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agents: EGFR inhibition, apoptosis induction and
miRNA up-regulation †
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A series of novel bis-amide Ugi adducts with a Y-shaped configuration imitating the thematic feature of

fourth-generation EGFR inhibitors was designed and synthesized via a one-step Ugi four-component

reaction. All the synthesized Ugi adducts were evaluated for their anti-proliferative efficacy against MDA-

MB-231 human breast cancer and A549 non-small cell lung cancer cell lines. Their selectivity was

assessed using normal human lung epithelial cells (BEAS-2B). The Ugi adduct 5 stood up as the study hit

concerning cytotoxic efficacy and selectivity. It was 1.42- and 1.20-fold more potent than 5-FU and

cisplatin, respectively, against the MDA-MB-231 cell line, and 1.82- and 1.62-fold more potent than 5-FU

and cisplatin, respectively, against the A549 cell line. Additionally, compound 5 demonstrated the most

prominent selectivity against MDA-MB-231 and A549 cells (SI = 7 and 11.7, respectively); it was 14 to

20.9-fold safer than 5-FU and cisplatin. Accordingly, it was subjected to further enzymatic and

mechanistic studies. The Ugi adduct 5 showed excellent sub-micromolar potency (IC50 = 0.19 mM)

against human mutant EGFRT790M/C797S/L858R enzyme equipotent with that of osimertinib (IC50 = 0.1 mM).

It exhibited a promising IC50 value of 2.1 nM against the EGFRWT enzyme, comparable to erlotinib (IC50 =

1.3 nM). In comparison to the untreated control, the Ugi adduct 5 caused a decrease in the expression of

the cancer initiation, angiogenic, and metastatic markers (c-Myc, CD-44, CD-133, VEGF, and TGF) to

0.36, 0.5, 0.7, 0.5, and 0.4-fold, respectively, in MDA-MB-231 cells. Regarding A549 cells, the exposure

to compound 5 showed a 0.41, 0.64, 0.58, 0.71, and 0.69-fold reduction in the expression of c-Myc,

CD-44, CD-133, VEGF, and TGF markers compared to the untreated control. Compound 5 markedly

elevated miRNA-132 and miRNA-200c expressions in the MDA-MB-231 cell line by 3.8 and 3.1-fold,

while in A549 cells, compound 5 demonstrated enhancement of miRNA-132 and miRNA-200c

expression by 2.4 and 1.9-fold changes compared to that of the control. It promoted apoptosis

induction via caspase 3/9 activation (1.8 and 2.3-folds) in the A549 cell line. The molecular docking

interpretations of the most potent Ugi adduct 5 in EGFRL858R/T790M/C797S (PDB ID: 6LUB) and the wild-

type EGFRWT (PDB ID: 1M17) enzymes are aligned with and explain its potential to dually inhibit

EGFRL858R/T790M/C797S and EGFRWT tyrosine kinases.
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1. Introduction

Cancer continues to rank among the most serious public health
concerns, with its incidence and mortality rates continuing to
place a heavy strain on healthcare systems and populations
worldwide. In the 21st century, cancer is a signicant social,
public health, and nancial issue.1,2 Three out of every ten
premature deaths (people 30–69 years old) worldwide are
caused by cancer, and in 177 out of 183 countries, it is one of the
top three causes of death in this age group.3 In 2022, about 20
million new cases of cancer, 9.7 million deaths, and 53.5
million prevalent cases are estimated by the Global Cancer
Observatory of the International Agency for Research on Cancer
(IARC).4
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Most cancers are caused by genetic defects; mutations can
give normal cells new characteristics that cause them to become
malignant. The capacity of cancer cells to invade and spread is
one of the characteristics of the disease that are determined by
genome instability and mutations.5 A cancerous cell can move
inside tissues due to its ability to migrate and invade those
tissues. These activities enable cancerous cells to spread across
the blood and lymphatic vessels, disseminate throughout the
body, and then proliferate metastatically in other organs.6 One
of the main causes of death for breast and lung cancer patients
and a dening feature of the disease is metastasis.5 Malignant
cells leave the primary site and travel throughout the body
during the metastasis process, creating secondary sites and
seriously impairing organ function.7

Thus, in its most aggressive form, cancer is a disease of
unchecked cell migration as well as unchecked cell growth.
Metastasis requires a sequence of intricate steps known as the
“metastatic cascade”. It is triggered by the initiation of tumor
growth and angiogenesis, followed by cell migration and
intravasation. Invasion is from the initial stages of the meta-
static cascade, as cancer cells penetrate the basement
membrane and move into the surrounding tissue through the
extracellular matrix.8,9 The identication of therapeutics that co-
target cancer cell proliferation, invasion, and migration path-
ways may provide novel treatment regimens for cancer patients.

The primary player in growth factor signaling is the
epidermal growth factor receptor (EGFR). The receptor and the
tyrosine kinase comprise the two functional domains of the
EGFR. Via intracellular signal transduction, EGFR is necessary
for regular cellular regulation and delivers extracellular signals
into cells across the cell membrane.10,11

Overexpression and abnormal signaling of this receptor
increase downstream consequences like angiogenesis, cell
survival, and proliferation, eventually resulting in unchecked
cell growth, differentiation, neovascularization, metastasis, and
resistance of cancer cells.12,13

The majority of solid tumors, including breast, colon, and
lung cancers, have been shown to exhibit abnormal over-
expression (up to 20 times the expression of EGFR in normal
cells) in addition to EGFR mutations, which are linked to a poor
prognosis, so EGFR is a potential molecular therapeutic target
for anticancer candidates.14–17 Getinib (Iressa TM)18 and erlo-
tinib (Tarceva TM)19 (Fig. 1) with 4-anilinoquinazoline motifs
are reversible inhibitors of the rst generation of EGFR tyrosine
kinase inhibitors (TKIs) that specically block EGFR (Erb-B1)
signaling as an EGFR subtype. They potentially treat cancer
patients with EGFR overexpression, and they initially produce
good responses. Most of these patients develop resistance to
this class within a year because of the EGFR T790M
mutation.20,21

Afatinib and dacomitinib (Fig. 1), quinazoline-based irre-
versible inhibitors, have been developed as second-generation
EGFR inhibitors to counteract the EGFR T790M mutation
caused by getinib or erlotinib.22,23 One of these compounds'
structural characteristics is the g-amino acrylamide framework,
which can function as a Michael acceptor to create irreversible
covalent bonds with the SH group in the Cys797 residue at the
© 2025 The Author(s). Published by the Royal Society of Chemistry
edge of the ATP binding pocket of the receptor. On the other
hand, irreversible inhibitors exhibit strong efficacy against
normal cell-found EGFRWT (wild type),24 and therefore, the
usage of dosages that would be required to adequately suppress
T790M is prohibited due to the toxicity (interstitial lung disease,
rash, and diarrhea) that results from blocking wild-type EGFR.

To target mutant EGFR containing T790M, third-generation
EGFR TKIs have recently been developed, including osimertinib
(Tagrisso TM) (Fig. 1), olmutinib, naquotinib, and avitinib.25–28

This class spares the wild-type EGFR in favor of acting only on
EGFRmutations, especially osimertinib, which was approved by
the Food and Drug Administration (FDA) in 2015 to treat
patients with non-small cell lung cancer (NSCLC) who have
EGFR-activating mutations, such as the L858R point mutation
or in-frame deletions of exon 19, and the EGFR T790M muta-
tion.29 Resistance develops quickly once osimertinib is admin-
istered to patients with EGFR T790M mutation, usually
throughout nine to thirteen months due to the activation of
other resistance mechanisms, incorporating the C797S point
mutation into serine that can obstruct the formation of covalent
bonds with irreversible EGFR inhibitors, hence signicantly
lowering the therapeutic activity.30–32

Fourth-generation EGFR inhibitor design strategies have
signicantly evolved to target the T790M mutation and other
resistant variations, like C797S, with an emphasis on Y-shaped
designs and other molecular conguration changes. Y-shaped
structures can accommodate a variety of mutations, including
C797S and T790M, by interacting with distinct sub-pockets and
inducing an inactive conformation of the receptor. Because of
the adaptable design of Y-shaped EGFR inhibitors, they can
effectively combat complicated resistance mutations like
T790M/C797S. The arms of Y-shaped inhibitors are bifurcated
and extend into different EGFR kinase domain sub-pockets,
ensuring improved adaptability in targeting various sites,
which qualies them for conquering acquired resistance.
Additionally, this conguration ensures effective binding by
successfully addressing the steric barrier brought on by the
large T790M residue. This design provides a wider binding
prole, which guarantees interactions with the hinge region
and solvent-exposed portions. By distinguishing between
mutant and wild-type EGFR, Y-shaped inhibitors reduce
systemic toxicity.33,34

EAI001, EAI045, JBJ-04-125-02, and TREA-0236 (Fig. 1) are
fourth-generation bis-amide-based EGFR inhibitors with Y-
shaped structures. They are potent non-ATP competitive
inhibitors of mutant C797S and T790M EGFR. A closer exami-
nation of these compounds' design approaches (Y conguration
strategy) and typical anticancer efficacy yielded important
insights into the advancement of more potent EGFR inhibitors
against T790M and C797S mutations.35,36 Although EGFR
inhibitors that target the C797S mutation are being developed,
small-molecule EGFR inhibitors with new motifs and enhanced
drug-like qualities are still needed.

