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Abstract: A series of substituted 2-(aminopyridyl)- and 2-(ami-
nopyrimidinyl)thiazole-5-carboxamides was identified as po-
tent Src/Abl kinase inhibitors with excellent antiproliferative
activity against hematological and solid tumor cell lines.
Compound 13 was orally active in a K562 xenograft model of
chronic myelogenous leukemia (CML), demonstrating complete
tumor regressions and low toxicity at multiple dose levels. On
the basis of its robust in vivo activity and favorable pharma-
cokinetic profile, 13 was selected for additional characteriza-
tion for oncology indications.

Targeted therapies represent the state-of-the-art in
preclinical and clinical oncology research. The use of
imatinib (Gleevec) in the treatment of chronic myelog-
enous leukemia (CML) serves as validation of the
concept that therapeutic agents that target cancer-
specific pathways can offer significant improvements
over traditional chemotherapeutic agents.1 CML is a
myeloproliferative disorder that is characterized by
hyperproliferation of stem cells, followed by their sub-
sequent differentiation into peripheral white blood cells.
The presence of the Philadelphia chromosome, arising
from the translocation of the Abl kinase domain on
chromosome 9 with a specific breakpoint cluster region
(bcr) on chromosome 22, is characteristic of CML. The
gene product of this translocation is a constitutively
activated tyrosine kinase known as Bcr-Abl, which
drives the proliferation of stem cells in the bone marrow
and causes the resulting pathology of the disease. By
targeting the tyrosine kinase activity of Bcr-Abl, ima-
tinib normalizes peripheral white blood cell counts and
substantially reduces the Philadelphia chromosome
positive clone of stem cells in bone marrow, effectively
offering hematological and cytogenetic responses in the
clinic.

The c-Src proto-oncogene plays a major role in the
development, growth, progression, and metastasis of a

wide variety of human cancers.2 Src activation, in the
form of elevated kinase activity and/or protein expres-
sion levels, has been demonstrated in several major
cancer types, including colon, breast, pancreatic, lung,
and brain carcinomas. Src kinase modulates signal
transduction through multiple oncogenic pathways,
including EGFR, Her2/neu, PDGFR, FGFR, and VEG-
FR. Thus, it is anticipated that blocking signaling
through the inhibition of the kinase activity of Src will
be an effective means of modulating aberrant pathways
that drive oncologic transformation of cells.

Herein, we describe the synthesis and anticancer
activity of thiazole-based dual Src/Abl kinase inhibitors.
The Lck kinase activity of related 2-acylamino-5-car-
boxamidothiazoles has been previously described.3 Im-
provement in the Lck inhibitory activity of this series
of compounds was afforded by replacing the 2-acyl
functionality with a variety of heterocycles, leading to
the identification of compound 1.4 In a kinase selectivity
panel, compound 1 was shown to be a potent biochemi-
cal inhibitor of multiple Src-family members, including
Lck, Fyn, Src, and Hck. On the basis of the Src kinase
activity of this chemical series, 1 was selected for
evaluation as a potential anticancer agent.

Compound 1 is a potent biochemical inhibitor of Src
(Ki ) 96 pM) and Bcr-Abl kinases (IC50 < 1.0 nM) with
antiproliferative activity versus both the PC3 human
prostate tumor and the K562 human blast-phase CML
tumor cell lines5 (Table 1). This spectrum of in vitro
activity in both a hematological and a solid tumor cell
line confirmed the potential of the chemotype for on-
cology indications and motivated us to characterize
additional analogues in an expanded panel of cellular
assays including K562, PC3, MDA-MB-231 human
breast tumor and WiDr human colon tumor cell lines.

The compounds described fall into two subclasses that
differ by the heterocycle appended to the 2-amino group
of the thiazole. Both pyridine-based and pyrimidine-
based analogues demonstrated nanomolar to sub-nano-
molar inhibitory activity versus Src and Bcr-Abl and
could not be effectively differentiated in biochemical
assays. Thus, we focused on activity in tumor cell
proliferation assays and mouse oral exposure screening
to select compounds for in vivo evaluation in human
tumor xenograft efficacy models.

The imidazolylpropylamino-substituted pyridine 2
was among the most potent compounds tested in cellular
assays, demonstrating low nanomolar activity versus all
four tumor types. However, at a screening dose of 50
mg/kg in the 4 h oral exposure assay, compound 2
produced low circulating plasma levels. The poor oral
absorption properties of 2, in combination with its high
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level of plasma protein binding, precluded further
advancement to in vivo assays. Similar potent and broad
spectrum cellular activity was observed with the (me-
thylamino)propylamino- (3) and hydroxyethylamino- (4)
substituted pyridines, but this encouraging profile was
offset by low oral exposure (compound 3) and apparent
high clearance, as determined by the large difference
between peak and 4 h plasma drug levels (compound
4). Improvement in the pharmacokinetic profile was
observed by incorporation of the morpholinopropylamine
side chain in compound 5, affording high peak plasma
concentrations of 8.6 µM and sustained blood levels in
excess of 1.0 µM for the duration of the 4 h assay.

