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ABSTRACT: Abrogation of errant signaling along the MAPK pathway through FsC
the inhibition of B-RAF kinase is a validated approach for the treatment of NN\

. L 1 CF,
pathway-dependent cancers. We report the development of imidazo-benzimida N o N
zoles as potent B-RAF inhibitors. Robust in vivo efficacy coupled with correlating HN—¢ :©/ | N H
pharmacokinetic/pharmacodynamic (PKPD) and PD-efficacy relationships led to N =N
the identification of RAF26S, 1, which has advanced into clinical trials. Me
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he MAPK signaling pathway, consisting of RAS/RAF/ continued efforts in this area, which resulted in the discovery of
MEK/ERK, transduces input from cell surface receptors RAF265 (1), a potent inhibitor of B-RAFVS*°E with
to nuclear transcription factors thereby regulating cellular complementary VEGFR and PDGFR activity.

proliferation, differentiation, and survival." Dysregulation of this As reported previously, amido-2-arylaminobenzimidazoles,
pathway through an activating mutation in B-RAF (V600E)
occurs in ~50% of melanomas and has made RAF the subject
of many drug discovery efforts.” Validation for targeting B-
RAFY®E a5 an effective chemotherapeutic approach has been
provided by the recent approval of vemurafenib (Roche) and o )
dabrafenib (GSK) by the FDA for the treatment of metastatic Further development of the series did not result in further
melanoma (Figure 1).°7> improvement in cellular potency; however, a simple and

Previous publications from our laboratories have described

such as 2 (Table 1), have demonstrated potent biochemical
inhibition as well as cellular activity in target modulation and
proliferation assays against SKMEL-28, a B-RAFY*"® harboring

5279
melanoma cell line.”™ "

the development of the 2-arylaminobenzimidazole scaffold as a Table 1. Key Amide Transformations®
platform for improved mut-RAF potency and pharmacokinetics Me Me
Me

over sorafenib (Bayer, Figure 1), an earlier receptor tyrosine
kinase inhibitor approved for the treatment of renal cell and

hepatocellular carcinoma.®™® In this report, we describe our N O~ R
HN— |
N 2N
N— F mé
HN— ) NH
9 o N S0, Cpd R, B-RAF®® L ERK SKMEL-28° SKMEL-28"
-s? — F
N \/\Me SN F 2 —CONHMe 0.045 (1) 0.28 (3) 0.90 (3)
I 3 —NHCOMe 0.003 (1) 0.044 (7) 0.18 (8)
Me MeMe 4 2-imidazolyl 0.090 (1) 0.39 (1)
Vemurafenib Dabrafenib “ICso in pM. Numbers in parentheses represent number of

determinations. “B-RAFYF enzymatic assay.”” Assay variability
within 2-fold of the mean value of the control. “pERK SKMEL target
modulation.>” Assay variability within 3-fold of mean value for

0]
cl o O~y Me applicable entries. 9SKMEL-28 cell proliferation assay.”” Assay
D\ JL /©/ | N H variability within 3-fold of mean value.
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Figure 1. Structures of vemurafenib, dabrafenib, and sorafenib.
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effective inversion of the amide connectivity as embodied in 3
realized a marked increase in cellular potency.” Unfortunately,
some substituted reverse amide analogues suffered from plasma
instability, and an alternative moiety was sought. Utilizing an
isostere replacement approach, cyclization of the forward amide
of 2 led to the simple imidazole analogue 4, which
demonstrated a similar in vitro potency profile and provided a
suitable starting point for further investigation.

