), 7.43 (d, 1H, J =
7.6 Hz, Ar-H), 9.07 (brs, 1H, OH). "*C-NMR (100 MHz, DMSO-
de): 13.5 (CH3), 15.6 (CH3), 16.4 (CH3), 48.1 (d, Jpc = 151.4 Hz, C-
2), 60.4 (OCH,), 62.2 (OCHy), 116.5 (C-3a1y1), 121.2 (C-541y1), 125.8
(C-1ary), 128.8 (C-4apy1), 129.0 (C-64y1), 138.4 (C-6), 154.6 (C-5),
157.5 (C-2ary1), 163.6 (C-7a), 167.0 (C=0). *'P-NMR (162 MHz,
DMSO-d,): 20.02 ppm. MS (m/z, I%): 382 (M", 6%). Anal. caled
for C16H1oN,05PS (382.37): C, 50.26%; H, 5.01%; N, 7.33%; S,
8.38%. Found: C, 50.08%; H, 4.92%; N, 7.18%; S, 8.22%.

3.1.7 3-Ethoxy-3-(3-methoxyphenyl)-5-methyl-3-oxido-2H-
thiazolo[2,3-¢][1,4,2]diazaphosphole-6-carboxylate (2e). Yellow
solid obtained after 100 min in an 88% yield (0.86 g), mp 167-
169 °C. IR (KBr), (v max, cm *): 3067 (C-Harom), 2979, 2940,
2905 (C-Hajipn), 1707 (C=0), 1268 (P=0), 1083, 1041 (P-O-C
and O-C). "H-NMR (400 MHz, DMSO-d): 1.03 (t, 3H, J = 6.4 Hz,
CHj,), 1.23 (t, 3H, J = 7.2 Hz, CHj3), 2.12 (s, 3H, CH3), 3.71 (s, 3H,
OCH3), 3.92 (q, 2H, J = 7.2 Hz, OCH,), 4.21 (q, 2H, J = 6.8 Hz,
OCH,), 5.82 (d, 1H, Jpcy = 21.2 Hz, P-CH), 7.43 (t, 1H, J =
7.2 Hz, Ar-H), 7.71 (d, 1H, J = 8.00 Hz, Ar-H), 7.91 (d, 1H, J =
7.6 Hz, Ar-H), 8.43 (s, 1H, Ar-H). "*C-NMR (100 MHz, DMSO-d,):
13.7 (CH3;), 14.8 (CH3), 15.9 (CHy), 48.0 (d, Jpc = 152.6 Hz, C-2),
54.3 (OCH3), 59.3 (OCH,), 61.9 (OCH,), 115.5 (C-4ary1), 116.6 (C-
2ary1)y 121.5 (C-64y1), 123.4 (C-541y1), 137.1 (C-1ary), 139.5 (C-6),
156.0 (C-5), 159.0 (C-341y1), 162.8 (C-7a), 166.7 (C=0). *'P-NMR
(162 MHz, DMSO-dg): 19.52 ppm. MS (m/z, 1%): 396 (M',
43%). Anal. caled for C;7H,;N,05PS (396.40): C, 51.51%; H,
5.34%; N, 7.07%; S, 8.09%. Found: C, 51.34%; H, 5.31%; N,
6.95%; S, 7.96%.

