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with azobenzene as dual EGFRT790M and VEGFR-2
inhibitors: design, synthesis, in silico ADMET profile,
molecular docking, dynamic simulation and
anticancer evaluations†
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Novel azobenzene scaffold-joined heterocyclic isoxazole, pyrazole, triazole, and/or triazine moieties have

been developed and synthesized utilizing microwave and traditional methods. Our compounds were tested

for growth inhibition of A549, MCF-7, HCT-116, and HepG2 tumors by dual targeting the VEGFR-2 and

EGFRT790M enzymes. The suggested compound's manner of binding with EGFRT790M and VEGFR-2 active

sites was explored through molecular design and MD modeling. The information from the results of the

biological screening and the docking studies was highly correlated. The A549 cell line was the one that

responded to the novel compound's effects most effectively. Having IC50 values of 5.15, 6.37, 8.44 and

6.23 mM, respectively, 14 was the most effective derivative on the four A549, MCF-7, HCT116 and HepG2

cancer cells. It had greater activity than erlotinib and slightly inferior activities on the tested cell lines

than sorafenib, respectively. The cytotoxicity of the most effective derivatives, 5, 6, 10 and 14, was

evaluated against typical VERO cell lines. Having IC50 values ranging from 42.32 to 55.20 mM, the results

showed that the investigated drugs have modest toxicity against VERO normal cells. Additionally all

derivatives were assessed for their dual VEGFR-2 and EGFRT790M inhibitory effects. Among them,

derivatives 14, 5 and 10 were established as the greatest inhibitors of VEGFR-2 at IC50 values of 0.95,

1.25 and 1.50 mM correspondingly. As well, derivatives 14, 6, 5 and 10 could inhibit EGFRT790M activity

demonstrating strongest effects with IC50 = 0.25, 0.35, 0.40 and 0.50 mM respectively. Furthermore, the

ADMET profile was evaluated for compounds 5, 6, 10 and 14 in contrast to reference drugs sorafenib

and erlotinib.
1 Introduction

A rational drug design tool for drug candidates could be ach-
ieved by molecular hybridization, which includes combination
of two or more pharmacophoric groups or chemical units by
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either linking or fusing with each other to form new hybrid
molecules, and their choice is based on their recognized bio-
-proles in the hope that this hybridization could produce
compounds with more powerful pharmacological activities.
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derivatives showed enhanced efficacy and had a safer toxicity
prole than their parent drug candidates.1,2

Nitrogenous-heterocyclic rings are one of the utmost
momentous groups in medicinal chemistry, and have lately
been shown to introduce remarkably complicated biological
characteristics. Due to their ability to mimic and interact with
many biological components and produce amazing pharmaco-
logical effects, they serve as a fundamental scaffold in many
drugs.3,4

As anticancer drugs that target EGFR-TK, several isoxazole
derivatives have been identied.5 Additionally, a variety of pyr-
azole compounds have been implicated in the prevention of
cancer as dual EGFR and VEGFR-2 TK inhibitors.6 Triazole
derivatives are being utilized to treat various kinds of illnesses,
including cancer.4,7 There are many anticancer medications with
the 1,2,4-triazole ring on the market, including vorozole, letro-
zole and anastrozole (Fig. 1).4 Additionally, the triazine scaffold
serves as a fundamental framework for the syntheses of several
bioactive molecules with wide-ranging medical applications.1,2

Numerous studies examined the progress that had beenmade in
the triazine candidates that acted via various protein kinases
inhibition, including tubulin polymerization, EGFR (EGFRWT

and EGFRT790M), hDHFR, human topoisomerase IIa, carbonic
anhydrase (CA), PI3Ka/mTOR, and CDK2, to have highly prom-
ising antitumor activity.8,9 FDA-approved triazine-containing
anticancer medications include tretamine, gedatolisib, KY-
04031, altretamine, enasidenib, and HL 010183 (Fig. 1).4

Azobenzenes, contain N]N linkages, are endowed with
diversity of uses as antituberculotic, antitumor, antiviral,
Fig. 1 FDA-approved anticancer medications with 1,2,4-triazole and tria

35322 | RSC Adv., 2023, 13, 35321–35338
antidiabetic, anti-inammatory, and antimicrobial agents.10

The potential of azobenzene to act as a trigger in several
biomedical elds exhibited a thorough review.11,12 Azobenzene
photo-switch can be utilized in protein structure and function
photo-control, as well as kinases, proteases,13 ion channels,14

and G-coupled-protein receptor.15 Particularly, azobenzene has
been integrated with PROTACs for target proteins photo-
controlled degradation.16 Azobenzene is also frequently
employed to accurately manipulate lipidmembranes biophysics
(e.g. permeability and uidity).17 Azobenzenes have also been
used to regulate nucleic acids for enzymatic reactions and gene
expression photo-regulation.18 Moreover, different derivatives
containing azobenzene moieties were reported as VEGFR-2
inhibitors.19

EGFR and VEGFR-2 are bounded in different disorders
pathogenesis and different sets of carcinoma growth. Both have
strong correlations and split common lower down signaling
routes. The inter-correlations amidst VEGFR-2 and EGFR has
been well-recognized: inhibition of signaling pathway of
VEGFR-2 enhances the anticancer activity of EGFR inhibitors,
whilst stimulating VEGFR-2 is independent on EGFR signaling
which obstructs the EGFR inhibitors.20 Therefore, blocking both
signaling pathways of VEGFR and EGFR synchronously appears
to be an excellent strategy in treatment of cancer.21–23
1.1 Structure-based and rationale design

The rational design of the target compounds kept inhibitors of
both EGFR and VEGFR-2 in the essential pharmacophoric form.
zine rings.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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A novel series of azobenzene endowed with heterocyclic
moieties were designed and synthesized according to the
essential VEGFR-2 inhibitors pharmacophoric structures as
a continuation of our efforts to discover new agents for anti-
cancer treatment.24–40 Four key characteristics were found to be
shared by sorafenib and different VEGFR-2 inhibitors
(Fig. 2);41–43 the terminal hydrophobic part which occupy the
allosteric hydrophobic ssure forming hydrophobic bonds,
pharmacophore linker with amino or urea functional groups
that bind to the essential amino acids Glu883 and Asp1044,
central hydrophobic spacer and a at hetero aromatic ring
system.

Our molecular design synthetic strategy focused on bio-
isosteric modication of sorafenib & pazopanib as inhibitors of
VEGFR-2 at the different four parts (Fig. 2).

