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d evaluation of novel ALK
inhibitors containing the sulfoxide structure†

Han Yao, Yuanyuan Ren, Feng Wu, Jiadai Liu, Longcai Cao, Ming Yan *
and Xingshu Li *

With ceritinib as the lead, a series of novel compounds containing the sulfoxide structure were synthesized

and evaluated as anaplastic lymphoma kinase inhibitors. Among them, compounds 18a–d exhibited

excellent anti-proliferation activities on H2228 EML4-ALK cancer cell lines with 14–28 nM of the IC50

values. In xenograft mouse models, 18a–d inhibited tumor growth with an excellent inhibitory rate of

75.0% to 86.0% at the dosage of 20 mg kg−1 as compared to 72.0% of the reference ceritinib. Using 18d

as a representative, which exhibited the best in vivo results, we carried out mechanistic studies such as

anti-colony formation, induced tumor cell apoptosis, ALK kinase protein phosphorylation in H2228

tumor cells, and molecular docking. All these results indicate that compound 18d is a good anti-tumor

lead compound and worthy of further study.
Introduction

Anaplastic lymphoma kinase (ALK) is a highly conserved tyro-
sine receptor kinase (TRK).1 Research shows that the abnormal
expression of ALK, such as gene mutation, rearrangement, and
amplication, is closely related to a variety of human malignant
tumors (such as neuroblastoma and non-small cell lung
cancer).2,3 In patients with non-small cell lung cancer (NSCLC),
about 5% are accompanied by ALK and EML4 (echinoderm
microtubule-associated protein-like 4) gene fusion mutation,
which activates ALK and multiple downstream signal pathways,
resulting in rapid cell proliferation and differentiation, nally
leading to the occurrence of tumors.4,5 Thus, ALK is one of the
hot targets in anti-tumor drug development. In 2011, the rst
drug for NSCLC treatment with ALK-positive crizotinib was
approved by FDA.6 Subsequently, second-generation ALK
inhibitors with stronger specicity and affinity for ALK kinase,
such as ceritinib7 and brigatinib,8 were also launched succes-
sively. Although they are indispensable in saving the lives of
cancer patients, drug resistance inevitably occurs aer long-
term use due to various reasons.9,10 Therefore, it is of great
signicance to develop new drug molecules with good anti-
tumor activity and minimal side effects.

Sulfoxide compounds also exhibit chirality when their sulfur
atoms are linked with two different groups.11 Although most
chiral research focuses on chiral carbon compounds, chiral
sulfoxides have also received extensive attention in the
en University, Guangzhou 510006, China.

tion (ESI) available. See DOI:

the Royal Society of Chemistry
development of some important drugs.12,13 For example, ome-
prazole, a drug for treating stomach diseases, has a sulfoxide
structure and was marketed in the form of a racemate in the
early stages for clinical use. The (−)-isomer of omeprazole is
mainly metabolized by CYP3A4, whereas the (+)-isomer is
mainly metabolized by CYP2C19. Considering the obvious
expression difference of the CYP2C19 metabolic enzyme in the
population, esomeprazole, the (−)-isomer of omeprazole, was
launched in 2001 as a sole component14 to ensure the safety of
individual drug use and is still among the top 200 globally sold
drugs. In addition, potassium ion channel inhibitor aprika-
lim,15 antiplatelet aggregation molecule OPC-29030,16,17 gluta-
thione synthesis inhibitor L-butyronine sulfoximine,18 and
anticancer drug AZD6738 (ref. 19) are all chiral sulfoxide
derivatives (Fig. 1).

From the structures of second-generation ALK inhibitors
such as ceritinib, brigatinib, TAE684,20 and ASP-3026,21 we
found that they share similar skeletal structures, such as
pyrimidine ring cores and aniline moiety linked with cyclic
Fig. 1 Drugs containing sulfoxide.
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Fig. 2 Representative ALK inhibitors.

Fig. 3 The modification strategy of the new ALK inhibitors.
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aliphatic amino groups (Fig. 2). Investigations indicated that
ceritinib has higher metabolic stability and fewer toxic side
effects as compared to molecules such as ASP-3026 with amino
groups at the 1- and 4-positions of the phenyl ring.12 Consid-
ering drug design and structure–activity studies, small changes
in molecular structure oen lead to huge differences in their
activities, therefore, we chose ceritinib for further structural
modication, hoping to get a new lead compound with better
activity and fewer side effects.

Our modication strategy for new ALK inhibitors is shown in
Fig. 3. Firstly, considering the characteristics and potential
chirality of sulfoxide groups, we replaced the sulfone structure
in ceritinib with sulfoxide and simultaneously screened the
effects of different alkyl groups R3 on activity. Halogen atoms,
such as uorine, have strong electronegativity, small atomic
radius, and good lipophilicity;22 therefore, introducing uorine
atoms into drug molecules can adjust the lipophilicity of
molecules, further affecting the affinity, pharmacokinetics, and
bioavailability of drug molecules with targets.23,24 Therefore, we
substituted uorine and chlorine in the m-position of the sulf-
oxide group, expecting candidate compounds with superior
activity. We also explored the effects of other structural sites,
such as different alkoxy groups (R1), on the benzene ring,
different groups on the nitrogen atom of piperidine (R2), and
alkyl substitution on the benzene ring (R4), on anti-tumor
activity.

Experimental
Chemistry

Reagents and conditions. All reagents used in the synthesis
were obtained commercially and were used without further
purication unless otherwise specied. The 1H NMR and 13C
NMR spectra were recorded using TMS as the internal standard
on a Bruker BioSpin GmbH spectrometer at 400/500 and 100/
17558 | RSC Adv., 2024, 14, 17557–17570
125 MHz, respectively. High-resolution mass spectra (HR-MS)
were obtained using a Shimadzu LCMS-ITTOF mass spectrom-
eter. The reactions were monitored by thin-layer chromatog-
raphy (TLC) on glass-packed precoated silica gel plates and
visualized in an iodine chamber or with a UV lamp. Flash
column chromatography was performed using silica gel (200–
300 mesh) purchased from Qingdao Haiyang Chemical Co. Ltd
Chemicals and solvents were of reagent grade and used without
further purication. The purities of all the nal synthesized
compounds were $95% as determined by high-performance
liquid chromatography (HPLC).

The general method for the synthesis of intermediates 2a–b.
Starting material 1 (10 mmol) was dissolved in 20 mL of sodium
hydroxide aqueous solution (5 mol L−1), heated to reux, and
monitored with TLC. Aer the reaction was completed, hydro-
chloric acid (1 mol L−1) was added to adjust the pH to 6–7. The
precipitate was ltered and dried to obtain the product.

2-Amino-5-uorobenzenethiol (2a). Yellow-green solid. 50.3%
yield. 1H NMR (400 MHz, chloroform-d) d 7.01–6.82 (m, 2H),
6.67 (dd, J = 8.5, 4.7 Hz, 1H), 4.19 (s, 2H).

2-Amino-5-chlorobenzenethiol (2b). Light-green solid. 58.7%
yield. 1H NMR (400 MHz, chloroform-d) d 7.23–6.95 (m, 2H),
6.65 (d, J = 8.6 Hz, 1H), 4.32 (s, 2H).

The general method for the synthesis of intermediates 3a–d. The
intermediate 2a–c (10 mmol) was dissolved in methanol (20
mL), and then potassium hydroxide solid (20 mmol, 5.6 g), and
bromoethane or 2-bromopropane (12 mmol) were added in
turn. The reaction mixture was stirred overnight at room
temperature. Aer TLC conrmed that the reaction was
complete, the solvent was removed under a vacuum, and 15 mL
of water was added, followed by extraction with dichloro-
methane (30 mL × 2). The combined organic phase was washed
with brine, dried with anhydrous sodium sulfate, and the
solvent was removed under reduced pressure to obtain the
crude product, which was puried by silica gel column chro-
matography (petroleum ether as eluent : ethyl acetate = 30–20 :
1) to obtain the intermediates 3a–d.

