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rylpyrimidines as potential chronic
myeloid leukemia cell inhibitors targeting anti-
ABL1 kinase: microwave-assisted synthesis,
biological evaluation, molecular docking, and
dynamics studies†
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Zhanna V. Ignatovich,e Anastasiya L. Ermolinskaya,e Hoang-Phuc Nguyen,a
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and Thi-Kim-Dung Hoang *a

In this work, a simple and mild process was used to synthesize a series of 2-amino-4,6-diarylpyrimidine

derivatives, 1a–1q, whose structures were verified by FTIR, 1D- and 2D-NMR, and HRMS techniques, to

investigate and develop anticancer agents. Under microwave irradiation, a two-step process was carried

out, consisting of aldol condensation of benzaldehydes and acetophenones to produce intermediate

chalcones and ring closure condensation of chalcones and guanidine hydrochloride. Each generated

compound's anticancer activity against the human chronic myelocytic leukemia K562 cancer cell line

was investigated in vitro to determine the active compounds, which were subsequently evaluated for

inhibiting the ABL1 tyrosine kinase. According to these findings, compound 1e demonstrated

considerable inhibition against K562 cancer cells and ABL1 tyrosine kinase at IC50 values of 8.77 ± 0.55

mM and 3.35 ± 0.58 mM, respectively. The molecular docking on wild-type and mutant type ABL1 (PDB

ID 2HYY and 5MO4) investigation indicated that 1e and 1g interacted with amino acids. It formed stable

hydrogen bonds and p–p linkages with crucial residues in the active site of the enzyme. Moreover, the

stability of these enzyme–ligand complexes was confirmed using molecular dynamics simulations. These

findings suggested that compounds 1e and 1g can be considered promising cancer treatment agents.
1. Introduction

Cancer remains a formidable challenge for global health,
standing as one of the major causes of death worldwide.1,2 The
World Health Organization reports that roughly 14 million new
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cancer cases are diagnosed annually, resulting in around 9
million deaths.3 Among the diverse spectrum of cancer types,
leukemia, which is dened by the malignant expansion of
hematopoietic stem cells in the bone marrow, occupies
a signicant position due to its prevalence and clinical
complexity.4,5 Notably, human chronic myeloid leukemia (CML)
represents a subset of leukemia distinguished by the aberrant
expansion of myeloid progenitor cells.6,7 Since the discovery of
the presence of a unique and constant chromosomal abnor-
mality more than four decades ago, signicant achievements
have beenmade in understanding the biological underpinnings
of the disease.8,9 In leukemia research, the K562 cell line has
emerged as a cornerstone for investigating the pathogenesis
and therapeutic strategies pertinent to CML.10,11

Tyrosine kinases (TKs) are the enzymes that initiate the
transfer of phosphate groups from ATP to tyrosine, a vital
process in cellular machinery. The K562 cell line, which
expresses the BCR-ABL fusion gene, was discovered to be
exceptionally resistant to apoptosis, regardless of the triggering
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structure of 2-amino-4,6-diarylpyrimidines 1a–1q with
various substituted groups and their yields

Entry Products R1 R2 Yield (%)

1 1a 20-OH H 41
2 1b 20-OH 200-OH 51
3 1c 20-OH 300-OCH3 56
4 1d 20-OH 400-OCH3 43
5 1e 20-OH 400-Br 33
6 1f 20-OH 400-Cl 31
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stimulus, and scientists claried the role of the BCR-ABL fusion
protein and the Philadelphia chromosome in CML pathogen-
esis.12,13 Therefore, BCR-ABL inhibition is currently viewed as
a signicant molecular target in the treatment of CML. Imatinib
and nilotinib (commercially known as Glivec and Tasigna,
respectively) are kinase inhibitors that have emerged as
a primary therapeutic agent for CML cancer treatment and
represents a cornerstone of contemporary anticancer pharma-
cotherapy.14,15 Nonetheless, imatinib resistance linked to BCR/
ABL1 mutation and the common adverse effects of marketed
drug have emerged as a problem.16–18 Therefore, developing
potential inhibitors with improved medication safety and effi-
cacy is critical for treating CML patients. Recent reports have
revealed that the structure of imatinib, nilotinib and their
derivatives containing pyrimidine-2-amine showed inhibitory
potential through the kinase pathway (Fig. 1).14,19,20 Additionally,
different types of substituents linked to the C-4 and C-6 posi-
tions of pyrimidine-2-amine were found to have anti-
proliferative effects on diverse cell lines.21–24 This has led to
our current research focusing on the synthesis of a pyrimi-
dine-2-amine skeleton containing aryl substituents at the 4,6-
position of the pyrimidine backbone, as well as the investiga-
tion of K562 cell line and ABL1 tyrosine kinase inhibitory
activities.

With the importance and extensive range of biological
activities associated with pyrimidine moieties, numerous
methods for pyrimidine synthesis have been reported.25,26

Pyrimidine nucleus production is classied into three kinds
according to the fundamental structure of the reactants
combining (Fig. S1†), with type 1 being considered the most
prevalent pyrimidine synthesis method.27 Chalcones are the
most popular and highly stable precursors in the synthesis of
numerous biologically active pyrimidines based on type 1 (ref.
28–30) because they could easily react with guanidine salts in
basic conditions to produce 2-amino-4,6-diarylpyrimidines.31–34
Fig. 1 Structures of commercial anticancer drugs containing pyr-
imidin-2-amine moiety.

Scheme 1 Synthesis process of 2-amino-4,6-diarylpyrimidine derivative

© 2025 The Author(s). Published by the Royal Society of Chemistry
2. Results and discussion
2.1. Chemistry

The target 2-amino-4,6-diarylpyrimidines 1a–1q were synthe-
sized following the approach illustrated in Scheme 1. The one-
pot method was attempted to cyclocondense the three-
components among benzaldehydes, acetophenones, and
guanidine hydrochloride (GHCl), but the results were not
considered due to the excessive amount of impurities. Conse-
quently, the synthesis procedure of the desired compounds was
separated into two steps, which was carried out by utilizing the
microwave (MW) technique. The intermediate chalcones were
generated in the rst stage using aldol condensation of
substituted benzaldehyde and various acetophenone derivatives
in ethylene glycol (EG) solvent with KOH catalysis via MW (80 °
C, 100 W, 10–30 min). The second step of this work involved
ring closure condensation of pure substituted chalcones, GHCl,
and NaOH in pyridine under MW conditions (100 °C, 180 W, 5–
10 min). The nal compounds were produced with a yield
ranging from 31% to 64% (Table 1) and the synthesis of
pyrimidines that contained electron-withdrawing groups was
listed in Table S1.† EG was utilized as a recyclable, non-volatile,
and cost-effective solvent to efficiently dissolve reactants in the
chalcone synthesis. This work-up procedure was convenient,
s 1a–1q.

7 1g 30-OCH3 H 36
8 1h 30-OCH3 400-OH 48
9 1i 30-OCH3 400-OCH3 45
10 1j 30-OCH3 400-Br 55
11 1k 30-OCH3 400-Cl 48
12 1l 40-OCH3 H 47
13 1m 40-OCH3 400-OH 42
14 1n 40-OCH3 400-OCH3 33
15 1o 40-OCH3 400-Br 48
16 1p 40-OCH3 400-Cl 64
17 1q 40-OH H 44

RSC Adv., 2025, 15, 4458–4471 | 4459
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Table 2 Compound 1h's 1H and 13C-NMR spectra, and HSQC and HMBC correlations

Position 1H-NMR (ppm) 13C-NMR (ppm)

Correlations

HSQC HMBC

2 — 163.78 — —
4 — 164.12 — —
5 7.57 (1H, s) 100.93 C-5 C-4, C-6, C-10, C-100

6 — 164.68 — —
10 — 139.08 — —
20 7.72 (1H, s) 112.00 C-20 C-4, C-30, C-40, C-60

30 — 159.53 — —
40 7.07 (1H, dd, 2.4 Hz, 7.8 Hz) 115.95 C-40 C-20, C-60

50 7.42 (1H, t, 7.8 Hz) 129.56 C-50 C-10, C-30

60 7.77 (1H, d, 7.8 Hz) 119.26 C-60 C-4, C-20, C-40

100 — 127.99 — —
200 8.09 (2H, d, 9.0 Hz) 128.63 C-200 C-6, C-400, C-600

300 6.87 (2H, d, 9.0 Hz) 115.25 C-300 C-100, C-200, C-400, C-500

400 — 159.74 — —
500 6.87 (2H, d, 9.0 Hz) 115.25 C-500 C-100, C-300, C-400, C-600

