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ABSTRACT: With the aim of discovering a selective kinase
inhibitor targeting pan-RAF kinase inhibition, we designed
novel 1,3-benzothiazole derivatives based on our thiazolo[5,4-
b]pyridine class RAF/VEGFR2 inhibitor 1 and developed a
regioselective cyclization methodology for the C-7-substituted
1,3-benzothiazole scaffold utilizing meta-substituted anilines.
Eventually, we selected 7-cyano derivative 8B (TAK-632) as a
development candidate and confirmed its binding mode by
cocrystal structure with BRAF. Accommodation of the 7-cyano
group into the BRAF-selectivity pocket and the 3-(trifluoromethyl)phenyl acetamide moiety into the hydrophobic back pocket of
BRAF in the DFG-out conformation contributed to enhanced RAF potency and selectivity vs VEGFR2. Reflecting its potent
pan-RAF inhibition and slow off-rate profile, 8B demonstrated significant cellular activity against mutated BRAF or mutated
NRAS cancer cell lines. Furthermore, in both A375 (BRAFV600E) and HMVII (NRASQ61K) xenograft models in rats, 8B
demonstrated regressive antitumor efficacy by twice daily, 14-day repetitive administration without significant body weight loss.

■ INTRODUCTION

The RAF family of protein kinases plays critical roles in cancer
progression.1 Recently, BRAF selective inhibitors such as
vemurafenib (PLX4032)2−4 and dabrafenib (GSK2118436)5

have shown significant clinical efficacy in melanoma patients
bearing oncogenic BRAFV600E mutation (Figure 1). However,
adverse events such as rapid development of squamous cell
carcinoma (SCC) and keratoacanthoma have been re-
ported.3,5−8 These observations were thought to be caused by
paradoxical activation of the MAPK pathway by BRAF selective
inhibitors in cells bearing wild-type BRAF (BRAFwt).9−11

Recent studies10,12,13 on this paradoxical activation reported
that RAF inhibitors instinctively transactivate RAF homodimers
(CRAF−CRAF) or heterodimers (CRAF−BRAF(wt)) and
activate RAS dependent MAPK signaling. Hence, it has been
reported that selective BRAF(V600E) inhibitors, like vemur-
afenib, have not shown potent antiproliferative activity against
cancer cell lines such as NRAS mutant melanoma in which RAS
dependent MAPK signaling is activated.14

To analyze this, our initial investigation (Supporting
Information, Table S1) revealed that the feedback activation
in fibroblast CsFb cells (BRAFwt) was significantly suppressed

by our DFG-out type pan-RAF inhibitor, but not by DFG-in
type inhibitors, which significantly induced the phosphorylation
of downstream MEK and ERK in CsFb cells. On the basis of
these results, our interest was directed toward DFG-out type
pan-RAF inhibitors to treat cancer patients including oncogenic
BRAFV600E as well as NRAS mutant in which BRAF (wt) and
CRAF are being involved in aberrant signal transduction.
Therefore, we initiated a drug discovery program aimed at
targeting DFG-out type pan-RAF inhibitors.
We have previously reported potent DFG-out type pan-RAF

inhibitors15−17 and identified the thiazolo[5,4-b]pyridine
derivative 1 as an inhibitor of RAF and VEGFR2 kinases
(BRAF(V600E) IC50, 5.6 nM; BRAF(wt), 12 nM; CRAF, 1.5
nM) and VEGFR2 (2.8 nM) (Figure 1).15 Compound 1 also
showed potent cellular activity such as MAPK signal inhibition
in various cell lines possessing the BRAFV600E mutation and
VEGFR2 phosphorylation inhibition in 293/KDR cells. In vivo
studies in a rat A375 xenograft model demonstrated regressive
antitumor efficacy for compound 1 based on dual inhibition of
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RAF and VEGFR2. However, a rat toxicological study of 1
showed pathological changes derived from angiogenesis
inhibition but not MAPK inhibition. These results imply that
compound 1 could be exerting antiangiogenesis activity on
vascular endothelial cells rather than MAPK inhibition on
cancer cells. On the basis of these results, we sought to increase
the pan-Raf kinase inhibitory potency relative to that for
VEGFR2 kinase.
To better understand kinase selectivity, we utilized the X-ray

cocrystal structures of compound 1 bound to BRAF (PDB
code: 4DBN) and VEGFR2 (PDB code: 3VNT), which we
previously reported.18 The two cocrystal structures were
superimposed and analyzed for differences. It was revealed
that there is a notable difference between BRAF and VEGFR2
in the conformations of the benzene ring of phenylalanine in
the DFG motif (Figure 2). The benzene ring of Phe595 in
BRAF (shown in green) is located below the thiazolo[5,4-
b]pyridine scaffold, whereas that of Phe1047 in VEGFR2
(shown in purple) is located in front of the N-7 position of
thiazolo[5,4-b]pyridine 1 with a distance of 3.2 Å. Con-

sequently, we envisioned that the introduction of a suitable
substituent at the C-7 position of 1,3-benzothiazole 215 (Figure
1) could reduce VEGFR2 inhibitory activity by steric repulsion
between Phe1047 and the 7-substituent (Figures 3 and 4A). On

the basis of this hypothesis to increase BRAF selectivity over
VEGFR2, we planned to introduce an R1 substituent that would
be accommodated in this BRAF-selectivity pocket in front of
the C-7 position.
Additionally, we examined a new ring B−linker−ring C

moiety targeting the hydrophobic back pocket of BRAF
(Figures 3 and 4B). According to our crystallographic data,
the NHCO amide substructure connected to ring B could
apparently form two significant hydrogen bonds with Glu501
and Asp594. Insertion of X (NH or CH2) into the linker was an
important modification because the additional amine (X = NH)
of ureides 4−6 could form an additional hydrogen bond with
the carboxylic acid of Glu501, and the methylene (X = CH2) of
the acetamides 7−9 was considered flexible enough that the
conformation of ring C could adjust to be accommodated into
the hydrophobic back pocket of BRAF.
Our synthetic strategy for the preparation of the C-7-

substituted 1,3-benzothiazole scaffold is shown in Scheme 1.

Figure 1. Chemical structures of RAF inhibitors including [1,3]thiazolo[5,4-b]pyridine derivative 1 and 1,3-benzothiazole derivative 2 as lead
compounds.

Figure 2. Structural differences in the adenine sites of BRAF and
VEGFR2 bound to RAF/VEGFR2 inhibitor 1. The BRAF structure
(4DBN) is shown in green and the VEGFR2 stucture (3VNT) in
purple.

Figure 3. Structure of designed C-7-substituted 1,3-benzothiazole
derivatives and their predicted binding mode to the DFG-out
conformation of BRAF.
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The C-7 unsubstituted (R1 = H) 1,3-benzothiazole derivative 2
was synthesized by Kaufmann’s method19 from 4-phenoxylated
aniline intermediate 10 (R1 = H) using potassium thiocyanate
(KSCN) and bromine (Br2).

15 For the construction of the 1,3-
benzothiazole scaffold, this methodology was frequently applied
to symmetrical anilines such as para-substituted anilines20 or
ortho-substituted anilines such as 2-methoxy-4-substituted
anilines.21 In such cases, regioselectivity of the product formed
was either not an issue or was controlled by the presence of an
ortho substituent. In general, the electrophilic aromatic
substitution occurs in a regioselective manner, and the
regioselectivity is generally affected by substituents on the
aromatic ring. Consequently, the regioselective cyclization of
meta-substituted aniline 10 with a variety of R1 substituents (R1

≠ H) was of great interest in order to enable the efficient
synthesis of desired C-7 isomer 11 (Scheme 1). However, to
the best of our knowledge, only a few publications describing
the preparation of C-7-substituted 1,3-benzothiazoles by
cyclization directly from meta-substituted anilines have been
reported (Supporting Information, Table S2).22−24 Therefore,
we initiated synthetic studies on this scaffold.

In this article, we describe the design, synthesis, and
structure−activity relationships (SAR) of novel DFG-out type
selective kinase inhibitors targeting pan-RAF inhibition. In
addition, the characterization of our development candidate 8B
using surface plasmon resonance (SPR) spectroscopy and its
application to human cancer cells harboring either mutant
BRAF or mutant NRAS are also discussed.

Chemistry. The precursor anilines 10a−d for 1,3-
benzothiazole formation were prepared as shown in Scheme
2. SNAr displacement of nitrobenzenes 14a−c with known
phenol derivative 1315 in the presence of potassium carbonate
(K2CO3) in N,N-dimethylformamide (DMF) gave the
phenoxylated compounds 15a−c in 70−98% yield. Reduction
of the nitro group for 15a,c was carried out using reduced iron
(Fe(0)) in the presence of calcium dichloride (CaCl2) in 90%
ethanol/water to avoid side reactions such as defluorination
(10a) or nitrile reduction (10c) under hydrogenation
conditions using palladium on activated carbon (Pd/C). As a
result, the corresponding anilines 10a,c were obtained in 82−
99% yield. For compound 15b, hydrogenation of the nitro
group using Pd/C gave the corresponding aniline 10b in 92%
yield. In this reaction, 1-methylpyrrolidone (NMP) was used as

Figure 4. Design approaches employed for the ring A moiety and the ring B−linker−ring C moiety. (A) Ring A moiety: introduction of an R1 group
at the C-7 position for targeting a BRAF-selectivity pocket adjacent to Phe595. (B) Ring B−linker−ring C moiety targeting the hydrophobic back
pocket of BRAF: ureide derivatives 4−6 (linker: NHCONH) and acetamide derivatives 7−9 (linker: NHCOCH2).

Scheme 1. Synthetic Strategy for the Preparation of C-7-Substituted 1,3-Benzothiazole Intermediates 11 by the Regioselective
Cyclization of Aniline 10
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a cosolvent to dissolve substrate 15b, which is insoluble in a
mixed solvent of tetrahydrofuran (THF) and methanol
(MeOH). The aniline derivative 10d was directly synthesized
from phenol 13 with 4-fluoro-3-nitroaniline 14d (yield: 82%)
using cesium carbonate (Cs2CO3) in DMF.
Next, the regioselective 1,3-benzothiazole formation reaction

for anilines 10a−d was investigated. We applied Kaufmann’s
conditions19 to this reaction; the results are shown in Table 1.
We first determined the optimal amounts of KSCN and Br2 for
this reaction. The optimized stoichiometry was 4 and 1.5
equivalents relative to the anilines 10a−d, respectively. Lower
amounts of KSCN or bromine caused low yields. The reaction
of 10a (R1 = F) under these optimized conditions gave C-5
fluorinated isomer 12a in 57% yield. In this experiment, the C-7
isomer 11a was not isolated after conventional workup.

Although the regioselectivity in 10a was undesirable for our
design concept, we continued our efforts to achieve the desired
regioselectivity using other anilines 10b−d possessing various
R1 substituents. Interestingly, the ring formation reactions of
10b (R1 = CO2Me), 10c (R1 = CN), and 10d (R1 = NO2)
provided C-7 isomers 11b−d with our desired regioselectivity
in 73−90% isolated yields. Although the reaction of 10b (R1 =
CO2Me) provided the C-5 isomer in 5% yield, the reaction of
10c (R1 = CN) and 10d (R1 = NO2) did not provide C-5
isomers. The change of regioselectivity between F and other R1

groups such as NO2 was also of great interest. This
regioselectivity, meta-fluoroaniline provides a C-5 isomer22

and meta-nitroaniline provides a C-7 isomer,24 is consistent
with other groups’ reports (Supporting Information, Table S2).
The ring formation reaction of thioureide derivatives using

Scheme 2a

aReagents and conditions: (a) K2CO3, DMF, 25−80 °C, 12−18 h (70−98%); (b) Fe(0), CaCl2, EtOH/H2O (9:1), 80−100 °C (82−99%); (c) H2,
10% Pd/C, NMP/MeOH/THF (2:4:1), room temp., 14 h (92%); (d) Cs2CO3, DMF, 80 °C, 16 h (82%).