The general synthetic route for the imidazole series is
represented by the synthesis of 1 as depicted in Scheme 1. The

Scheme 1. Synthesis of 1¢
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“Reagents and conditions: (a) 3-nitro-4-aminophenol, K,COs,
DMSO, 100 °C, 74%; (b) TFAA, DCM, 0 °C; Me,SO,, TBAC],
10% NaOH, 76%; (c) LAH, THF 0 °C; NaBH,, 46%; (d) MnO,,
DCM, 58%; (e) 1,1-dibromo-3,3,3-trifluoroacetone, NaOAc, water,
100 °C; NH,OH, MeOH tt, 91%; (f) 10% Pd/C, H,, MeOH/EtOAc,
96%; (g) 4-trifluoromethylphenyl thioisocyanate, FeCl;, 40—60%.

central phenyl-pyridyl ether 6 was assembled from the SyAr
reaction of chloropyridine § with 3-nitro-4-aminophenol.
Methylation of the anilino nitro$en was accomplished using
phase transfer catalysis to give 7. "' Reduction of the t-butyl
ester using LAH under strict temperature control, followed by
NaBH, and MnO, oxidation furnished aldehyde 8. Debus—
Radziszewski cyclization with an in situ generated glyoxal
derived from 1,1-dibromo-3,3,3-trifluoroacetone furnished the
corresponding imidazole 9.'> Reduction of the nitroarene
followed by addition of 4-trifluoromethylphenyl thioisocyanate
and FeCl-promoted ring cyclization provided 1.7 All
compounds where biological data is presented have >95%
purity as determined by HPLC.

The simple, unadorned imidazole 4, while providing a useful
benchmark against the previous series, did not offer the cellular
potency desired and resulted in a significant CYP liability
(CYP3A4 ICs, = 1.8 uM). An SAR campaign probing the
anilide and imidazole substitution patterns was undertaken to
address cellular potency and CYP3A4 inhibition of this series
(Table 2).

Holding with previously reported SAR trends, 3- and 4-
position branched alkyl substituents of the anilide ring
conferred potency (4, 10—12)."° For meta-substituted
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Table 2. Selected Data from Anilide and Imidazole SAR

Survey”
— RZ
Q o Nl DRy
N X N
RIsAsE
N N
mé
Cpd R, R, pERK SKMEL-28" SKMEL-28° CYP3A4
4 3-tBu H 0.39 (1) 1.8 (2)
10  3-tBu Ph 0.48 (2) 1.1 (1) 7.1 (1)
11 3-tBu CF, 0.12 (2) 0.12 (2) 10 (3)
12 4tBu CF, 0.13 (1) 023 (1) 34 (1)
13 2F 5tBu  CF, 0.042 (1) 0.050 (1) 33 (1)
14  3-CF, CF, 0.78 (1) 1.62 (1) >40 (1)
15 2-F,5CF; CF, 021 (4) 0.6 (4) 26 (2)
16 2F,5CF; Me 0.62 (1) 0.74 (1) 34 (1)
1 4-CF, CF, 0.14 (18) 0.16 (12) >40 (3)

“ICsp in pM. Numbers in parentheses represent number of
determinations. “pERK SKMEL target modulation.”® °SKMEL28
cell proliferation assay.”* “CYP3A4 inhbition assay using midazolam
as subtrate. Assay variability within 2-fold of mean value for applicable
entries. See Supporting Information for CYP3A4 assay conditions and
isoform inhibition of 1.

analogues, introduction of a fluorine at the 2-position gave a
further boost in cellular potency (13, 15). Unfortunately, all 3-
and S-alkyl substituted analogues suffered from poor exposure
in pharmacokinetic (PK) studies. A solution was found in the
para- and meta-CF; analogues (1, 14), which provided a similar
level of potency as with the alkyl analogues along with greater
metabolic stability. In examining the imidazole substitution
pattern, it was observed that electron withdrawing groups
improved cellular potency as illustrated in the matched pair
analyses of 4, 11 and 15, 16. Gratifyingly, imidazole
substitution also provided incremental reduction in CYP3A4
inhibition'* (4, 10, 11); however, the CYP3A4 profile could be
further modulated by the anilide substitution pattern. Moving
the fBu group from the 3-position to the 4-position (12)
resulted in an improvement in CYP3A4 selectivity, which also
translated into the corresponding CF; analogue 1. With a
favorable balance of cellular potency and CYP3A4 selectivity, 1
was selected for further investigation.

