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A Type-II Kinase Inhibitor Capable of Inhibiting the T315I “Gatekeeper” Mutant of Bcr-Abl
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The second generation of Bcr-Abl inhibitors nilotinib, dasatinib, and bosutinib developed to override
imatinib resistance are not active against the T315I “gatekeeper” mutation. Here we describe a type-II
T315I inhibitor 2 (GNF-7), based upon a 3,4-dihydropyrimido[4,5-d]pyrimidin-2(1H)-one scaffold
which is capable of potently inhibiting wild-type and T315I Bcr-Abl as well as other clinically relevant
Bcr-Abl mutants such as G250E, Q252H, Y253H, E255K, E255V, F317L, and M351T in biochemical
and cellular assays. In addition, compound 2 displayed significant in vivo efficacy against T315I-Bcr-
Abl without appreciable toxicity in a bioluminescent xenograft mouse model using a transformed
T315I-Bcr-Abl-Ba/F3 cell line that has a stable luciferase expression. Compound 2 is among the first
type-II inhibitors capable of inhibiting T315I to be described and will serve as a valuable lead to design
the third generation Bcr-Abl kinase inhibitors.

Introduction

The successful development of the Bcr-Abla inhibitor im-
atinib for the treatment of chronic myelogenous leukemia
(CML) has provided the paradigm for the development of
a host of other small molecule inhibitors targeting kinases
whose activity becomes deregulated in cancer. One major
problem facing the development of selective protein kinase
inhibitors is the emergence of drug resistance caused by

mutations in the kinase domain. Extensive in vitro and clinical
work has elucidated a large number of mutations that confer
resistance to imatinib either by directly influencing the drug
binding site or by disfavoring the conformational rearrange-
ments required for imatinib tobind. Several secondgeneration
Bcr-Abl inhibitors have been developed including nilotinib
(AMN107),1 bosutinib (SKI-606),2 and dasatinib (BMS-
354825)3 that are capable of inhibiting most of the known Bcr-
Abl mutants with the exception of the so-called “gatekeeper”
mutation T315I.4

Several small molecules capable of inhibiting the T315I
mutant in biochemical and cellular assays have been reported.
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aAbbreviations: Axl, Axl receptor tyrosine kinase; ATP, adenosine
triphosphate; AUC, area under the concentration time curve; Bcr-Abl,
breakpoint cluster region abelson tyrosine kinase; BMX, BMX non-
receptor tyrosine kinase;CaMKIV, calcium/calmodulin-dependent pro-
tein kinase type IV; CDK, cyclin-dependent kinases; CHK2, checkpoint
homologue 2; CK2, casein kinase II; C-Kit, receptor tyrosine kinase for
the cytokine stem cell factor; CLs, clearance; Clast, last measured
concentration; Cmax, maximum concentration observed; m-CPBA, meta-
chloroperoxybenzoic acid; C-Raf, V-raf-1 murine leukemia viral onco-
gene homologue 1; Csk, C-terminal Src kinase;DCM, dichloromethane;
DDR, discoidin domain receptor tyrosine kinase; DFG, aspartic acid
phenylalanine glycine; DIEA,N,N-diisopropylethylamine; DMF,N,N-
dimethylformamide; DMSO, dimethyl sulfoxide; EGFR, epidermal
growth factor receptor;F, bioavailability; Fes, feline sarcoma oncogene;
FGFR1, fibroblast growth factor receptor 1; FGFR3, fibroblast growth
factor receptor 3; FLT3, FMS-like tyrosine kinase 3; FLT3-ITD, FLT3
internal tandem duplication; FT-NMR, Fourier transform nuclear
magnetic resonance; GSK3β, glycogen synthase kinase 3β; HATU,
2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium hexafluoro-
phosphate; IC50, half-maximal inhibitory concentration; IKKR, IκB
(inhibitor of κ B) kinase R; IKKβ, IκB kinase β; IR, insulin receptor;
Jak1,Janus kinase 1; JNK, c-Jun N-terminal kinase; LCK, lymphocyte-
specific protein tyrosine kinase; Lyn, v-yes-1 Yamaguchi sarcoma
viral related oncogene homologue; MAPK1, mitogen-activated protein

kinase 1; MAPKAP-K2, MAP kinase-activated protein kinase 2;
MEK1, MAP kinase kinase 1; MKK4, MAP kinase kinase 4; MKK6,
MAP kinase kinase 6; NPM-ALK, nucleophosmin-anaplastic lympho-
ma kinase; p70S6K, p70 S6 kinase; P-loop, phosphate-binding loop;
PAK2, p21 activated kinase 2; Pd/C, palladium on carbon or palladium
on charcoal; PDGFR, platelet derived growth factor receptor; PDK1,
phosphoinositide-dependent kinase-1; PEG, polyethylene glycol; PK,
pharmacokinetics; PKBR, AKT family protein kinase; PKCR, protein
kinaseCR; PKD2, protein kinaseD2; PO, peroral (orally); PP1, 4-amino-
5-(4-methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine; QD, quaque
die/once a day; Rf, retention factor; ROCK-II, Rho-associated coiled-
coil containing protein kinase 2; Rsk1, p90 ribosomal S6 kinase 1;
SAPK2, stress activated protein kinase 2; SAPK3, stress activated
protein kinase 3; SGK, serum/glucocorticoid regulated kinase; SCID,
severe combined immunodeficiency; Src, transforming sarcoma indu-
cing gene of Rous sarcoma virus; Syk, spleen tyrosine kinase; T/C,
treated versus control (untreated); T1/2, elimination half-life; TFA,
trifluoroacetic acid; THF, tetrahydrofuran; Tlast, time of last measured;
Tmax, time to maximum concentration; TPR-Met, translocated promo-
ter regionmesenchymal-epithelial transition factor; TrkC, neurotrophic
tyrosine kinase receptor type 3; TrkB, neurotrophic tyrosine kinase
receptor type 2; VEGFR2, vascular endothelial growth factor receptor
2; Vss, volume in steady state; UV, ultraviolet; ZAP-70, ζ-chain-
associated protein kinase 70.
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(E)-N-Benzyl-2-cyano-3-(3,4-dihydroxyphenyl)acrylamide
(AG-490),5 an inhibitor of Jak2which is a kinase implicated in
signal transduction downstream of Bcr-Abl, was shown to
induce apoptosis in Ba/F3-Bcr-Abl-T315I cell line.6 2-Cyclo-
pentyl-N-(4-(dipropylphosphoryl)phenyl)-9-ethyl-9H-purin-6-
amine (AP23846),7,8 originally developed as a Src kinase inhi-
bitor, inhibits T315I Bcr-Abl dependent cellular proliferation
(IC50 of 297 nM) but also inhibits parental Ba/F3 cell lines,
suggesting it possesses additional intracellular targets. N-(4-
(4-(5-Methyl-1H-pyrazol-3-ylamino)-6-(4-methylpiperazin-1-yl)-
pyrimidin-2-ylthio)phenyl)cyclopropanecarboxamide (VX-680,
MK-0457),9 originally developed as an aurora kinase inhibi-
tor, exhibits potent enzymatic inhibitionofT315I-Abl (IC50of
30 nM) but only modestly inhibited cellular autophosphor-
ylation (IC50 of ca. 5 μM) of Ba/F3 transformed with T315I
Bcr-Abl.10 Another Aurora kinase inhibitor, danusertib (PHA-
739358),11 currently being investigated in a phase II clinical
trial for patients with relapsed chronic myelogeneous leuke-
mia, exhibited potent inhibition of T315I-Abl enzyme (IC50 of
5 nM). Crystallographic analysis of danusertib in complex
with T315I-Abl reveals12 that the isoleucine side chain of
T315I mutant does not cause a steric clash with danusertib
in contrast to imatinib. (E)-4-(2-(2-(6-(4-(2-Hydroxyethyl)pip-
erazin-1-yl)-2-methylpyrimidin-4-ylamino)thiazol-5-yl)vinyl)-
phenol (TG101113),13 a thiazole-based inhibitor, also exhi-
bited good potency (IC50 of 66 nM) against T315I mutant
enzyme. Another reported class of Bcr-Abl inhibitor is ex-
emplified by (R,E)-2-(5-methoxy-2-((2,4,6-trimethoxystyryl-
sulfonyl)methyl)phenylamino)propanoic acid (ON012380),14

which is claimed to be a non-ATP-competitive Bcr-Abl inhi-
bitor, potently inhibits imatinib-resistant Bcr-Abl mutants
such as T315I in cellular and biochemical assays, with IC50

values below 10 nM. This compound appears to target sub-
strate binding site of Abl kinase domain, but numerous other
cellular kinases are inhibited by this compound. It should be
noted that most T315I inhibitors disclosed to date are cate-
gorized as type-I kinase inhibitors which bind exclusively to
the ATP binding site of kinase. Recently, a few compounds
from the type-II class that recognize the “DFG-out” con-
formation have been reported to inhibit T315I. These
include (E)-3-(2-(6-(cyclopropylamino)-9H-purin-9-yl)vinyl)-
4-methyl-N-(3-(4-methyl-1H-imidazol-1-yl)-5-(trifluoromethyl)-
phenyl)benzamide (AP24163)15 andDSA series compounds.16