Table 1

yieldb (%)

substratea R1 C-7 isomer 11 C-5 isomer 12

10a F 11a N.D.c 12a 57
10b CO2Me 11b 90 12b 5
10c CN 11c 81 12c N.D.c

10d NO2 11d 73 12d N.D.c

aR4 means the 3-(1-cyano-1-methylethyl)benzamide moiety. bIsolated yield after conventional workup. Not optimized. cNot detected.
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bromine is also known as an alternative method to prepare the
1,3-benzothiazole ring. Some groups have reported that meta-
substituted thioureides can provide C-5 or C-7 benzothiazoles
in a regioselective manner (Supporting Information, Table
S3).25−28 Interestingly, the tendency for regioselectivity
between both reactions is the same, and the direction of
cyclization is determined by an R1 substituent at the meta-
position (F, C-5, CO2Me; NO2, C-7). Regarding the cyano
group, our result is the first example that 7-cyano-1,3-
benzothiazole can be prepared using the corresponding meta-
cyanoaniline in a regioselective manner.
The synthesis of 1,3-benzothiazole derivatives 3b−f is shown

in Scheme 3. The acylation of 2-amino-1,3-benzothiazoles
11b−d with cyclopropanecarbonyl chloride in pyridine gave the
desired compounds 3b−d in 68−79% yield. Hydrolysis of the
methyl ester in 3b with lithium hydroxide monohydrate
(LiOH·H2O) gave the corresponding carboxylic acid 3e in
54% yield. Reduction of the carboxyl group in 3e was achieved
via a mixed anhydride produced by the treatment of iso-butyl
chloroformate with 3e in the presence of triethylamine (Et3N).
The subsequent reduction of the obtained anhydride with
sodium borohydride (NaBH4) gave the desired hydroxymethyl
derivative 3f in 55% yield over 2 steps.
The synthesis of C-7 cyanated 1,3-benzothiazoles 4−9

possessing various ring B−linker−ring C moieties is shown in
Scheme 4. This route was planned for optimization of the back
pocket moiety. Therefore, we set the aniline derivatives 22A,B
as key intermediates for the synthesis of substituted phenyl
ureides 4−6 and phenyl acetamides 7−9 in the last step in the
route. The SNAr displacement of 2-fluoro-5-nitrobenzonitrile
14c with phenol 16A in the presence of K2CO3 gave the
phenoxylated aniline 17A in 66% yield. Protection of the amine
in 17A by a trifluoroacetyl group was achieved in 67% yield
using trifluoroacetic anhydride (TFAA), followed by reduction
of the nitro group in 18A under palladium-mediated hydro-
genation conditions in a mixed solvent of NMP/MeOH to give

the desired compound 19A in 99% yield. The 1,3-benzothiazole
formation reaction of 19A using KSCN and bromine
successfully provided the desired 7-cyano-2-amino-1,3-benzo-
thiazole derivative 20A in 81% yield. The acylation of 20A with
cyclopropanecarbonyl chloride (82% yield) and subsequent
trifluoroacetyl cleavage from the resulting compound 21A with
LiOH·H2O gave key intermediate 22A in 95% yield.
The corresponding fluorinated key intermediate 22B (R2 =

F) was prepared by a method similar to that used in the
preparation of 22A (R2 = H). Reaction of 14c with
commercially available 16B in the presence of K2CO3 followed
by protection of the amino group using TFAA gave the desired
compound 18B in 93% in 2 steps. Reduction of the nitro group
of 18B by hydrogenation in the presence of Pd/C was carefully
conducted, while monitoring the formation of defluorinated
compound 19A. Ultimately, this reaction gave the desired
aniline 19B in 99% yield without the contamination with 19A.
The 1,3-benzothiazole cyclization reaction of 19B also
successfully provided the desired isomer 20B in 85% yield.
The acylation of 20B with cyclopropanecarbonyl chloride in
the presence of pyridine in THF gave 21B in comparatively
lower yield (55%) than that for the preparation of 21A. The
reason for the reduced yield in this reaction is thought to result
from cleavage of the trifluoroacetyl group in 20B. Introduction
of a fluorine atom at the ortho-position of anilide 20B enhances
the acidity of the trifluoroacetamide moiety, which may activate
the nucleophilicity of the amide in its reaction with cyclo-
propanecarbonyl chloride to provide an asymmetrical imide at
the anilino moiety (ring B). The postulated asymmetrical imide
formed in situ should be easily cleaved under aqueous workup
conditions to give the corresponding bis-cyclopropanecarbony-
lated compound as a significant byproduct. This contaminating
byproduct, fortunately, could be removed by conventional silica
gel column chromatography to give purified 21B. Since the
trifluoroacetamide of 21B was highly resistant against the
conventional alkaline hydrolysis conditions due to the presence

Scheme 3a

aReagents and conditions: (a) cyclopropanecarbonyl chloride, pyridine, room temp., 2−4 h (68−79%); (b) LiOH·H2O, THF, MeOH, H2O, room
temp., 12 h (54%); (c) iso-butyl chloroformate, Et3N, THF, 0°C, 0.5 h; then, NaBH4, THF, MeOH, room temp., 2 h (55% in 2 steps).
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of the ortho-fluorine group, hydride conditions using NaBH4

were applied for cleavage of the trifluoroacetyl group. At first,
deprotection using NaBH4 was found to be very slow in EtOH.
Optimal conditions were obtained by using 2−10 v/v% MeOH
as an additive to accelerate the reaction. Use of greater than 10
v/v% of MeOH lowered yields due to undesirable hydrolysis of
the cyclopropane carboxamide moiety at the 2-position.
Ultimately, cleavage of the trifluoroacetyl group from 21B
using NaBH4 in the presence of 2.4 v/v% MeOH in EtOH gave
deprotected aniline 22B in 85% yield.
Ureide formation from intermediate anilines 22A,B with the

corresponding isocyanate reagents was accomplished under
conventional conditions to give the desired ureide derivatives
4A, 5A,B, and 6A,B in 28−94% yield. Condensation of anilines
22A,B with the corresponding phenyl acetic acids using

hexafluorophosphate, O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-
tetramethyluronium (HATU), as a coupling reagent in the
presence of pyridine provided the desired acetamide derivatives
7A, 8A,B, and 9A in 57−74% yield.

■ RESULTS AND DISCUSSION

The 1,3-benzothiazoles 3b−f that possess various R1

substituents at the C-7 position were evaluated, and the SAR
of 3b−f compared to C-7 unsubstituted 2 (R1 = H) is shown in
Table 2. Nitro derivative 3b (R1 = NO2) retained potent BRAF
inhibition (IC50 = 25 nM), while demonstrating a 5-fold
reduction in VEGFR2 inhibitory activity (IC50 = 70 nM)
compared to that of compound 2. The ratio of VEGFR2 IC50 to
BRAF IC50 (V/B ratio) is a useful metric in discussing the
selectivity of our BRAF inhibitors. Introduction of a nitro group

Scheme 4a

aReagents and conditions: (a) 16A,B, K2CO3, DMF, 25−60 °C, 2−4 h (66−100%); (b) TFAA, THF, room temp., 1−1.5 h (67−93%); (c) H2, 10%
Pd/C, MeOH, room temp., 2−8 h (99%); (d) KSCN, Br2, AcOH, room temp., 12 h (81−85%); (e) cyclopropanecarbonyl chloride, pyridine, THF
room temp., 6−16 h (55−82%); (f) LiOH·H2O, THF/MeOH/H2O (1:1:1), room temp., 18 h (95%); (g) NaBH4, MeOH (2.4 v/v%), EtOH, room
temp., 0.5 h (85%); (h) phenyl isocyanate, DMF, room temp., 12 h (28−94%); (i) phenyl acetic acid, HATU, pyridine, 85 °C, 4 h (57−74%).
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at the C-7 position (3b) improved BRAF selectivity (V/B ratio
for NO2, 2.8; for H, 0.56). Furthermore, the cellular inhibitory
activity of 3b toward MEK phosphorylation (IC50 = 29 nM)
was approximately 8-fold more potent than that for 2.
Next, we evaluated the cyano derivative 3c (R1 = CN) and

the methoxycarbonyl derivative 3d (R1 = CO2Me). Com-
pounds 3c and 3d showed a 2-fold increase in BRAF inhibitory
potency (3c, 13 nM; 3d, 12 nM) compared with that of the
nitro derivative 3b. The V/B ratio of 3c is about 2-fold that of
3d (V/B ratio for 3c, 5.8; for 3d, 2.8). The cellular pMEK

inhibitory activity of compounds 3c,d was equal to that of 3b
with an IC50 range of 24−34 nM. However, carboxylic acid
derivative 3e (R1 = CO2H) and hydroxymethyl derivative 3f
(R1 = CH2OH) showed different SAR. Compound 3e showed
reduced BRAF inhibitory activity (IC50 = 290 nM), whereas
compound 3f retained BRAF inhibition with an IC50 value of
24 nM but with reduced cellular pMEK inhibition (IC50 = 170
nM). In addition, the V/B ratios of 3e and 3f dropped to 0.051
and 0.31, respectively. As a result, we found the C-7 position to
be significant in modulating the V/B ratio, and nitro (3b),

Table 2. Structure−Activity Relationship for C-7-Substituted 1,3-Benzothiazoles (R1)

kinase IC50 (nmol/L)a

R1 BRAF (V600E) VEGFR2 ratio VEGFR2/BRAF (V600E) cellular pMEKb IC50 (nmol/L)

2 H 25 (23−28) 14 (13−16) 0.56 240
3b NO2 25 (19−32) 70 (62−79) 2.8 29
3c CN 13 (11−16) 76 (52−110) 5.8 34
3d CO2Me 12 (9.6−15) 33 (30−36) 2.8 24
3e CO2H 290 (160−500) 15 (13−17) 0.051 N.D.
3f CH2OH 24 (22−26) 7.4 (6.8−8.2) 0.31 170

an = 2. 95% confidence intervals are shown in parentheses. bCellular phosphorylation level of the downstream MEK (pMEK) was evaluated in HT-
29 colon cancer cells (n = 1).

Table 3. Structure−Activity Relationship for Ureide Derivatives 4−6 Compared with that of Amide 3c

kinase IC50 (nmol/L)a

X R2 R3 BRAF (V600E) VEGFR2
ratio VEGFR2/BRAF

(V600E)
cellular pMEKb IC50

(nmol/L)
PO AUCc mice

(μg h/kg)

3c bond H m-C(CH3)2CN 13 (11−16) 76 (52−110) 5.8 34 0.149
4A NH H o-CF3 19 (16−23) 120 (82−170) 6.3 >500 0.058
5A NH H m-CF3 18 (5.6−58) 350 (310−410) 19 75 0.099
6A NH H p-CF3 18 (12−26) 330 (250−430) 18 110 0.431
5B NH F m-CF3 49 (17−140) 730 (650−810) 15 22 N.D.
6B NH F p-CF3 26 (13−51) 660 (530−830) 25 81 0.158

an = 2. 95% confidence intervals are shown in parentheses. bCellular phosphorylation level of the downstream MEK (pMEK) was evaluated in HT-
29 colon cancer cells (n = 1). cMean AUC0−8 h values are shown (n = 2). Cassette dosing was of five compounds. Compounds (10 mg/kg) were
administered in 0.5% methyl cellulose in distilled water.