However, our novel compounds also displayed the EGFR-
TKIs pharmacophoric structures, such as: (i) a lipophilic head
that resides in the hydrophobic area. (ii) The adenine adherence
pocket forms an interaction with a hetero aromatic ring. (iii) H-
Fig. 2 Pharmacophoric and structural similarities of some designed com

© 2023 The Author(s). Published by the Royal Society of Chemistry
bond donor/and or acceptor42 e.g. NH group, which might
interact at the linker domain with an amino acid to create
strong hydrogen bonds. (iv) A hydrophobic tail that connects to
the hydrophobic region II,44,45 (Fig. 3). Our investigation into
SAR of synthetic anti-cancer compounds with combined
EGFRT790M and VEGFR-2 preventive events was inspired by all of
these alterations.
2 Results and discussion
2.1 Chemistry

Syntheses of new isoxazolone, pyrazalone, 1,2,4-triazole and
1,2,4-triazine derivatives following the reactions descripted in
(Schemes 1–3). The starting material ethyl 2-cyano-2-{[4-
(phenyldiazenyl)phenyl]-diazenyl}acetate (2) was synthesized
via treatment of 4-aminoazobenzene with NaNO2 and HCl at 0–
5 °C giving the corresponding diazonium chloride 1 which
undergo coupling with ethyl cyanoacetate to produce the
starting material 2 (Scheme 1). Compound 2 IR spectrum
pounds and VEGFR-2 inhibitors.

RSC Adv., 2023, 13, 35321–35338 | 35323
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Fig. 3 Design rationale based on structural characteristics of EGFR inhibitors.

Scheme 1 Synthesis of compound 2.
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View Article Online
illustrated characteristic bands for C^N at 2225, C]O at 1741,
and 2 N]N at 1489 and 1470. Also, the 1H-NMR and 13C-NMR
spectra of compound 2 were consistent with the formed
structure.

Compound 2 was cyclized with hydroxylamine hydrochloride
in the existence of anhydrous K2CO3 to give the targeted iso-
xazolone 3. This reaction proceeds via the nucleophilic attack of
NH2 on cyano group then nucleophilic addition of OH group on
C]O group followed by elimination of one molecule of ethanol.
The structure of 3 showed IR absorption bands at 3461, 3346
(NH2), 3190 (NH), 1686 cm−1 (C]O). Compound 3 proton NMR
showed 7.51–7.93 (m, 9H, Ar-H), 8.60 (s, 2H, NH2, D2O
exchangeable), and 15.95 (s, 1H, NH, D2O exchangeable).

Also, compound 2 underwent cyclization with hydrazine
hydrate, phenyl hydrazine, 2,4-dinitrophenyl hydrazine (DNP)
35324 | RSC Adv., 2023, 13, 35321–35338
and semicarbazide hydrochloride to obtain the corresponding
pyrazolone derivatives 4–7, respectively. The proposed struc-
tures of 4–7 were conrmed by the disappearance of cyano
bands and ester carbonyl bands but presence of NH2, NH and
pyrazolone carbonyl bands, in their IR spectra.

Alternatively, cyclization of compound 2 with thio-
semicarbazide was interestingly proceeds in another manner to
produce 1,2,4-triazole derivative 9 instead of the expected pyr-
azolone derivative 8 (ESI†). Analytical and spectroscopic exami-
nations of 9 led to the characterization of its chemical composition
and structure. For instance, the compound's IR spectra showed
C^N band at 2226 cm−1, but no NH2 or C]O bands. The proton
NMR of 9 disclosed a signal at 4.49, 7.19 and 8.62 ppm specic for
the 3NH groups as well as its 13C-NMR revealed a singlet signal at
181.6 ppm specic for C]S group (Scheme 2).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Syntheses of the targeted compounds (3–9).
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Compound 2 can be used as a fundamental intermediate for
the syntheses of new 1,2,4-triazine derivatives via its cyclization
reactions with phenyl isothiocyanate, thiourea, urea, guanidine
hydrochloride, and/or sulphaguanidine to form compounds 10–
14, respectively. Compound 10 was cyclized by nucleophilic attack
of the NH group on the C]S of the isothiocyanate group followed
by intramolecular cyclization with removal of one ethanol mole-
cule. Compounds 11–14 were obtained (Scheme 3) through the
nucleophilic attack on the ester carbonyl by the NH group fol-
lowed by loss of one ethanol molecule, then intramolecular
rearrangement with elimination of one molecule of ammonia
leading to ring cyclization via nucleophilic addition (ESI†).
© 2023 The Author(s). Published by the Royal Society of Chemistry
Our compounds were produced utilising microwave tech-
nology and conventional methods46–50 (ESI†).
2.2 Docking studies

Molso program was used in this modeling research. Both
EGFRT790M (PDB ID 3W2O)45 and VEGFR-2 (PDB ID 4ASD)51 were
subjected to manipulation in each experiment.

2.2.1 As VEGFR-2 inhibitors. In the active site of VEGFR-2,
all ligands are positioned and oriented similarly (ESI†).
According to the binding energy (DG), the mainstream of these
drugs demonstrated very good VEGFR-2 affinity (Table 1).
RSC Adv., 2023, 13, 35321–35338 | 35325
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Scheme 3 Syntheses of the targeted derivatives (10–14).
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Five H-bonds and −99.50 kcal mol−1 were found for sor-
afenib. It made one H-bond with Asp1046 (1.50 Å), 2 hydrogen
bonds with Glu885 (2.75 Å and 1.77 Å) and 2 hydrogen bonding
interfaces with Cys919 (2.51 Å and 2.10 Å). The hydrophobic
groove created by Leu1035, Cys1045, Val848 and Lys868 is
wrapped by the central phenyl linker. Additionally, the hydro-
phobic channel formed by Ile892, Ile888, Hie1026, Glu885,
Cys1045, and Asp1046 was dominated by the distal 3-
triuromethyl-4-chlorophenyl array. In excess, N-
35326 | RSC Adv., 2023, 13, 35321–35338
methylpicolinamide set assimilated inside the cle constructed
by Cys919, Phe918, Glu917, Lys920, Val848, Leu1035 and Leu840
(Fig. 4).

Compound 14 exhibited −102.62 kcal mol−1 and 5 hydrogen
bonds. The SO2 group exhibited two hydrogen bonds with
Cys919 (2.45 Å and 2.79 Å). The NH2 group showed one H-bond
with Leu840 (2.73 Å). Moreover, the cyano group displayed one
H-bond with Ile849 (2.19 Å). Also the diazene linker displayed
one hydrogen bond with Asp1046 (1.87 Å). The socket created by
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 DG in kcal mol−1 for VEGFR-2 binding ligands

Compound
DG
[kcal mol−1] Compound

DG
[kcal mol−1]

3 −85.25 10 −91.59
4 −93.97 11 −77.72
5 −99.64 12 −78.46
6 −98.92 13 −82.37
7 −85.71 14 −102.62
9 −85.89 Sorafenib −99.50
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Lys868, Leu1035, Val848, Ile849, Leu840, Ly920, Phe918, Cys919,
and Glu917 was lled by the heterocyclic p-amino-
phenylsulfonyltriazine molecule. As well, the hydrophobic
groove shaped by Leu1035, Lys868, Glu917, Cys1045 and
Asp1046 has an azobenzene spacer built into it. The hydro-
phobic vessel generated by Cys1045, Ile892, Asp1046, Hie1026,
Ile888, Glu885, Ile1044 and Glu885 was likewise lled by the
terminal benzene ring (Fig. 5).

