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BRAF is a serine/threonine kinase that is mutated in a range of cancers, including 50-70% of melanomas,
and has been validated as a therapeutic target. We have designed and synthesized mutant BRAF inhibitors
containing pyridoimidazolone as a new hinge-binding scaffold. Compounds have been obtained which have
low nanomolar potency for mutant BRAF (12 nM for compound 5i) and low micromolar cellular potency
against a mutant BRAF melanoma cell line, WM266.4. The series benefits from very low metabolism, and
pharmacokinetics (PK) that can be modulated by methylation of the NH groups of the imidazolone, resulting
in compounds with fewer H-donors and a better PK profile. These compounds have great potential in the
treatment of mutant BRAF melanomas.

Introduction

RAFa (so named from the v-raf oncogene that causes rapidly
growing fibrosarcomas in mice1) is a serine/threonine kinase
that is part of the mitogen-activated protein kinase (MAPK)
signal transduction cascade: RAF-MAPK/ERK kinase (MEK)-
extracellular regulated kinase (ERK) that regulates cell growth,
differentiation, and proliferation in response to external stimuli
such as growth factors.2 Following RAF activation, the cascade
is stimulated and MEK and ERK are sequentially phosphory-
lated and activated. ERK then regulates cell function by
phosphorylating more than 50 substrates in the cytosol and the
nucleus.3 There are three members of the RAF family (ARAF,
BRAF and CRAF). BRAF is mutated in approximately 2% of
human cancers, with particularly high frequencies in melanoma
(50-70%), ovarian (35%), thyroid (30%), and colorectal (10%)
cancers.4,5 The most common mutation (90%) is a valine for
glutamic acid substitution at position 600, termed V600EBRAF.
V600EBRAF shows a permanent 500-fold elevated kinase activ-
ity.6 In addition, V600EBRAF stimulates constitutive ERK signal-
ing in mammalian cells4,7,8 and it transforms established cells,
allowing them to grow as tumors in nude mice.4,7 In melanoma,
V600EBRAF stimulates proliferation and survival; inhibition of
BRAF signaling with siRNA inhibits proliferation and induces
apoptosis.9,10 These data validate BRAF as an important and
exciting therapeutic target in human cancer. Inhibitors of RAF
have been developed, such as PLX4032,11 RAF26512 and XL-

28113 for BRAF and sorafenib for CRAF (Figure 1). Sorafenib
(launched for renal cell carcinoma [RCC]14) failed to show
therapeutic activity in the treatment of malignant melanoma,15

presumably because of its poor cellular activity against
V600EBRAF. RAF265, PLX4032 and XL-281 are in phase 1
clinical trials, the first two for melanoma, but no results have
been reported yet. Therefore, V600EBRAF inhibitors are of great
topical interest currently.

We initiated a new series of BRAF inhibitors to improve upon
sorafenib in terms of both V600EBRAF potency and cell growth
inhibition. For this purpose, we have discovered a new hinge-
binding group, pyridoimidazolone, as a key structural element
of our new series of V600EBRAF inhibitors.

Most kinase inhibitors bind into the adenosine triphosphate
(ATP) pocket and form interactions with the hinge separating
the two lobes of the kinase domain. The hinge binds to the
adenine group of ATP, through generation of a network of
H-bonds. This motif has been targeted in the design of most
kinase inhibitors, which contain hydrogen bond accepting and
donating groups that can form noncovalent interactions with
the hinge essential for the potency of inhibition. Many hetero-
cyclic groups have been used as hinge-binding moieties to
generate interactions with the backbone of the hinge, for
example a 2-carboxamidopyridine group in sorafenib or a
4-aminoquinazoline group in gefitinib and erlotinib.16 We
implemented the bicyclic pyridoimidazolones as a novel hinge-
binding group in the design of new BRAF inhibitors. The
imidazolone moiety was envisaged as having two purposes:
affording two interactions with the hinge backbone, one due to
the pyridine nitrogen H-bond acceptor and the other Via the
3-NH donor of the imidazolone. In addition, projecting a
hydrophilic “edge” of the inhibitors toward the aqueous solvent
was envisaged as favorable. The imidazolone ring is also rigid,
and reduces the number of rotatable bonds compared to the
methylcarboxamide group of sorafenib. Reducing the number
of rotatable bonds can be desirable for improved PK properties.17

We combined our pyridoimidazolone hinge binding group
with a pharmacophore known to engender type II kinase
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inhibitors. Type II kinase inhibitors occupy a hydrophobic
pocket adjacent to the ATP pocket and the gatekeeper residue,
created by the displacement of the DFG loop. Type II inhibitors
bind to a DFG-out or inactive conformation.18 Sorafenib is an
example of an inhibitor of the DFG-out conformation. Our
cocrystal structure of sorafenib with BRAF supports this binding
mode.19 The pharmacophore of type II kinase inhibitors consists
of a hinge-binding moiety linked to an aromatic/heteroaromatic
ring in the DFG-out pocket (BPII), a hydrogen bond donor/
acceptor and usually a lipophilic group in the pockets created
by the displacement of the DFG loop (BPIII and BPIV).18

