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Abstract: The synthesis of aldehyde-PAP as a key precursor through a triple reaction sequence:
diazotization-addition/CuAAC/oxidation by using 4-methyl-N3-[4-(pyridin-3-yl)pyrimidin-2-yl]ben
zene-1,3-diamine as the starting material is described. Furthermore, a molecular docking study was
conducted to assess the potential of these compounds as possible ABL kinase inhibitors. Finally,
leveraging our in silico investigations, we introduce a small virtual library of compound Imatinib
analogs, which will aid in identifying the optimal candidates for further in vitro experimentation.
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1. Introduction

One of the current challenges in medicinal chemistry is the quest for novel molecules
with high biological potential [1–3]. An approach to achieve this is through the synthesis
of analogs of a lead compound or drug, following the concept pioneered by Sir James
Whyte Black, Nobel Prize laureate in Medicine, who famously stated: “The most valuable
foundation for discovering a new drug is to start with one already known” [4–7].

On the other hand, Imatinib (Gleevec) 1 is a tyrosine kinase inhibitor that has proven
to be highly effective in treating certain types of cancer, such as chronic myeloid leukemia
and gastrointestinal stromal tumors [8,9]. It contains the phenylaminopyrimidine (PAP)
scaffold [10,11]. A pressing concern with such pharmaceuticals is the development of
pharmacoresistance, underscoring the significant interest among synthetic and medicinal
chemists in synthesizing structural analogs [12–14]. This endeavor seeks to usher in a new
generation of active pharmaceutical ingredients.

Herein, we report the synthesis of aldehyde-PAP 3 as a key precursor through a
triple reaction sequence: diazotization-addition/CuAAC/oxidation by using 4-methyl-
N3-[4-(pyridin-3-yl)pyrimidin-2-yl]benzene-1,3-diamine as the starting material (Figure 1).
In addition, a molecular docking study was conducted to assess the potential of these
compounds as possible ABL kinase inhibitors as well as a small series of virtual compounds
bearing imine fragments.
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Figure 1. Imatinib structure and our target molecules. 

2. Materials and Methods 
2.1. Experimental Section 

All reagents, reactants, and solvents were purchased from Merck (before Sigma-Al-
drich Co) without further purification. Melting points were determined on a Fischer ap-
paratus and were not corrected. NMR spectra were recorded at 400 MHz for 1H and 100 MHz for 13C on a Varian Mercury 400 spectrometer, using CDCl3 as the solvent and 
TMS as the internal standard. The chemical shift (δ) is reported in ppm, and the J values 
are given in Hertz. HRMS spectra were acquired on a Bruker MicroTOF-II spectrometer. 

2.2. Synthesis of N-(2-methyl-5-(1H-pyrrol-1-yl)phenyl)-4-(pyridin-3-yl)pyrimidin-2-amine (2) 
In a 50 mL round-bottom flask, the compound amino-PAP 4 (200 mg, 1 equiv.) was 

dissolved in acetic acid (7 mL, 0.2 M) at room temperature, followed by the addition of 
2,5-dimethoxytetrahydrofuran 5 (93.43 µL, 1 equiv.). The reaction mixture was stirred for 
2 h at 70 °C. Subsequently, the reaction mixture was evaporated under reduced pressure 
with methanol washes. The reaction crude was treated with 15 mL of H2O and 15 mL of 
DCM (dichloromethane); the phases were separated, and the aqueous phase was washed 
again with 15 mL of DCM. The organic phases were combined, washed with H2O (2x20 
mL), dried with sodium sulfate, and evaporated under reduced pressure. The reaction 
crude was purified via column chromatography with ethyl acetate (AcOEt), isolating the 
compound pyrrole-PAP 2 as a yellow solid. 