Table 4. Structure−Activity Relationship for Acetamide Derivatives 7−9

kinase IC50 (nmol/L)a

X R2 R3 BRAF (V600E) VEGFR2
ratio VEGFR2/BRAF

(V600E)
cellular pMEKb IC50

(nmol/L)
PO AUCc mice

(μg h/kg)

7A CH2 H o-CF3 14 (9.2−20) 100 (89−110) 7.1 >500 0.255
8A CH2 H m-CF3 1.3 (0.68−2.6) 150 (130−190) 120 360 3.782
9A CH2 H p-CF3 9.5 (7.9−11) 190 (160−230) 20 320 0.123
8B CH2 F m-CF3 2.4 (0.45−12) 160 (140−180) 67 75 2.482

an = 2. 95% confidence intervals are shown in parentheses. bCellular phosphorylation level of the downstream MEK (pMEK) was evaluated in HT-
29 colon cancer cells (n = 1). cMean AUC0−8 h values are shown (n = 2). Cassette dosing was of five compounds. Compounds (10 mg/kg) were
administered in 0.5% methyl cellulose in distilled water.
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cyano (3c), and methoxycarbonyl (3d) derivatives demon-
strated high V/B ratios as well as potent cellular pMEK
inhibition. The cyano derivative 3c had the highest V/B ratio
and was selected for further optimization.
In order to improve the V/B ratio further, we conducted

chemical modification of the ring B−linker−ring C portion of
3c to explore appropriate linkers (X) targeted for selective RAF
inhibitors. First, we evaluated the ureide derivatives (X = NH,
R2 = H) possessing a trifluoromethyl group with various
substitution positions such as o-CF3 (4A), m-CF3 (5A), and p-
CF3 (6A) (Table 3). Among them, the m-CF3 (5A) and p-CF3
(6A) derivatives showed improved V/B ratios (V/B ratio for
m-, 19; for p-, 18) compared with that of the o-CF3 derivative
(V/B ratio for 4A: 6.3). Thus, we selected m- and p-CF3 groups
on ring C and attempted to introduce a fluorine group at the
metabolically labile site of ring B on the basis of our previous
work.15,17 Compound 5B (R2 = F, R3 = m-CF3) and 6B (R2 =
F, R3 = p-CF3) showed comparable or slightly weaker BRAF
inhibition (5B IC50, 49 nM; 6B, 26 nM) and V/B ratios similar
to those of the corresponding unsubstituted (R2 = H)
derivatives 5A or 6A. Interestingly, the cellular pMEK
inhibitory potency of these fluorinated compounds 5B and
6B increased, giving IC50 values of 22 and 81 nM, respectively.
However, in spite of attractive cellular activity with improved
BRAF selectivity, oral absorption for the ureide series was
found to be extremely low with AUC0−8 h values of 0.058−
0.431 μg h/kg at a dose of 10 mg/kg in mice.
Next, we evaluated the acetamide derivatives (X = CH2, R

2 =
H) having a CF3 group in three different positions as shown in
Table 4. Meta-substitution of the CF3 group (8A) showed
notably enhanced BRAF inhibition, with potency at least 7-fold
greater than that for the ortho (7A)- and para-substituted (9A)
derivatives (IC50 values: m-, 1.3 nM; p-, 9.5 nM; o-, 14 nM).
Reflecting the remarkable increase in BRAF inhibitory potency
for 8A, we observed that the V/B ratio increased to 120. These
results encouraged us to synthesize fluorine derivative 8B (R2 =
F). As we expected, compound 8B showed a promising
enzymatic profile for both BRAF inhibition (IC50: 2.4 nM) and
BRAF selectivity (V/B ratio: 67). In addition, this fluorinated
derivative also exhibited potent cellular pMEK activity with an
IC50 value of 75 nM. Furthermore, the pharmacokinetic (PK)
evaluation of m-CF3 derivatives 8A,B showed significantly
improved oral absorption with respective AUC values of 3.782
and 2.482 μg h/kg in mice, compared with those of the o- and
p-CF3 derivatives. On the basis of promising BRAF potency,
selectivity, and good PK, compound 8B was selected for further
evaluation.
X-ray Cocrystal Structural Analysis of 8B with BRAF.

We determined the X-ray cocrystal structure of 8B bound to
BRAF kinase (Figure 5).29 The BRAF cocrystal structure (PDB
code: 4KSP) revealed that the optimal compound 8B is
accommodated by the DFG-out conformation of BRAF, as we
expected. Within the adenine site, the 1,3-benzothiazole-2-
amide moiety forms two hydrogen bonds between the carbonyl
of Cys532 and the NH of the 2-amide (3.0 Å), and between the
NH of Cys532 and the N-3 nitrogen (3.4 Å). Since the
measured distance between the carbonyl oxygen of the 2-amide
and the S-1 sulfur (2.9 Å) is shorter than the sum of the
corresponding van der Waals radii of the oxygen and sulfur
atoms (3.32 Å),30 the conformation of the 2-amide with respect
to the 1,3-benzothiazole scaffold is held in a planar
conformation by the sulfur−carbonyl interaction. These results
for 8B are consistent with those for 1 that we previously

reported.15,18 Furthermore, it was also shown that the
phenylacetamide linker of 8B forms significant hydrogen
bonds between the carboxylate of Glu501 and the NH of the
acetamide (3.1 Å), and between the NH of Asp594 and the
carbonyl of the acetamide (2.8 Å). The methylene of the
phenylacetamide linker X in 8B seems to be important for
providing enough flexibility to fit into the back pocket of BRAF.
To clarify the importance of the phenylacetamide linker in

8B, we also obtained an X-ray cocrystal structure of ureide 5B
(PDB code: 4KSQ).31 The only difference between 8B and 5B
is the linker X (8B, CH2; 5B, NH) (Figure 6). This single

change resulted in an approximately 20-fold increase in BRAF
inhibitory activity for 8B (IC50: 2.4 nM) compared with that for
5B (IC50: 49 nM). The cocrystal structural analysis revealed
that the m-CF3-substituted benzene moieties of both 8B and
5B bind to the hydrophobic back pocket as we had envisioned
(Figure 6A,B). In the cocrystal structure of 8B, the phenyl-
acetamide linker anchors the benzene moiety into a twisted
orthogonal conformation with a dihedral angle of 88° at the

Figure 5. X-ray cocrystal structure of 8B bound to BRAF (2.93 Å
resolution).

Figure 6. X-ray cocrystal structures of BRAF bound to acetamide
derivative 8B and of BRAF bound to the corresponding ureide
derivative 5B. (A) Trifluoromethyl-substituted benzene of 8B in the
back pocket region. (B) Trifluoromethyl-substituted benzene of the
corresponding ureide 5B in the back pocket region. (C) Binding mode
of acetamide 8B with Glu501 and Asp594 (2.93 Å resolution). (D)
Binding mode of ureide 5B with Glu501 and Asp594 (3.30 Å
resolution).
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CH2 position (Figure 6C). However, the ureide 5B shows a
decreased dihedral angle of 20° at the corresponding NH
position (Figure 6D). Since it is known that the acetamide
linker provides more flexible conformations in a protein than
the ureide moiety does,32 the flexibility of phenylacetamide
derivative 8B allows optimal hydrophobic interaction between
an 88° twisted m-CF3-substituted benzene and a hydrophobic
back pocket. We assume that this conformational change could
account for the increase in RAF inhibition for 8B.
Kinase Inhibitory Profiles of Compound 8B. The kinase

inhibitory profile of compound 8B against 26 different kinases
is summarized in Table 5. Compound 8B showed potent

single-digit nanomolar inhibitory activity against BRAF(wt) and
CRAF (BRAF(wt) IC50, 8.3 nM; CRAF, 1.4 nM). In addition,
compound 8B inhibited Aurora B with an IC50 value of 66 nM.
Another 8 out of 26 kinases, such as PDGFRβ, FGFR3, GSK3β,
CDK2, P38α, PDGFRα, TIE2, and CDK1 were inhibited by 8B
with a range of IC50 values from 120−790 nM. CHK1, IKKβ,
and MEK1 were inhibited over an IC50 range of 1400−1700
nM. No significant inhibition was observed against the other 12
kinases assayed. On the basis of these preclinical results,
compound 8B was found to be a selective kinase inhibitor
targeting the RAF family kinases.
Dissociation Kinetics of Compound 8B Using Surface

Plasmon Resonance Technology. To determine affinities
and kinetic rate constants, compound 8B was injected over
immobilized BRAF(V600E) or CRAF, and surface plasmon
resonance (SPR) was used to analyze the interaction (Biacore
T100, http://www.biacore.com/). Compound 8B showed
similar equilibrium dissociation constants (KD) against both
BRAF and CRAF by SPR (BRAF KD, 1.6 × 10−9; CRAF, 0.52
× 10−9; Table 6). The dissociation rate constant (koff) and the
residence time (t1/2) of 8B were 1.9 × 10−5 s−1 and 602 min for
BRAF, 9.0 × 10−5 s−1 and 129 min for CRAF (Table 6). The
dissociation parameters indicate that 8B has slow dissociation

kinetics (low koff) along with long residence time binding to
both BRAF and CRAF. In contrast, PLX4720,33 a precursor
analogue of vemurafenib (PLX4032), showed fast dissociation
kinetics and short residence time under the same assay
conditions (BRAF, koff = 3.3 × 10−2 s−1; t1/2 = 21 s; CRAF,
koff (1) = 2.2 × 10−3 s−1; t1/2 (1) = 5.3 min; koff (2) = 1.2 × 10−1

s−1; t1/2 (2) = 5.8 s). These results suggested that 8B is a slow
off-rate, pan-RAF inhibitor.

Time Dependent Inhibition Properties of 8B against
BRAF and CRAF. Some reported kinase inhibitors have been
recognized as slow off-rate inhibitors with long residence times
bound to the target protein.34,35 These long residence times
have been used to explain the potent drug properties found for
these compounds.36

We evaluated the biochemical activity of 8B against BRAF
and CRAF at two different ATP concentrations of Km (low)
and 1.0 mM (high, corresponding to 200-times the BRAF Km
and 2000-times the CRAF Km) and two preincubation times (0
and 1 h) (Table 7). With 1 h of preincubation time, 8B

inhibited BRAF and CRAF in an ATP competitive manner (at
low ATP concentrations BRAF IC50: 15 nM; CRAF: 8.1 nM).
The respective biochemical activity of 8B against BRAF and
CRAF reduced to IC50 values of 58 nM and 62 nM at high ATP
concentrations.
Next, we examined the activity of 8B with 1 h of

preincubation time for the assay. At low ATP concentration,
the inhibitory activity of 8B increased in a time-dependent
manner (BRAF IC50, 2.2 nM; CRAF, 1.5 nM). At high ATP
concentration, 8B showed still potent inhibitory activity for
both BRAF and CRAF (IC50: 3.3 nM and 5.0 nM, respectively).
These time-dependent inhibition properties with long residence
times suggested that 8B has the potential to demonstrate
efficient inhibition of both BRAF and CRAF in cells.

In Vitro Pharmacology of Compound 8B. Reflecting the
potent BRAF (V600E) inhibitory activity in vitro, compound
8B inhibited phosphorylation of MEK (pMEK) in melanoma
A375 cells (BRAFV600E) with an IC50 value of 12 nM (Table 8).
Downstream inhibition of ERK phosphorylation (pERK) was
also observed in A375 cells with an IC50 value of 16 nM. Next,
we also evaluated the cellular activity of 8B against human
melanoma HMVII cells (NRASQ61K/BRAFG469V), which have
been reported to be insensitive to selective BRAF(V600E)
inhibitors such as vemurafenib.14 In HMVII cells, signal
transduction of the MAPK cascade is thought to be activated
by mutated NRAS through the downstream BRAF(wt) and
CRAF. However, continuous inhibition of BRAF or CRAF by
the corresponding siRNA has been shown to induce down-
stream inhibition in cells with RAS mutation.12 Interestingly,

Table 5. Kinase Selectivity of Compound 8B

kinase IC50 (nmol/L)
a kinase IC50 (nmol/L)a

BRAF (wt) 8.3 (4.9−14)b PKA >10000
C-RAF 1.4 (0.75−2.6)b PKCθ >10000
FGFR3 280 CHK1 1400
PDGFRα 610 CK1δ >10000
PDGFRβ 120 ERK1 >10000
EGFR >10000 CDK1 790
Her2 >10000 CDK2 580
TIE2 740 Aurora B 66
c-Met >10000 p38α 600
c-Kit >10000 JNK1 >10000
Src >10000 GSK3β 500
IR >10000 MEK1 3700
IKKβ 3700 MEKK1 >10000

an = 2. b95% confidence intervals are in parentheses.

Table 6. Dissociation Kinetics of 8B Measured by SPR

KD
a apparent koff

b (sec−1) dissociation half-life (min)

BRAF 1.6 × 10−9 1.9 × 10−5 602
CRAF: 5.2 × 10−10 9.0 × 10−5 129

aKD: equilibrium dissociation constant, bKoff: dissociation rate
constant.

