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Herein we describe a novel series of ATP competitive B-Raf inhibitors based on the pyrazolo[1,5-a]pyrim-
idine scaffold. These inhibitors exhibit both excellent cellular potency and striking B-Raf selectivity. Opti-
mization led to the identification of compound 17, a potent, selective and orally available agent with
improved physicochemical and pharmacokinetic properties.

© 2011 Elsevier Ltd. All rights reserved.

Activation of the Ras/Raf/MEK/ERK (MAPK) signal transduction
cascade leads to cellular proliferation, differentiation, and sur-
vival.! The Raf family is central to this pathway, and consists of
the serine/threonine kinases A-Raf, B-Raf, and C-Raf, which phos-
phorylate and activate MEK.! Mutations in the B-Raf gene may lead
to MAPK pathway amplification via constitutive activation of B-Raf,
and are present in ~7% of all cancers,? with particular frequency in
melanoma.>* Over 90% of detected mutations in B-Raf involve a
single glutamic acid for valine substitution at residue 600
(VG600E),? which leads to constitutive kinase activity 500-fold
greater than wild-type B-Raf,®> and correlates with increased malig-
nancy and decreased response to chemotherapy.® Small molecule
inhibitors of B-Raf"®%°E represent an attractive strategy for thera-
peutic intervention in cancers that are induced by this mechanism
of pathway activation.” Vemurafenib is currently the only ap-
proved inhibitor that is selective for B-Raf'6°°E?® although three
are in clinical trials® and others are in preclinical development.'®

We recently reported the discovery of a series of potent amide-
based inhibitors of B-Raf'®?°E,!'! These compounds, for example 1,
occupy the ATP cleft with a pyrazolopyridine template and form
two hydrogen bonds with the -NH and carbonyl of Cys532. The
fused bicycle was designed to enhance a m-stacking interaction
with the indole of Trp531. The propyl sulfonamide moiety forms
several hydrogen bonds with the backbone of the DFG sequence,
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while the propyl chain occupies a small lipophilic pocket that is en-
larged by an outward shift of the oC-helix. Based on an optimal
combination of pERK activity (ICso =19 nM), mouse pharmacoki-
netic exposure, and tumor growth inhibition activity,!' 1 was se-
lected as a promising lead for further preclinical evaluation.
However, the low solubility of 1 (4 pg/mL at pH 6.5) precluded
the use of crystalline suspension formulations in efficacy and tox-
icology studies, and an amorphous spray-dried dispersion formula-
tion was necessary.!! While this formulation has been successfully
used in the clinic for poorly soluble drugs, issues associated with
amorphous dispersion formulation, such as physical form stability
and high pill burden, pose potential challenges for development.'?
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Figure 1. Schematic of the head-to-tail dimer formation of 1, as observed in a single
crystal X-ray.
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Thus, a potent and selective B-Raf’®°°E inhibitor with improved
aqueous solubility would be highly desirable.

A single crystal X-ray structure of 1 revealed a head-to-tail di-
mer formation in the crystal lattice, as illustrated schematically
in Figure 1. Four intermolecular hydrogen bonds between the pyr-
azolopyridine hinge binding template and the propyl sulfonamide
tail contribute to the dimer formation, and result in high melting
point (mp = 229 °C) and high crystal lattice energy.'*

To address the liabilities of lead compound 1, we opted to im-
prove solubility by disrupting the propensity for dimer formation
(crystal packing). Wishing to retain the propyl sulfonamide moiety,
which is a key feature for the DFG-in/C-helix shifted binding mode,
we focused on exploring alternative hinge binding templates. Since
dual hinge binding templates have the potential to form head-to-
tail dimers, heterocycles with only hydrogen bond accepting capa-
bility to the hinge (i.e., interacting with the NH of Cys532) were
evaluated. We hypothesized an effective alternative would demon-
strate an approximately fivefold decrease in enzyme binding po-
tency from the loss of one hydrogen bond,''* but that the
significant hydrophobic contact to Trp531 should lead to com-
pounds that exhibit therapeutically relevant activity. We therefore
focused our efforts on compounds that retained a fused bicyclic
template; selected examples are shown in Table 1.4

Compound 2 is a modest inhibitor that was reported in our ear-
lier work!! and utilizes the pyridine nitrogen as a simple acceptor
for interaction at the hinge region. Quinoline 3 showed ca. 10-fold
improvement in enzyme inhibition and a modest improvement in
cellular activity due to enhanced interaction with the indole of
Trp531. Incorporating heteroatoms into the second ring made a
striking difference to activity depending on the substitution pat-
tern. Compounds 4 and 5 were inactive most likely due to the
repulsion between the newly introduced hydrogen bond acceptor
and the carbonyl of Cys532. On the contrary, pyrrolo[3,2-b]pyri-

