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esis of new bis(1,2,4-triazolo[3,4-
b][1,3,4]thiadiazines) and bis((quinoxalin-2-yl)
phenoxy)alkanes as anti-breast cancer agents
through dual PARP-1 and EGFR targets inhibition†

Fatma M. Thabet,a Kamal M. Dawood, *a Eman A. Ragab,a Mohamed S. Nafie b

and Ashraf A. Abbas *a

A number of new 1,u-bis((acetylphenoxy)acetamide)alkanes 5a–f were prepared then their bromination

using NBS furnished the novel bis(2-bromoacetyl)phenoxy)acetamides 6a–f. Reaction of 6a–f with 4-

amino-5-substituted-4H-1,2,4-triazole-3-thiol 7a–d and with o-phenylenediamine derivatives 9a and

b afforded the corresponding bis(1,2,4-triazolo[3,4-b][1,3,4]thiadiazine) derivatives 8a–l and

bis(quinoxaline) derivatives 10a–e in good yields. The cytotoxicity of the synthesized compounds as well

as apoptosis induction through PARP-1 and EGFR as molecular targets was evaluated. Three

compounds, 8d, 8i and 8l, exhibited much better cytotoxic activities against MDA-MB-231 than the drug

Erlotinib. Interestingly, compound 8i induced apoptosis in MDA-MB-231 cells by 38-fold compared to

the control arresting the cell cycle at the G2/M phase, and its treatment upregulated P53, Bax, caspase-

3, caspase-8, and caspase-9 gene levels, while it downregulated the Bcl2 level. Compound 8i exhibited

promising dual enzyme inhibition of PARP-1 (IC50 ¼ 1.37 nM) compared to Olaparib (IC50 ¼ 1.49 nM),

and EGFR (IC50 ¼ 64.65 nM) compared to Erlotinib (IC50 ¼ 80 nM). These results agreed with the

molecular docking studies that highlighted the binding disposition of compound 8i inside the PARP-1

and EGFR protein active sites. Hence, compound 8i may serve as a potential anti-breast cancer agent.
1. Introduction

Cancer is a serious public health issue that affects people all
over the world. The statistics on incidence and mortality
showed that it is increasing in both economically emerging and
developed countries. Breast cancer is the most common
malignancy in women, accounting for 23% of all cancer diag-
noses and 14% of cancer deaths.1 As a result, breast cancer cells
have been found to be more reliant on DNA repair pathways
than normal cells, making them more vulnerable to DNA-
damage response suppression.2 Anticancer research continues
to be a priority, with more effective and selective chemothera-
peutic anticancer drugs urgently needed.

The presence of a carboxamide functionality in the compo-
sition of organic molecules was found to be essential in many
clinically approved synthetic and naturally derived drugs. The
carbonyl and amine groups in the carboxamide function had an
ce, Cairo University, Giza, 12613, Egypt.
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interesting attention where they act as a hydrogen-bond
acceptor (HBA) and a hydrogen-bond donor (HBD), respec-
tively.3–6 It is well known that amide-based exible pharmaco-
phore had a signicant role in enhancing the biological activity
due to its hydrogen acceptor/donor (HAD) behaviour.3 A
number of 1,2,4-triazole-based fused heterocycles had received
a wide range of medicinal applications as appeared in some
approved drugs for medical use such as Sitagliptin, Lorpiprazole,
Dapiprazole, Estazolam, alprazolam and triazolam7,8 (Fig. 1). In
addition, quinoxaline derivatives were among the most impor-
tant class of heterocyclic compounds due to their potent ther-
apeutic applications including anticancer, anti-HIV, antiviral,
anti-inammatory, antibacterial, antiallergic, antioxidant, .
etc.9–11 Interestingly, Erdatinib and Brimodine are quinoxaline-
based commercial drugs in the market12,13 (Fig. 1). The bis-
carboxamide function also constituted a main structural-unit
of some commercial medicines such as Lacosamide and Bati-
mastat (Fig. 1). In addition, some bis-amide derivatives were
found to have potent anticancer activities.14–16

The biological potencies of the fused systems: 1,2,4-triazolo
[,3,4-b]thiadiazines, were broadly described in the literature.17

Some 1,2,4-triazolo[3,4-b]thiadiazine scaffolds had promising
anticancer activities against several human cancer cell lines
without obvious signs of toxicity.18–24 Interestingly, a list of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Marketed-drugs based on carboxamides, fused-triazoles and quinoxalines.
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triazole, thiadiazole and quinoxaline-based compounds with
promising EGFR and PARP-1 inhibition is described in Fig. 2,
hence, we thought to employ these moieties as an approach of
fragment-based drug design. The 1,2,4-triazole derivative (I)25

exhibited a promising cytotoxic activity as EGFR inhibitor with
IC50 value of 1.5 mM, another derivative (II)26 containing a 1,2,4-
triazole moiety showed an interesting cytotoxic activity with
apoptosis-induction through PARP-1 inhibition with IC50 value
of 0.33 mM. The 1,2,4-triazolo[3,4-b]thiadiazine derivatives III27

and IV28 exhibited promising cytotoxic activities through EGFR
and PARP-1 inhibitions with apoptosis-induction in cancer
cells, respectively. Additionally, quinoxaline derivatives V29 and
VI30 exhibited potent cytotoxicity against cancer cells, with
inhibitory activities of EGFR (IC50 ¼ 211.2 nM), and PARP-1
(IC50 ¼ 71 nM).

Poly(ADP-ribose) polymerase (PARPs) are enzymes that
catalyse the transfer of ADP-ribose from nicotinamide adenine
dinucleotide (NAD+) to acceptor proteins.31 PARP-1 is the most
common and well-studied member of this family, and it
represents a prospective anticancer therapeutic target as it is
involved in DNA repair and cell survival and death.32 Many
© 2022 The Author(s). Published by the Royal Society of Chemistry
researchers are interested in developing novel PARP-1 inhibi-
tors, which showed promising effects in clinical studies against
cancer. Epidermal growth factor receptor (EGFR) is a critical
receptor that begins downstream signal transduction and cau-
ses tumor proliferation and migration, so its inhibition is
a prospective cancer treatment target.33

Anticancer effects have been documented for 1,2,4-tri-
azoles,34 quinoxalines,35 and 1,2,4-triazolo[3,4-b]thiadia-
zines,27,28 that all work in various ways. They work by inhibiting
the enzymes including PARP-1 and EGFR, which are involved in
cancer progression. For newly synthesized bioactive
compounds, molecular hybridization, via combination of two or
more pharmacophoric motifs in the same substrate, was rec-
ommended to enhance their biological potencies.36–38

A subtype of breast cancer known as triple-negative (TNBC)
was particularly dangerous and aggressive, with only few treat-
ment options available.39 EGFR has been found to be overex-
pressed inmost cancers, including TNBC. For cancer treatment,
the use of a PARP-1 inhibitor as a single target received
considerable attention, but the potential of PARP in combina-
tion with other oncogenic targets was also accrued in recent
RSC Adv., 2022, 12, 23644–23660 | 23645
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Fig. 2 Examples of triazole, thiadiazine and quinoxaline-based compounds as EGFR and PARP-1 inhibitors.
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View Article Online
years. Other oncogenic targets such as EGFR could be used in
conjunction with PARP.40 Lin et al. 2022,41 designed a potential
PARP/EGFR dual inhibitor through pharmacophore combina-
tion using Olaparib as a clinically approved drug for PRAP-1
inhibitor. Additionally, PARP-1 inhibitors showed selective
sensitivity to EGFR, hence dual inhibition targets of PARP-1/
EGFR were a promising therapeutic target against cancers
including breast cancer.42

Analyzing the receptor ligand-binding pocket and fragment
interaction with pocket amino acid side chains using fragment-
based drug design (FBDD) was a critical step in developing
druggable lead structures. FBDD employed computer models of
the target protein to narrow the search for possible leads, and
these fragments served as the starting points for “growing” the
lead candidate,43,44 we thought to employ triazole, thiadiazine
and quinoxaline-moieties as twin drugs against EGFR and
PARP-1 proteins. It has been widely reported that functional
agents combining two pharmacophoric groups in a single
molecule (Twin drugs) have been effective in a wide range of
medicinal chemistry applications.
23646 | RSC Adv., 2022, 12, 23644–23660
During our research program aiming at synthesis of triazole-
based fused heterocycles, bis(carboxamides) and bis(hetero-
cycles) as twin drugs of signicant biological applications,45–55

the reported anticancer activities of compounds employing
either triazolothiadiazine or carboxamide pharmacophores
inspired us to construct a series of modied novel bis-
triazolothiadiazine hybrids (Fig. 3) having variable bis(carbox-
amide) spacers, starting from bis(2-chloroacetamide) deriva-
tives, to investigate their potency as anticancer agents against
a panel of cancer cell lines and to investigate the effective
molecular target and the apoptotic cell death.
2. Results and discussion
2.1. Chemistry

