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ine derivatives endowed with
azobenzenes as dual EGFRT790M and VEGFR-2
inhibitors: anticancer, docking, synthesis, design
and ADMET assessments

Kurls E. Anwer, a Mohamed A. Abdelgawad,*b Felemban Athary Abdulhaleem M.,c

Nour E. A. Abd El-Sattar, ad Ahmed El-morsy,ef Tamer Nasr, gh

Mohammed Elmowafy,i Khaled El-Adl *jk and Naglaa M. Ahmed l

New pyrazole/pyrimidine derivatives endowed with azobenzenes were synthesized using microwave and

traditional methods. Our compounds were assessed for cytotoxicity against HepG2, MCF-7, HCT-116

and A549 cell lines as dual inhibitors of EGFRT790M and VEGFR-2. A docking study was carried out to

show the binding affinities and orientations of our derivatives in the active sites of VEGFR-2 and

EGFRT790M. The data of the docking study were highly correlated with the biological data. The HCT116

and A549 cell lines were extremely affected by our derivatives. Derivative 12 showed the greatest activity

against A549, HepG2, MCF-7 and HCT116 cells, with IC50 = 5.12, 6.77, 5.85 and 5.25 mM, respectively. It

showed higher cytotoxicity than erlotinib (IC50 = 5.49, 7.73, 8.20 and 13.91 mM, respectively) and lower

cytotoxicity than sorafenib (IC50 = 4.04, 4.00, 5.58 and 5.05 mM, respectively) against the tested cell

lines. The cytotoxicity of the highly active derivatives 5, 6, 8, 9, 10 and 12 against the MCF-10 healthy cell

lines was evaluated. The assessed derivatives showed low cytotoxicity against MCF-10 cells, with IC50 =

50.90–55.50 mM. Additionally, all derivatives were assessed as dual VEGFR-2 and EGFRT790M inhibitors.

Compounds 12, 8 and 10 displayed very good inhibitions toward VEGFR-2, with IC50 = 0.90, 0.95 and

1.00 mM, respectively. Similarly, structures 12, 8, 10, 5 and 9 showed strong EGFRT790M inhibitions, with

IC50 = 0.25, 0.30, 0.33, 0.35 and 0.40 mM, respectively. In addition, in silico ADMET predictions were

calculated for the highly active derivatives 8, 10 and 12 and correlated to Lipinski's rule of five using

erlotinib and sorafenib as standard ligands. The results presented our derivatives as promising candidates

for advanced manipulations to get more potent anticancer agents with advanced VEGFR-2 and

EGFRT790M inhibitions.
1. Introduction

Cancer, one of themost serious diseases to threaten human life,
is characterized as a rebound system of uncontrolled cellular
growth.1 Angiogenesis is essential for the survival and spread of
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tumor cells, which is a primary cause of cancer-related deaths.
As a result, the importance of angiogenesis inhibition in cancer
treatment is growing.2 Signal transduction leads to endothelial
cell proliferation, migration, survival, and new vessel formation
involved in angiogenesis.3 Through signal transduction,
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receptor tyrosine kinases control intra- and intercellular
signaling. The regulation of vital cellular functions, such as
growth, differentiation, survival, metabolism, and proliferation,
is greatly inuenced by these proteins.4

EGFR and VEGFR-2, as tyrosine kinases, are associated with
several diseases and diverse cancer growth groups. They are
closely related and share common signaling pathways, which are
segmented sequentially. The interrelationship between VEGFR-2
and EGFR has been well established: VEGFR-2 signaling pathway
inhibition enhances the anticancer activities of EGFR inhibitors,
while the activation of VEGFR-2 is independent of EGFR
signaling, which is blocked by EGFR inhibitors. Therefore,
concurrent blocking of VEGFR-2 and EGFR signaling pathways
appears to be a promising strategy in cancer treatment.5,6

VEGFR-2 inhibitors can be categorized into three types. Type
I inhibitors occupy the ATP-binding region, forming a hydrogen
bond with the hinge region amino acid Cys919. Type II inhibi-
tors occupy the ATP binding site and extend over the gate area
into the adjacent allosteric hydrophobic back pocket. Type III
inhibitors block the receptor through hydrophobic interactions,
and they accommodate the allosteric hydrophobic back pocket
of VEGFR-2. Type II inhibitors are preferred over type I inhibi-
tors due to their high affinity and selectivity. Moreover, type II
inhibitors exhibit an increased drug-target residence time,
resulting in prolonged TK suppression.7 Therefore, diverse
strategies have been employed to develop novel type II VEGFR-2
inhibitors (Fig. 1A).

Moreover, the ATP-binding pocket of EGFR-TK consists of
ve main regions. (a) Adenine binding pocket contains key
amino acids, which can form hydrogen bonds with the adenine
ring; (b) sugar region (hydrophilic ribose pocket); (c) hydro-
phobic region I plays an important role in inhibitor selectivity;
(d) hydrophobic region II may be exploited for inhibitor speci-
city; (e) phosphate binding region can be used for improving
inhibitor pharmacokinetics (Fig. 1B).8

N-heterocyclic compounds are essential building blocks of
RNA and DNA and exert a signicant role in the biochemical
Fig. 1 (A) VEGFR-2 active site and (B) EGFR-TK active site.

© 2026 The Author(s). Published by the Royal Society of Chemistry
processes of living organisms.9,10 They are recognizable scaf-
folds in drug discovery due to their biostability, structural
variability and ability to form H bonds with biomolecules.
Approximately 60% of FDA-approved small-molecule drugs
include N-heterocyclic rings, emphasizing their importance in
medicinal chemistry. Among them, pyrazole derivatives appear
to provide specic value due to their extensive therapeutic
potential, particularly in anti-cancer agent development.9,11

Pyrazole is an attractive choice as a substrate for the
synthesis of several broad-spectrum biologically active phar-
maceutical drugs. Globally, there are more than 50 pyrazole-
based synthetic medicines on the market. These pyrazole-
based marketed drugs target a varied range of clinical disor-
ders, including rheumatoid arthritis, cystic brosis, sickle cell
disease, non-small cell lung cancer (NSCLC), and hereditary
angioedema.12 Furthermore, a variety of pyrazole-based
compounds have been recognized in cancer treatments as
dual inhibitors of EGFR and VEGFR-2.13,14

Moreover, numerous drugs featuring pyrimidines (N-
heterocycles) as the principal structural scaffold were recently
FDA-approved as potential medications for a variety of cancer-
related disorders. Most of these compounds inhibit VEGFR-2
and EGFR, which are vital receptor tyrosine kinases associated
with the tumor microenvironment, to prevent tumor growth.15

Azobenzenes, which contain the N]N bond, have been re-
ported as a multi-targeted scaffold in medicinal chemistry.16 It
has a variety of uses, including as antimicrobial, anti-
inammatory, antiviral, antidiabetic, anti-tuberculosis and
anti-tumor agents.17 Several in vitro and in vivo studies have
conrmed that azo compounds could potentially act as anti-
cancer agents. Giampietro et al. reported the synthesis, bio-
logical evaluation, and docking studies of a series of
phenyldiazenyl sulfonamide compounds as aromatase inhibi-
tors.18 Moreover, Bustos et al. synthesized a series of 12
phenyldiazenyl pyrazoles and tested them against a wide library
of cancer cell lines, including leukemia, colon, and brain
cancer, showing that the compounds have anticancer activity.19
RSC Adv., 2026, 16, 11458–11477 | 11459
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All compounds showed a certain degree of growth inhibition
against different cell lines. Highly selective growth inhibition
activity was observed against the lung cancer, kidney cancer and
leukemia cell lines. With the aim of identifying new anti-breast
cancer compounds, Gomha et al. synthesized a series of
thiazole-benzofuran phenyldiazenyl compounds. These mole-
cules were evaluated for their anticancer activity against the
human breast carcinoma (MCF-7) cell lines, compared with the
doxorubicin drug.20 In 2024, Tang et al. synthesized different
azobenzene coumarin derivatives, where the coumarin moiety
was linked to substituted phenyl and pyridine groups via amide
bonds. These derivatives showed different degrees of anticancer
activities against HeLa, A549, MCF-7, and HepG-2 cell lines.21