600 8.09 (2H, d, 9.0 Hz) 128.63 C-600 C-6, C-200, C-400

a 3.85 (3H, s) 55.22 C-a C-30

–NH2 6.58 (2H, s) — — —
–OH 9.89 (1H, s) — — —
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straightforward, and prompt in preparing the nal product and
handling the post-reaction mixture. The structures of all
synthesized derivatives were demonstrated carefully by FTIR,
1D- and 2D-NMR, and ESI-HRMS analyses. The novel
compound 1h was obtained in the form of a pale brown powder.
The FTIR of 1h indicated a sharp and medium peak at
3403 cm−1, which corresponded to the primary amine's N–H
stretching vibration. Characteristic oscillations were also found
at 3517, 1636, 1542, 1241, and 1037 cm−1 for the –OH, C]N,
C]C, C–N, and –OCH3 groups, respectively. Compound 1h's
NMR spectra revealed nine aromatic protons at dH 6.87–
8.09 ppm, corresponding to aromatic carbons at dC 100.93–
164.12 ppm (Table 2). Additionally, the characteristic singlets at
the chemical shi dH 3.85, 6.58, and 9.89 ppm were assigned to
the protons of OCH3, NH2, and OH groups, respectively. This
nding demonstrated the successful aldol condensation of 3-
methoxybenzaldehyde with 4-acetophenone and cyclo-
condensation processes of the corresponding chalcone with
GHCl. The HSQC spectrum revealed the direct interaction
between methyl proton at 3.85 ppm (H-a) and methyl carbon at
55.22 ppm (C-a). Then, the correlation in the HMBC spectrum
4460 | RSC Adv., 2025, 15, 4458–4471
was determined between aromatic protons at 7.72 ppm (H-20),
7.77 ppm (H-60), and 7.57 ppm (H-5) and the same quaternary
carbon at 164.12 ppm (C-4), between aromatic protons at
7.57 ppm (H-5) and 8.09 ppm (H-200/H-6), and the same carbon
at 164.68 ppm (C-6). The ring closure sites at quaternary
carbons C-4 and C-6 were discovered to generate compound 1h.
The molecular formula of 1h was conrmed as C17H16N3O2 by
ESI-HRMS analysis, showing a pseudo-molecular ion peak [M +
H]+ m/z 294.1249 (calcd for C17H16N3O2, 294.1242). On the basis
of the previously given spectrum data, 4-(2-amino-6-(3-methoxy-
phenyl)-pyrimidin-4-yl)-phenol was identied as the structure of
1h.
2.2. Cytotoxicity assay

Anti-proliferative activity on K562 cell line. The anti-
proliferative activity of all the produced derivatives 1a–1q was
tested in vitro against the K562 human leukemia cell line using
the MTT method, with imatinib serving as a positive control.
Initially, the inhibited cell survival was assessed and expressed
as CS values. The active compounds with CS values > 50% (Table
S4†) were chosen for further testing. Table 3 presents the IC50
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Anti-tumor activity of 2-amino-4,6-diarylpyrimidine deriva-
tives against K562 cancer cellsa

Entry Compound R1 R2 IC50 � SD (mM)

1 1a 20-OH H 57.41 � 1.76
2 1b 20-OH 200-OH ND
3 1c 20-OH 300-OCH3 82.04 � 1.89
4 1d 20-OH 400-OCH3 ND
5 1e 20-OH 400-Br 8.77 � 0.55
6 1f 20-OH 4-Cl ND
7 1g 30-OCH3 H 32.43 � 1.59
8 1h 30-OCH3 400-OH 48.42 � 1.81
9 1i 30-OCH3 400-OCH3 ND
10 1j 30-OCH3 4-Br 57.68 � 1.73
11 1k 30-OCH3 400-Cl ND
12 1l 40-OCH3 H 61.94 � 1.62
13 1m 40-OCH3 400-OH 43.25 � 1.42
14 1n 40-OCH3 400-OCH3 ND
15 1o 40-OCH3 400-Br ND
16 1p 40-OCH3 400-Cl ND
17 1q 40-OH H ND
18 Imatinib 0.116 � 0.002

a ND: not determined.

Table 4 ABL1 tyrosine kinase inhibitory activity (IC50, mM) of 2-amino-
4,6-diarylpyrimidine derivatives

Entry Compound IC50 � SD (mM)

1 1e 3.35 � 0.58
2 1g 35.16 � 1.83
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values for the inhibitory effects together with the standard
deviations (±SD) derived from three separate experiments.
According to the overall ndings, these 17 pyrimidine deriva-
tives have activity against the K562 cell line, but not as much as
that of imatinib. The substituted groups on benzaldehyde (R1)
and acetophenone (R2) skeletons were modied at 4- and 6-
positions of the 2-aminopyrimidine skeleton, respectively,
indicating their effect on the cytotoxicity activity.

When benzaldehydes and acetophenone (R2 = H) were
combined, the compounds containing 20-hydroxy (1a), 30-
methoxy (1g), and 40-methoxy (1l) groups showedmoderate anti-
tumor activity (IC50 = 32.43–61.94 mM), whereas the 4-hydroxy
group (1q) did not. It showed good activity in the four
compounds mentioned above when a molecule was attached to
only the 30-methoxy group on the benzaldehyde ring of 4-posi-
tion on the pyrimidine backbone. Therefore, the inhibitory
activity against K562 cell line was further investigated by
immobilizing R1 substituents (20-hydroxy, 30-methoxy, and 40-
methoxy) and modifying R2 substituted groups.

Methoxy, hydroxy, and halogen (chloro and bromo) groups
were bonded to 4-position on the acetophenone skeleton and
demonstrated their activity when compared with compounds
1a, 1g, and 1l. Unfortunately, the compounds with the methoxy
© 2025 The Author(s). Published by the Royal Society of Chemistry
group, such as 1d, 1i, and 1n, completely lost their anti-tumor
activity. Compounds 1h and 1m exhibited a moderate anti-
proliferative effect in the presence of hydroxy groups, corre-
sponding with IC50 values of 48.42 ± 1.81 and 43.25 ± 1.42 mM,
respectively. The substitution of halogen groups such as chloro
and bromo revealed a considerable variation in their bioactivity.
Compounds with the chloro group (1f, 1k, and 1p) signicantly
decreased the inhibitory activity of compounds that contained
the acetophenone ring only. Meanwhile, the presence of the
bromo group (1e and 1i) resulted in moderate to good activity
(IC50 = 8.77–57.68 mM), except for compound 1o. The anti-
proliferative effect of compound 1e was remarkably enhanced
by the combination of 20-hydroxy group on R1 and 400-bromo
group on R2, as evidenced by its IC50 value of 8.77 ± 0.55 mM.
Furthermore, adding 200-hydroxy (1b) and 300-methoxy (1c)
groups to the acetophenone ring did not improve its inhibitory
effect against the K562 cancer cell line.

In the summary, these ndings revealed the correlation
between the structure of 2-amino-4,6-diarylpyrimidine deriva-
tives and bioactivity against the K562 cancer cell line. The
substituted benzaldehydes (30-OCH3, 40-OCH3) at C-4 pyrimi-
dine ring were combined with different acetophenones (300-
OCH3, 400-OCH3, 400-Cl, 400-Br) at C-6 pyrimidine ring, which
signicantly reduced the anti-tumor activity. Signicantly, the
compounds were generated by combining the 4- and 6-position
substituents (3-methoxybenzaldehyde and acetophenone, 2-
hydroxybenzaldehyde and 4-bromoacetophenone) of the
pyrimidine ring, thereby signicantly boosting the anti-
proliferative activity against K562 cancer cell line. As a result,
compounds 1e and 1g were chosen for further investigation into
ABL1 tyrosine kinase inhibitory activity.

ABL1 tyrosine kinase inhibitory activities. Human eryth-
roleukemic K562 cells, which are pseudo-triploid and positive
for the Philadelphia chromosome, serve as the prototypical
CML cell culture model. Thus, K562 cells have been extensively
employed in studies involving the BCR/ABL1 oncogene and the
tyrosine kinase inhibitor (TKI). Tyrosine-protein kinase ABL1
(ABL1) is a non-receptor tyrosinase that plays a crucial role in
regulating various cellular processes, including cell prolifera-
tion, adhesion, and apoptosis. ABL1 is involved in multiple
signaling pathways, including those mediated by growth
factors, cytokines, and integrins. Dysregulation of ABL1 activity
has been linked to the pathogenesis of several diseases,
particularly cancer, where it can promote tumorigenesis and
metastasis. Patients with CML have improved their overall
survival rate by using BCR-ABL TKIs, including imatinib, nilo-
tinib, dasatinib, bosutinib, and ponatinib.35 However, their
application is limited due to drug resistance and signicant
3 Imatinib 0.069 � 0.002
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side effects. Thus, nding a new source of ABL1 inhibitors is an
important task in identifying promising therapeutics for the
treatment of certain cancers such as CML and acute lympho-
blastic leukemia.