The general structure of the inhibitors shown in Figure 2 fits
this model: the pyridoimidazolone hinge-binder (ring A) is
connected through an oxygen or a sulfur atom to the phenyl
ring B that is expected to occupy the DFG-out pocket (BPII).
Rings B and C are connected Via the H-donor/acceptor linker
B-C. Urea is a linker frequently used in type II inhibitors, for
example in sorafenib where it interacts with Glu501 and the
backbone of Asp594. Different H-donor/acceptor linkers
were also explored, e.g., thiourea, amide and sulfonamide. The
substituted phenyl ring C occupies the BPIV pocket in the
generalized kinase model, with the lipophilic substituent target-
ing the BPIII pocket.

Chemistry

The structure of the inhibitors can be rationalized to 3
domains: the novel bicyclic hinge-binding pyridoimidazolone
(ring A), the phenyl ring in the DFG-out pocket (ring B) and
the aromatic group occupying the BPIV pocket (ring C) (Figure
2). Rings A and B are interconnected through either an O or an
S. The linker between rings B and C plays two critical roles, in
binding to Glu501 and in positioning the C ring in the DFG
pocket. We utilized the 1,3-disubstituted urea pharmacophore
as the B-C linker, since it was described as being effective in

interacting with Glu501 Via both NH groups.19 We also explored
several alternatives, such as amides, sulfonamides, thioureas and
methyleneamides.

Two synthetic routes were developed. In route I, described
in Scheme 1, ring C is first coupled to 4-(4-aminophenoxy)-3-
nitropyridin-2-amine 2, whereafter the imidazolone is formed
in the last step. This route was used to obtain compound 5a. In
route II, the imidazolone is formed initially to generate the
complete ring A-ring B part of the inhibitors (the common
intermediate, for example compound 9 in Scheme 2) containing
an amino group that can be reacted in the last step with a variety
of electrophiles. This second route is more suitable to explore
quickly a range of different C-rings and B-C linkers in a
parallel fashion, since there is just one step from the common
intermediate to the final product. This method was adopted for
the synthesis of the rest of the BRAF inhibitors described here
(5b-x, 26, 27a-f, 28a-e, 29a-g).

The starting material for both routes is 2-amino-4-chloro-3-
nitropyridine 1. The chlorine atom can be substituted selectively
with the 4-aminophenolate, whereby the phenolate is preferred
to the amine as nucleophile, to afford 4-(4-aminophenoxy)-3-
nitropyridin-2-amine 2.

Route 1. The amino group on the phenyl B-ring is more
nucleophilic than the one in position 2 of the pyridine (which
is deactivated both by the 3-nitro group and the pyridyl ring),
and can be reacted selectively with 4-chloro-3-trifluorometh-
ylphenyl isocyanate to afford urea 3. Reduction of the nitro
group and cyclization of the diamino compound 4 with
triphosgene afforded the target product 5a (Scheme 1).

Route 2. For the synthesis of the common intermediate 9,
4-(4-aminophenoxy)-3-nitro-2-aminopyridine 2 is protected
selectively with tert-butoxycarbonyl (Boc) at the 4-aminophe-
noxy group, the nitro group is subsequently reduced and the
resulting diamino compound 7 is reacted with phosgene to afford
compound 8. Intermediate 6 can also be obtained by direct
coupling of 2-amino-4-chloro-3-nitropyridine 1 with 4-N-Boc-
aminophenol. Subsequent deprotection with trifluoroacetic acid
(TFA) generates common intermediate 9 (Scheme 2). The Boc
protection-deprotection is required to avoid side reactions of
the 4-amino group on ring B with phosgene.

We wished to investigate the importance of the two NH
groups of the imidazolone, with N3 being expected to be
involved in hinge-binding. We hypothesized that substitution
of N1 or N3 or both nitrogen atoms of the imidazolone with a
methyl or ethyl group would be useful in answering this
question. Also, alkylation of one or both imidazolone NH groups
would remove one or two H-donors, yielding compounds that
would be more orally bioavailable. For this purpose, the
intermediates 16 (Scheme 3), 20, 20a (Scheme 4) and 21
(Scheme 5) were synthesized.

The synthesis of common intermediate 16, methylated at the
N3 of the imidazolone, is shown in Scheme 3. The methylated
starting material 4-chloro-3-nitro-2-methylaminopyridine 12 is

Figure 1. Structures of RAF inhibitors sorafenib, PLX4032 and RAF265.