The activated bis-(2-chloroacetamide) derivatives 3a–c were
rstly prepared by conventional double N-alkylation of the
readily available aliphatic 1,u-diamino-alkanes 2a–c with the
highly reactive chloroacetyl chloride 1 following a procedure
reported in the literature56 (Scheme 1). The obtained bis-chloro
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Design strategy of our target; triazolothiadiazine or quinoxaline merged bis-carboxamide pharmacophores.
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compounds 3a–c were then used to alkylate the potassium salts
of p-hydroxyacetophenone 4a and its o-isomer 4b [obtained
upon treatment of hydoxyacetophenone derivatives 4a, b with
methanolic potassium hydroxide solution] in boiling DMF to
afford the corresponding 1,u-bis((acetylphenoxy)acetamide)
alkanes 5a–f in 60–65% yields as depicted in Scheme 1. Thus,
reaction of one equivalent of N,N0-(ethane-1,2-diyl)bis(2-
chloroacetamide) 3a with two equivalents of the potassium
salt of p-hydroxyacetophenone 4a in boiling dimethylforma-
mide (DMF) delivered the new bis(carboxamide); N,N0-(ethane-
1,2-diyl)bis(2-(4-acetylphenoxy)acetamide) 5a in 65% yield.
Structure of the new product 5a was fully conrmed from its
elemental and spectral analyses (IR and 1H NMR). The 1H NMR
spectrum of 5a recorded a singlet signal at 2.49 for two acetyl
protons, and two singlet peaks at 3.25 and 4.55 assignable to
CH2N and CH2O protons, two doublets at 7.03 and 7.90 due to
the p-phenylene aromatic protons, besides a singlet peak at
8.22 ppm assignable to NH function, respectively. Moreover, the
IR spectrum of 5a showed two sharp absorption peaks at 3286
and 1665 cm�1 assigned for NH and CO groups, respectively.
Similarly, compounds 3b, c reacted with the potassium salt of p-
hydroxyacetopheneone 4a and o-hydroxyacetopheneone 4b,
under the same reaction conditions, to furnish the corre-
sponding N,N0-(alkane)bis(2-bromoacetyl)phenoxy)acetamides
5b–f in 60–65% yields, as shown in Scheme 1. Structures of all
the new bis(acetylphenoxy)acetamide)alkane derivatives 5b–f
were completely conrmed from both elemental and spectral
analyses (IR, 1HNMR and 13CNMR) (c.f. Experimental section).
The formed bis(acetyl) derivatives 5a–g were characterized by
© 2022 The Author(s). Published by the Royal Society of Chemistry
the presence of an elongated spacer between the two carbox-
amide groups as well as the position of acetyl moiety on the
aromatic ring.

Next, the bis-carboxamide-based bis(acetyl) derivatives 5a–f
were chosen as key compounds for preparation of the hitherto
unreported N,N0-(alkane)bis(2-bromoacetyl)phenoxy)
acetamides 6a–f which were useful for synthesis of the target
bis(heterocycles) in our project. Two strategies were attempted
to synthesize the bis(2-bromoacetyl) derivatives 6a–f. The rst
involved conventional direct bromination of 5a with bromine in
acetic acid as solvent at room temperature, however, this
method led to the formation of a mixture of bis(a-bromoketone)
6a and its bis(a,a-dibromoketone) derivatives as shown by TLC
and 1H NMR of the crude reaction mixture. The mixture was
difficult to be separated into the corresponding pure products.
In anticipation of getting an efficient and modied protocol to
synthesize a pure sample of 6a, an alternative synthetic way was
attempted. Thus, bromination of the model compound 5a with
N-bromosuccinimide (NBS) catalyzed by p-toluenesulfonic acid
(p-TsOH) in acetonitrile as solvent resulted in the formation of
the desired bis(a-bromoketone) 6a as a single pure product in
60% yield as proved by the 1H NMR and TLC of the crude
product (Scheme 1). 1H NMR spectrum of the pure compound
6a showed all the expected features with signals at d 3.24–3.26
(m, 4H, 2CH2N), 4.57 (s, 4H, 2CH2O), 4.94 (s, 4H, 2CH2Br), 7.05
(d, 4H, J ¼ 8.7 Hz, ArH's), 8.04 (d, 4H, J ¼ 9 Hz, ArH's), and 8.26
(s, 2H, 2NH) ppm. This result stimulated us to generalize this
protocol to prepare the rest bis(a-bromoketone) derivatives 6b–
f. Thus, double bromination of 5b–f with NBS, under typical
RSC Adv., 2022, 12, 23644–23660 | 23647
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Scheme 1 Synthesis of N,N0-(alkane)bis((2-bromoacetyl)phenoxy)acetamides 6a–f.
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reaction condition, led to the formation of the desired
compounds 6b–f in 66–77% yields (Scheme 2). It is noteworthy
to mention here that trials to improve the reaction yield, taking
compound 6b as a representative example, by switching the
reaction solvent into dioxane instead of acetonitrile under the
same reaction conditions failed, where compound 6b was iso-
lated in only 37% yield.

Next, our target was expanded to investigate the synthetic
potentiality of the bis[((2-bromoacetyl)phenoxy)alkanamide]
derivatives 6a–f to access the bis[((1,2,4-triazolo[3,4-b][1,3,4]
thiadiazin-6-yl)phenoxy)alkanamide] derivatives 8a–l. Firstly,
reaction of 6a with two equivalents of 4-amino-5-phenyl-4H-
1,2,4-triazole-3-thiol (7a) in reuxing ethanol, in the presence of
a catalytic amount of piperidine, for 8 h afforded a low yield
(30%) of N,N0-(ethane-1,2-diyl)bis(2-(4-(3-phenyl-7H-[1,2,4]tri-
azolo[3,4-b][1,3,4]thiadiazin-6-yl)phenoxy)-acetamide) (8a). The
low yield of 8a might be attributed to the fair solubility of the
starting materials in the reaction solvent (ethanol). Repeating
the same reaction in DMF/ethanol mixed solvent (4 : 1 v/v) at
reux temperature, in the presence of piperidine, for 3 h fur-
nished the desired product 8a in 62% yield. The structure of 8a
was elucidated by elemental analyses, as well as its spectral data
(1H NMR, MS and IR), that were in complete accordance with
the proposed structure 8a (Scheme 2). The 1H NMR spectrum of
23648 | RSC Adv., 2022, 12, 23644–23660
8a showed characteristic multiplet signals at d 3.27 for CH2N
integrating for four protons, two singlet signals at d 4.36 and
4.57 corresponding to CH2S and CH2O protons, respectively,
multiplet signals in the region 7.11–8.01 for the aromatic
protons in addition to a singlet signal at 8.23 ppm for two NH
protons. Its IR spectrum showed characteristic sharp absorp-
tion peaks for NH and CO at n 3433 and 1666 cm�1, respectively.
Finally, its mass spectrum showed a fragment at m/z 755 due to
the correct molecular ion peak.

The above reaction was generalized where treatment of the
appropriate bis(a-bromoacetophenone) 6a–f, with two equiva-
lents of the 4-aminotriazole-3-thiol derivatives 7a–d under the
same reaction conditions afforded the corresponding bis(-
triazolothiadiazine) derivatives 8a–l in 52–72% yields as shown
in Scheme 2. The structures of the obtained products 8a–l were
substantiated from their elemental analyses and spectral data
(1H and 13C NMR, MS and IR) as described in the experimental
part. Mechanistically, formation of 8 took place via initial S-
alkylation of the thiol group of aminotriazole-thiol with loss of
two HBr molecules, followed by an intramolecular cyclo-
condensation with concurrent extrusion of two water molecules
to furnish the product 8. Strong evidence for the proposed
mechanism was based on the following remarks; (a) disap-
pearance of the characteristic signals NH2 belong to amino-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of the bis(triazolothiadiazine) derivatives 8a–l.
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triazole moiety in both IR and 1H-NMR spectra of all the
products 8a–l, (b) presence of new SCH2 protons, resonating at
d� 4.3 ppm as singlet signal integrating for four protons, which
clearly indicated the occurrence of ring closure.

Finally, our work was extended to comprise synthesis of the
new functionalized bis((quinoxalin-2-yl)phenoxy)alkane deriva-
tives 10a–e. Thus, when the bis(a-bromoketones) 6a, b, d, f were
allowed to react with two equivalents of o-phenylenediamine
derivatives 9a, b in absolute ethanol containing piperidine (two
equiv.), at reux temperature, gave the corresponding
bis(quinoxalin-2-yl)phenoxy)alkane derivatives 10a–d in 50–
70% yields as shown in Scheme 3. The structures of the isolated
products were inferred from their elemental and spectral
analyses as described in detail in the experimental part. For
example, the spectral data (IR, 1H- and 13C-NMR and MS) of the
bis(quinoxaline) derivative 10e was interpreted in detail. The
mass spectrum of 10e showed the correct molecular ion peak at
m/z ¼ 668, and its IR spectrum revealed distinctive stretching
absorption peaks at 3240, 1674 and 1620 cm�1 corresponding to
NH, CO and C]N functions, respectively. The 1H NMR of 10e
showed three singlet signals at d 1.29, 2.46, 4.59 for four groups
of CH3 protons, CH2CH2NH, and OCH2 protons, respectively,
multiplet signals in the range 3.19–3.21 for four protons of
NHCH2CH2CH2CH2NH, in addition to a singlet peak at d 8.93
integrated for two protons referring to quinoxaline-3-CH and all
© 2022 The Author(s). Published by the Royal Society of Chemistry
the remaining protons appeared at the expected chemical shis
with correct integral values (see experimental part). The 13C-
NMR spectrum of 10e, using APT technique, showed two
signals at d 20.35 and 20.41 for two CH3 groups, three signals at
26.45, 38.35 and 67.61 for three aliphatic CH's, seven signals at
112.79, 122.52, 127.73, 127.78, 131.38, 131.54 and 144.83 for
seven aromatic CH's, besides eight signals at 126.48, 139.74,
140.46, 140.69, 141.10, 150.27, and 154.85 for seven aromatic
C's and 167.91 for C]O group. Formation of the bis(quinoxa-
line) derivatives 10a–e took place via initial nucleophilic attack
at the bromoacetyl moiety followed an intramolecular cycliza-
tion via consecutive elimination of two molecules of water and
nally aromatization via air oxidation to afford bis(quinoxalin-
2-yl)phenoxy)alkane derivatives 10a–e.
2.2. Biology

2.2.1. Cytotoxic activity of the synthesized molecules
against breast cancer cell lines. The synthesized compounds
were screened for their cytotoxicity against two breast cancer
cell lines; MCF-7 andMDA-MB-231 using the MTT assay and the
IC50 values were summarized in Table 1. As seen in the results,
compounds 8d, 8i and 8l exhibited cytotoxic activities with
potent IC50 values of 0.41, 0.12, and 0.86 mM against MDA-MB-
231 cells and IC50 values of 2.14, 1.31, and 5.31 mMagainst MCF-
7 cells compared to Erlotinib as a reference drug (IC50 ¼ 1.02
RSC Adv., 2022, 12, 23644–23660 | 23649
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Scheme 3 Synthesis of the bis((quinoxalin-2-yl)phenoxy)alkane derivatives 10a–e.