Additionally, some azobenzene derivatives have been reported
to show anti-pancreatic cancer activity.22

In 2024, Sandor and colleagues introduced a set of quin-
azoline–thiazole hybrid compounds with diazene spacers as
potential antiproliferative and anti-angiogenic agents. The
majority of these compounds exhibited enhanced anti-
proliferative activity (IC50 = 1.83–4.24 mM) against HepG2 cells
compared to sorafenib (IC50 = 6.28 mM). The interaction with
the VEGFR-2 kinase domain was evaluated using computational
methods, such as molecular docking and molecular dynamics
simulations. The compound series demonstrated a notable
resemblance to sorafenib in terms of binding orientation within
the VEGFR-2 active site, with compound I (Fig. 2) forming the
most stable complex with VEGFR-2, in comparison to sorafenib.
The highest free energy was observed for I (−71.23 ±

5.29 kcal mol−1), which closely approximated the value for
sorafenib (−69.39 ± 3.63 kcal mol−1).23

In 2020, Srour and colleagues created another set of
compounds based on a combination of benzimidazole and
thiazole with the diazene moiety to act as EGFR inhibitors.
Compound II (Fig. 2) exhibited notable efficacy as an EGFR
tyrosine kinase inhibitor and achieved anti-breast cancer
treatment, with IC50 values of 109.71 ± 3.55 nM and 6.30 ± 0.37
mM, respectively.24

Kinase inhibitors have signicant therapeutic potential in
oncology, as they specically target abnormal kinases respon-
sible for the malignancy of cancer cells. By disturbing the
signaling pathways that cancer cells rely on to divide and
survive, these inhibitors can efficiently prevent tumor growth.25

Certain kinase inhibitors have been designed to target
receptor tyrosine kinases (RTKs), which are oen mutated or
Fig. 2 Reported compounds with the diazene moiety as VEGFR-2 and E

11460 | RSC Adv., 2026, 16, 11458–11477
overexpressed in cancers, such as breast, lung and colorectal
cancers.26 Among the many classes of kinase inhibitors, pyr-
azoles27 and pyrimidines28 have received considerable attention
due to their potent inhibition of kinases closely associated with
cancer and other diseases.

These products bind to the ATP-binding site of kinases,
thereby preventing the transfer of phosphate required for the
signal transduction pathways of cancer cell survival and
proliferation.29 Moreover, various pyrimidines and pyrazoles
have been designated as EGFR and VEGFR-2 inhibitors.30

Furthermore, numerous phenyldiazene-containing compounds
have been described as anticancer agents that inhibit both
VEGFR-2 and EGFRT790M receptors.31

Based on former ndings and as an extension of our
research program in developing and synthesizing various anti-
cancer derivatives,32–36 new pyrazoles and pyrimidines contain-
ing azobenzenes were prepared and assessed for cytotoxicity
against HepG2, A549, MCF-7 and HCT-116 cell lines.

The selectivity of the active compounds was also evaluated
on normal human MCF-10 cell lines. Additionally, all
compounds were assessed for both EGFRT790M and VEGFR-2
inhibition. Docking experiments were also conducted in the
EGFRT790M and VEGFR-2 active sites to predict their probable
binding modes and orientations.
2. Structure-based and rationale
design

New pyrazoles and pyrimidines substituted with azobenzenes
were designed and synthesized according to the structural
requirements for both VEGFR-2 and EGFRT790M inhibition.

The new derivatives were obtained through bioisosteric
modication of VEGFR-2 inhibitors (sorafenib and pazopanib)
at four different parts.37–39 The hydrophobic substituted phenyl
tails of sorafenib and pazopanib that occupy the hydrophobic
pocket were replaced by unsubstituted phenyl groups. The
hydrogen bond donor (HBD) urea and/or amino spacers were
replaced by HBA diazene (N]N) groups that can bind to Glu885
and/or Asp1046. The central hydrophobic phenoxy and/or N-
methylpyrimidine linkers of sorafenib and pazopanib, respec-
tively, were replaced by azobenzene moieties. The substituted
hetero-aromatic systems, specically the N-methylpicolinamide
and/or the 2,3-dimethyl-2H-indazol-6-yl moieties of sorafenib
GFR-TK inhibitors.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and pazopanib, respectively, were replaced by substituted pyr-
azoles 3–8 and/or pyrimidines 9–12, respectively (Fig. 3).

In the same manner, our new derivatives were obtained
through modications of the EGFR inhibitors (erlotinib and
getinib) at four positions.40,41 The hydrophobic bis(2-
methoxyethoxy) and 3-morpholinopropoxy tails of erlotinib
and getinib, respectively, that occupy the hydrophobic region
Fig. 3 Pharmacophoric and structural similarities of some designed com

© 2026 The Author(s). Published by the Royal Society of Chemistry
II were replaced by the terminal hydrophobic azobenzene
moieties. The HBD NH group was replaced by the NH2 group.
The hetero-aromatic quinazoline scaffold that occupies the
adenine pocket was replaced by the hetero-aromatic pyrazole
and/or pyrimidine rings linked to azobenzenes. The lipophilic
3-ethynylphenyl and 3-chloro-4-uorophenyl heads of erlotinib
and getinib, respectively, that occupy hydrophobic region I
pounds and VEGFR-2 inhibitors.

RSC Adv., 2026, 16, 11458–11477 | 11461
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Fig. 4 Design rationale based on the structural characteristics of EGFR inhibitors.
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were replaced by different aliphatic and/or aromatic groups
(Fig. 4).
3. Results and discussion
3.1. Chemistry

Our derivatives were synthesized following the reactions
described in Schemes 1–3. The reaction of 4-(phenyldiazenyl)
aniline with NaNO2 in the presence of HCl at 0–5 °C gives the
diazonium chloride salt 1, which couples with malononitrile to
yield the key compound 2-(4-(phenyldiazenyl)phenyldiazenyl)-
malononitrile (2) (Scheme 1) according to the described
technique.42–44

Derivative 2 was cyclized with the appropriate thio-
semicarbazide, semicarbazide, 2-cyanoacetohydrazide,
11462 | RSC Adv., 2026, 16, 11458–11477
acetohydrazide, phenyl hydrazine, or 2,4-dinitrophenyl hydra-
zine (DNP) in acetone at reux temperature for 5–30 h to give
the corresponding targeted pyrazole derivatives 3–8 (Scheme 2).
The structure of compound 5 produced IR absorption bands at
3443 (NH2), 2194 (CN) and 1657 (C]O). The 1H NMR spectrum
of compound 5 showed one singlet signal for CH2 at 2.41.
Additionally, two D2O exchangeable singlet signals were
observed for the 2NH2 groups at 5.86 and 6.30. Moreover, the
13C-NMR data support the structure.

