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We report the SAR around a series of 2,4-diaminopyrimidine-5-carboxamide inhibitors of Sky kinase.
2-Aminophenethyl analogs demonstrate excellent potency but moderate kinase selectivity, while 2-ami-
nobenzyl analogs that fill the Ala571 subpocket exhibit good inhibition activity and excellent kinase
selectivity.

� 2012 Elsevier Ltd. All rights reserved.
Coronary heart disease is the leading cause of mortality and
morbidity in the United States.1 There are an estimated 40 million
people in the US at risk for thrombotic events due to atherosclero-
sis or prior history of cardiovascular disease or stroke. The current
front-line treatment for arterial thrombosis is clopidogrel
(Plavix�), which has significant limitations in terms of efficacy
without aspirin, and is also a pro-drug that must be metabolized
by liver enzymes to present a pharmacodynamic effect. About
one quarter to one third of patients do not adequately metabolize
clopidogrel and are resistant to its effect.2 In addition, the active
drug binds irreversibly to platelets, resulting in a high risk for in-
creased bleeding. Thus, there is a need for safer, more effective
anti-platelet agents useful to a broad patient population.

Gas6 (growth arrest specific gene 6) is a member of the Vitamin
K dependent family of proteins which have all been shown to have
a role in thrombosis and hemostasis.3 Deficiency or inhibition of
Gas6 causes platelet dysfunction and protects mice against
thrombosis.4,5 Mechanistically, Gas6 appears to play a critical role
as a platelet response amplifier, enhancing platelet aggregation
and granule secretion to known endogenous agonists. Gas6 is a li-
gand for three tyrosine kinase receptors designated Sky (Tyro3/
Rse), Axl, and Mer that are expressed on human and mouse plate-
lets,5 and induces intracellular signaling through the PI3K and Akt
pathways.6 Gas6-neutralizing antibodies inhibit platelet aggrega-
tion, without increased bleeding in mice.5 In addition, Gas6 knock-
out mice do not have any significant difference in bleeding time
compared to wild type animals.4 Gas6 receptor knockout (Sky�/�,
Axl�/�, or Mer�/�) mice also exhibit protection against thrombo-
embolism with normal bleeding times.7 Previous studies from
our laboratories have demonstrated that Sky specific antibodies in-
hibit human platelet degranulation and aggregation to the same
extent as Gas6 inhibition, and result in comparable efficacy to clop-
idogrel treatment in a mouse model of thrombosis with no signif-
icant increase in bleeding time.5 Thus, inhibition of Sky potentially
represents the first antithrombotic therapy that is not associated
with bleeding side effects.

We recently described the discovery of a spiroindoline-based
series of Sky kinase inhibitors that exhibited excellent selectivity
against a panel of 30 kinases designed to broadly represent the ki-
nome.8 However, that series suffered from poor oral bioavailability
and CYP2D6 inhibition. Consequently we were interested in iden-
tifying additional chemical matter with improved properties. Com-
pound 1 was identified from a HTS of the Pfizer compound library
as a potential lead that exhibited no inhibition of dofetilide binding
in the hERG K+ channel. In addition, although 2,4-diaminopyrimi-
dine-5-carboxyamides are well precedented kinase inhibitor tem-
plates, the 3-aminopropyl-butyrolactam sidechain appeared to
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Table 1
SAR of 2,4-diaminopyrimidine-5-carboxamide series
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confer some kinase selectivity, as 1 exhibited little activity in sev-
eral other internal kinase high throughput screens (data not
shown). As selectivity against the broader kinome is a paramount
concern for a non-oncology kinase inhibitor, we chose to pursue
further structure–activity relationship (SAR) studies around this
template.
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Sky IC50 =1.90 µM

Dofetilide Binding = 6% @ 10 µM
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HN

NHHN
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Analogs were prepared as described in Scheme 1. Condensation of
N-(3-aminopropyl)-butyrolactam with acid chloride 29 provided
the amide 3. The chloride was displaced by an amine (R1NH2) in
hot CH3CN to afford 4. After m-CPBA oxidation of the thiomethyl
group to the methyl sulfone, displacement of the sulfone by a sec-
ond primary amine (R2NH2) in refluxing 1,4-dioxane yielded the
desired 2,4-diaminopyrimidine analogs.