2-(Ethylthio)aniline (3a). Light yellow oil. 95.5% yield. 1H
NMR (400 MHz, chloroform-d) d 7.41 (dd, J = 7.6, 1.3 Hz, 1H),
7.14 (td, J= 8.0, 1.5 Hz, 1H), 6.80–6.62 (m, 2H), 4.37 (s, 2H), 2.79
(q, J = 7.3 Hz, 2H), 1.26 (t, J = 7.3 Hz, 3H).

2-(Isopropylthio)aniline (3b). Light yellow oil. 91.2% yield. 1H
NMR (400 MHz, chloroform-d) d 7.41 (dd, J = 7.6, 1.3 Hz, 1H),
7.14 (td, J = 8.0, 1.5 Hz, 1H), 6.80–6.62 (m, 2H), 4.33 (s, 2H),
3.06–3.09 (m, 1H), 1.29–1.26 (d, J = 7.3 Hz, 6H).

2-(Ethylthio)-4-uoroaniline (3c). Light yellow oil. 87.9% yield.
1H NMR (400 MHz, CDCl3) d 7.05–6.89 (m, 2H), 6.72–6.53 (m,
1H), 4.74 (s, 2H), 3.40–2.94 (m, 2H), 1.22 (t, J = 7.5 Hz, 3H).

4-Chloro-2-(ethylthio)aniline (3d). Light yellow oil. 85.3%
yield. 1H NMR (400 MHz, chloroform-d) d 7.00–6.59 (m, 2H),
6.42–6.23 (m, 1H), 4.53 (s, 2H), 3.05–2.77 (m, 2H), 1.25 (t, J =
7.2 Hz, 3H).

The general method for the synthesis of intermediates 4a–d.
With the synthesis of intermediate 4a as an example, 3a
© 2024 The Author(s). Published by the Royal Society of Chemistry
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(10 mmol, 1.53 g) was dissolved in 5 mL of acetic acid, and then
30% hydrogen peroxide solution (1.25 g, 11 mmol) was slowly
added at 0 °C. The mixture was stirred at the same temperature
for 30 minutes, and then at room temperature for 4–5 hours.
Sodium hydroxide (3.5 g) in crushed ice was added to the
reaction system and stirred for 5 minutes. The mixture was
extracted twice with 30 mL of dichloromethane. The organic
phase was combined, washed with brine, and dried with
anhydrous sodium sulfate. The solvent was removed under
a vacuum and puried by silica gel column chromatography
(petroleum ether : ethyl acetate = 8 : 1 to 2 : 1) to afford 1.56 g of
yellowish oil product. Yield: 92%.

1H NMR (400 MHz, DMSO-d6) d 7.27 (d, J = 7.9 Hz, 1H), 7.20
(t, J = 7.8 Hz, 1H), 6.71 (dd, J = 18.1, 8.1 Hz, 2H), 5.63 (s, 2H),
2.94 (tq, J = 13.2, 6.6 Hz, 2H), 1.06 (t, J = 7.6 Hz, 3H).

The general method for the synthesis of intermediates 5a–d.
With the synthesis of intermediate 5a as an example, to the
solution of intermediate 4a (10 mmol, 1.7 g) in dry DMF (30
mL), sodium hydride (60 wt%, 25 mmol, 1 g, 2.5 eq.) was added
at 0 °C. The mixture was stirred for 15 minutes, and 2,4,5-tri-
chloropyrimidine (20 mmol, 3.62 g) in dry DMF (10 mL) was
added dropwise within 1 hour. The mixture was stirred at room
temperature overnight. Water 30 mL was added, and the
mixture was extracted with ethyl acetate (3 × 30 mL). The
combined organic phase was washed with water and brine,
dried over anhydrous sodium sulfate, concentrated to obtain
the crude product, which was puried in silica gel column
chromatography (petroleum ether : ethyl acetate = 10 : 1 to 4 : 1)
to obtain 1.92 g of light-yellow solid product. Yield: 61%. 1H
NMR (400 MHz, chloroform-d) d 11.03 (s, 1H), 8.62 (d, J =

8.5 Hz, 1H), 8.25 (d, J = 1.3 Hz, 1H), 7.58 (t, J = 7.9 Hz, 1H), 7.31
(dd, J = 7.7, 1.7 Hz, 1H), 7.19 (t, J = 7.5 Hz, 1H), 3.29–2.81 (m,
2H), 1.27 (td, J = 7.6, 1.2 Hz, 3H).

The general method for the synthesis of intermediates 7a–d.
With the synthesis of intermediate 7b as an example, caesium
carbonate (30 mmol, 9.77 g) was added to a solution (25 mL) of
starting material 6 (20 mmol, 3.78 g) in isopropanol. The
mixture was reuxed for 10 hours. Aer the reaction was
completed, the solvent was removed under a vacuum. Water (20
mL) was added to the residue and then extracted with
dichloromethane (30 mL × 2). The combined organic phase
was washed with brine and dried with anhydrous sodium
sulfate. The solvent was removed to obtain 3.8 g of the orange
solid product. Yield: 83%. 1H NMR (400 MHz, chloroform-d)
d 7.72 (d, J = 7.5 Hz, 1H), 7.09 (d, J = 7.9 Hz, 1H), 4.63 (dt, J =
13.8, 6.1 Hz, 1H), 2.36 (d, J= 7.9 Hz, 3H), 1.41 (t, J= 7.0 Hz, 6H).

The general method for the synthesis of intermediates 8a–d.
With the synthesis of intermediate 8b as an example, to the
solution of intermediate 7b (10 mmol, 2.29 g) in 1,4-dioxane (30
mL), potassium carbonate solid (25 mmol, 3.46 g), bis triphe-
nylphosphine palladium(II) chloride (210.6 mg, 0.3 mmol), 4-
pyridine boric acid (12 mmol, 1.48 g), and 10 mL of water were
added in turn. The reaction was reuxed under nitrogen
protection for 8 hours. Aer the reaction nished, the solvent
was removed under a vacuum. Water was added to the residue
and the mixture was extracted with dichloromethane (40 mL ×

3). The combined organic phase was washed with brine and
© 2024 The Author(s). Published by the Royal Society of Chemistry
dried with anhydrous sodium sulfate. The solvent was removed
under a vacuum to obtain the crude product, which was puried
by silica gel column chromatography (petroleum ether : ethyl
acetate : dichloromethane/8 : 2 : 1) to obtain 2.55 g of a yellow
solid. Yield: 93%. 1H NMR (400 MHz, chloroform-d) d 8.61 (d, J
= 6.1 Hz, 2H), 7.27 (d, J = 6.1 Hz, 2H), 6.68 (d, J = 18.5 Hz, 2H),
4.53 (p, J = 6.0 Hz, 1H), 2.21 (s, 3H), 1.38 (d, J = 6.1 Hz, 6H).

The general method for the synthesis of intermediates 9a–d and
10a–d. The syntheses of intermediates 9b and 10b are used as
examples. To a solution of intermediate 8b (10 mmol, 2.72 g) in
15 mL acetonitrile, iodomethane (15 mmol, 2.15 g) was added.
Aer stirring at 50 °C for 3 hours, the solvent was removed
under a vacuum. The crude product 9b was used directly for the
next step.

To a solution of crude product 9b in 20 mL of methanol,
sodium borohydride (40 mmol, 1.51 g) was added in batches in
an ice bath. The reaction was stirred for half an hour, and then
at room temperature for 2 hours. A saturated ammonium
chloride solution was added to the reaction system to quench
the reaction, the solvent was removed under reduced pressure.
Water (30 mL) was added to the residue and then extracted with
dichloromethane (30 mL × 3). The combined organic phase
was washed with brine and dried with anhydrous sodium
sulfate. The solvent was removed under a vacuum and the crude
product was puried by column chromatography (dichloro-
methane : methanol= 50 : 1 to 20 : 1) to obtain 2.1 g of yellowish
oily product. Yield: 72%. 1H NMR (400 MHz, chloroform-d)
d 7.61 (s, 1H), 6.81 (s, 1H), 5.60 (s, 1H), 4.59 (dq, J = 12.1, 6.2 Hz,
1H), 3.10 (q, J = 2.8 Hz, 2H), 2.66 (t, J = 5.6 Hz, 2H), 2.41 (d, J =
16.5 Hz, 4H), 2.24 (s, 3H), 1.64 (s, 1H), 1.36 (d, J = 6.0 Hz, 6H).