Compounds 5 showed nearly the same binding mode of 14
with −78.04 kcal mol−1 and 4 H-bonds. It formed one H-bond
with Cys919 (2.47 Å), two hydrogen bonds with Glu917 (1.68 Å
and 1.69 Å) and one H-bond with Asp1046 (1.68 Å). 5-Amino-2-
phenylpyrazol-3-one occupies the hollow formed via Lys868,
Val848, Leu1035, Ile849, Cys919, Phe918, Lys920, Leu840 and
Glu917. While compound 10 exhibited −76.05 kcal mol−1 and 4
H-bonds. It linked to Cys919 through two H-bonds (1.68 Å and
2.99 Å), one hydrogen bond with Glu917 (2.79 Å) and one H-
bond with Asp1046 (2.07 Å). The heterocyclic 5-oxo-4-phenyl-3-
thioxo-1,2,4-triazine-6-carbonitrile occupies the channel
formed via Lys868, Val848, Leu1035, Ile849, Cys919, Phe918,
Lys920, Leu840 and Glu917 (ESI†).
Fig. 4 Predicted 4ASD binding mechanism of sorafenib.

© 2023 The Author(s). Published by the Royal Society of Chemistry
2.2.2 As EGFRT790M inhibitors. The deduced corollaries
displayed that all investigated derivatives had the same loca-
tions and orientations inside the known EGFR binding region
(ESI†). According to binding energy (DG), most of these conge-
ners exhibited very good EGFR binding affinities (Table 2).

Four H-bondings and −82.77 kcal mol−1 were seen with
Erlotinib. The quinazoline scaffold is linked to Valine726 and
Methionine793 through one H binding each with 2.97 Å and 1.82
Å respectively. One 2-methoxyethoxy moiety is linked to Cys797
through one H binding (2.05 Å). Also NH spacer is linked to
Thr854 through H-bond (2.99 Å). The hydrophobic domain I
created with Ile759, Phe723, Gly724, Val726, Glu762, Leu777,
Thr854, Glu791, Met790, and Asp855 was linked to the 3-ethy-
nylphenyl head. In addition, the 2-methoxyethoxy end made
hydrophobic interactions with the groove II that was created by
Val 845, Met 793, Leu 718, Pro 794, and Leu 844 (Fig. 6).

Compound 14 exhibited 6 H-bonds and −87.16 kcal mol−1.
The NH2 group linked with Glu762 through two H-bonds (1.71 Å
and 2.60 Å). Also SO2 exhibited two hydrogen bonds with Gly724
(2.56 Å and 2.67 Å). Additionally, the cyano group linked with
Lys754 through H-bond (2.77 Å). Furthermore the triazine ring
linked with Thr854 through hydrogen bond (2.99 Å). The azo-
benzene end occupies the hydrophobic region II built via
Pro794, Met793, Leu718, Val726, Val845, Cys797 and Leu844.
Moreover, the 5-amino-2-phenylpyrazol-3-one head occupies
the hydrophobic zone I created by Leu788, Glu762, Ile759,
Gly724, Phe723 and Asp855 (Fig. 7).

Structure 6 is approximately the same as 14 with 4H-bonds
and −82.90 kcal mol−1. It made 4 hydrogen bonds with
Asp855 (2.36 Å), Thr854 (1.75 Å and 2.98 Å), and Lys745 (2.14 Å).
The azobenzene end occupies the hydrophobic region II built
via Pro794, Met793, Leu718, Val726, Cys797 and Leu844. More-
over, 5-amino-2-(2,4-dinitrophenyl)pyrazol-3-one head lled the
RSC Adv., 2023, 13, 35321–35338 | 35327
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Fig. 5 Compound 14's predicted binding mode with 4ASD.

Table 2 Ligands DG (kcal mol−1) for binding with EGFRT790M

Compound
DG
[kcal mol−1] Compound

DG
[kcal mol−1]

3 −63.49 10 −76.05
4 −66.21 11 −60.33
5 −78.04 12 −67.58
6 −82.90 13 −65.36
7 −71.84 14 −87.16
9 −66.15 Erlotinib −82.77
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hydrophobic zone I created by Leu788, Glu762, Ile759, Gly724,
Phe723 and Asp855. Also derivative 5 showed three H-bonding
interactions and −78.04 kcal mol−1. It made 3 hydrogen
bonds with Asp855 (2.47 Å) and Thr854 (2.06 Å and 2.97 Å)
(ESI†).
2.3 Molecular dynamics simulation

The highly active derivatives 5, 6, 10 and 14 in the proteins
VEGFR-2 and EGFRT790M were simulated using molecular
dynamics (MD). By utilizing Amber's MM/GBSA.py script and
the trajectory, the receptor-ligand binding energy was calcu-
lated.52 Additionally, the employed as positive controls were
sorafenib and erlotinib. With the help of GAFF2 (ref. 53 and 54)
and the force eld AMBERff14SB for the protein, ligand force
elds were produced.55 The monitored root mean square devi-
ation (RMSD) validated the studied inhibitor compound's
considerable global stability inside the target's recognized
active site throughout the 30 ns all-atom MD runs (Fig. 8). A
given ligand's molecular divergence from a dened original/
reference structure is estimated using RMSD. The selected
35328 | RSC Adv., 2023, 13, 35321–35338
MD simulation procedure was valid, and it gave a respectable
suggestion of the stability of the ligand-target interaction.
2.4 Biological testing

2.4.1 In vitro cytotoxic effects. Anti-proliferative effects of
the novel derivatives 3–14 was tested on four cell lines, A549,
MCF-7, HCT-116, and HepG2 using MTT assay.56–58 The refer-
ence drugs sorafenib and erlotinib were used in the experi-
ments. Table 3 showed the resulted values of IC50 for our
derivatives. A549 was the greatest affected cell line by our
derivatives correspondingly. Compound 14 was the utmost
effective derivative on the four A549, MCF-7, HCT116 and
HepG2 cancers with IC50 = 5.15, 6.37, 8.44 and 6.23 mM
respectively. It presented slightly lower activities than sorafenib,
(IC50 = 4.00, 5.05, 5.58 and 4.04 mM respectively), and revealed
higher activities than erlotinib (IC50 = 7.73, 13.91, 8.20 and 5.49
mM respectively) against the four cell lines.

With reverence to the HepG2 cell lines, derivatives 5, 6 and
10 demonstrated very high anticancer effects with IC50 = 7.80,
8.17 and 6.81 mM respectively. Compounds 3, 4, 7 and 9, with
IC50 ranging from 10.55 to 19.00 mM, presented good cytotox-
icity. Furthermore, derivatives 12 and 13, with IC50 = 21.10 and
20.50 mM respectively, showed moderate cytotoxicity. Addi-
tionally, derivative 11 with IC50 = 35.64 mM, demonstrated the
lowest cytotoxicity.

Assessment of cytotoxicity on HCT-116 cell lines revealed
that derivatives 5 and 10 demonstrated very high anticancer
effects with IC50 = 8.12 and 9.23 mM respectively. Compounds 3,
4, 6, 7 and 9, with IC50 ranging from 10.10 to 17.50 mM, pre-
sented good cytotoxicity. Furthermore, compounds 12 and 13,
with IC50 = 22.50 and 20.05 mM respectively, showed moderate
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Erlotinib's anticipated binding style with 3W2O.