Incorporation of a variety of morpholino-tethered side
chains into pyrimidine-substituted aminothiazoles met
with limited success. In general, compounds 6 through
10 maintained excellent potency versus the K562 cell
line, but were less effective than pyridine-substituted
derivatives against solid tumor lines. Compounds 6 and
8, bearing the morpholine directly on the pyrimidine
ring, demonstrated an encouraging spectrum of cell
activity, but suffered from low oral exposure in the
mouse 4 h screening assay. Consistent with the favor-
able pharmacokinetic profile of the pyridine 5, com-
pounds 7 and 10 generated high and sustained blood
levels following oral dosing. Conservative substitution
of a methyl group on the pyrimidine ring in 9 for the
hydrogen in compound 7 afforded a slight improvement

in the cellular activity profile, but had a negative impact
on the compound’s oral bioavailability.

To follow-up on the favorable cellular profile and
reduced plasma protein binding of the pyridine 4, the
primary alcohol-substituted pyrimidines 11 through 13
were evaluated. Consistent with previous results, the
hydroxyethylamino analogue 11 had excellent activity
versus the K562 and PC3 cell lines. Unfortunately, the
compound was substantially less effective versus the
remainder of the panel.

The piperidinyl methanol 12 and piperazinyl ethanol
13 were identified as compounds with the best balance
of broad spectrum antiproliferative activity and oral
exposure in the mouse screening assay. Both compounds
demonstrated low- to mid-nanomolar potency versus all
cell lines and favorable circulating plasma levels fol-
lowing oral dosing. On the basis of its modest plasma
protein binding and sustained blood levels for the
duration of the 4 h exposure study, compound 13 was
selected for characterization in additional pharmaco-
kinetic and in vivo efficacy studies.

BMS-354825 (13) was prepared in 61% overall yield
from the chlorothiazole 146 following an optimized
synthetic sequence detailed in Scheme 1. Condensation
of the lithium anion of 14 with 2-chloro-6-methylphenyl
isocyanate7 in THF proceeded smoothly to afford the
corresponding carboxamide, which was protected as the
4-methoxybenzyl derivative 15. Displacement of the

Table 1. Antiproliferative Activities and 4 h Plasma Exposures

a Antiproliferative activities were determined based on tetrazolium dye conversion following 72 h drug exposure. IC50 values are reported
as the mean of at least three individual determinations or as individual IC50 values in the case of less than three measurements. Variability
around the mean value was <50% unless otherwise indicated by an SE value in parentheses. b Compounds were evaluated at 50 mg/kg
and formulated as solutions in 1:1 propylene glycol:water. c Protein binding in human serum at 10 µM compound concentration.
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2-chloro substituent on the thiazole with the sodium salt
of 4-amino-6-chloro-2-methylpyrimidine8 at reflux, fol-
lowed by deprotection of the 4-methoxybenzyl group in
TfOH/TFA gave the chloropyrimidine 16. Finally, reac-
tion of 16 with 1-(2-hydroxyethyl)piperazine9 in dioxane
at reflux gave 13, which was subsequently converted
to its corresponding hydrochloride salt with methanolic
HCl in ether. This sequence proved to be amenable to
scale-up, and all steps were executed on 50 g or larger
scale with comparable chemical yields.

A three-dimensional structure of Abl kinase com-
plexed with 13 was determined by X-ray crystallography
(Figure 1). Key features of the enzyme-inhibitor com-
plex were identified as placement of the activation loop
of Abl (depicted in magenta) in an active conformation
and three hydrogen bonds between compound 13 and
the protein. A pair of hydrogen bonds was formed in
the hinge region of the ATP-binding site between the
2-amino hydrogen of 13 and the carbonyl oxygen of
Met318 and between the 3-nitrogen of the thiazole ring
of 13 and the amide nitrogen of Met318. A hydrogen
bond was also formed between the hydroxyl oxygen of
Thr315 and the amide nitrogen of 13. The Abl P-loop
(depicted in orange) was partially disordered, suggesting
that interactions between this part of the protein and
13 were less critical for binding. It is hypothesized that
these specific interactions of 13 with Abl are responsible
for the compound’s favorable activity versus mutant
kinase forms10-12 (data not shown).

The Abl cocrystal structure supports and shares many
of the features of a proposed binding mode for 13 with

Src kinase (Figure 2). The Src kinase ATP binding site
was taken from PDB entry 2SRC.13 Compound 13 was
manually docked into the ATP site and the complex was
energy-minimized. All hydrogen bonds observed be-
tween Abl kinase and 13 were also observed in the Src
kinase model. Additionally, a potential hydrogen bond
between the amide carbonyl of 13 and Lys295 was
identified. The 2-chloro-6-methylbenzamide occupies a
deep hydrophobic pocket in the protein and the substi-
tuted pyrimidine occupies a hydrophobic cleft created
by Leu273 and Gly344. The buried hydrophobic surface
areas of both the protein and ligand in the region of the
pyrimidine may account for the increased binding
affinity observed in this series relative to earlier ana-
logues.3 The pendant N-2-hydroxyethylpiperidine group
was directed toward solvent-exposed protein and was
not observed to engage in specific interactions.

