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A series of new ceritinib analogs by extensive functionalization of the tail piperidine ring with various
phosphamides and carbamates have been synthesized. All the ceritinib derivatives were evaluated for
their cytotoxic activities against H2228 cell line. From the activity profile obtained, three of the tested
compounds (compounds 4, 7 and 9) showed significant cytotoxic effects. Among these derivatives
compound 9 was found to possess cytotoxicity that is better than standard drug ceritinib (IC50 ¼ 24 nM).
Moreover, compound 9 demonstrated robust tumor growth inhibition in vivo model.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

Cancer is a leading cause of death worldwide and the deaths are
projected to continue rising with an estimated 13 million deaths in
2030 [1]. Although chemotherapy has been widely used to cancer
therapy, there is an urgent need to find new drugs for this hard-to-
treat disease. Since the first tyrosine kinase inhibitor for the
treatment of a human cancer (imatinib/Gleevec for chronic myeloid
leukemia) was approved by FDA in 2001, tyrosine kinase inhibitors
(TKI) have become the mainstream of target chemotherapy [2,3].
The recent understanding of the molecular pathophysiology of
tumor has highlighted that many tyrosine kinases are found up-
stream or downstream of epidemiologically relevant oncogenes or
tumor suppressor, especially the receptor tyrosine kinases.

Anaplastic lymphoma kinase (ALK) was first identified in 1994
as a part of nucleophosmin NPM-ALK fusion gene in 60% of
anaplastic large-cell lymphoma (ALCL), and in late 2007 EML4-ALK
fusion gene was found in 3e7 % of non-small cell lung cancer [4,5].
ALK is a receptor tyrosine kinase, grouped together with leukocyte
tyrosine kinase (LTK) to a subfamily within the insulin receptor (IR)
superfamily. Up to present, ALK as a cancer therapy target makes it
(P. Wang), jimin@seu.edu.cn

served.
an attractive target for cancer therapeutic intervention. A variety of
ALK inhibitors have been developed and examined in clinical trials,
such as crizoitnib, ceritinib, alectinib (Fig. 1). Among them, crizo-
tinib (Xalkori) was the first small molecule inhibitor which was
approved as a treatment of NSCLC including ALK fusion gene,
EML4-ALK by FDA in 2011 [6,7]. Although crizotinib was very
effective for the treatment of ALK-positive NSCLC, acquired drug
resistance caused by point-mutations of ALK has been identified in
patients treated with crizotinib [8,9]. To overcome ALK mutations,
the activity of second-generation ALK inhibitors in patients with
crizotinib-resistant ALK-positive NSCLC is currently being assessed
in ongoing studies. For example, ceritinib and alectinib have
received Breakthrough Therapy designation by the U.S. Food and
Drug Administration (FDA) for the treatment of patients with ALK-
positive metastatic non-small cell lung cancer (NSCLC) who had
progressed during treatment with, or were intolerant to, crizotinib
[10,11]. A number of other potent and more specific ALK inhibitors,
including X-396, ASP3026, AP26113 and TSR-011 are currently in
phase 1/2 clinical trials. Recently, ceritinib has been granted
accelerated approval by the FDA, offering a much-needed treat-
ment option for patients with certain lung cancers who relapse
after first-line therapy [12].

From the SAR and molecular model analysis of ceritinib, the
central pyrimidine ring of ceritinib was critical for activity, which
can make hydrogen bonds at the hinge area via the pyrimidine and
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Fig. 1. Structures of selected ALK inhibitors.
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amino nitrogen atoms. Although the substitutions on the nitrogen
of the piperidine were fairly well-tolerated, the properties of sub-
stituents have significant influence on the ALK inhibition activity
[13]. Moreover, the investigation of substituent groups on the ni-
trogen of the piperidine ring was not enough. In order to further
study and improve the ALK inhibition activity, varieties of ceritinib
derivatives were prepared and are reported herein, in which the
nitrogen of piperidine has been replaced with various phospha-
mides and carbamates. The synthetic compounds were evaluated
for their activity in vitro against H2228 NSCLC cell using MTS (3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) assay. The structure activity rela-
tionship (SAR) and biological properties of these newly synthesized
molecules were compared to estimate its drug-likeliness and un-
desired properties.