Fig. 7 Anticipated binding style for 14 with 3W2O.
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cytotoxicity. Additionally, derivative 11 with IC50 = 37.93 mM,
demonstrated the lowest cytotoxicity.

Assessment of cytotoxicity on MCF-7 cell lines showed that
derivatives 5, 6 and 10 demonstrated very high anticancer
effects with IC50 = 6.98, 9.11 and 7.28 mM respectively.
Compounds 3, 4, 7 and 9, with IC50 ranging from 11.33 to 17.55
mM, displayed good cytotoxicity. In addition, 13, with IC50 =

23.05 mM, showedmoderate cytotoxicity. Finally, compounds 11
and 12 with IC50 = 39.22 and 30.25 mM respectively, demon-
strated the lowest cytotoxicity.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Assessment of cytotoxicity against A549 cell lines discovered
that derivatives 5, 6, 7, 10 and 12 with IC50 ranging from 5.88 to
9.25 mM displayed very high anticancer effects. Compounds 4, 9
and 13, with IC50 = 10.85, 12.25 and 15.50 mM respectively,
presented good cytotoxicity. Besides, compound 3 with IC50 =

25.50 mM, demonstrated moderate cytotoxicity. Finally,
compound 11 with IC50 = 30.25 mM correspondingly, presented
the lowest cytotoxicity.

Furthermore, the greatest active compounds 5, 6, 10 and 14
were examined against normal VERO cell lines for their
RSC Adv., 2023, 13, 35321–35338 | 35329
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Fig. 8 Analysis of RMSD throughout 50 ns for the ligand–protein complexes all-atomMD simulation. (A) VEGFR-2 protein RMSD; (B) EGFRT790M

protein RMSD.

Table 3 EGFRT790M/VEGFR-2 kinases assays and in vitro anticancer activities of our new derivatives against VERO cell lines, A549, MCF-7, HCT-
116 and HepG2

Comp.

IC50
a (mM)

HepG2 HCT116 MCF-7 A549 VERO VEGFR-2 EGFRT790M

3 19.00 � 4.4 16.75 � 3.7 17.55 � 4.5 25.50 � 3.5 NTb 3.25 � 0.50 2.10 � 0.25
4 10.55 � 3.0 11.27 � 3.1 11.33 � 3.3 10.85 � 1.5 NTb 1.85 � 0.10 1.20 � 0.35
5 7.80 � 0.7 8.12 � 0.9 6.98 � 1.1 6.50 � 1.5 44.60 � 0.31 1.25 � 0.50 0.40 � 0.35
6 8.17 � 2.6 10.10 � 2.9 9.11 � 2.7 5.88 � 0.5 45.15 � 0.43 1.60 � 0.50 0.35 � 0.15
7 15.60 � 3.5 17.50 � 4.0 14.25 � 3.5 8.50 � 0.5 NTb 2.35 � 0.20 0.90 � 0.25
9 14.50 � 2.8 16.75 � 3.3 13.80 � 3.0 12.25 � 2.5 NTb 2.00 � 0.10 1.35 � 0.15
10 6.81 � 1.9 9.23 � 2.2 7.28 � 2.4 7.35 � 1.5 42.32 � 0.31 1.50 � 0.10 0.50 � 0.25
11 35.64 � 4.8 37.93 � 4.6 39.22 � 4.8 30.25 � 3.5 NTb 3.85 � 0.50 2.50 � 0.35
12 21.10 � 4.9 22.50 � 4.8 30.25 � 4.8 9.25 � 1.5 NTb 3.50 � 0.50 0.95 � 0.35
13 20.50 � 4.2 20.05 � 3.5 23.05 � 3.8 15.50 � 2.5 NTb 3.35 � 0.50 1.50 � 0.15
14 6.23 � 2.3 8.44 � 2.6 6.37 � 2.5 5.15 � 1.5 55.20 � 0.32 0.95 � 0.10 0.25 � 0.15
Sorafenib 4.00 � 0.33 5.05 � 0.50 5.58 � 0.55 4.04 � 0.33 NTb 0.84 � 0.04 NTb

Erlotinib 7.73 � 0.67 13.91 � 1.3 8.20 � 0.34 5.49 � 0.45 NTb NTb 0.24 � 0.22

a IC50 values are the mean ± S.D. of three separate experiments. b NT = Not tested.

35330 | RSC Adv., 2023, 13, 35321–35338 © 2023 The Author(s). Published by the Royal Society of Chemistry
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cytotoxicity. The results discovered that the tested derivatives
with IC50 values ranging from 42.32 to 55.20 mM showed low
toxicity against VERO normal cells. Compounds 5, 6, 10 and 14
are respectively, 5.72, 5.49, 6.39 and 6.86 fold times more toxic in
toxic in HepG-2 than in VERO normal cells. Uniformly, deriva-
tives 5, 6, 10 and 14 are consequently 5.53, 4.47, 4.96 and 7.68
folds toxic in HCT-116 than in normal VERO cells. Furthermore,
structures 5, 6, 10 and 14 are respectively 6.21, 4.59, 5.81 and 5.76
folds toxic in MCF-7 than in ordinary VERO cells. Furthermore,
products 5, 6, 10 and 14 are respectively 8.86, 6.54, 8.67 and 10.72
folds toxic in A549 than in ordinary VERO cells.

2.4.2 VEGFR-2 kinase inhibitory assay. Additionally, using
an anti-phosphotyrosine antibody with the Alpha Screen system
(PerkinElmer, USA), all compounds were tested for their inhibi-
tory effects on VEGFR-2.59 Table 3 shows that all derivatives had
good to strong inhibitory effects, with IC50 values ranging from
0.95 to 3.85 mM. Derivatives 14, 5, and 10 were discovered to be
the greatest effective of them all, inhibiting VEGFR-2 at IC50

values of 0.95, 1.25, and 1.50 mM, respectively. Compounds 4 and
6 demonstrated very good activity with the IC50 = 1.85 and 1.60
mM respectively. Also, compounds 7 and 9 showed good VEGFR-2
inhibition with IC50 = 2.35 and 2.00 mM respectively. On the
other hand compounds 3, 11, 12 and 13 moderately inhibited
VEGFR-2 at IC50 ranging from 3.25 to 3.85 mM.

2.4.3 EGFRT790M kinase inhibitory assay. EGFR over-
expression has been linked to high violence, a poor prognosis
and metastasis in a number of malignancies, including HepG2
and A549 cell lines.60 As a consequence, using the HTRF
(homogeneous time resolved uorescence) assay, all drugs were
assessed for their ability to inhibit mutant EGFRT790M.61 With
an IC50 = 0.24, erlotinib was employed as the reference. Table 3
compares the IC50 values of the tested compounds.

Derivatives 14, 6, 5 and 10 could inhibit EGFRT790M activity
demonstrating strongest effects with IC50 = 0.25, 0.35, 0.40 and
Fig. 9 Schematic presentation for SAR study.