This 9-(arenethenyl)purine analogue exhibited modest
potency (IC50 of 400 nM) against T315I in biochemical
and cellular assays and N-(3-(3-(4-(4-methoxyphenylamino)-
1,3,5-triazin-2-yl)pyridin-2-ylamino)-4-methylphenyl)-4-((4-
methylpiperazin-1-yl)methyl)benzamide (DSA8) showed great
potency (IC50 of 33nM) onT315I enzymealongwithmoderate
antiproliferative activity (IC50 of 500 nM) evaluated using
T315I Bcr-Abl transformed Ba/F3 cells. A cocrystal structure
withwild-type and gatekeepermutant of Srcwith aPP1-based
type-II inhibitor revealed how the inhibitor could leave ample
space for an enlarged gatekeeper residue.17 Most recently, it
has been disclosed that 3-(imidazo[1,2-b]pyridazin-3-ylethynyl)-
4-methyl-N-(4-((4-methylpiperazin-1-yl)methyl)-3-(trifluoro-
methyl)phenyl)benzamide (AP24534), an imidazo[1,2-b]pyri-
dazine-based multitargeted kinase inhibitor, possesses
potent inhibitory activity against T315I in cellular and in vivo
models.18

Results and Discussion

Here we describe a type-II T315I inhibitor (Figure 1), based
upona3,4-dihydropyrimido[4,5-d]pyrimidin-2(1H)-onescaffold

which occupies the ATP binding cleft as well as an immedi-
ately adjacent hydrophobic pocket of Abl kinase domain. A
representative member of this class, 1 (GNF-6)19 was crystal-
lized withAbl and shown to bind in the type-II conformation.
The pyrimidopyrimidinone inhibitor described here, 2, is
capable of inhibiting wild-type and T315I Bcr-Abl activity in
biochemical and cellular assays and also inhibits other clini-
cally relevantBcr-Ablmutants such asG250E,Q252H,Y253H,
E255K, E255 V, F317L, and M351T. We also demonstrate
that2 is capableof inhibitingT315I-Bcr-Abl dependent tumor
growth in a murine model of CML.1

Chemistry. The synthesis of compounds 1-4 commenced
from commercially available ethyl 4-chloro-2-(methylthio)-
pyrimidine-5-carboxylate. Scheme1 shows an efficient synthetic
route for making 1-3, all of which bear 3-(trifluoromethyl)-
benzamide moeity in the “tail region”. The quantitative
displacement of chloride group on compound 5 with methy-
lamine proceeded readily at low reaction temperatures. The
reduction of ester compound 6 with LiAlH4 followed by
oxidation using MnO2 afforded the corresponding aldehyde
compound 8 in high yields. One-pot reductive amination
reaction using Na(CN)BH3 proceeded smoothly to provide
diamine derivative 10, which was subsequently subjected to
cyclic urea formation with triphosgene to give com-
pound 11. An elevated reaction temperature was required
to complete this cyclic urea formation. Exposure of the
sulfide group of compound 11 to m-CPBA resulted in the
corresponding sulfone compound 12, which could be trans-
formed into the desired amine compounds. Ammonia and
aniline were readily reacted with this sulfone compound 12

under simple thermal amination conditions to furnish 1 and 3,
respectively, in good (>70%) yields. The synthesis of 2 re-
quired the presence of trifluoroacetic acid and elevated react-
ion temperature to catalyze the coupling of 6-methylpyridin-
3-amine and sulfone compound 12.

Compound 4 contains 4-methylimidazole group on the
3-(trifluoromethyl)benzamide “tail” in common with niloti-
nib. Scheme 2 describes an effective synthetic route which
allows facile modification of 3-(trifluoromethyl)benzamide
“tail” as is exemplified by the synthesis of 4. Amide coupling
reaction of aniline derivative 16 and carboxylic acid deriva-
tive 17 derived from 3-fluoro-5-(trifluoromethyl)benzonitrile
was effected using HATU and DIEA in 89% yield.

DesignRationale for aType-II T315I Bcr-Abl Inhibitor.An
examination of the cocrystal structures of imatinib,20 nilo-
tinib,1 and dasatinib21 with Abl demonstrate that all three
inhibitors form a critical hydrogen bond with the side-chain
hydroxyl group of T315I andwould also require a significant

Figure 1. 3,4-Dihydropyrimido[4,5-d]pyrimidin-2(1H)-one scaffold
for type-II T315I inhibitors.
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rearrangement of their binding conformation to accommo-
date a larger residue at the gatekeeper position. Mutation of
this gatekeeper position appears to be a general theme for re-
sistance to kinase inhibitors.22-25 Pyridopyrimidinones such
as 20 (PD173955, 6-(2,6-dichlorophenyl)-8-methyl-2-[(3-methyl-
sulfanylphenyl)amino]pyrido[6,5-d]pyrimidin-7-one) were
originally developed as inhibitors of Src kinase26 and recep-
tor tyrosine kinase inhibitors such a EGFR, FGFR, PDGFR,
and c-Kit27 andwere only later demonstrated to possess potent
cellular and enzymatic activity onwild-type andmutant forms
of Bcr-Abl.28 Co-crystal structures of 20 with Abl (PDB:
1m52) demonstrate that this compoundbinds to theATP-bind-
ing site with the kinase otherwise assuming a conformation

normally utilized to bindATP (type-I binding).20 Interestingly,
20 exhibits approximately 30-foldmorepotent cellular activity
against Bcr-Abl relative to imatinib, presumably as a con-
sequence of possessing a much higher affinity to the ATP-
binding pocket.28b In contrast, imatinib only exhibits cellular
activity against Bcr-Abl and some receptor kinases, such as
KIT, PDGFR, and DDR1/2, but is known not to inhibit the
cellular activity of any Src-family kinases. The crystal struc-
ture of imatinib bound to the kinase domain of c-Abl20

demonstrated that the compound binds to a conformation
of the kinase where the activation loop is in a so-called “in-
active” conformation (type-II binding). This binding con-
formation allows the piperazine-benzamide “tail” moiety of

Scheme 1
a

aReagents and conditions: (a) methylamine, THF, 0 �C; (b) LiAlH4, THF, 0 �C; (c) MnO2, DCM; (d) Na(CN)BH3, AcOH,MeOH; (e) triphosgene,

DIEA, THF, 0 �C; (f) m-CPBA, DCM, 0 �C; (g) NH3 in 2-propanol or aniline, 1,4-dioxane, 120 �C.

Scheme 2a

aReagents and conditions: (a) Na(CN)BH3, AcOH,MeOH; (b) triphosgene,DIEA, THF; (c) Pd/C,H2,MeOH; (d) HATU,DIEA,DMF; (e)m-CPBA,

DCM, 0 �C; (f) methylamine in THF, 1,4-dioxane, 120 �C.
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imatinib to access an additional hydrophobic pocket directly
adjacent to theATPbinding site. By superimposing the bound
conformation of 20 and nilotinib as depicted in Figure 2, it
is clear that additional functionality can be appended to the
dichlorophenyl ring of 20 to access this adjacent hydropho-
bic pocket to create a new “hybrid” structure.19,29 We hypo-
thesized that the resulting hybrid compoundmight be able to
inhibit the T315I mutation due to enhanced affinity both to
the hinge-binding region and to the hydrophobic back-
pocket in addition to not forming a hydrogen bond to the
gatekeeper position.