Yellow solid; mp = 120–122 °C; RF = 0.44 (EtOAc:MeOH 9.5:0.5 v/v); 1H-NMR (400 
MHz, CDCl3): δ 9.24 (s, 1H), 8.73 (d, J = 3.3 Hz, 1), 8.51 (d, J = 5.2 Hz, 1 H), 8.47 (d, J = 2.4 
Hz, 1H), 8.38 (dt, J = 8.0, 2.0 Hz, 1 H), 7.41 (dd, J = 8.0, 4.8 Hz, 1H), 7.26–7.13 (m, 6H), 7.05 
(dd, J = 0.8, 2.4 Hz, 1H), 6.35 (t, J = 2.2 Hz, 2H), 2.37 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 
162.6, 160.4, 159.1, 151.6, 148.4, 139.4, 138.3, 134.5, 132.6, 131.1, 124.5, 123.6, 119.3, 114.9, 
113.1, 110.0, 108.5, 17.5. HRMS (ESI+): m/z: Calcd. for C20H18N5 [M + H]+: 328.1557; Found: 
328.1550. 

2.3. Synthesis of N-(5-azido-2-methylphenyl)-4-(pyridin-3-yl)pyrimidin-2-amine (7) 
In a 50 mL round-bottom flask, the compound amino-PAP 4 (500 mg, 1 equiv.) was 

dissolved in HCl 6 M (1.8 mL, 1 M). Then, a solution of NaNO2 (186.5 mg, 1.5 equiv.) in 
4.5 mL of H2O (0.6 M) was slowly added dropwise at 0 °C, and the mixture was stirred for 
20 min. Subsequently, a solution of NaN3 (468.5 mg, 4 equiv.) in 9.01 mL of H2O (0.8 M) 
was added dropwise at 0 °C. The reaction mixture was stirred at room temperature for 1 
h. Afterward, 15 mL of H2O and 15 mL of AcOEt were added. The phases were separated, 
and the aqueous phase was washed again with 15 mL of AcOEt. The organic phases were 
combined, washed with H2O (2 × 20 mL), and dried with sodium sulfate. Then, the dried 
product was evaporated under reduced pressure, resulting in the isolation of the com-
pound azide-PAP 7 as a yellow solid. 

Yellow solid; mp = 109–112 °C; RF = 0.73 (EtOAc:Hex 7:3 v/v); 1H-NMR (400 MHz, 
CDCl3): δ 9.25 (d, J = 2.3 Hz, 1H), 8.73 (dd, J = 4.9, 1.6 Hz, 1H), 8.52 (d, J = 5.2 Hz, 1H), 8.40 
(d, J = 7.9 Hz, 1H), 8.21 (d, J = 2.3 Hz, 1H), 7.44 (dd, J = 8.1, 4.9 Hz, 1H), 7.21(d, J = 5.2 Hz, 
1H), 7.18–7.14 (m, 2H), 6.67 (dd, J = 8.1, 2.4 Hz, 1H), 2.34 (s, 3H). 13C-NMR (100 MHz, 
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111.0, 108.9, 17.8. HRMS (ESI+): m/z: Calcd. for C16H13N7 [M + H]+: 304.1305; Found: 
304.1306. 

Figure 1. Imatinib structure and our target molecules.

2. Materials and Methods
2.1. Experimental Section

All reagents, reactants, and solvents were purchased from Merck (before Sigma-
Aldrich Co) without further purification. Melting points were determined on a Fischer
apparatus and were not corrected. NMR spectra were recorded at 400 MHz for 1H and
100 MHz for 13C on a Varian Mercury 400 spectrometer, using CDCl3 as the solvent and
TMS as the internal standard. The chemical shift (δ) is reported in ppm, and the J values
are given in Hertz. HRMS spectra were acquired on a Bruker MicroTOF-II spectrometer.