Table 1 Cytotoxicity of the synthesized compounds against the breast
cancer MCF-7 and MDA-MB-231 cell lines using MTT assaya

No.

IC50, mM

No.

IC50, mM

MCF-7 MDA-MB-231 MCF-7 MDA-MB-231

8a $50 31.7 10a 32 $50
8b 26.1 29.2 10b $50 22.37
8c 16.1 23.3 10c 7.61 11.01
8d 2.14 0.421 10d 23.21 $50
8e 12.7 10.9 10e 31.21 28.1
8f 7.12 3.01 Erlotinib 0.32 1.02
8g 11.20 8.01
8h 21.1 $50
8i 1.31 0.12
8j 14.9 15.01
8k 13.1 12.7
8l 5.31 0.86

a IC50 values were calculated as the average of three independent trials
using dose–response curve in GraphPad prism.

23650 | RSC Adv., 2022, 12, 23644–23660
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and 0.32 mM for MDA-MB-231 and MCF-7, respectively). The
other compounds exhibited mild to weak cytotoxicity.
Compound 8i, as the most cytotoxic compound against the two
tested cell lines, it was subjected to MCF-10A as normal cell
lines and exhibited a poor cytotoxicity with an IC50 value of 52.4
mM, and it caused around 90% cell inhibition at the highest
concentration 100 mM (Fig. 4). The obtained results disclosed
the highest activity of compound 8i against the two breast
cancer cells in a selective way.

Biological results of the current investigation revealed that
there was an increase in the potency of the cytotoxicity and
enzyme inhibition results of the tested bis-heterocyclic deriva-
tives compared to the reported results of the mono-heterocyclic
derivatives of triazole, thiadiazine and quinoxaline
compounds.25–30 Therefore, synthesis of the current bis-fused
derivatives was an added value towards the anticancer activity
(Fig. 5).

It is noteworthy to mention that the current synthesized
derivatives 8a–l were characterized by variable alkane linkers
between the two carboxamide groups from ethylene to butylene
and the different substitution position of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) IC50 (mM) values of the promising derivatives 8i, 8d, and 8l against MCF-7 andMDA-NB-231 cells compared to Erlotinib. (B) Cell viability
of compound 8i against breast cancer (MDA-MB-231) and normal breast (MCF-10A) cells using MTT assay for 48 h incubation.

Fig. 5 Highlighted substituents anchored on the pharmacophore with promising cytotoxic activities for compounds 8a–l and 10a–e.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/2

1/
20

26
 1

1:
33

:2
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
triazolothiadiazine or quinoxaline moieties to the aromatic
phenylene ring (ortho- or para-) as well as the substituents at the
triazole or quinoxaline rings themselves. Such variations were
necessary to optimize the potency of the anticancer activity of
the synthesized products.

As illustrated in Fig. 6, the biological screening of the
mentioned compounds 8a–l revealed a correlation between
some compounds with comparable anticancer activity. Thus,
compounds 8i, 8d and 8l were the most active inhibitors of
MDA-MB-231 cells with IC50 values 0.12, 0.421 and 0.86 mM,
respectively. All these compounds 8i, 8d and 8l had the tri-
azolothiadiazinyl pharmacophore in the ortho-position of the
phenylene group and had less bulky (Me or H) substituents at
position 3 of the triazole scaffold. Interestingly, the most active
lead compound was 8i with the shortest alkane spacer
(ethylene; where n ¼ 0) between both bis-carboxamide groups.
Thus, the anticancer potency was greatly affected by the
© 2022 The Author(s). Published by the Royal Society of Chemistry
presence of a less bulky group at triazole ring, and a short-
length spacer (rst level activity) as shown in Fig. 6. For the
second level of activity (the para-isomeric series) shown in
Fig. 6, a similar correlation between the bis-carboxamide having
propylene spacer and methyl substituent at position 3 of tri-
azole scaffold (8f: IC50 ¼ 3.01 mM), was more active than those
having phenyl group at position 3 of triazole scaffold with either
propylene spacer (for 8g and 8e) or butylene spacer (for 8k).
Therefore, it was concluded that the most inhibitory active
compounds were characterized by the following: (i) ortho-
substitution was more potent than para-substitution, (ii) less
bulky substituents at the triazole scaffold was more potent than
others with phenyl moiety, (iii) shorter alkane spacer between
the two carboxamide groups.

It was noticed that, among the bis-quinoxaline series 10a–e,
only three derivatives 10b, c, e exhibited moderate anticancer
activity in the order 10c > 10b > 10e with IC50 values of 11.01,
RSC Adv., 2022, 12, 23644–23660 | 23651
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Fig. 6 Effect of derivatization of the synthesized bis-triazolothiadiazines 8a–l on their cytotoxicity against MDA-MB-231 cells.
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22.37 and 28.1 mM, respectively, against MDA-MB-231 cells.
However, the other derivatives of the bis-quinoxaline series 10a,
d were totally inactive (IC50 > 50 mM).

2.2.2. Evaluation of PARP-1 and EGFR inhibitory activity.
Compounds 8d, 8i, and 8l were tested for their inhibitory
activity on PARP-1 and EGFR as potential molecular targets, as
seen in Table 2. Interestingly, compound 8i exhibited promising
dual enzyme inhibition PARP-1 with IC50 value of 1.37 nM
23652 | RSC Adv., 2022, 12, 23644–23660
compared to Olaparib (1.49 nM), and EGFR with IC50 value of
64.65 nM compared to Erlotinib (80 nM). While compound 8l
exhibited PARP-1 inhibitory activity with IC50 value of 6.87 nM,
and EGFR inhibition with IC50 value of 78.9 nM. On contrast
compound 8d showed poor inhibitory activities. These results
of dual PARP-1 and EGFR inhibition agreed with the previously
reported results for 1,2,4-triazole, 1,3,4-thiadiazine and qui-
noxaline derivatives.28–30
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Dual EGFR-PARP enzymatic target of compound 8i

Sample

IC50, nM
a

PARP-1 EGFR

8d 19.86 123.7
8i 1.37 64.65
8l 6.87 78.9
Erlotinib 80 (ref. 57)
Olaparib 1.49 (ref. 26)

a IC50 values were calculated using sigmoidal nonlinear regression
curve t of percentage inhibition against ve concentrations of each
compound.
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2.2.3. Effect of compound 8i on apoptosis in MDA-MB-231
cells using ow cytometry and RT-PCR assays. MDA-MB-231
cancer cells were treated with compound 8i (IC50 ¼ 0.12 mM,
48 h), and were investigated for their apoptosis-inducing activity
using Annexin V/PI staining and DNA-aided cell cycle analysis
with the cell population in different cell cycle phases. As seen in
Fig. 7A, compound 8i signicantly stimulated total apoptotic
Fig. 7 Flow cytometry analysis upper panel (A) Annexin V/PI staining for
early apoptosis. Lower panel (B) histograms of DNA content at each phas
mM, 48 h.

© 2022 The Author(s). Published by the Royal Society of Chemistry
breast cancer cell death with 38-fold (30.74% compared to
0.81% for the control). It induced early apoptosis by 11.23%,
and late apoptosis by 19.51% compared to 0.63% and 0.18%,
respectively, for the control. Moreover, it stimulated cell death
by necrosis with 3.14-fold (4.08%, compared to 1.3% for the
control).

Investigating at which cell cycle, cells were arrested while
division, MDA-MB-231 cells were tested for cell cycle analysis,
which indicated the cell population at each phase in both
untreated and treated cells. As seen in Fig. 7B, compound 8i
signicantly increased cell population at G2/M by 24.04%,
compared to 9.83% for the control, so it arrested cell division at
G2/M phase. Consequently, compound 8i induced apoptosis in
MDA-MB-231 cells arresting the cell cycle at G2/M.

Further validation of the apoptosis-inducing activity of the
tested compound 8i in MDA-MB-231 cells, the gene expression
levels of apoptosis-related genes in both untreated and treated
MDA-MB-231 cells were investigated through the RT-PCR. As
seen in Fig. 8, compound 8i treatment increased P53 level by
4.8-fold, Bax level by 4.46-fold, caspase-3 level by 3.9-fold,
caspase-8 level by 6.36-fold, caspase-9 by 2.9-fold, while the
apoptosis-necrosis assessment, (Q1) necrosis, (Q2) late apoptosis, (Q4)
e of untreated and 8i-treated MDA-MB-231 cells with IC50 value of 0.12

RSC Adv., 2022, 12, 23644–23660 | 23653
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Fig. 8 Gene expression analysis in untreated and treated MDA-MB-
231 cells at the IC50 of 0.12 mM, 48 h. Values are expressed as Mean �
SD for three independent experimental runs. The housekeeping gene
is b-actin. Fold-change ¼ 2^�DDCt, where DDCt the difference
between mean values of genes CT values in the treated and control
groups. Fold of change in the untreated control ¼ 1.