In Vitro Potency. To assess the cellular activity of the com-
pounds, we tested them against wild-type andmutant Bcr-Abl
transformedBa/F3 cells.Wild-typeBa/F3 cells require thepre-
senceof interlukin-3 (IL-3) for growthand survival, but Ba/F3
cells transformed by oncogenic kinase such as Bcr-Abl be-
comes capable of growing in the absence of IL-3, which pro-
vides a robust and commonly used assay for selective kinase
inhibition.30 The first hybrid compound we made, comp-
ound 1, exhibited an IC50 of less than 5 nM on wild-type
Bcr-Abl andan IC50of 303nMonT315Iwhile exhibiting non-
specific inhibition of untransformed Ba/F3 cells with an IC50

of 1.7 μM (Table 1). Compound 1 also effectively inhibited
cellular kinase autophosphorylation of T315I-Bcr-Abl-Ba/
F3 with an IC50 of 243 nM, further demonstrating that the
antiproliferative activity against this mutant correlates with
direct inhibition of the T315I-Abl enzyme. A cocrystal struc-
ture19 of 1 with Abl revealed that the compound bound to a
conformation that was virtually indistinguishable from that
used by imatinib, which clearly validates the design stra-
tegy.31 We next evaluated how altering the structure in the
hinge binding region and hydrophobic back pocket might
change the potency of cellular inhibition. We replaced the
amino-pyrimidine hinge binding motif of 1 with the pheny-
laminopyrimidine motif, which is known to form a stronger
interaction with the kinase hinge residues as shown for 2 and
3. These modifications improved absolute cellular potency
against T315I as well as increase the ratio for selectivity
relative to untransformed Ba/F3 cells. In addition, these
modifications resulted in improved inhibitory potency on

T315I enzyme as well as against T315I cellular autopho-
sphorylation. We next incorporated a 3-methylimidazole by
analogy to nilotinib, and the resulting compound 4 also
demonstrated excellent activity against wild-type and mu-
tant Bcr-Abl (Table 1). In particular, this methylimidazole of
4 significantly contributes to excellent potency (IC50 of<5nM)
of 4 against T315I enzyme.

Compound 2 displayed excellent growth inhibitory activ-
ity against human colon cancer cells (Colo205 and SW620),
while a noncancer cell line, HEK293T, was not particularly
sensitive to inhibition by 2 as described in Table 2. As dis-
cussed below, the large number of kinases inhibited by 2

would suggest that additional profiling of this inhibitor
against a larger panel of human cancer cell lines32 would
potentially reveal additional utility for this inhibitor.

Kinase Selectivity of 2. We next investigated the kinase
selectivity of 2 against a panel of 41 recombinant kinase en-
zymes and on a panel of Ba/F3 cell lines transformed with a
diverse set of tyrosine kinases as summarized in Tables 2 and
3. This analysis revealed that 2 is capable of potently inhi-
biting a large number of tyrosine and serine/threonine ki-
nases. Despite its broad kinase selectivity profile, compound

Figure 2. Superimposed structure of 20 (green sticks) bound to Abl
(pink ribbon PDB: 1m52) and nilotinib (yellow sticks) bound to
Abl (PDB: 3cs9).Hydrogen bonds are indicated by red hatched lines
to key amino acids (blue sticks).

Table 1. In Vitro Potency Profiling for 3,4-Dihydropyrimido[4,5-
d]pyrimidin-2(1H)-one on Bcr-Abl

compd code

1 2 3 4

Antiproliferative Activity on Native or Bcr-Abl Transformed Ba/F3

Cells (IC50, nM)

native Ba/F3 1799 1370 2690 1785

wtBcr-Abl <5 <5 <5 <5

G250E 294 <5 12 <5

Q252H <5 <5 19 16

Y253H <5 <5 <5 15

E255K <5 <5 22 13

E255 V <5 <5 27 30

T315I 303 (243a) 11 21 43

F317L <5 <5 6 <5

M351T <5 <5 <5 <5

Enzymatic Activity (IC50, nM)

c-Abl <5 133 135 <5

G250E ND 136 206 720

E255 V <5 122 <5 <5

T315I 1567 61 130 <5

M351T <5 <5 <5 ND
a Inhibitory potency (IC50, nM) against cellular kinase autopho-

sphorylation (Elisa), ND means not determined.

Table 2. The Growth Inhibitory Potency (IC50, μM) of 2

cell line IC50, μM

TPR-Met-Ba/F3 3.401

NPM-ALK-Ba/F3 1.466

JAK1-Ba/F3 0.044

JAK2-Ba/F3 0.127

JAK2-V617F-Ba/F3 0.050

JAK3-Ba/F3 2.018

FGFR3-Ba/F3 0.009

Flt3-Ba/F3 0.359

Flt3-ITD-Ba/F3 0.012

PDGFR-Ba/F3 0.011

TrkC-Ba/F3 0.008

Colo205 0.005

SW620 0.001

U87 5.956

HEK293T >10
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2 exhibits some selectivity (4-100-fold) for T315I Bcr-Abl
(IC50 of 11 nM) relative to kinases such as TPR-Met, NPM-
ALK, JAK-3, Flt-3. Although the cocrystal structure of 1
with Abl demonstrates binding to the inactive conformation
(type-II), it is possible that an alternative binding conforma-
tion is exploited when binding to a subset of the potently
inhibited kinases. Further work will be required to inves-
tigate to what extent broad inhibition of mutant alleles of
Bcr-Abl can be achieved while still maintaining significant
selectivity relative to other kinases. Considering that the gate-
keeper residue is a crucial kinase selectivity determinant,24

this will likely present a significant challenge. For example, a
recently disclosed type-II inhibitor, imidazo[1,2-b]pyridazine
derivative18 currently undergoing phase I clinical trials, ex-
hibits high potency against T315I as well as several kinases
such as c-Src, Lyn, c-Kit, VEGFR2, FGFR1, and PDGFR.

InVivoEfficacy andToxicity of 2.To investigatewhether 2
could inhibit wild-type and T315I Bcr-Abl at well tolerated
doses in vivo, we investigated the tumor efficacy using a luci-
ferase xenograft model. One shortcoming of the original 20
compound was a poor pharmacokinetic profile in mice. Com-
pound 2 exhibited excellent pharmacokinetic parameters in
mice as depicted in Table 4, with good systemic exposure
(AUC= 875.71 h 3 nM, Cmax = 3.6 μM) along with reason-
able half-life (t1/2 = 3.2 h) and favorable oral bioavailability

(F=36%)being observed following oral administration of a
single dose of 20mg/kg. Compound 2displayed significant in
vivo efficacy against T315I-Bcr-Abl in the bioluminescent
xenograft mouse model using a transformed T315I-Bcr-Abl-
Ba/F3 cell line that has stable luciferase expression. As illus-
trated in the Figure 3, light emission from mice that were
administered an oral dose of 10 or 20mg/kg of 2 once per day
was significantly (T/C 38% and 23%, respectively) reduced
compared with that from untreated control mice, indicating
that 2 effectively inhibits tumor growth of T315I-Bcr-Abl-
Ba/F3 cells in mice at low doses (10 mg/kg). However,
appreciable (>10%) body weight loss was observed in mice
treated with doses of 2 of 20 mg/kg and above which is a
common symptom of in vivo toxicity. However, the 10 mg/kg
dosing group exhibited only a very small weight change as
plotted in the Figure 4. The significant body weight loss in
the 20 mg/kg group forced the dosing to be discontinued at
day 6. An acceptable therapeutic index of 2 would be anti-
cipated at around 10mg/kg dose, as remarkable efficacy was
observed with little body weight at this dose.