2. Results and discussion

2.1. Chemistry

The syntheses for various ceritinib analogs require the corre-
sponding ceritinib as the key intermediate (Scheme 1). Ceritinib
can be successfully achieved in two steps starting with a modified
Buchwald coupling reaction between 2,5-dichloro-N-(2-(iso-
propylsulfonyl)phenyl)pyrimidin-4-amine (1) and tert-butyl 4-(4-
amino-5-isopropoxy-2-methylphenyl)piperidine-1-carboxylate
(2) to form the CeN bond in good yield. Then deprotection of Boc
group in the presence of TFA produced to the desired ceritinib in
satisfactory yield. 2,5-Dichloro-N-(2-(isopropylsulfonyl)phenyl)
pyrimidin-4-amine (1) was prepared from 1-fluoro-2-nitrobenzene
via nucleophilic substitution with isopropyl mercaptan, oxidation
of sulfide, reduction of nitro group, and nucleophilic substitution
with 2,4,5-trichloropyrimidine. tert-Butyl 4-(4-amino-5-
isopropoxy-2-methylphenyl)piperidine-1-carboxylate (2) can be
obtained starting with 2- chloro-4-fluoro-1-methylbenzene in five
steps as previously described [14].

Compounds 3aec were prepared in one step process in which
ceritinib was respectively reacted with diethyl chlorophosphate,
diphenyl chlorophosphate and dibenzyl chlorophosphate in
excellent yields. Dibenzyl chlorophosphate was achieved by the
chlorination of dibenzyl phosphite with N-chlorosuccinimide
(NCS). The deprotection of benzyl group of compound 3c can pro-
ceed smoothly to afford 4 in presence of TEA. The carbamate de-
rivatives 5aed were obtained in good yields by the reaction of
ceritinib with corresponding chloroformates in presence of DMAP
and DCM.

With a view to increase the diversity of the library, functional-
ization of carbamate derivatives was taken up. Ceritinib was firstly
reacted with chloromethyl chloroformate to give intermediate 6,
which was followed by reacting with potassium acetate to afford
target compound 7. Similarly, the products 8 and 9were obtained in
excellent yields. The new compounds thus synthesized are
completely characterized by their spectral data before proceeding
for biological evaluation.



Scheme 1. The synthetic route of ceritinib analogs. Reagents and conditions: (a) Pd(OAc)2, X-Phos, Cs2CO3, THF; (b) TFA, DCM, 50% yield over two steps; (c) ClPO(OR)2, TEA, THF,
90%e96%; (d) H2, Pd/C, TEA, THF, 97%e98%; (e) chloroformate, DMAP, DCM, 94%e96%; (f) chloromethyl chloroformate, DMAP, DCM, 63%; (g) CH3COOK, DMF, 90%; (h) Dibenzyl
phosphate silver salt, toluene, 80%.
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2.2. Biological evaluations in vitro

All the synthesized compounds were evaluated for their in-vitro
anticancer activity against the NSCLC human cell line H2228 and
using ceritinib as a positive control. As shown in Table 1, three
compounds (4, 7, 9) of the nine new compounds showed anti-
H2228 IC50 values between 24 and 120 nM. Compound 4 showed
good anticancer activity with IC50 values of 57 nM, which is about
2-fold more potent than that of ceritinib (IC50 ¼ 103 nM). The other
ceritinib derivatives, compounds 3aec and 5aed exhibited a sig-
nificant loss in potency compared to that of ceritinib. Moreover, the
anticancer activity decreased obviously with the increase of alkyl
chain. For example, compound 5a (methyl) showed higher activity
than compounds 5c and 5d (isobutyl and n-pentyl, respectively). It
may be due to electromeric effect contributed by the alkyl groups
being situated at the tail of ceritinib. Interestingly, compound 7
showed good anticancer activity with IC50 values of 120 nM, which
approached that of ceritinib. The most active compound of this set
compound 9 gave a quite low IC50 value of 24 nM, which is
approximately 5-fold more potent than that of ceritinib. Com-
pounds 8 (with IC50 ¼ 1037 nM), which is benzyl ester of 9,
exhibited a significant loss in potency compared to that of com-
pound 9. Compounds 4 and 9 are the most potent ones in vitro test.
2.3. Structureeactivity relationship using docking studies

To predict the binding mode of the newly synthesized com-
pounds, a docking study of compound 9 was first performed using
AutoDock Vina. The X-ray crystal structure of ceritinib with the
kinase domain of ALK taken from PDB (4MKC)was used as the input
structure. Our findings suggested that compound 9 exhibited a
similar binding mode with ceritinib. Compound 9 makes hydrogen



Table 1
Activity profile of ceritinib analogs on H2228 cell.