miRNAs are a subclass of short non-coding RNA molecules
that range in length from 19 to 23 nucleotides.37 miRNAs
control gene expression by directly binding to mRNAs' match-
ing sites, which causes the target mRNAs to degrade quickly.38
RSC Adv., 2025, 15, 19530–19545 | 19531
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Fig. 1 The four generations of EGFR inhibitors.
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miRNAs affect numerous important cellular processes,
including cell proliferation, apoptosis, angiogenesis, invasion,
and migration. They also have a role in several biological
19532 | RSC Adv., 2025, 15, 19530–19545
processes, including organism growth, immunological control,
and carcinogenesis.39,40 miRNAs have received increased atten-
tion due to their numerous applications as regulatory molecules
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The design of targeted Ugi adducts as fourth-generation EGFR inhibitors.
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in numerous signaling transductions, including the EGFR
signaling pathway acting as oncomirs or tumor suppressors in
several cancer types.41 Recently, miRNAs have been associated
with lung cancer cells' resistance to anti-EGFR drugs, suggest-
ing that miRNAs could be helpful as new targets or promising
predictive biomarkers for anti-EGFR treatment.41

Due to their simple synthesis, ease of structural diversica-
tion, chemical stability, and effectiveness as potential anti-
cancer candidates,42–50 exerting their anticancer efficacy via
different mechanisms such as tyrosine kinases inhibition,
activation of caspases, and apoptosis induction, the Ugi scaf-
folds are privileged structures that earned a great interest in
medicinal chemistry. The amide motif as a backbone scaffold is
also important since it is the most widely used in bioactive
compounds, including peptidomimetics.47

Inspired by all these ndings, we have designed and
synthesized a series of novel Ugi adducts (Fig. 2) with a Y-
shaped conguration imitating the thematic feature of fourth-
generation EGFR inhibitors (bis-amide-based scaffold
featuring multiple aromatic rings with a uorinated phenyl
motif). The synthesized Ugi adducts were simply prepared via
a one-step Ugi four-component reaction. They are based on bis-
amides and incorporate multiple aromatic or heteroaromatic
rings. Some of these aromatic rings feature different arrays of
electron-donating and electron-withdrawing substituents that
inuence the electrical environment and spatial arrangement of
the scaffolds. This diversity of substitutions may impact the
anticancer potential of the target Ugi adducts and enable us to
conduct a study of the structure–activity relationship. Within
the framework of imitation design, we have incorporated the
triuoromethyl (CF3) group on one phenyl ring of the targeted
Ugi adducts. The inclusion of CF3 moiety in the designed drug
candidates oen aimed to enhance their potencies.51–53 Some of
© 2025 The Author(s). Published by the Royal Society of Chemistry
the aromatic rings are incorporated in the Ugi scaffold via
variable linkers that differ in length, and some of these linkers
were selected to be shared as H-bond acceptors and/or donors
in the EGFR active site.

The synthesized Ugi adducts were assessed for their cytotoxic
efficacy against A549 non-small cell lung cancer and MDA-MB-
231 human breast carcinoma cell lines. Their selectivity was
assessed using normal human lung epithelial cells (BEAS-2B) to
investigate the synthesized compounds' safety for normal cells.
The concentration that results in 50% inhibition of cell viability
(IC50) values of all synthesized Ugi adducts was calculated. The
most potent Ugi adduct was subjected to further enzymatic and
mechanistic investigations, such as in vitro EGFR inhibition
assay against human wild and human triple (L858R/T790M/
C797S) mutant types and caspase 3/9 activation to assess its
apoptotic induction potential. The impact of themost prominent
Ugi adduct on regulating markers related to the proliferation,
invasion, and migration of human cancer cells (c-Myc, CD44,
CD133, VEGF, and TGF) was investigated. Its impact on the
expression of miRNA-132 and miRNA-200c was also evaluated.
2. Results and discussion
2.1. Chemistry

Ugi reaction is a versatile and highly efficient synthetic strategy
for synthesizing highly functionalized di-peptide-like products
with structural diversity and high efficiency.54,55 Moreover,
introducing different functionalized or substituents on these
active peptidomimetic products may enhance their affinity and
bioavailability as effective pharmaceutical agents and their
selectivity and potency towards specic biological targets.
Among these substituents is the triuoromethyl (CF3) group,
which is one of the most lipophilic functional groups.56–58 The
RSC Adv., 2025, 15, 19530–19545 | 19533
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Scheme 1 Synthesis of fluorinated Ugi products 5–20.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 6
:3

9:
12

 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
inclusion of CF3 moiety in the molecules oen aimed to
improve metabolic stability and hydrophobicity in drug devel-
opment.59 Moreover, combining aromatic triuoromethyl
moieties with other organic compounds will enhance their
19534 | RSC Adv., 2025, 15, 19530–19545
potency as biologically active derivatives.51–53,60–69 Accordingly,
we focused here on constructing diverse functionalized Ugi
products with triuoromethyl moiety for their evaluation as
anticancer products.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of Ugi products based fluorinated cinnamide 23–25.
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The synthesis of the target Ugi products having the desired
lipophilic triuoromethyl group, which we expect to enhance
the bioavailability of the synthesized products, has been
attempted through two pathways of Ugi multi-component
reaction (Schemes 1 and 2).

This can be either through the coupling of p-triuoromethyl
benzaldehyde, carboxylic acid derivatives, or benzaldehyde and
p-triuoromethyl cinnamic acid instead. Thus, the coupling
reaction of p-triuoromethyl benzaldehyde 1 and aniline
derivative 2a–b or benzylamine 2c was carried out in ethanol
under reux for 1 h followed by the addition isonitrile 3 and the
appropriate carboxylic acids 4a–f in 2,2,2-triuoroethanol (TFE)
afforded the Ugi products 5–20 in 55–80% yield within 48 under
reux (Scheme 1). Alternatively, compounds 23–25 were ob-
tained in 65–84% yield under the same reaction conditions
using benzaldehyde and p-triuoromethyl cinnamic acid
(Scheme 2) where the Ugi reaction conditions were optimized as
reported previously.49

Structure elucidation of the synthesized compounds was
conrmed from their spectral analyses. The NMR spectrum
pattern of compounds 5–19, and 23–25 differed according to the
carboxylate moiety introduced as well as the amine used. The
purity of the most active compound 5 was conrmed by HRMS,
which reported that the exact mass experimentally aligned with
the theoretically calculated mass. However, characteristic
© 2025 The Author(s). Published by the Royal Society of Chemistry
functional signals were common. Thus, the triuoromethyl
group was assigned at dC 125.5–125.7 ppm in the 13C NMR
spectra. Two amidic carbon (CON) signals were observed at dC
165.4–169.7 and 169.1–172.9 ppm, whereas the respective NH
proton (CONH) resonated at dH 10.93–11.14 ppm as a D2O
exchangeable singlet. Moreover, the methine proton NCHCO
resonated at dH 6.24–6.75 ppm, which correlated with its carbon
at dC 62.9–65.6 ppm for above mentioned compounds. The
result and discussion of NMR and IR results of the other Ugi
product were reported in the ESI le.†
2.2. Biological evaluation

2.2.1. Cytotoxicity screening. All the newly synthesized Ugi
adducts were investigated for potential cytotoxic activities on
normal human lung epithelial cells (BEAS-2B), breast cancer
(MDA-MB-231), and non-small cell lung cancer (NSCLC, A549)
cell lines compared to 5-uorouracil (5-FU) and cisplatin
adopting MTT assay70 (Table 1). The highest potencies against
MDA-MB-231 cells were exhibited by Ugi adducts 5, 7, 8, 16, 18,
23, and 24 with IC50 values in the range of 10.1 to 30.3 mM.
Interestingly, the Ugi adduct 5 (IC50 = 10.1 mM) was the most
prominent against the breast cancer cell line among the tested
Ugi adducts; it was 1.42 and 1.20-fold more potent than 5-FU
and cisplatin with IC50 values of 14.4 and 12.2 mM, respectively.
Compounds 7, 8, 16, 18, and 24 exhibited cytotoxicity
RSC Adv., 2025, 15, 19530–19545 | 19535
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Table 1 Cytotoxicity and selectivity index (SI) values of the tested Ugi
adducts

Compound no.

BEAS-2B MDA-MB-231 A549

IC50
a (mM) IC50

a (mM) SI IC50
a (mM) SI

5 70.4 � 5.1 10.1 � 0.6 7 6.2 � 0.3 11.7
6 50.1 � 3.6 54.2 � 4.7 0.9 39.9 � 2.7 1.3
7 75.6 � 5.8 28.2 � 1.4 2.7 20.6 � 1.5 3.8
8 62.2 � 4.2 27.1 � 1.8 2.3 20.5 � 1.1 3.1
9 71.6 � 5.7 70.6 � 6.1 1 46.4 � 2.8 1.5
10 83.3 � 6.8 84.4 � 6.9 1 71.5 � 6.8 1.2
11 82.1 � 7.3 60.2 � 4.9 1.4 53.9 � 4.4 1.5
12 98.2 � 8.1 65.3 � 4.7 1.5 73.1 � 6.6 1.3
13 98.5 � 7.4 73.9 � 5.3 1.3 64.1 � 5.9 1.5
14 84.7 � 6.9 74.8 � 6.1 1.1 55.3 � 4.2 1.5
15 69.4 � 4.7 65.7 � 5.4 1.1 61.1 � 4.5 1.1
16 63.8 � 4.8 27.3 � 1.5 2.3 22.4 � 0.8 2.9
17 50.2 � 3.4 57.0 � 4.8 0.9 40.8 � 2.8 1.3
18 55.7 � 3.5 25.1 � 1.9 2.2 20.1 � 1.4 2.8
19 50.1 � 3.3 73.1 � 5.7 0.7 46.2 � 4.1 1.1
20 40.7 � 2.8 40.2 � 3.1 1 33.3 � 2.1 1.2
23 30.9 � 2.3 30.3 � 2.4 1 26.1 � 2.1 1.2
24 54.2 � 4.1 22.1 � 1.6 2.5 20.4 � 1.7 2.7
25 129.1 � 8.7 95.4 � 8.1 1.4 90.2 � 8.5 1.4
Cisplatin 5.7 � 0.3 12.2 � 0.8 0.47 10.1 � 0.7 0.56
5-FU 7.2 � 0.5 14.4 � 0.9 0.5 11.3 � 1.1 0.64