© 2023 The Author(s). Published by the Royal Society of Chemistry
0.50 mM respectively. Derivatives 4, 7, 9, 12 and 13 considerably
inhibited EGFRT790M at IC50 ranging from 0.90 to 1.50 mM.
Conversely compounds 3 and 11 moderately inhibited
EGFRT790M at IC50 values of 2.10 and 2.50 mM respectively.

2.4.4 Structure activity relationship (SAR). The informa-
tion acquired showed that the examined structures showed
varying degrees of anticancer activity and had a unique
pattern of selectivity for the A549 cell lines. In general, the
type of the substituent's electronic, lipophilicity nature,
heterocyclic ring, the spacer and linker (HBA-HBD) all played
a signicant impact in their anticancer actions. Our deriva-
tives with azobenzene spacers and diazene linkers (HB
acceptors) impart high affinities towards both VEGFR-2 and
EGFRT790M receptors with very good anticancer activities. The
triazine heterocyclic derivative 14 showed greater activity
than pyrazole, triazole 9, and oxazole 3 derivatives,
respectively.

We are able to categorize the tested derivatives into two
categories based on the structure of the synthesized derivatives
and the data shown in Table 3. The rst category consists of
compounds 3–9, which include heterocyclic rings with ve
members that are isoxazole, pyrazole, or triazole. Generally, the
pyrazole derivatives exhibited higher activities than triazole and
isoxazole derivatives respectively. The isoxazole derivative 3
exhibited the lowest activities against HepG2, A549 and MCF-7
but against HCT116 it showed anticancer activity equipotent to
that of triazole derivative 9. The tiazole 9 revealed higher
activities than pyrazole 7 against the tested cell lines except
A549. Against HepG2, MCF-7, and HCT116 cell lines, pyrazole
derivative 5 with amore lipophilic phenyl group shown stronger
activities than 6 with lipophilic electron withdrawing 2,4-dinitro
substituents, less lipophilic pyrazole derivative 4 without
a phenyl ring, and 7 with carboxamide, whereas against A549
the order of activity is 6 > 5 > 7 > 4.
RSC Adv., 2023, 13, 35321–35338 | 35331
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The second group is compounds 10–14 which containing
triazine heterocyclic ring; where the more lipophilic derivative
14 with electron withdrawing 4-aminophenylsulfone and 3-
imino showed higher activities than 10 with lipophilic 4-phenyl
and 3-thioxo, less lipophilic 13 with 3-imino and no phenyl ring,
12 with 3-oxo and no phenyl ring and 11 with 3-thioxo and no
phenyl ring against HepG2, HCT116 and MCF-7 but against
A549 the order is 14 > 10 > 12 > 13 > 11 (Fig. 9).

2.5 In silico ADMET prole

The highly active compounds 5, 6, 7, 9, 10 and 14 were subjected
to in silico study of their proposed ADMET prole and the
physicochemical characters evaluation. It was expected using
Table 4 The highest effective compounds 5, 6, 7, 9, 10 and 14, sorafen

Parameter 5 6 7

Physicochemical properties
Molecular weight 383.531 473.409 350.342
Log P 4.8733 4.6897 2.7474
Acceptors 7 11 8
Rotatable bonds 5 7 4
Surface area 166.655 195.961 147.464
Donors 1 1 2

Absorption
Water solubility −5.124 −4.759 −3.805
Caco2 permeability 0.894 −1.077 −0.412
GIT absorption 100 96.005 86.122
Inhibitor of P-glycoprotein II + + −
Inhibitor of P-glycoprotein I + + +
Substrate for P-glycoprotein + + +
Skin permeability −2.685 −2.735 −2.802

Distribution
CNS permeability −1.764 −2.263 −2.424
BBB permeability −0.816 −1.858 −1.137
VDss (human) 0.002 −0.171 −0.427

Metabolism
CYP3A4 substrate + + +
CYP2D6 substrate − − −
Inhibition of CYP2C9 + + −
Inhibition of CYP1A2 + − +
Inhibition of CYP3A4 + + −
Inhibition of CYP2C19 + + −
Inhibition of CYP2D6 − − −

Excretion
Renal OCT2 subst − − +
Clearance −0.407 −0.426 −0.309

Toxicity
Skin sensitization − − −
Hepatotoxic effect − − −
Chronic toxic activity (LOAEL) 0.91 1.345 1.025
Acute toxic activity (LD50) 2.103 2.489 2.281
hERG II inhibitor + + −
hERG I inhibitor − − −
Max. Tolerated dose 0.116 −0.235 −0.433
AMES toxicity + + −
a + = yes while − = No.

35332 | RSC Adv., 2023, 13, 35321–35338
pkCSM descriptor algorithm procedures62 and corresponding to
Lipinski's rule of ve.63 For the compounds that comply with at
least three rules, the favorable absorption characteristics were
predictable: (i) hydrogen bond donors should not exceed ve,
(ii) partition coefficient (log P) should not exceed ve, (iii)
molecular weight should not exceed 500, (iv) hydrogen bond
acceptors should not exceed ten. The traditional anticancer
drug sorafenib and our derivatives 6, 10, and 14 all violate one
rule in the published work, however our novel molecules 5, 7, 9
and erlotinib don't.

Our compounds have good human gastrointestinal tract
(GIT) absorption (84.583 to 100), which implies that they are
more simply able to cross different biological membranes,64
ib and erlotinib; ADMET profilea

9 10 14 Sorafenib Erlotinib

348.395 410.462 472.49 464.831 393.443
4.22247 5.03977 2.61975 5.5497 3.4051
7 8 11 4 7
5 4 5 5 10
147.506 176.375 192.802 185.111 169.532
3 0 2 3 1

−3.934 −6.312 −3.651 −4.822 −4.736
−0.607 0.385 −0.113 0.689 1.431
84.583 95.101 86.405 89.043 94.58
+ + + + +
− + + + +
+ + + + −
−2.775 −2.723 −2.735 −2.767 −2.741

−2.257 −1.644 −2.654 −1.655 −3.216
−1.59 −0.963 −1.522 −1.726 −0.745
−0.912 −0.136 −0.814 −0.625 0.199

+ + + + +
− − − − −
+ + + + +
+ + − + +
+ + + + +
+ + + − −
− − − + +

− − − − −
−0.011 −0.152 0.103 −0.219 0.702

− − − − −
+ + + + +
1.507 0.732 0.132 1.198 1.37
2.583 2.191 2.627 2.538 2.393
+ + + + +
− − − − −
0.234 0.557 0.128 0.549 0.839
− + + − −

© 2023 The Author(s). Published by the Royal Society of Chemistry
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according to the results collected (Table 4). As a result, they may
exhibit an astonishingly high bioavailability through GIT. Our
synthetic compounds can penetrate the central nervous system
(CNS) (CNS permeability range: −1.644 to −2.654).