Entry Compound name IC50 (nM)

3a 570.70

3b 14355.00

3c 2691.00

4 57.38

5a 1114.00

5b 1195.00

5c 7404.00

5d 67157.00

Table 1 (continued )

Entry Compound name IC50 (nM)

7 119.90

8 1037.00

9 23.97

Ceritinib 102.60
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bonds at the hinge area via the pyrimidine and amino nitrogen
atoms onto the backbone nitrogen and oxygen of Met1199
respectively. The tail of 9 which has phosphate group is pushed up
into the solvent. Importantly, the carbonyl oxygen atom of carba-
mate group makes a hydrogen bond with Ser1206 and its carboxyl
hydrogen atoms make hydrogen bonds with Glu1210 and Gly1201
respectively (Fig. 2). The fact that 9 has increased surface contact
with protein leads to its better activity. Taken together, our mo-
lecular simulation allowed us to rationalize the activity profile of
the ceritinib derivatives against ALK, which provided valuable in-
formation for further design of novel effective ALK inhibitors.
2.4. Biological evaluations in vivo

Although compound 4 showed potent anticancer activity, it was
not evaluated in vivo because of its poor physicochemical property.
To evaluate the antitumor efficacy of compounds 7 and 9, a mouse
tumor xenograft study was performed. Dosing started from day 15
post-cell implantation with tumor size around 150 mm3. As illus-
trated in Fig. 3, untreated mice (vehicle) exhibited a rapid tumor
growth, with tumor volumes of approximately 420 mm3 at day 15.
Compound 7 gave weak antitumor activity and hardly controlled
tumor growth in vivo. Mice treated with compound 7 were slightly
better than control group. In contrast, treatment of mice with
compound 9 at the equivalent mole dose led to a considerable
decrease in the tumor progression. Compound 9 showed significant
tumor growth regression on day 15, with tumor growth inhibition
as high as 80%. Moreover, its antitumor efficacy approached that of
ceritinib at the end of the treatment. Similarly to observed in the
cell culture experiments, compound 9 demonstrated greater in vivo
anticancer activity than compound 7. The relative body-weight loss



Fig. 2. (a) The binding models of ceritinib (pink) and 9 (green) with ALK; (b) Hydrogen bonding interactions between compound 9 and key amino acid residues. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Efficacy of 7 and 9 in 15-day rat xenograft H2228 model.
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was also monitored throughout the treatment (Fig. 4). The results
showed that no significant body weight reduction was observed
throughout the course of the study, indicating there are no obvious
adverse effects.

Because the chemical structure of compounds 7 and 9 are
similar to prodrugs. We considered whether these compounds
Fig. 4. Relative body weight as a function of time.
perform as prodrug in vivo. Then the pharmacokinetic profile of
compounds 7 and 9 was compared to that of ceritinib according to
plasma concentration after oral administration of compounds 7, 9
and ceritinib. The plasma concentration profile versus time is
shown in Fig. 5. A single dose of ceritinib, orally administrated, was
rapidly absorbed and can be highly detected within 24 h. In
contrast, plasma concentrations of ceritinib released from com-
pounds 7 and 9 were significantly lower than those of ceritinib
within 24 h. Therefore, prodrug principle was not the main
mechanisms of the antitumor effect of the two compounds.
3. Conclusion

In summary, present work describes the synthesis of a series of
ceritinib analogs by extensive functionalization of the tail piperi-
dine ring with various phosphamides and carbamates. All the
compounds synthesized were tested for anticancer activity against
H2228 cell line. Three of the tested compounds (compounds 4, 7
and 9) showed significant cytotoxic effects with IC50
values < 120 nM. Among these derivatives compound 9 exhibited
better inhibitory activity than the standard ceritinib against H2228
cell line (IC50 ¼ 24 nM). Moreover, compound 9 demonstrated
robust tumor growth inhibition in vivo model. We are currently
engaged in a more detailed mechanistic investigation of 9 and will
report our findings in due course.
Fig. 5. Plasma concentration time profile of ceritinib upon oral administration of
ceritinib itself and of compounds 7 and 9.
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4. Experimental section

4.1. Materials and methods

Commercial reagents were used as received. Analytical-grade
solvents and commercially available reagents were used without
further purification. Analytical thin layer chromatography (TLC)
was performed on precoated silica gel GF254 plates. Yields refer to
the isolated yields of the products after purification by silica-gel
column chromatography (200e300 mesh). Nuclear magnetic
resonance (NMR) spectra were recorded on a Bruker-300 MHz
spectrometer. Chemical shifts are reported relative to TMS;
coupling constants are given in hertz. Mass data (ESI) were recor-
ded by quadruple mass spectrometry.