Figure 2. General structure of the pyridoimidazolone-based BRAF
inhibitors described in this paper.
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obtained from 1 in a three-step procedure: protection of the
amino group with Boc, methylation with methyl iodide (MeI)
and sodium hydride (NaH) and Boc deprotection. Although
longer than the single step direct methylation of 4-chloro-3-
nitro-2-aminopyridine 1, this method has an improved yield
(>90% overall) and results in fewer impurities. Aromatic
nucleophilic substitution of the 4-chloro intermediate 12 with
4-N-Boc-aminophenolate affords intermediate 13, which is
converted to common intermediate 16 by a method similar to
that for intermediate 9 (Scheme 4).

Acylation of the diamino intermediate 7 with ethyl chloro-
formate occurs at the more nucleophilic 3-amino group on the
pyridyl ring (corresponding to N1 of the imidazolone). In order
to allow the selective methylation of N1, the Boc protecting
group was removed with TFA affording intermediate 18, which
contains three amino groups, with only the 3-pyridyl nitrogen
(the future N1 of the imidazolone) being modified as ethyl
carbamate. Reaction with 1 equiv of NaH removes the more
acidic proton of the carbamate, converting this nitrogen into a
stronger nucleophile than the other two amino groups. Addition
of MeI therefore selectively substitutes this position to afford
intermediate 19. Upon heating 19 in a microwave reactor with
sodium ethoxide, the carbamate cyclizes to imidazolone 20
(Scheme 4), methylated at the N1 of the imidazolone.

Attempts to obtain the imidazolone dimethylated at both N1
and N3 by direct methylation of intermediate 9 with NaH and

MeI produced a complex mixture of products with a variable
degree of methylation. Therefore, a more selective method was
employed. Dimethylated common intermediate 20a was obtained
by a similar method to intermediate 20, starting from the
monomethylated intermediate 14 (Scheme 4).

Interestingly, intermediate 21 with N1 and N3 dialkylated
with ethyl groups was obtained directly from intermediate 9 by
deprotonation with NaH and alkylation with ethyl iodide
(Scheme 5). In this case, alkylation proceeded selectively
following the deprotonation of the more acidic NH groups of
the imidazolone.

Common intermediate 25 with a sulfur linker instead of
oxygen between rings A and B can be synthesized in a similar
manner to 9, replacing the 4-N-Boc-aminophenol with 4-N-Boc-
aminothiophenol, as illustrated in Scheme 6.

Ureas with a range of aromatic rings C were obtained from
the reaction of common intermediates 9, 16, 20, 20a, 21 or 25
with aromatic isocyanates. For ureas 5d, 5h, 5i and 5j, the
respective isocyanates were unavailable commercially. These
compounds were obtained by reacting the common intermediates
with the phenyl carbamates of the respective amines instead.
Thiourea 26 was obtained from the common intermediate 9 and
the corresponding isothiocyanate. Aromatic amides (27a-f) and
methyleneamides (28a-e) were obtained from the common
intermediates and the respective acid chlorides. Sulfonamides
(29a-g) were also obtained from common intermediates and
sulfonyl chlorides. The general synthesis of all the final
compounds except 5a from common intermediates is presented
in Scheme 7.

Results and Discussion

Our goal was to identify potent inhibitors of BRAF based
on our novel hinge-binding scaffold. The importance of the two
imidazolone NH groups for the binding affinity and the linker
between rings A and B was investigated, as was the structure-
activity relationship (SAR) around ring C and the linker between
rings B and C. Accordingly, the biological activities of
compounds 5a-x, 26, 27a-f, 28a-e, 29a-g were determined
in 2 separate assays: (1) inhibition of V600EBRAF kinase activity
(IC50 BRAF), and (2) cell growth inhibition of mutant BRAF
WM266.4 melanoma cells measured by sulforhodamine-B (GI50

SRB).

Scheme 1. Synthetic Route I: Synthesis of Compound 5aa

a Reagents and conditions: (a) 4-amino-phenol, t-BuOK, DMF, 80 °C; (b) 4-chloro-3-trifluoromethylphenyl isocyanate, THF; (c) H2, Pd/C, EtOH; (d)
triphosgene, NEt3, THF.

Scheme 2. Synthesis of Unsubstituted Imidazolone Intermediate
9a

a Reagents and conditions: (a) Boc2O, THF; (b) H2, Pd/C, EtOH; (c)
COCl2, pyridine, THF; (d) TFA.
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The IC50 and GI50 results are presented in Tables 1, 2 and 3.
SAR of Ring A: Imidazolone. Compound 5a is a good

inhibitor of mutant BRAF and exhibits a 2-fold improvement
over sorafenib on the BRAF IC50 as well as a modest
improvement in the cellular assay GI50. Many of the synthesized
compounds (see Table 1) with this new scaffold show potent
BRAF inhibition and low micromolar cell growth inhibition,
attesting to the ability of the pyridoimidazolone to interact with
the hinge of mutant BRAF kinase.