Derivative 2 was used to synthesize the novel pyrimidines (9–
12) through cyclization reactions with the suitable urea, thio-
urea, guanidine and/or sulfaguanidine in DMF using a water
bath for 8–12 h to obtain the corresponding products 9–12
(Scheme 3).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of compound 2.
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3.2. Microwave and conventional techniques assessment

A comparative evaluation between microwave-assisted and
conventional methods was conducted using several green
Scheme 2 Syntheses of the targeted compounds 3–8.

© 2026 The Author(s). Published by the Royal Society of Chemistry
chemistry efficiency parameters, including yield economy (YE),
atomic economy (AE), reaction mass efficiency (RME), and
optimum efficiency (OE). The reaction times and yields ob-
tained for both methods were compared45–49 (Table 1).
RSC Adv., 2026, 16, 11458–11477 | 11463
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Scheme 3 Syntheses of compounds 9–12.
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The yield economy (YE) was employed to identify the most
efficient method for reaction accomplishment and was calcu-
lated according to the following equation:

YE = yield (%)/time (min)

The reaction mass efficiency (RME) was calculated using the
equation:
Table 1 Comparative study of the microwave and conventional techniq

Compound no.

Time “min” Yield (%) YE

M.W.b Conv.a M.W. Conv. M.W

3 1 300 90 54 90.00
4 2 840 92 51 46.00
5 4 1200 91 53 22.75
6 5 1680 90 52 18.00
7 4 1320 90 52 22.50
8 4 1800 92 53 23.00
9 2 480 90 54 45.00
10 2 480 92 52 46.00
11 3 720 90 51 30.00
12 4 720 91 51 22.75

a Conv.: conventional technique. b M.W.: microwave irradiation techniqu

11464 | RSC Adv., 2026, 16, 11458–11477
RME = (weight of isolated product)/(total weight of reactants)

In addition, the optimum efficiency (OE) was employed as
a comparative parameter between the two methods and was
calculated as follows:

OE = (RME/AE) × 100
ues

OE RME

AE. Conv. M.W. Conv. M.W. Conv.

0.1800 0.7766 0.3883 77.66 38.83 100
0.0607 0.7996 0.4431 72.48 40.17 90.65
0.0442 0.7875 0.4587 78.75 45.87 100
0.0310 0.7714 0.4457 77.14 44.57 100
0.0394 0.7814 0.4515 78.14 45.15 100
0.0294 0.8193 0.4720 81.93 47.20 100
0.1125 0.7386 0.4431 73.86 44.31 100
0.1083 0.7612 0.4303 76.12 43.03 100
0.0708 0.7514 0.4258 67.81 38.42 90.24
0.0708 0.7916 0.4436 79.16 44.36 100

e.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 DG in kcal mol−1 for the VEGFR-2 binding ligands

Compound DG [kcal mol−1] Compound DG [kcal mol−1]

3 −75.00 9 −81.91
4 −68.21 10 −90.88
5 −83.99 11 −79.79
6 −80.36 12 −106.48
7 −79.91 Sorafenib −99.50
8 −91.33
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While atomic economy (AE) represents the theoretical
maximum efficiency of a reaction, RME reects the actual mass
efficiency. The AE values for both the microwave and conven-
tional methods are identical, as the same target molecules were
synthesized from identical reactants under different reaction
conditions, as shown in Table 1.
3.3. Docking studies

The Molso program was used to assess the binding affinities
and orientations of our derivatives inside the active sites of both
VEGFR-2 (PDB ID: 4ASD)50,51 and EGFRT790M (PDB ID:
3W2O).44,52

3.3.1. As VEGFR-2 inhibitors. Our derivatives showed
identical orientations in the binding site of VEGFR-2 and di-
splayed very good affinities (Table 2).

Sorafenib presented −99.50 kcal mol−1 and formed ve H
bonds with Cysteine919 (2.51 Å and 2.10 Å), Glutamate885 (2.75
Å and 1.77 Å) and Aspartate1046 (1.50 Å). The 3-triuoromethyl-
4-chlorophenyl tail inhibited the hydrophobic pocket con-
structed by Isoleucine892, Isoleucine888, Histidine1026,
Glutamate885, Aspartate1046 and Cysteine1045. Moreover, the
Fig. 5 Sorafenib orientation with VEGFR-2 binding.

© 2026 The Author(s). Published by the Royal Society of Chemistry
substituted hetero-aromatic pyridine ring inhibited the pocket
formed by Cysteine919, Phenylalanine918, Glutamate917,
Valine848, Lysine920, Leucine1035, and Leucine840. Further-
more, the central phenoxy linker inhibited the hydrophobic
pocket formed by Leucine1035, Cysteine1045, Valine848, and
Lysine868 (Fig. 5).

Compound 12 exhibited −106.48 kcal mol−1 and formed 6H
bonds with Cys919 (2.53 Å), Glu917 (1.61 Å and 2.42 Å), Asp1046
(1.97 Å), Asn923 (2.57 Å) and Leu840 (2.49 Å). The distal
phenyldiazene tail inhibited the hydrophobic domain formed
by Ile1025, Ile888, Asp1046, Hie1026, Glu885, Cys1045 and
Ile892. Moreover, the aromatic 4-aminophenyl ring inhibited
the pocket formed by Cys919, Lys920, Leu1035, Phe918, Asn923,
and Leu840. Furthermore, the central azobenzene linker
inhibited the pocket formed by Cys1045, Val848, Lys868, Glu917
and Asp1046 (Fig. 6).

In the same manner, compound 8 showed nearly the same
binding orientation as 12, with −91.33 kcal mol−1, and it
formed 7 hydrogen bonds with Asp1046 (2.08 Å and 2.34 Å),
Cys919 (1.66 Å and 2.38 Å), Gly922 (2.44 Å) and Glu917 (1.72 Å
and 2.30 Å) (Fig. 7).

Similarly, derivative 10 showed nearly the same orientation
as 12, with −90.88 kcal mol−1, and it formed 4H bonds with
Asp1046 (1.69 Å and 2.72 Å), Cys919 (1.97 Å) and Glu917 (1.68 Å)
(Fig. 8).

3.3.2. As EGFRT790M inhibitors. Our derivatives also
showed identical orientations in the binding site of EGFRT790M

and exhibited very good affinities (Table 3).
Erlotinib displayed −82.77 kcal mol−1 and formed four H-

bonds with Thr854 (2.99 Å), Cys797 (2.05 Å), Methionine793
(1.82 Å), and Valine726 (2.97 Å). The 3-ethynylphenyl head
RSC Adv., 2026, 16, 11458–11477 | 11465
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Fig. 6 Predicted binding mode of compound 12 with VEGFR-2.
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inhibited the hydrophobic area I produced by Ile759, Phe723,
Gly724, Asp855, Thr854, Val726, Glu762, Leu777, Met790 and
Glu791. Similarly, the 2-methoxyethoxy end inhibited the
hydrophobic groove II produced by Leu844, Met793, Leu718,
Pro794 and Val845 (Fig. 9).
Fig. 7 Expected binding mode of compound 8 with VEGFR-2.