It is generally known that erlotinib, sorafenib, and our
derivatives 5, 6, 9, 10 and 14 may inhibit CYP3A4, the main
enzyme responsible for drug metabolism. The overall clearance,
which is a crucial consideration in choosing dosage intervals,
predicted elimination. Compared to sorafenib and our drugs,
which had extremely low clearance values, the ndings exhibi-
ted that erlotinib had superior clearance rates. Erlotinib should
thus have shorter dose intervals since it might be eliminated
more quickly. In contrast to erlotinib, the synthesized
compounds showed a slow clearance rate, which denotes
a prolonged half-life and wider dosage windows. The nal
analyzed factor for the ADMET prole is toxicity. As shown in
Table 4, the disadvantage of unintended hepatotoxic effects was
shared by sorafenib, erlotinib, and our drugs 9, 10 and 14, but
not by 5, 6 and 7. The drug with the greatest maximum tolerated
dose was erlotinib. The maximum tolerable dosages for sor-
afenib and our derivatives, however, were lower. Lastly, the
acute toxic doses of our novel compounds are nearly the same as
that of sorafenib and erlotinib. Also, the oral chronic toxic dose
of compound 9 is higher than that of both sorafenib and erlo-
tinib while that of compound 6 is higher than that of sorafenib
and nearly equipotent to that of erlotinib. These data revealed
that our derivatives have good therapeutic index.

3 Conclusion

In conclusion, novel isoxazole, pyrazole, triazole, and/or
triazine heterocyclic moieties attached to the azobenzene
scaffold have been designed, synthesized, and tested on HCT-
116, MCF-7, HepG2, and A549 for their anticancer activities
targeting both EGFRT790M and VEGFR-2 enzymes. The sug-
gested compound's mechanism of interaction with the
EGFRT790M and VEGFR-2 receptors was examined through
molecular design. The information from the biological
screening and the results of the docking studies were strongly
linked. Compound 14 was the most potent derivative against
the four A549, HepG2, MCF-7 and HCT116 cell lines with IC50

= 5.15, 6.236.37 and 8.44 mM respectively. It presented slightly
lower activities than sorafenib, (IC50 = 4.00, 5.05, 5.58 and
4.04 mM respectively), and revealed higher activities than
erlotinib (IC50 = 7.73, 13.91, 8.20 and 5.49 mM respectively)
against the four cell lines. With reverence to the HepG2 cell
lines, derivatives 5, 6 and 10 demonstrated very good anti-
cancer effects with IC50 = 7.80, 8.17 and 6.81 mM respectively.
Assessment of cytotoxicity against HCT-116 cell lines revealed
that derivatives 5 and 10 demonstrated very good anticancer
effects with IC50 = 8.12 and 9.23 mM respectively. Evaluation
of cytotoxicity against MCF-7 cell lines showed that deriva-
tives 5, 6 and 10 demonstrated very good anticancer effects
with IC50 = 6.98, 9.11 and 7.28 mM respectively. When deriv-
atives 5, 6, 7, 10 and 12 were tested for cytotoxicity against
A549 cell lines, it was found that they had excellent anticancer
effects, with IC50 values ranging from 5.88 to 9.25 mM. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
cytotoxicity of the most powerful derivatives 5, 6, 10 and 14,
was evaluated against normal VERO cell lines. With IC50

values ranging from 42.32 to 55.20 mM, the results showed
that the investigated drugs have modest toxicity against VERO
normal cells. In addition all compounds were selected to
assess their dual VEGFR-2 and EGFRT790M inhibitory effects.
Among them, compounds 14, 5 and 10 were found to be the
most potent that inhibited VEGFR-2 at IC50 value of 0.95, 1.25
and 1.50 mM correspondingly. As well, derivatives 14, 6, 5 and
10 could inhibit EGFRT790M activity demonstrating strongest
effects with IC50 = 0.25, 0.35, 0.40 and 0.50 mM respectively.
Additionally, the highly active derivatives 5, 6, 10 and 14 in
both VEGFR-2 and EGFRT790M proteins were subjected to
a molecular dynamics (MD) simulation in order to evaluate
our molecular modeling ndings. Furthermore, the ADMET
proles of the most active compounds 5, 6, 7, 9, 10 and 14
were assessed in comparing to sorafenib and erlotinib as the
reference drugs. The data obtained indicated that our deriv-
atives could be benecial as a future design and optimization
template to create more powerful dual VEGFR-2 and
EGFRT790M inhibitors with stronger anticancer analogues.

4 Experimental
4.1 Chemistry
1H NMR and 13C NMR spectra were recorded on a Bruker 400
and 100 MHZ-NMR respectively, with a spectrophotometer at
Microanalytical Center, Ain Shams University.

4.1.1 Ethyl 2-cyano-2-{[4-(phenyldiazenyl)phenyl]diazenyl}
acetate (2). 4-Aminoazobenzene (1.79 g, 0.1 mol.) was dis-
solved in (25 mL) of 50% dilute HCl, and then cooled in water
ice bath (0–5 °C). An aqueous solution of NaNO2 (0.68 g, in 4 mL
water) was added dropwise while contentious stirring. The ob-
tained diazonium chloride was ltered into sodium acetate
solution (4 g in 5 mL water) and ethyl cyanoacetate (1.13 mL,
0.1 mol.) in ethanol (7 mL). The reaction mixture was stirred for
30 min and the formed product was ltered and crystallized
from ethanol to afford the targeted compound 2.

Orange crystals from ethanol, m.p. = 250–252 °C; IR (KBr,
n, cm−1) 2225 (C^N), 1741 (C]O), 1489, 1470 (N]N); 1H-NMR
(DMSO-d6) d: 1.24 (t, 3H, CH3CH2), 1.85 (s, 1H, –N]N–CH),
4.15 (q, 2H, CH3CH2), 7.43–7.84 (m, 9H, Ar-H); 13C-NMR
(DMSO-d6) d: 15.3, 58.9, 98.7, 118.4, 120.2 (2), 122.6 (2), 124.3
(2), 129.8 (2), 130.8, 148.2, 152.8, 166.2, 174.7; anal. calcd for
C17H15N5O2: C, 63.55; H, 4.67; N, 21.81; found: C, 63.66; H,
4.59; N, 21.84.

4.1.2 General procedure for preparation of compounds (3–
9). A mixture of compound 2 (3.21 g, 0.1 mol) and each of
hydroxylamine hydrochloride (0.69 mL, 0.1 mol), hydrazine
hydrate (0.5 mL, 0.1 mol), phenyl hydrazine (1.08 mL, 0.1 mol),
2,4-dinitro phenyl hydrazine (1.98 g, 0.1 mol), semicarbazide
hydrochloride (1.11 g, 0.1 mol) and/or thiosemicarbazide
(0.91 g, 0.1 mol) in the presence of anhydrous K2CO3 (1.38 g, 0.1
mol) was reuxed for 2–6 h in ethanol/acetic acid (20 mL). Aer
cooling the solid obtained solid was collected by ltration. The
residue product was washed with ethanol and recrystallized
from the proper solvent to give compounds 3–9.
RSC Adv., 2023, 13, 35321–35338 | 35333
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4.1.2.1 3-Amino-4-{2-[4-(phenyldiazenyl)phenyl]hydrazono}
isoxazol-5(4H)-one (3). Orange crystals from methanol, m.p.
>300 °C; IR (KBr, n, cm−1) 3461, 3346 (NH2), 3190 (NH), 1686
(C]O), 1597, 1545 (C]N), 1417 (N]N); 1H-NMR (DMSO-d6) d:
7.51–7.93 (m, 9H, Ar-H), 8.60 (s, 2H, NH2, D2O exchangeable),
15.95 (s, 1H, NH, D2O exchangeable); 13C-NMR (DMSO-d6) d:
111.9, 117.5 (2), 122.9 (2), 124.6 (2), 129.9 (2), 131.9, 145.4, 149.2,
152.6, 160.6 and 170.7; MS (m/z): 308 (M+, 29.23%), 271
(37.04%), 196 (100%, base peak), 161 (63.98%), 96 (80.35%), 76
(51.94%); anal. calcd for C15H12N6O2: C, 58.44; H, 3.90; N, 27.27;
found: C, 58.29; H, 3.78; N, 27.33.