Methylation of the N1 position of the imidazolone is tolerated,
with no difference in either the BRAF IC50 or the SRB GI50

(5o vs 5a). Since this nitrogen is likely to face the solvent, this
result is expected. Surprisingly, the methylation of the N3
position also shows little effect, with compounds 5q and 5s
being only slightly less potent or equipotent to their nonmethy-
lated counterparts 5a and 5k, respectively. Dimethylation at both
N1 and N3 of the imidazolone is also tolerated, with compound

5t showing a less than 3-fold increase in BRAF IC50 and no
significant difference in its SRB GI50 compared to its nonm-
ethylated and monomethylated counterparts 5a, 5o and 5q. In
our model, the NH-3 of the imidazolone is facing the hinge
backbone. However, there is apparently enough space to fit a
methyl group and the NH-3 does not appear to be essential for
hinge-binding. Unsurprisingly, compound 5u, substituted with
two bulkier ethyl groups at both N1 and N3 of the imidazolone,
is 10-fold less active.

SAR of A-B Linker. A replacement of the oxygen linker
between rings A and B with sulfur (compounds 5v-x) does
not have any effect on the BRAF IC50, but results in a better
cell growth inhibition. This is most probably due to an increased
cell membrane permeability because of its increased lipophilicity.

SAR of Ring C. The initial structure of the inhibitors contains
a urea linker between rings B and C, since 1,3-diarylureas have
been reported to be inhibitors of kinases (e.g., in sorafenib),
while the structure of the aryl ring C was varied. A relatively
large and lipophilic group in the 3-position (with respect to the
urea substituent) is an absolute requirement for activity. Such
a group can be CF3 (as in 5a, 5d,e, 5i-k, 5n,o, 5q, 5s-x),
tert-Bu (in 5p, 5r) or OCF3 (in 5h). The BRAF IC50 shows a
difference greater than 3 orders of magnitude between 5a and
5c, where the only difference is the meta CF3 group. In
compound 5m, the morpholine presumably plays the role of
the lipophilic group, since it is five times more potent than the
corresponding compound 5l, which lacks the morpholine group.
Compounds without the lipophilic meta group (5b, 5c) are
completely devoid of activity. According to modeling, the CF3

group fills the lipophilic pocket vacated when the DFG loop is
out, corresponding to the BPIII pocket in the generalized kinase
model.18,19 The 3-position is compulsory for the CF3 group in
order to maintain activity (5f with CF3 at position 2 and 5g
with CF3 at position 4 are inactive). The second substituent on
the aryl ring can contribute to an increased cellular activity.
Compound 5a has a GI50 (SRB) of 4.2 mM, whereas a similar
compound without the Cl (5e) has no measurable cellular
activity, despite its good potency in the BRAF assay. Similarly,
a fluorine atom or a methoxy group at the 6-position leads to
low micromolar cell growth inhibition (5i-k, 5s). A chlorine
atom at position 5, however, is not favorable for the activity
(5d is 5-fold less potent than 5a). The improved cellular activity
of these compounds bearing a second or third substituent on
ring C could be caused by improved cell permeability, due to
increased lipophilicity (for the Cl substituent) or to the removal
of an H-donor, the NH of the urea, by intramolecular H-bonding
with the fluoro or methoxy substituent at the 6-position.

Scheme 3. Synthesis of N3-Methylated Intermediate 16a

a Reagents and conditions: (a) Boc2O, NaH, THF; (b) MeI, NaH, THF; (c) TFA; (d) 4-(N-Boc-amino)-phenol, t-BuOK, DMF, 70 °C; (e) H2, Pd/C, EtOH;
(f) triphosgene, pyridine, THF; (g) TFA.

Scheme 4. Synthesis of N1-Methylated and N1,N3-Dimethylated
Intermediates 20 and 20aa

a Reagents and conditions: (a) EtOCOCl, pyridine, THF; (b) TFA; (c)
MeI, NaH, THF; (d) EtONa, EtOH, microwave.

Scheme 5. Synthesis of Diethylated Intermediate 21a

a Reagents and conditions: (a) EtI, NaH, DMF.
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SAR of Linker B-C. Replacement of the urea group with
an amide or sulfonamide group results in poor activity (27a-f,
Table 2, and 29a-g, Table 3). The only compound with
submicromolar activity is sulfonamide 29b with a naked phenyl
group; any attempt to substitute on the phenyl ring leads to
compounds with lower activity. Compound 26 is still active,
but less so than the equivalent urea 5a, in both mutant BRAF
assays, therefore the thiourea provides no advantage over the
urea linker. The better activity of the urea group compared to
the other linkers reported could be due to the interactions of
one or both of its NH-donors with Glu501,19 or because it is
orienting ring C and its 3-substituent on the correct vector
toward the DFG pocket, or both. Interestingly, the methylenea-
mides 28d and 28e, which are the urea isostere equivalents of
5h and 5e respectively, and would present the same conforma-
tion for ring C, have no activity on BRAF. This supports the
suggestion that at least the urea NH vicinal to ring C is crucial
for activity.