Conclusion

Our results demonstrate that it is possible todesign a type-II
inhibitor that can circumvent the T315IBcr-Abl “gatekeeper”
mutation by bridging the ATP and adjacent hydrophobic

Table 3. Kinase Selectivity Profile of 2: Enzymatic Activity
(% Inhibition) of 2 at 10 μM

kinase

% inhibition at

10 μM kinase

% inhibition at

10 μM

Aurora-A(h) 31 MAPKAP-K2(h) 0

Axl(h) 69 MEK1(h) 58

Bmx(h) 98 MKK4(m) 98

c-RAF(h) 100 MKK6(h) 100

CaMKIV(h) 0 p70S6K(h) 92

CDK1/cyclinB(h) 3 PAK2(h) 45

CHK2(h) 12 PDGFRR(h) 62

CK2(h) 6 PDK1(h) 0

CSK(h) 100 PKBR(h) 7

Fes(h) 98 PKCR(h)-His 51

FGFR3(h) 100 PKCθ(h) 22

Flt3(h) 69 PKD2(h) 77

GSK3ss(h) 59 ROCK-II(h) 2

IKKR(h) 69 Rsk1(h) 95

IKKss(h) 49 SAPK2a(h) 95

IR(h) 89 SAPK2b(h) 98

JNK1R1(h) 97 SAPK3(h) 35

JNK2R2(h) 99 SGK(h) 0

Lck(h) 99 Syk(h) 98

MAPK1(h) 68 TrkB(h) 100

ZAP-70(h) 6

Table 4. Pharmacokinetic Properties of 2 on Balb/C Mouse

formulation

PEG300 (100%),

solution

PEG300/water 1:1,

solution

dosing 5 mpk, intravenous 20 mpk, peroral

CLs (mL/min/kg) 8.6

Vss (L/kg) 1.12

AUC (h 3 nM) 18527 875.71

Cmax (nM) 11707 3616

Tmax (h) 0.03 3

Clast (nM) 10 15

Tlast (h) 24 24

T/2 (h) 3.8 3.2

F (%) 36

Figure 3. Bioluminescent in vivo efficacy study (oral administra-
tion, once-daily dosing) for 2 using Ba/F3-T315I-Bcr-Abl cell line
that has stable luciferase expression.Mice were imaged at day 5 and
7 after 2 treatment.
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binding site using a linker segment that can accommodate
a larger gatekeeper residue. The ability of the compounds
to tolerate diverse gatekeeper amino acids results in com-
pounds with broad kinase selectivity profiles. This study
also demonstrates that type-II inhibitors as a class are not
necessarilymore selective than type-I inhibitors. Compound
2 is likely to serve as a valuable starting point for developing
type-II inhibitors for a variety of kinases of therapeutic
interest.

Experimental Section

Detailed experimental procedures for Bcr-Abl kinase assay,
Ba/F3 cell proliferation assay, and phosphotyrosine analysis such
as autophosphorylation estimation are described in our previous
publications.19,33

1. In Vivo Efficacy Evaluation Using T315I-Bcr-Abl-Ba/F3
Orthotopic Xenograft Model. SCID beige female mice, 6-8
weeks old (n = 5 for each 2 treated or vehicle control group),
were injected via tail vein with 1 � 106 Ba/F3 cells coexpressing
Bcr-abl/T315I mutant and luciferase. Three days postinjection,
micewere orally dosed once dailywith 10 or 20mg/kg 2 for seven
days. At day 5 and 7, bioluminescence was quantified using a
Xenogen IVIS living imaging system (Caliper LifeSciences,
Hopkinton, MA).

2. Experimental Section of PK Study.Male Balb/c mice, 5-6
weeks old (20-25 g), were obtained from Jackson Laboratory
(Bar Harbor, ME). Compound 2 was dissolved in a 100%
PEG300 solution formulation (2.5 mg/mL) and dosed at 5 mg/kg
intravenously via the lateral vein (n=3). The oral dose was pre-
pared in a 1:1 formulation of PEG300 and distilled water and
administered at 20 mg/kg via oral gavage (n = 3). Five blood
samples (50μL)were serially drawn via retro orbital sinuswithin
24 h after dosing. Plasma concentrations of 2 were quantified
utilizing a liquid chromatography/mass spectrometry (LC/MS/
MS) assay. Pharmacokinetic parameters were calculated by
noncompartmental regression analysis using Winnonlin 4.0
software (Pharsight, Mountain View, CA).

3. Chemistry. Reactions were monitored by thin layer chro-
matography (TLC) with 0.25 mm E. Merck precoated silica gel
plates (60 F254). Visualization was accomplished with either
UV light, or by immersion in solutions of ninhydrin, p-anisal-
dehyde, or phosphomolybdic acid (PMA) followed by heating
on a hot plate for about 10 s. Purification of reaction products
was carried out by flash chromatography using Kieselgel 60 Art
9385 (230-400 mesh). The purity of all compounds was over
95%andwas analyzed withWaters LCMS system (Waters 2998
photodiode array detector, Waters 3100 mass detector, Waters
SFO system fluidics organizer, Waters 2545 binary gradient
module,WatersReagentManager,Waters 2767 samplemanager)
using SunFireTM C18 column (4.6 mm� 50 mm, 5 μm particle
size): solvent gradient = 60% (or 95%) A at 0 min, 1% A at
5 min; solvent A= 0.035%TFA inWater; solvent B= 0.035%
TFA in MeOH; flow rate: 3.0 (or 2.5) mL/min. 1H NMR and
13C NMR spectra were obtained using a Bruker 400 MHz

FT-NMR (400MHz for 1H, and 100MHz for 13C), or a Varian
Inova-600 (600 MHz for 1H) spectrometer. Chemical shifts are
reported relative to chloroform (δ=7.26) for 1HNMRand chlo-
roform (δ=77.2) for 13CNMRordimethyl sulfoxide (δ=2.50)
for 1H NMR and dimethyl sulfoxide (δ = 39.5) for 13C NMR.
Data are reported as (br= broad, s= singlet, d= doublet, t=
triplet, q=quartet,m=multiplet).High resolutionmass spectra
were recorded on a 4.7 T IonSpec ESI-FTMS or a Micromass
LCT ESI-TOF mass spectrometer.

Ethyl 4-(Methylamino)-2-(methylthio)pyrimidine-5-carboxy-

late (6). To a solution of compound 5 (1.0 g, 4.3 mmol) in
THF (14.3 mL) was added 2.0 Mmethylamine solution in THF
(5.37 mL, 10.7 mmol) at 0 �C, and the reaction mixture was
stirred at room temperature for 1 h. The reaction mixture was
partitioned between ethyl acetate (50 mL) and saturated NaH-
CO3 (30 mL). The organic layer was washed with brine, dried
over MgSO4, filtered through a pad of celite, and concentrated
under reduced pressure. The resulting white solid title com-
pound (950 mg, 97% yield) was used for the next step without
further purification. Rf = 0.47 (1/4 ethyl acetate/hexane). 1H
NMR 600 MHz (CDCl3) δ 8.60 (s, 1H), 8.16 (bs, 1H), 4.32 (q,
J=7.2 Hz, J=13.8 Hz, 2H), 3.07 (d, J=5.4 Hz, 3H), 2.54 (s,
3H), 1.36 (t, J=7.2 Hz, 3H). 1HNMR 400MHz (DMSO-d6) δ
8.49 (s, 1H), 8.23 (bs, 1H), 4.26 (q, J=7.1Hz, J=14.1Hz, 2H),
2.96 (d, J= 4.8 Hz, 3H), 2.48 (s, 3H), 1.28 (t, J= 7.1 Hz, 3H).
13C NMR 100 MHz (DMSO-d6) δ 175.49, 166.22, 160.14,
158.13, 101.26. 61.01, 27.80, 14.53, 14.04. HRMS (ESI) m/z
[M þ Na]þ calcd 250.0626, found 250.0628.

(4-(Methylamino)-2-(methylthio)pyrimidin-5-yl)methanol (7).
To a solution of compound 6 (300 mg, 1.32 mmol) in THF
(6.6mL) was added 2.0M lithium aluminum hydride solution in
THF (0.79 mL, 1.58 mmol) at 0 �C. The reaction mixture was
stirred at room temperature for 2 h and treated with saturated
NH4Cl solution (2 mL). After stirred at room temperature for
30 min, the reaction mixture was filtered through a pad of celite.
The filtrate was partitioned between ethyl acetate (30 mL) and
water (20 mL). The organic layer was washed with brine, dried
over MgSO4, filtered through a pad of celite, and concentrated
under reduced pressure. The resulting white solid (210 mg, 86%
yield) was used for the next step without further purification.
Rf = 0.37 (100% ethyl acetate). 1H NMR 600 MHz (CDCl3) δ
7.61 (s, 1H), 5.90 (bs, 1H), 4.76 (s, 2H), 3.03 (d, J=5.4Hz, 3H),
2.51 (s, 3H). 1HNMR 400MHz (DMSO-d6) δ 7.80 (s, 1H), 6.81
(bs, 1H), 5.05, (t, J=5.4Hz, 1H), 4.28 (d, J=5.2Hz, 2H), 2.84
(d, J= 4.6 Hz, 3H), 2.41 (s, 3H). 13C NMR 100 MHz (DMSO-
d6) δ 169.17, 160.45, 152.04, 113.90, 57.99, 27.71, 13.79. HRMS
(ESI) m/z [M þ Na]þ calcd 208.0521, found 208.0520.