Our initial SAR efforts began by investigating the role of the
nitrogen atom in the pyridine ring of the R2 sidechain (Table 1).
The 3- and 2-pyridine rings exhibited two and threefold less Sky
inhibition activity (5 and 6, IC50 = 4.2 and 7.2 lM, respectively),
indicating that the 4-pyridine 1 makes a positive hydrogen-bond
accepting interaction. Recognizing that the aniline moiety in the
R1 sidechain represented a potential toxicophore, we were pleased
to find that replacement of the aniline ring with a cyclopentyl-
amine resulted in a slight increase in inhibition activity (7,
IC50 = 1.1 lM). While our initial SAR indicated that the 4-pyridine
nitrogen atom made a positive hydrogen-bond acceptor interac-
tion, a phenethyl group resulted in similar activity (8,
IC50 = 0.811 lM). Addition of an R-methyl substituent at the ben-
zylic position of the phenethyl group resulted in similar activity
(9, IC50 = 1.1 lM), while a S-methyl substituted afforded a twofold
loss of activity (10, IC50 = 1.95). Constraining the conformational
flexible phenethyl moiety into a 2-aminoindane gave a substantial
improvement in the Sky inhibition activity (11, IC50 = 0.26 lM).
Likewise, addition of electron withdrawing substituents on the
phenyl ring also led to improved Sky inhibition (12–15). The
importance of a potential hydrogen-bond acceptor on the phenyl
ring was also illustrated by the improved inhibition activity exhib-
ited by the 4-methoxyphenethyl analog 16 (IC50 = 0.20 lM) and
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a IC50 data is an average of duplicate runs using an ELISA format assay with ATP
concentration of 60 lM.
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Scheme 1. (a) N-(3-Aminopropyl)-butyrolactam, Et3N, DMAP, CH2Cl2; (b) R1NH2,
Et3N, CH3CN, 80 �C; (c) m-CPBA, CH2Cl2, 0 �C; (d) R2NH2, Et3N, 1,4-dioxane, reflux.



Figure 1. X-ray crystal structure of 7 (yellow stick) bound in the ATP active site of Sky (pdb ID code: 4FEQ). 10 Dotted lines denote hydrogen bonds formed with protein
residues. The glycine-rich loop has been removed for clarity.
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the 3-methoxyphenethyl analog 17 (IC50 = 0.037 lM). The combi-
nation of the 3,4-dimethoxyphenethyl proved to be less active than
the single substituents (18, IC50 = 0.27 lM). Since methoxy ethers
are potential sites of metabolism, we examined the potential phe-
nol metabolite and found that the 4-hydroxyphenethyl analog 19
exhibited potent Sky inhibition activity (IC50 = 0.068 lM). Unlike
the 3,4-dimethoxyphenethyl analog 18, combination of the 4-phe-
nol and 3-methoxy substituents led to potent inhibition activity
(20, IC50 = 0.035 lM).

We obtained a crystal structure of 7 bound in the ATP binding
site of Sky (Fig. 1). The N-(3-aminopropyl)-butyrolactam sidechain
is oriented towards solvent, while the 2-aminopyrimidine-5-car-
boxamide core forms three hydrogen bond contacts with the
Table 2
Heatmap of kinase selectivity for selected compoundsa

a Fold selectivity (kinase IC50/Sky IC50) colored by green = >100-fold, yellow = 10
to 100-fold, red = <10-fold. IC50 data for individual kinases can be found in the
Supplementary data available on-line.
Pro594 carbonyl and the Met596 amide NH and carbonyl in the
hinge region. The hydrogen bond between the 5-carboxamide NH
and the Met596 carbonyl is enforced by an intramolecular hydro-
gen bond between the 4-amino NH and amide carbonyl. In our pre-
viously reported Sky crystal structure (3QUP),8 we observed an
orienting interaction of Lys540 and Asp663 with an inhibitor bind-
ing directly to Asp663. In this structure, however, the 4-pyridineth-
yl group is positioned to interrupt the charge–charge contact
between Lys540 and Asp663. This interaction is presumably key
for the potent inhibitory activity of the 3-methoxyphenyl analog
17 and the phenolic analogs 19 and 20. The 4-pyridinethyl group
of 7 does not occupy the Ala571 subpocket of the Sky ATP binding
site. Previous reports from our group have demonstrated that fill-
Table 3
SAR of 2-benzylamino analogs
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Analog R X Sky IC50
a (lM) HLM t1/2 (min)