Metabolism and PK. Four compounds were assessed for
their metabolic liabilities in mouse liver microsomes (MLMs).
The compounds assessed and their percentage metabolism after
30 min incubation with MLMs are 5a (0%), 5o (11%), 5j (8%),
29b (5%). Thus the metabolism of all the compounds assessed
is low (<20%). PK assessments were performed on compounds
5a, 5o and 5q following administration (2 mg/kg intravenous
(iv)) to nude mice bearing human mutant BRAF melanoma
xenografts (WM266.4). The data are summarized in Table 4.
N-Methylation of the imidazolones greatly improves all the PK
parameters (AUC, Cmax and half-life are increased, and the
clearance is reduced to levels well below that of liver blood
flow).

Conclusion

A new series of potent BRAF inhibitors bearing a novel
pyridoimidazolone hinge-binding group has been designed.
Their synthesis, SAR and in ViVo PK are reported here. Five
compounds (5a, 5i, 5j, 5v and 5w) are more potent than the
licensed drug sorafenib (that was designed as a RAF inhibitor)
in two assays for mutant BRAF (BRAF IC50 and SRB GI50).
Up to a 4-fold improvement in BRAF IC50 is achieved, with a
potency as low as 12 nM for compound 5i. We hypothesize
that an improvement in cellular activity compared to sorafenib
of the compounds reported herein would provide beneficial
therapeutic efficacy in mutant BRAF- tumors including mela-
noma. Compound 5v is 4-fold more potent than sorafenib in
inhibiting WM266.4 melanoma cell growth. Overall, this novel
series is promising, with excellent in Vitro potency both against
the isolated mutant BRAF enzyme and in mutant BRAF driven
cells. The series has low metabolism and a good PK profile
that can be modulated by structural changes, warranting its
assessment in ViVo to determine whether these characteristics
translate into antitumor efficacy.

Experimental Section

Materials and Methods. All starting materials, reagents and
solvents for reactions were reagent grade and used as purchased.
Chromatography solvents were HPLC grade and were used without
further purification. Reactions were monitored by thin layer
chromatography (TLC) analysis using Merck silica gel 60 F-254
thin layer plates. Flash column chromatography was carried out
on Merck silica gel 60 (0.015-0.040 mm) or in disposable Isolute
Flash Si and Si II silica gel columns. Preparative TLC was
performed on either Macherey-Nagel [809 023] precoated TLC
plates SIL G-25 UV254 or Analtech 2015 precoated preparative TLC
plates, 2000 µm with UV254. LCMS analyses were performed on a
Micromass LCT/Water’s Alliance 2795 HPLC system with a
Discovery 5 µm, C18, 50 mm × 4.6 mm i.d. column from Supelco
at a temperature of 22 °C using the following solvent systems:
solvent A, methanol; solvent B, 0.1% formic acid in water at a
flow rate of 1 mL/min. Gradient starting with 10% A/90% B from
0 to 0.5 min, then 10% A/90% B to 90% A/10% B from 0.5 to 6.5
min and continuing at 90% A/10% B up to 10 min. From 10 to
10.5 min the gradient reverted back to 10% A/90% B, where the
concentrations remained until 12 min. UV detection was at 254

Scheme 6. Synthesis of Intermediate 25 with a Sulfur A-B Linkera

a Reagents and conditions: (a) 4-(N-Boc-amino)-benzenethiol, NaH, DMSO; (b) H2, Raney-Ni, EtOH/AcOEt; (c) carbonyldiimidazole, THF; (d) TFA.

Scheme 7. Synthetic Route II: Synthesis of Final Compounds
from Common Intermediates
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Table 1. BRAF Inhibitors with Urea or Thiourea Linker B-C
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nm, and ionization was positive or negative ion electrospray.
Samples were supplied as 1 mg/mL in DMSO or methanol with 3
µL injected on a partial loop fill. The purity of the final compounds
was determined by HPLC as described above and is 95% or higher
unless specified otherwise. NMR spectra were recorded in DMSO-
d6 on a Bruker DPX 250 MHz or a Bruker Advance 500 MHz
spectrometer.