The general method for the synthesis of intermediates 11a–d.
With the synthesis of intermediate 11b as an example, tin(IV)
chloride dihydrate (50 mmol, 10.11 g) was added to the solution
of intermediate 10b (10 mmol, 2.6 g) in dichloromethane/
methanol (40 mL, v/v, 1 : 1). The mixture was stirred, and
hydrochloric acid (6.7 mL) was added in drops. Aer the reac-
tion was stirred and reuxed at 50 °C for 5 hours, ammonia
water was used to adjust the pH to 5, and then to 9 with solid
sodium carbonate. This was followed by ltration with diato-
mite and washing the lter cake with a mixture of dichloro-
methane : methanol = 1 : 1. The solvent was removed under
a vacuum to afford the crude product, which was puried by
column chromatography (dichloromethane : methanol = 50 : 1
to 20 : 1) to obtain a bright yellow solid product. 1H NMR (400
MHz, chloroform-d) d 7.61 (s, 1H), 6.81 (s, 1H), 5.60 (s, 1H), 4.59
(m, J = 12.1, 6.2 Hz, 1H), 3.10 (q, J = 2.8 Hz, 2H), 2.66 (t, J =
5.6 Hz, 2H), 2.41 (d, J = 16.5 Hz, 4H), 2.24 (s, 3H), 1.64 (s, 1H),
1.36 (d, J = 6.0 Hz, 6H).

The general method for the synthesis of intermediates 12a–d.
With the synthesis of intermediate 12b as an example, to
a solution of intermediate 11b (5 mmol, 1.45 g) in methanol (5
mL), 10% palladium carbon (150 mg) was added. The reaction
was carried out at 50 °C in a hydrogen atmosphere at a pressure
of 40 bar. Aer 24 h, the temperature was decreased to room
temperature. The mixture was ltered with diatomaceous earth
and the cake was washed twice with anhydrous ethanol (10 mL
× 2). The solvent was removed, and the crude product was
RSC Adv., 2024, 14, 17557–17570 | 17559
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puried with silica gel column chromatography to obtain
a light-yellow oil-free substance.

1H NMR (400 MHz, chloroform-d) d 6.73 (s, 1H), 6.53 (s, 1H),
4.44 (p, J = 6.1 Hz, 1H), 3.62 (s, 2H), 2.98 (d, J = 11.5 Hz, 2H),
2.60 (p, J = 8.1, 7.6 Hz, 1H), 2.34 (s, 3H), 2.21 (s, 3H), 2.07 (dd, J
= 15.0, 11.2 Hz, 2H), 1.83–1.64 (m, 4H), 1.33 (d, J = 6.1 Hz, 6H).

The general procedure for the synthesis of target compounds
18a–l. With the synthesis of intermediate 18b as an example, to
a solution of intermediate 12b (1 mmol, 262 mg, 1 eq.) in 10 mL
of isopropanol, intermediate 5b (2 mmol, 630 mg, 2 eq.) and
triuoroacetic acid (2 mmol, 2 eq.) were added. The reaction
was heated and reuxed for 8 hours, and isopropanol was
removed under a vacuum. Then, a 10% sodium hydroxide
aqueous solution was added to adjust the pH to 10, and
dichloromethane (30 mL × 3) was used for extraction. The
combined organic phase was washed with brine, dried with
anhydrous sodium sulfate, and concentrated under reduced
pressure. The crude product was puried by silica gel column
chromatography (ethyl acetate : petroleum ether = 1 : 2–3 : 1) to
obtain a yellowish solid.

4-Chloro-N2-(2-isopropoxy-5-methyl-4-(piperidin-4-yl)phenyl)-
N5-(2-(isopropylsulnyl)phenyl)pyrimidine-2,5-diamine (18a). Pale
yellow solid, yield: 39.8%, HPLC (peak area normalization
method) purity 97.08%, HPLC conditions: 1 mL min−1 gradient
elution MeCN : H2O = 90 : 10 / 10 : 90 (0.1% Et3N in each
component), tR = 1.481 min. 1H NMR (400 MHz, chloroform-d)
d 10.25 (s, 1H), 8.59 (d, J = 8.3 Hz, 1H), 8.10 (d, J = 28.3 Hz, 2H),
7.52 (s, 2H), 7.38 (d, J = 7.7 Hz, 1H), 7.16 (t, J = 7.5 Hz, 1H), 6.82
(s, 1H), 4.65–4.44 (m, 1H), 3.39 (dq, J= 13.7, 6.7 Hz, 1H), 3.21 (d,
J = 5.5 Hz, 2H), 2.89–2.72 (m, 3H), 2.20 (s, 3H), 1.77–1.56 (m,
5H), 1.42 (d, J = 6.9 Hz, 3H), 1.38 (d, J = 6.0 Hz, 6H), 1.15 (d, J =
6.8 Hz, 3H). 13C NMR (101MHz, CDCl3) d 157.54, 155.61, 155.03,
144.69, 140.89, 138.05, 132.03, 128.30, 127.56, 126.76, 126.29,
123.86, 122.45, 120.72, 111.00, 105.77, 71.44, 52.63, 47.40,
38.50, 33.85, 22.28, 18.92, 16.50, 16.11. HR-ESI-MS for C28H36-
ClN5O2S ([M + Na]+) calcd: 564.2170; Found: 564.2161. FT-IR
(KBr) v(–N–H) 3413.05 cm−1; v(–C–H): 2972.59 cm−1,
2928.43 cm−1; v(–S]O): 1111.09 cm−1; v(–C–Cl) 734.06 cm−1.
Elemental analysis: analysis calculated for C28H36ClN5O2S, C,
62.03; H, 6.69; Cl, 6.54; N, 12.92; O, 5.90; S, 5.91; observed, C,
61.86, H, 6.75, N, 13.06, S, 5.98.

4-Chloro-N2-(2-isopropoxy-5-methyl-4-(1-methylpiperidin-4-yl)
phenyl)-N5-(2-(isopropylsulnyl)phenyl)pyrimidine-2,5-diamine
(18b). Pale yellow solid, yield: 48.1%, HPLC (peak area
normalization method) purity 98.00%, HPLC conditions: 1
mL min−1 gradient elution MeCN : H2O = 90 : 10 / 10 : 90
(0.1% Et3N in each component), tR = 1.497 min. 1H NMR (400
MHz, chloroform-d) d 10.25 (s, 1H), 8.59 (d, J = 8.4 Hz, 1H), 8.10
(d, J= 28.4 Hz, 2H), 7.51 (s, 2H), 7.38 (d, J= 7.6 Hz, 1H), 7.15 (t, J
= 7.5 Hz, 1H), 6.82 (s, 1H), 4.53 (p, J = 6.1 Hz, 1H), 3.38 (p, J =
6.8 Hz, 1H), 3.00 (d, J = 8.5 Hz, 2H), 2.66 (q, J = 9.3, 8.1 Hz, 1H),
2.36 (s, 3H), 2.19 (s, 3H), 2.15–2.01 (m, 2H), 1.83–1.71 (m, 4H),
1.42 (d, J = 6.9 Hz, 3H), 1.37 (d, J = 6.0 Hz, 6H), 1.15 (d, J =
6.8 Hz, 3H). 13C NMR (101MHz, CDCl3) d 157.53, 155.59, 155.02,
144.66, 140.90, 137.57, 132.02, 128.28, 127.50, 126.83, 126.27,
123.84, 122.42, 120.67, 110.73, 105.75, 71.29, 56.59, 52.63,
17560 | RSC Adv., 2024, 14, 17557–17570
46.54, 37.38, 33.00, 22.27, 18.92, 16.49, 16.10. HR-ESI-MS for
C29H38ClN5O2S ([M + H]+) calcd: 556.2508; found: 556.2579. FT-
IR (KBr) v(–N–H) 3416.35 cm−1; v(–C–H): 2972.95 cm−1,
2933.48 cm−1; v(–S]O): 1112.45 cm−1 v(–C–Cl) 760.35 cm−1.
Elemental analysis: analysis calculated for C29H38ClN5O2S, C,
62.63; H, 6.89; Cl, 6.37; N, 12.59; O, 5.75; S, 5.76; observed, C,
62.56, H, 7.01, N, 13.46, S, 5.98.