a All values are expressed as mean ± SEM.
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comparable to 5-FU. Anti-proliferative screening results against
A549 cells showed that compounds 5, 7, 8, 16, 18, 23, and 24
with IC50 values in the range of 6.2 to 26.1 mM demonstrated
signicant cytotoxicity comparable to that of 5-FU and cisplatin
with IC50 values of 11.3 and 10.1 mM, respectively. The Ugi
adduct 5 (IC50= 6.2 mM) stood up as the most potent compound
against non-small cell lung cancer cell line among the tested
Ugi adducts; it was 1.82 and 1.62-fold more potent than 5-FU
and cisplatin, respectively. Other synthesized Ugi adducts
showed lower anti-proliferative potential against both cancer
cell lines. Potency is a crucial factor, but a true assessment of
the screening compounds depends on how safe they are for
normal cells and how selective they are for malignant cells.
According to an in vitro cytotoxicity assay against normal human
lung epithelial cells (BEAS-2B) (Table 1). The screened Ugi
adducts with IC50 values in the range of 30.9 to 129.1 mM were
less toxic than 5-FU and cisplatin, with IC50 values of 7.2 and 5.7
mM, respectively. All Ugi adducts were assessed based on their
selectivity index values (SI) (Table 1). The selectivity index shows
that cancer cells are the target of the cytotoxic action, not
healthy cells. It can be dened as the ratio of a compound's
inhibitory concentration (IC50) against normal cells divided
against cancer cells. All compounds with SI values in the range
of 0.7 to 11.7 weremore selective against MDA-MB-231 and A549
cells than the reference drugs, 5-FU and cisplatin. Interestingly,
compounds 5, 7, 8, 16, 18, and 24 showed the highest SI values
and demonstrated exceptionally high safety proles.
Compound 5 was the most potent Ugi adduct against the two
screened cancer cell lines compared to all screened compounds
as well as 5-FU and cisplatin. Additionally, it demonstrated the
19536 | RSC Adv., 2025, 15, 19530–19545
most prominent selectivity against MDA-MB-231 and A549 cells
(SI = 7 and 11.7, respectively), which was subjected to further
enzymatic and mechanistic studies.

2.2.1.1. Structure–activity relationship. A promising anti-
proliferative potential demonstrated by the bis-amide Ugi
scaffold design is reected in the overall cytotoxic activity
pattern. An interesting phenomenon is that the most prom-
inent Ugi adducts (5, 7, 8, 16, 18, 23, and 24) demonstrated
signicant cytotoxicity against both non-small cell lung cancer
(NSCLC, A549) and breast cancer (MDA-MB-231) cell lines at the
same time demonstrated exceptionally the highest safety
proles. The activity prole demonstrated a higher potency of
the synthesized Ugi adducts against non-NSCLC, A549 cell line
than MDA-MB-231 cell line. The combinatorial diversity of Ugi
components determined the anticancer prole (Fig. 3). Con-
cerning modications of Ugi aldehyde component, results
showed that the derivatives derived from p-triuoromethyl
benzaldehyde (5, 7, 8, 16, and 18) endowed better anti-
proliferative potential than those derived from benzaldehyde
(23 and 24), reecting the positive impact on the cytotoxicity of
closer proximity of the triuoromethylphenyl moiety from the
bis-amide Ugi scaffold. Further combinatorial modications are
based on diversifying carboxylic acid derivatives. The incorpo-
ration of halogen (Cl or I) in the Ugi adducts greatly improved
the antitumor activities (compounds 5, 7, and 8 derived from
halogenated carboxylic acids). Further analysis of these
compounds revealed that shiing of iodo to chloro group
introduced the most active Ugi adduct 5 in the current study.
Increasing the length of the linker connecting the aromatic
motif of the carboxylic acid component of the Ugi adduct in
compounds 9–15 endowed a remarkable reduction in anti-
proliferative potency. Ugi bis-amides derived from aniline or
p-toluidine (5, 7, 8, 18, 23, and 24) were more potent anticancer
agents than adducts derived from benzylamine.

2.2.2. EGFRWT kinase inhibition assay. The most potent
Ugi adduct 5 was exposed to an additional in vitro EGFRWT

inhibition assay using six distinct concentrations (0.001, 0.01,
0.1, 1, and 10 mM). The percentage of in vitro inhibition of EGFR-
TK at the different concentrations was measured, and a dose–
response curve was constructed for the tested compound and
utilized for calculating the IC50 value. Results were illustrated as
the IC50 value of compound 5 compared to erlotinib as a stan-
dard drug (Table 2). Results showed that compound 5 showed
excellent nanomolar potency (IC50 = 2.1 nM), which was
comparable to that of the reference standard erlotinib (IC50 =

1.3 nM).
2.2.3. EGFRT790M/C797S/L858R kinase inhibition assay.

Compound 5 was investigated for its ability to inhibit the triple
mutant EGFRL858R/T790M/C797S enzyme at six distinct concentra-
tions (0.001, 0.01, 0.1, 1, and 10 mM). The percentage of mutant
EGFRL858R/T790M/C797S inhibition in vitro at various concentra-
tions was determined, and a dose–response curve was created
for the tested Ugi adduct, which was then used to determine the
IC50 value. The IC50 value of compound 5 compared to osi-
mertinib (AZD9291) as a reference standard was used to
demonstrate the results (Table 2). Results showed that
compound 5 showed excellent sub-micromolar potency (IC50 =
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01428j


Fig. 3 The structure–activity relationship of the synthesized Ugi adducts.

Table 2 IC50 values against EGFRWT and EGFRL858R/T790M/C797

enzymes

Enzyme 5 Erlotinib Osimertinib

Compound IC50
a (nM)

EGFRWT 2.1 � 0.01 1.3 � 0.05 ND

Compound IC50
a (mM)

EGFRL858R/T790M/C797S 0.19 � 0.05 ND 0.1 � 0.01

a All values are expressed as mean ± SD. ND: not determined.
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0.19 mM), which was equipotent to the standard osimertinib
(IC50 = 0.1 mM).

2.2.4. Effect of compound 5 on the expression of c-Myc,
CD-44, CD-133, VEGF, and TGF markers. To investigate the
effect of the Ugi adduct 5 in regulating the cell proliferation,
migration, and invasion potentialities of MDA-MB-231 and
A549 human cancer cells. The expression of cancer initiation,
angiogenic, and metastatic markers (c-Myc, CD-44, CD-133,
VEGF, and TGF) were measured in both MDA-MB-231 and
A549 cells aer compound 5 exposure. Thesemarkers are highly
amplied in many human cancers. They regulate different
stages of cancer development, including initiation, progression,
and advancement (invasion and metastasis).71–75 In MDA-MB-
231 human cancer cells, compound 5 induced a reduction in
© 2025 The Author(s). Published by the Royal Society of Chemistry
the expression of c-Myc, CD-44, CD-133, VEGF, and TGF
markers to 0.36, 0.5, 0.7, 0.5, and 0.4-folds, respectively,
compared to untreated control (Fig. 4). Regarding A549 cells,
the exposure to compound 5 showed 0.41, 0.64, 0.58, 0.71, and
0.69-fold reduction in the expression of c-Myc, CD-44, CD-133,
VEGF, and TGF markers in comparison to untreated control
(Fig. 4).

2.2.5. Effect of compound 5 on the expression of miRNA-
132 and miRNA-200c. Overexpression of miRNA-132 and
miRNA-200c prevents cancer cells from migrating and invading
other cells, indicating that these two microRNAs are suppres-
sors of cancer cell metastasis.76,77 The expression of miRNA-132
and miRNA-200c was measured in MDA-MB 231 and A549
human cancer cells aer treatment with the Ugi adduct 5 and
compared to untreated cancer cells. The results disclosed that
compound 5 markedly elevated miRNA-132 and miRNA-200c
expressions in the MDA-MB-231 cell line by 3.8 and 3.1-fold
changes compared to control, while in A549 cells, 5 demon-
strated enhancement of miRNA-132 and miRNA-200c expres-
sion by 2.4 and 1.9-fold changes compared to that of control
(Fig. 5).

2.2.6. The effect of compound 5 on levels of the apoptotic
markers caspases 3 and 9. The hallmarks of the apoptotic
degradation phase, such as DNA fragmentation, cell shrinkage,
and membrane blebbing, are mediated by effector caspases.
Apoptosis is initiated by the activation of caspase-3 and caspase-
RSC Adv., 2025, 15, 19530–19545 | 19537
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Fig. 4 (A) Effect of Ugi adduct 5 on the expression of c-Myc, CD-44, CD-133, VEGF, and TGF in MDA-MB 231 cells. (B) Effect of Ugi adduct 5 on
the expression of c-Myc, CD-44, CD-133, VEGF, and TGF in A549 cells.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 6
:3

9:
12

 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
9, especially caspase-3, an effector caspase that plays a crucial
part in the process through the activation of certain enzymes
that cause fragmentation of DNA.78 By determining the
percentage of caspase 3/9 activation in the human cancer cell
line A549, the mechanistic study of apoptotic enhancement by
the promising adduct 5 was assessed by applying the studied
compound to the cancer cells at its IC50 concentration. The
results revealed that compound 5 exhibited upregulation of
caspase-3 and caspase-9 in the treated lung cancer cell line by
1.8 and 2.3 folds, respectively, compared to the untreated
control (Fig. 6).