1-(4-(2,3-Dihydro-2-oxo-1H-imidazo[4,5-b]pyridin-7-yl-oxy)-
phenyl)-3-(4-chloro-3-(trifluoromethyl)phenyl)urea (5a). Triph-
osgene (10 mg, 0.03 mmol) was added to a solution of 1-(4-(2,3-
d i a m i n o p y r i d i n - 4 - y l - o x y ) p h e n y l ) - 3 - ( 4 - c h l o r o - 3 -
(trifluoromethyl)phenyl)urea (4) (44 mg, 0.1 mmol) and triethylamine
(30 µL, 0.21 mmol) in dry THF (1 mL), cooled at 0 °C. The mixture
was stirred at 0 °C for 15 min, and at room temperature for 1 h.
The precipitate formed was filtered off, and the filtrate evaporated.
The residue was purified by column chromatography (eluent
gradient AcOEt to THF:AcOEt 1:1), to afford the title compound
(11 mg, 24%). 1H NMR (δ, ppm, DMSO-d6): 6.35 (d, 1H, HPy,5, J
) 6.7 Hz), 7.14 (d, 2H, Harom,Ph,3+5, J ) 10.0 Hz), 7.54 (d, 2H,
Harom,Ph,2+6), 7.64 (bs, 2H, Harom′), 7.77 (d, 1H, HPy,6), 8.12 (s, 1H,
Harom′), 8.94 (s, 1H, NHurea,1), 9.18 (s, 1H, NHurea,3), 11.19 (s, 1H,
NHPy3), 11.36 (s, 1H, NHPy2). LC-MS: m/z 463 (M, 100). HRMS:
m/z [M + H]+ calcd for C20H14ClF3N5O3, 464.0737; found,
464.0739.

1-(4-(2,3-Dihydro-2-oxo-1H-imidazo[4,5-b]pyridin-7-yl-oxy)-
phenyl)-3-phenyl-urea (5b). 7-(4-Amino-phenyloxy)-2,3-dihydro-
2-oxo-1H-imidazo[4,5-b]pyridine (9) (65 mg, 0.27 mmol) was
suspended in dry pyridine (3 mL) and heated at 50 °C. Phenyl
isocyanate (30 µL, 0.28 mmol) was added; the reaction mixture
was heated at reflux for 2 h. After cooling at room temperature,
DCM (20 mL) was added, and the precipitate formed was filtered
and washed with more DCM, to afford the title compound (67 mg,
69%). 1H NMR (δ, ppm, DMSO-d6): 6.34 (d, 1H, HPy,5, J ) 7.5
Hz), 6.98 (t, 1H, Harom,Ph′,4, J ) 7.5 Hz), 7.13 (d, 2H, Harom,Ph,3+5, J
) 8.8 Hz), 7.29 (t, 2H, Harom,Ph′,3+5), 7.46 (d, 2H, Harom,Ph′,2+6), 7.53
(d, 2H, Harom,Ph,2+6), 7.76 (d, 1H, HPy,6), 8.67 (s, 1H, NHurea,1), 8.76
(s, 1H, NHurea,3), 11.19 (s, 1H, NHPy3), 11.35 (s, 1H, NHPy2).
LC-MS: m/z 362 (M+ + H, 100). HRMS: m/z calcd for
C19H15N5O3 [M + H]+, 362.1248; found, 362.1241.

1-(4-Chlorophenyl)-3-(4-(2-oxo-2,3-dihydro-1H-imidazo[4,5-
b]pyridin-7-yl-oxy)phenyl)urea (5c). A mixture of p-chlorophe-
nylisocyanate (24.5 mg, 0.16 mmol) and 7-(4-aminophenoxy)-1H-
imidazo[4,5-b]pyridin-2(3H)-one (9) (30 mg, 0.12 mmol) in
anhydrous THF (1.5 mL) was stirred at room temperature for 14 h.
The solvent was evaporated, and the solid residue was washed with
Et2O to afford the title compound (44 mg, 91%) as an off-white
solid. 1H NMR (δ, ppm, DMSO-d6): 6.33 (d, 1H, HPy,5, J ) 6.0
Hz), 7.12 (d, 2H, Harom,Ph,3+5, J ) 8.9 Hz), 7.32 (d, 2H, Harom,Ph,2+6,

Table 1. Continued
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J ) 8.9 Hz), 7.50 (∼t, 4H, Harom′), 7.75 (d, 1H, HPy,6, J ) 6.0 Hz),
8.82 (bs, 1H, NHurea), 8.85 (bs, 1H, NHurea), 11.17 (bs, 1H, NHPy3),
11.34 (bs, 1H, NHPy2). LC-MS: m/z 396 (M+ + H, 100). HRMS:
m/z [M + H]+ calcd for C19H15ClN5O3, 396.0863; found, 396.0866.

Using the same procedure the following compounds were
synthesized: 5e-g, 5k-x.