4-(Methylamino)-2-(methylthio)pyrimidine-5-carbaldehyde (8).
To a solution of compound 7 (210 mg, 1.14 mmol) in dichlor-
omethane (3.8 mL) was added activated manganese(IV) oxide
(980 mg, 11.4 mmol) at room temperature and stirred for over-
night. The reaction mixture was filtered through a pad of celite
and concentrated under reduced pressure. The resulting crude
product was purified by flash silica gel chromatography with
ethyl acetate/hexane (1/9 to 1/4) to give (190 mg, 89% yield) of
the title product as a white solid. Rf = 0.29 (1/4 ethyl acetate/
hexane). 1H NMR 600 MHz (CDCl3) δ 9.67 (s, 1H), 8.52 (bs,
1H), 8.27 (s, 1H), 3.10 (d, J=5.4Hz, 3H), 2.54 (s, 3H). 1HNMR
400 MHz (DMSO-d6) δ 9.75 (s, 1H), 8.62 (bs, 1H), 8.49 (s, 1H),
2.98 (d, J = 4.8 Hz, 3H), 2.49 (s, 3H). 13C NMR 100 MHz
(DMSO-d6) δ 192.11, 176.34, 163.80, 158.87, 109.95, 27.57,
14.12. LCMS m/z 184.2 [M þ H]þ.

N-(3-Amino-4-methylphenyl)-3-(trifluoromethyl)benzamide (9).
Toa solution of 4-methyl-3-nitrobenzenamine (2.0 g, 13.15mmol)
in dried THF (65 mL) were added DIEA (3.26 mL, 19.73 mmol)
and 3-(trifluoromethyl)benzoyl chloride (3.0 g, 14.46 mmol) at
0 �C. The reaction mixture stirred for 3 h at room temperature.
The reaction mixture was partitioned between ethyl acetate
(100 mL) and saturated NaHCO3 (50 mL). The organic layer
was washed with brine, dried over MgSO4, filtered through a

Figure 4. Mice body weight change during bioluminescent in vivo
efficacy study (oral administration, once-daily dosing) for 2.
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pad of celite, and concentrated under reduced pressure. The result-
ing white solid, N-(4-methyl-3-nitrophenyl)-3-(trifluoromethyl)-
benzamide (3.9 g, 91% yield) was used for the next step without
further purification. Rf = 0.41 (1/4 ethyl acetate/hexane). 1H
NMR 400 MHz (DMSO-d6) δ 10.75 (s, 1H), 8.51 (d, J = 1.6,
1H), 8.30 (s, 1H), 8.27 (d, J=7.8 Hz, 1H), 8.00 (m, 2H), 7.80 (t,
J = 7.7 Hz, 1H), 7.48 (d, J = 8.4 Hz, 1H), 2.48 (s, 3H). 13C
NMR 100 MHz (DMSO-d6) δ 164.72, 148.90, 138.22, 135.56,
133.52, 132.37, 130.27, 129.86, 129.54, 128.95, 128.49, 125.39, 124.72,
116.14, 19.75. HRMS (ESI)m/z [MþNa]þ calcd 347.0619, found
347.0621.

Toa solutionofN-(4-methyl-3-nitrophenyl)-3-(trifluoromethyl)-
benzamide (3.0 g, 9.2 mmol) in methanol (40 mL) was added
10% Pd/C (300 mg). After two vacuum/H2 cycles to replace air
inside the reaction flaskwith hydrogen, the reactionmixturewas
stirred at room temperature under a hydrogen balloon for 4 h.
The reaction mixture was filtered through a pad of celite and
concentrated under reduced pressure. The title compound (2.4 g,
88% yield) was used for the next step without further purifica-
tion. Rf = 0.14 (1/4 ethyl acetate/hexane). 1H NMR 400 MHz
(DMSO-d6) δ 10.17 (s, 1H), 8.27 (s, 1H), 8.25 (d, J = 7.9 Hz,
1H), 7.91 (d, J= 7.8 Hz, 1H), 7.75 (t, J= 7.7 Hz, 1H), 7.15 (s,
1H), 6.87 (m, 2H), 4.89 (s, 2H), 2.04 (s, 3H). 13CNMR100MHz
(DMSO-d6) δ 164.02, 147.05, 137.70, 136.62, 132.18, 130.20,
130.00, 129.75, 129.43, 128.22, 124.62, 117.67, 109.39, 106.99,
17.45. HRMS (ESI) m/z [M þ H]þ calcd 317.0878, found
317.0879.

N-(4-Methyl-3-((4-(methylamino)-2-(methylthio)pyrimidin-5-yl)-
methylamino)phenyl)-3-(trifluoromethyl)benzamide (10). To a
solution of compound 8 (190 mg, 1.03 mmol) in methanol
(5.2 mL) were added acetic acid (0.12 mL, 2.06 mmol), com-
pound9 (304mg,1.03mmol), andNa(CN)BH3 (323mg,5.15mmol)
at room temperature and stirred for overnight. The reaction
mixture was partitioned between ethyl acetate (30 mL) and
saturated NaHCO3 (20 mL), and then the water layer was
extracted with ethyl acetate (10 mL� 3). The combined organic
layer waswashedwith brine, dried overMgSO4, filtered through
a pad of celite, and concentrated under reduced pressure. The
resulting crude product was purified by silica gel chromatogra-
phy with ethyl acetate/hexane (1/4 to 2/3) to give (334 mg, 63%
yield) of the title product as a white solid. Rf = 0.21 (2/3 ethyl
acetate/hexane). 1HNMR400MHz (CDCl3) δ 8.55 (s, 1H), 8.11
(s, 1H), 8.04 (d, J=7.8Hz, 1H), 7.76 (s, 1H), 7.74 (d, J=7.8Hz,
1H), 7.54 (t, J= 7.8 Hz, 1H), 7.23 (s, 1H), 7.02 (d, J= 8.0 Hz,
1H), 6.97 (dd, J=1.7Hz, J=7.9Hz, 1H), 5.86 (m, 1H), 3.98 (s,
2H), 3.41 (bs, 1H), 3.01 (d, J=4.85Hz, 3H), 2.51 (s, 3H), 2.07 (s,
3H). 13C NMR 100 MHz (CDCl3) δ 171.17, 164.59, 161.14,
153.43, 145.99, 137.03, 135.79, 131.22, 130.89, 130.45, 129.25,
128.18, 124.14, 120.09, 110.69, 109.33, 103.89, 43.57, 27.60,
17.11, 14.02. HRMS (ESI)m/z [MþNa]þ calcd 484.1395, found
484.1398.

N-(4-Methyl-3-(1-methyl-7-(methylthio)-2-oxo-1,2-dihydropyri-
mido[4,5-d]pyrimidin-3(4H)-yl)phenyl)-3-(trifluoromethyl)benzamide
(11). To a solution of compound 10 (334 mg, 0.73 mmol) in 1,4-
dioxane (3.65 mL) were added DIEA (0.36 mL, 2.19 mmol) and
triphosgene (70 mg, 0.24 mmol) at 0 �C and stirred at room
temperature for 1 h. The precipitate was filtered off and the
filtrate was stirred at 110 �C for 3 h. The reaction mixture was
cooled to room temperature and was partitioned between ethyl
acetate (20 mL) and saturated NaHCO3 (20 mL) solution. The
organic layer was washed with brine, dried overMgSO4, filtered
through a pad of celite, and concentrated under reduced pres-
sure. The resulting crude product was purified by silica gel
chromatography with ethyl acetate/hexane (1/4 to 2/3) to give
(230mg, 65%yield) of the title product as awhite solid.Rf=0.25
(2/3 ethyl acetate/hexane). 1HNMR600MHz (CDCl3) δ 8.98 (s,
1H), 8.13 (s, 1H), 8.08 (d, J=7.8 Hz, 1H), 8.03 (s, 1H), 7.73 (m,
2H), 7.56 (t, J= 7.8 Hz, 1H), 7.29 (d, J = 8.4 Hz, 1H), 7.03 (d,
J=8.4Hz, 1H), 4.68 (d, J=14.4Hz, 1H), 4.42 (d, J=14.4 Hz,
1H), 3.51 (s, 3H), 2.59 (s, 3H), 1.72 (s, 3H). 1H NMR 400 MHz

(DMSO-d6) δ 10.52 (s, 1H), 8.41 (s, 1H), 8.24 (m, 2H), 7.97 (d,
J= 7.6 Hz, 1H), 7.79 (m, 2H), 7.63 (dd, J=1.9Hz, J=8.2Hz,
1H), 7.31 (d, J = 6.3 Hz, 1H), 4.78 (d, J = 14.6 Hz, 1H), 4.59
(d, J=14.6 Hz, 1H), 3.38 (s, 3H), 2.49 (s, 3H), 2.07 (s, 3H). 13C
NMR 100 MHz (DMSO-d6) δ 170.34, 164.33, 156.87, 152.76,
152.23, 141.38, 138.06, 136.06, 132.29, 131.39, 131.25, 130.26,
128.66, 124.61, 120.38, 119.77, 108.31, 46.87, 28.53, 17.23,
14.07. HRMS (ESI) m/z [M þ Na]þ calcd 510.1187, found
510.1186.