2.2. Synthesis of N-(2-methyl-5-(1H-pyrrol-1-yl)phenyl)-4-(pyridin-3-yl)pyrimidin-2-amine (2)

In a 50 mL round-bottom flask, the compound amino-PAP 4 (200 mg, 1 equiv.) was
dissolved in acetic acid (7 mL, 0.2 M) at room temperature, followed by the addition of 2,5-
dimethoxytetrahydrofuran 5 (93.43 µL, 1 equiv.). The reaction mixture was stirred for 2 h at
70 ◦C. Subsequently, the reaction mixture was evaporated under reduced pressure with
methanol washes. The reaction crude was treated with 15 mL of H2O and 15 mL of DCM
(dichloromethane); the phases were separated, and the aqueous phase was washed again
with 15 mL of DCM. The organic phases were combined, washed with H2O (2 × 20 mL),
dried with sodium sulfate, and evaporated under reduced pressure. The reaction crude was
purified via column chromatography with ethyl acetate (AcOEt), isolating the compound
pyrrole-PAP 2 as a yellow solid.

Yellow solid; mp = 120–122 ◦C; RF = 0.44 (EtOAc:MeOH 9.5:0.5 v/v); 1H-NMR (400 MHz,
CDCl3): δ 9.24 (s, 1H), 8.73 (d, J = 3.3 Hz, 1), 8.51 (d, J = 5.2 Hz, 1 H), 8.47 (d, J = 2.4 Hz, 1H),
8.38 (dt, J = 8.0, 2.0 Hz, 1 H), 7.41 (dd, J = 8.0, 4.8 Hz, 1H), 7.26–7.13 (m, 6H), 7.05 (dd, J = 0.8,
2.4 Hz, 1H), 6.35 (t, J = 2.2 Hz, 2H), 2.37 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 162.6, 160.4,
159.1, 151.6, 148.4, 139.4, 138.3, 134.5, 132.6, 131.1, 124.5, 123.6, 119.3, 114.9, 113.1, 110.0, 108.5,
17.5. HRMS (ESI+): m/z: Calcd. For C20H18N5 [M + H]+: 328.1557; Found: 328.1550.

2.3. Synthesis of N-(5-azido-2-methylphenyl)-4-(pyridin-3-yl)pyrimidin-2-amine (7)

In a 50 mL round-bottom flask, the compound amino-PAP 4 (500 mg, 1 equiv.) was
dissolved in HCl 6 M (1.8 mL, 1 M). Then, a solution of NaNO2 (186.5 mg, 1.5 equiv.) in
4.5 mL of H2O (0.6 M) was slowly added dropwise at 0 ◦C, and the mixture was stirred for
20 min. Subsequently, a solution of NaN3 (468.5 mg, 4 equiv.) in 9.01 mL of H2O (0.8 M)
was added dropwise at 0 ◦C. The reaction mixture was stirred at room temperature for 1 h.
Afterward, 15 mL of H2O and 15 mL of AcOEt were added. The phases were separated,
and the aqueous phase was washed again with 15 mL of AcOEt. The organic phases were
combined, washed with H2O (2 × 20 mL), and dried with sodium sulfate. Then, the dried
product was evaporated under reduced pressure, resulting in the isolation of the compound
azide-PAP 7 as a yellow solid.

Yellow solid; mp = 109–112 ◦C; RF = 0.73 (EtOAc:Hex 7:3 v/v); 1H-NMR (400 MHz,
CDCl3): δ 9.25 (d, J = 2.3 Hz, 1H), 8.73 (dd, J = 4.9, 1.6 Hz, 1H), 8.52 (d, J = 5.2 Hz, 1H), 8.40
(d, J = 7.9 Hz, 1H), 8.21 (d, J = 2.3 Hz, 1H), 7.44 (dd, J = 8.1, 4.9 Hz, 1H), 7.21(d, J = 5.2 Hz,
1H), 7.18–7.14 (m, 2H), 6.67 (dd, J = 8.1, 2.4 Hz, 1H), 2.34 (s, 3H). 13C-NMR (100 MHz,
CDCl3): δ 162.9, 160.5, 159.3, 151.8, 148.6, 138.9, 138.6, 134.9, 132.8, 131.6, 124.0, 123.7, 113.8,
111.0, 108.9, 17.8. HRMS (ESI+): m/z: Calcd. For C16H13N7 [M + H]+: 304.1305; Found:
304.1306.
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2.4. Synthesis of (1-(4-methyl-3-((4-(pyridin-3-yl)pyrimidin-2-yl)amino)phenyl)-1H-1,2,3-
triazol-4-yl)methanol (9)