4-Chloro-N5-(2-(ethylsulnyl)phenyl)-N2-(2-isopropoxy-5-
methyl-4-(piperidin-4-yl)phenyl)pyrimidine-2,5-diamine (18c). Pale
yellow solid, yield: 40.2%, HPLC (peak area normalization
method) purity 97.26%, HPLC conditions: 1 mL min−1 gradient
elution MeCN : H2O = 90 : 10 / 10 : 90 (0.1% Et3N in each
component), tR = 1.046 min. 1H NMR (400 MHz, chloroform-d)
d 10.06 (s, 1H), 8.54 (d, J = 8.3 Hz, 1H), 8.08 (d, J = 36.3 Hz, 2H),
7.57–7.33 (m, 3H), 7.16 (t, J = 7.5 Hz, 1H), 6.80 (s, 1H), 4.54 (p, J
= 6.0 Hz, 1H), 3.13 (ddd, J= 43.9, 12.9, 7.4 Hz, 4H), 2.77 (ddt, J=
11.2, 6.0, 2.9 Hz, 3H), 2.18 (s, 3H), 1.75 (d, J = 9.4 Hz, 5H), 1.36
(d, J = 6.1 Hz, 6H), 1.26 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz,
CDCl3) d 157.55, 155.70, 155.09, 144.68, 140.48, 138.00, 132.14,
127.81, 127.56, 127.27, 126.78, 123.97, 122.89, 120.67, 110.99,
105.75, 71.46, 47.36, 47.29, 38.46, 33.77, 22.28, 18.91, 7.58. HR-
ESI-MS for C27H34ClN5O2S ([M–H]−) calcd: 526.2049; found:
526.2109. FT-IR (KBr) v(–N–H) 3414.36 cm−1; v(–C–H):
2974.32 cm−1, 2931.76 cm−1; v(–S]O): 1111.54 cm−1 v(–C–Cl)
753.04 cm−1. Elemental analysis: analysis calculated for C27-
H34ClN5O2S, C, 61.41; H, 6.49; Cl, 6.71; N, 13.26; O, 6.06; S, 6.07;
observed, C, 60.86, H, 6.44, N, 13.36, S, 6.28.

4-Chloro-N5-(2-(ethylsulnyl)phenyl)-N2-(2-isopropoxy-5-
methyl-4-(1-methylpiperidin-4-yl)phenyl)pyrimidine-2,5-diamine
(18d). Pale yellow solid, yield: 44.3%, HPLC (peak area
normalization method) purity 97.00%, HPLC conditions: 1
mL min−1 gradient elution MeCN : H2O = 90 : 10 / 10 : 90
(0.1% Et3N in each component), tR = 0.936 min. 1H NMR (400
MHz, chloroform-d) d 9.98 (s, 1H), 8.53–8.35 (m, 1H), 8.00 (d, J=
37.2 Hz, 2H), 7.57–7.36 (m, 2H), 7.32 (d, J= 7.6 Hz, 1H), 7.09 (t, J
= 7.5 Hz, 1H), 6.72 (s, 1H), 4.50 (dq, J = 12.1, 6.0 Hz, 1H), 3.26
(d, J = 9.9 Hz, 2H), 3.17–2.93 (m, 2H), 2.74–2.58 (m, 1H), 2.45 (s,
3H), 2.34 (t, J = 12.2 Hz, 2H), 2.08 (s, 3H), 1.91 (d, J = 12.0 Hz,
2H), 1.73 (t, J = 12.9 Hz, 2H), 1.29 (d, J = 6.0 Hz, 6H), 1.17 (t, J =
7.5 Hz, 3H). 13C NMR (101MHz, CDCl3) d 157.51, 155.55, 155.30,
144.77, 138.80, 137.86, 131.92, 129.84, 128.33, 127.30, 126.80,
126.64, 125.51, 120.68, 110.74, 105.64, 71.30, 56.58, 47.52,
46.54, 37.38, 33.01, 32.97, 22.26, 18.92, 7.42. and HR-ESI-MS for
C28H36ClN5O2S ([M + H]+) calcd: 514.0815; found: 514.0994. FT-
IR (KBr) v(–N–H) 3415.67 cm−1; v(–C–H): 2973.92 cm−1,
2934.78 cm−1; v(–S]O): 1111.85 cm−1 v(–C–Cl) 775.55 cm−1.
Elemental analysis: analysis calculated for C28H36ClN5O2S, C,
62.03; H, 6.69; Cl, 6.54; N, 12.92; O, 5.90; S, 5.91; observed, C,
61.86, H, 6.84, N, 12.76, S, 6.28.

4-Chloro-N5-(2-(ethylsulnyl)phenyl)-N2-(2-methoxy-5-methyl-
4-(1-methylpiperidin-4-yl)phenyl)pyrimidine-2,5-diamine (18e).
Pale yellow solid, yield: 50.1%, HPLC (peak area normalization
method) purity 98.34%, HPLC conditions: 1 mL min−1 gradient
elution MeCN : H2O = 90 : 10 / 10 : 90 (0.1% Et3N in each
component), tR = 1.253 min. 1H NMR (400 MHz, chloroform-d)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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d 10.10 (s, 1H), 8.55 (d, J = 8.3 Hz, 1H), 8.14 (s, 1H), 8.04 (s, 1H),
7.51 (dd, J = 16.4, 9.2 Hz, 2H), 7.45–7.35 (m, 1H), 7.17 (t, J =
7.9 Hz, 1H), 6.81 (s, 1H), 3.86 (s, 3H), 3.11–3.02 (m, 2H), 2.49 (s,
3H), 2.29 (t, J= 12.0 Hz, 3H), 2.21 (s, 3H), 2.03–1.88 (m, 3H), 1.82
(t, J = 11.6 Hz, 3H), 1.27 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz,
CDCl3) d 157.58, 155.69, 155.04, 146.75, 140.53, 136.83, 132.14,
127.65, 127.28, 126.70, 123.84, 122.85, 120.74, 117.17, 108.20,
107.68, 106.03, 56.26, 55.76, 47.30, 45.70, 36.89, 32.11, 18.90,
8.97, 7.59. HR-ESI-MS for C26H32ClN5O2S ([M + H]+) calcd:
532.0753; found: 532.0714.

4-Chloro-N5-(2-(ethylsulnyl)-4-uorophenyl)-N2-(2-methoxy-5-
methyl-4-(1-methylpiperidin-4-yl)phenyl)pyrimidine-2,5-diamine
(18f). Pale yellow solid, yield: 47.7%, HPLC (peak area normal-
ization method) purity 98.26%, HPLC conditions: 1 mL min−1

gradient elution MeCN : H2O = 90 : 10 / 10 : 90 (0.1% Et3N in
each component), tR = 0.811 min. 1H NMR (400 MHz, chloro-
form-d) d 9.41 (s, 1H), 8.45–8.34 (m, 1H), 8.13 (s, 1H), 7.92 (s,
1H), 7.46 (s, 1H), 7.23 (d, J = 7.4 Hz, 2H), 6.81 (s, 1H), 3.86 (s,
3H), 3.11 (td, J = 13.5, 5.5 Hz, 4H), 2.94 (q, J = 7.4 Hz, 1H), 2.42
(s, 3H), 2.19 (s, 3H), 1.95–1.73 (m, 6H), 1.28 (d, J = 7.5 Hz, 3H).
13C NMR (101 MHz, chloroform-d) d 159.56, 157.56 (d, J1C–F =

251.49 Hz), 157.08, 157.08, 155.83, 146.76, 136.89, 135.56 (d,
J4C–F = 2.9 Hz), 131.58 (d, J3C–F = 5.6 Hz), 126.73 (t, J3C–F =

10.9), 120.69, 118.81 (d, J2C–F = 22.1 Hz), 113.73 (d, J2C–F = 24.6
Hz), 107.69, 105.58, 55.83, 47.47, 46.08, 37.52, 31.80, 18.90, 7.17.
HR-ESI-MS for C26H31ClFN5O2S ([M + Na]+) calcd: 564.2170;
found: 564.2194.