2.2.7. Molecular docking studies. The molecular docking
study aimed to investigate the dual potency of compound 5
against both wild-type and mutant EGFR and to explore which
enantiomer is primarily responsible for the observed biological
19538 | RSC Adv., 2025, 15, 19530–19545
activity. Molecular docking of both enantiomers was performed,
and the results were used to predict their binding interactions
with EGFRL858R/T790M/C797S (PDB ID: 6LUB)79 and the wild-type
EGFRWT (PDB ID: 1M17).80 In the wild-type EGFR, the docking
results (Fig. 7) showed that the R-enantiomer of compound 5
formed three hydrogen bonds with Met742 (3.42 Å), Asp831
(3.45 Å), and Cys773 (2.89 Å), one pi–hydrogen interaction with
Gly695, and one pi–cation interaction with Lys721, with
a binding energy score of −7.16 kcal mol−1. The interaction of
the R-enantiomer of compound 5 with mutant EGFR (Fig. 8)
involved ve hydrogen bond interactions with Asp855 (3.18 Å),
Met790 (4.23 Å and 3.43 Å), Lys745 (2.93 Å) and Gly719 (3.42 Å)
in addition to two pi–hydrogen interactions with Arg841 and
Leu718 (the binding energy score = −7.57 kcal mol−1 kcal−1

mol−1). The S-enantiomer showed a comparable binding energy
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of Ugi adduct 5 on the expression of miRNA-132 and miRNA-200c in MDA-MB 231 and A549 cells.

Fig. 6 Effect of Ugi adduct 5 on the levels of caspase-3 and caspase-9 in A549 cells.

Fig. 7 (A) 3D representation and (B) 2D representation of R-enantiomer of compound 5 bindingwith the binding pocket of the wild-type EGFRWT

enzyme (PDB ID: 1M17).

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 19530–19545 | 19539
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Fig. 8 (A) 3D representation and (B) 2D representation of R-enantiomer of compound 5 binding with the binding pocket of the mutant
EGFRL858R/T790M/C797S (PDB ID: 6LUB).
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score but formed fewer interactions with both EGFRWT and
EGFRL858R/T790M/C797S (ESI†), suggesting that the R-enantiomer
may primarily contribute to the biological activity. Overall, the
molecular docking studies of Ugi adduct 5 demonstrated
favorable binding within the active sites of both EGFRWT and
EGFRL858R/T790M/C797S, supporting its potential to inhibit both
enzymes dually.

3. Conclusion

The current study reports the synthesis of novel Ugi adducts as
potential anti-proliferative agents via a one-step Ugi four-
component reaction. Utilizing NMR and elemental analysis,
all synthesized adducts were veried. The anti-proliferative
potential of the synthesized Ugi adducts against human
breast cancer MDA-MB-231 and non-small cell lung carcinoma
A549 was evaluated by adopting the MTT assay. The BEAS-2B
normal human lung epithelial cells were used to evaluate
their selectivity. Concerning cytotoxic activity and selectivity,
the Ugi adduct 5 emerged as the study hit. Against the MDA-MB-
231 cell line, it was 1.42 and 1.20 times more potent than 5-FU
and cisplatin, respectively. When applied to the A549 cell line, it
was 1.82 and 1.62 times more potent than 5-FU and cisplatin.
Additionally, compound 5 demonstrated the most prominent
selectivity against MDA-MB-231 and A549 cells (SI = 7 and 11.7,
respectively). Excellent sub-micromolar potency (IC50 = 0.19
mM) was demonstrated by the Ugi adduct 5 against the human
mutant EGFRT790M/C797S/L858R enzyme equipotent with that of
osimertinib (IC50 = 0.1 mM). It demonstrated a promising IC50

value of 2.1 nM against the EGFRWT enzyme, comparable to
erlotinib (IC50 = 1.3 nM). In comparison to the untreated
control, the Ugi adduct 5 caused a decrease in the expression of
the cancer initiation, angiogenic, and metastatic markers (c-
Myc, CD-44, CD-133, VEGF, and TGF) to 0.36, 0.5, 0.7, 0.5, and
0.4-folds, respectively in MDA-MB-231 cells. Regarding A549
cells, the exposure to compound 5 showed a 0.41, 0.64, 0.58,
0.71, and 0.69-fold reduction in the expression of c-Myc, CD-44,
CD-133, VEGF, and TGF markers in comparison to untreated
19540 | RSC Adv., 2025, 15, 19530–19545
control. In the MDA-MB-231 cell line, compound 5 signicantly
increased the expression of miRNA-132 and miRNA-200c by 3.8
and 3.1-fold, respectively. In A549 cells, compound 5 showed
improvements in miRNA-132 and miRNA-200c expression by
2.4 and 1.9-fold relative to the control. Through caspase 3/9
activation (1.8- and 2.3-folds), it promoted apoptosis in the
A549 cell line. The molecular docking interpretations of the
most potent Ugi adduct 5 in EGFRL858R/T790M/C797S (PDB ID:
6LUB) and the wild-type EGFRWT (PDB ID: 1M17) enzymes are
aligned with and explain its potential to dually inhibit
EGFRL858R/T790M/C797S and EGFRWT tyrosine kinases. It can be
concluded that the synthesized Ugi adduct 5 represents
a promising novel lead scaffold of EGFRT790M/C797S/L858R inhib-
itors and a possible anti-proliferative drug candidate that
warrants additional investigation.

4. Experimental
4.1. Chemistry

4.1.1. The general method for the synthesis of Ugi adducts
(5–20). A mixture of 4-(triuoromethyl)benzaldehyde 1 (0.67
mmol) and aniline derivatives 2a–b (0.67 mmol), or benzyl-
amine 2c (0.67 mmol) in ethanol (2 ml) was stirred under reux
for 1 h then, the appropriate carboxylic acids 4a–f (0.67 mmol),
isonitrile 3 (0.67 mmol) and triuoroethanol (2 ml) were added
with stirring. The reaction mixture was heated under reux
while stirring for a further 48 h. The crude obtained was ltered
off, washed with ethanol, dried, and crystallized from ethanol.

4.1.1.1. 2-Chloro-N-(2-((4-nitrophenyl)amino)-2-oxo-1-(4-(tri-
uoromethyl)phenyl)ethyl)-N-phenylbenzamide (5). Off-white
powder (66% yield), m.p = 237–239 °C; Rf = 0.628 (EtOAc : n-
hexane, 1 : 2); IR (KBr, cm−1): 3296 (N–H), 1711, 1629 (OCN); 1H
NMR (500 MHz, DMSO-d6) dH: 11.10 (s, 1H, D2O exchangeable,
N–H), 8.23 (d, 2H, J = 9.0 Hz, Ar–H), 7.88 (d, 2H, J = 9.0 Hz, Ar–
H), 7.55 (d, 2H, J = 8.5 Hz, Ar–H), 7.42 (d, 2H, J = 7.5 Hz, Ar–H),
7.29–7.23 (m, 2H, Ar–H), 7.15–7.09 (m, 4H, Ar–H), 6.95–6.89 (m,
3H, Ar–H), 6.47 (s, 1H, NCHCO); 13C NMR (125 MHz, DMSO-d6)
dC: 169.1, 168.1 (CON), 145.4, 143.0, 138.7, 138.5, 136.5, 131.7
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(C–Cl), 131.1, 130.7, 129.8, 129.6, 129.5, 129.3, 129.2, 128.6,
128.5, 127.1, 125.7, 119.6 (Ar–C), 125.5 (CF3), 64.7 (NCHCO);
anal. calc. for C28H19ClF3N3O4 (553.10162): C, 60.71; H, 3.46; N,
7.59. Found; C, 60.97; H, 3.61; N, 7.35. HRMS (ESI+)m/z [M + H]+

cald for C28H20ClF3N3O4
+: 554.10944, found: 554.10753.

4.1.1.2. 2-Chloro-N-(2-((4-nitrophenyl)amino)-2-oxo-1-(4-(tri-
uoromethyl)phenyl)-ethyl)-N-(p-tolyl)benzamide (6). White
powder (57% yield), m.p = 255–257 °C; Rf = 0.628 (EtOAc : n-
hexane, 1 : 2); IR (KBr, cm−1): 3369 (N–H), 1704, 1635 (OCN);
1HNMR (500 MHz, DMSO-d6) dH:11.07 (s, 1H, D2O exchange-
able, N–H), 8.22 (d, 2H, J= 9.5 Hz, Ar–H), 7.87 (d, 2H, J= 9.0 Hz,
Ar–H), 7.57 (d, 2H, J = 8.5 Hz, Ar–H), 7.41 (d, 2H, J = 8.5 Hz, Ar–
H), 7.28–7.23 (m, 2H, Ar–H), 7.16–7.10 (m, 2H, Ar–H), 7.03 (bs,
2H, Ar–H), 6.75 (d, 2H, J = 8.0 Hz, Ar–H), 6.45 (s, 1H, NCHCO),
1.97 (s, 3H, CH3);

13C NMR (125 MHz, DMSO-d6) dC: 169.1, 168.4
(CON), 145.3, 143.0, 138.6, 137.7, 136.6, 136.1, 131.7 (C–Cl),
130.8, 130.7, 130.7, 129.7, 129.6, 129.4, 129.3, 129.2, 129.1,
127.1, 125.7, 125.6, 119.6 (Ar–C), 125.5 (CF3), 64.7 (NCHCO),
20.8 (CH3); anal. calc. for: C29H21ClF3N3O4 (567.95): C, 61.33; H,
3.73; N, 7.40. Found; C, 61.54; H, 3.82; N, 7.23.