In a 25 mL round-bottom flask, the compound azide-PAP 7 (390.9 mg, 1 equiv.) was
dissolved in a mixture of DMF/H2O (0.1 M, 13 mL 1:1 v/v), and propargyl alcohol 8 (93.7 mg,
1.3 equiv.) was added. Then, CuSO4·5H2O (16.0 mg, 0.05 equiv.) and sodium ascorbate
(25.5 mg, 0.10 equiv.) were added to the reaction mixture, which was stirred at room
temperature for 24 h. After this period, the reaction mixture was evaporated under reduced
pressure with toluene washes. Finally, the product was vacuum-filtered with 15 mL of H2O
and 15 mL of AcOEt, resulting in triazole-PAP 9 isolation as a light brown solid.

Light Brown solid; mp = 190–195 ◦C; RF = 0.55 (EtOAc:MeOH 8:2 v/v); 1H-NMR
(400 MHz, DMSO-d6): δ 9.11 (s, 1H), 8.62–8.53 (m, 3H), 8.35 (s, 1H), 7.74–7.40 (m, 6H), 4.59
(s, 2H), 2.33 (s, 3H). 13C-NMR (100 MHz, DMSO-d6): δ 162.5, 161.4, 160.3, 152.1, 149.7, 148.9,
139.7, 135.5, 134.8, 132.2, 132.0, 121.5, 116.1, 115.8, 109.0, 55.7, 18.5. HRMS (ESI+): m/z:
Calcd. For C19H17N7O [M + H]+: 360.1567; Found: 360.1579.

2.5. Synthesis of 1-(4-methyl-3-((4-(pyridin-3-yl)pyrimidin-2-yl)amino)phenyl)-1H-1,2,3-triazole
-4-carbaldehyde (3)

In a 1 mL round-bottom flask, the compound triazole-PAP 9 (50 mg, 1 equiv.) was
dissolved in (DCM) (0.2 mL, 0.5 M), and IBX (77.9 mg, 2 equiv.) was added. The reaction
mixture was stirred for 48 h at room temperature. After this time, it was evaporated
under reduced pressure. Subsequently, the crude product was purified by column chro-
matography with ethyl acetate (AcOEt), resulting in the isolation of aldehyde-PAP 3 as a
beige solid.

Beige solid; mp = 179–191 ◦C; RF = 0.44 (EtOAc); 1H-NMR (400 MHz, DMSO-d6): δ
10.10 (s 1H), 9.53 (s, 1H), 9.28 (s, 1H), 8.57 (d, J = 5.0 Hz, 1H), 8.01–7.93 (m, 3H), 7.83 (d,
J = 8.0 Hz, 1H), 7.71–7.67 (m, 2H), 7.54–7.50 (m, 2H), 5.35 (s, 3H). 13C-NMR (100 MHz,
DMSO-d6): δ 185.7, 168.5, 161.3, 160.3, 152.2, 148.2, 139.8, 135.2, 135.1, 133.2, 132.2, 131.8,
131.1, 127.0, 126.6, 121.1, 116.6, 109.1, 18.5. HRMS (ESI+): m/z: Calcd. for C19H16N7O [M +
H]+: 358.1416; Found: 358.1429.

2.6. Computational Details

See supporting information for computational details.