In this investigation, the concentration of ABL1 in the
sample was measured by Human ABL1 Elisa Kit (FineTest,
EH4452) according to the manufacturer's protocol. As seen in
Fig. S102,† a signicant decrease in ABL1 production was
Fig. 2 Results of redocking co-crystallized inhibitors onto ABL1 kinase. (A
type ABL1 showed a strong alignment with the co-crystallized ligand (in y
of three nilotinib conformations (in gray sticks) onto mutant ABL1 (T334I-
sticks), along with their respective RMSD values. Zoomed-in views highl
and re-docked ligands.

4462 | RSC Adv., 2025, 15, 4458–4471
observed for all treated compounds compared with the control
(p < 0.0001). As we can see in Table 4, compound 1e exhibited
the strongest activity with 80% inhibition of ABL1 production at
a concentration of 30 mM and IC50 value of 3.35 ± 0.58 mM.
Compound 1g showed the weakest inhibition with an IC50 value
of 35.16 ± 1.83 mM. The positive control imatinib revealed
a signicant decrease in ABL1 production in a dose-dependent
manner. A similar trend was achieved in all tested compounds.
) Redocking of three imatinib conformations (in gray sticks) onto wild-
ellow sticks), with corresponding RMSD values. (B) Similarly, redocking
D382N) displayed a good match with the co-crystallized ligand (in blue
ight the nearby residues and their interactions with the co-crystallized

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08330j


Table 5 Docking results of 17 2-amino-4,6-diarylpyrimidine derivatives on ABL1 (PDB ID 2HYY)a

Compound IC50 (mM) (cell-based) IC50 (mM) (enzyme) DGvina (kcal mol−1) Interaction with ABL1WT residues

1b — — −9.0 Thr315 (HBD), Glu316 (HBD,
HBA), Met318 (HBD), Phe317 (p–
p), Phe382 (p–p, Hyd), Leu248,
Val256, Tyr253 (Hyd)

1c 82.04 � 1.89 — −8.8 Glu316 (HBD), Met318 (HBA),
Phe317 (p–p), Phe382 (p–p, Hyd),
Leu248, Tyr253, Val256 (Hyd)

1a 57.41 � 1.76 — −8.8 Thr315 (HBD), Met318 (HBA),
Phe317 (p–p), Phe382 (p–p, Hyd),
Leu248, Tyr253, Val256 (Hyd)

1e 8.77 � 0.55 3.35 � 0.58 −8.6 Glu286 (HBD), Ala269 (HBD, Hyd),
Tyr253 (p–p), Phe382 (p–p, Hyd),
Leu248, Met290, Val299 (Hyd)

1f — — −8.6 Thr315 (HBD), Ala269 (HBD),
Tyr253 (p–p, Hyd), Phe382 (p–p,
Hyd), Leu248, Met290 (Hyd)

1g 32.43 � 1.59 35.16 � 1.83 −8.6 Phe317 (p–p, Hyd), Phe382 (p–p,
Hyd), Leu248, Val256, Gly321
(Hyd)

1j 57.68 � 1.73 — −8.6 Ala269 (HBD), Tyr253 (p–p, Hyd),
Phe382 (p–p, Hyd), Leu248,
Met290, Leu370 (Hyd)

1o — — −8.6 Ala269 (HBD, Hyd), Tyr253 (p–p),
Phe382 (p–p, Hyd), Leu248,
Met290, Asp381 (Hyd)

1d — — −8.5 Ala269 (HBD), Thr315 (HBD),
Tyr253 (p–p, Hyd), Phe382 (p–p,
Hyd), Leu248, Met290, Ala380,
Asp381 (Hyd)

1k — — −8.5 Ala269 (HBD), Tyr253 (p–p, Hyd),
Phe382 (p–p, Hyd), Leu248,
Met290, Leu370 (Hyd)

1p — — −8.5 Ala269 (HBD, Hyd), Tyr253 (p–p),
Phe382 (p–p, Hyd), Leu248,
Ala269, Met290, Asp381 (Hyd)

1i — — −8.4 Ala269 (HBD, Hyd), Tyr253 (p–p),
Phe382 (p–p, Hyd), Leu248,
Met290, Leu370, Ala380, Asp381
(Hyd)

1n — — −8.4 Ala269 (HBD, Hyd), Tyr253 (p–p),
Phe382 (p–p, Hyd), Leu248,
Met290, Asp381 (Hyd)

1h 48.42 � 1.81 — −8.3 Ala269 (HBD), Tyr253 (p–p, Hyd),
Phe382 (p–p, Hyd), Leu248,
Leu370, Met290 (Hyd)

1m 43.25 � 1.42 — −8.3 Ala269 (HBD, Hyd), Tyr253 (p–p,
Hyd), Phe382 (p–p, Hyd), Leu248,
Met290 (Hyd)

1q — — −8.2 Thr315 (HBA), Phe317 (p–p, Hyd),
Phe382 (p–p, Hyd), Leu248,
Gly321 (Hyd)

1l 61.94 � 1.62 — −8.2 Ala269 (HBD), Tyr253 (p–p, Hyd),
Phe382 (p–p, Hyd), Leu248,
Ala269, Met290, Leu370, Ala380,
Asp381 (Hyd)

Imatinib 0.116 � 0.002 0.069 � 0.002 −13.5 Glu286 (HBD), Thr315 (HBD,
Hyd), Met318 (HBA), Ile360 (HBD),
Asp381 (HBA, Hyd), Tyr253 (p–p,
Hyd), Phe317 (p–p, Hyd), Phe382
(p–p, Hyd), Leu248, Val256,
Lys271, Val289, Met290, Leu370
(Hyd)

a HBD: hydrogen bond donor, HBA: hydrogen bond acceptor, p–p: pi–pi stacking, Hyd: hydrophobic interaction.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 4458–4471 | 4463
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On the basis of these ndings, we can suggest that compound
1e has the potential for CML prevention and treatment. Several
experiments, such as apoptosis, cell cycle arrest, and western
blot, need to be conducted to determine the mechanism of
action of this compound.

2.3. Computational analysis

Molecular docking studies. For wild-type ABL1 kinase, the
grid box was dened on the basis of the position of imatinib in
the PDB 2HYY structure, with coordinates center_x = 17.907,
center_y= 59.987, and center_z= 43.669, and dimensions of 20
× 20 × 20 Å3. The redocking approach was employed to assess
the accuracy of the docking protocol. Three different confor-
mations of imatinib were used for redocking: (1) the co-
crystallized conformation with ABL1, (2) the co-crystallized
conformation aer energy minimization, and (3) the confor-
mation obtained from redrawing imatinib followed by energy
minimization. The results, as shown in Fig. 2A, demonstrate
Fig. 3 Analysis of MD simulation trajectories of ABL1 with imatinib (blue), 1
type ABL1, (B) RMSF of ABL1 residues, with the red boxes indicating residu
(E) RMSD of the heavy atoms of the ligands, (F) MM-GBSA binding free e

4464 | RSC Adv., 2025, 15, 4458–4471
that AutoDock Vina successfully reproduced the binding
conformation of imatinib in each of the initial conformations,
with RMSD values of less than 2 Å. Similarly, nilotinib was
redocked to the ABL1 T334I-D382N mutant (PDB ID 5MO4)
using the same grid box parameters as those for imatinib at the
enzyme's active site. The results in Fig. 2B demonstrate that the
docking procedure effectively reproduced the bound confor-
mation of nilotinib, with an RMSD of less than 1 Å. Therefore,
these molecular docking protocols can be reliably applied to
assess the binding of the investigated compounds to both wild-
type and mutant forms of ABL1.

