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Abstract—A novel structural class of p38a MAP kinase inhibitors has been identified via iterative SAR studies of a focused deck
screen hit. Optimization of the lead series generated 6e, BMS-640994, a potent and selective p38a inhibitor that is orally efficacious
in rodent models of acute and chronic inflammation.
� 2008 Elsevier Ltd. All rights reserved.
The protein-based pharmacological blockade of pro-
inflammatory signaling molecules, specifically TNF-a
is emerging as an important therapeutic option for the
treatment of rheumatoid arthritis (RA) and other
inflammatory diseases.1,2 Upon activation, p38 mito-
gen-activated protein kinase (MAPK), a serine-threo-
nine kinase consisting of 4 isoforms, up-regulates the
biosynthesis of two pro-inflammatory cytokines, TNFa
and IL-1b.3 Accordingly, modulation of the p38 signal-
ing cascade has emerged as an attractive target for the
design of novel chemotherapeutic agents for the treat-
ment of inflammatory diseases.4–6 Expression of the
p38 MAPK isoforms varies across cell types of the im-
mune system and it is believed that the predominant iso-
form involved in inflammation is p38a.7

We have previously reported the in vitro and in vivo
evaluation of pyrrolo[2,1-f][1,2,4]triazine-based p38a
inhibitors (1, Fig. 1).8 In this letter, we report the discov-
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ery, in vitro SAR, and in vivo efficacy of 2-alkylamino-
5-carboxamidoaniline thiazole-derived p38a inhibitors.

A focused screen of internal kinase inhibitors identified
C2-alkylaminothiazole 2 (Fig. 1) as a moderately potent
p38a kinase inhibitor (IC50 39 ± 10 nM) with limited po-
tency in a cell-based functional assay measuring TNFa
biosynthesis (human PBMC IC50 � 1.5 lM).9 This com-
pound was originally derived from a program directed
towards identifying inhibitors of the tyrosine kinase
p56Lck (Lck IC50 140 nM for 2).10 We envisioned that
the structural diversity of this series relative to the previ-
ously studied pyrrolo[2,1-f][1,2,4]triazines would pro-
duce divergent in vitro and in vivo profiles.
Subsequently, we undertook an SAR effort aimed at
increasing p38a inhibition, cellular potency, and kinase
selectivity, with the goal of producing efficacious com-
pounds in multiple in vivo models of inflammation.

The compounds were synthesized according to the proce-
dures outlined in Schemes 1 and 2. Briefly, 2-bromothia-
zole-5-carboxylic acid (4) was coupled to a variety of aryl
amines to afford 5. Nucleophilic displacement of the C2
halogen with various amines was accomplished at
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Figure 1. BMS p38a inhibitors.
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Scheme 2. Reagents and conditions: (a) NBS, AIBN, CCl4, D, 54%; (b) 11 or 12, K2CO3, DMF, rt, 80–83%; (c) 1 N NaOH, THF, MeOH, 70–87%;

(d) EDC, CH2Cl2, 0 �C, 91–98%; (e) R1-NH2, EtOH, 150 �C, 50–80%.
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high temperature to afford analogs 3a–e and 6a–l. The
fused bicyclic aminothiazoles (13a–f) were prepared via
the bromination of thiazole 7 to give 8. Dibromide 8
was reacted with 11 or 12 to give 9a or 9b. Hydrolysis
of the ester was followed by EDC-mediated lactam
formation to afford the intermediate bromides 10a and
10b. These were reacted with a variety of amines to pro-
vide analogs 13a–f.

The synthesized C2-aminothiazole analogs were
screened and optimized for inhibition of human p38a
MAP kinase. Compounds with significant enzyme inhi-
bition (IC50 < 50 nM) were then evaluated in a human
lipopolysaccharide (LPS)-induced TNFa biosynthesis
assay in human peripheral blood mononuclear cells
(PBMCs).
Table 1 summarizes the in vitro potency of the C2 amino
variants of 2. Branched acyclic and cyclic C2 substitu-
tion was well tolerated in the p38a enzyme inhibition
assay. The aryl amine 3d had reduced enzyme inhibition
relative to 2, as did the C2 ethylamine analog 3a. In the
PBMC functional assay, 3c was potent, whereas 3b was
inactive in this assay.

The inability to significantly enhance p38a and TNFa
inhibition via C2 modification, combined with the lack
of Lck selectivity (i.e., 3e), prompted us to modify our
compound design strategy. Based upon our previous
studies,8 we hypothesized that the replacement of the
aniline of 2 with the meta-substituted carboxamide ani-
lines found in 1 would enhance p38a kinase inhibition,
cellular potency, and selectivity for p38a against Lck.