3.1.8 3-Ethoxy-5-methyl-2-(3-nitrophenyl)-3-oxido-2 H-thia-
zolo[2,3-e][1,4,2]diazaphosphole-6-carboxylate (2f). Pale yellow
solid obtained after 100 min in an 84% yield (0.85 g), mp 218-
220 °C. IR (KBr), (v max, cm '): 3067, 3035 (C-Harom), 2987,
2931, 2905, 2870 (C-Hajipn), 1701 (C=0), 1270 (P=0), 1097,
1044, 1014 (P-O-C and O-C). "H-NMR (400 MHz, DMSO-dq):
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1.10 (t, 3H, J = 6.8 Hz, CH3), 1.14-1.23 (m, 3H, CH3), 2.38 (s, 3H,
CHj3), 3.89-4.16 (m, 4H, OCH,), 5.72 (dd, 1H, Jpcy = 22.0 and
9.2 Hz, P-CH), 7.69 (t, 1H, J = 7.6 Hz, Ar-H), 8.18 (d, 1H, ] =
7.2 Hz, Ar-H), 8.33 (d, 1H, J = 7.2 Hz, Ar-H), 8.39 (s, 1H, Ar-H).
BC-NMR (100 MHz, DMSO-ds): 13.2 (CH3), 14.3 (CH3), 15.2
(CH3), 47.9 (d, Jpc = 157.8 Hz, C-2), 60.1 (OCH,), 61.9 (OCH,),
125.1 (C-2ary1), 128.5 (C-4ary1), 129.4 (C-5a1y1), 135.6 (C-641y1), 137.4
(C-6), 139.4 (C-1ay1), 143.5 (C-341y1), 154.2 (C-5), 163.1 (C-7a),
167.4 (C=0). *'"P-NMR (162 MHz, DMSO-d): 20.06 ppm. MS
(m/z, 1%): 411 (M, 51%). Anal. caled for C;¢H;gN;O6PS (411.37):
C, 46.72%; H, 4.41%; N, 10.21%; S, 7.79%. Found: C, 46.58%; H,
4.31%; N, 10.09%; S, 7.67%.

3.1.9 2-(4-Bromophenyl)-3-ethoxy-5-methyl-3-oxido-2H-
thiazolo[2,3-¢][1,4,2]diazaphosphole-6-carboxylate (2g). Pale
yellow solid obtained after 100 min in an 87% yield (0.95 g), mp
196-197 °C. IR (KBr), (v max, cm ™ *): 3038 (C-Harom), 2987, 2980,
2927 (C—Haipn), 1703 (C=0), 1271 (P=0), 1097, 1045, 1015 (P-
0-C and O-C). "H-NMR (400 MHz, DMSO-d): 1.10 (t, 3H, J =
7.2 Hz, CHj), 1.29 (t, 3H, J = 7.2 Hz, CHj;), 2.22 (s, 3H, CHy),
4.01-4.08 (m, 4H, OCHy), 5.83 (d, 1H, Jpcy = 20.4 Hz, P-CH),
7.11 (d, 2H, J = 8.0 Hz, Ar-H), 8.04 (d, 2H, J = 7.6 Hz, Ar-H). "*C-
NMR (100 MHz, DMSO-dg): 13.8 (CH3), 15.0 (CH3), 15.9 (CHj3),
48.5 (d, Jpc = 155.4 Hz, C-2), 59.5 (OCH,), 60.6 (OCH,), 121.4 (C-
4ary1)y 130.8 (C-2,641y1), 131.7 (C-3,5a1y1), 136.7 (C-1a1y1), 138.3 (C-
6), 153.1 (C-5), 163.9 (C-7a), 168.2 (C=O0). *'P-NMR (162 MHz,
DMSO-d,): 22.52 ppm. MS (m/z, [%): 444 (M, 25%) and 446 (M +
2, 23%). Anal. calcd for C;6H;3BrN,O,PS (445.27): C, 43.16%; H,
4.07%; N, 6.29%; S, 7.20%. Found: C, 43.01%; H, 3.93%; N,
6.11%; S, 7.04%.