The docking results of 17 2-amino-4,6-diarylpyrimidine
derivatives on wild-type ABL1 are presented in Table 5. All
investigated compounds exhibited docking affinities
<−8.0 kcal mol−1, which were weaker than that of imatinib
(−13.5 kcal mol−1). However, the docking score range of the
synthesized compounds still suggested potential activity. The
interaction diagrams of the best docking pose of each ligand are
e (orange), and 1g (green). (A) RMSD of the alpha carbon atoms of wild-
es within the active site, (C) SASA, (D) radius of gyration of the enzyme,
nergy of the ligands to ABL1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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illustrated in Fig. S103.† Table 5 highlights the critical inter-
actions of the ABL1–imatinib complex, which include hydrogen
bonds with Glu286, Thr135, Met318, Ile360, and Asp381, as well
as p–p interactions with Tyr253, Phe317, and Phe382. Similarly,
most of our compounds exhibited p–p or hydrophobic inter-
actions with Tyr253, Phe317, and Phe382, akin to imatinib.
However, hydrogen bonding with Glu286 is crucial for the
specic interactions that signicantly contribute to the ligand–
protein affinity and directly inuence the inhibitory activity.
Experimental studies have demonstrated that Glu286 is
a conserved residue (in both wild-type andmutant variants) and
forms an ion pair with Lys271 in the N-lobe of ABL1 to stabilize
the phosphate group of ATP during phosphorylation. Conse-
quently, many anti-ABL1 drugs, for both wild-type and mutant
forms, form hydrogen bonds with Glu286. Notably, compound
1e, with an –OH substituent at 20-position, was the only
compound to form a hydrogen bond with Glu286 (with
a distance of 1.74 Å), comparable to imatinib (2.32 Å)
(Fig. S104†). Conversely, the orientation of the –OH or –OCH3

groups at 40-position precluded hydrogen bonding with Glu286.
In future studies, we aim to leverage these insights into struc-
ture–activity relationships (SARs) to design novel 2-amino-4,6-
diarylpyrimidines capable of forming hydrogen bonds with
Glu286 and other key residues such as Thr135, Met318, Ile360,
and Asp381. According to the experimental and docking results,
both compounds 1e and 1g that conrmed their ABL1 inhibi-
tory activity in the above enzyme assay, were chosen for further
analysis of binding stability to ABL1 through MD simulations
and BFE calculations.

Molecular dynamics simulations and binding free energy
calculations. Fig. 3A illustrates the RMSD values of the carbon
alpha atoms of ABL1 in complexes with the ligands along the
100 ns MD simulation trajectories. The complex rapidly reached
equilibrium aer approximately 10 ns of simulations. However,
the enzyme complexes with 1e and imatinib demonstrated
greater stability compared with 1g by the end of the simulation.
Similarly, the SASA and radius of gyration (Rg) of the protein
remained stable throughout the simulation (Fig. 3C and D). The
Fig. 4 Occupancy of interactions between 1e and 1g with ABL1 along t

© 2025 The Author(s). Published by the Royal Society of Chemistry
stability of the three complexes allowed further analyses to
evaluate the interactions between the investigated ligands and
the enzyme.

The RMSF plot in Fig. 3B reects the average uctuations of
the ABL1 residues. Here, the residues at the enzyme's active site
are considered (Leu248–Met318 and Ile360–Phe382). Overall,
most of the residues in the binding site of ABL1 in complexes
with the three ligands exhibit similar uctuations with ampli-
tudes less than 2 Å, except for the Lys274–Glu279 loop
(Fig. S105†). Interestingly, the presence of our synthetic
compounds caused a decrease in the uctuations of the resi-
dues in this loop compared with imatinib. However, the
binding of 1g resulted in increased uctuations of Arg307
within the Arg307–Phe311 loop.

Fig. 3E illustrates the ligands' uctuations, as reected by
the RMSD values of the heavy atoms of the compounds. Both 1e
and 1g exhibit motion amplitudes less than 1 Å, indicating high
stability and the ability to maintain a consistent binding mode
with ABL1 throughout the simulation (Fig. S106†). Imatinib
shows a change in RMSD starting around 53 ns but eventually
stabilizes toward the end of the trajectory. The stability of the
ligands is further correlated with the binding free energy in
Fig. 3F. Once imatinib reaches equilibrium, the DGMM-GBSA also
becomes stable. Although 1e and 1g display higher BFE than
imatinib does (−37.33 ± 2.77 and −35.72 ± 2.56 vs. −67.31 ±

5.25 kcal mol−1), their binding remains highly stable over the
MD simulation time. The calculated BFE values were consistent
with the experimental inhibitory activity of the compounds, as
1e exhibited a lower IC50 than 1g but a higher IC50 than
imatinib.

The interaction ngerprints of 1e and 1g with ABL1 were
analyzed using the MDAnalysis and ProLIF programs, resulting
in the 2D diagrams shown in Fig. 4. Notably, the amino groups
of the 2-amino-4,6-diarylpyrimidine derivatives play a crucial
role in forming hydrogen bonds with residues in the enzyme's
active site. Specically, 1e forms hydrogen bonds with Ala269
and Ile313 with occupancies of 72% and 38%, respectively,
while 1g maintains hydrogen bonding with Thr315 and Glu316
he 100 ns MD simulation trajectories.

RSC Adv., 2025, 15, 4458–4471 | 4465
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Table 6 Comparison of Vina docking scores and binding free energies of ligands with mutant and wild-type ABL1

Ligand
DGvina ABL-1 mutant

(kcal mol−1)
DDGdock

(kcal mol−1)
BFEABL-1 mutant

(DGbind MM-GBSA, kcal mol−1)
DDGbind MM-GBSA

(kcal mol−1)

PH2HBR –8.6 0 –36.49 0.84
PH3MA –9.5 –0.9 –36.08 –0.36
Imatinib –12.4 1.1 –58.15 9.16
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at occupancies of 85% and 96%. The phenyl groups of both
compounds participate in p-stacking interactions with Tyr253,
Phe317, and Phe382. Additionally, the ligands interact with
several other hydrophobic residues within the binding site,
such as Leu248, Val256, Lys271, Met290, Val299, Leu370, and
Ala380. van der Waals interactions also signicantly affect the
ligand's binding affinity to the enzyme and are detailed in Table
S5.†

The results indicate that 1e and 1g are promising and stable
inhibitors of wild-type ABL1. The IC50 and BFE values highlight
the potential of these compounds and suggest that they could
be further structurally developed to achieve stronger binding
affinity and inhibitory activity.

Prediction of the binding affinity of 1e and 1g on mutant
ABL1. 1e and 1g, along with imatinib, were docked onto the
ABL1 T334I mutant structure (PDB ID 5MO4) to assess their
inhibitory potential against drug-resistant CML. The results in
Table 6 show that imatinib exhibited a reduced binding affinity
to the mutant enzyme (DDGdock > 0). In contrast, the docking
score of 1e remained unchanged (DDGdock = 0). Notably, 1g
showed an increased binding affinity to the ABL1 T334I mutant,
with a DGvina of −9.5 kcal mol−1 (compared with −8.6 kcal-
mol−1 for the wild-type form). Each complex of ligand and
mutant enzyme was subjected to 100 ns MD simulations,
similar to the wild-type case. BFE was determined by the use of
the MM-GBSA model, and the results were consistent with the
docking studies. Imatinib demonstrated a signicant reduction
in binding affinity to the mutant enzyme (DDGbind MM-GBSA > 0),
while the differences in affinity between 1e and 1g were
negligible. These predictions suggest that both compounds
may have potential as inhibitors of the mutant ABL1.
However, experimental validation is necessary to conrm these
ndings.
3. Conclusions

In summary, 17 2-amino-4,6-diarylpyrimidine derivatives with
various substituted groups at the 4- and 6-positions, including 1
novel compound 1h, were synthesized using a two-step
approach, which provided several advantages such as time-
saving and a simple and mild protocol. Aldol condensation
(step 1) of benzaldehydes and acetophenones to produce
intermediate chalcones and ring closure condensation (step 2)
of chalcones and GHCl were carried out under microwave
irradiation to obtain the desired 2-amino-4,6-diaryl-
pyrimidines, with moderate yields and structure characteriza-
tion by FTIR, 1D- and 2D-NMR, and HRMS analysis. The
4466 | RSC Adv., 2025, 15, 4458–4471
antiproliferative effect of the synthesized derivatives was then
assessed in vitro against the CML K562 cell line using the MTT
assay, and the active compounds were tested for ABL1 tyrosine
kinase inhibition. Compound 1e had considerable cytotoxic
activity against K562 cancer cells and ABL1 tyrosine kinase, with
IC50 values of 8.77 ± 0.55 mM and 3.35 ± 0.58 mM, respectively.
The molecular docking experiment and MD simulations
demonstrated that compounds 1e and 1g are promising and
stable inhibitors of wild-type ABL1 as well as potential inhibi-
tors of the mutant ABL1 (Table 6).

4. Experimental
4.1. Materials and measurements

All the reaction reagents were purchased from Thermo Scien-
tic Chemicals (Belgium). The solvent employed in the proce-
dure required no further purication and was supplied from
Chemsol (Vietnam). Merck silica gel 60 F254 plates were used
for thin-layer chromatography (TLC). A CEM Discover 2.0
microwave synthesizer was employed in the reaction process. A
Bruker Tensor 27 FTIR spectrometer (USA) was used to record
Fourier-transform infrared (FTIR) data, with absorption bands
measured in wave number (cm−1). A Bruker Advance Neo
spectrometer was applied to record 1H (600 MHz) and 13C (125
MHz or 150MHz) nuclear magnetic resonance (NMR) data, with
dimethyl sulfoxide (DMSO) as the solvent. Chemical shis (d)
were expressed in ppm, coupling constants (J) in hertz, and
signal multiplicities were presented as s (singlet), d (doublet), t
(triplet), dd (doublet of doublets), dt (doublet of triplets), and m
(multiplet). Electrospray ionization (ESI)-high-resolution mass
spectrometry (HRMS) data were recorded using ESI-quadrupole
time-of-ight (QTOF)-mass spectrometry on a Sciex X500R
QTOF system (USA).