Table 1. Preliminary C2 SAR

S
O

N H
N

Cl

N
H

R1

2

Compound R1 IC50 (nM)

p38aa TNFab Lckc

2 cyc-Propyl 39 1500 140

3a Ethyl 140 ntd

3b n-Propyl 28 >2000

3c i-Propyl 13 160

3d Phenyl 62 ntd

3e cyc-Butyl 36 ntd 3310

a Compounds were assayed in triplicate. Variability around the mean

value was <50%.
b Compounds were typically assayed in duplicate.
c n = 1.
d nt, not tested.
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As shown in Table 2, >3-fold increases in p38a enzyme
and human PBMC potency were observed when
2-methyl-5-carboxamido anilines were substituted in
the place of 2-chloro-6-methyl aniline. A trend towards
an increased cellular potency was observed when the C2
substituent contained a branched aliphatic group (e.g.,
6c vs 6e and 6f). Ether incorporation within the C2
chain (6g) decreased enzyme and cellular potency. C5 0

heterocyclic amides (6j–l) were tolerated in both assays.
Table 2. Effect of the C2 and C5 0-substituents on enzymatic and cellular ac

S
O

N H
N

N
H

R1

2

Compound R1 R2

6a n-Propyl H

6b i-Propyl H

6c n-Propyl Me

6d i-Propyl Me

6e (R)-sec-butyl Me

6f (S)-sec-butyl Me

6g MeOCH2CH2 Me

6h n-Propyl Et

6i i-Propyl Et

6j i-Propyl N
N
H

6k i-Propyl N
N

6l i-Propyl O
N

a Compounds were assayed in triplicate. Assay variability was measured usin
b Compounds were typically assayed in duplicate. Assay variability was mea
c n = 1.
d nt = not tested.
In general, selectivity against Lck (>1000-fold) was ob-
served, with the exception of the amino-isoxazole 6l
(Lck IC50 380 nM).

The conformationally restricted fused lactams (13a–f)
had decreased p38a inhibition relative to the C4 unsub-
stituted analogs and, when tested, were weak inhibitors
in the PBMC functional assay (Table 3). C4 methyl
substituted analogs (14a,b, Table 3) had decreased
p38a enzyme inhibition and were not pursued further.

Advanced compounds were evaluated in a murine model
of acute inflammation (mouse LPS-TNFa). Criteria for
evaluation in this model included potent cell inhibition
of LPS-induced TNFa (IC50 < 15 nM) and reasonable
Caco-2 permeability (>75 nm/s).11 Several of the C5 0

methyl and ethyl amides met the above criteria and pro-
gressed into this model. Compounds were initially
screened at 5 mg/kg dosed orally, using a 4 h pre-dosing
interval to LPS challenge. A secondary screen using a
24 h pre-dosing interval was used to identify long-acting
potent inhibitors (Table 4). Compound 6e was effica-
cious in the 24 h pre-dosing protocol in mice and pro-
gressed into a dose–response study in rats, whereby an
oral ED50 of 2 mg/kg was obtained (Fig. 2).

Compound 6e was then subjected to advanced in vitro
pharmacological and profiling assays, some of which
are highlighted in Table 5. In addition to TNFa block-
ade, 6e inhibited LPS-induced IL-1b production in
tivity

N
H

O
R2

5'

IC50 (nM)

p38aa TNFab Lckc

4.1 23 ntd

3.2 35 >50,000

4.5 42 4800

3.5 8.7 >50,000

3.5 2.9 22,000

2.3 4.1 >50,000

22 >250

2.0 2.7 1900

3.4 11 >50,000

4.2 7.9 ntd

5.4 6.4 5800

3.8 1.0 380

g a standard control, <40% (n = 46).

sured using a standard control, <80% (n = 25).



Table 4. Inhibition of circulating TNFa in LPS-challenged mice dosed

orally with 5 mg/kg of compound

Entry Compound Dosing

interval (h)

% Inhiba Drug serum

Conc. (nM)

1 6d �4b 62 ± 11c 400 ±190

2 6f �4b 69 ± 8.9c 250 ± 46

3 6i �4b 68 ± 13c 330 ±110

4 6h �24 nad Not measured

5 6e �24 46 ± 31e Not measured

a Percent reduction in circulating TNFa, mean ± SD, n = 8 animals.
b Not active at 24 h pre-dosing interval.
c p < 0.001 versus vehicle, Student’s T-test.
d na, not active.
e p < 0.05 versus vehicle, Student’s T-test.
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Figure 2. Inhibition of LPS-induced TNFa in rats by compound 6e.12

Table 3. C4 substituent SAR and fused ring thiazoles
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14

4

Compound R1 R2 IC50 (nM)

p38aa TNFab

13a n-Propyl Me 270

13b i-Propyl Me 110

13c cyc-Pentyl Me 110

13d n-Propyl Et 160

13e i-Propyl Et 34 >250

13f cyc-Pentyl Et 53 240

14a Ethyl Et 330

14b n-Propyl Et 130

a Compounds were assayed in triplicate. Assay variability was mea-

sured using a standard control, <40% (n = 46).
b Compounds were typically assayed in duplicate. Assay variability

was measured using a standard control, <80% (n = 25).