4-Chloro-N2-(2-ethoxy-5-methyl-4-(1-methylpiperidin-4-yl)
phenyl)-N5-(2-(ethylsulnyl)-4-uorophenyl)pyrimidine-2,5-
diamine (18g). Pale yellow solid, yield: 49.3%, HPLC (peak area
normalization method) purity 99.00%, HPLC conditions: 1
mLmin−1 gradient elutionMeCN : H2O= 90 : 10/ 10 : 90 (0.1%
Et3N in each component), tR = 0.814 min. 1H NMR (400 MHz,
chloroform-d) d 9.39 (s, 1H), 8.38 (dd, J = 8.8, 4.6 Hz, 1H), 8.13 (s,
1H), 7.91 (s, 1H), 7.50 (s, 1H), 7.22 (dd, J = 10.5, 7.9 Hz, 2H), 6.80
(s, 1H), 4.08 (q, J = 6.9 Hz, 2H), 3.10 (ddt, J = 21.2, 12.7, 7.3 Hz,
4H), 2.69 (td, J = 11.3, 6.7 Hz, 1H), 2.39 (s, 3H), 2.17 (s, 3H), 1.94–
1.66 (m, 6H), 1.44 (t, J = 6.9 Hz, 3H), 1.27 (t, J = 7.4 Hz, 3H). 13C
NMR (101 MHz, chloroform-d) d 159.58, 157.58 (d, J1C–F =

249.47), 157.11, 155.84, 145.88, 137.58, 135.50, 131.66, 126.75
(d, J3C–F = 7.1 Hz), 126.52 (d, J3C–F = 9.4 Hz), 120.55, 118.81
(d, J2C–F = 22.2 Hz), 113.70 (d, J2C–F = 24.5 Hz), 108.82, 105.32,
64.27, 56.49, 47.46, 46.35, 37.31, 32.72, 18.89, 14.99, 7.15. HR-ESI-
MS for C27H33ClN5O2S ([M +H]+) calcd: 546.2100; found: 546.2191.

4-Chloro-N5-(2-(ethylsulnyl)-4-uorophenyl)-N2-(2-methoxy-5-
methyl-4-(piperidin-4-yl)phenyl)pyrimidine-2,5-diamine (18h).
Pale yellow solid, yield: 38.2%, HPLC (peak area normalization
method) purity 95.07%, HPLC conditions: 1 mL min−1 gradient
elution MeCN : H2O = 90 : 10 / 10 : 90 (0.1% Et3N in each
component), tR = 1.040 min. 1H NMR (400 MHz, chloroform-d)
d 9.44 (s, 1H), 8.49–8.31 (m, 1H), 8.14 (s, 1H), 7.95 (s, 1H), 7.47
(s, 1H), 7.24 (d, J = 7.3 Hz, 2H), 6.80 (s, 1H), 3.89 (s, 3H), 3.37 (d,
J = 13.5 Hz, 3H), 3.18–3.02 (m, 2H), 2.95–2.76 (m, 3H), 2.20 (s,
3H), 1.91–1.73 (m, 4H), 1.28 (t, J = 7.5 Hz, 3H). 13C NMR (101
MHz, chloroform-d) d 159.52, 157.61 (d, J1C–F = 254.5), 157.05,
© 2024 The Author(s). Published by the Royal Society of Chemistry
155.80, 146.72, 137.52, 135.59, 126.66 (t, J3C–F = 9.1), 126.38,
120.70, 118.83 (d, J2C–F = 22.3 Hz), 113.72 (d, J2C–F = 24.5 Hz),
108.30, 107.74, 105.49, 56.42, 55.75, 47.46, 46.21, 37.22, 32.57,
18.89, 9.55, 7.19. HR-ESI-MS for C25H29ClFN5O2S ([M + H]+)
calcd: 518.1787; found: 518.1794.

4-Chloro-N5-(4-chloro-2-(ethylsulnyl)phenyl)-N2-(2-
isopropoxy-5-methyl-4-(1-methylpiperidin-4-yl)phenyl)pyrimidine-
2,5-diamine (18i). Pale yellow solid, yield: 45.4%, HPLC (peak
area normalization method) purity 96.62%, HPLC conditions: 1
mL min−1 gradient elution MeCN : H2O = 90 : 10 / 10 : 90
(0.1% Et3N in each component), tR = 1.472 min. 1H NMR (400
MHz, chloroform-d) d 9.85 (s, 1H), 8.49 (d, J = 8.8 Hz, 1H), 8.14
(s, 1H), 7.96 (s, 1H), 7.64–7.35 (m, 3H), 6.83 (s, 1H), 4.65–4.43
(m, 1H), 3.29–3.07 (m, 2H), 3.07–2.96 (m, 2H), 2.68 (p, J = 8.6,
8.1 Hz, 1H), 2.36 (s, 3H), 2.20 (s, 3H), 2.11 (dd, J = 13.6, 5.0 Hz,
2H), 1.79 (qd, J = 7.8, 5.2, 4.8 Hz, 4H), 1.37 (d, J = 6.1 Hz, 6H),
1.30 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) d 157.51,
155.55, 155.30, 144.77, 138.80, 137.86, 131.92, 129.84, 128.33,
127.30, 126.80, 126.64, 125.51, 120.68, 110.74, 105.64, 71.30,
56.58, 47.52, 46.54, 37.38, 33.01, 22.26, 18.92, 7.42. HR-ESI-MS
for C28H35Cl2N5O2S ([M + H]+) calcd: 576.2144; found: 576.2033.

4-Chloro-N5-(2-(ethylsulnyl)-4-uorophenyl)-N2-(2-isopropoxy-
5-methyl-4-(piperidin-4-yl)phenyl)pyrimidine-2,5-diamine (18j).
Pale yellow solid, yield: 33.7%, HPLC (peak area normalization
method) purity 97.28%, HPLC conditions: 1 mL min−1 gradient
elution MeCN : H2O = 90 : 10 / 10 : 90 (0.1% Et3N in each
component), tR = 1.135 min. 1H NMR (400 MHz, chloroform-d)
d 9.39 (s, 1H), 8.38 (dd, J = 8.8, 4.8 Hz, 1H), 8.13 (s, 1H), 7.93 (s,
1H), 7.59 (s, 1H), 7.27–7.16 (m, 2H), 6.81 (s, 1H), 4.56 (dt, J =
12.0, 6.0 Hz, 1H), 3.29 (d, J = 9.5 Hz, 2H), 3.11 (dd, J = 14.4,
6.9 Hz, 3H), 2.83 (t, J = 12.1 Hz, 3H), 2.17 (s, 3H), 1.86–1.61 (m,
4H), 1.38 (d, J = 6.0 Hz, 6H), 1.33–1.29 (m, 3H). 13C NMR (101
MHz, chloroform-d) d 159.38, 157.61 (d, J1C–F = 258.56), 156.91,
155.72, 148.24, 140.30, 135.85, 130.78 (d, J3C–F= 5.2 Hz), 126.98,
126.68 (d, J3C–F = 7.0 Hz), 119.22, 118.59 (t, J2C–F = 22.2 Hz),
113.72 (d, J2C–F = 24.5 Hz), 108.67, 105.66, 56.22, 55.63, 47.48,
46.19, 41.63, 33.45, 33.35, 7.30. HR-ESI-MS for C27H33ClFN5O2S
([M + H]+) calcd: 546.2100; found: 546.2157.