4.2. General procedure for the synthesis of 2-amino-4,6-
diarylpyrimidine derivatives

Heterocyclic 2-amino-4,6-diarylpyrimidines were synthesized
following two steps, as illustrated in Scheme 1. Initially, 17
intermediate chalcones were produced by the aldol condensa-
tion of benzaldehydes and acetophenones. The pure chalcones
were then ring-closed with GHCl to generate desired derivatives.

In the rst step, a mixture of benzaldehydes (3 mmol), ace-
tophenones (3 mmol), and potassium hydroxide (6 mmol) was
added to a vessel along with 4 mL of EG. The reaction was
conducted for 10 to 30 minutes under MW (100 W, 80 °C) and
monitored using TLC to verify the process completion. The
reaction mixture was then placed in cold water and neutralized
© 2025 The Author(s). Published by the Royal Society of Chemistry
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to pH 7 by HCl, followed by overnight refrigeration. Aer that,
the precipitate was removed by ltering, carefully washing with
water, drying, and recrystallizing it from methanol to produce
pure intermediates.

In the second step, a mixture of chalcone (1 mmol), GHCl (2
mmol), sodium hydroxide (2 M), and 2 mL of pyridine was
introduced into a 25 mL vessel. The reaction was irradiated for 5
to 10 minutes under MW (180 W, 100 °C) and monitored by
TLC. Following reaction completion, the mixture was added to
ice-cooled water and evaporated in a hood fume. The crude
product was then ltered, washed several times with water,
vacuum-dried, and recrystallized from methanol, yielding the
pure products 1a–1q.

2-(2-Amino-6-phenylpyrimidin-4-yl)phenol (1a). Pale yellow
powder; yield: 41%; Rf = 0.6 (hexane/ethyl acetate, 7 : 3 v/v);
FTIR (KBr, n (cm−1)): 3499, 3446 (NH2), 3345 (OH), 1632 (C]
N), 1543 (C]C), 1247 (C–N); 1H-NMR (600 MHz, DMSO-d6,
d (ppm)): 6.94 (m, 2H, H-30, H-50), 7.22 (s, 2H, NH2), 7.39 (dt, 1H,
J = 1.2 Hz, J = 8.4 Hz, H-40), 7.54 (m, 3H, H-300, H-400, H-500), 7.82
(s, 1H, H-5), 8.25 (m, 3H, H-60, H-200, H-600), 13.99 (s, 1H, OH);
13C-NMR (125 MHz, DMSO-d6, d (ppm)): 99.89 (C-5), 117.51 (C-
10), 118.02 (C-30), 118.62 (C-50), 127.12 (C-200, C-600), 128.02 (C-400),
128.59 (C-300, C-500), 130.73 (C-60), 132.60 (C-40), 136.99 (C-100),
160.30 (C-20), 161.29 (C-2), 165.19 (C-6), 165.33 (C-4); ESI-HRMS
(MeOH): m/z = 264.1134, 264.1137 calcd [M + H]+ for
C16H14N3O.

2,20–(2-Aminopyrimidine-4,6-diyl)diphenol (1b). Pale yellow
powder; yield: 51%; Rf = 0.5 (dichloromethane/acetone, 9 : 1 v/
v); FTIR (KBr, n (cm−1)): 3449, 3342 (NH2), 3219 (OH), 1646
(C]N), 1548 (C]C), 1234 (C–N); 1H-NMR (600 MHz, DMSO-d6,
d (ppm)): 6.96 (m, 4H, H-30, H-50, H-300, H-500), 7.41 (dt, 2H, J =
1.8 Hz, J = 8.4 Hz, H-40, H-400), 7.63 (s, 2H, NH2), 7.91 (s, 1H, H-
5), 8.29 (dd, 2H, J = 1.2 Hz, J = 8.4 Hz, H-60, H-600), 13.75 (s, 2H,
OH); 13C-NMR (150MHz, DMSO-d6, d (ppm)): 98.26 (C-5), 117.39
(C-10, C-100), 118.12 (C-30, C-300), 118.71 (C-50, C-500), 128.36 (C-60,
C-600), 132.95 (C-40, C-400), 158.94 (C-2), 160.32 (C-20, C-200), 165.62
(C-4, C-6); ESI-HRMS (MeOH): m/z = 280.1091, 280.1086 calcd
[M + H]+ for C16H14N3O2.

2-(2-Amino-6-(3-methoxyphenyl)pyrimidin-4-yl)phenol (1c).
Pale yellow powder; yield: 56%; Rf = 0.6 (hexane/ethyl acetate,
7 : 3 v/v); FTIR (KBr, n (cm−1)): 3458, 3341 (NH2), 3227 (OH), 1636
(C]N), 1545 (C]C), 1243 (C–N), 1043 (OCH3);

1H-NMR (600
MHz, DMSO-d6, d (ppm)): 3.87 (s, 3H, OCH3), 6.95 (m, 2H, H-30,
H-50), 7.12 (dd, 1H, J = 2.4, J = 8.4 Hz, H-400), 7.21 (s, 2H, NH2),
7.39 (dt, 1H, J = 1.2 Hz, J = 8.4 Hz, H-40), 7.46 (t, 1H, J = 8.4 Hz,
H-500), 7.78 (s, 1H, H-200), 7.81 (s, 1H, H-5), 7.84 (d, 1H, J= 7.8 Hz,
H-600), 8.26 (d, 1H, J = 8.4 Hz, H-60), 13.98 (s, 1H, OH); 13C-NMR
(150 MHz, DMSO-d6, d (ppm)): 55.26 (OCH3), 100.06 (C-5),
112.29 (C-200), 116.44 (C-400), 117.49 (C-10), 117.99 (C-30), 118.56
(C-50), 119.53 (C-600), 128.08 (C-60), 129.63 (C-500), 132.57 (C-40),
138.50 (C-100), 159.56 (C-300), 160.29 (C-20), 161.22 (C-2), 165.11
(C-6), 165.19 (C-4); ESI-HRMS (MeOH): m/z = 294.1247,
294.1243 calcd [M + H]+ for C17H16N3O2.

2-(2-Amino-6-(4-methoxyphenyl)pyrimidin-4-yl)phenol (1d).
Pale yellow powder; yield: 43%; Rf = 0.4 (hexane/ethyl acetate,
7 : 3 v/v); FTIR (KBr, n (cm−1)): 3464, 3344 (NH2), 3219 (OH), 1579
(C]N), 1538 (C]C), 1250 (C–N), 1031 (OCH3);

1H-NMR (600
© 2025 The Author(s). Published by the Royal Society of Chemistry
MHz, DMSO-d6, d (ppm)): 3.85 (s, 3H, OCH3), 6.94 (m, 2H, H-30,
H-50), 7.09 (m, 2H, H-300, H-500), 7.12 (s, 2H, NH2), 7.38 (dt, 1H, J
= 1.8 Hz, J= 8.4 Hz, H-40), 7.77 (s, 1H, H-5), 8.25 (m, 3H, H-60, H-
200, H-600), 14.08 (s, 1H, OH); 13C-NMR (125 MHz, DMSO-d6,
d (ppm)): 55.31 (OCH3), 98.99 (C-5), 113.93 (C-300, C-500), 117.57
(C-10), 117.98 (C-30), 118.52 (C-50), 127.90 (C-60), 128.76 (C-200, C-
600), 129.23 (C-100), 132.43 (C-40), 160.30 (C-20), 161.14 (C-6),
161.49 (C-2, C-400), 164.86 (C-4); ESI-HRMS (MeOH): m/z =

294.1248, 294.1243 calcd [M + H]+ for C17H16N3O2.
2-(2-Amino-6-(4-bromophenyl)pyrimidin-4-yl)phenol (1e).