4.2. General method for the preparation of compounds 3aec

To a mixture of ceritinib (200 mg, 0.358 mmol) and TEA (51 mg,
0.502 mmol) in dry THF (10 mL), diethyl chlorophosphate or
diphenyl chlorophosphate or dibenzyl chlorophosphate (each
0.43 mmol) was added by a syringe. The reaction mixture was
stirred at room temperature for about 24 h until the starting ma-
terial disappeared by TLC. After the reaction was completed, the
reaction mixture was concentrated to afford the crude product,
which was purified by silica gel column chromatography to give
compound 3aec respectively.

4.2.1. Diethyl (4-(4-((5-chloro-4-((2-(isopropylsulfonyl)phenyl)
amino)pyrimidin-2-yl)amino)-5-isopropoxy-2-methylphenyl)
piperidin-1-yl)phosphonate (3a)

Yield: 90%; 1H NMR (CDCl3) d: 1.33e1.43 (m, 18H), 1.55e1.76 (m,
4H), 2.16 (s, 3H), 2.75e2.90 (m, 3H), 3.21e3.30 (m, 1H), 3.70 (m,
2H), 4.03e4.13 (m, 4H), 4.49e4.57 (m,1H), 6.73 (s,1H), 7.26 (m, 2H),
7.60 (t, J ¼ 7.2 Hz, 1H), 7.92 (d, J ¼ 8.0 Hz, 1H), 7.95 (s, 1H), 8.13 (s,
1H), 8.56 (d, J ¼ 8.4 Hz, 1H), 9.60 (s, 1H); 13C NMR (CDCl3) d: 15.3,
16.2, 16.3, 18.9, 22.2, 32.8, 32.9, 38.2, 45.5, 55.5, 71.7, 105.7, 111.1,
121.2, 123.3, 123.7, 125.1, 126.9, 131.3, 134.6, 138.2, 145.1, 155.5; 31P
NMR (CDCl3) d: 9.02; MS m/z: 694.3 [MþH]þ, 716.3 [MþNa]þ.

4.2.2. Diphenyl (4-(4-((5-chloro-4-((2-(isopropylsulfonyl)phenyl)
amino)pyrimidin-2-yl)amino)-5-isopropoxy-2-methylphenyl)
piperidin-1-yl)phosphonate (3b)

Yield: 95%; 1H NMR (DMSO-d6) d: 1.15 (d, J¼ 6.8 Hz, 6H), 1.21 (d,
J ¼ 6.0 Hz, 6H), 1.55e1.59 (m, 2H), 2.08 (s, 3H), 2.71e2.95 (m, 3H),
3.39e3.45 (m, 1H), 3.48e3.73 (m, 4H), 4.34e4.43 (m, 1H), 6.37 (s,
1H), 7.21 (m, 2H), 7.33 (m, 5H), 7.45e7.48 (m, 5H), 7.57 (t, J¼ 7.9 Hz,
1H), 7.84 (d, J ¼ 7.8 Hz, 1H), 8.08 (s, 1H), 8.24 (s, 1H), 8.42 (d,
J ¼ 8.4 Hz, 1H), 9.48 (s, 1H); 13C NMR (DMSO-d6) d: 14.7, 18.2, 21.7,
31.8, 36.7, 44.9, 54.7, 70.7, 104.2, 111.2, 119.8, 119.9, 120.0, 123.5,
123.6, 123.9, 124.5, 124.8, 126.3, 126.7, 129.3, 129.8, 130.8, 134.6,
137.9, 138.8, 146.5, 150.3, 150.4, 154.8, 155.1, 157.8; 31P NMR (DMSO-
d6) d: �0.68; MS m/z: 790.5 [MþH]þ, 812.5 [MþNa]þ.

4.2.3. Dibenzyl (4-(4-((5-chloro-4-((2-(isopropylsulfonyl)phenyl)
amino)pyrimidin-2-yl)amino)-5-isopropoxy-2-methylphenyl)
piperidin-1-yl)phosphonate (3c)

Yield: 96%; 1H NMR (DMSO-d6) d: 1.14e1.20 (m, 12H), 1.59e1.62
(m, 2H), 2.11 (s, 3H), 2.57 (m,1H), 2.75e2.86 (m, 3H), 3.38e3.56 (m,
4H), 4.42e4.49 (m, 1H), 5.02 (d, J ¼ 7.8 Hz, 4H), 6.69 (s, 1H),
7.32e7.44 (m, 11H), 7.52 (s, 1H), 7.60 (t, J ¼ 7.9 Hz, 1H), 7.84 (d,
J ¼ 7.8 Hz, 1H), 8.05 (s, 1H), 8.25 (s, 1H), 8.45 (d, J ¼ 8.4 Hz, 1H), 9.47
(s, 1H); 13C NMR (DMSO-d6) d: 14.7, 18.2, 21.7, 29.4, 32.1, 32.2, 37.3,
44.8, 54.8, 66.9, 67.0, 70.7, 104.2, 111.7, 123.5, 123.6, 123.7, 124.4,
126.4, 126.8, 127.5, 127.9, 128.3, 130.8, 134.7, 136.7, 136.8, 137.9,
139.0, 146.4, 154.8, 155.1, 157.8; 31P NMR (DMSO-d6) d: 9.45; MSm/
z: 818.5 [MþH]þ, 840.5 [MþNa]þ.