1-(3-Chloro-5-(trifluoromethyl)phenyl)-3-(4-(2-oxo-2,3-dihy-
dro-1H-imidazo[4,5-b] pyridin-7-yl-oxy)phenyl)urea (5d). A
mixture of phenyl 3-chloro-5-(trifluoromethyl)phenyl-carbamate (50
mg, 0.15 mmol) and 7-(4-aminophenoxy)-1H-imidazo[4,5-b]pyri-
din-2(3H)-one (9) (30 mg, 0.12 mmol) in anhydrous DMSO (1 mL)
was stirred at 85 °C for 2 h. After cooling, the solution was diluted
with AcOEt (10 mL), washed with H2O (2 × 10 mL) and brine
(10 mL). The solvent was evaporated and the residue was washed
with Et2O to afford the title compound as a white solid (48 mg,

85%). 1H NMR (δ, ppm, DMSO-d6): 6.32 (d, 1H, HPy,5, J ) 6.0
Hz), 7.12 (d, 2H, Harom,Ph,3+5, J ) 9.0 Hz), 7.39 (bs, 1H, Harom′,4),
7.55 (d, 2H, Harom,Ph,2+6, J ) 9.0 Hz), 7.75 (d, 1H, HPy,6, J ) 6.0
Hz), 7.84 (m, 2H, Harom′,2+6), 9.27 (bs, 1H, NHurea), 9.51 (bs, 1H,
NHurea), 11.21 (bs, 1H, NHPy3), 11.38 (bs, 1H, NHPy2). LC-MS:
m/z 464 (M + H, 100). HRMS: m/z [M + H]+ calcd for
C20H14ClF3N5O3, 464.0737; found, 464.0745.

Using the same procedure the following compounds were
synthesized: 5h, 5i,j.

N-(4-(2-Oxo-2,3-dihydro-1H-imidazo[4,5-b]pyridin-7-yl-oxy)-
phenyl)benzamide (27a). 7-(4-Aminophenoxy)-2,3-dihydro-2-oxo-
1H-imidazo[4,5-b]pyridine (9) (30 mg, 0.13 mmol) and triethy-
lamine (22.3 µL, 0.16 mmol) were mixed in dry THF (3 mL), and
benzoyl chloride (19.0 µL, 0.16 mmol) was added. This mixture
was heated to reflux for 20 h, and subsequently the solvent was
evaporated under vacuum. The obtained residue was dissolved in
acetone (2 mL), and upon addition of H2O a solid precipitated.
This solid was collected, washed with water (2 × 2 mL) and Et2O
(2 × 2 mL) and dried. The title compound was obtained as a light
brown solid (44 mg, 80%). 1H NMR (δ, ppm, DMSO-d6): 6.39 (d,
1H, HPy,5, J ) 5.0 Hz), 7.19 (d, 2H, Harom,Ph,3+5, J ) 7.5 Hz),
7.51-7.63 (m, 3H, Harom,Ph′,3+4+5), 7.78 (d, 1H, HPy,6), 7.86 (d, 2H,

Table 2. BRAF Inhibitors with Amide Linker B-C Table 3. BRAF Inhibitors with Sulfonamide Linker B-C

Table 4. Pharmacokinetics Data for Selected Inhibitors

compound tissue Cmax (nmol/L) AUC (h ·nmol/L) T1/2 (h) CL (L/h)

5a plasma 1057 718 0.80 0.117
tumor 207 468 1.24 0.160

5o plasma 2454 3256 2.58 0.017
tumor 1152 4504 9.72 0.006

5q plasma 3230 16382 4.72 0.050
musclea 8078 9461 4.35 0.009

a Muscle was used as a surrogate for tumor.
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Harom,Ph,2+6), 7.97 (d, 2H, Harom,Ph′,2+6), 10.36 (s, 1H, NHamide), 11.22
(s, 1H, NHPy3), 11.39 (s, 1H, NHPy2). LC-MS: m/z 347 (M + H,
100). HRMS: m/z [M + Na]+ calcd for C19H14N4O3, 369.0958;
found, 369.0954.

Using the same methodology the following compounds were
synthesized: 27b-d, 27f, 28a-c.

N-(4-(2-Oxo-2,3-dihydro-1H-imidazo[4,5-b]pyridin-7-yl-oxy)-
phenyl)-3-(trifluoromethoxy)benzamide (27e). To 7-(4-aminophe-
noxy)-1H-imidazo [4,5-b]pyridin-2(3H)-one (9) (50 mg, 0.21 mmol)
in anhydrous dioxane (7 mL) pyridine (38 µL, 1.3 equiv) and
3-trifluoromethyloxy-benzoyl chloride (56 µL, 0.25 mmol) were
added under stirring and nitrogen atmosphere and heated for 20 h
at 80 °C (block). The solvent was evaporated under vacuum and
the solid residue dissolved in 10 mL of AcOEt and washed with
brine (2 × 10 mL), solution of citric acid (10 mL) and brine (10
mL) again. The organic solution was evaporated under vacuum and
the solid residue recrystallized from AcOEt when the title compound
(18 mg, 20%, purity 91%) was obtained. 1H NMR (δ, ppm, DMSO-
d6): 6.39 (d, 1H, HPy,5, J ) 5.9 Hz), 7.19 (d, 2H, Harom3+5, J ) 9.0
Hz), 7.61-7.63 (m, 1H, Harom), 7.70 (t, 1H, Harom, J ) 8.0 Hz),
7.78 (d, 1H, HPy,6, J ) 5.9 Hz), 7.84 (d, 2H, Harom,Ph,2+6, J ) 9.0
Hz), 7.91 (s, 1H, Harom), 8.02 (d, 1H, Harom, J ) 7.9 Hz), 10.45 (s,
1H, NHamide), 11.17 (s, 1H, NHPy2), 11.43 (s, 1H, NHPy3). LC-MS:
m/z 431.2 (M+, 100). HRMS: (M+) calcd for C21H26N5O3, 431.0967;
found, 431.0967.