Pale yellow powder; yield: 33%; Rf = 0.6 (chloroform/methanol,
9 : 1 v/v); FTIR (KBr, n (cm−1)): 3498, 3348 (NH2), 3215 (OH), 1638
(C]N), 1545 (C]C), 1253 (C–N), 579 (C–Br); 1H-NMR (600MHz,
DMSO-d6, d (ppm)): 6.95 (m, 2H, H-30, H-50), 7.25 (s, 2H, NH2),
7.39 (dt, 1H, J = 1.2 Hz, J = 8.4 Hz, H-40), 7.75 (d, 2H, J = 8.4 Hz,
H-300, H-500), 7.85 (s, 1H, H-5), 8.24 (m, 3H, H-60, H-200, H-600),
13.92 (s, 1H, OH); 13C-NMR (125 MHz, DMSO-d6, d (ppm)): 98.80
(C-5), 117.43 (C-10), 118.02 (C-30), 118.59 (C-50), 124.42 (C-400),
128.07 (C-60), 129.13 (C-200, C-600), 131.56 (C-300, C-500), 132.67 (C-
40), 136.14 (C-100), 160.29 (C-20), 161.26 (C-2), 164.06 (C-6), 165.45
(C-4); ESI-HRMS (MeOH): m/z = 342.0239, 342.0242 calcd [M +
H]+ for C16H13BrN3O.

2-(2-Amino-6-(4-chlorophenyl)pyrimidin-4-yl)phenol (1f).
Pale yellow powder; yield: 31%; Rf = 0.6 (hexane/ethyl acetate,
7 : 3 v/v); FTIR (KBr, n (cm−1)): 3503 (OH), 3345, 3215 (NH2), 1640
(C]N), 1547 (C]C), 1264 (C–N), 747 (C–Cl); 1H-NMR (600 MHz,
DMSO-d6, d (ppm)): 6.95 (m, 2H, H-30, H-50), 7.24 (s, 2H, NH2),
7.39 (t, 1H, J = 7.8 Hz, H-40), 7.61 (d, 2H, J = 8.4 Hz, H-300, H-500),
7.85 (s, 1H, H-5), 8.24 (d, 1H, J = 7.8 Hz, H-60), 8.29 (d, 2H, J =
8.4 Hz, H-200, H-600), 13.93 (s, 1H, OH); 13C-NMR (125 MHz,
DMSO-d6, d (ppm)): 99.83 (C-5), 117.43 (C-10), 118.01 (C-30),
118.58 (C-50), 128.07 (C-60), 128.62 (C-300, C-500), 128.90 (C-200, C-
600), 132.66 (C-40), 135.52 (C-100), 135.78 (C-400), 160.29 (C-20),
161.25 (C-2), 163.96 (C-6), 165.43 (C-4); ESI-HRMS (MeOH): m/z
= 298.0753, 298.0747 calcd [M + H]+ for C16H13ClN3O.

4-(3-Methoxy-phenyl)-6-phenyl-pyrimidin-2-ylamine (1g).
Pale yellow powder; yield: 36%; Rf = 0.47 (hexane/ethyl acetate,
7 : 3 v/v); FTIR (KBr, n (cm−1)): 3450, 3429 (NH2), 1632 (C]N),
1566 (C]C), 1260 (C–N), 1038 (OCH3);

1H-NMR (600 MHz,
DMSO-d6, d (ppm)): 3.85 (s, 3H, OCH3), 6.73 (s, 2H, NH2), 7.09
(dd, 1H, J= 2.4 Hz, J= 7.8 Hz, H-40), 7.44 (t, 1H, J= 7.8 Hz, H-50),
7.52 (m, 3H, H-300, H-400, H-500); 7.69 (s, 1H, H-5), 7.76 (s, 1H, H-
20), 7.80 (d, 1H, J = 7.8 Hz, H-60), 8.23 (m, 2H, H-200, H-600); 13C-
NMR (125 MHz, DMSO-d6, d (ppm)): 55.25 (OCH3), 102.02 (C-5),
112.13 (C-20), 116.13 (C-40), 119.36 (C-60), 126.96 (C-200, C-600),
128.54 (C-300, C-500), 129.63 (C-50), 130.38 (C-400), 137.30 (C-100),
138.86 (C-10), 159.57 (C-30), 163.92 (C-2), 164.67 (C-6), 164.88 (C-
4); ESI-HRMS (MeOH): m/z = 278.1298, 278.1293 calcd [M + H]+

for C17H16N3O.
4-(2-Amino-6-(3-methoxy-phenyl)-pyrimidin-4-yl)-phenol

(1h). Pale brown powder; yield: 48%; Rf = 0.63 (hexane/ethyl
acetate, 4 : 6 v/v); FTIR (KBr, n (cm−1)): 3517 (OH), 3403 (NH),
1608 (C]N), 1542 (C]C), 1241 (C–N), 1037 (OCH3);

1H-NMR
(600 MHz, DMSO-d6, d (ppm)): 3.85 (s, 3H, OCH3), 6.58 (2H, s,
NH2), 6.87 (d, 2H, J= 9.0 Hz, H-300, H-500), 7.07 (dd, 1H, J= 2.4 Hz,
J = 7.8 Hz, H-40), 7.42 (t, 1H, J = 7.8 Hz, H-50), 7.57 (s, 1H, H-5),
7.72 (s, 1H, H-20), 7.77 (d, 1H, J = 7.8 Hz, H-60), 8.09 (d, 2H, J =
RSC Adv., 2025, 15, 4458–4471 | 4467
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9.0 Hz, H-200, H-600), 9.89 (s, 1H, OH); 13C-NMR (125 MHz, DMSO-
d6, d (ppm)): 55.22 (OCH3), 100.93 (C-5), 112.00 (C-20), 115.25 (C-
300, C-500), 115.95 (C-40), 119.26 (C-60), 127.99 (C-100), 128.63 (C-200,
C-600), 129.56 (C-50), 139.08 (C-10), 159.53 (C-30), 159.74 (C-400),
163.78 (C-2), 164.12 (C-4), 164.68 (C-6); ESI-HRMS (MeOH):m/z =
294.1249, 294.1242 calcd [M + H]+ for C17H16N3O2.

4-(4-Methoxy-phenyl)-6-(3-methoxy-phenyl)-pyrimidin-2-
ylamine (1i). Pale yellow powder; yield: 45%; Rf = 0.43 (hexane/
ethyl acetate, 4 : 2 v/v); FTIR (KBr, n (cm−1)): 3428, 3310 (NH2),
1641 (C]N), 1566 (C]C), 1245 (C–N), 1032 (OCH3);

1H-NMR
(600 MHz, DMSO-d6, d (ppm)): 3.84 (s, 3H, OCH3), 3.85 (s, 3H,
OCH3), 6.64 (s, 2H, NH2), 7.09 (m, 3H, H-40, H-300, H-500), 7.44 (t,
1H, J = 7.8 Hz, H-50), 7.64 (s, 1H, H-5), 7.75 (s, 1H, H-2), 7,79 (d,
1H, J = 7.8 Hz, H-60), 8,21 (d, 2H, J = 7.2 Hz, H-200, H-600); 13C-
NMR (150 MHz, DMSO-d6, d (ppm)): 55.21 (OCH3), 55.25
(OCH3), 101.21 (C-5), 112.09 (C-20), 113.86 (C-300, C-500), 115.95
(C-40), 119.28 (C-60), 128.52 (C-200, C-600), 129.55 (C-50), 129.57 (C-
100), 138.99 (C-10), 159.52 (C-30), 161.19 (C-400), 163.80 (C-2),
164.31 (C-4), 164.39 (C-6); ESI-HRMS (MeOH): m/z = 308.1400,
308.1399 calcd [M + H]+ for C18H18N3O.

4-(4-Bromo-phenyl)-6-(3-methoxy-phenyl)-pyrimidin-2-
ylamine (1j). Pale yellow powder; yield: 55%; Rf = 0.61 (hexane/
acetone, 4 : 2 v/v); FTIR (KBr, n (cm−1)): 3459, 3318 (–NH2), 1638
(C]N), 1542 (C]C), 1260 (C–N), 1034 (OCH3), 593 (C–Br); 1H-
NMR (600 MHz, DMSO-d6, d (ppm)): 3.86 (s, 3H, OCH3), 6.77
(s, 2H, NH2), 7.10 (dd, J = 2.4 Hz, J = 6.0 Hz, 1H, H-40), 7.45 (t,
1H, J = 7.8 Hz, H-50), 7.73 (m, 3H, H-5, H-300, H-500), 7.76 (s, 1H,
H-2), 7.81 (d, 1H, J = 7.8 Hz, H-60), 8.20 (d, 2H, J = 7.2 Hz, H-200,
H-600); 13C-NMR (125 MHz, DMSO-d6, d (ppm)): 55.32 (OCH3),
101.94 (C-5), 112.22 (C-20), 116.29 (C-40), 119.45 (C-60), 124.11 (C-
400), 129.08 (C-200, C-600), 129.73 (C-50), 131.61 (C-300, C-500), 136.51
(C-100), 138.75 (C-10), 159.63 (C-30), 163.73 (C-6), 163.95 (C-2),
164.99 (C-4); ESI-HRMS (MeOH): m/z = 356.0397, 356.0398
calcd [M + H]+ for C17H15BrN3O.