4.3. Procedures for the synthesis of benzyl hydrogen (4-(4-((5-
chloro-4-((2-(isopropylsulfonyl)phenyl)amino)pyrimidin-2-yl)
amino)-5-isopropoxy-2-methylphenyl)piperidin-1-yl)phosphonate
(4)

Compound 3c (300 mg, 0.367 mmol) was dissolved in dry THF
(10 mL). Then TEA (0.3 mL) and 10% Pd/C (30 mg) was added to the
mixture. The mixture was stirred at room temperature under
hydrogen for overnight. The reaction mixture was filtered and
concentrated under vacuum to afford compound 4. Yield: 97%; 1H
NMR (DMSO-d6) d: 1.14e1.21 (m, 12H), 1.58e1.64 (m, 2H), 2.11 (s,
3H), 2.59 (m, 1H), 2.75e2.87 (m, 3H), 3.36e3.57 (m, 4H), 4.42e4.48
(m, 1H), 5.05 (d, J ¼ 7.8 Hz, 2H), 6.71 (s, 1H), 7.33e7.46 (m, 6H), 7.55
(s, 1H), 7.60 (t, J ¼ 7.9 Hz, 1H), 7.84 (d, J ¼ 7.8 Hz, 1H), 8.04 (s, 1H),
8.25 (s,1H), 8.46 (d, J¼ 8.4 Hz,1H), 9.48 (s,1H). 13C NMR (DMSO-d6)
d: 14.7, 18.3, 21.7, 29.5, 32.0, 32.2, 37.6, 44.8, 54.9, 66.9, 67.0, 70.9,
104.2, 111.8, 123.5, 123.6, 123.7, 124.5, 126.4, 126.9, 127.5, 127.9,
128.6,130.8,134.7,136.7,136.8,137.8,139.1,146.4,154.9,155.2,157.8.
31P NMR (DMSO-d6) d: 5.98. MS m/z: 728.4 [MþH]þ.

4.4. General method for the preparation of compounds 5aed

Chloroformate (0.4 mmol) was added to the mixture of ceritinib
(150 mg, 0.27 mmol) and DMAP (99 mg, 0.81 mmol) in dry
dichloromethane (10mL). The reactionmixturewas stirred at room
temperature for overnight. Dichloromethane was removed under
reduced pressure and purified by column chromatography to afford
the desired product.

4.4.1. Methyl 4-(4-((5-chloro-4-((2-(isopropylsulfonyl)phenyl)
amino)pyrimidin-2-yl)amino)-5-isopropoxy-2-methylphenyl)
piperidine-1-carboxylate (5a)

Yield: 95%; 1H NMR (CDCl3) d: 1.23e1.37 (m, 12H), 1.55e1.78 (m,
4H), 2.17 (s, 3H), 2.79e2.92 (m, 3H), 3.21e3.30 (m, 1H), 3.73 (s, 3H),
4.30 (m, 2H), 4.50e4.58 (m,1H), 6.70 (s, 1H), 7.26 (m,1H), 7.57e7.64
(m, 2H), 7.93 (d, J ¼ 8.0 Hz, 1H), 8.01 (s, 1H), 8.15 (s, 1H), 8.57 (d,
J¼ 8.4 Hz, 1H), 9.52 (s, 1H); 13C NMR (CDCl3) d: 15.3, 18.9, 22.2, 32.5,
38.1, 44.7, 52.5, 55.4, 71.6, 105.8, 110.8, 120.7, 123.1, 123.6, 124.9,
126.8,127.7,131.2,134.5,137.0,138.4,144.7,155.1, 155.3,155.9,157.4;
MS m/z: 638.3 [MþNa]þ.