To better understand the enzyme inhibitory proper-
ties of 13, the compound was evaluated in an in-house
kinase selectivity panel and Ki values were determined
for both Src and Bcr-Abl kinase. Compound 13 was
confirmed to be a highly potent, ATP competitive
inhibitor of both Src and Bcr-Abl, with measured Ki
values of 16 ( 1.0 pM and 30 ( 22 pM, respectively.
The selectivity of 13 is summarized in Table 2. Consis-
tent with the biochemical profile of 1, compound 13 was
found to potently inhibit other Src-family members. The
compound also demonstrated significant activity against
c-kit and PDGFRâ. Greater than 100-fold selectivity was
observed for all other kinase targets in the panel.

In a rat pharmacokinetic study, 13 was characterized
as having a high volume of distribution (Vss) with
systemic clearance (Cl) approximately 40% of hepatic
blood flow. A 10 mg/kg oral dose administered as a
solution in 1:1 propylene glycol:water was rapidly
absorbed and demonstrated a favorable half-life (t1/2)

Scheme 1. Synthesis of Compound 13a

a (a) n-BuLi, THF, 2-chloro-6-methylphenyl isocyanate, -78 °C,
86%; (b) NaH, 4-methoxybenzyl chloride, THF, 95%; (c) NaH, THF,
4-amino-6-chloro-2-methylpyrimidine, reflux, 83%; (d) TfOH, TFA/
CH2Cl2 (1:1), 99%; (e) 1-(2-hydroxyethyl)piperazine, 1,4-dioxane,
reflux; (f) HCl, Et2O, MeOH, 91% (two steps).

Figure 1. Ribbon diagram of the Abl kinase complex with
compound 13.

Figure 2. Compound 13 modeled into the Src kinase ATP
binding site.

Table 2. Kinase Selectivity Profile of Compound 13

kinase enzyme IC50, nM kinase enzyme IC50, nM

Bcr-Abl <1.0 MEK 1700
src 0.50 VEGFR-2 >2000
lck 0.40 CDK2 >5000
yes 0.50 IKK >10000
c-kit 5.0 AKT >50000
PDGFRâ 28 FAK >50000
p38 100 IGF-1R >50000
Her1 180 IR >50000
Her2 710 MK2 >50000
FGFR-1 880 PKC R,δ,τ,ú >50000
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and mean residence time (MRT). The measured oral
bioavailability (Fpo) in this study was 27%. In conjunc-
tion with the mouse 4 h oral exposure data, it was
concluded that 13 had a pharmacokinetic profile ap-
propriate for continued advancement into in vivo ef-
ficacy studies. A summary of the PK parameters from
the rat study is contained in Table 3.

The in vivo activity of 13 was evaluated in a K562
xenograft assay in nude mice (Figure 3). Tumor cells
were implanted subcutaneously and staged to ap-
proximately 300 mg prior to two cycles of oral drug
administration on a 5 day on and 2 day off schedule.
Following once daily doses of either 5 or 50 mg/kg,
compound 13 showed partial tumor regressions after
one treatment cycle and complete disappearance of the
tumor mass by the end of drug treatment. No toxicity
(animal deaths, lack of weight gain) was observed in
either cohort of animals. Thus, it was determined that
13 possessed potent in vivo activity and a high safety
margin in this animal model of CML. The in vivo
activity of 13 in imatinib-resistant12 and imatinib-
refractory models and solid tumor xenografts will be
reported in separate communications.

In conclusion, a novel series of 2-(aminopyridyl)-
and 2-(aminopyrimidinyl)thiazole-5-carboxamides with

potent Src and Bcr-Abl kinase inhibitory activity was
identified. Analogues demonstrated broad spectrum
antiproliferative activity against hematological and solid
tumor cell lines originating in breast, prostate, and colon
tissue. Compound 13, a picomolar inhibitor of Src and
Bcr-Abl kinase, was orally active in a K562 xenograft
model of chronic myelogenous leukemia, demonstrating
tumor regressions at multiple dose levels. On the basis
of its favorable in vivo efficacy and pharmacokinetic
profile, 13 has been advanced into clinical trials.
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Table 3. Pharmacokinetic Properties of Compound 13 in
Sprague-Dawley Rats

parameter unit iv dosea oral dosea

dose mg/kg 10 10
Cmax µM 13.2 (-) 0.5 (0.2)
Tmax h - 2.2 (3.2)
AUCtot µM‚h 13.9 (4.6) 3.8 (2.1)
t1/2 h 3.3 (0.9) 3.1 (0.3)
MRT h 4.1 (1.2) 6.7 (0.6)
Cl mL/min/mg 26.4 (7.8) -
Vss L/kg 6.3 (2.2) -
Fpo % - 27

a Data reported as an average of three animals with associated
standard deviations in parentheses.

Figure 3. In vivo antitumor activity of compound 13 versus
K562 xenografts in nude mice. Drug formulated as a solution
in citric acid buffer at pH 4.6.
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