3.1.10 2-(4-Chlorophenyl)-3-ethoxy-5-methyl-3-oxido-2H-
thiazolo[2,3-e][1,4,2]diazaphosphole-6-carboxylate (2h). Pale
yellow solid obtained after 100 min in an 89% yield (0.88 g), mp
202-203 °C. IR (KBr), (v max, cm ™ *): 3085 (C-Harom), 2987, 2931,
2855 (C-Hajipn), 1694 (C=0), 1268 (P=0), 1091, 1018 (P-O-C
and O-C). "H-NMR (400 MHz, DMSO-d,): 1.10 (t, 3H, ] = 6.8 Hz,
CH3), 1.19 (t, 3H, J = 6.4 Hz, CH3), 2.33 (s, 3H, CH3), 3.95 (q, 2H,
J = 6.4 Hz, OCH,), 4.19 (q, 2H, J = 6.8 Hz, OCH,), 5.85 (d, 1H,
Jpcu = 22.0 Hz, P-CH), 7.18 (d, 2H, J = 8.4 Hz, Ar-H), 8.05 (d,
2H, J = 7.6 Hz, Ar-H). >*C-NMR (100 MHz, DMSO-dq): 14.1
(CH3), 15.1 (CH3), 15.9 (CH3), 49.2 (d, Jpc = 154.0 Hz, C-2), 60.6
(OCH,), 61.4 (OCH,), 128.5 (C-3,541y1), 131.3 (C-44yy1), 132.2 (C-
2,6a1y1), 137.3 (C-6), 135.2 (C-141y1), 154.6 (C-5), 163.2 (C-7a), 168.6
(C=0). *'P-NMR (162 MHz, DMSO-d,): 20.04 ppm. MS (m/z,
I%): 399 (M*, 29%) and 401 (M + 2, 9%). Anal. caled for Cy¢-
H,4CIN,O,PS (400.81): C, 47.95%; H, 4.53%; N, 6.99%; S, 8.00%.
Found: C, 47.81%; H, 4.40%; N, 6.86%; S, 7.86%.

3.1.11 3-Ethoxy-5-methyl-2-(4-nitrophenyl)-3-oxido-2H-
thiazolo[2,3-€][1,4,2]diazaphosphole-6-carboxylate (2i). White
solid obtained after 100 min in an 88% yield (0.89 g), mp 208-
210 °C. IR (KBr), (v max, cm '): 3067, 3034 (C-Harom), 2984,
2929, 2908 (C-Hajipn), 1702 (C=0), 1272 (P=0), 1097, 1045,
1016 (P-O-C and O-C). "H-NMR (400 MHz, DMSO-dg): 1.10 (t,
3H, J = 6.8 Hz, CH,), 1.22 (t, 3H, J = 6.8 Hz, CH3), 2.37 (s, 3H,
CH3;), 3.92 (q, 2H, J = 6.8 Hz, OCH,), 4.13 (q, 2H, J = 6.8 Hz,
OCH,), 5.68 (dd, 1H, Jpcy = 22.8 and 9.6 and Hz, P-CH), 8.16 (d,
2H, J = 8.4 Hz, Ar-H), 8.41 (d, 2H, J = 8.4 Hz, Ar-H). "C-NMR
(100 MHz, DMSO-d): 13.3 (CHj3), 15.1 (CHj), 16.0 (CHj), 49.2
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(d, Jec = 154.0 Hz, C-2), 59.8 (OCH,), 61.3 (OCH,), 123.4 (C-
3,5an1)y 129.5 (C-2,6ary1), 137.1 (C-6), 142.0 (C-1ary1), 143.3 (C-
4,n1), 153.8 (C-5), 163.6 (C-7a), 168.3 (C=0). *'P-NMR (162
MHz, DMSO-d,): 21.01 ppm. MS (m/z, I%): 411 (M", 35%). Anal.
caled for Cy6H gN3O6PS (411.37): C, 46.72%; H, 4.41%; N,
10.21%; S, 7.79%. Found: C, 46.56%; H, 4.28%; N, 10.06%; S,
7.64%.
3.1.12 3-Ethoxy-5-methyl-3-oxido-2-(2,4,6-trimethox-