Table 7. Biochemical Activities of 8B against BRAF(V600E)
and CRAF with Differing Preincubation Times (0 or 1 h)
and under Different ATP Concentrations: Km (Low) or 1000
μM (High)

kinase IC50 (nmol/L)a

preincubation time: 0 h 1 h

ATP concentration: Km
b 1000 μM Km

b 1000 μM

BRAF(V600E): 15 58 2.2 3.3
CRAF: 8.1 62 1.5 5.0

an = 2. bKm concentration of ATP; BRAF(V600E), [ATP] = 5 μM.
CRAF: [ATP] = 0.5 μM.
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8B demonstrated strong inhibition of pMEK and pERK in
HMVII cells with IC50 values of 49 nM and 50 nM, respectively
(Table 8). Furthermore, antiproliferative activity of 8B was
potent in both A375 and HMVII cells with GI50 values of 66
nM and 200 nM, respectively. On the basis of these preclinical
results, compound 8B was identified as an antitumor drug
development candidate for patients with either BRAFV600E or
NRAS mutation, based on its apparent suppression of RAF
dimer feedback activation presumably caused by its slow off-
rate and pan-RAF inhibitory profile.
Pharmacokinetic Profile and in Vivo Studies of

Compound 8B in Rats. In a pharmacokinetic study,
compound 8B was administered using a solid dispersion
(SD) formulation based on our previous research15 because 8B
showed low solubility (<0.02 μg/mL) in pH 6.8 phosphate
buffer.37 An SD formulation of 8B demonstrated dramatically
improved solubility (740 μg/mL) in pH 6.8 phosphate buffer
and exhibited significant oral absorption (at a dose of 25 mg/
kg, AUC, 32.47 μg h/mL; F, 51.7%) in rats (Table 9). In a dog
PK study, 10 mg/kg administration of the SD formulation of
8B also showed superior oral bioavailability (F: 108%).
In vivo efficacy of 8B was evaluated using an SD formulation

in a human melanoma A375 (BRAFV600E) xenograft model in
F344 nude rats. Reflecting the potent in vitro pMEK inhibition,
oral single administration of 8B inhibited pERK in tumors at 8
h after its administration over a dose range of 1.9−24.1 mg/kg
(Figure 7). In particular, 9.7−24.1 mg/kg dosing with 8B
strongly inhibited pERK levels to 11% of the control. We
examined the antitumor efficacy of 8B administered twice daily
for 14 days in an A375 xenograft model in rats (Figure 8).
Compound 8B exhibited dose-dependent antitumor efficacy
without severe body weight reduction over a dose range of 3.9−
24.1 mg/kg. Significant tumor regression was observed at 9.7
mg/kg and 24.1 mg/kg (T/C = −2.1% and −12.1%,
respectively).
Next, antitumor effects of 8B in a human melanoma HMVII

(NRASQ61K/BRAFG469V) xenograft model were evaluated in rats
(Figure 9). In this study, 8B was orally administered as an SD
formulation and suppressed the growth of HMVII tumors with

T/C values of 52%, 26%, and 0% at doses of 3.9 mg/kg, 9.7
mg/kg, and 24.1 mg/kg, respectively. This antitumor efficacy
was dose-dependent and significant (p < 0.025) compared with
that of the vehicle control at all three doses. In this model, the
HMVII tumor induced cancer cachexia and resulted in
approximately 6% body weight loss in the vehicle control
group over the 14-day administration period (body weight
change: −8.6 g for the vehicle and +16.5 g for nontumor
bearing). Interestingly, dose-dependent recovery of body
weight loss was observed. In particular, the group at 24.1
mg/kg showed no signs of body weight loss (body weight
change: +28.4 g). Recently, other DFG-out type (Type II)
inhibitors were reported to have the potential to induce RAF
dimerization and feedback activation in BRAFwt cells, similar to
DFG-in type (Type I) inhibitors.38 Some inhibitors are not able
to inhibit activated MAPK signaling in BRAFwt normal cells at
their projected efficacious doses and induce hyperplasia in
animal models.39 However, a study of our DFG-out type
inhibitor 8B using an A375 (BRAFV600E) xenograft model
indicated that administration of 8B did not induce pERK
activation in normal skin tissues (BRAFwt) at projected
efficacious doses but slightly inhibited pERK at higher doses
of 25 and 50 mg/kg (Supporting Information, Figure S1).
Further characterization of how 8B inhibits the feedback
activation in BRAFwt cells is of great interest. The results of
detailed biological studies of our compounds will be reported in
due course.

■ CONCLUSIONS
We designed and synthesized selective kinase inhibitors
targeting pan-RAF kinase activity. On the basis of the X-ray

Table 8. Cellular Activities of pan-RAF Inhibitor 8B

mutation statusa
mean IC50
(nmol/L)b

cell line BRAF NRAS pMEK pERK
proliferation GI50

(nmol/L)c

A375 V600E 12 16 66
HMVII G469V Q61K 49 50 200

aMutational status determined from the Sanger Institute database.
bNumbers represent average IC50 values derived from a Western blot
assay after 2 h of 8B administration. (n = 2). cNumbers represent
average GI50 derived from a ATPlite cell proliferation assay after 72 h
of 8B administration. (n = 3).

Table 9. Meana Pharmacokinetic Parameters for Compound 8B

dose (mg/kg) animal route CLtotal (mL/h/kg) Vdss (mL/kg) MRT (h) AUC0−24h (μg h/mL) % F (%)

1b rat iv 400 ± 29 1872 ± 71 4.69 ± 0.25 2.512 ± 0.18
25c rat oral 6.27 ± 0.37 32.47 ± 4.68 51.7 ± 8.3
1b dog iv 704 ± 68 1568 ± 226 2.23 ± 0.27 1.429 ± 0.13
10c dog oral 7.12 ± 0.76 15.48 ± 2.00 108 ± 8.0

aValues shown are the mean ± SD of data (n = 3). bDelivered in 1,3-butane-diol/DMA (1:1). cDelivered as a solid dispersion formulation (8B/
hydroxypropyl methylcellulose phthalate = 20:80).

Figure 7. Mean (n = 3; *P ≤ 0.025 compared with vehicle by the
Shirley−Williams’ test) phosphorylated ERK1/2 levels in the tumor in
a human melanoma A375 (BRAFV600E mutant) xenograft model in
rats, at 8 h after oral administration of 8B. Data were detected by
Western blotting. The solid dispersion formulation (8B/hydrox-
ypropyl methylcellulose phthalate = 20:80) was delivered in distilled
water.
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cocrystal structures of compound 1 with both BRAF (PDB
code: 4DBN) and VEGFR2 (PDB code: 3VNT), C-7
substitution of lead compound 2 proved to be a fruitful
approach to enhancing RAF inhibitory potency relative to
VEGFR2. These novel compounds were efficiently prepared by
the regioselective C-7-substituted 1,3-benzothiazole ring
formation reaction of meta-substituted anilines with KSCN
and bromine. Various substituents, such as NO2, CN, and
CO2Me, provided good regioselectivity. Among these scaffolds,
the 7-cyano derivatives showed enhanced BRAF selectivity over
VEGFR2 as well as potent cellular pMEK inhibitory activity.
Subsequent optimization of the ring B−linker−ring C

domain provided the m-CF3-substituted phenylacetamide
derivative 8B as a potent pan-RAF inhibitor with favorable in
vitro activity (BRAF(V600E) IC50, 2.4 nM; BRAF(wt), 8.3 nM;
CRAF, 1.4 nM; pMEK (A375) IC50, 12 nM; pMEK (HMVII),
49 nM; V/B ratio, 67). In addition, compound 8B was shown

preclinically to be a selective kinase inhibitor targeting pan-RAF
kinase activity by testing against a panel of kinases. X-ray
cocrystal structure analysis revealed that 8B occupies the ATP
site of BRAF in the DFG-out conformation. Furthermore, the
flexible acetamide linker provides a more twisted conformation
for ring C that can interact more effectively with the
hydrophobic back pocket than is observed for the ureide
derivative (dihedral angles of 88° for the acetamide linker and
20° for the ureide linker).
An SPR study revealed that compound 8B is a slow off-rate

inhibitor of both BRAF and CRAF. Reflecting the slow off-rate
property, compound 8B demonstrated potent inhibitory
activity even at high ATP concentration (BRAF(V600E) IC50,
3.3 nM; CRAF, 5.0 nM) with 1 h of preincubation in a
biochemical assay.

Figure 8. Antitumor activity of a solid dispersion of 8B (p.o., b.i.d.) in
human melanoma A375 (BRAFV600E mutant) bearing F344 nude rats
(A) Mean (n = 4; *P ≤ 0.025 compared with the vehicle at day 14 by a
one-tailed Shirley Williams’ test) tumor volumes. (B) Mean (n = 4; *P
≤ 0.025 compared with the vehicle at day 14 by a one-tailed Shirley
Williams’ test) body weight change. The solid dispersion formulation
(8B/hydroxypropyl methylcellulose phthalate =20:80) was delievered
in distilled water.

Figure 9. Antitumor activity of a solid dispersion of 8B in human
melanoma HMVII (NRASQ61K/BRAFG469V mutant) bearing F344 nude
rats (A) Mean (n = 4; *P ≤ 0.025 compared with the vehicle at day 14
by a one-tailed Shirley Williams’ test) tumor volumes. (B) Mean (n =
4; *P ≤ 0.025 compared with the vehicle at day 14 by a one-tailed
Shirley Williams’ test) body weight change. The solid dispersion
formulation (8B/hydroxypropyl methylcellulose phthalate = 20:80)
was delievered in distilled water.
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In vitro pharmacological studies revealed that compound 8B
possesses significant cellular activity against BRAFV600E and
NRAS mutated cancer cell lines. In vivo pharmacological
evaluation in a melanoma A375 (BRAFV600E) xenograft model
in rats revealed potent inhibition of the MAPK cascade in
tumor cells after a single oral administration of 8B at doses of
4−25 mg/kg. Furthermore, twice daily, 14 days of repetitive
administration of 8B demonstrated regressive antitumor
efficacy at doses of 4−25 mg/kg without body weight changes.
Moreover, compound 8B induced regression in HMVII
(NRASQ61K) tumors and restored body weight loss derived
from HMVII tumor-induced cachexia.
These results suggested that slow off-rate pan-RAF inhibitors

could represent a second generation of RAF inhibitors to be
tested in the clinic for the treatment of human cancer harboring
either BRAFV600E or NRAS mutation. Along with another pan-
RAF inhibitor MLN2480 under phase I clinical study by
Takeda,40 we selected compound 8B (TAK-632) as an
alternative development candidate.