The crystal structure of 1 in truncated wt-B-RAF provided
insight as to how the molecule interacts with the target protein
(Figure 2)." Binding occurred through a Type I, inactive-like
conformation where the DFG loop has adopted an “out”

\w —
’ Thr529

Trp531

Figure 2. Co-crystal structure of 1 bound to truncated wt-B-RAF at
3.2 A resolution.
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Table 3. Biochemical Activities Against Select Tyrosine Kinases”

Cpd B-RAFV60E VEGFR KIT
0.045 0.005 0.010

3 0.003 0.002 0.003
0.090 0.030 0.020

11 0.055 0.070 0.020
1 0.020 0.020 0.020

PDGFRf LCK FYN SRC
0.010 0.065 0.005
0.001 0.003 0.002 0.002
031 0.20 0.040
0.001 2.0 0.22 >6.0
0.006 >6.0 >10 >10

“ICy in uM. All entries are single determinations. See ref 19 for a broader kinase survey of 1.

conformation.'® Of interest is the hinge region where the
imidazole is situated between TrpS31 and Phe483. The
imidazole NH interacts with the carbonyl of Cys532, suggesting
that a potential role of the 5-CF; substituent is to acidify the
NH-bond and facilitate a stronger hydrogen bonding
interaction. The pyridyl moiety makes a second hydrogen
bond to Cys532 that completes an efficient bidentate
interaction. The ring benzimidazolo nitrogen and the anilide
NH are found to hydrogen bond with the NH backbone of
Asp594 of the DFG loop and GluS01 of the aC-helix,
respectively.'”” The NMe of the benzimidazole fills the
selectivity pocket partially defined by the “gatekeeper” residue,
Thr529.

RAF265 (1) was found to be a potent inhibitor of B-
RAFYS%E \t-B-RAF, and C-RAF with ICys of 0.0005, 0.070,
and 0.019 uM, respectively. The kinase selectivity profile of 1
bore similarities to inhibitors of other serine/threonine and
tyrosine kinases, such as sorafenib.'®™"? All specific hydrogen
bonds between 1 and wt-B-RAF are with residues that are
conserved among the kinases (e.g GluS01 and Asp594). Within
the chemical series, consistent off targets included VEGFR,
PDGEFp, and c-Kit, all of which share a threonine or a similarly
sized valine residue at the gatekeeper position in the “back” or
“selectivity” pocket (Table 3).

Kinase profiling of each of the benzimidazolo archetypes (2,
3, 4) indicated little or no discrimination against a significant
segment of tyrosine kinases. However, within the imidazole
series, substitution at imidazole in the hinge region provided a
handle to address selectivity against the SRC family of kinases
(11, 1). To understand the selectivity profile in a cellular
setting, 1 was evaluated in a panel of Ba/F3 cells whose
profileration was dependent on a range of protein kinases
(Figure 3).20

The activity against these kinase-dependent cell lines (KDR,
KIT, PDGFRb) recapitulated the biochemical findings and
were corroborated by a cell based receptor phosphorylation
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Figure 3. Inhibitory activity of 1 against kinase dependent Ba/F3 cell
lines. ICsq in M. All entries are single determinations.
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assay (VEGFR ICg, = 0.19 uM). This level of activity was
similar to that observed against Ba/F3-B-RAFY*" (IC;, = 0.14
uM) and in the SKMEL-28 proliferation assay. Conversely, the
Ba/F3 cells expressing LCK, FYN, and SRC were not inhibited
reflecting success in achieving selectivity against these kinases.
Together, these data indicated that along with potent inhibition
of B-RAFY®E 1 also inhibited the VEGFR and PDGFR family
of kinases, which play critical roles in tumor angiogenesis.
Pathway inhibition and antiproliferative effects were
evaluated in a small panel of tumor cell lines (Figure 4).

BpERK B Proliferation

ECso (UM)
»

S

A375 Malme3M WM1799 SW620 KM12 MV-4-11

BRAFV600E KRASG12Y BRAF"t/ RASW

Figure 4. In vitro target modulation and antiproliferation of RAF265
on MAPK-dependent tumor cell lines. ICg, in M. All entries are
single determinations. See Supporting Information for assay details.

In melanoma tumor cell lines expressing B-RAFY**® (A375,
Malme-3M, and WM-1799), 1 decreased phospho-ERK and
inhibited proliferation with IC, ranging from 0.04 to 0.2 M.
In contrast, cell lines that expressed wt-B-RAF, 1, failed to
suppress phospho-ERK levels and had weak antiproliferative
activity.