Figure 2. Proposed binding mode for compound 7. The compound was modeled by
analogy to a previously reported X-ray crystal structure of a pyrazolopyridine'!
followed by conformational minimization'> The protein surface is rendered in
violet, selected residues are depicted in white, and the inhibitor is green. Hydrogen
bonds are illustrated as yellow dashed lines. The close contact between C3 of the
pyrazolo[1,5-a]pyrimidine and the carbonyl of Cys532 is readily relieved by minor
movement of the mainchain and the bicyclic template, with no disruption of other
relevant interactions.
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dine 6, was well tolerated and showed activity similar to 3. Further
improvement in pERK potency was observed when a nitrogen
atom was introduced at the ring fusion. Pyrazolo[1,5-a]pyrimidine
7, demonstrated similar binding activity, but exhibited encourag-
ing improvement in cellular activity. Figure 1 illustrates the pro-
posed binding mode of 7. We hypothesized that further
substitution at the 3-position of the pyrazolopyrimidine would
be sterically prohibited, while the 2-position offered a clear route
toward the exterior of the ATP cleft; this position became the focus
of subsequent optimization.

A number of alkyl and N-substituted pyrazolopyrimidines were
synthesized and representative examples are shown in Table 2.
Small alkyl groups, such as Me (8) and Et (9), gave a small twofold
improvement in potency. No further improvement in activity was
observed with a larger group (11). The potency of amino deriva-
tives (13-16) was similar, generating compounds with pERK activ-
ities between 300-500 nM, regardless of their size. While smaller
substituents were readily accommodated at the exit of the ATP
cleft, they were of insufficient size to make additional contact; lar-
ger C2 substituents (i.e., 15-16) appeared to be sterically demand-
ing enough to cancel the potential for Van der Waals interactions.

Alkoxyl substituted pyrazolopyrimidines were prepared next
and proved to be more potent (Table 3). The conjugated O-alkyl
moiety resides near the exit of the ATP cleft and exerts a conforma-
tional control via repulsion between the oxygen and N1 ¢ lone
pairs'®; this orients the alkyl group toward a small depression near
the main chain of Ser535 and Ser536 (Fig. 3). Methoxypyrazolopyr-
imidine 17, with a pERK ICsy of 68 nM, is sevenfold more potent
than the unsubstituted pyrazolopyrimidine 7. The promising activ-
ity of 17 led us to further profile its physicochemical properties.
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Table 2
B-Raf activity of alkyl and N-substituted pyrazolopyrimidines

Compd R Braf ICso® (nM) PERK IC5¢” (nM)
8 CH; 131 248
9 CH>CH3 105 228
10 Cyclopropyl 124 299
11 Cyclopentyl 128 448
12 CF3 126 374
13 NHCH; 129 382
14 NH-i-Pr 190 395
15 Pyrrolidinyl-1-yl 367 664
16 Morpholino 174 315

2 1Csp values reflect the average from at least three separate experiments.

Table 3
B-Raf activity of aryl/heteroaryl and O-substituted pyrazolopyrimidines

7

\\ '/

Compd R Braf ICs¢* (nM) PERK IC5¢* (nM)
17 OMe 43 68
18 OEt 83 205
19 0O-i-Pr 149 449
20 0O(CH,),0Me 67 110
21 Ph 7 17
22 3-F-Ph 19 60
23 4-F-Ph 11 54
24 3-pyridinyl 13 27
25 1-Me-pyrazolo-4-yl 13 48

2 ICsp values reflect the average from at least three separate experiments.

Compared to 1, crystalline 17 showed a 47 °C drop in melting point
(182 °C vs 229 °C). This observation indicated a lower crystal pack-
ing energy associated with the pyrazolopyrimidine template. The
decreased melting point coupled with a lower ClogP (1.2) for 17
translated to a fivefold improvement in solubility (21 pg/mL at
pH 6.5) over 1 (ClogP = 1.6). Further elaboration of this series with
larger alkoxy groups, for example OEt (18) and O-i-Pr (19), led to a
decrease in activity. An extended alkoxy chain (20) restored some
of the loss of potency.

Installation of aryl and heteroaryl groups resulted in the identi-
fication of several highly active B-Raf inhibitors (Table 3). These
substituents make lipophilic contacts with several residues that
form the exit from the ATP cleft (i.e., Ile463, Trp531, Ser535,
Ser536). Compound 21, a phenyl substituted pyrazolopyrimidine,
was as potent as 1 with a pERK ICsy of 14 nM. Heteroaromatics,
such as 3-pyridyl- (24) and 1-methylpyrazolo- (25) were also tol-
erated and similarly active. Due to its potent cellular activity, 21
was screened in a panel of 65 protein kinases at 1 uM and those
with >30% inhibition are shown in Table 4. Overall, compound 21
exhibited excellent kinase selectivity toward non-Raf kinases, with
the exception of SRMS. In comparison to 1, compound 21 showed
improved kinase selectivity against FGR and PTK6. Although com-
pound 1 and 21 appear to be pan-Raf inhibitors, with similar activ-
ities towards B-Raf'5°%E, B-Raf"T and C-Raf"", both selectively
inhibit the growth of B-Raf*®*°°E tumor lines. The ATP Kpyapp) for

Figure 3. Proposed binding mode for compound 17. The modeling and color
scheme are as described for Figure 2. Sidechains for the hinge residues are
undisplayed for clarity. The methoxy group is positioned for access to a small
depression that exists near the mainchain atoms of residues Ser535 and Ser536.