Table 5. In vitro profiling data for compound 6e

Parameter Result

LPS-IL-1b IC50 99 ± 36 nM

WB LPS-TNFa IC50 54 ± 44 nM

WBLPS-IL-1b IC50 600 ± 397 nM

Metabolisma HLM, RLM, MLM 0.00b

CYP inhibitionc >40 lM 1A2, 2C9,2C19, 2D6, 3A4

hERGd 7% inhib at 30 lM

Kinases (�64) >1000-fold selective

p38b, c, dIC50 (nM) 1.5, > 30,000, > 30,000

Protein binding Human-82%; Rat-89%

Caco-2 permeability 83 nm/s

Aq. sol., pH 6.5 0.022 mg/mL

a HLM, human liver microsomes; RLM, rat liver microsomes; MLM,

mouse liver microsomes.
b nmol/min/mg.
c CYP, cytochrome P450.
d Patch clamp assay.

Table 6. Pharmacokinetic properties of 6e in rats

Parameter Valuea

iv dose (1 mg/kg)

t1/2 (h) 1.8

CL (mL/min/kg) 14.1

Vss (L/kg) 1.8

po dose (10 mg/kg)

Cmax (lM) 8.7 ± 2.2

AUC0–24h (lM-h) 25 ± 2.3

C24h (nM) 7.6 ± 3.5

%F 75

a Vehicle: PEG300. n = 3 animals.
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PBMCs (IC50 99 nM). Furthermore, in human whole
blood, LPS-induced TNFa and IL-1b were inhibited
with IC50 values of 54 and 600 nM, respectively. Across
multiple species, 6e had minimal liver microsomal turn-
over. Minimal hERG channel or Cyp isoform inhibition
was observed. When screened against a panel of kinases,
6e was shown to be highly selective for p38a. Among the
four p38 isoforms, only p38a and p38b were potently
inhibited (IC50 1.5 nM). The physiochemical properties
of 6e (protein binding, Caco-2 permeability, and aque-
ous solubility) are also summarized.

When dosed in rats, compound 6e was orally bioavail-
able (%F = 75), had moderate clearance, and a reason-
able half-life (Table 6). High levels of serum drug
levels were obtained (Cmax and AUC0�24h) through the
course of the study.
The favorable acute efficacy in rodents, in vitro profiling
data, and aforementioned PK properties supported the
advancement of 6e into the advanced disease models
of chronic inflammation. In the rat adjuvant-induced
arthritis model, 6e significantly inhibited disease pro-
gression at 1 and 3 mg/kg, (po, qd) as measured by
paw swelling (Fig. 3). A minimally efficacious dose of
0.3 mg/kg, (po, qd) for 6e was obtained (46% inhibition,
data not shown). Micro computed tomography (CT)
imaging of isolated rat hocks revealed that drug-treated
animals (0.3 mg/kg, po, qd) had minimal disease pro-
gression or bone degeneration.13

Compound 6e was co-crystallized with p38a MAP ki-
nase and the structure of the complex was determined
via X-ray diffraction (Fig. 4). Consistent with previous
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Figure 3. Efficacy of Compound 6e in the Rat Adjuvant Arthritis
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Figure 4. X-ray structure of 6e co-crystallized with p38a.16
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p38a inhibitors containing a meta-substituted carbox-
amide aniline, the C5 0 carboxamide NH and CO form
hydrogen bonds with Glu71 (2.1 Å) and Asp168
(1.8 Å), respectively. The thiazole ring nitrogen forms
a hydrogen bond (2.0 Å) with the backbone NH of
Met109. An additional hydrogen bond interaction is
gained between the Met109 carbonyl and the C2 amine
NH (1.8 Å).14 The observed deleterious effects of C4
substitution (i.e., compounds 13–14) can be rationalized
from this structure due to the projection of the C4 sub-
stituent towards the His107-Thr106 region surface and
disruption of a Thr106 hydrogen bond interaction with
the pendant C5 amide NH. Examination of recently
published Lck X-ray structures reveals a significant dif-
ference in the conformation of the inner region of the
activation loop (168–172 in p38 corresponding to 382–
386 in Lck).15 In the case of p38, the C5 0 benzamide car-
bonyl oxygen can engage in a H-bond to the backbone
NH at Asp168, while the trajectory of Glu71 is aimed
away from this region. In the case of Lck, the corre-
sponding Glu (Glu288) appears to be H-bonding to
the backbone NH at Phe383 (Phe169 in p38), which
may block a benzamide approach to the adjacent NH
(at Asp168).
In summary, a novel series of potent and selective C2-
alkylaminothiazole p38a MAP kinase inhibitors has
been identified. Structure–activity studies led to the dis-
covery of (R)-2-(sec-butylamino)-N-(2-methyl-5-(meth-
ylcarbamoyl)phenyl) thiazole-5-carboxamide 6e (BMS-
640994), which was orally efficacious in acute and
chronic models of inflammation. The molecular basis
for p38a kinase interactions for this class of inhibitors
has been established via X-ray crystallography.
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