Table 3 :Ligand-receptor interactions of the docked compound 8i with

Target
Docking score
(kcal mol�1) 3D Interactive posea

PARP-1 �37.09

EGFR �29.23

a Binding disposition of compound 8i (Cyan-colored) and co-crystallize
proteins. Labeled amino acids are the key ones for activity.

23654 | RSC Adv., 2022, 12, 23644–23660
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compound treatment decreased Bcl-2 level as the anti-apoptotic
gene by 0.35-fold compared to the untreated control.

The activation of caspase-3,9 and the decreased expression
of the Bcl-2 gene might cause apoptosis. P53 is a tumour
suppressor gene that was essential for apoptosis. The results
demonstrated the intrinsic apoptotic pathway via activation of
P53, Bax, caspase 3 and 9. Furthermore, in treated MDA-MB-231
cells, increased caspase-8 gene expression favours the extrinsic
apoptotic pathway. As a result, our ndings agreed with
previous studies that used RT-PCR to highlight the apoptotic
pathway by upregulating proapoptotic genes and down-
regulating anti-apoptotic genes.

2.2.4. Virtual justication of the biological investigations.
Based on enzyme assay experimental results, the most active
compound, 8i, was screened for virtual binding towards PARP-1
and EGFR proteins and the docking data are summarized in
Table 3. For PARP-1 protein the binding energy of 8i was
�37.09 kcal mol�1 compared with the co-crystallized ligand.
The binding interaction take place through H-bond with Gly
863, H-bond with Ser 904, arene–cation with His 862, and
arene–arene with Tyr 896. For the EGFR protein the binding
energy of 8i was �29.23 Kcal mol�1 compared with the co-
binding energies (kcal mol�1) inside the PARP-1 and EGFR proteins

Ligand–receptor interactions

- 1 H-bond with Gly 863
- 1 H-bond with Ser 904
- 1 arene–cation with His 862
- 1 arene–arene with Tyr 896

- 1 H-bond with Met793
- 1 arene–cation with Lys 745

d ligands (Yellow-colored) inside the active sites of PARP-1and EGFR

© 2022 The Author(s). Published by the Royal Society of Chemistry
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crystallized ligand. The binding interaction take place, however,
through H-bond with Met 793 and arene–cation with Lys 745 as
the key amino acids for enzyme activities. The docking results
highlighted the rule of triazolo-thiadiazine moiety for interac-
tions with targeted proteins PARP-1 and EGFR as illustrated by
the 3D binding disposition. Further deep studies, however,
requested for optimization of the activity and elucidation of the
mode of actions of such type of molecules.

3. Conclusion

In this work, a synthetic protocol to a new series of bis((2-
bromoacetyl)phenoxy)alkane derivatives linked by a bis-
carboxaamide linker was developed and involved in the
synthesis of a library of bis((triazolothiadiazinyl)phenoxy)
alkane and bis((quinoxalin-2-yl)phenoxy)alkane derivatives via
their reaction with 4-amino-1,2,4-triazole-3-thiol and o-phenyl-
enediamine derivatives, respectively, in good yields. Structures
of all the new compounds were established using elemental
analyses and spectroscopic tools. The cytotoxicity of the
synthesized compounds was tested using MTT assay, as well as
apoptosis-induction through PARP-1 and EGFR as molecular
targets. Compound 8i exhibited high cytotoxic activity with IC50

values of 0.12 mM and 1.31 mM against MDA-MB-231 and MCF-7
cells, respectively, compared to Erlotinib. Interestingly,
compounds 8i induced apoptosis in MDA-MB-231 cells by 38-
fold (30.74% compared to 0.81 for the control) arresting the cell
cycle at G2/M phase, and it affected the apoptosis-related genes
through RT-PCR. Additionally, compound 8i exhibited prom-
ising dual enzyme inhibition PARP-1 (IC50 ¼ 1.37 nM)
compared to Olaparib (IC50 ¼ 1.49 nM), and EGFR with (IC50 ¼
64.65 nM) compared to Erlotinib (IC50 ¼ 80 nM). Hence, this
compound may serve as a potential target-oriented anti-breast
cancer agent.

4. Experimental
4.1. Chemistry

4.1.1. General methods. All melting points were uncor-
rected. Compounds prepared by different procedures were
characterized by mixed melting points, thin-layer chromatog-
raphy (TLC) and infra-red (IR). IR spectra (KBr) were recorded
on Fourier Transform Infra-Red spectrophotometer: Model: IR-
Affinity-1 from Shimadzu Corporation. Nuclear magnetic reso-
nance (NMR) spectra were measured with a Varian Gemini 300
spectrometer (300 MHz 1H NMR) and chemical shi were given
in ppm from tetramethylsilane (TMS). 13C NMR spectra were
recorded with a Varian Mercury 300 (300 MHz 1H NMR, 75 MHz
13C NMR). Mass spectra were recorded on a DI Analysis Shi-
madzu QP-20100 Plus. Elemental analyses were carried out at
the Microanalytical Centre, Cairo University. 4-Hydrox-
yacetophenone, 2-hydroxyacetophenone, chloroacetyl chloride,
ethylene diamine, 1,3-diaminopropane, 1,4-diaminobutane, N-
bromosuccinimide (NBS) and p-toluenesulfonic acid were used
as purchased from Aldrich. The starting materials bis-(2-chlor-
oacetamide)56 3a–c were synthesized following the literature
procedures.
© 2022 The Author(s). Published by the Royal Society of Chemistry
4.1.2. Synthesis 1,u-bis((acetylphenoxy)acetamide)alkanes
5a–f

4.1.2.1 General procedure. 4-Hydroxyacetophenone (4a) or 2-
hydroxyacetophenone (4b) (10 mmol) was added to methanolic
KOH solution [prepared by dissolving 0.56 g (10 mmol) of
potassium hydroxide (KOH) in 10 mL of absolute methanol],
stirred for 10 min and the solvent was then removed under
vacuum. The obtained potassium salt was dissolved in DMF (10
mL) and the appropriate N,N0-(alkane-1,u-diyl)bis(2-
chloroacetamide) 3a–c (5 mmol) was added. The reaction
mixture was heated under reux for 10 min during which KCl
was precipitated. The solvent was then removed under vacuum
and crushed ice was added to the reaction mixture. The ob-
tained solid was collected by ltration, dried and recrystallized
from EtOH/H2O to afford bis(acetylphenoxy)alkanes 5a–f.

4.1.2.2 N,N0-(Ethane-1,2-diyl)bis(2-(4-acetylphenoxy)
acetamide) (5a). Obtained from 3a and 4a; colorless crystals;
yield 65%, mp 176–178 �C; IR (KBr) n 3286 (NH), 1666 (br, 2C]
O) cm�1; 1H NMR (DMSO-d6) d 2.49 (s, 6H, 2CH3CO), 3.25–3.26
(m, 4H, 2CH2N), 4.55 (s, 4H, 2CH2O), 7.03 (d, 4H, J ¼ 9 Hz,
ArH's), 7.90 (d, 4H, J ¼ 8.7 Hz, ArH's), 8.22 (brs, 2H, 2NH) ppm.
Anal. calcd for C22H24N2O6 (412.44): C, 64.07; H, 5.87; N, 6.79%.
Found: C, 64.19; H, 5.90; N, 6.81%.

4.1.2.3 N,N0-(Propane-1,3-diyl)bis(2-(4-acetylphenoxy)
acetamide) (5b). From 3b and 4a; colorless crystals, yield 64%,
mp 134–136 �C; IR (KBr) n 3387 (NH), 1658 (C]O) cm�1; 1H
NMR (CDCl3) d 1.73 (quintet, 2H, J¼ 6 Hz, CH2CH2CH2), 2.56 (s,
6H, 2CH3CO), 3.36–3.42 (m, 4H, 2CH2N), 4.56 (s, 4H, 2CH2O),
6.99 (d, 4H, J ¼ 8.7 Hz, ArH's), 7.20 (brs, 2H, 2NH), 7.95 (d, 4H, J
¼ 8.7 Hz, ArH's) ppm; 13C NMR (CDCl3, APT) d 26.18 (CH3),
29.38, 35.35, 66.99, (3CH2 aliphatic), 114.26, 130.56 (2CH, ArC's)
131.25, 166.72 (2C, ArC's), 167.91, 196.54 (2CO) ppm. Anal.
calcd for C23H26N2O6 (426.47): C, 64.78; H, 6.15; N, 6.57%.
Found: C, 64.85; H, 6.18; N, 6.66%.

4.1.2.4 N,N0-(Butane-1,4-diyl)bis(2-(4-acetylphenoxy)
acetamide) (5c). From 3c and 4a; colorless crystals; yield 62%;
mp 185–187 �C; IR (KBr) n 3387 (NH), 1728, 1627 (C]O) cm�1;
1H NMR (DMSO-d6) d 1.41 (brs, 4H, 2CH2CH2N), 2.49 (s, 6H,
2CH3CO), 3.11–3.13 (m, 4H, 2CH2N), 4.55 (s, 4H, 2CH2O), 7.03
(d, 4H, J ¼ 8.7 Hz, ArH's), 7.91 (d, 4H, J ¼ 8.7 Hz, ArH's), 8.12 (t,
2H, J ¼ 5.7 Hz, 2NH), ppm. Anal. calcd for C24H28N2O6 (440.50):
C, 65.44; H, 6.41; N, 6.36%. Found: C, 65.50; H, 6.45; N, 6.39%.