4.1.1.3. 2-Iodo-N-(2-((4-nitrophenyl)amino)-2-oxo-1-(4-(tri-
uoromethyl)phenyl)ethyl)-N-phenyl-benzamide (7). Off-white
powder (77% yield), m.p = 240–243 °C; Rf = 0.628 (EtOAc : n-
hexane, 1 : 2); IR (KBr, cm−1): 3299 (N–H),1712, 1625 (OCN); 1H
NMR (500 MHz, DMSO-d6) dH: 11.12 (bs, 1H, D2O exchangeable,
N–H), 8.22 (d, 2H, J = 9.5 Hz, Ar–H), 7.87 (d, 2H, J = 9.0 Hz, Ar–
H), 7.63 (d, 1H, J = 8.5 Hz, Ar–H), 7.56 (d, 3H, J = 8.5 Hz, Ar–H),
7.40 (d, 2H, J = 7.5 Hz, Ar–H), 7.21–7.13 (m, 3H, Ar–H), 6.95–
6.85 (m, 4H, Ar–H), 6.47 (s, 1H, NCHCO); 13C NMR (125 MHz,
DMSO-d6) dC: 170.4, 169.2 (CON), 143.0, 142.3, 139.1, 138.8,
138.5, 131.7, 131.2, 130.6, 129.5, 129.2, 129.0, 128.5, 128.4,
127.8, 125.8, 119.6 (Ar–C), 125.6 (CF3), 94.5 (C–I), 64.8 (NCHCO);
anal. calc. for C28H19F3IN3O4: (645.38): C, 52.11; H, 2.97; N, 6.51.
Found; C, 52.34; H, 2.74; N, 6.69.

4.1.1.4. 2-Iodo-N-(2-((4-nitrophenyl)amino)-2-oxo-1-(4-(tri-
uoromethyl)phenyl)ethyl)-N-(p-tolyl)-benzamide (8). Off-white
powder (75% yield), m.p = 227–229 °C; Rf = 0.63 (EtOAc : n-
hexane, 1 : 2); IR (KBr, cm−1): 3222 (N–H), 1710, 1677 (OCN); 1H
NMR (500 MHz, DMSO-d6) dH: 11.11 (bs, 1H, D2O exchangeable,
N–H), 8.20 (d, 2H, J = 9.0 Hz, Ar–H), 7.85 (d, 2H, J = 8.5 Hz, Ar–
H), 7.63 (d, 1H, J = 7.5 Hz, Ar–H), 7.58 (d, 2H, J = 8.5 Hz, Ar–H),
7.40 (d, 2H, J = 7.5 Hz, Ar–H), 7.16–7.08 (m, 4H, Ar–H), 6.88–
6.85 (m, 1H, Ar–H), 6.75 (d, 2H, J = 7.5 Hz, Ar–H), 6.44 (s, 1H,
NCHCO), 1.99 (s, 3H, CH3);

13C NMR (125 MHz, DMSO-d6) dC:
170.5, 169.2 (CON), 143.0, 142.4, 141.0, 139.1, 138.7, 137.7,
130.9, 130.5, 129.6, 129.5, 129.0, 128.9, 127.8, 125.7, 119.6 (Ar–
C), 125.6 (CF3), 94.4 (C–I), 64.7 (NCHCO), 20.9 (CH3); anal. calc.
for C29H21F3IN3O4 (659.40); C, 52.82; H, 3.21; N, 6.37. Found; C,
52.95; H, 3.31; N, 6.48.

4.1.1.5. 2-(N,2-Diphenylacetamido)-N-(4-nitrophenyl)-2-(4-
(triuoromethyl)phenyl)acetamide (9). White powder (66% yield),
m.p = 243–245 °C; Rf = 0.57 (EtOAc : n-hexane, 1 : 2); IR
(KBr, cm−1): 3331 (N–H), 1710, 1632 (OCN); 1H NMR (500 MHz,
DMSO-d6) dH: 10.95 (s, 1H, D2O exchangeable, N–H), 8.19 (d, 2H,
J = 9.0 Hz, Ar–H), 7.82 (d, 2H, J = 9.0 Hz, Ar–H), 7.50 (d, 2H, J =
7.5 Hz, Ar–H), 7.34 (d, 2H, J = 8.5 Hz, Ar–H), 7.21–7.14 (m, 8H,
Ar–H), 7.01 (d, 2H, J = 7.0 Hz, Ar–H), 6.27 (s, 1H, NCHCO), 3.36
© 2025 The Author(s). Published by the Royal Society of Chemistry
(d, 2H, J= 2.5 Hz, COCH2 Ph);
13C NMR (125MHz, DMSO-d6) dC:

171.1, 169.6 (CON), 145.4, 142.9, 139.4, 138.9, 135.9, 131.7,
131.5, 129.7, 129.3, 128.7, 128.6, 126.9, 125.7, 125.6, 119.5 (Ar–
C), 125.5 (CF3), 64.5 (NCHCO), 41.2 (COCH2Ph); anal. calc. for
C29H22F3N3O4 (533.51): C, 65.29; H, 4.16; N, 7.88; found; C,
65.34; H, 4.23; N, 7.71.

4.1.1.6. N-(4-Nitrophenyl)-2-(2-phenyl-N-(p-tolyl)acetamido)-
2-(4-(triuoromethyl)phenyl)-acetamide (10). Off-white powder
(72% yield), m.p = 233–235 °C; Rf = 0.54 (EtOAc : n-hexane, 1 :
2); IR (KBr, cm−1): 3295 (N–H), 1635 (OCN); 1H NMR (500 MHz,
DMSO-d6) dH: 10.94 (s, 1H, D2O exchangeable, N–H), 8.19 (d, 2H,
J = 9.0 Hz, Ar–H), 7.82 (d, 2H, J = 9.0 Hz, Ar–H), 7.52 (d, 2H, J =
8.5 Hz, Ar–H), 7.34 (d, 2H, J = 8.5 Hz, Ar–H), 7.22–7.13 (m, 4H,
Ar–H), 7.02–7.01 (m, 5H, Ar–H), 6.26 (s, 1H, NCHCO), 3.37
(overlap with solvent peak, 2H, CH2), 2.15 (s, 3H, CH3);

13C NMR
(125 MHz, DMSO-d6) dC: 171.3, 169.7(CON), 145.4, 142.9, 139.0,
138.0, 136.9, 135.9, 131.7, 131.1, 129.8, 129.7, 128.6, 126.9,
125.6, 119.5 (Ar–C), 125.5 (CF3), 64.8 (NCHCO), 41.0 (CH2), 21.1
(CH3); anal. calc. for C30H24F3N3O4 (547.53): C, 65.81; H, 4.42; N,
7.67; found C, 65.62; H, 4.51; N, 7.42.

4.1.1.7. N-(2-((2-((4-Nitrophenyl)amino)-2-oxo-1-(4-
(triuoromethyl)phenyl)ethyl)(phenyl)amino)-2-oxoethyl)
benzamide (11). Off-white powder (60% yield), m.p = 260–262 °
C; Rf = 0.48 (EtOAc : n-hexane, 1 : 2); IR (KBr, cm−1): 3371 (N–H),
1702, 1675 (OCN); 1H NMR (500 MHz, DMSO-d6) dH: 10.99 (s,
1H, D2O exchangeable, CON–H), 8.64 (t, 1H, J = 5.5 Hz, D2O
exchangeable, COCH2N–H), 8.20 (d, 2H, J = 9.0 Hz, Ar–H), 7.84–
7.79 (m, 4H, Ar–H), 7.53–7.47 (m, 4H, Ar–H), 7.43–7.36 (m, 5H,
Ar–H), 7.22–7.19 (m, 3H, Hz, Ar–H), 6.27 (s, 1H, NCHCO), 3.87,
3.84 (dd, 1H, J = 16.5 Hz, J = 6.0 Hz 1H, CHaHb), 3.58, 3.55 (dd,
1H J = 17.5 Hz, J = 5.5 Hz, CHaHb);

13C NMR (125 MHz, DMSO-
d6) dC: 169.5, 169.4, 166.8 (CON), 145.4, 142.9, 138.4, 134.3,
131.9, 131.7, 131.2, 129.6, 129.0, 128.8, 127.7, 119.5 (Ar–C),
125.6 (CF3), 64.9 (NCHCO), 42.7 (NCH2); anal. calc. for C30

H23F3N4O5 (576.53); C, 62.50; H, 4.02; N, 9.72; found C, 62.73; H,
3.93; N, 9.88.

4.1.1.8. N-(2-((2-((4-Nitrophenyl)amino)-2-oxo-1-(4-(tri-
uoromethyl)phenyl)ethyl)(p-tolyl)amino)-2-oxoethyl)benzamide
(12). Off-white powder (55% yield), m.p = 258–260 °C; Rf = 0.46
(EtOAc : n-hexane, 1 : 2); IR (KBr, cm−1): 3379 (N–H), 1676, 1641
(OCN); 1HNMR (500 MHz, DMSO-d6) dH: 10.98 (s, 1H, D2O
exchangeable, CON–H), 8.62 (t, 1H, J = 5.0 Hz, D2O exchange-
able, COCH2N–H), 8.19 (d, 2H, J = 9.5 Hz, Ar–H), 7.83–7.79 (m,
4H, Ar–H), 7.55 (d, 3H, J = 8.5 Hz, Ar–H), 7.49 (t, 1H, J = 7.0 Hz,
Ar–H), 7.42–7.36 (m, 5H, Ar–H), 7.06 (bs, 2H, Ar–H), 6.25 (s, 1H,
NCHCO), 3.84, 3.81 (dd, 1H, J = 17.0 Hz, J = 6.0 Hz, CHaHb),
3.57, 3.53 (dd, 1H, J = 17.5 Hz, J = 5.0 Hz, CHaHb), 2.18 (s, 3H,
CH3);

13C NMR (125 MHz, DMSO-d6) dC: 169.6, 169.5,
166.8(CON), 145.4, 142.5, 138.5, 138.4, 135.7, 135.4, 132.0,
131.7, 130.9, 130.1, 128.8, 127.7, 119.5 (Ar–C), 125.6 (CF3), 64.9
(NCHCO), 42.6 (COCH2), 21.1(CH3); anal. calc. for
C31H25F3N4O5 (590.56); C, 63.05; H, 4.27; N, 9.49. Found; C,
63.21; H, 4.31; N, 9.30.