4-(4-Chloro-phenyl)-6-(3-methoxy-phenyl)-pyrimidin-2-
ylamine (1k). Pale yellow powder; yield: 48%; Rf = 0.38 (hexane/
diethyl ether, 5 : 5 v/v); FTIR (KBr, n (cm−1)): 3319, 3204 (NH2),
1639 (C]N), 1544 (C]C), 1261 (C–N), 1035 (OCH3), 784 (C–Cl);
1H-NMR (600 MHz, DMSO-d6, d (ppm)): 3.85 (s, 3H, OCH3), 6.76
(s, 2H, NH2), 7.09 (dd, J = 2.4 Hz, J = 7.8 Hz, 1H, H-40), 7.44 (t,
1H, J = 7.8 Hz, H-50), 7.59 (d, 2H, J = 6.6 Hz, H-300, H-500), 7.72 (s,
1H, H-5), 7.76 (s, 1H, H-20), 7.80 (d, 1H, J = 7.8 Hz, H-60), 8.26 (d,
2H, J = 6.6 Hz, H-200, H-600); 13C-NMR (150 MHz, DMSO-d6,
d (ppm)): 55.26 (OCH3), 101.91 (C-5), 112.19 (C-20), 116.21 (C-40),
119.40 (C-60), 128.60 (C-300, C-500), 128.77 (C-200, C-600), 129.65 (C-
50), 135.19 (C-400), 136.11 (C-100), 138.73 (C-10), 159.58 (C-30),
163.57 (C-6), 163.90 (C-2), 164.90 (C-4); ESI-HRMS (MeOH): m/z
= 312.0902, 312.0904 calcd [M + H]+ for C17H15ClN3O.

4-(4-Methoxyphenyl)-6-phenylpyrimidin-2-amine (1l). Pale
yellow orange powder; yield: 47%; Rf = 0.46 (hexane/ethyl
acetate, 4 : 2 v/v); FTIR (KBr, n (cm−1)): 3364, 3326 (NH2), 1644
(C]N), 1587 (C]C), 1258 (C–N), 1031 (OCH3);

1H-NMR (600
MHz, DMSO-d6, d (ppm)): 3.84 (s, 3H, OCH3), 6.64 (s, 2H, NH2),
7.08 (d, 2H, J = 9.0 Hz, H-30, H-50), 7.54 (m, 3H, H-300, H-400, H-
500), 7.65 (s, 1H, H-5), 8.22 (m, 4H, H-20, H-60, H-200, H-600); 13C-
NMR (150 MHz, DMSO-d6, d (ppm)): 55.30 (OCH3), 101.07 (C-
5), 113.93 (C-30, C-50), 126.90 (C-20, C-60), 128.53 (C-200, C-600),
4468 | RSC Adv., 2025, 15, 4458–4471
128.54 (C-300, C-500), 129.62 (C-10), 130.28 (C-400), 137.48 (C-100),
161.23 (C-40), 163.90 (C-2), 164.42 (C-6), 164.56 (C-4); ESI-HRMS
(MeOH): m/z = 278.1298, 278.1293 calcd [M + H]+ for
C17H16N3O.

4-(2-Amino-6-(4-methoxyphenyl)pyrimidin-4-yl)phenol (1m).
Pale yellow brown powder; yield: 42%; Rf = 0.47 (hexane/acetone,
4 : 2 v/v); FTIR (KBr, n (cm−1)): 3504 (OH), 3387 (NH), 1568 (C]N),
1537 (C]C), 1233 (C–N), 1176 (OCH3);

1H-NMR (600 MHz,
DMSO-d6, d (ppm)): 3.83 (s, 3H, OCH3), 6.49 (s, 2H, NH2), 6.88 (d,
2H, J= 6.6 Hz, H-300, H-500), 7.05 (d, 2H, J= 6.6Hz, H-30, H-50), 7.53
(s, 1H, H-5), 8.08 (d, 2H, J = 6.6 Hz, H-200, H-600), 8.17 (d, 2H, J =
6.6 Hz, H-20, H-60), 9.90 (s, 1H, OH); 13C-NMR (150 MHz, DMSO-
d6, d (ppm)): 55.25 (OCH3), 99.97 (C-5), 113.84 (C-30, C-50), 115.24
(C-300, C-500), 128.15 (C-100), 128.38 (C-20, C-60), 128.51 (C-200, C-600),
129.82 (C-10), 159.64 (C-400), 161.05 (C-40), 163.74 (C-4), 163.89 (C-
6), 164.38 (C-2); ESI-HRMS (MeOH): m/z = 294.1244, 294.1243
calcd [M + H]+ for C17H16N3O2.

4,6-Bis(4-methoxyphenyl)pyrimidin-2-amine (1n). Pale
yellow powder; yield: 33%; Rf = 0.31 (hexane/ethyl acetate, 4 : 2
v/v); FTIR (KBr, n (cm−1)): 3331, 3202 (NH2), 1648 (C]N), 1584
(C]C), 1236 (C–N), 1028 (OCH3);

1H-NMR (600 MHz, DMSO-d6,
d (ppm)): 3.84 (s, 6H, OCH3), 6.55 (s, 2H, NH2), 7.07 (d, 4H, J =
9.0 Hz, H-30, H-50, H-300, H-500), 7.59 (s, 1H, H-5), 8.20 (d, 4H, J =
9.0 Hz, H-20, H-60, H-200, H-600); 13C-NMR (150 MHz, DMSO-d6,
d (ppm)): 55.25 (OCH3), 100.24 (C-5), 113.84 (C-30, C-50, C-300, C-
500), 128.43 (C-20, C-60, C-200, C-600), 129.74 (C-10, C-100), 161.09 (C-
40, C-400), 163.77 (C-2), 164.07 (C-4, C-6); ESI-HRMS (MeOH): m/z
= 308.1400, 308.1399 calcd [M + H]+ for C18H18N3O2.

4-(4-Bromophenyl)-6-(4-methoxyphenyl)pyrimidin-2-amine
(1o). Pale yellow powder; yield: 48%; Rf = 0.32 (hexane/acetone,
4 : 2 v/v); FTIR (KBr, n (cm−1)): 3367, 3212 (NH2), 1645 (C]N),
1588 (C]C), 1255 (C–N), 1033 (OCH3), 592 (C–Br);

1H-NMR (600
MHz, DMSO-d6, d (ppm)): 3.89 (s, 3H, OCH3), 6.73 (s, 2H, NH2),
7.12 (d, 2H, J= 9.0 Hz, H-30, H-50), 7.73 (s, 1H, H-5), 7.77 (d, 2H, J
= 9.0 Hz, H-300, H-500), 8.23 (d, 2H, J= 8.4 Hz, H-200, H-600), 8.26 (d,
2H, J = 9.0 Hz, H-20, H-60); 13C-NMR (150 MHz, DMSO-d6,
d (ppm)): 55.29 (OCH3), 100.09 (C-5), 113.91 (C-30, C-50), 123.89
(C-400), 128.56 (C-20, C-60), 128.93 (C-200, C-600), 129.47 (C-10),
131.51 (C-300, C-500), 136.64 (C-100), 161.29 (C-40), 163.29 (C-6),
163.86 (C-2), 164.65 (C-4); ESI-HRMS (MeOH): m/z = 356.0397,
356.0398 calcd [M + H]+ for C17H15BrN3O.

4-(4-Chlorophenyl)-6-(4-methoxyphenyl)pyrimidin-2-amine
(1p). Pale yellow powder; yield: 64%; Rf = 0.54 (hexane/ethyl
acetate, 4 : 2 v/v); FTIR (KBr, n (cm−1)): 3331, 3210 (NH2), 1644
(C]N), 1562 (C]C), 1238 (C–N), 1032 (OCH3), 815 (C–Cl); 1H-
NMR (600 MHz, DMSO-d6, d (ppm)): 3.84 (s, 3H, OCH3), 6.68
(s, 2H, NH2), 7.07 (d, 2H, J = 9.0 Hz, H-30, H-50), 7.58 (d, 2H, J =
8.4 Hz, H-300, H-500), 7.67 (s, 1H, H-5), 8.21 (d, 2H, J = 9.0 Hz, H-
20, H-60), 8.25 (d, 2H, J= 8.4 Hz, H-200, H-600); 13C-NMR (150 MHz,
DMSO-d6, d (ppm)): 55.27 (OCH3), 100.93 (C-5), 113.89 (C-30, C-
50), 128.55 (C-200, C-300, C-500, C-600), 128.67 (C-20, C-60), 129.47 (C-
10), 135.02 (C-400), 136.26 (C-100), 161.27 (C-40), 163.19 (C-6),
163.84 (C-2), 164.61 (C-4); ESI-HRMS (MeOH): m/z = 312.0908,
312.0904 calcd [M + H]+ for C17H15ClN3O.