4.1.2.5 N,N0-(Ethane-1,2-diyl)bis(2-(2-acetylphenoxy)
acetamide) (5d). From 3a and 4b gave crude 5d; colorless crys-
tals; yield 65%; mp 122–124 �C; IR (KBr) n 3379 (NH), 1712, 1643
(C]O) cm�1; 1H NMR (CDCl3) d 2.46 (s, 6H, 2CH3CO), 3.58–3.60
(m, 4H, 2CH2N), 4.52 (s, 4H, 2CH2O), 6.87 (d, 2H, J ¼ 8.4 Hz,
ArH's), 7.02 (t, 2H, J ¼ 7.5 Hz, ArH's), 7.46 (t, 2H, J ¼ 7.2 Hz,
ArH's), 7.66 (d, 2H, J ¼ 7.8 Hz, ArH's), 8.17 (brs, 2H, 2NH) ppm.
Anal. calcd for C22H24N2O6 (412.44): C, 64.07; H, 5.87; N, 6.79%.
Found: C, 64.19; H, 5.85; N, 6.90%.

4.1.2.6 N,N0-(Propane-1,3-diyl)bis(2-(2-acetylphenoxy)
acetamide) (5e). From 3b and 4b; colorless crystals; yield 60%;
mp 110–112 �C; IR (KBr) n 3340 (NH), 1674, 1674 (C]O) cm�1;
1H NMR (CDCl3) d 1.88 (quintet, 2H, J ¼ 6.3 Hz, CH2CH2CH2),
2.61 (s, 6H, 2CH3CO), 3.39–3.45 (m, 4H, 2CH2N), 4.56 (s, 4H,
RSC Adv., 2022, 12, 23644–23660 | 23655
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2CH2O), 6.92 (d, 2H, J ¼ 8.1 Hz, ArH's), 7.07 (t, 2H, J ¼ 7.8 Hz,
ArH's), 7.49 (t, 2H, J ¼ 7.8 Hz, ArH's), 7.74 (d, 2H, J ¼ 7.5 Hz,
ArH's), 8.06 (brs, 2H, 2NH) ppm. Anal. calcd for C23H26N2O6

(426.47): C, 64.78; H, 6.15; N, 6.57%. Found: C, 64.69; H, 6.18; N,
6.65%.

4.1.2.7 N,N0-(Butane-1,4-diyl)bis(2-(2-acetylphenoxy)
acetamide) (5f). From 3c and 4b; colorless crystals; yield 63%,
mp 158–160 �C; IR (KBr) n 3333 (NH), 1674 (C]O) cm�1; 1H
NMR (CDCl3) d 1.68 (t, 4H, J ¼ 2.7 Hz 2CH2CH2N), 2.58 (s, 6H,
2CH3CO), 3.39–3.41 (m, 4H, 2CH2N), 4.54 (s, 4H, 2CH2O), 6.91
(d, 2H, J ¼ 8.7 Hz, ArH's), 7.06 (t, 2H, J ¼ 7.5 Hz, ArH's), 7.49 (t,
2H, J ¼ 8.4 Hz, ArH's), 7.73 (d, 2H, J ¼ 7.8 Hz, ArH's), 7.93 (brs,
2H, 2NH), ppm; 13C NMR (CDCl3, APT) d 26.63, 38.59, 67.66
(3CH2 aliphatic), 29.68 (CH3), 113.49, 121.33, 131.11, 134.13
(4CH, ArC's) 127.03, 156.26 (2C, ArC's), 167.85, 198.81
(2CO) ppm. Anal. calcd for C24H28N2O6 (440.50): C, 65.44; H,
6.41; N, 6.36%. Found: C, 65.55; H, 6.49; N, 6.39%.

4.1.3. Synthesis of N,N0-((alkane)bis(2-bromoacetyl)
phenoxy)acetamide) 6a–f

4.1.3.1 General procedure. To a stirred solution of the
appropriate 1,u-bis((acetylphenoxy)acetamide)alkanes 5a–f (10
mmol) and p-toluenesulfonic acidmonohydrate (p-TsOH) (5.7 g,
30 mmol) in acetonitrile (50 mL), was slowly added NBS (3.6 g,
20 mmol). Aer complete addition of NBS, the reaction mixture
was reuxed with stirring for 3 h. The solvent was then removed
under vacuum and the residue was le to cool to room
temperature. Crushed ice (10 g) was added to the reaction
mixture and the resulting mixture was stirred at 0 �C for 15 min.
The solid product was collected by ltration, dried and recrys-
tallized from the suitable solvent for each derivative to afford
the corresponding bis(a-bromoketones) 6a–f.

4.1.3.2 N,N0-(Ethane-1,2-diyl)bis(2-(4-(2-bromoacetyl)
phenoxy)acetamide) (6a). Crystalized from dioxane as colorless
crystals, yield 60%, mp 198–200 �C; IR (KBr) n 3371 (NH), 1751,
1650 (C]O) cm�1; 1H NMR (DMSO-d6) d 3.24–3.26 (m, 4H,
2CH2N), 4.57 (s, 4H, 2CH2O), 4.94 (s, 4H, 2CH2Br), 7.05 (d, 4H, J
¼ 8.7 Hz, ArH's), 8.04 (d, 4H, J ¼ 9 Hz, ArH's), 8.26 (s, 2H,
2NH) ppm. Anal. calcd for C22H22Br 2N2O6 (570.23): C, 46.34; H,
3.89; N, 4.91%. Found: C, 46.41; H, 3.91; N, 4.93%.

4.1.3.3 N,N0-(Propane-1,3-diyl)bis(2-(4-(2-bromoacetyl)
phenoxy)acetamide) (6b). Crystalized from dioxane as colorless
crystals, yield 73%, mp 178–180 �C; IR (KBr) n 3366 (NH), 1643
(C]O) cm�1; 1H NMR (DMSO-d6) d 1.59 (quintet, 2H, J¼ 6.6 Hz,
CH2CH2CH2), 3.10–3.17 (m, 4H, 2CH2N), 4.63 (s, 4H, 2CH2O),
5.47 (s, 4H, 2CH2Br), 7.05 (d, 4H, J¼ 8.7 Hz, ArH's), 8.03 (d, 4H, J
¼ 9 Hz, ArH's), 8.21 (t, 2H, J¼ 5.7 Hz, 2NH) ppm. Anal. calcd for
C23H24Br 2N2O6 (584.26): C, 47.28; H, 4.14; N, 4.79%. Found: C,
47.31; H, 4.19; N, 4.86%.

4.1.3.4 N,N0-(Butane-1,4-diyl)bis(2-(4-(2-bromoacetyl)
phenoxy)acetamide) (6c). Crystalized from dioxane as colorless
crystals, yield 70%, mp 162–164 �C; IR (KBr) n 3294 (NH), 1643
(C]O) cm�1; 1H NMR (DMSO-d6) d 1.42 (s, 4H, 2CH2CH2N),
3.12–3.13 (m, 4H, 2CH2N), 4.59 (s, 4H, 2CH2O), 4.82 (s, 4H,
2CH2Br), 7.07 (d, 4H, J ¼ 9.3 Hz, ArH's), 7.98 (d, 4H, J ¼ 8.7 Hz,
ArH's), 8.15 (brs, 2H, 2NH) ppm. Anal. calcd for C24H26Br 2N2O6

(598.29): C, 48.18; H, 4.38; N, 4.68%. Found: C, 48.22; H, 4.45; N,
4.77%.
23656 | RSC Adv., 2022, 12, 23644–23660
4.1.3.5 N,N0-(Ethane-1,2-diyl)bis(2-(2-(2-bromoacetyl)
phenoxy)acetamide) (6d). Crystalized from ethanol/dioxane
mixture as colorless crystals, yield 77%, mp 160–162 �C IR
(KBr) n 3294 (NH), 1674 (C]O) cm�1; 1H NMR (CDCl3) d 3.57–
3.58 (m, 4H, 2CH2N), 4.44 (s, 4H, 2CH2O), 4.57 (s, 4H, 2CH2Br),
6.91 (d, 2H, J¼ 8.4 Hz, ArH's), 7.07 (t, 2H, J¼ 7.5 Hz, ArH's), 7.53
(t, 2H, J ¼ 7.2 Hz, ArH's), 7.73 (d, 2H, J ¼ 7.5 Hz, ArH's), 7.83
(brs, 2H, 2NH) ppm. Anal. calcd for C22H22Br 2N2O6 (570.23): C,
46.34; H, 3.89; N, 4.91%. Found: C, 46.39; H, 3.95; N, 4.99%.

4.1.3.6 N,N0-(Propane-1,3-diyl)bis(2-(2-(2-bromoacetyl)
phenoxy)acetamide) (6e). Crystalized from ethanol as colorless
crystals, yield 73%, mp 140–142 �C; IR (KBr) n 3286 (NH), 1666
(C]O) cm�1; 1H NMR (CDCl3) d 1.79 (quintet, 2H, J ¼ 6.3 Hz,
CH2CH2CH2), 3.33–3.39 (m, 4H, 2CH2N), 4.56 (s, 4H, 2CH2O),
4.62 (s, 4H, 2CH2Br), 6.95 (d, 2H, J¼ 8.4 Hz, ArH's), 7.11 (t, 2H, J
¼ 7.5 Hz, ArH's), 7.55 (t, 2H, J ¼ 7.2 Hz, ArH's), 7.75 (brs, 2H,
2NH), 7.80 (d, 2H, J¼ 7.8 Hz, ArH's) ppm; 13C NMR (CDCl3, APT)
d 29.06, 35.45, 35.67, 67.83 (4CH2 aliphatic), 113.09, 121.84,
131.50, 135.07 (4CH, ArC's) 124.43, 156.66 (2C, ArC's), 167.97,
191.98 (2CO) ppm. Anal. calcd for C23H24Br 2N2O6 (584.26): C,
47.28; H, 4.14; N, 4.79%. Found: C, 47.10; H, 4.18; N, 4.65%.