Table 4

Kinase selectivity of compound 1 and 21*°
Compd B-RafV600E B-Raf"T C-Raf"T FGR PTK6 SRMS
1 95 90 96 88 83 88
21 87 91 94 34 47 89

¢ Percent inhibition at 1 uM concentration of test compound.
b Value are means of at least two experiments.

B-Raf®%%F (65 pM) is notably higher than WT enzymes (ATP Ky(app)
3-5 uM). This difference in affinity for ATP between the Raf iso-
forms results in the inhibitors functioning as comparatively weak
Raf"T inhibitors in cells, where ATP concentrations are at the
mM concentration.!”

The pyrazolo[1,5-a]pyrimidines were prepared according to
Scheme 1.'® Condensation of 3-substituted-5-aminopyrazoles 26
with sodium nitromalonaldehyde provided pyrazolopyrimidines
with a range of substituents at the 2-position. Reduction of the
nitro group was carried out by hydrogenation to afford amino
pyrimidine 27, which was coupled with benzoic acid 28 to furnish
compounds 7-25.

The in vitro ADME and physiochemical properties of 17 and 21
were determined (Table 5). Both compounds were found to be
intrinsically stable in mouse microsomes with good permeability
and displayed no inhibition of cytochrome P450 enzymes at
25 puM. While compound 17 exhibited improved aqueous solubility
over 1, compound 21 has virtually no solubility at neutral pH, as a
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Scheme 1. Preparation of pyrazolo[1,5-a]pyrimidines: (a) sodium nitromalonalde-
hyde monohydrate, AcOH, 22-40 °C, 16 h; (b) H,, 10% Pd/C, EtOH, 4 h; (c) EDCI,
HOBt, DMF, 22 °C, 15 h.



1168

Table 5
ADME properties of 17 and 21

Compd Clearance® Caco-2® CYP3A4 Sol. @ pH 6.5 and 7.4¢
inhibition®

17 28 Medium >25 21,32

21 10 High >25 11

4 Mouse microsome clearance (ml/min/kg).

P Caco-2-permeability classification: low (<2 x 10~ cm/s), medium (2-8 x
107% cmy/s), high (>8 x 1076 cm/s).

€ uM.

4 pg/mL.

Table 6
Pharmacokinetic properties of 17 versus 1

Compd AUC? cLb %F vd© Sol. @ pH 1.2, 6.5, 7.4¢
17 733 1.0 98 0.16 18,21,32
1 426 13 48 0.11 349

¢ Mouse PO PK at 30 mg/kg (LM h).

> Mouse IV PK at 2.5 mg/kg (ml/min/kg).
¢ L/kg.

¢ pg/mL.

result of the negative impact of increased molecular weight and
lipophilicity (ClogP = 3.1).

Based on optimal combination of activity and physiochemical
properties, 17 was advanced into mouse pharmacokinetic studies
(Table 6). Similar to 1, 17 exhibited low clearance and low volume
of distribution. However, an oral dose of 30 mg/kg (dosed as a
solution in 40/10/50, by volume, in PEG400/EtOH/H,0) delivered
a ~2-fold increase in exposure and oral bioavailability (%F) in com-
parison to 1.

Furthermore, while the oral exposure of 1 as a crystalline sus-
pension in 1% methylcellulose/0.5% Tween 80 in water is fourfold
lower compared to solution dosing (30 mg/kg in mice, AUC of
105 vs 426), the oral exposure of 17 was equivalent to solution
dosing when dosed as a crystalline suspension in the same suspen-
sion formula (30 mg/kg in mice, AUC of 844 vs 733). These
improvements can be attributed to the improved aqueous solubil-
ity of 17.

In summary, we have utilized a pyrazolo[1,5-a]pyrimidine core
to produce B-Raf inhibitors with excellent potency and selectivity
profiles. Optimization led to the identification of compound 17, a
potent, selective and orally available B-Raf inhibitor with favorable
physiochemical and pharmacokinetic properties. These improve-
ments made it feasible to use crystalline suspensions for efficacy
and safety evaluations without relying on enabling vehicles, such
as amorphous spray-dried dispersion. Further progress on these
inhibitors will be reported in due course.
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