N-(4-Methyl-3-(1-methyl-7-(methylsulfonyl)-2-oxo-1,2-dihydro-
pyrimido[4,5-d]pyrimidin-3(4H)-yl)phenyl)-3-(trifluoromethyl)-
benzamide (12). To a solution of compound 11 (230 mg,
0.47 mmol) in dichloromethane (2 mL) was added m-chloro-
perbenzoic acid (245 mg, 1.42 mmol) at 0 �C. The reaction
mixture was stirred for 30 min at 0 �C and then stirred for
additional 3 h at room temperature. The reaction mixture was
partitioned between dichloromethane (20 mL) and saturated
NaHCO3 (20mL). The organic layer was washed with brine and
dried over MgSO4, filtered through a pad of celite, and con-
centrated under reduced pressure. The resulting white solid
(200 mg, 81% yield) was used for the next step without further
purification. Rf = 0.50 (4/1 ethyl acetate/hexane). 1H NMR
600 MHz (DMSO-d6) δ 10.52 (s, 1H), 8.57 (s, 1H), 8.28 (s, 1H),
8.24 (d, J=8.4 Hz, 1H), 7.96 (d, J=7.8 Hz, 1H), 7.84 (dd, J=
1.8 Hz, J = 9.6 Hz, 1H), 7.78 (t, J = 7.8 Hz, 1H), 7.62 (d, J =
8.4Hz, 1H), 7.31 (d, J=8.4Hz, 1H), 4.93 (d, J=15.6 Hz, 1H),
4.75 (d, J=15.6 Hz, 1H), 3.39 (s, 3H), 2.47 (s, 3H), 2.12 (s, 3H).
1H NMR 400MHz (CDCl3) δ 9.05 (s, 1H), 8.24 (s, 1H), 8.11 (s,
1H), 8.08 (d, J=7.7 Hz, 1H), 7.72 (m, 2H), 7.56 (t, J=7.7 Hz,
1H), 7.31 (d, J=8.2 Hz, 1H), 7.02 (d, J=8.3 Hz, 1H), 4.81 (d,
J=15.8Hz, 1H), 4.59 (d, J=15.8Hz, 1H), 3.47 (s, 3H), 3.33 (s,
3H), 1.67 (s, 3H). 13CNMR100MHz (CDCl3) δ 164.90, 164.19,
158.12, 152.38, 152.31, 139.21, 137.75, 135.27, 131.39, 131.23,
130.78, 130.13, 129.21, 128.24, 127.85, 124.25, 120.88, 119.52,
114.54, 47.07, 39.03, 29.00, 16.31. HRMS (ESI) m/z [M þNa]þ

calcd 542.1086, found 542.1088.
N-(3-(7-Amino-1-methyl-2-oxo-1,2-dihydropyrimido[4,5-d]pyri-

midin-3(4H)-yl)-4-methylphenyl)-3-(trifluoromethyl)benzamide

(1). To a solution of compound 12 (100 mg, 019 mmol) in 1,4-
dioxane (1.0 mL) was added 2.0 M ammonia in 2-propanol
(0.97mL, 1.93mmol). The reactionmixturewas stirred for 24 h at
120 �C in sealed reaction vessel. The reaction mixture was cooled
to room temperature and concentrated under reduced pressure.
The crude reaction mixture was partitioned between ethyl
acetate (10 mL), and the water layer was extracted with ethyl
acetate (5 mL � 3). The combined organic layer was washed
with brine, dried with MgSO4, filtered through a pad of celite,
and concentrated under reduced pressure. The resulting crude
product was purified by silica gel chromatography withMeOH/
CH2Cl2 (1/99 to 5/95) to give (68 mg, 77% yield) of the title
product as a white solid. Rf = 0.27 (5/95 MeOH/CH2Cl2).

1H
NMR 400 MHz (DMSO-d6) δ 10.52 (s, 1H), 8.29 (s, 1H), 8.26
(d, J=7.9Hz, 1H), 7.97 (d, J=7.9Hz, 1H), 7.92 (s, 1H), 7.78 (t,
J= 7.8 Hz, 1H), 7.74 (d, J=2.1 Hz, 1H), 7.64 (dd, J=2.0 Hz,
J=8.3Hz, 1H), 7.30 (d,J=8.4Hz, 1H), 6.57 (s, 2H), 4.60 (d, J=
13.8Hz, 1H), 4.42 (d, J=13.8Hz, 1H), 3.23 (s, 3H), 2.07 (s, 3H).
13C NMR 100 MHz (DMSO-d6) δ 164.32, 163.22, 157.51,
153.94, 152.91, 141.80, 138.02, 136.07, 132.30, 131.38, 131.17,
130.25, 128.65, 124.61, 120.16, 119.80, 100.86, 47.08, 28.35,
17.27. HRMS (ESI) m/z [M þ Na]þ calcd 479.1419, found
479.1417.

N-(4-Methyl-3-(1-methyl-7-(6-methylpyridin-3-ylamino)-2-oxo-
1,2-dihydropyrimido[4,5-d]pyrimidin-3(4H)-yl)phenyl)-3-(trifluo-
romethyl)benzamide (2).To a solution of compound 12 (100 mg,
019mmol) in 1,4-dioxane (1.0mL)were added 6-methylpyridin-
3-amine (104 mg, 0.96 mmol) and trifluoroacetic acid (73 uL,
0.96 mmol). The reaction mixture was stirred for 48 h at 120 �C.
The reaction mixture was cooled to room temperature and was
concentrated. The crude reaction mixture was partitioned be-
tween ethyl acetate (20 mL) and saturated NaHCO3 (20 mL)
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solution. The organic layer was washed with brine, dried with
MgSO4, filtered through a pad of celite, and concentrated under
reduced pressure. The resulting crude product was purified by
silica gel chromatography withMeOH/CH2Cl2 (1/99 to 5/95) to
give (34mg, 32%yield) of the title product as a white solid.Rf=
0.23 (5/95 MeOH/CH2Cl2).

1H NMR 600 MHz (DMSO-d6) δ
10.50 (s, 1H), 9.61 (s, 1H), 8.77 (d, J= 3.0 Hz, 1H), 8.28 (s, 1H),
8.25 (d, J=8.4 Hz, 1H), 8.13 (s, 1H), 8.04 (dd, J=2.4 Hz, J=
8.4 Hz, 1H), 7.95 (d, J = 7.8 Hz, 1H), 7.78 (m, 2H), 7.63 (dd,
J=1.8Hz, J=8.4Hz, 1H), 7.30 (d, J=8.4Hz, 1H), 7.16 (d, J=
9.0Hz, 1H), 4.69 (d, J=13.8Hz, 1H), 4.52 (d, J=13.8Hz, 1H),
3.32 (s, 3H), 2.40 (s, 3H), 2.12 (s, 3H). 1H NMR 400 MHz
(CDCl3) δ 9.19 (s, 1H), 8.74 (d, J = 2.2 Hz, 1H), 8.17 (s, 1H),
8.13 (d, J=7.7 Hz, 1H), 8.00 (dd, J=2.3 Hz, J=8.4 Hz, 1H),
7.94 (s, 1H), 7.74 (d, J= 7.7 Hz, 1H), 7.69 (s, 1H), 7.56 (m, 2H),
7.30 (d, J= 8.2 Hz, 1H), 7.17 (d, J= 8.4 Hz, 1H), 7.00 (d, J=
8.4Hz, 1H), 4.64 (d, J=14.1Hz, 1H), 4.42 (d, J=14.2Hz, 1H),
3.51 (s, 3H), 2.54 (s, 3H), 1.62 (s, 3H). 13C NMR 100 MHz
(CDCl3) δ 164.23, 159.20, 157.48, 153.49, 152.88, 152.19,
140.43, 139.91, 137.72, 135.61, 133.71, 131.38, 131.02, 130.87,
129.05, 128.06, 127.23, 124.38, 123.05, 120.72, 120.03, 102.73,
47.29, 28.73, 23.61, 16.24. HRMS (ESI) m/z [M þ Na]þ calcd
570.1841, found 542.1839.