3. Results and Discussion

Our study began with synthesizing the aldehyde pyrrol-PAP 6 from amino-PAP
4 through a two-step synthesis. In the initial step, a Clauson–Kaas reaction was carried out
using the conditions previously reported by Dallemagne’s research group [15], forming
pyrrole-PAP 6 with a 30% yield. Subsequently, multiple formylation experiments were
conducted under classical Vilsmeier–Haack conditions using POCl3 [16,17]; however, no
formylated product was obtained (Scheme 1).
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Scheme 1. General synthetic scheme for the synthesis of aldehyde pyrrol-PAP 6.

Consequently, we modified our approach, synthesizing the aldehyde triazole-PAP 3
through a three-step reaction sequence (Scheme 2). This compound is a critical precursor for
developing a new series of Imatinib analogs, incorporating pharmacophoric fragments such
as 1,4-disubstituted-1,2,3-triazoles. In the first step, an amino-PAP 4 diazotization/addition
reaction was performed, resulting in an 80% yield of azide-PAP 7. The second step involved
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a copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) between propargylic alcohol 8
and azide-PAP 7, using reaction conditions recently described by our research group [18],
yielding the primary alcohol triazole-PAP 9 with a 75% yield. Finally, oxidation of the
primary alcohol with IBX produced the aldehyde triazole-PAP 3 with a 40% yield.
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In addition, molecular docking studies were conducted to assess the potential in-
hibitory effects of molecules 2 and 9 on Tyrosine kinase enzymes. Furthermore, a virtual
library of imine-PAP compounds denoted as 10a–I, was subjected to in silico molecular
docking to identify promising candidates for synthesis through Schiff condensation re-
actions between aldehyde 3 and various aniline derivatives of differing stereoelectronic
characteristics (for details, please refer to the supplementary information). The results of
this analysis are presented in Table 1. Notably, compounds 10c and 10f exhibited superior
selectivity for the active site of the ABL kinase enzyme, particularly in its mutated form.

Table 1. Free energy and ki predicted results of the synthetized ligands 2 and 9, as well as imines-PAP
10a–I with two ABL kinase receptors.

Compounds

Receptor

4WTP 2HZI

∆G (kcal/mol) ki (nM) ∆G (kcal/mol) ki (nM)

2 −9.32 147.95 −9.51 107.06

9 −9.7 77.39 −8.89 304.09

10a −10.69 14.51 −10.82 11.78

10b −9.39 131.87 −8.55 536.54

10c −10.54 18.67 −11.39 4.46

10d −10.5 20.27 −8.88 309.21

10e −9.82 63.43 −9.75 71.42

10f −12.04 1.49 −9.09 215.89

10g −9.62 89.23 −10.78 12.51

10h −10.41 23.34 −10.45 21.89

10i −11.56 3.38 −9.54 101.34

Based on the obtained results, it is evident that derivatives 10c and 10f exhibited free
energies of −10.54 and −12.04 kcal/mol, respectively. The most noteworthy interactions
observed in both ligands included a hydrogen bond interaction between the triazole moiety
of 10f and Lys39. Additionally, predominant pi-sigma type interactions were noted between
the pyridine fragment of both compounds and Leu16 and Leu133, as well as the toluene
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fragment with Val24. Furthermore, pi-type interactions were observed, including stacking
interactions between the triazole fragment and Tyr21, and between the pyridine portion
and Phe80. Finally, a pi-anion type interaction was identified between the triazole fragment
and Asp144 in both compounds (Figure 2).
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4. Conclusions

In summary, aldehyde-PAP 3 was synthesized under mild reaction conditions in
three-step reactions. This aldehyde could be a powerful synthetic platform to obtain a new
family of Imatinib analogs bearing pharmacophoric fragments such as 1,2,3-triazoles and
pyridine. As a result, we have tentatively proposed a virtual library of imino-PAP 10a-i-
type compounds through Schiff condensation reactions to identify potential candidates for
further synthesis. Molecular docking studies on these imines suggest their potential utility
in developing tyrosine kinase inhibitors, a hypothesis that warrants verification through
subsequent in vitro investigations.
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