4.4.2. Ethyl 4-(4-((5-chloro-4-((2-(isopropylsulfonyl)phenyl)
amino)pyrimidin-2-yl)amino)-5-isopropoxy-2-methylphenyl)
piperidine-1-carboxylate (5b)

Yield: 94%; 1H NMR (DMSO-d6) d: 1.04e1.21 (m, 15H), 1.53e1.65
(m, 4H), 2.14 (s, 3H), 2.83e2.87 (m, 3H), 3.43 (m, 1H), 4.04e4.16 (m,
4H), 4.58e4.61 (m, 1H), 6.84 (s, 1H), 7.33e7.38 (m, 1H), 7.54 (s, 1H),
7.60e7.63 (m, 1H), 7.84 (d, J ¼ 7.8 Hz, 1H), 8.01 (s, 1H), 8.24 (s, 1H),
8.47 (d, J ¼ 8.1 Hz, 1H), 9.46 (s, 1H); 13C NMR (DMSO-d6) d: 14.5,
14.7, 18.3, 21.8, 31.9, 37.4, 44.0, 54.7, 60.5, 70.6, 104.2, 111.7, 123.5,
123.6, 124.4, 126.3, 126.7, 130.8, 134.7, 137.9, 138.8, 146.4, 154.4,
154.8, 155.3, 157.9; MS m/z: 630.4 [MþH]þ, 652.4 [MþNa]þ.

4.4.3. sec-Butyl 4-(4-((5-chloro-4-((2-(isopropylsulfonyl)phenyl)
amino)pyrimidin-2-yl)amino)-5-isopropoxy-2-methylphenyl)
piperidine-1-carboxylate (5c)

Yield: 95%; 1H NMR (CDCl3) d: 0.95 (d, J ¼ 6.6 Hz, 6H), 1.31 (d,
J ¼ 6.0 Hz, 6H), 1.36 (d, J ¼ 6.0 Hz, 6H), 1.56e1.60 (m, 2H), 1.74e1.79
(m, 2H), 1.91e2.03 (m, 1H), 2.15 (s, 3H), 2.79e2.92 (m, 3H),
3.21e3.30 (m, 1H), 3.90 (d, J ¼ 6.4 Hz, 2H), 4.30e4.34 (m, 2H),
4.49e4.57 (m, 1H), 6.71 (s, 1H), 7.23e7.28 (m, 1H), 7.59e7.64 (m,
2H), 7.93 (d, J ¼ 7.9 Hz, 1H), 8.00 (s, 1H), 8.15 (s, 1H), 8.57 (d,
J ¼ 8.4 Hz, 1H), 9.52 (s, 1H); 13C NMR (CDCl3) d: 15.3, 18.9, 19.1, 22.2,
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28.0, 32.6, 38.2, 44.7, 55.4, 71.5, 71.6, 105.8, 110.9, 120.8, 123.1, 123.6,
124.9, 126.8, 127.7, 131.2, 134.6, 137.1, 138.4, 144.8, 155.1, 155.4, 155.6,
157.4; MS m/z: 680.4 [MþNa]þ.
4.4.4. Pentyl 4-(4-((5-chloro-4-((2-(isopropylsulfonyl)phenyl)
amino)pyrimidin-2-yl)amino)-5-isopropoxy-2-methylphenyl)
piperidine-1-carboxylate (5d)

Yield: 96%; 1H NMR (CDCl3) d: 0.92 (m, 3H), 1.31e1.38 (m, 16H),
1.56e1.78 (m, 6H), 2.17 (s, 3H), 2.83e2.91 (m, 3H), 3.21e3.31 (m,
1H), 4.11 (t, J ¼ 9.6 Hz, 2H), 4.30 (m, 2H), 4.50e4.58 (m, 1H), 6.71 (s,
1H), 7.24e7.29 (m, 1H), 7.59e7.64 (m, 2H), 7.93 (d, J ¼ 7.7 Hz, 1H),
8.00 (s, 1H), 8.15 (s, 1H), 8.57 (d, J ¼ 8.4 Hz, 1H), 9.53 (s, 1H); 13C
NMR (CDCl3) d: 13.9, 15.3, 18.9, 22.2, 22.3, 28.1, 28.7, 32.6, 38.2, 44.7,
55.5, 65.5, 71.6, 105.8, 110.9, 120.8, 123.1, 123.6, 125.0, 126.8, 127.6,
131.2, 134.6, 137.2, 138.4, 142.7, 144.8, 154.9, 155.4, 155.6, 157.3; MS
m/z: 672.4 [MþH]þ, 694.4 [MþNa]þ.
4.5. Procedures for the synthesis of acetoxymethyl 4-(4-((5-chloro-
4-((2-(isopropylsulfonyl)phenyl)amino)pyrimidin-2-yl)amino)-5-
isopropoxy-2-methylphenyl)piperidine-1-carboxylate (7)