N-(4-Methyl-3-(1-methyl-2-oxo-7-(phenylamino)-1,2-dihydropyri-
mido[4,5-d]pyrimidin-3(4H)-yl)phenyl)-3-(trifluoromethyl)benzamide
(3). To a solution of compound 12 (100 mg, 019 mmol) in 1,4-
dioxane (0.5 mL) was added aniline (0.17 mL, 1.93 mmol). The
reaction mixture was stirred for 24 h at 130 �C. The reaction
mixture was cooled to room temperature and concentrated
under reduced pressure. The crude reaction mixture was parti-
tioned between ethyl acetate (10 mL), and the water layer was
extracted with ethyl acetate (5 mL � 3). The combined organic
layer waswashedwith brine, driedwithMgSO4, filtered through
a pad of celite, and concentrated under reduced pressure. The
resulting crude product was purified by silica gel chromatogra-
phy with MeOH/CH2Cl2 (1/99 to 5/95) to give (72 mg, 70%
yield) of the title product as a white solid. Rf = 0.30 (5/95
MeOH/CH2Cl2).

1H NMR 400 MHz (DMSO-d6) δ 10.53 (s,
1H), 9.56 (s, 1H), 8.30 (s, 1H), 8.21 (d, J = 7.9 Hz, 1H), 8.14 (s,
1H), 7.97 (d, J=7.8Hz, 1H), 7.78 (m, 4H), 7.65 (dd, J=2.0Hz,
J=8.3 Hz, 1H), 7.29 (m, 3H), 6.93 (t, J=7.4 Hz, 1H), 4.71 (d,
J=14.1Hz, 1H), 4.53 (d, J=13.8Hz, 1H), 3.26 (s, 3H), 2.13 (s,
3H). 13C NMR 100 MHz (DMSO-d6) δ 164.33, 159.46, 157.39,
153.65, 152.65, 141.67, 141.02, 138.06, 136.08, 132.30, 131.42,
131.22, 130.25, 128.95, 128.64, 124.62, 121.75, 120.26, 119.82,
119.25, 103.12, 47.12, 28.70, 17.27. HRMS (ESI)m/z [MþNa]þ

calcd 555.1732, found 555.1730.
N-Methyl-5-((2-methyl-5-nitrophenylamino)methyl)-2-(methyl-

thio)pyrimidin-4-amine (14).Toasolutionof compound8 (500mg,
2.73 mmol) in methanol (10 mL) were added acetic acid (0.31 mL,
2.06mmol), 2-methyl-5-nitrobenzenamine (415mg, 2.73mmol), and
Na(CN)BH3 (858mg, 13.66mmol) at room temperature and stirred
for overnight. The reaction mixture was partitioned between ethyl
acetate (50mL) and saturatedNaHCO3 (30mL), and then thewater
layer was extracted with ethyl acetate (30 mL � 3). The combined
organic layer was washed with brine, dried over MgSO4, filtered
through a pad of celite, and concentrated under reduced pressure.
The resulting crude product was purified by silica gel chromatogra-
phywith ethyl acetate/hexane (1/4 to2/3) togive (310mg, 36%yield)
of the title product as a yellow solid. Rf = 0.30 (2/3 ethyl acetate/
hexane). 1H NMR 400 MHz (DMSO-d6) δ 7.86 (s, 1H), 7.38 (dd,
J=2.1Hz, J=8.6Hz, 1H), 7.22 (d, J=8.2Hz, 1H), 7.18 (d, J=
2.0 Hz, 1H), 7.14 (m, 1H), 5.98 (m, 1H), 4.18 (d, J= 5.5 Hz, 2H),
2.88 (d, J= 4.5 Hz, 3H), 2.36 (s, 3H), 2.20 (s, 3H). 13C NMR 100
MHz (DMSO-d6) δ 169.21, 160.48, 152.97, 147.41, 147.12, 131.10,
130.72, 111.25, 109.93, 103.22, 27.81, 18.41, 13.78.HRMS (ESI)m/z
[Mþ Na]þ calcd 342.1001, found 342.1003.

1-Methyl-3-(2-methyl-5-nitrophenyl)-7-(methylthio)-3,4-dihy-
dropyrimido[4,5-d]pyrimidin-2(1H)-one (15). To a solution of
compound 14 (200 mg, 0.63 mmol) in 1,4-dioxane (3.0 mL)

were added DIEA (0.31 mL, 1.88 mmol) and triphosgene
(65 mg, 0.22 mmol) at 0 �C and stirred at room temperature
for 1 h. The precipitatewas filtered off and the filtratewas stirred
at 110 �C for 3 h. The reaction mixture was cooled to room
temperature and was partitioned between ethyl acetate (20 mL)
and saturatedNaHCO3 (20mL) solution. The organic layer was
washed with brine, dried over MgSO4, filtered through a pad of
celite, and concentrated under reduced pressure. The resulting
crude product was purified by silica gel chromatography with
ethyl acetate/hexane (1/4 to 2/3) to give (170 mg, 78% yield) of
the title product as a yellow solid. Rf = 0.39 (2/3 ethyl acetate/
hexane). 1HNMR400MHz (CDCl3) δ 8.16 (d, J=2.2Hz, 1H),
8.15 (dd, J=2.3 Hz, J=8.3 Hz, 1H), 8.10 (s, 1H), 7.49 (d, J=
8.3Hz, 1H), 4.85 (d, J=14.1Hz, 1H), 4.52 (d, J=14.6Hz, 1H),
3.47 (s, 3H), 2.59 (s, 3H), 2.33 (s, 3H). 13C NMR 100 MHz
(CDCl3) δ 172.29, 156.49, 152.38, 151.97, 147.04, 144.22,
141.34, 132.00, 122.97, 122.35, 106.31, 47.16, 28.59, 18.17,
14.23. HRMS (ESI) m/z [M þNa]þ calcd 368.0793, found
368.0794.

3-(5-Amino-2-methylphenyl)-1-methyl-7-(methylthio)-3,4-dihy-
dropyrimido[4,5-d]pyrimidin-2(1H)-one (16). To a solution of
compound 15 (150 mg, 0.43 mmol) in methanol (2 mL) was
added 10%Pd/C (15mg). After two vacuum/H2 cycles to replace
air inside the reaction flask with hydrogen balloon, the reaction
mixture was stirred at room temperature for 6 h. The reaction
mixture was filtered through a pad of Celite and concentrated
under reduced pressure. The title product (130 mg, 94% yield)
was used for the next step without further purification. Rf = 0.31
(4/1 ethyl acetate/hexane). 1H NMR 400MHz (CDCl3) δ 8.03 (s,
1H), 7.06 (d, J= 8.1 Hz, 1H), 6.62 (dd, J= 2.4 Hz, J=8.1 Hz,
1H), 6.56 (d, J=2.3Hz, 1H), 4.66 (d, J=14.6Hz, 1H), 4.48 (d,
J = 14.6 Hz, 1H), 3.44 (s, 3H), 2.57 (s, 3H), 2.09 (s, 3H). 13C
NMR 100 MHz (CDCl3) δ 171.71, 156.82, 152.50, 151.67,
145.75, 141.05, 131.97, 124.93, 115.43, 113.56, 160.82, 47.19,
28.44, 16.64, 14.20.HRMS (ESI)m/z [MþNa]þ calcd 338.1052,
found 338.1055.

3-(4-Methyl-1H-imidazol-1-yl)-5-(trifluoromethyl)benzoic Acid
(17). To a solution of 3-fluoro-5-(trifluoromethyl)benzonitrile
(5.0 g, 26.45 mmol) in N,N-dimethylacetamide (25 mL) was
added 4-methyl imidazole (6.5 g, 79.36 mmol). The reaction
mixture was stirred at 150 �C for 24 h. The reaction mixture was
cooled to room temperature. The crude reaction mixture was
partitioned between ethyl acetate (100 mL), and the water layer
was extracted with ethyl acetate (5 mL � 3). The combined
organic layer was washed with brine, dried withMgSO4, filtered
through a pad of celite, and concentrated under reduced pres-
sure. The resulting crude product was purified by silica gel
chromatography with ethyl acetate/hexane (1/3 to 2/1) to give
(4.8 g, 73% yield) 3-(4-methyl-1H-imidazol-1-yl)-5-(trifluoromet-
hyl)benzonitrile as a white solid. Rf = 0.21 (3/2 ethyl acetate/
hexane). 1H NMR 400 MHz (DMSO-d6) δ 8.53 (s, 1H), 8.45 (s,
1H), 8.40 (s, 1H), 8.24 (s, 1H), 7.71 (s, 1H), 2.15 (s, 3H). 13C
NMR 100 MHz (DMSO-d6) δ 139.60, 138.64, 135.73, 132.38,
132.5, 127.22, 126.89, 121.07, 117.45, 114.55, 114.44, 14.00.HRMS
(ESI) m/z [M þ Na]þ calcd 274.0568, found 274.0569.