11466 | RSC Adv., 2026, 16, 11458–11477
Derivative 12 showed −99.31 kcal mol−1 and formed 9H
bonds with Met793 (2.98 Å), Glu762 (1.96 Å and 2.28 Å), Ala743
(2.76 Å and 2.96 Å), Lys745 (1.71 Å), Asp855 (2.26 Å and 2.95 Å)
and Thr854 (2.99 Å). The azobenzene side chain inhibited the
hydrophobic area II produced by Pro794, Met793, Leu718,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Expected binding mode of compound 10 with VEGFR-2.
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Val726, Val845, Glu791, Met790, Ala743 and Leu844. Moreover,
the sulfonylaniline head inhibited the hydrophobic area I
formed by Gly724, Glu762, Asp855, Phe723, Ile759 and Thr854
(Fig. 10).

Also, derivative 8 exhibited nearly the same orientation as 12
(−80.68 kcal mol−1). It formed 6H bonds with Met793 (2.95 Å),
Lys745 (2.51 Å), Glu791 (2.13 Å and 2.38 Å), Asp855 (2.77 Å) and
Thr854 (2.29 Å) (Fig. 11).

Derivative 10 displayed nearly the same orientation as 12,
with −79.46 kcal mol−1, and it formed 5H bonds with Met793
(2.92 Å and 2.96 Å), Lys745 (2.98 Å), Glu791 (2.64 Å) and Thr854
(2.06 Å) (Fig. 12).

3.4. Biological testing

3.4.1. In vitro cytotoxicity assessment. The cytotoxicity of
derivatives 3–12 was assessed against A549, MCF-7, HCT-116,
and HepG2 cell lines using the MTT method.53–55 A549, MCF-
7, HCT-116, and HepG2 cells were obtained from the Amer-
ican Type Culture Collection (ATCC, Manassas, USA). The
standard drugs, sorafenib and erlotinib, were used (Table 4).
The HCT116 and A549 cell lines were highly sensitive to our
derivatives. Compound 12 exhibited the highest potency against
A549, HepG2, MCF-7, and HCT116 cancer cell lines, with IC50 =

5.12, 6.77, 5.85, and 5.25 mM, respectively. It presented higher
cytotoxicity than erlotinib (IC50= 5.49, 7.73, 8.20, and 13.91 mM,
respectively) and showed lower cytotoxicity than sorafenib (IC50

= 4.04, 4.00, 5.58, and 5.05 mM, respectively).
Against the HCT116 cell lines, compounds 5, 6, 7, 8, 9 and

10, with IC50 = 6.00–8.25 mM, offered very good cytotoxicity.
Compound 11, with IC50 = 10.25 mM, offered good cytotoxicity.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Additionally, derivatives 3 and 4, with IC50 = 15.75 and 18.30
mM, respectively, showed moderate cytotoxicity.

Against the MCF-7 cell lines, derivatives 5, 6, 7, 8, 9 and 10,
with IC50 = 7.15–8.60 mM, offered very good cytotoxicity.
Compound 11, with IC50 = 10.80 mM, offered good cytotoxicity.
Additionally, derivatives 3 and 4, with IC50 = 15.25 and 18.50
mM, respectively, showed moderate cytotoxicity.

With regard to the HepG2 cell lines, derivatives 5, 6, 8, 9 and
11, with IC50 = 7.85–9.75 mM, showed very good cytotoxicity.
Compounds 7 and 10, with IC50 = 10.25 and 11.90 mM, offered
good cytotoxicity. Additionally, derivatives 3 and 4, with IC50 =

15.90 and 19.60 mM, respectively, showed moderate cytotoxicity.
Against the A549 cell lines, compounds 5, 6, 7, 8, 9, 10 and

11, with IC50 = 6.10–8.80 mM, offered very good cytotoxicity.
Additionally, derivatives 3 and 4, with IC50 = 17.50 and 15.20
mM, respectively, showed moderate cytotoxicity.

Moreover, the cytotoxicity of the signicantly potent deriva-
tives 5, 6, 8, 9, 10 and 12 was evaluated against the MCF-10
healthy cell lines. The estimated structures indicated low
toxicity against the MCF-10 cells, with IC50 = 50.90–55.50 mM.
Compounds 5, 6, 8, 9, 10 and 12 exhibited 8.09-, 6.53-, 8.92-,
7.30-, 8.10- and 10.57-fold higher toxicity against HCT-116 cells,
respectively, than against MCF-10 cells. Equivalently, deriva-
tives 5, 6, 8, 9, 10 and 12 exhibited 7.28-, 6.44-, 7.48-, 7.17-, 7.16-
and 9.49-fold higher toxicity against MCF-7 cells, respectively,
than against healthy MCF-10 cells. In addition, derivatives 5, 6,
8, 9, 10 and 12 exhibited 6.94-, 5.22-, 7.28-, 6.57-, 6.84- and 8.20-
fold higher toxicity against HepG2 cells, respectively, than
against MCF-10 cells. Also, derivatives 5, 6, 8, 9, 10 and 12 di-
splayed 7.64-, 6.74-, 8.77-, 7.22-, 7.58- and 10.84-fold higher
RSC Adv., 2026, 16, 11458–11477 | 11467
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Table 3 Ligands DG (kcal mol−1) for binding with EGFRT790M

Compound DG [kcal mol−1] Compound DG [kcal mol−1]

3 −57.55 9 −76.16
4 −64.31 10 −79.46
5 −77.54 11 −72.40
6 −72.04 12 −99.31
7 −67.67 Erlotinib −82.77
8 −80.68
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toxicity against A549 cells, respectively, than against MCF-10
cells.

Statistical comparisons relative to sorafenib and erlotinib
were performed using pairwise Welch's t-tests (assuming n= 3).
The compounds exhibited a broad range of cytotoxic activities,
with IC50 values spanning 5.12–19.60 mM. Compounds 3 and 4
were the least potent derivatives, displaying IC50 values gener-
ally exceeding 15 mM across all tested cell lines. In contrast,
compounds 7, 9, and 11 demonstrated moderate activities,
particularly against HCT-116 and MCF-7 cells, with IC50 values
in the range of 7.25–10.80 mM. Notably, compounds 5 and 6
showed enhanced cytotoxicity toward HepG2 cells (IC50 = 7.93
± 0.8 and 9.75 ± 1.0 mM, respectively), and their activity was
statistically comparable to that of erlotinib (p > 0.05), indicating
potentially relevant efficacy in hepatocellular carcinoma
models. Among the evaluated derivatives, compound 12
Fig. 9 Expected binding mode of erlotinib with EGFRT790M.