Owing to the size and lipophilic nature of the molecule (MW
= 518, cLog P > §), it was unsurprising that 1 exhibited poor
kinetic aqueous solubility (~1 M) and high plasma protein
binding (>99% PPB in mouse, rat, dog, and human).”' Despite
these drawbacks, 1 exhibited good to moderate oral
bioavailability across species, with dog being the lowest, when
dosed in single dose PK studies (Table 4). Total plasma
clearance is very low relative to hepatic blood flow, and the
plasma half-life across species is greater than 24 h, indicating
the possibility of accumulation in multidose settings.

In mouse PK studies, the high plasma protein binding and a
low volume of distribution of 1 would suggest sequestration
within the plasma compartment. In separate efficacy studies in
A375M xenograft models, 1 was able to distribute to the target

DOI: 10.1021/mlI500526p
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Table 4. In Vivo Pharmacokinetics of 1 Across Species”

parameters mouse rat dog monkey
dose (mpk, iv/po) S, 30 S, 20 125, 5 1,5
%F S1 >95 35 48
AUC,, ,, (uM-h) 4300 450 35 48
CL (mL/min/kg) 0.1 0.9 0.8 1.5
Vss (L/kg) 0.5 3.3 1.9 29
t, (h) 41 46 27 28

“Administered as a solution in 60%PEG400/40% PG.

and exert a pronounced pharmacological effect (Figures S and

6).
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Figure 5. PKPD snapshot from A375M model xenograft model. PD
sampling taken at noted time points post-third dose of the q4d arm.
The PD readouts of the 48 h time point are two separate blots of the
same tumor lysate sample. See Supporting Information for efficacy
data and experimental details.

Seeking to take advantage of the long PK half-life, a 32 day
multidose efficacy study examining the effect of intermittent
dosing regimens on target coverage was undertaken. Tumors
from a subset of mice from each study arm were harvested at
intervals post-third dose, and the corresponding lysates were
assayed for phospho-MEK levels by Western blot analysis
(Figure S). Dosing q2d maintained a C,,;, trough level of ~125
uM, which corrected for mouse plasma protein (99.6%)
yielding an effective free C,;, of ~0.5 uM (A375M ICq, =
0.16 uM). The pharmacodynamic (PD) readout from the q4d
arm indicated significant target suppression out to 48 h
followed by complete signal recovery at 96 h, indicating that the
q2d dosing regimen would be optimal for target coverage.

To characterize the dose—response relationship, 1 was dosed
orally q2d at 10, 30, and 100 mg/kg in a 28 day mouse eflicacy
study (Figure 6). Consistent with the results of the previous
study in Figure S, 1 induced tumor regressions at the 100 mg/
kg, while at 30 mg/kg resulted in robust stasis or tumor growth
inhibition, and the 10 mg/kg dose demonstrated modest
inhibition of tumor growth relative to vehicle treated animals.
The PD results corroborated the earlier PKPD findings with
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Figure 6. Efficacy of 1 in A375M mouse xenograft. PD sampling taken
4 h post-third dose. Less than 15% body weight loss was observed in
the 100 mg/kg q2d dosing arm. See Supporting Information for more
details.

the 30 and 100 mg/kg dose, which resulted in significant
reductions in phospho-MEK levels compared to tumors from
the vehicle group, while the 10 mg/kg dose did not appreciably
alter phospho-MEK levels.

To conclude, we have developed a novel chemical series
derived from 2-arylaminobenzimidazoles, which were opti-
mized for cellular potency while balancing kinase selectivity and
ADME properties. These efforts resulted in the identification of
1 as a potent inhibitor of B-RAFV*™E with complementary
VEGEFR and PDGEFR activity that demonstrated potent in vivo
target modulation and efficacy. Further development of this
molecule resulted in the advancement into clinical trials for the
treatment of metastatic melanoma.”
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Experimental details for the synthesis and characterization of
select compounds, procedures for the biochemical and cellular
assays, in vivo analyses, and crystallographic conditions. The
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