To a solution of 3-(4-methyl-1H-imidazol-1-yl)-5-(trifluoro-
methyl)benzonitrile (3 g, 11.95 mmol) in dioxane (30 mL) was
added 2 N NaOH solution (30 mL, 59.76 mmol). The reaction
mixture was stirred for 24 h under reflux condition. The reaction
mixture was cooled to room temperature, and the organic
solvent was removed under reduced pressure. To a reaction
mixture was added 6N HCl solution until white solid (pH =
4-5) precipitated. The produced white solid was filtered and
dried over nitrogen gas flow. The title compound (2.6 g, 80%
yield) was used for the next step without further purification. 1H
NMR 400MHz (DMSO-d6) δ 8.51 (s, 1H), 8.35 (s, 1H), 8.40 (s,
1H), 8.29 (s, 1H), 8.07 (s, 1H), 7.74 (s, 1H), 2.17 (s, 3H). 13C
NMR 100 MHz (DMSO-d6) δ 165.81, 138.72, 138.39, 135.70,
134.41, 131.64, 131.31, 124.46, 123.59, 121.14, 115.0, 13.68.HRMS
(ESI) m/z [M þ H]þ calcd 271.0689, found 271.0691.
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3-(4-Methyl-1H-imidazol-1-yl)-N-(4-methyl-3-(1-methyl-7-
(methylthio)-2-oxo-1,2-dihydropyrimido[4,5-d]pyrimidin-3(4H)-
yl)phenyl)-5-(trifluoromethyl)benzamide (18). To a solution of
compound 16 (100 mg, 0.32 mmol) in dried DMF (1.5 mL) were
added compound 17 (86 mg, 0.32 mmol), HATU (362 mg,
0.95mmol), andDIEA (0.26mL, 1.58mmol). The reactionmix-
ture was stirred for 24 h at room temperature. The reactionmix-
ture was partitioned between ethyl acetate (5 mL) and water
(5mL), and then the water layer was extracted with ethyl acetate
(5 mL� 3). The combined organic layer was washed with brine,
dried over MgSO4, filtered through a pad of celite, and con-
centrated under reduced pressure. The resulting crude product
was purified by silica gel chromatography with MeOH/CH2Cl2
(1/95 to 5/95) to give (161mg, 89%yield) of the title product as a
white solid.Rf= 0.28 (5/95MeOH/CH2Cl2).

1HNMR400MHz
(CDCl3) δ 9.47 (s, 1H), 8.14 (m, 2H), 8.04 (s, 1H), 7.88 (s, 1H),
7.71 (s, 1H), 7.60 (s, 1H), 7.39 (d, J= 7.5 Hz, 1H), 7.10 (s, 1H),
7.02 (d, J=8.4 Hz, 1H), 4.68 (d, J=14.7 Hz, 1H), 4.46 (d, J=
14.7 Hz, 1H), 3.47 (s, 3H), 2.59 (s, 3H), 2.28 (s, 3H), 1.68 (s, 3H).
13C NMR 100 MHz (CDCl3) δ 172.11, 163.03, 156.32, 153.62,
152.04, 140.61, 139.78, 138.00, 137.64, 134.47, 132.73, 132.40,
131.16, 130.89, 124.49, 123.32, 122.64, 120.85, 120.01, 119.80,
114.15, 105.34, 47.21, 28.48, 16.36, 14.22, 13.60. HRMS (ESI)
m/z [M þ Na]þ calcd 590.1562, found 590.1563.

3-(4-Methyl-1H-imidazol-1-yl)-N-(4-methyl-3-(1-methyl-7-(met-
hylsulfonyl)-2-oxo-1,2-dihydropyrimido[4,5-d]pyrimidin-3(4H)-
yl)phenyl)-5-(trifluoromethyl)benzamide (19). To a solution of
compound 18 (130 mg, 0.23 mmol) in dichloromethane (1 mL)
was addedm-chloroperbenzoic acid (158mg, 0.91mmol) at 0 �C.
The reaction mixture was stirred for 30 min at 0 �C and then
stirred for 3 h at room temperature. The reaction mixture was
partitioned between dichloromethane (10 mL) and saturated
NaHCO3 (10 mL). The organic layer was washed with brine,
dried over MgSO4, filtered through a pad of celite, and concen-
trated under reduce pressure. The resulting white solid (122 mg,
88% yield) was used for the next step without further purifica-
tion. Rf = 0.27 (5/95 MeOH/CH2Cl2).

1H NMR 400 MHz
(DMSO-d6) δ 10.66 (s, 1H), 8.58 (s, 1H), 8.47 (s, 1H), 8.39 (s,
1H), 8.23 (s, 1H), 8.16 (s, 1H), 7.85 (m, 1H), 7.69 (s, 1H), 7.67
(dd, J=1.9 Hz, J=8.3 Hz, 1H), 7.34 (d, J=8.4 Hz, 1H), 4.94
(d, J=15.6Hz, 1H), 4.77 (d, J=15.6Hz, 1H), 3.40 (s, 3H), 3.35
(s, 3H), 2.14 (s, 3H), 2.10 (s, 3H). 13C NMR 100 MHz (DMSO-
d6) δ 164.63, 163.56, 158.19, 153.02, 151.55, 141.01, 139.42,
138.21, 137.96, 137.84, 135.72, 131.63, 131.48, 131.38, 123.06,
122.33, 120.64, 119.83, 119.63, 115.94, 114.72, 47.14, 28.95,
17.20, 14.00.HRMS (ESI)m/z [MþNa]þ calcd 622.1460, found
622.1463.

3-(4-Methyl-1H-imidazol-1-yl)-N-(4-methyl-3-(1-methyl-7-(met-
hylamino)-2-oxo-1,2-dihydropyrimido[4,5-d]pyrimidin-3(4H)-yl)-
phenyl)-5-(trifluoromethyl)benzamide (4). To a solution of com-
pound 19 (100mg, 0.16mmol) in 1,4-dioxane (2.0mL)was added
2.0 M methylamine in THF (0.83 mL, 1.67 mmol). The reaction
mixturewas stirred for 24 h at 120 �C in the sealed reaction vessel.
The reaction mixture was cooled to room temperature and
concentrated under reduced pressure. The crude reactionmixture
was partitioned between ethyl acetate (10 mL), and the water
layer was extracted with ethyl acetate (5 mL� 3). The combined
organic layer was washed with brine, dried overMgSO4, filtered
through a pad of celite, and concentrated under reduced pres-
sure. The resulting crude product was purified by silica gel chro-
matography with MeOH/CH2Cl2 (1/99 to 5/95) to give (75 mg,
82% yield) of the title product as a white solid. Rf = 0.23 (5/95
MeOH/CH2Cl2).

1HNMR 400MHz (CDCl3) 9.49 (s, 1H), 8.15
(s, 2H), 7.89 (s, 1H), 7.83 (s, 1H), 7.69 (s, 1H), 7.49 (s, 1H), 7.46
(d, J= 7.9 Hz, 1H), 7.10 (s, 1H), 6.98 (d, J= 8.4 Hz, 1H), 5.18
(m, 1H), 4.56 (d, J = 13.8 Hz, 1H), 4.35 (d, J = 13.8 Hz, 1H),
3.36 (s, 3H), 3.03 (d, J= 5.0 Hz, 3H), 2.28 (s, 3H), 1.60 (s, 3H).
13C NMR 100 MHz (CDCl3) δ 163.01, 162.45, 157.13, 154.23,
153.09, 140.58, 140.07, 137.94, 137.83, 137.72, 134.51, 132.64,
132.31, 131.00, 130.73, 124.53, 123.38, 122.84, 120.19, 119.66,

119.10, 114.16, 47.38, 28.44, 28.20, 16.22, 13.64. HRMS (ESI)
m/z [M þ Na]þ calcd 573.1950, found 573.1952.
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