■ EXPERIMENTAL SECTION
General Chemistry Information. The starting materials,

reagents, and solvents for reactions were of reagent grade and were
used as purchased. Thin-layer chromatography (TLC) was carried out
using Merck Kieselgel 60, 63−200 mesh, F254 plates, or Fuji Silysia
Chemical Ltd., 100−200 mesh, NH plates. Chromatographic
purification was carried out using silica gel (Merck, 70−230 mesh)
or basic silica gel (Fuji Silysia Chemical Ltd., DM1020, 100−200
mesh). Melting points were obtained using an OptiMelt melting point
apparatus MPA100 and are uncorrected. Proton nuclear magnetic
resonance 1H NMR spectra were recorded using a Bruker AVANCE II
(300 MHz) spectrometer with tetramethylsilane (TMS) as an internal
standard. The NMR data are given as follows: chemical shift (δ) in
ppm, multiplicity (where applicable), coupling constants (J) in Hz
(where applicable), and integration (where applicable). Multiplicities
are indicated by s (singlet), d (doublet), t (triplet), q (quartet), dd
(doublet of doublets), dt, (doublet of triplets), ddd (doublet of
doublet of doublets), br s (broad singlet), or m (multiplet). MS
spectra were collected with a Waters LC-MS system (ZMD-1) and
were used to confirm ≥95% purity of each compound. The column
used was an L-column 2 ODS (3.0 × 50 mm I.D., CERI, Japan) with a
temperature of 40 °C and a flow rate of 1.2 mL/min. Mobile phase A
was 0.05% TFA in ultrapure water. Mobile phase B was 0.05% TFA in
acetonitrile, which was increased linearly from 5% to 90% over 2 min
and 90% over the next 1.5 min, after which the column was
equilibrated to 5% for 0.5 min. Elemental analyses (Anal.) and high-
resolution mass spectroscopy (HRMS) were carried out at Takeda
Analytical Laboratories, Ltd. Yields were not optimized.
Methyl 6-[3-({[3-(1-Cyano-1-methylethyl)phenyl]carbonyl}-

amino)phenoxy]-2-[(cyclopropylcarbonyl)amino]-1,3-benzothia-
zole-7-carboxylate (3b). To a solution of methyl 2-amino-6-[3-({[3-
(1-cyano-1-methylethyl)phenyl]carbonyl}amino)phenoxy]-1,3-benzo-
thiazole-7-carboxylate 11b (0.92 g, 1.88 mmol) in pyridine (5 mL) was
added cyclopropanecarbonyl chloride (371 μL, 4.1 mmol), and the
mixture was stirred at room temperature for 2 h. The reaction mixture
was concentrated under reduced pressure. The obtained residue was
diluted with EtOAc (100 mL), washed with water (100 mL) and brine
(100 mL), successively, and dried over anhydrous Na2SO4. Insoluble
material was filtered off, and the filtrate was concentrated under
reduced pressure. The obtained residue was suspended in MeOH (10
mL), and Na2CO3 (250 mg) was added to the mixture. The mixture
was stirred at room temperature for 4 h. The reaction mixture was
diluted with EtOAc (100 mL), washed with water (100 mL) and brine
(100 mL), successively, and dried over anhydrous Na2SO4. Insoluble
material was filtered off, and the filtrate was concentrated under
reduced pressure. The obtained residue was successively purified by
basic silica gel column chromatography (40−100% EtOAc in n-
hexane) and silica gel column chromatography (40−60% EtOAc in n-

hexane), and the obtained solution was concentrated under reduced
pressure. The residue was recrystallized from EtOAc/n-hexane to give
3b (706 mg, 68%) as pale-yellow crystals; mp 143−145 °C. 1H NMR
(DMSO-d6, 300 MHz): δ 0.98 (d, J = 4.2 Hz, 4H), 1.73 (s, 6H), 1.96−
2.08 (m, 1H), 3.81 (s, 3H), 6.72−6.79 (m, 1H), 7.25 (d, J = 8.7 Hz,
1H), 7.31−7.42 (m, 2H), 7.49−7.63 (m, 2H), 7.69−7.77 (m, 1H),
7.88 (dt, J = 7.7, 1.3 Hz, 1H), 7.97 (t, J = 1.7 Hz, 1H), 8.01 (d, J = 8.7
Hz, 1H), 10.31 (s, 1H), 12.69 (br s, 1H). MS (ESI+) m/z 555.25 (M
+ H)+. Anal. Calcd for C30H26N4O5S·0.4H2O: C, 64.13; H, 4.81; N,
9.97. Found: C, 64.17; H, 4.81; N, 9.84.

N-[3-({7-Cyano-2-[(cyclopropylcarbonyl)amino]-1,3-benzothia-
zol-6-yl}oxy)phenyl]-3-(1-cyano-1-methylethyl)benzamide (3c). To
a solution of N-{3-[(2-amino-7-cyano-1,3-benzothiazol-6-yl)oxy]-
phenyl}-3-(1-cyano-1-methylethyl)benzamide 11c (150 mg, 0.33
mmol) in pyridine (2 mL) was added cyclopropanecarbonyl chloride
(59 μL, 0.66 mmol), and the mixture was stirred at room temperature
for 2 h. The reaction mixture was concentrated under reduced
pressure. The residue was suspended in EtOAc (50 mL), washed with
5% aqueous NaHCO3 solution (50 mL) and brine (50 mL),
successively, and dried over anhydrous Na2SO4. Insoluble material
was filtered off, and the filtrate was concentrated under reduced
pressure. The obtained residue was purified by silica gel column
chromatography (30−100% EtOAc in n-hexane), and the obtained
solution was concentrated under reduced pressure. The residue was
recrystallized from EtOAc to give 3c (119 mg, 69%) as colorless
crystals; mp 273−275 °C. 1H NMR (DMSO-d6, 300 MHz): δ 0.90−
1.09 (m, 4H), 1.74 (s, 6H), 1.96−2.10 (m, 1H), 6.93 (dd, J = 2.1, 7.7
Hz, 1H), 7.20 (d, J = 8.9 Hz, 1H), 7.45 (t, J = 8.1 Hz, 1H), 7.54−7.68
(m, 3H), 7.70−7.81 (m, 1H), 7.91 (d, J = 7.9 Hz, 1H), 8.00 (t, J = 1.7
Hz, 1H), 8.05 (d, J = 8.9 Hz, 1H), 10.43 (s, 1H), 13.01 (br s, 1H). MS
(ESI) m/z 522.25 (M + H)+. Anal. Calcd for C29H23N5O3S: C, 66.78;
H, 4.44; N, 13.43. Found: C, 66.57; H, 4.46; N, 13.40.

The following compounds (3d) were prepared from the
corresponding 2-amino-1,3-benzothiazole derivatives (11d) with
cyclopropanecarbonyl chloride by a method similar to that described
for 3c.

3-(1-Cyano-1-methylethyl)-N-[3-({2-[(cyclopropylcarbonyl)-
amino]-7-nitro-1,3-benzothiazol-6-yl}oxy)phenyl]benzamide (3d).
Yield 79%, yellow crystals (recrystallized from EtOAc/n-hexane), mp
223−225 °C. 1H NMR (DMSO-d6, 300 MHz): δ 0.95−1.05 (m, 4H),
1.73 (s, 6H), 1.98−2.09 (m, 1H), 6.81−6.92 (m, 1H), 7.33−7.47 (m,
2H), 7.49−7.65 (m, 3H), 7.71−7.78 (m, 1H), 7.90 (dt, J = 7.8, 1.2 Hz,
1H), 7.99 (t, J = 1.7 Hz, 1H), 8.15 (d, J = 8.7 Hz, 1H), 10.38 (s, 1H),
12.90 (br s, 1H). MS (ESI) m/z 542.25 (M + H)+. Anal. Calcd for
C28H23N5O5S: C, 62.10; H, 4.28; N, 12.93. Found: C, 61.83; H, 4.36;
N, 12.70.

6-[3-({[3-(1-Cyano-1-methylethyl)phenyl]carbonyl}amino)-
phenoxy]-2-[(cyclopropylcarbonyl)amino]-1,3-benzothiazole-7-car-
boxylic Acid (3e). To a solution of 3b (570 mg, 1.02 mmol) in a mixed
solvent of THF/MeOH/H2O (3:1:1, 10 mL) was added LiOH·H2O
(150 mg, 3.66 mmol), and the mixture was stirred at room
temperature for 12 h. The reaction mixture was neutralized with 1
N HCl, diluted with EtOAc/THF (1:1, 200 mL), and washed with
water (100 mL). The organic layer was concentrated under reduced
pressure. The obtained residue was purified by silica gel column
chromatography (0−10% MeOH in EtOAc), and the obtained
solution was concentrated under reduced pressure to give 3e (300
mg, 54%) as a colorless amorphous solid. 1H NMR (DMSO-d6, 300
MHz): δ 0.90−1.01 (m, 4H), 1.72 (s, 6H), 1.94−2.09 (m, 1H), 6.70
(dd, J = 2.0, 8.0 Hz, 1H), 7.21 (d, J = 8.7 Hz, 1H), 7.27−7.36 (m, 2H),
7.47−7.61 (m, 2H), 7.68−7.77 (m, 1H), 7.87 (d, J = 7.7 Hz, 1H),
7.92−7.99 (m, 2H), 10.30 (s, 1H), 12.61 (s, 1H), 13.55 (br s, 1H). MS
(ESI) m/z 541.25 (M + H)+. Anal. Calcd for C29H24N4O5S·0.8H2O:
C, 62.76; H, 4.65; N, 10.09. Found: C, 62.75; H, 4.58; N, 9.93.

3-(1-Cyano-1-methylethyl)-N-[3-({2-[(cyclopropylcarbonyl)-
amino]-7-(hydroxymethyl)-1,3-benzothiazol-6-yl}oxy)phenyl]-
benzamide (3f). To a solution of 3e (200 mg, 0.369 mmol) in THF (8
mL) were added triethylamine (101 μL, 0.738 mmol) and iso-butyl
chloroformate (96 μL, 0.738 mmol) at 4 °C, and the mixture was
stirred at 4 °C for 30 min. Insoluble material was filtered off, and the
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filtrate was concentrated under reduced pressure. The obtained residue
was dissolved in THF (2 mL), and to the mixture were added NaBH4
(42 mg, 1.10 mmol) and MeOH (2 mL), and the mixture was stirred
at room temperature for 2 h. The reaction mixture was concentrated
under reduced pressure. The obtained residue was diluted with EtOAc
(20 mL), washed with 1 N HCl (5 mL), 5% aqueous NaHCO3
solution (10 mL) and brine (5 mL), successively, and dried over
anhydrous Na2SO4. Insoluble material was filtered off, and the filtrate
was concentrated under reduced pressure. The obtained residue was
purified by silica gel column chromatography (20−60% EtOAc in n-
hexane), and the obtained solution was concentrated under reduced
pressure to give 3f (108 mg, 55%) as pale yellow crystals; mp 152−153
°C. 1H NMR (DMSO-d6, 300 MHz) δ 0.90−1.00 (m, 4H), 1.73 (s,
6H), 1.93−2.07 (m, 1H), 4.74 (d, J = 5.1 Hz, 2H), 5.65 (t, J = 5.3 Hz,
1H), 6.66−6.77 (m, 1H), 7.09 (d, J = 8.5 Hz, 1H), 7.33 (t, J = 8.2 Hz,
1H), 7.37 (t, J = 2.2 Hz, 1H), 7.51 (dd, J = 0.9, 8.3 Hz, 1H), 7.57 (t, J
= 7.8 Hz, 1H), 7.65 (d, J = 8.7 Hz, 1H), 7.69−7.79 (m, 1H), 7.83−
7.92 (m, 1H), 7.97 (t, J = 1.8 Hz, 1H), 10.33 (s, 1H), 12.51 (br s, 1H).
MS (ESI) m/z 527.20 (M + H)+ . Ana l . Ca lcd for
C29H26N4O4S·0.25H2O: C, 65.58; H, 5.03; N, 10.55. Found: C,
65.65; H, 5.16; N, 10.42.
N-{7-Cyano-6-[3-({[2-(trifluoromethyl)phenyl]carbamoyl}amino)-

phenoxy]-1,3-benzothiazol-2-yl}cyclopropanecarboxamide (4A).
To a solution of 1-isocyanato-2-(trifluoromethyl)benzene (63 μL,
0.44 mmol) in DMF (2 mL) was added N-[6-(3-aminophenoxy)-7-
cyano-1,3-benzothiazol-2-yl]cyclopropanecarboxamide 22A (120 mg,
0.34 mmol) at room temperature. The mixture was stirred at room
temperature for 12 h and was diluted with EtOAc (10 mL). The
mixture was washed with 5% aqueous NaHCO3 (5 mL) and brine (5
mL), successively, dried over anhydrous Na2SO4, filtered, and
evaporated. The resulting material was purified by basic silica gel
column chromatography (60−100% EtOAc in n-hexane). Desired
fractions were combined and evaporated in vacuo. The oily residue
was crystallized from EtOAc (4 mL). The crystalline solid was
collected by filtration using 50% EtOAc in n-hexane to give 4A (107
mg, 58%) as colorless crystals; mp 181−183 °C. 1H NMR (DMSO-d6,
300 MHz): δ 0.89−1.07 (m, 4H), 1.93−2.13 (m, 1H), 6.64−6.90 (m,
1H), 7.10−7.23 (m, 2H), 7.24−7.33 (m, 1H), 7.32−7.43 (m, 2H),
7.62 (t, J = 7.6 Hz, 1H), 7.67 (d, J = 7.9 Hz, 1H), 7.88 (d, J = 8.1 Hz,
1H), 8.03 (d, J = 9.1 Hz, 1H), 8.10 (s, 1H), 9.53 (s, 1H), 13.00 (s,
1H). MS (ESI) m/z 538.2 (M + H)+. Anal. Calcd for
C26H18F3N5O3S·0.5H2O: C, 57.14; H, 3.50; N, 12.81, Found: C,
57.43; H, 3.79; N, 12.42.
The following compounds (5A,B and 6A,B) were prepared from