Chloromethyl chloroformate (194 mg, 2.0 mmol) was added to
the mixture of ceritinib (558 mg, 1.0 mmol) and DMAP (305 mg,
2.5 mmol) in dry dichloromethane (10 mL) under 0 �C. The reaction
mixture was stirred at room temperature for overnight. Dichloro-
methane was removed under reduced pressure and purified by
column chromatography to afford compound 6 in 63% yield. Then
compound 6 (200 mg, 0.3 mmol) and potassium acetate (98 mg,
1.0 mmol) was added to DMF (10 mL). The mixture was reacted at
80 �C for 4 h. The solvent was removed under reduced pressure and
purified by column chromatography to afford compound 7. Yield:
90%; 1H NMR (CDCl3) d: 1.32 (d, J¼ 6.8 Hz, 6H),1.36 (d, J¼ 6 Hz, 6H),
1.59 (m, 2H), 1.77 (m, 2H), 2.13 (s, 3H), 2.17 (s, 3H), 2.80e2.93 (m,
3H), 3.21e3.30 (m, 1H), 4.30e4.35 (m, 2H), 4.50e4.58 (m, 1H), 5.80
(s, 2H), 6.69 (s, 1H), 7.24e7.29 (m, 1H), 7.59e7.64 (m, 2H), 7.93 (d,
J ¼ 7.8 Hz, 1H), 8.00 (s, 1H), 8.15 (s, 1H), 8.57 (d, J ¼ 8.3 Hz, 1H), 9.55
(s, 1H); 13C NMR (CDCl3) d: 15.3, 18.9, 20.9, 22.2, 32.2, 32.6, 38.0,
44.9, 55.5, 71.7, 80.4, 105.8, 110.9, 120.9, 123.2, 123.6, 125.0, 126.9,
127.7, 131.3, 134.6, 136.9, 138.4, 144.9, 153.5, 154.8, 155.4, 157.2,
169.9; MS m/z: 674.4 [MþH]þ, 696.3 [MþNa]þ.
4.6. Procedures for the synthesis of ((bis(benzyloxy)phosphoryl)
oxy)methyl 4-(4-((5-chloro-4-((2-(isopropylsulfonyl)phenyl)amino)
pyrimidin-2-yl)amino)-5-isopropoxy-2-methylphenyl)piperidine-1-
carboxylate (8)

Compound 6 (400 mg, 0.6 mmol) and dibenzyl phosphate silver
salt (710mg,1.84mmol) was added to toluene (20mL). Themixture
was refluxed for 4 h. The solvent was removed under reduced
pressure and purified by column chromatography using ethyl ace-
tate as eluant to afford compound 8. Yield: 80%; 1H NMR (DMSO-
d6) d: 1.14e1.18 (m, 12H), 1.53e1.67 (m, 4H), 2.14 (s, 3H), 2.90 (m,
3H), 3.38e3.48 (m, 1H), 4.06e4.17 (m, 2H), 4.48e4.56 (m, 1H), 5.08
(d, J ¼ 7.8 Hz, 4H), 5.66 (d, J ¼ 13.3 Hz, 2H), 6.79 (s, 1H), 7.38 (m,
11H), 7.54 (s, 1H), 7.62 (t, J¼ 7.9 Hz, 1H), 7.84 (d, J¼ 7.8 Hz, 1H), 8.04
(s, 1H), 8.25 (s, 1H), 8.46 (d, J ¼ 8.3 Hz, 1H), 9.47 (s, 1H). 13C NMR
(DMSO-d6) d: 14.7, 18.3, 21.7, 31.6, 31.8, 37.1, 44.2, 54.7, 68.6, 68.7,
70.6, 83.6, 83.7, 104.2, 111.6, 123.4, 123.5, 124.4, 126.3, 126.8, 127.7,
128.3, 128.4, 130.8, 134.7, 135.7, 137.9, 138.5, 146.4, 152.2, 154.7,
155.3, 157.8. 31P NMR (DMSO-d6) d:�2.24. MSm/z: 914.5 [MþNa]þ.
4.7. Procedures for the synthesis of (phosphonooxy)methyl 4-(4-
((5-chloro-4-((2-(isopropylsulfonyl)phenyl)amino)pyrimidin-2-yl)
amino)-5-isopropoxy-2-methylphenyl)piperidine-1-carboxylate (9)