4.1.2.2 5-Amino-4-{2-[4-(phenyldiazenyl)phenyl]hydrazono}-
2,4-dihydro-3H-pyrazol-3-one (4). Black crystals from methanol,
m.p. >300 °C; IR (KBr, n, cm−1) 3378, 3324 (NH2), 3183 (NH),
1682 (C]O), 1635, 1604 (C]N), 1566 (N]N); 1H-NMR (DMSO-
d6) d: 5.95 (s, 2H, NH2, D2O exchangeable), 7.54–7.97 (m, 9H, Ar-
H), 10.62 (s, 1H, NH, D2O exchangeable), 13.05 (s, 1H, NH, D2O
exchangeable); 13C-NMR (DMSO-d6) d: 111.9, 117.2 (2), 122.9 (2),
124.7, 129.9, 131.6 (2), 143.9, 145.4, 149.2, 152.5, 160.6 and
161.3; anal. calcd for C15H13N7O: C, 58.63; H, 4.23; N, 31.92;
found: C, 58.49; H, 4.33; N, 32.04.

4.1.2.3 5-Amino-2-phenyl-4-{2-[4-(phenyldiazenyl)phenyl]
hydrazono}-2,4-dihydro-3H-pyrazol-3-one (5). Reddish brown
crystals from acetic acid, m.p. >300 °C; IR (KBr, n, cm−1) 3418
(broad, NH2), 3179 (NH), 1683 (C]O), 1469, 1444 (N]N); 1H-
NMR (DMSO-d6) d: 7.56–7.99 (m, 16H, 14 Ar-H & NH2 (D2O
exchangeable)), 12.48 (s, 1H, NH, D2O exchangeable); 13C-NMR
(DMSO-d6) d: 105.9, 106.5, 111.8, 117.1, 117.3 (2), 122.9 (2),
124.7 (2), 129.9 (2), 131.7 (2), 131.8 (2), 144.0, 145.0, 149.1, 152.5,
161.2; MS (m/z): 383 (M+, 2.22%), 367 (100%, base peak), 366
(60.07%), 175 (35.79%), 115 (84.99%), 91 (97.54%); anal. calcd
for C21H17N7O: C, 65.80; H, 4.44; N, 25.59; found: C, 65.74; H,
4.35; N, 26.06.

4.1.2.4 5-Amino-2-(2,4-dinitrophenyl)-4-{2-[4-(phenyldiazenyl)
phenyl]hydrazono}-2,4-dihydro-3H-pyrazol-3-one (6). Brown crys-
tals from acetic acid, m.p. = 188–190 °C; IR (KBr, n, cm−1) 3445
(broad, NH2), 3164 (NH), 1685 (C]O), 1469, 1444 (N]N); 1H-
NMR (DMSO-d6) d: 7.55–7.99 (m, 14H, 12 Ar-H & NH2, (D2O
exchangeable)), 12.49 (s, 1H, NH, D2O exchangeable); 13C-NMR
(DMSO-d6) d: 105.5, 108.5, 112.1, 117.3 (2), 122.8 (2), 122.9 (2),
124.7 (2), 129.9 (2), 131.6, 138.5, 141.9, 145.8, 149.8, 152.5, 155.3,
161.4; MS (m/z): 473 (M+, 1.88%), 386 (23.95%), 162 (35.91%), 103
(100%, base peak), 77 (92.77%); anal. calcd for C21H15N9O5: C,
53.28; H, 3.17; N, 26.64; found: C, 53.33; H, 3.06; N, 26.70.

4.1.2.5 3-Amino-5-oxo-4-{[4-(phenyldiazenyl)phenyl]diazenyl}-
4,5-dihydro-1H-pyrazole-1-carboxamide (7). Brown crystals from
methanol, m.p. = 214–216 °C; IR (KBr, n, cm−1) 3381, 3325
(NH2), 3186 (NH), 1683 (C]O), 1636, 1604 (C]N), 1495 (N]N);
1H-NMR (DMSO-d6) d: 5.86 (s, 2H, NH2, D2O exchangeable),
7.53–7.94 (m, 11H, 9 Ar-H & NH2 (D2O exchangeable)), 11.59 (s,
1H, NH, D2O exchangeable); 13C-NMR (DMSO-d6) d: 116.2 (2),
122.9 (2), 124.7 (2), 125.9, 129.9 (2), 131.6, 145.1, 148.7, 150.3,
152.6, 158.8, 160.0; MS (m/z): 350 (M+, 15.31%), 301 (100%, base
peak), 300 (44.03%), 265 (83.38%), 126 (74.51%); anal. calcd for
C16H14N8O2: C, 54.86; H, 4.00; N, 32.00; found: C, 54.97; H,
3.89; N, 32.12.
35334 | RSC Adv., 2023, 13, 35321–35338
4.1.2.6 N-[4-(Phenyldiazenyl)phenyl]-5-thioxo-2,5-dihydro-1H-
1,2,4-triazole-3-carbohydrazonoyl-cyanide (9). Orange crystals
from acetone, m.p. = 266–268 °C; IR (KBr, n, cm−1) 3500–2500
(broad, NH), 2226 (C^N), 1625 (C]N), 1522 (N]N), 1252 (C]
S); 1H-NMR (DMSO-d6) d: 4.49 (s, 1H, NH, D2O exchangeable),
7.19–7.99 (m, 10H, 9 Ar-H & NH (D2O exchangeable)), 8.62 (s,
2H, 2NH, D2O exchangeable); 13C-NMR (DMSO-d6) d: 105.4,
112.3, 117.4 (2), 122.9 (2), 124.7 (2), 129.9 (2), 131.6, 146.1, 149.0,
152.5, 161.6, 181.6; MS (m/z): 348 (M+, 11.00%), 326 (15.09%),
184 (37.37%), 177 (100%, base peak), 169 (48.79%), 65 (65.76%);
anal. calcd for C16H12N8S: C, 55.17; H, 3.45; N, 32.18; S, 9.20;
found: C, 55.02; H, 3.54; N, 32.13; S, 9.31.