11468 | RSC Adv., 2026, 16, 11458–11477
emerged as the most potent analogue, exhibiting consistently
low IC50 values across all cancer cell lines (5.12–6.77 mM).
Statistical analysis revealed that its antiproliferative activities
against HCT-116 and MCF-7 cells were statistically indistin-
guishable from those of sorafenib (p > 0.05), indicating
comparable potency to the clinically used multikinase inhib-
itor. Moreover, compound 12 demonstrated signicantly
greater potency than erlotinib in these cell lines (p < 0.01),
supporting its superior cellular efficacy. Compounds 8 and 10
displayed notable cytotoxic activity, particularly against HCT-
116 cells (IC50 = 6.00 ± 0.5 and 6.50 ± 0.5 mM, respectively),
where both were signicantly more potent than erlotinib (p <
0.01). Their activity was statistically comparable to that of sor-
afenib in selected assays (p > 0.05), supporting their clinically
relevant potency, although their overall antiproliferative effects
remained slightly weaker than those of compound 12. These
ndings position compounds 8 and 10 as promising secondary
leads. To gain mechanistic insights, the compounds were
evaluated for their inhibitory activity against VEGFR-2 and the
resistant EGFRT790M kinase. In the EGFRT790M assay, compound
12 exhibited inhibitory potency statistically comparable to that
of erlotinib (p > 0.05), conrming the effective inhibition of the
clinically relevant resistance mutation. Compounds 8 and 10
also demonstrated low micromolar inhibitory activities, with
potencies statistically comparable to that of erlotinib in this
assay, albeit with slightly higher IC50 values. In the VEGFR-2
inhibition assay, compound 12 again showed the strongest
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Expected binding mode of derivative 12 with EGFRT790M.
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activity (IC50 = 0.90 ± 0.15 mM), with no statistically signicant
difference relative to sorafenib (p > 0.05), indicating comparable
anti-angiogenic potential. Compounds 8 and 10 displayed
measurable VEGFR-2 inhibition, with IC50 values close to that of
sorafenib, and no statistically signicant differences, support-
ing partial dual-target engagement, although their inhibitory
Fig. 11 Expected binding mode of compound 8 with EGFRT790M.

© 2026 The Author(s). Published by the Royal Society of Chemistry
proles were less consistent than that of compound 12. Overall,
the combined cellular and biochemical data identify compound
12 as the most advanced lead candidate, characterized by high
antiproliferative potency, favorable selectivity toward cancer
cells, and dual inhibition of VEGFR-2 and EGFRT790M with
activity statistically comparable to those of established
RSC Adv., 2026, 16, 11458–11477 | 11469
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Fig. 12 Expected binding mode of compound 10 with EGFRT790M.
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reference drugs. Compounds 8 and 10 represent promising
secondary scaffolds, exhibiting clinically relevant cytotoxicity
and kinase inhibition in selected assays.

3.4.2. VEGFR-2 kinase inhibitory assay. The VEGFR-2
inhibition activity of our compounds was assessed using an
anti-phosphotyrosine antibody with the Alpha Screen system
(PerkinElmer, USA).56 All compounds displayed strong-to-low
inhibitions, with IC50 = 0.90–2.45 mM (Table 4). Compounds
12, 8 and 10 exhibited very good VEGFR-2 inhibitions, with IC50

= 0.90, 0.95 and 1.00 mM, respectively. Compounds 5, 6 and 9
displayed good inhibitions, with IC50 = 1.30, 1.08 and 1.12 mM,
respectively. Also, structures 7 and 11 gave moderate
Table 4 In vitro anticancer effects of our compounds on the A549, Hep
kinases assays

Comp.

IC50
a (mM)

HCT116 MCF-7 HepG2

3 15.75 � 1.5 15.25 � 1.5 15.90 � 1.5
4 18.30 � 1.5 18.50 � 1.5 19.60 � 1.5
5 7.80 � 0.5 7.90 � 0.5 7.93 � 0.8
6 6.80 � 0.5 7.55 � 0.5 9.75 � 1.0
7 8.25 � 0.5 8.60 � 0.5 10.25 � 1.5
8 6.00 � 0.5 7.15 � 0.5 7.35 � 0.5
9 7.25 � 0.5 7.38 � 0.5 8.06 � 0.5
10 6.50 � 0.5 7.35 � 0.5 11.90 � 1.1
11 10.25 � 1.1 10.80 � 1.0 7.70 � 0.5
12 5.25 � 0.5 5.85 � 0.5 6.77 � 1.1
Sorafenib 5.05 � 0.50 5.58 � 0.55 4.00 � 0.33
Erlotinib 13.91 � 1.3 8.20 � 0.34 7.73 � 0.67

a IC50 values are the mean ± S.D. of three separate experiments. b NT = n

11470 | RSC Adv., 2026, 16, 11458–11477
inhibitions, with IC50 = 1.50 and 1.70 mM, respectively. Also,
structures 3 and 4 showed lower inhibitions, with IC50 = 2.20
and 2.45 mM, respectively.

3.4.3. EGFRT790M kinase inhibitory assay. EGFRT790M inhi-
bition was evaluated for our derivatives using HTRF (homoge-
neous time resolved uorescence).57 EGFR overexpression has
been associated with metastasis, a poor prognosis and high
violence in a number of cancers.58 Erlotinib, with IC50 = 0.24
mM, was used as the reference drug (Table 4).

All compounds displayed strong-to-low inhibitions, with IC50

= 0.90–2.45 mM (Table 4). Compounds 12, 8, 10, 5 and 9 showed
strong EGFRT790M inhibitions, with IC50 = 0.25, 0.30, 0.33, 0.35
G2, HCT-116, MCF-7 and MCF-10 cell lines and VEGFR-2/EGFRT790M

A549 MCF-10 VEGFR-2 EGFRT790M

17.50 � 1.5 NTb 2.20 � 0.50 1.60 � 0.15
15.20 � 5.5 NTb 2.45 � 0.15 1.45 � 0.25
7.20 � 0.5 55.00 � 2.9 1.30 � 0.15 0.35 � 0.15
7.55 � 0.5 50.90 � 2.9 1.08 � 0.15 0.54 � 0.15
8.80 � 0.8 NTb 1.50 � 0.15 0.62 � 0.15
6.10 � 0.5 53.50 � 2.9 0.95 � 0.15 0.30 � 0.15
6.95 � 0.5 52.95 � 2.9 1.12 � 0.50 0.40 � 0.15
7.50 � 0.5 52.66 � 2.9 1.00 � 0.15 0.33 � 0.15
7.33 � 0.5 NTb 1.70 � 0.50 0.50 � 0.25
5.12 � 0.5 55.50 � 2.9 0.90 � 0.15 0.25 � 0.15
4.04 � 0.33 NTb 0.84 � 0.04 NTb

5.49 � 0.45 NTb NTb 0.24 � 0.22

ot tested.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Schematic presentation for the SAR study.
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and 0.40 mM, respectively. Derivative 11 exhibited good inhibi-
tion, with IC50 = 0.50 mM. Also, structures 6 and 7 gave
moderate inhibitions, with IC50 = 0.54 and 0.62 mM, respec-
tively. Also, structures 3 and 4 showed lower inhibitions, with
IC50 = 1.60 and 1.45 mM, respectively.

3.4.4. Structure–activity relationship (SAR). Generally, the
pyrimidine derivatives showed higher activities than the pyr-
azole ones. The elongation of the structure played an important
role in their anticancer activity. The obtained structures can be
divided into two groups.

The rst group of pyrazole derivatives includes compounds
3, 4, 5, 6, 7 and 8. In this group, derivative 8, with the di-
nitrophenyl moiety, displayed higher cytotoxicity than deriva-
tive 6 with the acetyl group, derivative 5 with COCH2CN,
derivative 7 with an unsubstituted phenyl group, derivative 3
with CSNH2, and derivative 4 with CONH2 against HCT116 and
MCF-7 cells. Conversely, the order of activity against HepG2
cells is 8 > 5 > 6 > 7 > 3 > 4, while that against A549 cells is 8 > 5 >
6 > 7 > 4 > 3 (Fig. 13).