4.1.3.7 N,N0-(Butane-1,4-diyl)bis(2-(2-(2-bromoacetyl)
phenoxy)acetamide) (6f). Crystalized from ethanol as colorless
crystals, yield 60%, mp 148–150 �C; IR (KBr) n 3379 (NH), 1713
(C]O) cm�1; 1H NMR (CDCl3) d 1.64 (s, 4H, 2CH2CH2N), 3.37–
3.39 (m, 4H, 2CH2N), 4.47 (s, 4H, 2CH2O), 4.60 (s, 4H, 2CH2Br),
6.94 (d, 2H, J¼ 8.4 Hz, ArH's), 7.10 (t, 2H, J¼ 7.5 Hz, ArH's), 7.53
(brs, 2H, 2NH), 7.55 (t, 2H, J ¼ 7.2 Hz, ArH's), 7.77 (d, 2H, J ¼
7.8 Hz, ArH's) ppm. Anal. calcd for C24H26Br 2N2O6 (598.29): C,
48.18; H, 4.38; N, 4.68%. Found: C, 48.28; H, 4.42; N, 4.75%.

4.1.4. Synthesis of the bis(triazolothiadiazine) derivatives
8a–l

4.1.4.1 General procedure. To a mixture of the appropriate
bis(a-bromoacetophenone) derivative 6a–f (5 mmol) and the
appropriate aminotriazolethiol derivative 7a–d (10 mmol) in
DMF/absolute ethanol mixture (25 mL, 4 : 1, v/v), piperidine (10
mmol) was added and the mixture was heated under reux for
8 h, then le to cool to room temperature. Crushed ice was (5 g)
added to the reaction mixture and chest in the frig overnight.
The resulting precipitate was collected by ltration, dried and
recrystallized from the suitable solvent to afford the corre-
sponding bis(fused-heterocyclic) derivatives 8a–l in good yields.

4.1.4.2 N,N0-(Ethane-1,2-diyl)bis(2-(4-(3-phenyl-7H-[1,2,4]
triazolo[3,4-b][1,3,4]thiadiazin-6-yl)phenoxy)acetamide) (8a).
From 6a and 7a, crystallized from DMF as colorless crystals,
yield 62%, mp 264–266 �C; IR (KBr) n 3433 (NH), 1666 (C]
O) cm�1; MS m/z (%): 77 (73%), 104 (100%), 118 (87%), 177
(59%), 308 (2%), 365 (1.3%), 444 (2%), 568 (3%), 668 (3.2%), 705
(2%), (%), 755 (M+� 1, 1.5%); 1H NMR (DMSO-d6) d 3.27 (m, 4H,
2CH2N), 4.36 (s, 4H, 2CH2S), 4.57 (s, 4H, 2CH2O), 7.11 (d, 4H, J
¼ 8.1 Hz, ArH's), 7.55 (s, 6H, ArH's), 7.95 (d, 4H, J ¼ 8.1 Hz,
ArH's), 7.99–8.01 (m, 4H, ArH's), 8.23 (brs, 2H, 2NH) ppm. Anal.
calcd for C38H32N10O4S2 (756.86): C, 60.30; H, 4.26; N, 18.51%.
Found: C, 60.39; H, 4.16; N, 18.59%.

4.1.4.3 N,N0-(Ethane-1,2-diyl)bis(2-(4-(3-benzyl-7H-[1,2,4]tri-
azolo[3,4-b][1,3,4]thiadiazin-6-yl)phenoxy)acetamide) (8b). From
© 2022 The Author(s). Published by the Royal Society of Chemistry
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6a and 7b, crystalized from DMF/ethanol as yellow crystals,
yield 60%, mp 140–142 �C IR (KBr) n 3194 (NH), 1666 (C]
O) cm�1; MS m/z (%): 91 (100%), 118 (45%), 313 (0.6%), 400
(0.5%), 457 (0.5%), 501 (1%), 601 (0.5%), 643 (0.5%), 699 (0.3%),
750 (0.3%), 784 (M+, 0.2%); 1H NMR (DMSO-d6) d 3.28 (s, 4H,
2CH2N), 4.26 (s, 4H, 2CH2S), 4.30 (s, 4H, 2CH2Ph), 4.56 (s, 4H,
2CH2O), 7.07 (d, 4H, J ¼ 8.1 Hz, ArH's), 7.23 (m, 10H, ArH's),
7.93 (d, 4H, J ¼ 8.4 Hz, ArH's), 8.24 (brs, 2H, 2NH) ppm. Anal.
calcd for C40H36N10O4S2 (784.91): C, 61.21; H, 4.62; N, 17.85%.
Found: C, 61.05; H, 4.69; N, 17.69%.

4.1.4.4 N,N0-(Ethane-1,2-diyl)bis(2-(2-(3-phenyl-7H-[1,2,4]tri-
azolo[3,4-b][1,3,4]thiadiazin-6-yl)phenoxy)acetamide) (8c). From
6d and 7a, crystalized from DMF/ethanol as yellow crystals,
yield 60%, mp 240–242 �C IR (KBr) n 3209 (NH), 1681 (C]
O) cm�1; MS m/z (%): 97 (61%), 149 (100%), 198 (20%), 322
(13%), 449 (13%), 593 (14%), 636 (15%), 707 (16%), 756 (M+,
17%); 1H NMR (DMSO-d6) d 3.24 (m, 4H, 2CH2N), 4.36 (s, 4H,
2CH2S), 4.63 (s, 4H, 2CH2O), 7.07–7.12 (m, 4H, ArH's), 7.51–7.60
(m, 10H, ArH's), 7.99 (m, 4H, ArH's), 8.08 (s, 2H, 2NH) ppm; 13C
NMR (DMSO-d6) d 25.42, 38.29, 67.37, 113.18, 121.11, 121.64,
124.17, 125.96, 127.89, 128.77, 130.27, 132.95, 143.02, 151.65,
156.28, 157.26, 167.61 ppm. Anal. calcd for C38H32N10O4S2
(756.86): C, 60.30; H, 4.26; N, 18.51%. Found: C, 60.22; H,
4.14; N, 18.60%.

4.1.4.5 N,N0-(Ethane-1,2-diyl)bis(2-(2-(3-methyl-7H-[1,2,4]tri-
azolo[3,4-b][1,3,4]thiadiazin-6-yl)phenoxy)acetamide) (8d). From
6d and 7c, crystalized from ethanol as yellow crystals, yield 61%,
mp 240–242 �C; IR (KBr) n 3263 (NH), 1674 (C]O) cm�1; MSm/z
(%): 97 (67%), 115 (100%), 130 (49%), 172 (21%), 246 (24%), 313
(11%), 447 (3%), 525 (3%), 604 (4%), 632 (M+, 4%); 1H NMR
(DMSO-d6) d 2.44 (s, 6H, 2CH3), 3.23 (m, 4H, 2CH2N), 4.29 (s,
4H, 2CH2S), 4.61 (s, 4H, 2CH2O), 7.08–7.13 (m, 4H, ArH's), 7.50–
7.59 (m, 4H, ArH's), 8.08 (s, 2H, 2NH); 13C NMR (DMSO-d6)
d 9.96, 25.65, 38.21, 67.32, 105.78, 113.09, 120.69, 124.28,
130.13, 132.81, 140.46, 145.46, 156.20, 167.55 ppm. Anal. calcd
for C28H28N10O4S2 (632.72): C, 53.15; H, 4.46; N, 22.14%. Found:
C, 53.22; H, 4.52; N, 22.01%.

4.1.4.6 N,N0-(Propane-1,3-diyl)bis(2-(4-(3-phenyl-7H-[1,2,4]tri-
azolo[3,4-b][1,3,4]thiadiazin-6-yl)phenoxy)acetamide) (8e). From
6b and 7a, crystalized from dioxane/ethanol as yellow crystals,
yield 60%, mp 128–130 �C; IR (KBr) n 3410 (NH), 1659 (C]
O) cm�1; MS m/z (%): 58 (100%), 77 (59%), 104 (71%), 121
(46%), 177 (21%), 192 (59%), 256 (5%), 368 (1.5%), 650 (1.5%),
743 (1%), 770 (M+, 1%); 1H NMR (DMSO-d6) d 1.62 (quintet, 2H,
J ¼ 6.6 Hz, CH2CH2CH2), 3.05–3.20 (m, 4H, 2CH2N), 4.39 (s, 4H,
2CH2S), 4.60 (s, 4H, 2CH2O), 7.13 (d, 4H, J ¼ 9 Hz, ArH's), 7.53–
7.60 (m, 6H, ArH's), 7.96–8.03 (m, 8H, ArH's), 8.12 (t, 2H, J ¼
5.7 Hz, 2NH) ppm. Anal. calcd for C39H34N10O4S2 (770.89): C,
60.76; H, 4.45; N, 18.17%. Found: C, 60.69; H, 4.49; N, 18.25%.

4.1.4.7 N,N0-(Propane-1,3-diyl)bis(2-(4-(3-methyl-7H-[1,2,4]
triazolo[3,4-b][1,3,4]thiadiazin-6-yl)phenoxy)acetamide) (8f).
From 6b and 7c, crystalized from ethanol as yellow crystals,
yield 52%, mp 128–130 �C; IR (KBr) n 3441 (NH), 1659 (C]
O) cm�1; MS m/z (%): 56 (28%), 115 (100%), 130 (5%), 303
(0.5%), 390 (0.2%), 451 (0.2%), 482 (0.3%), 523 (0.5%), 551
(0.3%), 604 (0.3%), 646 (M+, 0.3%); 1H NMR (DMSO-d6) d 1.61
(quintet, 2H, J ¼ 6.6 Hz, CH2CH2CH2), 2.46 (s, 6H, 2CH3), 3.10–
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.20 (m, 4H, 2CH2N), 4.32 (s, 4H, 2CH2S), 4.59 (s, 4H, 2CH2O),
7.12 (d, 4H, J ¼ 8.7 Hz, ArH's), 7.99 (d, 4H, J ¼ 8.7 Hz, ArH's),
8.18 (t, 2H, J¼ 5.4 Hz, 2NH) ppm. Anal. calcd for C29H30N10O4S2
(646.75): C, 53.86; H, 4.68; N, 21.66%. Found: C, 53.95; H,
4.75; N, 21.56%.