21 H CH2 2.1 11
22 4-Cl CH2 9.5 NT
23 4-OCH3 CH2 11.2 NT
24 4-CH3 CH2 11.2 NT
25 3-Cl CH2 0.850 1.3
26 3-CF3 CH2 9.7 NT
27 3-CH3 CH2 3 8
28 2-Cl CH2 1.58 4.6
29 2-OCH3 CH2 0.400 14
30 2-OCH2CH3 CH2 0.215 6
31 2,5-Cl2 CH2 0.355 6
32 2,5-Cl2 O 0.070 2

a Values are means of duplicate experiments, (NT = not tested) with ATP conc-
entation of 60 lM.



Figure 2. X-ray crystal structure of 29 (yellow stick) bound in the ATP active site of Sky (pdb ID code: 4FF8).10 The glycine-rich loop has been removed for clarity.
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ing the Ala571 pocket is key to achieving selectivity for Sky versus
a representative selectivity panel.8 As expected from the observed
binding mode in the crystal structure, these compounds also inhib-
ited off-target kinases as illustrated by analog 18 which exhibited
potent inhibition of Abl, FGFR, and Lck, as well as other members of
the HGFR family, Axl, and Mer (Table 2).11

To improve the kinase selectivity, we hypothesized that a short-
er and less conformationally constrained sidechain at the pyrimi-
dine 2-position would better fill the Ala571 subpocket.
Accordingly, we investigated the SAR of a series of 2-benzylamino
analogs (Table 3). The unsubstituted benzyl analog 21 exhibited
2.6-fold reduced inhibitory activity compared to the phenethyl
analog 8. Substitution at the para-position resulted in further
reduction in activity (analogs 22–24), indicating that steric con-
straints were overriding any electronic or lipophilic substituent
properties. The 3-Cl analog 25 exhibited improved Sky inhibition
activity (IC50 = 0.85 lM), while the 3-CF3 and 3-CH3 substituents
were detrimental to activity (26 and 27, respectively). Electron-
withdrawing groups were also not tolerated at the ortho-position
(28, IC50 = 1.58 lM), while the electron-donating 2-OCH3 group
exhibited a sharp improvement in Sky inhibition (29,
IC50 = 0.40 lM). Further extension of the ortho-substituent to a 2-
OEt group resulted in further improved inhibition activity (30,
IC50 = 0.215 lM). The combination of an ortho-Cl and meta-Cl sub-
stituents into a 2,5-disubstitution pattern also resulted in im-
proved activity relative to the monosubstituted chlorobenzyl
analogs (31, IC50 = 0.355 lM). A crystal structure of analog 29
was obtained that confirmed our hypothesis that a less conforma-
tionally mobile benzyl sidechain would fill the Ala571 subpocket
(Fig. 2).8 As expected from this binding mode, analogs 29 and 31
exhibited excellent kinase selectivity against a panel of 20 & 28
kinases, respectively (Table 2).

All compounds examined thus far exhibited low metabolic sta-
bility when incubated with human liver microsomes. While the
aromatic ring in the 2-benzylamine sidechain represented a poten-
tial site of metabolism, the presence of electron-withdrawing or
electron-donating substituents had no affect on the HLM stability.
Identification of the metabolites by LC–MS–MS methods indicated
that the primary metabolite was oxidative hydroxylation at the
a-carbonyl C atom in the butyrolactam ring. To block this route
of metabolism, we converted the butyrolactam ring to an oxazoli-
din-2-one ring, which exhibited potent Sky inhibition activity (32,
IC50 = 0.070 lM), but no improvement in HLM stability.

In conclusion, we have discovered a series of Sky inhibitors
based on a 2,4-diaminopyrimidine-5-carboxamide template as po-
tential anti-platelet therapy. 2-Phenethylamino analogs with
hydrogen-bond accepting groups or phenols at the para- or meta-
positions of the phenyl ring exhibited potent inhibition of Sky,
but poor kinase selectivity. 2-Benzylamino analogs with ortho- or
meta-substituents exhibited good inhibition activity and excellent
kinase selectivity. These analogs suffer from poor HLM stability. Ef-
forts to improve the HLM stability of this series will be the subject
of the following article.
Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bmcl.2012.
12.013.
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