The second group of pyrimidine derivatives includes
compounds 9, 10, 11 and 12. In this group, derivative 12, with
a sulfanilamide moiety, showed higher anticancer activities
than pyrimidine-2(5H)-thione derivative 10, pyrimidine-2(5H)-
one derivative 9 and pyrimidine-2(5H)-imine derivative 11
against HCT116 and MCF-7 cells. Conversely, the order of
activity is 12 > 11 > 9 > 10 against HepG2 cells, while against
A549 cells, the order of activity is 12 > 9 > 11 > 10.
© 2026 The Author(s). Published by the Royal Society of Chemistry
In addition, pyrimidine derivative 12, with sulfanilamide,
displayed better dual VEGFR-2 and EGFRT790M inhibitions than
pyrazole derivative 8 with dinitrophenyl and pyrimidin-2-thione
derivative 10. This could be because the sulfanilamide moiety
formed two extra H bonds with Asparagine923 and Leucine840
in the ATP binding domain, while dinitrophenyl formed two
extra H bonds with Cysteine919 and Glycine922, but pyrimidin-
2-thione derivative 10 formed no extra H bonds.

Derivative 5 exhibited good VEGFR-2 inhibition: 5 > 6 > 9.
Conversely, compounds 7 and 11 displayed moderate inhibi-
tions, while compounds 3 and 4 displayed low inhibitions
(Fig. 13).

In the samemanner, compounds 5 and 9 displayed very good
EGFRT790M inhibitions, while derivative 11 exhibited good
inhibition. Conversely, compounds 6 and 7 displayed moderate
inhibitions, while derivatives 3 and 4 showed low inhibitions
(Fig. 13).
3.5. In silico ADMET prole

In silico ADMET predictions were carried out for the most potent
compounds 8, 10 and 12 and correlated to Lipinski's rule of
ve.59 Calculations were achieved using the pkCSM descriptor
algorithm.60 For good absorption, our derivatives should adhere
to at least three of the following rules: (i) no more than 5H-bond
donors, (ii) a log P less than 5, (iii) a molecular weight less than
500, and (iv) no more than 10H-bond acceptors. Sorafenib
RSC Adv., 2026, 16, 11458–11477 | 11471
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Table 5 ADMET profiles of the most effective compounds (8, 10 and 12), sorafenib and erlotinib

Parameter 8 10 12 Sorafenib Erlotinib

Physicochemical properties
log P 5.6839 3.5672 3.6094 5.5497 3.4051
Molecular weight 472.425 350.411 488.537 464.831 393.443
Donors 2 2 3 3 1
Acceptors 12 7 9 4 7
Rotatable bonds 7 4 6 5 10

Absorption
Human intest. absorption 97.026 89.224 80.283 89.043 94.58

Distribution
CNS permeability −2.043 −2.101 −2.379 −2.007 −3.216
BBB permeability −1.71 −0.835 −1.182 −1.684 −0.745

Metabolism
CYP2D6 substrate No No No No No
CYP3A4 substrate Yes Yes Yes Yes Yes
Inhibition of CYP1A2 No Yes Yes Yes Yes
Inhibition of CYP2C19 Yes No Yes Yes Yes
Inhibition of CYP2C9 Yes No Yes Yes Yes
Inhibition of CYP2D6 No No Yes No No
Inhibition of CYP3A4 Yes No No Yes Yes

Excretion
Clearance −0.536 0.321 −0.658 −0.219 0.702

Toxicity
Chronic toxic activity (LOAEL) 1.061 0.884 2.172 1.198 1.37
Acute toxic activity (LD50) 2.566 2.415 2.687 2.538 2.393
Hepatotoxic effect Yes No Yes Yes Yes
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violated one rule, and derivative 8 violated two rules, but erlo-
tinib did not violate any rules.

Derivatives 8 and 10 exhibited excellent human intestinal
absorption (97.026 and 89.224, respectively), and derivative 12
exhibited very good absorption (80.283), indicating that they
can cross numerous biological membranes61 (Table 5). So
through GIT, they might display a meaningfully high bioavail-
ability. Our compounds can reach the CNS (CNS permeability
range: −2.043 to −2.379), which may be attributed to their high
lipophilicity (log P = 3.5672–5.6839).

It is commonly known that sorafenib and erlotinib can
hinder drug metabolism through CYP3A4 inhibition, but our
derivatives 10 and 12 cannot. The predicted elimination can be
correlated with the total clearance, which is important for
estimating dosing intervals. Erlotinib presented higher clear-
ance rates than sorafenib and our compounds. Erlotinib needs
shorter dosing intervals as it is removed more quickly. In
contrast to erlotinib, our compounds indicated broader dosing
windows and prolonged half-life, as they have lower clearance
rates. Hepatotoxicity was demonstrated by sorafenib, erlotinib
and compounds 8 and 12, while derivative 10 did not exhibit
this unwanted hepatotoxic effect. Lastly, the acute toxic doses of
erlotinib and sorafenib are similar to those of our compounds.
Moreover, the oral chronic toxic doses of compound 12 are
higher than those of both erlotinib and sorafenib, while deriv-
atives 8 and 10 exhibited lower doses.
11472 | RSC Adv., 2026, 16, 11458–11477
4. Conclusion

Novel pyrazole/pyrimidine derivatives substituted with
azobenzenes were synthesized using microwave and traditional
methods. Our compounds were assessed for cytotoxicity against
HepG2, MCF-7, HCT-116 and A549 cells as dual inhibitors for
EGFRT790M and VEGFR-2. A docking study was carried out to
show the binding affinities and orientations of our derivatives
in the active sites of VEGFR-2 and EGFRT790M. The data of the
docking study were highly correlated with the biological data,
where high binding affinities towards both VEGFR-2 and
EGFRT790M receptors were obtained for compounds 12, 8 and
10. These compounds exhibited the highest cytotoxicity and
VEGFR-2/EGFRT790M inhibition assays. The obtained data
concluded that the presence of azobenzene linkers augmented
the cytotoxicity of pyrazole and pyrimidine derivatives, which
may be attributed to the hydrophobic interactions between this
azobenzene scaffold and the hydrophobic pockets in the
EGFRT790M and VEGFR-2 receptors. The HCT116 and A549 cell
lines were extremely affected by our derivatives. Compound 12
exhibited the highest potency against A549, HepG2, MCF-7, and
HCT116 cancer cell lines, with IC50 = 5.12, 6.77, 5.85, and 5.25
mM, respectively. It presented higher cytotoxicity than erlotinib
(IC50 = 5.49, 7.73, 8.20, and 13.91 mM, respectively) and showed
lower cytotoxicity than sorafenib (IC50 = 4.04, 4.00, 5.58, and
5.05 mM, respectively). Against the HCT116 cell lines,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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compounds 5, 6, 7, 8, 9 and 10, with IC50 = 6.00–8.25 mM,
offered very good cytotoxicity. Against the MCF-7 cell lines,
derivatives 5, 6, 7, 8, 9 and 10, with IC50 = 7.15–8.60 mM, offered
very good cytotoxicity. With regard to the HepG2 cell lines,
derivatives 5, 6, 8, 9 and 11, with IC50 = 7.85–9.75 mM, offered
very good cytotoxicity. Against the A549 cell lines, compounds 5,
6, 7, 8, 9, 10 and 11, with IC50 = 6.10–8.80 mM, offered very good
cytotoxicity. Moreover, the cytotoxicity of the signicantly
potent derivatives 5, 6, 8, 9, 10 and 12 against the MCF-10
healthy cell lines was evaluated. The estimated structures
indicated low toxicity against MCF-10 cells, with IC50 = 50.90–
55.50 mM. Compounds 5, 6, 8, 9, 10 and 12 exhibited 8.09-, 6.53-,
8.92-, 7.30-, 8.10- and 10.57-fold higher toxicity against HCT-116
cells, respectively, than against MCF-10 cells. Equivalently,
derivatives 5, 6, 8, 9, 10 and 12 exhibited 7.28-, 6.44-, 7.48-, 7.17-,
7.16- and 9.49-fold higher toxicity against MCF-7 cells, respec-
tively, than against healthy MCF-10 cells. In addition, deriva-
tives 5, 6, 8, 9, 10 and 12 exhibited 6.94-, 5.22-, 7.28-, 6.57-, 6.84-
and 8.20-fold higher toxicity against HepG2 cells, respectively,
than against MCF-10 cells. Also, derivatives 5, 6, 8, 9, 10 and 12
exhibited 7.64-, 6.74-, 8.77-, 7.22-, 7.58- and 10.84-fold
higher toxicity against A549 cells, respectively, than against
MCF-10 cells. Furthermore, all compounds were tested for dual
EGFRT790M and VEGFR-2 inhibitions. Amongst them, deriva-
tives 12, 8 and 10 showed very good VEGFR-2 inhibitions, with
IC50 = 0.90, 0.95 and 1.00 mM, respectively. Similarly, structures
12, 8, 10, 5 and 9 showed strong EGFRT790M inhibitions, with
IC50 = 0.25, 0.30, 0.33, 0.35 and 0.40 mM, respectively. In addi-
tion, in silico ADMET predictions were calculated for the highly
active derivatives 8, 10 and 12 and correlated to Lipinski's rule
of ve, using erlotinib and sorafenib as standard ligands. The
results presented our derivatives as promising candidates for
advanced manipulations to get more potent anticancer agents
with advanced VEGFR-2 and EGFRT790M inhibitions.
5. Experimental
5.1. Chemistry