4.1.1.9. N-(4-Nitrophenyl)-2-(N-phenyl-2-(phenylsulfonamido)
acetamido)-2-(4-(triuoromethyl)-phenyl)acetamide (13). Off-
white powder (75% yield), m.p = 223–225 °C; Rf = 0.45
(EtOAc : n-hexane, 1 : 2); IR (KBr, cm−1): 3253 (N–H), 1666, 1620
RSC Adv., 2025, 15, 19530–19545 | 19541
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(OCN); 1H NMR (500 MHz, DMSO-d6) dH: 10.94 (s, 1H, D2O
exchangeable, CON–H), 8.20 (d, 2H, J = 9.0 Hz, Ar–H), 7.94–7.89
(m, 1H, D2O exchangeable, CH2 N–H–SO2), 7.81 (d, 2H, J =

9.0 Hz, Ar–H), 7.63 (d, 2H, J = 7.5 Hz, Ar–H), 7.57–7.47 (m, 6H,
Ar–H), 7.26–7.16 (m, 6H, Ar–H), 6.14 (s, 1H, NCHCO), 3.38
(overlap with solvent peak, 2H, NCH2);

13C NMR (125 MHz,
DMSO-d6) dC: 169.2, 168.0 (CON), 145.3, 143.0, 140.7, 138.2,
137.8, 133.0, 131.6, 131.1, 129.6, 129.2, 127.1, 126.9, 119.5 (Ar–
C), 125.6 (CF3), 64.7 (NCHCO), 45.1 (NCH2); anal. calc. for
C29H23F3N4O6S (612.58): C, 56.86; H, 3.78; N, 9.15; found; C,
56.93; H, 3.92; N, 9.18.

4.1.1.10. N-(4-Nitrophenyl)-2-(2-(phenylsulfonamido)-N-(p-
tolyl)acetamido)-2-(4-(triuoromethyl)-phenyl)acetamide (14). Pale
yellow powder (80% yield), m.p = 245–247 °C; Rf = 0.5 (EtOAc :
n-hexane, 1 : 2); IR (KBr, cm−1): 3254 (N–H), 1666, 1617 (OCN);
1H NMR (500 MHz, DMSO-d6) dH: 10.91 (s, 1H, D2O exchange-
able, CON–H), 8.20 (d, 2H, J = 9.0 Hz, Ar–H), 7.92 (bs, 1H, D2O
exchangeable, CH2 N–H–SO2), 7.80 (d, 2H, J = 9.0 Hz, Ar–H),
7.64 (d, 2H, J = 7.0 Hz, Ar–H), 7.57–7.48 (m, 8H, Ar–H) 7.25 (d,
2H, J = 8.5 Hz, Ar–H), 6.98 (bs, 1H, Ar–H) 6.12 (s, 1H, NCHCO),
3.36 (overlap with solvent peak, 2H, NCH2), 2.14 (s, 3H, CH3);
13C NMR (125 MHz, DMSO-d6) dC: 169.2, 168.2 (CON), 145.3,
143.0, 140.8, 138.5, 138.3, 135.2, 132.9, 131.6, 130.8, 130.0,
129.6, 129.3, 129.1, 126.9, 123.3, 119.5 (Ar–C), 125.6 (CF3), 64.6
(NCHCO), 45.1 (NCH2), 21.1 (CH3); anal. calc. for
C30H25F3N4O6S: (626.61); C, 57.50; H, 4.02; N, 8.94; found; C,
57.71; H, 4.33; N, 8.84.

4.1.1.11. N-Benzyl-N-(2-((4-nitrophenyl)amino)-2-oxo-1-(4-
(triuoromethyl)phenyl)-ethyl)-2-phenyl-acetamide (15). Off-white
powder (70% yield), m.p = 170–172 °C; Rf = 0.57 (EtOAc : n-
hexane, 1 : 2); IR (KBr, cm−1): 3288 (N–H), 1708, 1630 (OCN);
1HNMR (500 MHz, DMSO-d6) dH: 10.93 (s, 1H, D2O exchange-
able, CON–H), 8.17 (d, 2H, J = 8.5 Hz, Ar–H), 7.75 (d, 2H, J =
9.0 Hz, Ar–H), 7.54–7.44 (m, 4H, Ar–H), 7.26–7.07 (m, 8H, Ar–H),
6.98–6.93 (m, 2H, Ar–H), 6.24 (s, 1H, NCHCO), 4.84 (d, 1H, J =
18.5 Hz, NCHaHbPh), 4.58 (d, 1H, J = 18.5 Hz, NCHaHbPh), 3.75
(q, 2H, J = 15.5 Hz, COCH2Ph);

13C NMR (125 MHz, DMSO-d6)
dC: 172.9, 169.4 (CON), 145.3, 142.9, 138.3, 135.7, 131.1, 129.9,
129.8, 128.7, 128.6, 127.2, 127.0, 126.4, 125.8, 125.7, 119.6 (Ar–
C), 125.5 (CF3), 62.7 (NCHCO), 49.4 (NCH2), 40.4 (under solvent
peak COCH2); anal. calc. for C30H24F3N3O4 (547.53): C, 65.81; H,
4.42; N, 7.67; found; C, 66.07; H, 4.52; N, 7.54.

4.1.1.12. N-(2-(Benzyl(2-((4-nitrophenyl)amino)-2-oxo-1-(4-
(triuoromethyl)phenyl)ethyl)amino)-2-oxoethyl)benzamide (16).
Off-white powder (60% yield), m.p = 258–260 °C; Rf = 0.46
(EtOAc : n-hexane, 1 : 2); IR (KBr, cm−1): 3414 (N–H), 1707, 1643
(OCN); 1HNMR (500 MHz, DMSO-d6) dH: 10.92 (s, 1H, D2O
exchangeable, CON–H), 8.78 (t, 1H, J = 6.0, D2O exchangeable,
CH2N–H), 8.17 (d, 2H, J = 9.0 Hz, Ar–H), 7.84 (d, 2H, J = 7.5 Hz,
Ar–H), 7.75 (d, 2H, J = 9.0 Hz, Ar–H), 7.55–7.41 (m, 5H, Ar–H),
7.24–7.21 (m, 1H, Ar–H), 7.14–7.05 (m, 6H, Ar–H), 6.21 (s, 1H,
NCHCO), 4.88 (d, 1H, J = 17.5 Hz, NCHaHb), 4.59 (d, 1H, J =
18.5 Hz, NCHaHb), 4.13–4.18 (2d, 1H, J = 7.5 Hz, J = 14.0 Hz,
COCH2), 4.01–3.96 (m, 1H, COCH2);

13C NMR (125 MHz, DMSO-
d6) dC: 171.1, 169.3, 167.3 (CON), 145.2, 142.9, 137.9, 134.3,
132.0, 131.1, 128.9, 128.7, 128.6, 127.9, 127.7, 126.5, 125.7, 119.6
(Ar–C), 125.5 (CF3), 62.9 (NCHCO), 48.7 (NCH2), 42.3 (COCH2);
19542 | RSC Adv., 2025, 15, 19530–19545
anal. calc. for C31H25F3N4O5 (590.56); C, 63.05; H, 4.27; N, 9.49;
found; C, 63.22; H, 4.44; N, 9.31.

4.1.1.13. N-Benzyl-N-(2-((4-nitrophenyl)amino)-2-oxo-1-(4-
(triuoromethyl)phenyl)ethyl)-2-(phenylsulfonamido)acetamide
(17). White powder (61% yield), m.p = 197–199 °C; Rf = 0.54
(EtOAc : n-hexane, 1 : 2); IR (KBr, cm−1): 3296 (N–H), 1706, 1644
(OCN); 1H NMR (500 MHz, DMSO-d6) dH: 10.89 (s, 1H, D2O
exchangeable, CON–H), 8.18 (d, 2H, J = 9.0 Hz, Ar–H), 7.98 (bs,
1H, D2O exchangeable CH2 N–H–SO2), 7.75 (d, 2H, J= 9.0 Hz, Ar–
H), 7.63 (d, 2H, J = 7.5 Hz, Ar–H), 7.56 (d, 3H, J = 8.0 Hz, Ar–H),
7.49 (t, 2H, J= 7.5 Hz, Ar–H), 7.39 (d, 2H, J= 7.5 Hz, Ar–H), 7.10–
7.09 (m, 2H, Ar–H), 6.94–6.74 (m, 3H, Ar–H), 6.16 (s, 1H,
NCHCO), 4.69 (d, 1H, J = 18.0 Hz, CHaHb NPh), 4.48 (d, 1H, J =
18.0 Hz, CHaHbNPh), 3.80 (d, 1H, J= 17.5 Hz, CHaHbNHSO2Ph),
3.68 (d, 1H, J = 17.5 Hz CHaHb NHSO2Ph);

13C NMR (125 MHz,
DMSO-d6) dC: 169.9, 169.0 (CON), 145.2, 143.0, 140.8, 139.1,
137.7, 132.9, 131.1, 129.5, 128.7, 127.3, 127.2, 127.1, 126.3, 125.8,
119.7 (Ar–C), 125.5 (CF3), 62.8 (NCHCO), 48.5 (NCH2Ph), 45.1
(CH2NH SO2Ph); anal. calc. for C30H25F3N4O6S (626.61): C, 57.50;
H, 4.02; N, 8.94; found; C, 57.77; H, 4.21; N, 8.81.