Compound 8 (200 mg, 0.224 mmol) was dissolved in dry THF
(10 mL). Then TEA (0.2 mL) and 10% Pd/C (20 mg) was added to the
mixture. The mixture was stirred at room temperature under
hydrogen for overnight. The reaction mixture was filtered and
concentrated under vacuum to afford compound 9. Yield: 98%; 1H
NMR (DMSO-d6) d: 1.14e1.19 (m, 12H), 1.53e1.65 (m, 4H), 2.13 (s,
3H), 2.92 (m, 3H), 3.38e3.48 (m, 1H), 4.05e4.18 (m, 2H), 4.47e4.55
(m, 1H), 5.67 (d, J ¼ 13.3 Hz, 2H), 6.81 (s, 1H), 7.28 (m, 1H), 7.54 (s,
1H), 7.62 (t, J ¼ 7.9 Hz, 1H), 7.84 (d, J ¼ 7.8 Hz, 1H), 8.07 (s, 1H), 8.26
(s, 1H), 8.44 (d, J ¼ 8.3 Hz, 1H), 9.47 (s, 1H). 13C NMR (DMSO-d6) d:
15.3, 18.9, 21.7, 28.1, 29.4, 37.1, 44.2, 55.4, 70.6, 83.6, 83.7, 104.2,
111.8, 123.4, 123.5, 124.4, 126.3, 126.9, 130.7, 134.8, 135.6, 137.9,
138.4, 146.4, 152.3, 154.8, 155.5, 157.9. 31P NMR (DMSO-d6) d:�1.96.
MS m/z: 712.3 [MþH]þ.
4.8. Biology

4.8.1. In vitro antitumor activity assays
The cytotoxicity was measured by the MTS assay as described in

the literature. Briefly, H2228 cells were seeded in 96-well plates.
After 24 h of cultivation, the cells were treated in triplicate with
various concentrations of compounds for 72 h in 5% CO2 incubator
at 37 �C. Cell viability was measured using MTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium] assay. In short, 20 mL of MTS (5 mg/
mL) solution were added to each well. The plate was incubated for
an additional 4 h, and then the medium was removed. The plates
were vigorously shaken before taking measurement of relative
color intensity. The absorbance of each well was measured by a
microplate reader at a test wavelength of 570 nm. The cell inhibi-
tory rate was calculated and the cytotoxicities of compounds were
expressed as IC50 that was defined as the drug concentration
required inhibiting growth by 50% relative to controls.
4.8.2. In vivo antitumor assays
RNU nude rats bearing the H2228 tumors were randomized into

four groups (n ¼ 6 rats per group) with an average tumor size of
150mm3. Compounds 7, 9 and ceritinibwas formulated in 0.5%MC/
0.5% Tween 80 and administered by oral gavage at a dosing volume
of 10 mL/g of an animal bodyweight. Animals in each group received
vehicle, compounds 7, 9 or ceritinib every day for 14 consecutive
days. During treatment, body weight was monitored regularly.
Tumor volume was calculated by the formula (V ¼ ab2/2, where a
and b stand for the longest and shortest diameter, respectively).
After treated for 14 days with drugs, the animals were sacrificed
and solid tumors were removed and weighted. The inhibition rate
was calculated as [(averaged tumor weight of the control group e

averaged tumor weight of drug-treated group)/averaged tumor
weight of the control group] � 100%.

SD male rats (weight 200e220 g) were randomized into three
groups (n ¼ 4 rats per group). Compounds 7, 9 and ceritinib was
formulated in 0.5% MC/0.5% Tween 80 and administered by oral
gavage at a dosing volume of 10 mL/g of an animal body weight.
Animals in each group received compounds 7, 9 or ceritinib. Plasma
samples were collected 0.5, 1, 3, 5, 8 and 24 h after dosing. Aliquots
of all biological matrixes were deproteinizedwith ethyl acetate. The
suspension was vortexed, mixed, and centrifuged at 4000 rpm for
5 min. The organic phase was injected into the HPLC system.
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4.9. Docking studies

Compound 9 was ultimately converted to the PDBQT format
using AutoDock Tools [15], which is required for AutoDock Vina
[16]. The 3-dimensional (3D) structure of ALK was downloaded
from the Protein Data Bank (PDB ID: 4MKC). The molecular docking
was conducted using AutoDock Vina, which uses a unique algo-
rithm that implements a machine learning approach to its scoring
function. Using AutoDock Tools, the PDB (4MKC) structure was
converted from a pdb file to a pdbqt file. A grid box size of 20, 20,
20 Å was generated and allocated at the center of the receptor
binding site using x, y and z coordinates of �21.253, 9.84
and�7.668. Then the compound 9was docked into the binding site
of ALK. For Vina docking, the default parameters were used if it was
not mentioned. Docked structures were visualized using Discovery
Studio Visualizer 2.5 (Accelrys Software Inc.).
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