the corresponding aniline derivatives (22A,B) with the corresponding
isocyanate reagents by a method similar to that described for 4A.
N-{7-Cyano-6-[3-({[3-(trifluoromethyl)phenyl]carbamoyl}amino)-

phenoxy]-1,3-benzothiazol-2-yl}cyclopropanecarboxamide (5A).
Yield 28%, colorless crystals (recrystallized from EtOAc/n-hexane),
mp 269−270 °C. 1H NMR (DMSO-d6, 300 MHz): δ 0.83−1.12 (m,
4H), 1.91−2.16 (m, 1H), 6.77 (dd, J = 2.0, 8.0 Hz, 1H), 7.15 (d, J =
9.0 Hz, 1H), 7.20−7.44 (m, 4H), 7.44−7.66 (m, 2H), 7.96 (s, 1H),
8.03 (d, J = 9.0 Hz, 1H), 9.01 (s, 1H), 9.08 (s, 1H), 12.99 (s, 1H).
HRMS (ESI) calcd for C26H18F3N5O3S: 538.1155 [M + H]+. Found:
538.1117.
N-{7-Cyano-6-[4-fluoro-3-({[3-(trifluoromethyl)phenyl]-

c a rbamoy l } am ino )phenoxy ] - 1 , 3 - b en zo th i a zo l - 2 - y l } -
cyclopropanecarboxamide (5B). Yield 85%, colorless crystals
(recrystallized from EtOAc/n-hexane), mp 252−254 °C. 1H NMR
(DMSO-d6, 300 MHz): δ 0.98 (d, J = 4.9 Hz, 4H), 2.00 (br s, 1H),
6.69−6.94 (m, 1H), 7.09 (d, J = 8.9 Hz, 1H), 7.22−7.43 (m, 2H), 7.52
(d, J = 5.1 Hz, 2H), 7.85−8.10 (m, 3H), 8.85 (s, 1H), 9.46 (s, 1H),
12.97 (br s, 1H). HRMS (ESI) calcd for C26H17F4N5O3S: 556.1061
[M + H]+. Found: 556.1049.
N-{7-Cyano-6-[3-({[4-(trifluoromethyl)phenyl]carbamoyl}amino)-

phenoxy]-1,3-benzothiazol-2-yl}cyclopropanecarboxamide (6A).
Yield 94%, colorless crystals (recrystallized from EtOAc), mp 217−
218 °C. 1H NMR (DMSO-d6, 300 MHz): δ 0.93−1.08 (m, 4H),
1.99−2.07 (m, 1H), 6.74−6.85 (m, 1H), 7.17 (d, J = 9.0 Hz, 1H),
7.20−7.28 (m, 1H), 7.32−7.45 (m, 2H), 7.62 (s, 4H), 8.05 (d, J = 9.0

Hz, 1H), 9.01 (s, 1H), 9.13 (s, 1H), 13.00 (s, 1H). HRMS (ESI) calcd
for C26H18F3N5O3S 538.1155 [M + H]+. Found: 538.1107.

N-{7-Cyano-6-[4-fluoro-3-({[4-(trifluoromethyl)phenyl]-
c a r bamoy l } am ino )phenoxy ] - 1 , 3 - b enzo th i a zo l - 2 - y l } -
cyclopropanecarboxamide (6B). Yield 51%, colorless crystals
(recrystallized from acetone/n-hexane), mp 176−177 °C. 1H NMR
(DMSO-d6, 300 MHz): δ 0.84−1.22 (m, 4H), 1.86−2.07 (m, 1H),
6.68−6.92 (m, 1H), 7.13 (d, J = 8.9 Hz, 1H), 7.36 (dd, J = 9.1, 11.0
Hz, 1H), 7.55−7.73 (m, 4H), 7.91−8.13 (m, 2H), 8.87 (d, J = 2.5 Hz,
1H), 9.51 (s, 1H), 12.99 (s, 1H). MS (ESI) m/z 556.1 (M + H)+.
Anal. Calcd for C26H17F4N5O3S·1.0H2O: C, 54.45; H, 3.34; N, 12.21.
Found: C, 54.69; H, 3.23; N, 12.09.

N-{7-Cyano-6-[3-({[2-(trifluoromethyl)phenyl]acetyl}amino)-
phenoxy]-1,3-benzothiazol-2-yl}cyclopropanecarboxamide (7A).
To a solution of 2-(2-(trifluoromethyl)phenyl)acetic acid (138 mg,
0.68 mmol) in DMF (2 mL) was added 22A (120 mg, 0.34 mmol) at
room temperature. The mixture was stirred at room temperature for
12 h and was diluted with EtOAc (10 mL). The mixture was washed
with aqueous 5% NaHCO3 solution (5 mL) and brine (5 mL),
successively, dried over anhydrous Na2SO4, filtered, and evaporated.
The residue was purified by silica gel column chromatography (30−
100% EtOAc in n-hexane). Desired fractions were combined and
evaporated in vacuo. The crude material was crystallized from EtOAc
to give 7A (135 mg, 74%) as colorless crystals; mp 205−206 °C. 1H
NMR (DMSO-d6, 300 MHz): δ 0.82−1.12 (m, 4H), 1.94−2.14 (m,
1H), 3.90 (s, 2H), 6.85 (td, J = 4.5, 2.5 Hz, 1H), 7.16 (d, J = 9.1 Hz,
1H), 7.28−7.57 (m, 5H), 7.57−7.78 (m, 2H), 8.02 (d, J = 8.9 Hz,
1H), 10.35 (s, 1H), 12.98 (br s, 1H). MS (ESI) m/z 537.2 (M + H)+.
Anal. Calcd for C27H19F3N4O3S: C, 60.44; H, 3.57; N, 10.44. Found:
C, 60.28; H, 3.63; N, 10.42.

The following compounds (8A,B and 9A) were prepared from the
corresponding aniline derivatives (22A,B) with the corresponding
phenylacetic acids by a method similar to that described for 7A.

N-{7-Cyano-6-[3-({[3-(trifluoromethyl)phenyl]acetyl}amino)-
phenoxy]-1,3-benzothiazol-2-yl}cyclopropanecarboxamide (8A).
Yield 57%, colorless crystals (recrystallized from EtOAc/n-heptane),
mp 183−184 °C. 1H NMR (DMSO-d6, 300 MHz): δ 0.91−1.11 (m,
4H), 1.93−2.11 (m, 1H), 3.77 (s, 2H), 6.79−6.91 (m, 1H), 7.15 (d, J
= 9.0 Hz, 1H), 7.31−7.43 (m, 2H), 7.43−7.48 (m, 1H), 7.50−7.65 (m,
3H), 7.67 (s, 1H), 8.02 (d, J = 9.0 Hz, 1H), 10.38 (s, 1H), 12.99 (s,
1H). MS (ESI) m/z 537.0 (M + H)+. Anal. Calcd for C27H19F3N4O3S:
C, 60.44; H, 3.57; N, 10.44. Found: C, 60.28; H, 3.59; N, 10.42.

N-{7-Cyano-6-[4-fluoro-3-({[3-(trifluoromethyl)phenyl]acetyl}-
amino)phenoxy]-1,3-benzothiazol-2-yl}cyclopropanecarboxamide
(8B). Yield 60%, colorless crystals (recrystallized from EtOAc/n-
heptane), mp 209−210 °C. 1H NMR (DMSO-d6, 300 MHz): δ 0.89−
1.05 (m, 4H), 1.97−2.13 (m, 1H), 3.88 (s, 2H), 6.97 (dt, J = 8.7, 3.6
Hz, 1H), 7.08 (d, J = 9.0 Hz, 1H), 7.37 (dd, J = 9.1, 10.6 Hz, 1H),
7.49−7.64 (m, 3H), 7.68 (s, 1H), 7.83 (dd, J = 3.0, 6.4 Hz, 1H), 7.99
(d, J = 9.0 Hz, 1H), 10.21 (s, 1H), 12.97 (s, 1H). MS (ESI) m/z
555.50 (M + H)+. Anal. Calcd for C27H18F4N4O3S: C, 58.48; H, 3.27;
N, 10.10. Found: C, 58.40; H, 3.18; N, 9.99.

N-{7-Cyano-6-[3-({[4-(trifluoromethyl)phenyl]acetyl}amino)-
phenoxy]-1,3-benzothiazol-2-yl}cyclopropanecarboxamide (9A).
Yield 69%, colorless crystals (recrystallized from EtOAc), mp 233−
235 °C. 1H NMR (DMSO-d6, 300 MHz): δ 0.90−1.08 (m, 4H),
1.86−2.19 (m, 1H), 3.76 (s, 2H), 6.70−6.99 (m, 1H), 7.15 (d, J = 9.1
Hz, 1H), 7.30−7.41 (m, 2H), 7.45 (d, J = 1.7 Hz, 1H), 7.53 (d, J = 8.0
Hz, 2H), 7.68 (d, J = 8.0 Hz, 2H), 8.03 (d, J = 9.1 Hz, 1H), 10.39 (s,
1H), 13.00 (s, 1H). MS (ESI) m/z 537.2 (M + H)+. Anal. Calcd for
C27H19F3N4O3S: C, 60.44; H, 3.57; N, 10.44, Found: C, 60.35; H,
3.81; N, 10.20.

N-[3-(4-Amino-2-fluorophenoxy)phenyl]-3-(2-cyanopropan-2-yl)-
benzamide (10a). To a solution of 3-(2-cyanopropan-2-yl)-N-[3-(2-
fluoro-4-nitrophenoxy)phenyl]benzamide 15a (2.03 g, 4.83 mmol) in
90% EtOH in water were added Fe(0) (2.97 g, 53.1 mmol) and CaCl2
(95%, 1.41 g, 12.1 mmol). The mixture was refluxed for 12 h, and was
then cooled and filtered through a pad of Celite. The filtrate was
concentrated under reduced pressure. The residue was partitioned
between EtOAc (300 mL) and 5% aqueous NaHCO3 solution (300
mL). The organic layer was washed with water (2 × 200 mL) and
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brine (200 mL), successively, dried over anhydrous Na2SO4, filtered,
and evaporated. The residue was purified by silica gel column
chromatography (30−100% EtOAc in n-hexane). Desired fractions
were combined and evaporated to give 10a (1.94 g, 99%) as yellow
crystals; mp 77−78 °C. 1H NMR (DMSO-d6, 300 MHz): δ 1.74 (s,
6H), 5.34 (s, 2H), 6.35−6.44 (m, 1H), 6.49 (dd, J = 2.4, 13.2 Hz, 1H),
6.61−6.73 (m, 1H), 6.80−7.03 (m, 1H), 7.28 (t, J = 8.1 Hz, 1H), 7.36
(t, J = 2.1 Hz, 1H), 7.41−7.50 (m, 1H), 7.57 (t, J = 7.8 Hz, 1H), 7.67−
7.79 (m, 1H), 7.83−7.94 (m, 1H), 7.99 (t, J = 1.8 Hz, 1H), 10.31 (s,
1H). MS (ESI) m/z 390.05 (M + H)+.
Methyl 5-amino-2-[3-({[3-(1-cyano-1-methylethyl)phenyl]-

carbonyl}amino)phenoxy]benzoate (10b). To a solution of methyl
2-[3-({[3-(1-cyano-1-methylethyl)phenyl]carbonyl}amino)phenoxy]-
5-nitrobenzoate 15b (4.00 g, 8.70 mmol) in NMP/MeOH/THF
(2:4:1) (70 mL) was added 10% Pd/C (400 mg), and the mixture was
stirred at room temperature for 14 h under a hydrogen atmosphere (1
atm). Insoluble material was filtered off, and the filtrate was
concentrated under reduced pressure. The obtained residue was
diluted with EtOAc (200 mL), washed successively with water (2 ×
100 mL) and brine (2 × 100 mL), and dried over anhydrous Na2SO4.
Insoluble material was filtered off, and the filtrate was concentrated
under reduced pressure. The obtained residue was purified by basic
silica gel column chromatography (eluate: EtOAc), and the obtained
solution was concentrated under reduced pressure to give 10b (3.42 g,
92%) as a pale yellow oil. 1H NMR (DMSO-d6, 300 MHz): δ 1.74 (s,
6H), 2.69 (s, 3H), 5.33 (s, 2H), 6.44−6.63 (m, 1H), 6.71−6.96 (m,
2H), 7.07 (d, J = 2.6 Hz, 1H), 7.19−7.32 (m, 2H), 7.39−7.44 (m,
1H), 7.57 (t, J = 7.7 Hz, 1H), 7.68−7.80 (m, 1H), 7.83−7.94 (m, 1H),
7.98 (t, J = 1.7 Hz, 1H), 10.28 (s, 1H). MS (ESI) m/z 430.20 (M +
H)+.
The following compounds (10c) were prepared from the