4.1.1.14. N-(2-((4-Nitrophenyl)amino)-2-oxo-1-(4-(tri-
uoromethyl)phenyl)ethyl)-N-phenylquinoline-2-carboxamide (18).
White powder (66% yield), m.p = 231–233 °C; Rf = 0.628
(EtOAc : n-hexane, 1 : 2); IR (KBr, cm−1): 3265 (N–H), 1673, 1631
(OCN); 1H NMR (500 MHz, DMSO-d6) dH: 11.15 (bs, 1H, D2O
exchangeable N–H), 8.23 (d, 3H, J = 9.0 Hz, Ar–H), 7.89 (d, 2H, J
= 9.5 Hz, Ar–H), 7.84 (d, 1H, J = 8.5 Hz, Ar–H), 7.74 (d, 1H, J =
8.5 Hz, Ar–H), 7.66 (t, 1H, J = 7.0 Hz, Ar–H), 7.57–7.47 (m, 6H,
Ar–H), 7.13 (bs, 2H, Ar–H), 6.88–6.83 (m, 3H, Ar–H), 6.53 (s, 1H,
NCHCO); 13C NMR (125 MHz, DMSO-d6) dC: 169.3, 168.9 (CON),
145.4, 143.0, 140.5, 139.2, 138.5, 137.0, 136.9, 131.8, 131.6,
130.6, 129.3, 129.2, 128.4, 128.3, 128.0, 127.9, 127.5, 120.6,
119.6, 119.5 (Ar–C), 125.6 (CF3), 65.1 (NCHCO); anal. calc. for
C31H21F3N4O4 (570.53): C, 65.26; H, 3.71; N, 9.82. Found; C,
65.45; H, 3.83; N, 9.59.

4.1.1.15. N-(2-((4-Nitrophenyl)amino)-2-oxo-1-(4-(tri-
uoromethyl)phenyl)ethyl)-N-(p-tolyl)-quinoline-2-carboxamide
(19). White powder (63% yield), m.p = 213–215 °C; Rf = 0.628
(EtOAc : n-hexane, 1 : 2); IR (KBr, cm−1): 3268 (N–H), 1672, 1635
(OCN); 1H NMR (500 MHz, DMSO-d6) dH: 11.13 (bs, 1H, D2O
exchangeable, N–H), 8.22 (d, 3H, J= 9.0 Hz, Ar–H), 7.89 (d, 2H, J
= 8.5 Hz, Ar–H), 7.84 (d, 1H, J = 7.5 Hz, Ar–H), 7.79 (d, 1H, J =
8.5 Hz, Ar–H), 7.67 (t, 1H, J = 7.5 Hz, Ar–H), 7.59–7.47 (m, 6H,
Ar–H), 7.01 (bs, 2H, Ar–H), 6.69 (d, 2H, J= 7.0 Hz, Ar–H), 6.51 (s,
1H, NCHCO), 1.90 (s, 3H, CH3).

13C NMR (125 MHz, DMSO-d6)
dC: 169.3, 169.1 (CON), 154.8, 146.6, 145.4, 143.0, 137.2, 137.0,
136.5, 131.8, 131.4, 130.7, 129.3, 128.9, 128.4, 128.0, 127.5,
125.6, 120.6, 119.6 (Ar–C), 125.5 (CF3), 65.7 (NCHCO), 20.9
(CH3); anal. calc. for C32H23F3N4O4 (584.56): C, 65.75; H, 3.97; N,
9.58. Found; C, 65.88; H, 4.19; N, 9.30.

4.1.1.16. {R,S}N-Benzyl-N-(2-((4-nitrophenyl)amino)-2-oxo-1-
(4-(triuoromethyl)phenyl)ethyl)-quinoline-2-carboxamide (20).
White powder (80% yield), m.p = 231–233 °C; Rf = 0.628
(EtOAc : n-hexane, 1 : 2); IR (KBr, cm−1): 3278 (N–H), 1618
(OCN); 1H NMR (500 MHz, DMSO-d6) dH: 11.05, 10.60(2s, 1H,
D2O exchangeable N–H), 8.57, 8.39 (2d, 1H, J = 8.5 Hz, J =

8.5 Hz Ar–H), 8.21 (t, 2H, J = 8.5 Hz, Ar–H), 8.061 (d, 1H, J =
© 2025 The Author(s). Published by the Royal Society of Chemistry
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8.0 Hz, Ar–H), 7.96–7.89 (m, 1H, Ar–H), 7.84 (d, 1H, J = 8.0 Hz,
Ar–H), 7.75–7.62 (m, 4H, Ar–H), 7.56–7.48 (m, 4H, Ar–H), 7.24–
7.21, 7.14–7.09 (2m, 1H, Ar–H), 6.99 (s, 1H, Ar–H), 6.91 (s, 3H,
Ar–H), 6.32, 6.25(2s, 1H, NCHCO) 5.21, 4.97(2d, 1H, J = 16 Hz, J
= 17 Hz CHaHb – N-Ph), 4.63, 4.44 (2d, 1H, J = 17 Hz, J = 15 Hz,
CHaHb N-Ph); 13C NMR (125 MHz, DMSO-d6) dC: 170.3, 169.6,
169.5, 169.0 (CON), 153.9, 153.6, 146.2, 146.1, 145.3, 145.1,
143.0, 139.3, 138.8, 138.7, 138.5, 138.2, 138.0, 131.3, 131.1,
131.0, 130.9, 129.5, 129.4, 128.8, 128.7, 128.6, 128.5, 128.4,
128.0, 127.9,127.3, 126.5, 126.3, (Ar–C), 121.7, 120.9, 119.7,
119.6 (Ar–C), 125.7, 125.6, 125.5 (CF3) , 65.5, 63.1 (NCHCO),
51.2, 48.8 (CH2); anal. calc. for C32H23F3N4O4 (584.56): C, 65.75;
H, 3.97; N, 9.58, found; C, 65.82; H, 9.84; N, 9.39.

4.1.2. The general method for the synthesis of ugi adducts:
(23–25). Amixture of benzaldehyde 21 (0.743 mmol) and aniline
derivatives 2a–b (0.743 mmol), or benzylamine 2c (0.743 mmol)
in ethanol (2 ml) was stirred under reux for 1 h then, 4-(tri-
uoromethyl) cinnamic acid 22 (0.67 mmol), isonitrile 3 (0.67
mmol) and TFE (2 ml) were added to the reaction mixture.
Stirring continued under reux for 5 has monitored by TLC. The
crude obtained was ltered off, washed with ethanol, dried, and
crystallized from ethanol.

4.1.2.1. (E)-N-(2-((4-Nitrophenyl)amino)-2-oxo-1-phenylethyl)-
N-phenyl-3-(4-(triuoromethyl)-phenyl)acrylamide (23). Off-white
powder (65% yield), m.p = 247–249 °C; Rf = 0.46 (EtOAc : n-
hexane, 1 : 2); IR (KBr, cm−1): 3445 (N–H), 1654 (OCN); 1HNMR
(500 MHz, DMSO-d6) dH: 10.98 (s, 1H, D2O exchangeable,
CONH), 8.20 (d, 2H, J = 9.0 Hz, Ar–H), 7.86 (d, 2H, J = 9.5 Hz,
Ar–H), 7.65 (d, 2H, J = 8.5 Hz, Ar–H), 7.60 (d, 1H, J = 15.0, CH]

CH) 7.50 (d, 2H, J = 8.0 Hz, Ar–H), 7.18–7.12 (m, 10H, Ar–H),
6.30 (s, 1H, NCHCO), 6.23 (d, 1H, J = 15.5, CH]CH); 13C NMR
(125 MHz, DMSO-d6) dC: 170.3, 165.4(CON), 145.7, 142.8, 140.2,
139.0, 138.9, 133.8, 131.6, 130.8, 129.2, 128.9, 128.8, 128.7,
126.4, 126.3, 122.2, 119.4 (Ar–C + CH]CH), 125.6 (CF3), 65.6
(NCHCO); anal. calc. for C30H22F3N3O4 (545.52): C, 66.05; H,
4.07; N, 7.70; found; C, 65.91; H, 4.23; N, 7.61.

4.1.2.2. (E)-N-(2-((4-Nitrophenyl)amino)-2-oxo-1-phenylethyl)-
N-(p-tolyl)-3-(4-(triuoromethyl)-phenyl)acrylamide (24). Off-white
powder (84% yield), m.p = 227–229 °C; Rf = 0.36 (EtOAc : n-
hexane, 1 : 2); IR (KBr, cm−1): 3442 (N–H), 1660 (OCN); 1HNMR
(500 MHz, DMSO-d6) dH: 10.96 (s, 1H, D2O exchangeable, CON–
H), 8.20 (d, 2H, J = 9.0 Hz, Ar–H), 7.86 (d, 2H, J = 9.0 Hz, Ar–H),
7.66 (d, 2H, J = 8.5 Hz, Ar–H), 7.60 (d, 1H, J = 16.0 Hz CH]CH)
7.51 (d, 2H, J = 8.0 Hz, Ar–H), 7.14–7.12 (m, 7H, Ar–H), 6.99 (bs,
2H, Ar–H), 6.28 (s, 1H, NCHCO) 6.27 (d, 1H, J = 16.0 Hz, CH]

CH), 2.17 (s, 3H, CH3);
13C NMR (125 MHz, DMSO-d6) dC: 170.3,

165.0 (CON), 145.7, 142.8, 140.2, 139.0, 137.8, 136.3, 133.9,
131.2, 130.9, 129.7, 128.9, 128.8, 126.4, 122.3, 119.3 (Ar–C +
CH]CH), 125.6 (CF3), 65.6 (NCHCO), 21.1 (CH3); anal. calc. for
C31H24F3N3O4 (559.55): C, 66.54; H, 4.32; N, 7.51; found; C,
66.78; H, 4.29; N, 7.45.