4.1.4.8 N,N0-(Propane-1,3-diyl)bis(2-(2-(3-phenyl-7H-[1,2,4]tri-
azolo[3,4-b][1,3,4]thiadiazin-6-yl)phenoxy)acetamide) (8g). From
6e and 7a, crystalized from DMF as pale yellow crystals, yield
52%, mp 270–272 �C; IR (KBr) n 3225 (NH), 1682 (C]O) cm�1;
MS m/z (%): 77 (71%), 91 (64%), 104 (100%), 118 (67%), 177
(69%), 192 (20%), 308 (14%), 495 (3%), 598 (3%), 732 (3%), 770
(M+, 3%); 1H NMR (DMSO-d6) d 1.57 (quintet, 2H, J ¼ 6.6 Hz,
CH2CH2CH2), 3.10–3.16 (m, 4H, 2CH2N), 4.38 (s, 4H, 2CH2S),
4.60 (s, 4H, 2CH2O), 7.09–7.14 (m, 4H, ArH's), 7.51–7.61 (m,
10H, ArH's), 7.94–8.06 (m, 6H, 4ArH's & 2NH) ppm. Anal. calcd
for C39H34N10O4S2 (770.89): C, 60.76; H, 4.45; N, 18.17%. Found:
C, 60.79; H, 4.55; N, 18.02%.

4.1.4.9 N,N0-(Propane-1,3-diyl)bis(2-(2-(3-benzyl-7H-[1,2,4]tri-
azolo[3,4-b][1,3,4]thiadiazin-6-yl)phenoxy)acetamide) (8h). From
6e and 7b, crystalized from ethanol as yellow crystals, yield 62%,
mp 202–204 �C; IR (KBr) n 3287 (NH), 1682 (C]O) cm�1; MSm/z
(%): 77 (21%), 91 (100%), 191 (48%), 275 (7%), 415 (3%), 567
(3%), 674 (3%), 733 (3%), 798 (M+, 2%); 1H NMR (CDCl3) d 1.56
(brs, 2H, CH2CH2CH2), 3.20–3.22 (m, 4H, 2CH2N), 3.99 (s, 4H,
2CH2S), 4.26 (s, 4H, 2CH2Ph), 4.29 (s, 4H, 2CH2O), 6.96–7.54 (m,
18H, ArH's), 7.56 (t, 2H, J ¼ 7.2 Hz, 2NH) ppm. Anal. calcd for
C41H38N10O4S2 (798.94): C, 61.64; H, 4.79; N, 17.53%. Found: C,
61.51; H, 4.85; N, 17.59%.

4.1.4.10 N,N0-(Propane-1,3-diyl)bis(2-(2-(3-methyl-7H-[1,2,4]
triazolo[3,4-b][1,3,4]thiadiazin-6-yl)phenoxy)acetamide) (8i).
From 6e and 7c, crystalized from methanol as yellow crystals,
yield 72%, mp 178–180 �C; IR (KBr) n 3433 (NH), 1682 (C]
O) cm�1; MS m/z (%): 97 (31%), 115 (100%), 130 (75%), 172
(36%), 246 (12%), 304 (7%), 444 (4%), 465 (2%), 588 (5%), 646
(M+, 3%); 1H NMR (CDCl3) d 1.62 (brs, 2H, CH2CH2CH2), 2.50 (s,
6H, 2CH3), 3.20–3.35 (m, 4H, 2CH2N), 4.07 (s, 4H, 2CH2S), 4.49
(s, 4H, 2CH2O), 7.03 (d, 2H, J ¼ 8.4 Hz, ArH's), 7.15 (t, 2H, J ¼
7.5 Hz, ArH's), 7.49–7.58 (m, 6H, 4ArH's & 2NH) ppm. Anal.
calcd for C29H30N10O4S2 (646.75): C, 53.86; H, 4.68; N, 21.66%.
Found: C, 53.92; H, 4.53; N, 21.82%.

4.1.4.11 N,N0-(Butane-1,4-diyl)bis(2-(4-(3-phenyl-7H-[1,2,4]tri-
azolo[3,4-b][1,3,4]thiadiazin-6-yl)phenoxy)acetamide) (8j). From
6c and 7a, which was crystalized from DMF as yellow crystals,
yield 72%, mp 260–262 �C; IR (KBr) n 3280 (NH), 1659 (C]
O) cm�1; MS m/z (%): 77 (41%), 104 (59%), 118 (69%), 177
(100%), 375 (1%), 527 (2%), 620 (1.2%), 785 (M+ + 1, %); 1H NMR
(DMSO-d6) d 1.43 (brs, 4H, CH2CH2N), 3.15 (s, 4H, 2CH2NH),
4.39 (s, 4H, 2CH2S), 4.58 (s, 4H, 2CH2O), 7.12 (d, 4H, J ¼ 8.7 Hz,
ArH's), 7.55–7.57 (m, 6H, ArH's), 7.95–8.03 (m, 8H, ArH's), 8.14
(t, 2H, J ¼ 5.4 Hz, 2NH) ppm. Anal. calcd for C40H36N10O4S2
(784.91): C, 61.21; H, 4.62; N, 17.85%. Found: C, 61.17; H,
4.72; N, 17.77%.

4.1.4.12 N,N0-(Butane-1,4-diyl)bis(2-(2-(3-phenyl-7H-[1,2,4]tri-
azolo[3,4-b][1,3,4]thiadiazin-6-yl)phenoxy)acetamide) (8k). From
6f and 7a, crystalized from DMF as yellow crystals, yield 65%,
mp 262–264 �C; IR (KBr) n 3371 (NH), 1682 (C]O) cm�1; MSm/z
(%): 77 (62%), 118 (84%), 177 (100%), 308 (4%), 338 (2%), 442
RSC Adv., 2022, 12, 23644–23660 | 23657
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(1.2%), 560 (1.5%), 618 (1.5%), 715 (2%), 784 (M+, 1.2%); 1H
NMR (DMSO-d6) d 1.40 (brs, 4H, CH2CH2N), 3.10–3.12 (m, 4H,
2CH2N), 4.39 (s, 4H, 2CH2S), 4.67 (s, 4H, 2CH2O), 7.08–7.13 (m,
6H, ArH's), 7.52–7.61 (m, 10H, ArH's), 7.98–8.01 (m, 4H, 2ArH's
& 2NH) ppm; 13C NMR (DMSO-d6) d 25.43, 26.50, 38.10, 67.48
(aliphatic C's), 113.19, 121.62, 124.18, 125.96, 127.89, 128.76,
130.25, 132.92, 142.99, 151.65, 156.38, 157.23, 167.09 (CO) ppm.
Anal. calcd for C40H36N10O4S2 (784.91): C, 61.21; H, 4.62; N,
17.85%. Found: C, 61.15; H, 4.66; N, 17.78%.

4.1.4.13 N,N0-(Butane-1,4-diyl)bis(2-(2-(7H-[1,2,4]triazolo[3,4-
b][1,3,4]thiadiazin-6-yl)phenoxy)-acetamide) (8l). From 6f and 7d,
crystalized from acetic acid/ethanol as yellow crystals, yield
72%, mp 132–134 �C; IR (KBr) n 3240 (NH), 1674 (C]O) cm�1;
MS m/z (%): 101 (100%), 322 (22%), 363 (1.2%), 435 (0.2%), 483
(0.2%), 527 (0.2%), 606 (0.23%), 633 (M+ + 1, 0.2%); 1H NMR
(DMSO-d6) d 1.40 (s, 4H, CH2CH2N), 3.13 (m, 4H, 2CH2N), 4.37
(s, 4H, 2CH2S), 4.65 (s, 4H, 2CH2O), 7.08–7.12 (m, 4H, ArH's),
7.51–7.58 (m, 4H, ArH's), 8.01 (t, 2H, J ¼ 5.4 Hz, 2NH), 9.14 (s,
2H, triazole-3H) ppm; 13C NMR (DMSO-d6) d 26.37, 26.53, 38.13,
67.46 (aliphatic C's), 113.18, 120.90, 121.56, 124.07, 130.07,
132.95, 143.11, 156.34, 157.12, 167.13 (CO) ppm. Anal. calcd for
C28H28N10O4S2 (632.72): C, 53.15; H, 4.46; N, 22.14%. Found: C,
53.27; H, 4.54; N, 22.24%.

4.1.5. Synthesis of bis((quinoxalin-2-yl)phenoxy)alkane
derivatives 10a–e

4.1.5.1 General procedure. To a mixture of the appropriate
bis(a-bromoacetophenone) derivative 6a, b, d and o-phenyl-
enediamine derivatives 9a, b (2 mmol) in ethanol (25 mL),
piperidine (0.19 mL, 2 mmol) was added. The reaction mixture
was heated under reux for 3 h. The solvent was then removed
under vacuum, and the solid product was collected by ltration,
dried and recrystallized from ethanol to afford the corre-
sponding bis-quinoxaline derivatives 10a–e.