corresponding nitro derivatives (15c) using Fe(0) and CaCl2 by a
method similar to that described for 10a.
N-[3-(4-Amino-2-cyanophenoxy)phenyl]-3-(1-cyano-1-

methylethyl)benzamide (10c). Yield 82%, yellow oil. 1H NMR
(DMSO-d6, 300 MHz): δ 1.74 (s, 6H), 5.48−5.66 (br s, 2H), 6.65−
6.80 (m, 1H), 6.86−7.05 (m, 3H), 7.34 (t, J = 8.1 Hz, 1H), 7.42 (t, J =
2.1 Hz, 1H), 7.48−7.55 (m, 1H), 7.58 (t, J = 7.8 Hz, 1H), 7.69−7.81
(m, 1H), 7.84−7.94 (m, 1H), 8.00 (t, J = 1.7 Hz, 1H), 10.35 (s, 1H).
MS (ESI) m/z 397.15 (M + H)+.
N-[3-(4-Amino-2-nitrophenoxy)phenyl ]-3-(1-cyano-1-

methylethyl)benzamide (10d). To a mixture of 3-(1-cyano-1-
methylethyl)-N-(3-hydroxyphenyl)benzamide 13 (20 g, 71.3 mmol)
and 4-fluoro-3-nitroaniline 14d (10.9 g, 69.9 mmol) in DMF (150
mL) was added Cs2CO3 (33.8 g, 104 mmol), and the mixture was
stirred at 80 °C for 16 h. The reaction mixture was cooled to room
temperature, and insoluble material was filtered off and washed with
EtOAc. The filtrate and washings were combined, and the mixture was
concentrated under reduced pressure. The obtained residue was
diluted with EtOAc (300 mL), washed successively with water (300
mL) and brine (2 × 150 mL), and dried over anhydrous Na2SO4.
Insoluble material was filtered off, and the filtrate was concentrated
under reduced pressure. The obtained residue was purified by basic
silica gel column chromatography (eluate: EtOAc), and the obtained
solution was concentrated under reduced pressure. The residue was
crystallized from EtOAc/n-hexane to give 10d (23.8 g, 82%) as red-
orange crystals; mp 137−138 °C. 1H NMR (DMSO-d6, 300 MHz): δ
1.74 (s, 6H), 5.71 (s, 2H), 6.61−6.74 (m, 1H), 6.93 (dd, J = 2.7, 8.7
Hz, 1H), 7.06 (d, J = 8.7 Hz, 1H), 7.20 (d, J = 2.7 Hz, 1H), 7.31 (t, J =
8.1 Hz, 1H), 7.39 (t, J = 2.1 Hz, 1H), 7.45−7.52 (m, 1H), 7.58 (t, J =
7.8 Hz, 1H), 7.68−7.79 (m, 1H), 7.90 (dt, J = 1.5, 7.8 Hz, 1H), 7.99
(t, J = 1.8 Hz, 1H), 10.33 (s, 1H). MS (ESI) m/z 417.15 (M + H)+.
Methyl 2-amino-6-[3-({[3-(1-cyano-1-methylethyl)phenyl]-

carbonyl}amino)phenoxy]-1,3-benzothiazole-7-carboxylate (11b).
Potassium thiocyanate (1.02 g, 10.5 mmol) was suspended in AcOH
(10 mL), and the mixture was stirred at room temperature for 10 min.
A solution of 10b (1.13 g, 2.62 mmol) in AcOH (10 mL) was added
to the obtained solution, and the mixture was further stirred at room
temperature for 10 min. A solution of bromine (460 mg, 2.88 mmol)
in AcOH (5 mL) was slowly added dropwise to the obtained solution,

and the mixture was stirred at room temperature for 3 h. The resulting
yellow insoluble material was filtered off and washed with AcOH. The
filtrate and washings were combined, and the mixture was
concentrated under reduced pressure. The obtained residue was
suspended in EtOAc (200 mL), washed successively with saturated
aqueous NaHCO3 solution (100 mL) and brine (2 × 100 mL), and
dried over anhydrous Na2SO4. Insoluble material was filtered off, and
the filtrate was concentrated under reduced pressure. The residue was
purified by basic silica gel column chromatography (40−100% EtOAc
in n-hexane), and the obtained solution was concentrated under
reduced pressure to give 11b (1.15 g, 90%) as a colorless solid; mp
115−116 °C. 1H NMR (DMSO-d6, 300 MHz) δ 1.73 (s, 6H), 3.74 (s,
3H), 6.65−6.73 (m, 1H), 7.06 (d, J = 8.7 Hz, 1H), 7.25−7.38 (m,
2H), 7.44−7.63 (m, 5H), 7.67−7.77 (m, 1H), 7.82−7.91 (m, 1H),
7.97 (t, J = 1.7 Hz, 1H), 10.29 (s, 1H). HRMS (ESI) calcd for
C26H22N4O4S: 487.1435 [M + H]+. Found: 487.1406.

The following compounds (11c,d and 12a) were prepared from the
corresponding aniline derivatives (10a,c,d) using KSCN, Br2, and
AcOH by a method similar to that described for 11b.

N-{3-[(2-Amino-7-cyano-1,3-benzothiazol-6-yl)oxy]phenyl}-3-(1-
cyano-1-methylethyl)benzamide (11c). Yield 81%, yellow solid, mp
179−182 °C. 1H NMR (DMSO-d6, 300 MHz): δ 1.74 (s, 6H), 6.81−
6.91 (m, 1H), 7.04 (d, J = 8.7 Hz, 1H), 7.41 (t, J = 8.1 Hz, 1H), 7.49−
7.67 (m, 4H), 7.69−7.80 (m, 1H), 7.84−7.95 (m, 3H), 8.00 (t, J = 1.7
Hz, 1H), 10.39 (s, 1H). HRMS (ESI) calcd for C25H19N5O2S:
454.1332 [M + H]+. Found: 454.1306.

N-{3-[(2-Amino-7-nitro-1,3-benzothiazol-6-yl)oxy]phenyl}-3-(1-
cyano-1-methylethyl)benzamide (11d). Yield 73%, yellow solid; mp
202−204 °C. 1H NMR (DMSO-d6, 300 MHz): δ 1.73 (s, 6H), 6.71−
6.88 (m, 1H), 7.21 (d, J = 8.7 Hz, 1H), 7.36 (t, J = 8.2 Hz, 1H), 7.44
(t, J = 2.1 Hz, 1H), 7.51−7.63 (m, 2H), 7.67−7.78 (m, 2H), 7.83−
7.93 (m, 3H), 7.98 (t, J = 1.7 Hz, 1H), 10.34 (s, 1H). MS (ESI) m/z
474.20 (M + H)+. Anal. Calcd for C24H19N5O4S·0.2H2O: C, 60.42; H,
4.10; N, 14.68. Found: C, 60.48; H, 4.14; N, 14.49.

N-{3-[(2-Amino-5-fluoro-1,3-benzothiazol-6-yl)oxy]phenyl}-3-(2-
cyanopropan-2-yl)benzamide (12a). Yield 57%, yellow crystals, mp
112−113 °C. 1H NMR (DMSO-d6, 300 MHz): δ 1.73 (s, 6H), 6.74
(dd, J = 2.0, 7.8 Hz, 1H), 7.25−7.37 (m, 2H), 7.40 (t, J = 2.0 Hz, 1H),
7.49−7.55 (m, 1H), 7.57 (t, J = 7.8 Hz, 1H), 7.61−7.69 (m, 3H),
7.70−7.78 (m, 1H), 7.85−7.92 (m, 1H), 7.98 (t, J = 1.6 Hz, 1H),
10.32 (s, 1H). HRMS (ESI) calcd for C24H19FN4O2S: 447.1286 [M +
H]+. Found: 447.1250.

3-(1-Cyano-1-methylethyl)-N-[3-(2-fluoro-4-nitrophenoxy)-
phenyl]benzamide (15a). To a mixture of 13 (2.0 g, 7.13 mmol) and
3,4-difluoronitrobenzene 14a (1.19 g, 7.49 mmol) in DMF (15 mL)
was added K2CO3 (1.48 g, 10.7 mmol) at room temperature. The
mixture was stirred at 80 °C for 18 h, and the mixture was partitioned
between EtOAc (200 mL) and water (200 mL). The organic layer was
washed with water (200 mL) and brine (200 mL), successively, and
dried over anhydrous Na2SO4. Insoluble material was filtered off, and
the filtrate was concentrated under reduced pressure. The obtained
residue was purified by silica gel column chromatography (EtOAc/n-
hexane), and the obtained solution was concentrated under reduced
pressure to give 15a (2.09 g, 70%) as a yellow oil. 1H NMR (DMSO-
d6, 300 MHz): δ 1.60−1.65 (m, 2H), 1.80−1.84 (m, 2H), 6.52 (dt, J =
6.6, 2.4 Hz, 1H), 7.09−7.14 (m, 2H), 7.32−7.33 (m, 1H), 7.54−7.56
(m, 2H), 7.80 (s, 1H), 7.84−7.88 (m, 1H), 9.43 (s, 1H), 10.16 (br s,
1H). MS (ESI) m/z 420.10 (M + H)+.

The following compounds (15b,c and 17A,B) were prepared from
the 4-fluoronitrobenzene derivatives (14b,c) and the corresponding
phenols (13 and 16A,B) using K2CO3 and DMF by a method similar
to that described for 15a.

Methyl 2-[3-({[3-(1-Cyano-1-methylethyl)phenyl]carbonyl}-
amino)phenoxy]-5-nitrobenzoate (15b). Yield 98%, colorless
crystals, mp 144−145 °C. 1H NMR (DMSO-d6, 300 MHz): δ 1.75
(s, 6H), 3.88 (s, 3H), 6.90−6.99 (m, 1H), 7.14 (d, J = 9.3 Hz, 1H),
7.43−7.53 (m, 1H), 7.55−7.64 (m, 1H), 7.64−7.71 (m, 2H), 7.72−
7.81 (m, 1H), 7.88−7.95 (m, 1H), 8.02 (t, J = 1.7 Hz, 1H), 8.41 (dd, J
= 3.0, 9.3 Hz, 1H), 8.64 (d, J = 3.0 Hz, 1H), 10.49 (s, 1H). MS (ESI)
m/z 460 (M + H)+.
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3-(1-Cyano-1-methylethyl)-N-[3-(2-cyano-4-nitrophenoxy)-
phenyl]benzamide (15c). Yield 94%, yellow oil. 1H NMR (DMSO-d6,
300 MHz): δ 1.75 (s, 6H), 7.01−7.19 (m, 2H), 7.55 (t, J = 8.1 Hz,
1H), 7.61 (t, J = 7.8 Hz, 1H), 7.68−7.80 (m, 2H), 7.81 (t, J = 2.1 Hz,
1H), 7.89−7.99 (m, 1H), 8.03 (t, J = 1.7 Hz, 1H), 8.48 (dd, J = 2.8, 9.4
Hz, 1H), 8.88 (d, J = 2.8 Hz, 1H), 10.56 (1H, s). MS (ESI) m/z 427
(M + H)+.
2-(3-Aminophenoxy)-5-nitrobenzonitrile (17A). Yield 66%, yellow

crystals (recrystallized from EtOAc/n-hexane), mp 131−133 °C. 1H
NMR (DMSO-d6, 300 MHz): δ 5.48 (s, 2H), 6.31−6.37 (m, 1H), 6.38
(t, J = 2.2 Hz, 1H), 6.51−6.58 (m, 1H), 7.03 (d, J = 9.4 Hz, 1H),
7.11−7.20 (m, 1H), 8.45 (dd, J = 2.8, 9.4 Hz, 1H), 8.82 (d, J = 2.8 Hz,
1H). MS (ESI) m/z 255.95 (M + H)+. Anal. Calcd for C13H9N3O3:C,
61.18; H, 3.55; N, 16.46. Found: C, 61.12; H, 3.46; N, 16.63.
2-(3-Amino-4-fluorophenoxy)-5-nitrobenzonitrile (17B). Yield