4.1.2.3. (E)-N-Benzyl-N-(2-((4-nitrophenyl)amino)-2-oxo-1-
phenylethyl)-3-(4-(triuoromethyl)-phenyl)acrylamide (25). Off-
white powder (65% yield), m.p = 245–247 °C; Rf = 0.43 (EtOAc :
n-hexane, 1 : 2); IR (KBr, cm−1): 3445 (N–H), 1652 (OCN); 1HNMR
(500 MHz, DMSO-d6) dH: 10.93 (s, 1H, D2O exchangeable, CON–
H), 8.19 (d, 2H, J = 9.0 Hz, Ar–H), 7.81 (d, 2H, J = 9.0 Hz, Ar–H),
© 2025 The Author(s). Published by the Royal Society of Chemistry
7.75–7.66 (m, 4H, Ar–H), 7.64 (d, 1H, J= 15.0 Hz, CH]CH), 7.27–
7.23 (m, 5H, Ar–H), 7.11–7.09 (m, 3H, Ar–H), 7.06–7.03 (m, 1H,
Ar–H), 6.96 (d, 2H, J = 7.5 Hz, Ar–H + CH]CH), 6.28 (s, 1H,
NCHCO), 5.04 (d, 1H, J = 17.5 Hz, NCHaHbPh), 4.6 (d, 1H, J =
17.5 Hz, NCHaHb Ph); 13C NMR (125 MHz, DMSO-d6) dC: 170.2,
167.4 (CON), 145.5, 142.8, 141.2, 139.4, 134.4, 130.4, 129.1, 128.5,
127.1, 126.5, 126.1, 122.2, 119.4 (Ar–C + CH]CH), 125.6 (CF3),
63.6 (NCHCO), 48.7 (NCH2); anal. calc. for C31H24F3N3O4 (559.55);
C, 66.54; H, 4.32; N, 7.51. Found; C, 66.37; H, 4.12; N, 7.68.

4.2. Biological evaluation

The biological assays were carried out according to the previ-
ously reported procedures and have been provided in the ESI;†
anti-proliferative activity assay,70 EGFR inhibition assays,81,82

mRNA expression assay,83 and caspase-3/9 activation assay.84

4.3. Molecular docking studies

The X-ray crystallographic structures of Wild-type EGFR (PDB:
1M17)80 and mutant EGFR enzyme (PDB: 6LUB),80 with resolu-
tions of 2.60 Å and 2.31 Å, respectively, were obtained from the
RCSB Protein Data Bank (http://www.pdb.org). Molecular
modeling was performed using the Molecular Operating
Environment (MOE 2022.09; Chemical Computing Group,
Canada) soware. Hydrogen atoms were added, and the
protonation states of amino acid residues were assigned using
the Protonate 3D algorithm.85 The compounds were modeled
guided with the X-ray experiment of the compounds, followed
by energy minimization using the MMFF94× force eld.
Docking studies of the synthesized compound were conducted
using the MOE Dock tool, and the nal ligand–enzyme
complexes were selected based on interaction energy and
geometric matching quality.

Data availability

Data for this article, including [description of IR, NMR, exper-
imental, elemental analysis, and methodology and docking
soware] are available in the attached ESI† pdf le.
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Anton, S. Friard, J. Trédaniel, H. Blons, C. Dujon,
B. Duchemann, P. O. Schischmanoff, T. Chinet and
E. Giroux Leprieur, Lung Cancer, 2019, 137, 149–156.

31 K. S. Thress, C. P. Paweletz, E. Felip, B. C. Cho, D. Stetson,
B. Dougherty, Z. Lai, A. Markovets, A. Vivancos, Y. Kuang,
D. Ercan, S. E. Matthews, M. Cantarini, J. C. Barrett,
P. A. Jänne and G. R. Oxnard, Nat. Med., 2015, 21, 560–562.

32 T. Grabe, J. Lategahn and D. Rauh, ACS Med. Chem. Lett.,
2018, 9, 779–782.

33 M. A. Mansour, A. M. AboulMagd, S. H. Abbas, H. M. Abdel-
Rahman and M. Abdel-Aziz, RSC Adv., 2023, 13(27), 18825–
18853.

34 Y. Jia, C. H. Yun, E. Park, D. Ercan, M. Manuia, J. Juarez,
C. Xu, K. Rhee, T. Chen, H. Zhang, S. Palakurthi, J. Jang,
G. Lelais, M. DiDonato, B. Bursulaya, P. Y. Michellys,
R. Epple, T. H. Marsilje, M. McNeill, W. Lu, J. Harris,
S. Bender, K. K. Wong, P. A. Jänne and M. J. Eck, Nature,
2016, 534, 129–132.

35 H. Patel, R. Pawara, A. Ansari and S. Surana, Eur. J. Med.
Chem., 2017, 142, 32–47.

36 S. Lee, J. Kim, K. B. Duggirala, A. Go, I. Shin, B. C. Cho,
G. Choi, C. H. Chae and K. Lee, Bull. Korean Chem. Soc.,
2018, 39, 895–898.

37 A. Esquela-Kerscher and F. J. Slack, Nat. Rev. Cancer, 2006, 6,
259–269.

38 D. M. Pereira, P. M. Rodrigues, P. M. Borralho and
C. M. P. Rodrigues, Drug Discovery Today, 2013, 18, 282–289.

39 D. Baltimore, M. P. Boldin, R. M. O'Connell, D. S. Rao and
K. D. Taganov, Nat. Immunol., 2008, 9, 839–845.

40 R. H. A. Plasterk, Cell, 2006, 124, 877–881.
41 F. Han, J. He, F. Li, J. Yang, J. Wei, W. C. Cho and X. Liu,

BioMed Res. Int., 2015, 2015(1), 672759.
42 J. Li, J. H. Huang, J. Y. Wang, Z. G. Xu, Z. Z. Chen and J. Lei,

RSC Adv., 2022, 12, 33175–33179.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01428j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 6
:3

9:
12

 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
43 F. Tahoori, R. Sheikhnejad, S. Balalaie andM. Sadjadi, Amino
Acids, 2013, 45, 975–981.

44 N. Seixas, B. B. Ravanello, I. Morgan, G. N. Kaluderovic and
L. A. Wessjohann, Pharmaceutics, 2019, 11(2), 59.

45 J. Wiemann, L. Fischer, J. Kessler, D. Ströhl and R. Csuk,
Bioorg. Chem., 2018, 81, 567–576.

46 J. N. Gohel, K. S. Lunagariya, K. M. Kapadiya and
R. C. Khunt, ChemistrySelect, 2018, 3, 11657–11662.

47 P. Brandão, A. Puerta, J. M. Padrón, M. L. Kuznetsov,
A. J. Burke and M. Pineiro, Asian J. Org. Chem., 2021, 10,
3434–3455.

48 S. De Castro, M. J. Camarasa, J. Balzarini and S. Velázquez,
Eur. J. Med. Chem., 2014, 83, 174–189.

49 M. S. Ayoup, M. A. Fouad, H. Abdel-Hamid, E. S. Ramadan,
M. M. Abu-Serie, A. Noby and M. Teleb, Eur. J. Med. Chem.,
2020, 186, 111875.

50 M. S. Ayoup, Y. Wahby, H. Abdel-Hamid, M. M. Abu-Serie,
S. Ramadan, A. Barakat, M. Teleb and M. M. F. Ismail, RSC
Adv., 2023, 13, 27722–27737.

51 F. R. Leroux, B. Manteau, J.-P. Vors and S. Pazenok, Beilstein
J. Org. Chem., 2008, 4, 13.

52 O. S. Artamonov, E. Y. Slobodyanyuk, D. M. Volochnyuk,
I. V. Komarov, A. A. Tolmachev and P. K. Mykhailiuk, Eur.
J. Org. Chem., 2014, 2014, 3592–3598.

53 F. M. Sroor, K. F. Mahrous, H. A. M. A. El-Kader,
A. M. Othman and N. S. Ibrahim, Sci. Rep., 2023, 13, 17560.

54 J. Lei, J.-P. Meng, D.-Y. Tang, B. Frett, Z.-Z. Chen and
Z.-G. Xu, Mol. Diversity, 2018, 22, 503–516.

55 Z. Xu, F. De Moliner, A. P. Cappelli and C. Hulme, Angew
Chem. Int. Ed. Engl., 2012, 51, 8037.

56 R. J. Glyn and G. Pattison, J. Med. Chem., 2021, 64, 10246–
10259.

57 H. L. Yale, J. Med. Pharm. Chem., 1959, 1, 121–133.
58 E. J. Cho, T. D. Senecal, T. Kinzel, Y. Zhang, D. A. Watson and

S. L. Buchwald, Science, 2010, 328, 1679–1681.
59 N. A. Meanwell, J. Med. Chem., 2011, 54, 2529–2591.
60 Q. Wang, L. He, K. K. Li and G. C. Tsui, Org. Lett., 2017, 19,

658–661.
61 S. Schiesser, H. Chepliaka, J. Kollback, T. Quennesson,

W. Czechtizky and R. J. Cox, J. Med. Chem., 2020, 63,
13076–13089.
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