yphenyl)-2H-thiazolo[2,3-€][1,4,2]diazaphosphole-6-carboxylate
(2j). Yellow solid obtained after 120 min in an 81% yield (0.91 g),
mp 131-132 °C. IR (KBr), (v max, cm™'): 3034 (C-Harom), 2982,
2940, 2908 (C-Hyipn), 1698 (C=0), 1263 (P=0), 1090, 1014 (P-
0-C and O-C). *"H-NMR (400 MHz, DMSO-d): 1.10-1.19 (m, 6H,
CH3), 2.36 (s, 3H, CH3), 3.72 (s, 3H, OCH3), 3.76 (s, 3H, OCH3),
3.86 (s, 3H, OCHj), 4.00-4.15 (m, 4H, OCH,), 5.85 (d, 1H, Jpcy =
20.4 Hz, P-CH), 7.17 (s, 1H, Ar-H), 7.78 (s, 1H, Ar-H). *C-NMR
(100 MHz, DMSO-ds): 14.0 (CH3), 15.7 (CH3), 16.0 (CH3), 49.8 (d,
pc = 149.1 Hz, C-2), 54.1 (OCHj,), 55.8 (2 OCHj3), 60.9 (OCH,),
62.3 (OCHy,), 93.5 (C-3,541y1), 106.7 (C-1apy1), 138.7 (C-6), 154.7 (C-
5), 160.2 (C-2,6.1y1), 161.5 (C-4ary), 163.4 (C-72), 166.5 (C=O0).
*IP-NMR (162 MHz, DMSO-d): 20.05 ppm. MS (m/z, I%): 456
(M, 100%). Anal. caled for C,9H,5N,0,PS (456.45): C, 50.00%;
H, 5.52%; N, 6.14%; S, 7.02%. Found: C, 49.87%; H, 5.42%; N,
6.03%; S, 6.90%.

3.2 Invitro cytotoxicity

The American type of culture collection (ATCC) provided human
cell lines for the human cancer cells TK-10 and A549. A
humidified, 5% (v/v) CO, atmosphere was used to culture the
cells at 37 °C in RPMI-1640 supplemented with (100 pg mL %),
penicillin (100 units/mL), and heat-inactivated fetal bovine
serum (10% v/v). Using the sulforhodamine B (SRB) assay, the
cytotoxicity of the synthesized compounds against TK-10 and
A549 human tumor cells was assessed before being treated with
the synthesized compounds.*

3.3 Apoptosis analysis

The TK-10 and A549 cancer cells were treated for 48 h with the
products 2e, 2h, and 2j before being trypsinized and subjected
to two PBS washes. According to the manufacturer, apoptosis
was evaluated using Alexa Fluor-488/PI staining apoptosis.*!

3.4 Cell cycle analysis

The ICs, values for the products 2e, 2h, and 2j were pre-
calculated and administered to TK-10 and A549 cells for 48 h.
For the distribution of the cell cycle phases for each sample,
FACS analysis was completed using a Cytek® Northern Lights
2000 spectral flow cytometer (Cytek Biosciences, Fremont, CA,
USA).*2

3.5 Autophagy assessment

Autophagic cell death was quantitatively assessed using acri-
dine orange lysosomal staining coupled with flow cytometric
analysis. After treatment with the test compounds for the
specified duration, cells (105 cells) were collected by
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trypsinization and washed twice with ice-cold PBS (pH 7.4). The
cells were then stained with acridine orange (10 uM) and
incubated in the dark at 37 °C for 30 min. After staining, the
cells were then subjected to FACS analysis using a Cytek®
Northern Lights 2000 spectral flow cytometer and SpectroFlo™
software version 2.2.0.3 (Cytek Biosciences, Fremont, CA,
USA).®

4. Conclusion

In summary, we have reported a straightforward protocol for the
construction of ethyl 2-aryl-3-ethoxy-5-methyl-3-oxido-2H-thia-
zolo[2,3-¢][1,4,2]diazaphosphole-6-carboxylates. =~ The main
features of this work are the protocol is less time-consuming,
inexpensive, offers a simple procedure and easy handling, and
the derivatives can be obtained in high yields. Compounds that
have methoxy groups and chlorine atoms displayed promising
cytotoxic activities.
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