4-(2-Amino-6-phenyl-pyrimidin-4-yl)-phenol (1q). Pale brown
powder; yield: 44%; Rf = 0.49 (chloroform/methanol, 99 : 1 v/v);
FTIR (KBr, n (cm−1)): 3506, 3399 (NH2), 3057 (OH), 1602 (C]N),
© 2025 The Author(s). Published by the Royal Society of Chemistry
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1539 (C]C), 1231 (C–N); 1H-NMR (600 MHz, DMSO-d6,
d (ppm)): 6.59 (s, 2H, NH2), 6.89 (d, 2H, J = 8.4 Hz, H-30, H-50),
7.51 (m, 3H, H-300, H-400, H-500); 7.59 (s, 1H, H-5), 8.10 (d, 2H, J =
9.0 Hz, H-20, H-60), 8.19 (m, 2H, H-200, H-600), 9.91 (s, 1H, OH),
13C-NMR (125 MHz, DMSO-d6, d (ppm)): 100.78 (C-5), 115.28 (C-
30, C-50), 126.82 (C-200, C-600), 128.03 (C-10), 128.49 (C-300, C-500),
128.58 (C-20, C-60), 130.17 (C-400), 137.54 (C-100), 159.72 (C-40),
163.84 (C-2), 164.34 (C-6), 164.69 (C-4); ESI-HRMS (MeOH): m/z
= 264.1141, 264.1137 calcd [M + H]+ for C16H14N3O.
4.3. Cytotoxicity assay

Anti-proliferative activity on K562 cell line. The main para-
graph text follows directly on here. The human CML K562 cell
line was subjected to the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) test to determine the anti-
cancer activity of all the 2-amino-4,6-diarylpyrimidine
compounds 1a–1q. The investigated compounds were dis-
solved in DMSO to create a stock solution (100 mM), which was
subsequently diluted to produce different concentrations.
DMSO and imatinib were used as a blank control and a refer-
ence drug, respectively. The cancer cells were cultivated in RPMI
1640 medium supplemented with 10% fetal bovine serum, 1%
of penicillin (100 units per mL), and 100 mg mL−1 of strepto-
mycin sulfate at 37 °C and 5% CO2 for 24 hours following
Mosmann's protocol.36 The cells were then plated into 96-well
plates at a 200 mL volume and 5 × 104 cells density per well.
Aer 24 hours, the cells were treated with pre-prepared test
compounds at varying concentrations. Aer 48 hours, 20 mL of
MTT (5 mg mL−1 dissolved in PBS) was applied to the cells and
incubated for 3 to 4 hours at 37 °C in 5% CO2. The culture
media were then carefully removed, and isopropanol was used
to dissolve the formazan precipitate. The absorbance was
measured at the wavelength of 570 nm. Each concentration of
tested compounds was investigated in triplicate. As a positive
control, imatinib was employed. The following formula was
used to calculate the percentage of cell survival (CS):

CS ð%Þ ¼
�
ODðtest sampleÞ
ODðcontrolÞ � 100

�

For the compounds that have CS values less than 50% in the
rst screening, the IC50 values (mM) were determined using
nonlinear regression analysis in GraphPad Prism 5.0.

ABL1 tyrosine kinase inhibition in K562 cells. Sandwich
enzyme-linked immunosorbent assay (ELISA) is the basis for
the human ABL1 ELISA kit (FineTest, Cat: EH4452). Anti-ABL1
antibodies were pre-coated onto a 96-well plate. Biotin-labeled
anti-ABL1 antibodies were used for detecting ABL1. Test
samples and ABL1 standards at various concentrations were
incubated in the wells. Aer incubation, unbound biotin was
removed by washing with buffer. Then, HRP–streptavidin
conjugated detection antibodies were added. Aer the third
wash, the TMB substrate was added to initiate the HRP enzy-
matic reaction. The HRP catalyzed TMB to produce a blue color,
which turned yellow aer the stop solution was added. An ELISA
reader was used to read the 96-well plate at a 450 nm
© 2025 The Author(s). Published by the Royal Society of Chemistry
wavelength. The concentration of ABL1 in the samples was
calculated on the basis of the ABL1 standard curve. The detailed
process is as follows: the well was lled with 100 mL of the
standard or test sample, sealed, and incubated at 37 °C for 90
minutes, followed by washing twice without soaking. Then, 100
mL of biotinylated antibody solution was added, incubated at
37 °C for 60 minutes, and washed three times with a 1 minute
soak. Next, 100 mL of SABC solution was added, incubated for 30
minutes, and washed ve times with a 1 minute soak. Aer-
ward, 90 mL of TMB solution was added, and the mixture was
incubated at 37 °C for 10 to 20 minutes. Finally, 50 mL of stop
solution was added, and the plate was read at 450 nm wave-
length. The concentration of ABL1 was calculated using Cur-
veExpert 1.4 soware. The test sample was diluted 20 times.
4.4. Computational analysis

Selection of the 3D structures of ABL1 kinase for computa-
tional simulations. The 3D structures of human tyrosine-
protein kinase ABL1 (EC 2.7.10.2) were queried from the RCSB
Protein Data Bank (PDB)37 using the UniProt ID P00519. A total
of 72 PDB entries, determined by X-ray crystallography, were
found. In this study, PDB complexes containing imatinib were
of particular interest, as this ABL1 kinase inhibitor was utilized
as a positive control in experimental assays. Therefore, the co-
crystallized structure of wild-type ABL1 with imatinib (PDB ID
2HYY)38 was used in molecular docking simulations to assess
the binding affinity of 2-amino-4,6-diarylpyrimidine derivatives
to the enzyme.

Although imatinib remains the rst-line treatment for CML,
drug-resistant mutations, most notably ABL1 T334I, have
signicantly reduced its long-term efficacy.39 Therefore, the
investigated compounds are evaluated for their potential inhi-
bition against drug-resistant CML. We also searched for PDB
structures of ABL1 kinase mutants for simulation purposes.
However, no crystal structure of the mutant enzyme–imatinib
complex exists at the ATP-binding site. As a result, the co-
crystallized structure of the ABL1 T334I-D382N mutant with
nilotinib (PDB ID 5MO4)40 was employed for docking studies. In
this study, nilotinib was used exclusively to validate the docking
model for mutant ABL1. The binding affinity of 2-amino-4,6-
diarylpyrimidine derivatives at the active site of the ABL1
T334I mutant was then evaluated using imatinib as the
reference.

Molecular docking studies. Polar hydrogens were added to
the 3D structure of ABL1 kinase (wild-type or mutant), and
Kollman charges were assigned using AutoDock Tools 1.5.7
soware.41 Grid boxes were dened on the basis of the coordi-
nates of imatinib in the PDB 2HYY. AutoDock Vina 1.1.2 was
used for molecular docking42 with the following parameters:
exhaustiveness = 16, energy range = 4, number of retained
poses = 10, and random seed = 42. Redocking imatinib into
PDB 2HYY and nilotinib into PDB 5MO4 conrmed the docking
process. Subsequently, the investigated compounds were
docked onto both the wild-type and mutant forms of ABL1
kinase, with imatinib serving as the reference ligand. The
binding affinities of the compounds were assessed based on
RSC Adv., 2025, 15, 4458–4471 | 4469
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Vina binding energy (DGvina) and their interactions with enzyme
residues in active site (visualized by the PoseView web tool).42,43

Molecular dynamics simulations and binding free energy
calculations. The stability of the binding of inhibitors to ABL1
kinase was investigated through molecular dynamics (MD)
simulations. Each previously docked protein–ligand complex
was subjected to a 100 ns MD simulation using Amber24 so-
ware,44 following a previously published protocol.45 MD trajec-
tories were analyzed with the cpptraj module46 in
AmberTools24.45 The protein–ligand stability was assessed
using RMSD, RMSF, Rg, and solvent-accessible surface area
(SASA) plots, which were analyzed on the basis of the carbon
alpha of ABL1 kinase. The stability of the inhibitors within the
enzyme's active site was assessed using RMSD plots of ligands
heavy atoms. Binding free energy (BFE) was computed from the
MD simulation trajectories using the MMPBSA.py tool47 in
AmberTools24 on the basis of molecular mechanics with the
generalized Born surface area (MM-GBSA) model. The BFE was
computed according to eqn (1)

DGbind = DGcomplex − (DGenzyme + DGinhibitor) (1)

The occupancy of interactions between ligands and enzyme
residues during MD simulations was analyzed using interaction
ngerprints with the ProLIF and MDAnalysis tools.48,49
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