4.1.5.2 N,N0-(Ethane-1,2-diyl)bis(2-(4-(quinoxalin-2-yl)
phenoxy)acetamide) (10a). From 6a and 9a, crystalized from
dioxane as yellow crystals, yield 55%, mp 250–252 �C; IR (KBr) n
3433 (NH), 1643 (C]O), 1620 (C]N) cm�1; MS m/z (%): 102
(77%), 235 (100%), 293 (54%), 350 (17%), 526 (8%), 584 (M+,
38%); 1H NMR (DMSO-d6) d 3.30 (m, 4H, 2CH2N), 4.58 (s, 4H,
2CH2O), 7.15 (d, 4H, J¼ 8.7 Hz, ArH's), 7.73–7.84 (m, 4H, ArH's),
8.04 (d, 4H, J ¼ 8.7 Hz, ArH's), 8.24–8.27 (m, 6H, 4ArH's & 2NH),
9.47 (s, 2H, quinoxaline-3-H) ppm; 13C NMR (CDCl3, APT)
d 39.13, 67.49 (2CH2), 126.37, 140.84, 141.78, 151.47, 154.92,
168.81 (6C's), 112.85, 122.59, 128.88, 129.82, 130.43, 131.62,
146.13 (7CH's) ppm. Anal. calcd for C34H28N6O4 (584.64): C,
69.85; H, 4.83; N, 14.38%. Found: C, 69.74; H, 4.95; N, 14.26%.

4.1.5.3 N,N0-(Ethane-1,2-diyl)bis(2-(4-(6,7-
dimethylquinoxalin-2-yl)phenoxy)acetamide) (10b). From 6a and
9b, crystalized from DMF as yellow crystals, yield 60%, mp 254–
256 �C IR (KBr) n 3356 (NH), 1643 (C]O), 1620 (C]N) cm�1; MS
m/z (%): 103 (57%), 233 (58%), 250 (100%), 263 (89%), 320
(39%), 378 (17%), 515 (4%), 612 (3%), 640 (M+, 89%); 1H NMR
(DMSO-d6) d 2.42 (s, 12H, 4CH3), 3.33 (m, 4H, 2CH2N), 4.55 (s,
4H, 2CH2O), 7.09 (d, 4H, J¼ 8.7 Hz, ArH's), 7.77 (s, 4H, 2ArH's &
2NH), 8.16 (m, 6H, ArH's), 9.29 (s, 2H, quinoxaline-3H) ppm.
Anal. calcd for C38H36N6O4 (640.74): C, 71.23; H, 5.66; N,
13.12%. Found: C, 71.12; H, 5.70; N, 13.01%.
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4.1.5.4 N,N0-(Ethane-1,2-diyl)bis(2-(2-(quinoxalin-2-yl)
phenoxy)acetamide) (10c). From 6d and 9a, crystalized from
ethanol as brown crystals, yield 50%, mp 210–212 �C; IR (KBr) n
3341 (NH), 1666 (C]O), 1600 (C]N) cm�1; MS m/z (%): 102
(24%), 207 (21%), 235 (100%), 292 (24%), 349 (9%), 554 (10%),
584 (M+, 43%); 1H NMR (CDCl3) d 3.43 (m, 4H, 2CH2N), 4.46 (s,
4H, 2CH2O), 6.94 (d, 2H, J ¼ 8.1 Hz, ArH's), 7.17 (t, 2H, J ¼
7.5 Hz, ArH's), 7.44 (t, 2H, J ¼ 6.9 Hz, ArH's), 7.68–7.76 (m, 8H,
6ArH's & 2NH), 7.99–8.02 (m, 4H, ArH's), 9.07 (s, 2H, quinoxa-
line-3H) ppm. Anal. calcd for C34H28N6O4 (584.64): C, 69.85; H,
4.83; N, 14.38%. Found: C, 69.77; H, 4.77; N, 14.25%.

4.1.5.5 N,N0-(Propane-1,3-diyl)bis(2-(4-(quinoxalin-2-yl)
phenoxy)acetamide) (10d). From 6a and 9a, crystalized from
ethanol as brown crystals, yield 66%, mp 184–186 �C; IR (KBr) n
3418 (NH), 1659 (C]O), 1610 (C]N) cm�1; MS m/z (%): 98
(69%), 121 (19%), 205 (6%), 235 (100%), 281 (14%), 364 (30%),
512 (5%), 598 (M+, 17%); 1H NMR (DMSO-d6) d 1.65 (quintet,
2H, J ¼ 6.6 Hz, CH2CH2CH2), 3.10–3.25 (m, 4H, 2CH2N), 4.61 (s,
4H, 2CH2O), 7.17 (d, 4H, J ¼ 8.1 Hz, ArH's), 7.80 (m, 4H, ArH's),
8.06 (d, 4H, J ¼ 7.8 Hz, ArH's), 8.21 (brs, 2H, 2NH), 8.30 (d, 4H, J
¼ 8.4 Hz, ArH's), 9.50 (s, 2H, quinoxaline-3H) ppm. Anal. calcd
for C35H30N6O4 (598.66): C, 70.22; H, 5.05; N, 14.04%. Found: C,
70.29; H, 4.94; N, 13.89%.

4.1.5.6 N,N0-(Butane-1,4-diyl)bis(2-(2-(6,7-
dimethylquinoxalin-2-yl)phenoxy)acetamide) (10e). From 6f and
9b, crystalized from DMF/ethanol as yellow crystals, yield 70%,
mp 210–212 �C; IR (KBr) n 3240 (NH), 1674 (C]O), 1620 (C]
N) cm�1; MS m/z (%): 103 (17%), 235 (21%), 249 (19%), 263
(100%), 405 (6%), 638 (3%), 668 (M+, 32%); 1H NMR (CDCl3)
d 1.29 (s, 4H, 2 CH2CH2N), 2.46 (s, 12H, 4CH3), 3.19–3.21 (m, 4H,
2 NHCH2CH2), 4.59 (s, 4H, 2CH2O), 7.02 (d, 2H, J ¼ 8.1 Hz,
ArH's), 7.17 (t, 2H, J ¼ 7.5 Hz, ArH's), 7.35 (s, 2H, 2NH), 7.43 (t,
2H, J ¼ 7.5 Hz, ArH's), 7.65–7.75 (m, 6H, ArH's), 8.93 (s, 2H,
quinoxaline-3H) ppm; 13C NMR (CDCl3, APT) d 20.35, 20.41
(2CH3), 26.45, 38.35, 67.61 (3CH2's, aliphatic), 112.79, 122.52,
127.73, 127.78, 131.38, 131.54, 144.83 (7CH's), 126.48, 139.74,
140.46, 140.69, 141.10, 150.27, 154.85, 167.91 (8C's) ppm. Anal.
calcd for C40H40N6O4 (668.80): C, 71.84; H, 6.03; N, 12.57%.
Found: C, 71.79; H, 6.22; N, 12.45%.

4.2. Biological assays

The biological activity of the synthesized molecules including
cytotoxicity against breast cancer cell lines (MDA-MB-231 cells),
enzymes' assay of the most active compounds, Annexin V-FITC/
Propidium iodide dual staining assay for measuring the
apoptotic effect of compound 8i were done at Center of Excel-
lence in tissue culture in the National research institute and
Suez Canal University, Egypt.

4.3. Cytotoxicity

Breast cancer cell lines (MCF-7 and MDA-MB-231), and the
normal breast cell lines (MCF-10A) were collected from National
Cancer Institute in Cairo and grown in “RPMI-1640 medium L-
glutamine. The cells were grown in 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin. All samples were
cultured at 37 degrees Celsius in a 5% CO2 gas. On the second
© 2022 The Author(s). Published by the Royal Society of Chemistry
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day, the cells were grown in triplicate on a 96-well plate at
a density of 5 � 104 cells and incubated with the investigated
compounds at concentrations; 0.01, 0.1, 1, 10, and 100 mM.MTT
solution was used to determine the cell viability. The plate was
cultured for 3 hours. An ELISA microplate reader was used to
measure the absorbance. The viability was determined by
comparing it to the control group, and the IC50 values were
recorded.58,59

4.4. Enzymatic targeting

To assess the inhibitory potency of compound 8i against the
PARP-1 and EGFR target proteins. Research kits of PARP-1
(Bioscience, Cat no. # 80580, CA, USA) and EGFR (ADP-GloTM
kinase assay, Cat no. V9261, Promega, USA), were employed.
The percentage inhibition of autophosphorylation by
substances was estimated using the following equation:

percentage inhibition ¼ 100�
�
control
treated

� control
�
.60,61

4.5. Apoptosis investigation

MDA-MB-231 cells were incubated overnight in 6-well culture
plates (3–5 � 105 cells per well) and then treated with the IC50

values of compound 8i for 48 hours. Aer that, the cells were
incubated in a 100 mL solution of Annexin binding buffer
“25mMCaCl2, 1.4 MNaCl, and 0.1 MHepes/NaOH at pH 7.4” in
the dark for 30 minutes with “Annexin V-FITC solution (1 : 100)
and propidium iodide (PI) at a concentration equivalent to 10 mg
mL�1”. The labeled cells were then extracted using the Cytoex
FACS machine. CytExpert soware was used to analyze the
data.62,63

4.6. Molecular docking studies

Molecular modeling studies were carried out using Chimera-
UCSF and AutoDock Vina on Linux-based systems at the labo-
ratory of Drug Design and Discovery, Suez Canal University.
Proteins and compounds structures were prepared and opti-
mized using Maestro, then binding sites inside proteins were
determined using grid-box dimensions around the co-
crystallized ligands. The investigated compounds were docked
against the protein structures of PARP-1 (PDB ¼ 5DS3) EGFR
(PDB ¼ 1XKK) using AutoDock Vina soware following routine
work.64 Vina was used to improve protein and ligand structures
and to favor them energetically. Binding activities interpreted
molecular docking results in terms of binding energy and
ligand–receptor interactions. The visualization was then done
with Chimera.
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