4-Chloro-N5-(2-(ethylsulnyl)phenyl)-N2-(2-methoxy-4-(1-
methylpiperidin-4-yl)phenyl)pyrimidine-2,5-diamine (18k). Pale
yellow solid, yield: 50.3%, HPLC (peak area normalization
method) purity 95.53%, HPLC conditions: 1 mL min−1 gradient
elution MeCN : H2O = 90 : 10 / 10 : 90 (0.1% Et3N in each
component), tR = 0.937 min. 1H NMR (400 MHz, chloroform-d)
d 10.15 (s, 1H), 8.51 (d, J = 8.2 Hz, 1H), 8.17 (d, J = 8.7 Hz, 1H),
8.11 (s, 1H), 7.54–7.45 (m, 2H), 7.41–7.32 (m, 1H), 7.16 (t, J =
7.9 Hz, 1H), 6.79–6.71 (m, 2H), 3.88 (s, 3H), 3.26 (d, J = 11.4 Hz,
2H), 3.11 (ddd, J = 45.1, 13.0, 7.5 Hz, 2H), 2.63–2.51 (m, 1H),
2.49 (s, 3H), 2.34 (t, J = 12.9 Hz, 2H), 1.93 (dd, J = 29.6, 11.9 Hz,
4H), 1.24 (d, J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3)
d 157.58, 155.69, 155.04, 146.75, 140.53, 136.83, 132.14, 127.65,
127.28, 126.70, 123.84, 122.85, 120.74, 117.17, 107.68, 106.03,
56.26, 55.76, 47.30, 45.70, 36.89, 32.11, 18.90, 8.97, 7.59. HR-ESI-
MS for C25H30ClN5O2S ([M + H]+) calcd: 500.1882; found:
500.1942.
RSC Adv., 2024, 14, 17557–17570 | 17561
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4-Chloro-N5-(2-(ethylsulnyl)-4-uorophenyl)-N2-(2-isopropoxy-
5-methyl-4-(1-methylpiperidin-4-yl)phenyl)pyrimidine-2,5-diamine
(18l). Pale yellow solid, yield: 33.2%. HPLC (peak area normal-
ization method) purity 99.46%, HPLC conditions: 1 mL min−1

gradient elution MeCN : H2O = 90 : 10 / 10 : 90 (0.1% Et3N in
each component), tR = 1.446 min. 1H NMR (400 MHz, chloro-
form-d) d 9.38 (s, 1H), 8.47–8.34 (m, 1H), 8.13 (s, 1H), 7.92 (s,
1H), 7.51 (s, 1H), 7.26–7.17 (m, 2H), 6.82 (s, 1H), 4.53 (dt, J =
12.1, 5.9 Hz, 1H), 3.19–2.95 (m, 4H), 2.74–2.59 (m, 1H), 2.36 (s,
3H), 2.16 (s, 3H), 2.14–2.04 (m, 2H), 1.83–1.70 (m, 4H), 1.37 (d, J
= 6.0 Hz, 6H), 1.27 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz,
chloroform-d) d 159.56, 157.55 (d, J1C–F= 243.4), 157.09, 155.82,
144.66, 137.71, 135.58 (d, J4C–F = 2.9 Hz), 131.64 (d, J3C–F = 6.1
Hz), 127.35, 126.73 (t, J3C–F= 7.07 Hz), 120.52, 118.82 (d, J2C–F=
22.1 Hz), 113.72 (d, J2C–F = 24.5 Hz), 110.69, 105.27, 71.29,
56.56, 47.46, 46.51, 37.36, 32.97, 22.25, 18.92, 7.18. HR-ESI-MS
for C28H35ClFN5O2S ([M + H]+) calcd: 560.2257; found: 560.2352.
Biology

Cell origin and culture conditions
Cell origin. The H2228 cell line, a human non-small cell lung

cancer cell line, was bought from Shanghai Cell Bank, Chinese
Academy of Sciences. The BaF3/ALK cell line was from Kyinno
Biotechnology Co. LTD (Beijing, China). For human normal cell
lines, EA.hy926, HK-2, and L02 were also obtained from
Shanghai Cell Bank, Chinese Academy of Sciences.

Cell culture. For cell culture, H2228, HK-2, L02, and BaF3/ALK
cell lines were maintained in RPIM 1640 medium supple-
mented with 10% FBS (fetal bovine serum). For the H2228 cell
culture, we added 1% sodium pyruvate (100 mM, Gibco) and
GlutaMAX (1X, Gibco) as a nutritional supplement. EA.hy926
cells were cultivated in DMEM medium, with 10% FBS added.
All the above cell lines were in an atmosphere of 37 °C, 5% CO2,
and saturated humidity.

Other biology experiments such as cytotoxicity assays, kinase
inhibition assays, cell colony formation, etc., are displayed in
the ESI† section.
Results and discussion
Chemistry

The synthesis of target compounds 18a–l and the corresponding
intermediates is shown in Schemes 1–4. Starting from benzo[d]
Scheme 1 Synthesis of intermediates 2a, 2b, and 5a–d. Reagents and con
H2O2, 0 °C. (d) NaH, 2,4,5-trichloropyrimidine, DMF, 0 °C.

17562 | RSC Adv., 2024, 14, 17557–17570
thiazol-2-amine derivatives with chlorine or uorine atoms
substituted on the benzene ring, hydrolysis was carried out in
the presence of NaOH at reux temperatures to yield 2-amino-5-
uorobenzenethiol (2a) or 2-amino-5-chlorobenzenethiol (2b),
which reacted with brominated alkanes to give thioether
intermediates 3a–d. Oxidation of 3a–d with hydrogen peroxide
yielded the sulfoxide intermediates 4a–d. The reaction of 4a–
d with 2,4,5-trichloropyrimidine in the presence of sodium
hydride in N,N-dimethylformamide (DMF) yielded the key
intermediates 5a–d with pyrimidine structures (Scheme 1).

Other key intermediates, 4-(1-methylpiperidin-4-yl)aniline
derivatives, were prepared according to the route shown in
Scheme 2. Compound 2-chloro-4-uoro-5-nitrobenzene or 1-
chloro-5-uoro-2-methyl-4-nitrobenzene (6) was reuxed in
different alcohols in the presence of potassium carbonate to
obtain intermediates 7a–d. Suzuki coupling of 7a–d with
pyridin-4-ylboronic acid was catalyzed by Pd(PPh3)Cl2,
providing intermediates 8a–d, which reacted with iodomethane
to afford intermediates 9a–d.

Aer reduction by sodium borohydride, 9a–d were converted
into 1-methyl-4-(4-nitrophenyl)-1,2,3,6-tetrahydropyridine
derivatives (10a–d), and then, reduced by tin(II) chloride under
acidic conditions to obtain aniline derivatives 11a–d. Hydroge-
nation of 11a–d under palladium carbon ultimately yielded the
key intermediates 12a–d.

Intermediates 17a–d were used to synthesize compounds
containing the piperidine moiety, such as compounds 18b and
18c. Except for some differences in starting materials, the
synthesis of 17a–d was similar to that of 12a–d.

Aer obtaining the above key intermediates, the target
products 18a–l can be obtained by the reaction of intermediates
5a–d with intermediates 12a–d or 17a–d catalyzed by triuoro-
acetic acid in isopropanol at reux temperature.
Biology

Antiproliferative activity and kinase inhibitory activity. The
antiproliferative activities of targeted compounds 18a–l were
evaluated using mouse-derived Ba/F3 cells and human non-
small cell lung cancer NCI-H2228 cancer cell lines, both of
which have high ALK protein expression and different gene
fusion mutations. According to the characteristics of cell
suspension and adhesion, we used MTT and CCK-8 assay
separately, and with ceritinib as the reference. The results listed
ditions: (a) NaOH (aq., 2 mol L−1), reflux; (b) NaOH, MeOH, rt. (c) AcOH,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of intermediates 12a–d. Reagents and conditions: (a) K2CO3, reflux. (b) K2CO3, pyridin-4-ylboronic acid, Pd(PPh3)Cl2,
dioxane, H2O. (c) MeCN, MeI. (d) MeOH, NaBH4, 0 °C. (e) SnCl2, HCl, MeOH/DCM = 1 : 1, reflux. (f) 10% Pd/C, H2, 40 bar, 50 °C.