Microwave technique was carried out using “10 mL” borosili-
cate glass vials under 2–5 bar pressure at 120 °C in an Anton
Paar Monowave 300 for 1–5min. The spectra of 1H NMR and 13C
NMR were recorded on Varian Mercury 300 MHz and 100 MHz-
NMR spectrometers, respectively. 2-(4-(Phenyldiazenyl)
phenyldiazenyl)-malononitrile (2) was obtained through
a recognized method.42–44

5.1.1. General method for the synthesis of pyrazole deriv-
atives (3–8). A solution of 2-(4-(phenyldiazenyl)phenyldiazenyl)
malononitrile 2 (0.01 mol, 2.74 g) in acetone (15 mL) was
reuxed for 5–30 h with the appropriate thiosemicarbazide
(0.91 g, 0.1 mol), semicarbazide hydrochloride (1.11 g, 0.1 mol),
2-cyanoacetohydrazide (0.99 g, 0.1 mol), acetohydrazide (0.74 g,
0.1 mol), phenyl hydrazine (1.08mL, 0.1mol), and/or 2,4-dinitro
phenyl hydrazine (1.98 g, 0.1 mol). Aer cooling, the solid ob-
tained was collected by ltration. The residue was washed with
ethanol and recrystallized from the proper solvent to give
compounds 3–8.
© 2026 The Author(s). Published by the Royal Society of Chemistry
5.1.1.1. 3,5-Diamino-4-(4-(phenyldiazenyl)phenyldiazenyl)-
1H-pyrazole-1-carbothioamide (3). Reddish brown crystal; m.p.
268–270 °C; IR (cm−1): 3395, 3304 (NH2), 1617 (C]N), 1582,
1516 (N]N), 1224 (C]S); 1H-NMR (300 MHz, DMSO-d6)
d (ppm): 5.86 (s, 2H, NH2, D2O exchangeable), 6.28 (s, 2H, NH2,
D2O exchangeable), 7.031–7.52 (m, 9H, Ar-H), 10.81 (s, 2H, NH2,
D2O exchangeable); 13C-NMR (300 MHz, DMSO-d6) d (ppm):
76.3, 122.2, 122.9, 123.1, 123.2, 124.1, 124.4, 129.1, 129.4, 129.7,
130.0, 132.0, 138.8, 139.0, 147.8 and 182.9; anal. calcd for
C16H15N9S (365) C, 52.60; H, 4.11; N, 34.52; S, 8.77, found: C,
52.49; H, 4.27; N, 34.61; S, 8.63.

5.1.1.2. 3,5-Diamino-4-(4-(phenyldiazenyl)phenyldiazenyl)-
1H-pyrazole-1-carboxamide (4). Brown crystal; m.p. > 300 °C; IR
(cm−1): 3402, 3304, 3207 (NH2), 1686 (C]O), 1606 (C]N), 1511
(N]N); 1H-NMR (300 MHz, DMSO-d6) d (ppm): 5.92 (s, 2H, NH2,
D2O exchangeable), 6.22 (s, 2H, NH2, D2O exchangeable), 7.03–
7.52 (m, 9H, Ar-H), 8.73 (s, 2H, NH2, D2O exchangeable); 13C-
NMR (300 MHz, DMSO-d6) d (ppm): 71.6, 119.1, 121.2, 121.3,
122.2, 127.0, 129.0, 129.4, 138.4, 138.8, 144.1, 153.1, 153.7, 154.3
and 158.7; anal. calcd for C16H15N9O (349): C, 55.01; H, 4.30; N,
36.10; found: C, 54.89; H, 4.44; N, 36.17.

5.1.1.3. 3-(3,5-Diamino-4-(4-(phenyldiazenyl)phenyldiazenyl)-
1H-pyrazol-1-yl)-3-oxopropanenitrile (5). Reddish brown crystal;
m.p. 254–256 °C; IR (cm−1): 3443 (NH2), 2194 (CN), 1657 (C]O),
1626 (C]N), 1599, 1559 (N]N); 1H-NMR (300 MHz, DMSO-d6)
d (ppm): 2.41 (s, 2H, CH2), 5.86 (s, 2H, NH2, D2O exchangeable),
6.30 (s, 2H, NH2, D2O exchangeable), 7.03–7.54 (m, 9H, Ar-H);
13C-NMR (300 MHz, DMSO-d6) d (ppm): 21.6, 71.4, 119.9,
122.5, 127.8, 128.9, 129.0, 129.2, 129.3, 129.5, 129.8, 130.0,
131.9, 138.4, 138.8, 140.0, 147.7 and 152.8; anal. calcd for
C18H15N9O (373): C, 57.91; H, 4.02; N, 33.78; found: C, 57.98; H,
3.92; N, 33.69.

5.1.1.4. 1-(3,5-Diamino-4-(4-(phenyldiazenyl)phenyldiazenyl)-
1H-pyrazol-1-yl)ethan-1-one (6). Orange crystal; m.p. 232–234 °C;
IR (cm−1): 3425 (NH2), 1650 (C]O), 1563 (C]N and N]N); 1H-
NMR (300 MHz, DMSO-d6) d (ppm): 2.90 (s, 3H, CH3), 6.96 (s,
4H, 2NH2, D2O exchangeable), 7.13–7.54 (m, 9H, Ar-H); 13C-
NMR (300 MHz, DMSO-d6) d (ppm): 21.6, 63.8, 121.2, 122.3,
123.4, 126.0, 128.9, 129.3, 129.8, 129.9, 131.5, 138.8, 147.7, 152.8
and 152.9; anal. calcd for C17H16N8O (348): C, 58.62; H, 4.60; N,
32.18; found: C, 58.58; H, 4.62; N, 32.23.