4.1.3 General procedure for preparation of compounds
(10–14). A mixture of compound 2 (3.21 g, 0.1 mol.) and each of
phenyl isothiocyanate (1.35 mL, 0.1 mol), thiourea (0.76 g, 0.1
mol), urea (0.6 g, 0.1 mol), guanidine hydrochloride (0.95 g, 0.1
mol), and/or sulphaguanidine (2.14 g, 0.1 mol) was reuxed for
5–12 h in dioxane (10 mL). Aer cooling the mixture was poured
into ice water (100 mL), the formed solid was ltered off,
washed with water, recrystallized from the proper solvent to give
compounds 10–14.

4.1.3.1 5-Oxo-4-phenyl-2-[4-(phenyldiazenyl)phenyl]-3-thioxo-
2,3,4,5-tetrahydro-1,2,4-triazine-6-carbonitrile (10). Orange crys-
tals from ethanol, m.p. 284–286 °C; IR (KBr, n, cm−1) 2224
(C^N), 1683 (C]O), 1596 (C]N); 1H-NMR (DMSO-d6) d: 7.13–
7.99 (m, 14H, Ar-H); 13C-NMR (DMSO-d6) d: 117.2, 117.3, 122.8,
124.1 (4), 124.7 (2), 124.9, 128.9 (4), 129.2 (2), 129.9, 139.9, 149.1,
152.5, 180.1; anal. calcd for C22H14N6OS: C, 64.39; H, 3.41; N,
20.49; S, 7.80; found: C, 64.21; H, 3.49; N, 20.61; S, 7.77.

4.1.3.2 5-Oxo-2-[4-(phenyldiazenyl)phenyl]-3-thioxo-2,3,4,5-
tetrahydro-1,2,4-triazine-6-carbonitrile (11). Reddish brown crys-
tals from acetone, m.p. >300 °C; IR (KBr, n, cm−1) 2224 (C^N),
1680 (C]O), 1622, 1598 (C]N), 1520 (N]N), 1237 (C]S); 1H-
NMR (DMSO-d6) d: 7.56–7.99 (m, 9H, Ar-H), 11.27 (s, 1H, NH,
D2O exchangeable); 13C-NMR (DMSO-d6) d: 105.8, 111.8, 113.9,
116.0, 117.2 (2), 122.9 (2), 124.7 (2), 129.9 (2), 131.8, 149.1, 152.5,
201.5; anal. calcd for C16H10N6OS: C, 57.49; H, 2.99; N, 25.15; S,
9.58; found: C, 57.55; H, 3.08; N, 25.03; S, 9.44.

4.1.3.3 3,5-Dioxo-2-[4-(phenyldiazenyl)phenyl]-2,3,4,5-
tetrahydro-1,2,4-triazine-6-carbonitrile (12). Brown crystals from
methanol, m.p. 280–284 °C; IR (KBr, n, cm−1) 3177 (NH), 2225
(C^N), 1680 (C]O), 1598 (C]N), 1522 (N]N); 1H-NMR
(DMSO-d6) d: 7.49–8.00 (m, 9H, Ar-H), 12.44 (s, 1H, NH, D2O
exchangeable); 13C-NMR (DMSO-d6) d: 113.9, 116.0, 117.2 (2),
122.9 (2), 124.7 (2), 129.9 (2), 131.7, 143.9, 145.2, 149.1, 152.5,
161.2; anal. calcd for C16H10N6O2: C, 60.38; H, 3.14; N, 26.42;
Found: C, 60.49; H, 3.07; N, 26.55.

4.1.3.4 3-Imino-5-oxo-2-[4-(phenyldiazenyl)phenyl]-2,3,4,5-
tetrahydro-1,2,4-triazine-6-carbonitrile (13). Brown crystals from
acetic acid, m.p. 276–278 °C; IR (KBr, n, cm−1) 3174 (NH), 2222
(C^N), 1679 (C]O), 1597 (C]N), 1520 (N]N); 1H-NMR
(DMSO-d6) d: 7.36–8.06 (m, 9H, Ar-H), 12.64 (s, 2H, 2NH, D2O
exchangeable); 13C-NMR (DMSO-d6) d: 105.7, 111.9, 117.3 (2),
122.9 (2), 124.7 (2), 129.9 (2), 131.7, 144.0, 145.4, 149.1, 152.5,
161.3; MS (m/z): 317 (M+, 19.14%), 269 (100%, base peak), 250
(60.16%), 188 (84.71%), 174 (51.62%); anal. calcd for
© 2023 The Author(s). Published by the Royal Society of Chemistry
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C16H11N7O: C, 60.57; H, 3.47; N, 30.91; found: C, 60.51; H,
3.33; N, 31.06.

4.1.3.5 4-[(4-Aminophenyl)sulfonyl]-3-imino-5-oxo-2-[4-
(phenyldiazenyl)phenyl]-2,3,4,5-tetrahydro-1,2,4-triazine-6-
carbonitrile (14). Brown crystals from methanol, m.p. >300 °C; IR
(KBr, n, cm−1) 3366, 3329 (broad, NH2), 3215 (NH), 2225 (C^N),
1681 (C]O), 1621, 1599 (C]N), 1501 (N]N); 1H-NMR (DMSO-d6)
d: 5.67 (s, 2H, NH2, D2O exchangeable), 6.53–7.99 (m, 13H, Ar-H),
9.68 (s, 1H, NH, D2O exchangeable); 13C-NMR (DMSO-d6) d: 105.9,
106.5, 111.8, 117.1, 117.3 (2), 122.8, 122.9 (2), 124.6, 124.7 (2),
129.9 (2), 131.7, 131.8, 144.0, 145.0, 149.1, 152.5, 160.7, 161.2; MS
(m/z): 472 (M+, 7.13%), 451 (20.61%), 340 (24.14%), 312 (32.65%),
266 (100%, base peak); anal. calcd for C22H16N8O3S: C, 55.93; H,
3.40; N, 23.73; S, 6.78; found: C, 56.06; H, 3.37; N, 23.70; S, 6.89.

4.2 Conventional and microwave methods comparison

In the microwave reactions, the same reactants amounts in the
thermal technique were used. The reaction completion was
monitored by using TLC. The reaction mixtures were washed
with ethanol and crystallized from the suitable solvent. Anton
Paar (monowave 300) was used for microwave irradiation reac-
tions using borosilicate glass vials of 10 mL.

4.3 Docking studies

Both VEGFR-2 (PDB ID 4ASD)51 and EGFRT790M (PDB ID 3W2O)45

were used byMolso program to carry out docking studies (ESI†).

4.4 Molecular dynamics simulation

The highly active derivatives 5, 6, 10 and 14 were simulated
using molecular dynamics (MD) in VEGFR-2 and EGFRT790M

With the help of GAFF2 (ref. 52 and 53) (ESI†).

4.5 Biological testing

4.5.1 In vitro anti-cancer activity. Our derivatives 3–14 was
tested against four cell lines, HCT-116, HepG2, MCF-7 and A549
using MTT colorimetric assay56–58 (ESI†).

4.5.2 In vitro VEGFR-2 assay. All compounds were assessed
for their inhibitory activities against VEGFR-2 (ref. 59) (ESI†).

4.5.3 EGFRT790M assay. Using the HTRF assay, all drugs
were assessed for their ability to inhibit mutant EGFRT790M

(ref. 61) (ESI†).
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