Using the same procedure the following compounds were
synthesized: 28d,e.

N-(4-(2-Oxo-2,3-dihydro-1H-imidazo[4,5-b]pyridin-7-yl-oxy)-
phenyl)-3-(trifluoromethyl)-4-chloro-benzenesulfonamide (29a).
7-(4-Aminophenoxy)-2,3-dihydro-2-oxo-1H-imidazo[4,5-b]pyri-
dine (9) (30 mg, 0.13 mmol) was suspended in dry pyridine (3
mL), and 4-chloro-3-(trifluoromethyl)benzene sulfonyl chloride
(44.4 mg, 0.16 mmol) was added. The resulting solution was stirred
at room temperature for 20 h and subsequently the solvent was
evaporated under vacuum. The obtained residue was dissolved in
acetone (4 mL) and upon addition of H2O a solid precipitated. The
solid was collected, washed with H2O (2 × 2 mL) and Et2O (2 ×
2 mL) and dried to give the title compound as an off-white solid
(44 mg, 57%). 1H NMR (δ, ppm, DMSO-d6): 6.28 (d, 1H, HPy,5, J
) 5.8 Hz), 7.12 (s, 4H, Harom,Ph), 7.75 (d, 1H, HPy,6), 7.98 (s, 2H,
Harom,Ph′), 8.05 (s, 1H, Harom,Ph′), 10.47 (s, 1H, NHSO2), 11.17 (s,
1H, NHPy3), 11.40 (s, 1H, NHPy2). LC-MS: m/z 485 [(M + H)+,
100]. HRMS: m/z [M + H]+ calcd for C19H12ClF3N4O4S, 485.0299;
found, 485.0298.

Using the same method the following compounds were synthe-
sized: 29b-g.

V600EBRAF Kinase Assay and SRB IC50 for BRAF Inhibi-
tors. These assays have been described by Niculescu-Duvaz et al.20

Compound Metabolism. Microsomal incubations evaluating
phase I metabolism were performed as previously described.21

Compounds were incubated at 10 µM concentrations for 30 min.
The reaction was stopped by the addition of methanol (3 volumes),
containing roscovitine (500 nM) used as an internal standard. The
parent compound and metabolites were measured by liquid chro-
matography mass spectrometry with electrospray in positive ioniza-
tion mode on 2 instruments as previously described.22 The
chromatographic separation was achieved on a Synergi polar RP
column (5 cm, 4 µm particle, 4.6 mm i.d.; Phenomenex, Cheshire,
U.K.) with gradient and mass spectrometry conditions similar to
those described in Nutley et al.3

Pharmacokinetics. Forty-eight female Crl:CD1-Foxn1nu mice
bearing mutant BRAF WM266.4 tumor xenografts were utilized
for the PK analysis of compounds 5a and 5p. Twenty-four female
BALB/cAnNCrl mice at least 6 weeks of age were used for the
PK analysis of compound 5q. The mice were dosed iv (2 mg/kg,
10 mL/kg, in DMSO:Tween 20:water 10:1:89 v:v). At intervals of
5, 15, 30 min, 1, 2, 4, 6 and 24 h postdosing, 3 mice were placed
under isoflurane anesthesia and blood for plasma preparation was
taken by terminal cardiac puncture into heparinized syringes.
Femoral muscle was also sampled from the BALB/cAnNCrl mice.
Tumor samples were taken from the Crl:CD1-Foxn1nu mice.

Muscle, tumor and plasma samples were snap frozen in liquid
nitrogen and then stored at -70 °C prior to analysis. All procedures
involving animals were performed in accordance with national
Home Office regulations under the Animals (Scientific Procedures)
Act 1986 and within guidelines set out by the Institute’s Animal
Ethics Committee and the United Kingdom Coordinating Com-
mittee for Cancer Research’s ad hoc Committee on the Welfare of
Animals in Experimental Neoplasia.23 Plasma and tissue extractions
were performed as previously described.24 Analysis was also
performed by multiple reaction monitoring of the compounds and
the internal standard roscovitine on the triple quadrupole with an
external calibration and 3 quality controls at levels between 10 and
10000 nM. PK parameters were derived from WinNonLin Non-
Compartmental analysis (Pharsight, version 3.2).
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