5.1.1.5. 1-Phenyl-4-(4-(phenyldiazenyl)phenyldiazenyl)-1H-
pyrazole-3,5-diamine (7). Orange crystal; m.p. > 300 °C; IR
(cm−1): 3474, 3395, 3305 (NH2), 1617 (C]N), 1594, 1516 (N]N);
1H-NMR (300 MHz, DMSO-d6) d (ppm): 6.88 (s, 2H, NH2, D2O
exchangeable), 6.94 (s, 2H, NH2, D2O exchangeable), 7.03–7.70
(m, 14H, Ar-H); 13C-NMR (300 MHz, DMSO-d6) d (ppm): 63.6,
118.9, 121.2, 121.3, 122.2, 122.6, 123.8, 124.2, 127.9, 129.1,
129.3, 135.9, 138.5, 138.8, 147.0, 147.1, 147.4, 152.7, 153.8 and
153.9; anal. calcd for C21H18N8 (382): C, 65.97; H, 4.71; N, 29.32,
found: 66.04; H, 4.65; N, 29.31.

5.1.1.6. 1-(2,4-Dinitrophenyl)-4-(4-(phenyldiazenyl)phenyl-
diazenyl)-1H-pyrazole-3,5-diamine (8). Black crystal; m.p. > 300 °
C; IR (cm−1): 3423 (NH2), 1512 (C]N), 1538 (N]N); 1H-NMR
(300 MHz, DMSO-d6) d (ppm): 7.13–7.85 (m, 12H, Ar-H), 8.04
(s, 2H, NH2, D2O exchangeable), 8.06 (s, 2H, NH2, D2O
RSC Adv., 2026, 16, 11458–11477 | 11473
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exchangeable); 13C-NMR (300 MHz, DMSO-d6) d (ppm): 71.3,
118.4, 119.0, 120.0, 121.3, 122.0, 122.9, 123.1, 123.2, 124.1,
124.4, 129.1, 129.4, 129.7, 130.0, 132.0, 138.8, 139.0, 147.8, 151.0
and 151.6; anal. calcd for C21H16N10O4 (472): C, 53.39; H,
3.39; N, 29.66; found: C, 53.46; H, 3.30; N, 29.71.

5.1.2. General method for synthesis of pyrimidine deriva-
tives (9–12). A solution of 2-((4-(phenyldiazenyl)phenyl)di-
azenyl)malononitrile 2 (0.01 mol, 2.74 g) in DMF (20 mL) was
reuxed in a water bath for 6–12 h with the appropriate urea
(0.6 g, 0.1 mol), thiourea (0.76 g, 0.1 mol), guanidine hydro-
chloride (0.95 g, 0.1 mol), and/or sulfaguanidine (2.14 g, 0.1
mol). Aer cooling, the mixture was poured into ice water (100
mL); the formed solid was ltered off, washed with water, and
recrystallized from the proper solvent to give compounds 9–12.

5.1.2.1. 4,6-Diamino-5-(4-(phenyldiazenyl)phenyldiazenyl)pyr-
imidin-2(5H)-one (9). Black crystal; m.p. 280–282 °C; IR (cm−1):
3369, 3262, 3180 (NH2), 1643 (C]O), 1619 (C]N), 1531 (N]N);
1H-NMR (300 MHz, DMSO-d6) d (ppm): 2.36 (s, 1H, CH–N]N),
5.92 (s, 2H, NH2, D2O exchangeable), 6.22 (s, 2H, NH2, D2O
exchangeable), 7.03–7.52 (m, 9H, Ar-H); 13C-NMR (300 MHz,
DMSO-d6) d (ppm): 71.9, 114.6, 118.4, 121.3, 127.8, 129.0, 138.4,
144.0, 148.0, 153.1, 153.7, 154.2 and 158.8; anal. calcd for
C16H14N8O (334): C, 57.49; H, 4.19; N, 33.53; found: C, 57.54; H,
4.23; N, 33.47.

5.1.2.2. 4,6-Diamino-5-(4-(phenyldiazenyl)phenyldiazenyl)
pyrimidine-2(5H)-thione (10). Black crystal; m.p. 274–276 °C; IR
(cm−1): 3397 (NH2), 1625, 1617 (C]N), 1555 (N]N), 1266 (C]
S); 1H-NMR (300 MHz, DMSO-d6) d (ppm): 2.40 (s, 1H, CH–N]
N), 5.82 (s, 2H, NH2, D2O exchangeable), 6.32 (s, 2H, NH2, D2O
exchangeable), 6.87–7.54 (m, 9H, Ar-H); 13C-NMR (300 MHz,
DMSO-d6) d (ppm): 79.2, 121.2, 121.3, 122.2, 127.0, 129.0, 129.4,
138.4, 138.8, 144.1, 147.9, 153.1, 153.7, 154.3 and 178.7; anal.
calcd for C16H14N8S (350): C, 54.86; H, 4.00; N, 32.00; S, 9.14;
found: C, 54.79; H, 4.06; N, 31.92; S, 9.23.

5.1.2.3. 2-Imino-5-(4-(phenyldiazenyl)phenyldiazenyl)-2,5-
dihydropyrimidine-4,6-diamine (11). Brown crystal; m.p. 264–
266 °C; IR (cm−1): 3461, 3417 (NH2 and NH), 1512 (C]N), 1538
(N]N); 1H-NMR (300 MHz, DMSO-d6) d (ppm): 2.31 (s, 1H, CH–

N]N), 6.84 (s, 2H, NH2, D2O exchangeable), 6.87 (s, 2H, NH2,
D2O exchangeable), 7.15–7.99 (m, 9H, Ar-H), 9.14 (s, 1H, NH,
D2O exchangeable); 13C-NMR (300 MHz, DMSO-d6) d (ppm):
65.7, 120.5, 121.2, 122.7, 127.0, 128.8, 132.1, 132.2, 135.5, 136.1,
143.2, 144.2, 150.4, 151.3, 155.3, and 156.3; anal. calcd for
C16H15N9 (333): C, 57.66; H, 4.50; N, 37.84, found: C, 57.69; H,
4.51; N, 37.80.

5.1.2.4. 4-Amino-N-(4,6-diamino-5-(4-(phenyldiazenyl)phenyl-
diazenyl)pyrimidin-2(5H)-ylidene) benzenesulfonamide (12).
Reddish brown crystal; m.p. 226–228 °C; IR (cm−1): 3439 (NH2),
1620 (C]N), 1539 (N]N); 1H-NMR (300 MHz, DMSO-d6)
d (ppm): 2.41 (s, 1H, CH–N]N), 5.86 (s, 2H, NH2, D2O
exchangeable), 6.30 (s, 2H, NH2, D2O exchangeable), 6.86–7.89
(m, 13H, Ar-H), 7.96 (s, 2H, NH2, D2O exchangeable); 13C-NMR
(300 MHz, DMSO-d6) d (ppm): 66.0, 118.4, 120.1, 120.7, 121.0,
121.3, 122.5, 127.8, 129.0, 129.3, 130.3, 131.5, 138.4, 139.0,
154.0, 162.4, 162.4, 162.8, 166.1 and 166.5; anal. calcd for
C22H20N10SO2 (488): C, 54.10; H, 4.10; N, 28.69; S, 6.56, found:
C, 54.03; H, 4.14; N, 28.73; S, 6.48.
11474 | RSC Adv., 2026, 16, 11458–11477
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