Scheme 3 Synthesis of intermediates 17a–c. Reagents and condi-
tions: (a) K2CO3, reflux. (b) K2CO3, (1-(tert-butoxycarbonyl)-1,2,3,6-
tetrahydropyridin-4-yl)boronic acid Pd(PPh3)Cl2, dioxane, H2O. (c)
SnCl2, HCl, MeOH/DCM = 1 : 1, reflux. (d) 10% Pd/C, H2, 40 bar, 50 °C.
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in Table 1 indicate that all the target compounds exhibited
moderate to good antiproliferative activity; among them, 18a–d
gave a similar or higher activity as compared to the reference.
Scheme 4 Synthesis of target compounds 18a–l. Reagents and conditio

© 2024 The Author(s). Published by the Royal Society of Chemistry
The structure–activity relationship (SAR) analysis of the
target compound indicated the following: (1) when R1 is ethyl
instead of isopropyl, the anti-proliferation effect shows little
increase; (2) keeping other structures unchanged, when R2 is
methyl, ethyl, and isopropyl, the efficacy increases sequentially,
which may disclose that a group occupying a certain space is
preferable here; (3) when R3 is methyl, its activity is superior to
that of hydrogen-substituted compounds on the cell level; (4)
the structural difference between compound 18b and ceritinib
is only that the former includes a sulfoxide group, while the
latter contains a sulfone structure. However, compound 18d has
better antiproliferative activity against both ALK-overexpressing
cells as compared to the reference, indicating that the sulfoxide
group is more conducive to improving anti-tumor cell prolifer-
ation activity; (5) compounds with uorine and chlorine atom
substituents on the benzene ring exhibit a signicant decrease
in activity; (6) compounds with R4 as a -methyl substituent
display better inhibition activity than that with hydrogen
substitution.

Due to the superior anti-proliferative activity of compounds
18a–d, we conducted an ALK kinase inhibition activity assay,
also with ceritinib as the reference. The results in Table 2 show
ns: TFA, isopropyl alcohol, reflux.

RSC Adv., 2024, 14, 17557–17570 | 17563
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Table 1 Antiproliferative activities of 18a–l against H2228 EML4-ALK and BaF3/NMP-ALK cancer cell linesa

Comp. R1 R2 R3 R4 X H2228 IC50 EML4-ALK(nM)
BaF3/NMP-ALK
IC50 (nM)

18a iPr iPr Me H H 28 � 8 19 � 9
18b iPr iPr Me Me H 21 � 6 15 � 3
18c Et iPr Me H H 19 � 7 11 � 3
18d Et iPr Me Me H 14 � 6 9 � 4
18e Et Me Me Me H 44 � 12 33 � 10
18f Et Me Me Me F 37 � 11 31 � 13
18g Et Et Me Me F 33 � 7 29 � 12
18h Et Me Me H F 58 � 16 47 � 15
18i Et iPr Me Me Cl 81 � 28 77 � 15
18j Et iPr Me H F 63 � 8 56 � 4
18k Et Me H Me H 57 � 6 24 � 5
18L Et iPr Me Me F 31 � 10 28 � 8
Ceritinib — — — — — 25 � 010 18 � 1

a Experiments repeated independently at least three times.

Table 2 IC50 of 18a–d and ceritinib against ALK kinasea units (nM)

Compound IC50 of ALK kinase

18a 3 � 0.7
18b 1.4 � 0.2
18c 0.4 � 0.03
18d 1.2 � 0.4
Ceritinib 2.4 � 0.8

a Experiments repeated independently at least three times.
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that 18b–d exhibited better activity than ceritinib, which is
consistent with the results of anti-proliferation; a slight differ-
ence lies with the R4 group. It seems that 1-methylpiperidine is
better at the kinase level. Based on the above anti-tumor cell
proliferation activity and kinase inhibition activity tests, we
selected 18d as the representative for further mechanism
research.

Compound 18d anti H2228 cell spheroid proliferation and
colony formation. The antiproliferation study indicated that
18d had an IC50 of 14.23 nM in the monolayer cell inhibition
model; we also assayed the antiproliferation efficacy in the 3D
spheroid model. We cultured H2228 cells in a 4% agarose-
coated 96-well plate, with 20 000 cells for each well to form
spheroids. 18d presented an inhibitory effect on H2228 spher-
oids with an IC50 of 44.7 nM, which is more than 2 times that of
ceritinib.

Clone formation reects the in vitro proliferation ability of
tumor cells and their dependence on a colony, which can serve
as a supplement to an in vitro anti-tumor assay.25 H2228 cells
and BaF3/ALK cells are adherent and suspended cells,
17564 | RSC Adv., 2024, 14, 17557–17570
respectively. Based on the cell growth characteristics, we used
plate cloning and so agar cloning methods, respectively, for
these two types of tumor cells.26 By processing the colony
formation results using corresponding data analysis methods,
it was found that 18d can effectively inhibit the colony forma-
tion of two types of tumor cells and present a dose-dependent
effect (Fig. 4). By the action of compound 18d at the concen-
tration of 15 nM, the clone inhibition rates of H2228 and BaF3/
ALK cells reached over 70% and over 90%, respectively, and the
inhibition of BaF3/ALK cells was more effective, which corre-
sponds with the results in Table 1.

Compound 18d induces tumor cell apoptosis through the
mitochondria pathway. Inducing tumor cell apoptosis is one of
the mechanisms by which many anticancer drugs produce anti-
tumor effects. To evaluate whether compound 18d is capable of
inducing tumor cell apoptosis, we examined H2228 cells using
the PI/FITC double staining method in the presence of 18d. The
results in Fig. 5A and B show that compound 18d can induce the
apoptosis of H2228 cancer cell lines, since the ratio of early and
late apoptosis cells both increased. Hoechst 33342-stained
H2228 cells also displayed high-intensity blue uorescence, as
shown in Fig. 5C. The mitochondrial membrane potential
(MMP) in normal cells is closely related to cell physiological
functions, and its disorder appears in the early stage of cell
apoptosis.27 Thus, we selected the JC-1 probe to stain the
mitochondria of H2228 cells aer incubation with compound
18d for 48 h; the potential of H2228 cells showed signicant
changes and displayed a high-intensity of green uorescence.

Compound 18d inhibited the phosphorylation of ALK
protein in H2228 tumor cells,.28,29 In the inhibition assay of the
synthesized compounds on ALK kinase, 18d showed good
activity. To further investigate its specic mechanism, we used
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) The concentration of 18d and the H2228 monolayer model viability curve. (B) The concentration of 18d or ceritinib and the H2228
spheroid model viability curve; the photograph shows the spheroids under a 4× objective. (C) Representative images of H2228 plate colony
formation and BaF3/ALK soft agar colony formation results; the scale bar represents 50 mm and the colony formation images of Baf3 cells were
obtained using a 20× objective microscope. (D) 33% acetic acid eluted the color of H2228 cells stained with crystal violet. (E) The absorbance
values of each group of H2228 after elution using a microplate reader. (F) The inhibitory effects of compound 18d at different concentrations
calculated using absorbance values of the H2228 cell colony. (G) Ten randomly selected fields of view under a 20× objective; photographs of the
formed colony cell clusters were taken and image J was used to calculate the area of the colony sphere. A plot of the size of the colony clusters
formed by Baf3-ALK cells under different concentrations of 18d intervention. (H) The colony inhibition rates of 18d at various concentrations
based on the colony area. The data was shown as mean± SD and the unpaired two-way t-test (assuming all data with the same scatter) was used
to determine the levels of significance between comparable samples. p > 0.05was not significant (ns). *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001.

Fig. 5 (A & B) Flow cytometry results and statistics of PI/FITC double staining after treatment with different concentrations of 18d. (C) H2228 cells
cultured with or without 18d for 48 h, then stained with Hoechst 33342 and photographed by fluorescence microscopy; the scale bar is 50 mm.
(D) After JC-1 staining, H2228 cells were observed and photographed using the 10× objective of the fluorescence microscope under the U, B,
and G channels; the scale bar is 100 mm. (E) The average fluorescence intensity of green and red channels of each group. (F) The green/red ratio
of each group. The data are shown as the mean ± SD, and the unpaired two-way t-test (assuming all data with the same scatter) was used to
determine the levels of significance between comparison samples. p > 0.05 was not significant (ns). *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 17557–17570 | 17565
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Fig. 6 (A & B) Changes in ALK, p-ALK, STAT-3, and p-STAT-3 protein bands in H2228 cells. (C) The changes in ALK and p-ALK in H2228 cells in
the presence of 18d. The scale bar is 50 mm. The data are shown as the mean ± SD, and the unpaired two-way t-test (assuming all data with the
same scatter) was used to determine the levels of significance between comparison samples. p > 0.05 was not significant (ns). *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001.
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the western blot method to assay the protein content in H2228
cells. Fig. 6A and B shows that the interruption of 18d can
reduce the content of p-ALK instead of directly acting on ALK,
while p-ALK is the active type of ALK. It also inhibited the
activation of the downstream signalling protein STAT-3, since
the active form of p-STAT-3 reduces in a dose–response pattern.
We also used the immunouorescence method, which supplied
another view to support the western blot ndings. The same
results were obtained as for the western blot assay, which
indicated that 18d indeed reduced the phosphorylation of ALK.