100%, beige crystals, mp 140−141 °C. 1H NMR (DMSO-d6, 300
MHz): δ 5.55 (s, 2H), 6.33−6.46 (m, 1H), 6.60 (dd, J = 3.0, 7.6 Hz,
1H), 7.02 (d, J = 9.4 Hz, 1H), 7.13 (dd, J = 8.7, 11.1 Hz, 1H), 8.44
(dd, J = 2.7, 9.4 Hz, 1H), 8.83 (d, J = 2.7 Hz, 1H). MS (ESI) m/z
273.95 (M + H)+. Anal. Calcd for C13H8FN3O3: C, 57.15; H, 2.95; N,
15.38. Found: C, 57.22; H, 2.96; N, 15.34.
N-[3-(2-Cyano-4-nitrophenoxy)phenyl]-2,2,2-trifluoroacetamide

(18A). To a solution of 17A (18 g, 70.5 mmol) in THF (150 mL) was
added trifluoroacetic anhydride (11.8 mL, 84.9 mmol) at 0 °C, and the
mixture was stirred at room temperature for 1.5 h. The reaction
mixture was diluted with EtOAc (500 mL), washed successively with
water (150 mL), 5% aqueous NaHCO3 solution (500 mL), and brine
(500 mL), and dried over anhydrous Na2SO4. Insoluble material was
filtered off, and the filtrate was concentrated under reduced pressure.
The obtained residue was purified by silica gel column chromatog-
raphy (10−40% EtOAc in n-hexane), and the obtained solution was
concentrated under reduced pressure to give 18A (16.6 g, 67%) as
beige crystals; mp 190−191 °C. 1H NMR (DMSO-d6, 300 MHz) δ
7.09 (d, J = 9.3 Hz, 1H), 7.17−7.22 (m, 1H), 7.54−7.63 (m, 1H),
7.63−7.72 (m, 2H), 8.42−8.49 (m, 1H), 8.89 (d, J = 2.6 Hz, 1H),
11.46 (br s, 1H). MS (ESI) m/z 351 (M + H)+. Anal. Calcd for
C15H8F3N3O4: C, 51.29; H, 2.30; N, 11.96. Found: C, 51.46; H, 2.33;
N, 12.04.
The following compound (18B) was prepared from the aniline

derivative (17B) using trifluoroacetic anhydride by a method similar to
that described for 18A.
N-[5-(2-Cyano-4-nitrophenoxy)-2-fluorophenyl]-2,2,2-trifluoroa-

cetamide (18B). Yield 93%, colorless crystals, mp 168−169 °C. 1H
NMR (DMSO-d6, 300 MHz): δ 7.06 (d, J = 9.4 Hz, 1H), 7.35−7.45
(m, 1H), 7.51−7.63 (m, 2H), 8.47 (dd, J = 2.8, 9.4 Hz, 1H), 8.88 (d, J
= 2.8 Hz, 1H), 11.51 (s, 1H). Anal. Calcd for C15H7F4N3O4: C, 48.79;
H, 1.91; N, 11.38. Found: C, 48.85; H, 2.02; N, 11.30.
The following compounds (19A,B) was prepared from the nitro

derivatives (18A,B) using H2 and 10% Pd/C by a method similar to
that described for 10b.
N-[3-(4-Amino-2-cyanophenoxy)phenyl]-2,2,2-trifluoroaceta-

mide (19A). Yield 99%, pale yellow oil. 1H NMR (DMSO-d6, 300
MHz): δ 5.55 (s, 2H), 6.81 (d, J = 8.1 Hz, 1H), 6.88−6.94 (m, 2H),
6.96−7.03 (m, 1H), 7.22 (t, J = 2.1 Hz, 1H), 7.32−7.42 (m, 1H),
7.41−7.50 (m, 1H), 11.28 (br s, 1H). MS (ESI) m/z 321.95 (M +
H)+. Anal. Calcd for C15H10F3N3O2: C, 56.08; H, 3.14; N, 13.08.
Found: C, 56.28; H, 3.17; N, 13.13.
N-[5-(4-Amino-2-cyanophenoxy)-2-fluorophenyl]-2,2,2-trifluor-

oacetamide (19B). Yield 99%, gray crystals, mp 136−137 °C. 1H
NMR (DMSO-d6, 300 MHz): δ 5.53 (s, 2H), 6.84−7.00 (m, 4H), 7.09
(dd, J = 3.2, 6.2 Hz, 1H), 7.33 (t, J = 9.5 Hz, 1H), 11.20 (br s, 1H).
MS (ESI) m/z 340.00 (M + H)+. Anal. Calcd for C15H9F4N3O2: C,
53.11; H, 2.67; N, 12.39. Found: C, 52.92; H, 2.80; N, 12.13.
The following compounds (20A,B) were prepared from the

corresponding aniline derivatives (19A,B) using KSCN, Br2, and
AcOH by a method similar to that described for 11b.
N-{3-[(2-Amino-7-cyano-1,3-benzothiazol-6-yl)oxy]phenyl}-2,2,2-

trifluoroacetamide (20A). Yield 81%, yellow crystals, mp 263−264
°C. 1H NMR (DMSO-d6, 300 MHz): δ 6.89−7.00 (m, 1H), 7.06 (d, J
= 8.9 Hz, 1H), 7.35 (t, J = 2.1 Hz, 1H), 7.44 (t, J = 8.1 Hz, 1H), 7.51−

7.59 (m, 1H), 7.63 (d, J = 8.9 Hz, 1H), 7.92 (s, 2H), 11.30 (s, 1H).
MS (ESI) m/z 379 (M + H)+. Anal. Calcd for C16H9F3N4O2S·0.5H2O:
C, 49.61; H, 2.60; N, 14.46. Found: C, 49.65; H, 2.86; N, 14.30.

N-{5-[(2-Amino-7-cyano-1,3-benzothiazol-6-yl)oxy]-2-fluoro-
phenyl}-2,2,2-trifluoroacetamide (20B). Yield 85%, pale yellow
crystals, mp 251−253 °C. 1H NMR (DMSO-d6, 300 MHz): δ 7.00
(d, J = 8.9 Hz, 1H), 7.10−7.19 (m, 1H), 7.26 (dd, J = 3.1, 6.1 Hz, 1H),
7.42 (t, J = 9.5 Hz, 1H), 7.62 (d, J = 8.9 Hz, 1H), 7.91 (s, 2H), 11.34
(s, 1H). MS (ESI) m/z 397 (M + H)+. Anal. Calcd for C16H8F4N4O2S:
C, 48.49; H, 2.03; N, 14.14. Found: C, 48.26; H, 2.26; N, 13.78.

The following compounds (21A,B) were prepared from the
corresponding 2-amino-1,3-benzothiazole derivatives (20A,B) with
cyclopropanecarbonyl chloride by a method similar to that described
for 3c.

N-(7-Cyano-6-{3-[(trifluoroacetyl)amino]phenoxy}-1,3-benzo-
thiazol-2-yl)cyclopropanecarboxamide (21A). Yield 82%, colorless
crystals (recrystallized from EtOAc), mp 243−244 °C. 1H NMR
(DMSO-d6, 300 MHz): δ 0.80−1.13 (m, 4H), 1.92−2.11 (m, 1H),
6.93−7.15 (m, 1H), 7.22 (d, J = 8.9 Hz, 1H), 7.35−7.73 (m, 3H), 8.06
(d, J = 9.0 Hz, 1H), 11.0−12.1 (br s, 1H), 12.2−13.4 (br s, 1H). MS
(ESI) m/z 446.95 (M + H)+.

N-(7-Cyano-6-{4-fluoro-3-[(trifluoroacetyl)amino]phenoxy}-1,3-
benzothiazol-2-yl)cyclopropanecarboxamide (21B). Yield 55%,
colorless crystals (recrystallized from EtOAc/n-hexane), mp 242−
243 °C. 1H NMR (DMSO-d6, 300 MHz): δ 0.95−1.05 (m, 4H),
1.97−2.09 (m, 1H), 7.16 (d, J = 9.0 Hz, 1H), 7.19−7.28 (m, 1H), 7.36
(dd, J = 3.0, 6.2 Hz, 1H), 7.46 (t, J = 9.5 Hz, 1H), 8.05 (d, J = 9.0 Hz,
1H), 11.36 (s, 1H), 12.99 (s, 1H). MS (ESI) m/z 465.1 (M + H)+.
Anal. Calcd for C20H12F4N4O3S: C, 51.73; H, 2.60; N, 12.06. Found:
C, 52.11; H, 2.85; N, 12.08.

N-[6-(3-Aminophenoxy)-7-cyano-1,3-benzothiazol-2-yl]-
cyclopropanecarboxamide (22A). Compound 21A (1.06 g, 2.37
mmol) was dissolved in a mixed solvent of THF/MeOH/H2O (1:1:1)
(75 mL), LiOH·H2O (1.05 g, 25.7 mmol) was added, and the mixture
was stirred at room temperature for 18 h. The reaction mixture was
neutralized with 1 N HCl and concentrated under reduced pressure.
The obtained precipitates were repeatedly washed with water to give
22A (0.79 g, 95%) as colorless crystals; mp 233−234 °C. 1H NMR
(DMSO-d6, 300 MHz): δ 0.90−1.14 (m, 4H), 1.96−2.11 (m, 1H),
5.33 (s, 2H), 6.18−6.30 (m, 2H), 6.37−6.49 (m, 1H), 6.98−7.07 (m,
1H), 7.10 (d, J = 9.1 Hz, 1H), 8.00 (d, J = 9.1 Hz, 1H), 12.96 (br s,
1H). MS (ESI) m/z 351.05 (M + H)+. Anal. Calcd for
C18H14N4O2S·0.5H2O: C, 60.15; H, 4.21; N, 15.59. Found: C,
60.31; H, 4.19; N, 15.57.

N-[6-(3-Amino-4-fluorophenoxy)-7-cyano-1,3-benzothiazol-2-yl]-
cyclopropanecarboxamide (22B). To a solution of NaBH4 (1.46 g,
38.6 mmol) in EtOH (20 mL) was added MeOH (0.5 mL). To this
suspension was added 21B (900 mg, 1.93 mmol) at 0 °C. The reaction
mixture was stirred at 0 °C for 0.5 h then at room temperature for 0.5
h. The mixture was diluted with EtOAc (20 mL), and the resulting
mixture was concentrated in vacuo. The resulting residue was diluted
with EtOAc (200 mL), washed successively with 5% aqueous
NaHCO3 solution (100 mL) and brine (2 × 100 mL), and dried
over anhydrous Na2SO4. Insoluble material was filtered off, and the
filtrate was concentrated under reduced pressure. The obtained residue
was purified by basic silica gel column chromatography (eluent:
EtOAc), and the obtained solution was concentrated under reduced
pressure. The residue was recrystallized from EtOAc/n-hexane to give
22B (611 mg, 85%) as colorless crystals; mp 196−197 °C. 1H NMR
(DMSO-d6, 300 MHz): δ 0.89−1.07 (m, 4H), 1.95−2.08 (m, 1H),
5.40 (s, 2H), 6.16−6.35 (m, 1H), 6.49 (dd, J = 3.0, 7.6 Hz, 1H), 6.96−
7.11 (m, 2H), 8.00 (d, J = 8.9 Hz, 1H), 12.94 (br s, 1H). MS (ESI) m/
z 369.1 (M + H)+. Anal. Calcd for C18H13FN4O2S: C, 58.69; H, 3.56;
N, 15.21. Found: C, 58.63; H, 3.58; N, 15.00.
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