The effect of 18d on the cycle of H2228 tumor cells. Various
studies have found that cell division is vigorous in tumor tissue,
and most cells are in the rapid division phase. Therefore,
studying the cycle changes of tumor cells aer the action of anti-
tumor compounds is essential for a comprehensive under-
standing of the mechanisms of active compounds. To evaluate
the effect of compound 18d on the tumor cell cycle, we used ow
Fig. 7 (A) The cell cycle of H2228 cells after treatment with different dos
ratio changes at each stage after the intervention with different concen

17566 | RSC Adv., 2024, 14, 17557–17570
cytometry to assay the PI-stained cells to determine the cell ratio
in different cycles. As shown in Fig. 7, aer 18d treatment,
H2228 cells in G0–G1 increased, while the number of cells in the
S and G2–M phases decreased. Thus, it can be inferred that 18d
can prevent the cycle changes of tumor cells, making them stay
in G0–G1 and unable to enter the late stage of division.

In vivo anti-tumor evaluation of compounds 18a–d in nude
mice.8,30,31 In vivo, anti-tumor experiments are the most effective
tools for evaluating active compounds before clinical study.
Considering the species differences between humans and mice,
we chose human-derived H2228 cells to form a xenogramodel
in nude mice. Aer subcutaneous injection of the H2228 cell
suspension into the right armpits of nude mice for 10 days, the
cells formed tumors. When the tumor volume reached about
200m3, compounds 18a–d and the reference drug ceritinib were
administered continuously at a dose of 20 mg kg−1 for 14 days,
and the control group was administered an aqueous solution of
es of 18d. (B) The ratio of each cell stage in the whole cell cycle. (C) The
trations of 18d.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) Experimental procedures and time points. (B) Images of tumors in each group. The scale bar is 1 cm. (C) The changes in the tumor
volumes of nude mice in each group. The data were analyzed by the unpaired t-test (GraphPad Prism 8), and there were significant differences
between the control group and 18a–d, P < 0.0001. (D) The weights of tumors in each group. (E) Growth inhibition rate (TGI) of tumors in each
group. (F) The body weight of each group after treatment. (G) Control and 18d H&E staining results for the kidney, liver, and lung. The scale bar is
50 mm. The data are shown as the mean ± SD, and the unpaired two-way t-test (assuming all data with the same scatter) was used to determine
the levels of significance between comparison samples. p > 0.05 was not significant (ns). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Fig. 9 HK-2 and EA.hy926 cell morphology when cultured with cer-
itinib or 18d (both 1 mM), the scale bar is 100 mm.

Table 3 The results of the toxicity assay of compound 18d on normal
cellsa

Compound 18a IC50 mM Ceritinib IC50 mM

EA.hy926 (quiescent) 6.47 � 0.95 EA.hy926 (quiescent) 2.44 � 0.34
EA.hy926b (active) 8.92 � 1.89 EA.hy926 (active) 3.42 � 0.56
HK-2 5.79 � 0.72 HK-2 1.44 � 0.25
L02 >10 L02 3.42 � 0.56

a The test results were obtained from at least three independent
experiments. b EA.hy926 are activated by 10 mg mL−1 VEGF-
containing medium.
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CMC-Na. The volumes of tumors and weight changes in the
nude mice were recorded every day. Aer the administration,
the nude mice were euthanized and the tumors were removed
carefully, then weighed and photographed. During the whole
drug administration period, no death or abnormal behavior was
observed and the weights of the 18a–d group gradually
increased, and so did those of the ceritinib group, which re-
ected that 18a–d did not exhibit an obvious poisoning effect in
nude mice at the dose of 20 mg kg−1. We randomly chose one
mouse in the control and 18d group, took the liver, lung, and
kidney for xing, slicing, and H&E staining, and found that the
slices of 18d displayed no abnormal phenomena as compared
with the control groups, which also proved the low toxicity of
18d. The tumor volumes and tumor weights of the 18a–d groups
all decreased and were similar to, or better than, the ceritinib
group. The TGI of 18d is 86.3%, which is superior to that of the
ceritinib group (72.8%). For the tumor volume changes, 18a and
18d displayed promising inhibitory effects of 191.63 and 184.89
mm3, respectively, which are much higher as compared to the
ceritinib group (131.00 mm3) (Fig. 8).

Toxicity assay of compound 18d on human normal cells. In
addition to the effectiveness of drugs, safety is also one of the
important indicators for evaluating candidate drugs. For this
purpose, we selected three different sources of normal cells
(endothelial cells, liver cells, and kidney cells) for toxicity eval-
uation of 18d toward human normal cells. The results in Table 2
indicate that 18d has lower toxicity toward the three normal
cells as compared to the positive drug ceritinib. For HK-2 and
© 2024 The Author(s). Published by the Royal Society of Chemistry
EA.hy926 cells, in particular, aer incubation with ceritinib for
48 h, they displayed abnormal morphology changes, such as cell
shrinkage or the formation of polygon-shaped cells (Fig. 9)
(Table 3).
RSC Adv., 2024, 14, 17557–17570 | 17567
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Fig. 10 (A) Molecular docking of 18d with ALK kinase. (B) Molecular docking of ceritinib with ALK kinase.
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Molecular docking study. To study the possible interactions
of 18d with ALK, we used Schrodinger Suites 2018 soware to
dock the compound with the active site of the kinase (PDB code:
2XB7). As shown in Fig. 10, 18d and ceritinib are both located
near the hinge region of the kinase. Hydrogen bonds are formed
between the main chain nitrogen and oxygen of Met1199
through pyrimidine and amino nitrogen atoms of 18d, respec-
tively. The piperidine ring of 18d extends into the solvent to
form a salt bridge with Glu1210, and the sulfoxide group forms
a hydrogen bond with Lys1150. These interactions are condu-
cive to matching with the ALK active site (as shown in Fig. 10A).
Compared with the positive drug ceritinib (as shown in
Fig. 10B), the increased interaction between 18d and ALK
enhances the matching with the active site of ALK.

Conclusion

To develop new anti-cancer compounds with better activity and
fewer side effects, we took the second-generation ALK inhibitor
ceritinib as the lead and adopted strategies such as structural
transformation and conguration control to synthesize a series
of compounds with the pyrimidine core and sulfoxide group.
Using CCK8 and MTT methods, Ba/F3-ALK, and the human
non-small cell lung cancer cell line NCI-H2228, the anti-
proliferative activity of the synthesized compounds was
assayed with ceritinib as the reference. The results showed that
most compounds exhibited good anti-tumor activity, and
among them, 18a–d showed slightly better activity than the
reference. We conducted anti-tumor experiments on
compounds 18a–d in H2228 cell-modeled nude mice, and the
results showed that the in vivo activities of all four compounds
were superior to those of positive drugs. We also conducted the
assay of the optimal compounds on human normal cell activity,
and the results showed that the optimal compounds had lower
IC50 values of anti-proliferative activity compared to the refer-
ence. The mechanism study showed that 18d could result in cell
apoptosis through the mitochondrial pathway. Moreover, 18d
also arrested the cancer cell cycle in the G0-G1 phase. In the cell
signal pathway, 18d could reduce the content of activated p-
ALK, and p-STAT-3, without affecting ALK and STAT-3. In
addition, preliminary studies on the toxicity of compound 18d
revealed that its toxicity toward several normal human cells was
17568 | RSC Adv., 2024, 14, 17557–17570
lower than that of the positive drug ceritinib. All these results
indicate that compounds 18a–d are good anti-tumor lead
compounds and are worthy of further study.
Statistical analysis

All images were quantied by image J and the data analysis was
conducted using GraphPad Prism 8. All experiments were
repeated three times independently unless specically indi-
cated. The data are shown as the mean ± SD, and the unpaired
two-way t-test (assuming all data with the same scatter) was
used to determine the levels of signicance between compar-
ison samples. p > 0.05 was not signicant (ns). *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001.
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