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a b s t r a c t

A novel series of highly potent and selective p38 MAP kinase inhibitors was developed originating from a
substituted N-aryl-6-pyrimidinone scaffold. SAR studies coupled with in vivo evaluations in rat arthritis
model culminated in the identification of 10 with excellent oral efficacy. Compound 10 exhibited a sig-
nificantly enhanced dissolution rate compared to 1, translating to a high oral bioavailability (>90%) in rat.
In animal studies 10 inhibited LPS-stimulated production of tumor necrosis factor-a in a dose-dependent
manner and demonstrated robust efficacy comparable to dexamethasone in a rat streptococcal cell wall-
induced arthritis model.

� 2011 Elsevier Ltd. All rights reserved.
Figure 1. Structures of pyridinone and pyrimidinone classes of p38 kinase
inhibitors.
p38 MAP kinase is a widely prosecuted disease target that has
resulted in the discovery of a variety of inhibitor classes with
diverse molecular architecture.1 This enzyme plays a pivotal role
in the MAP kinase signal transduction pathway resulting in the
production of inflammatory cytokines including TNF-a and
IL-1b.2 Modulation of these cytokines by ATP-competitive small
molecules has led to the generation of a variety of novel p38 inhib-
itors as potential therapeutics for the treatment of inflammatory
conditions including Crohn’s disease, psoriasis, and rheumatoid
arthritis (RA).3 Several of the p38 kinase inhibitors have advanced
into human clinical trials, and our own efforts have led to the
identification of a novel pharmacophore 1, (Fig. 1) as a clinical can-
didate for RA.4,5 This compound exhibits exceptional selectivity for
p38a (MAPK14) versus other kinases due to a unique binding
mode involving a dual H-bond motif, engaging Met109 and
Gly110 residues, with a flipped backbone conformation of Gly110
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from its apo state.6 The backbone flip occurs in p38a due to the
presence of the glycine in the hinge region, which has no side chain
and consequently has sufficient conformational flexibility to in-
duce a peptide backbone flip. In the human kinome, only p38b
and Myt-1 contain the corresponding glycine and a threonine at
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Scheme 2. Reagents and conditions: (k) NBS,dichloromethane, rt, 5 h; (i) isobutyl-
chloroformate, N-methylmorpholine, DMA 0 �C to rt; (l) 2-aminoethanol.

Scheme 3. Synthesis of C-5-methyl/ethyl pyrimidinones. Reagents and conditions:
(m) diethyl-2-alkyl-malonate, 25% NaOMe, 18-crown-6, dioxane, 70 �C; (n) MeI, rt;
(o) 2,4-difluorobenzylbromide, K2CO3, DMF, rt, 12 h; (p) Raney Ni, 70 �C, DMA, 6 h;
(q) 2 N NaOH, rt, citric acid; (r) 2 M Oxalyl chloride, DMF, DCM; (s) RNH2.
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the gatekeeper position, which provides a structural rationale for
the observed high level of selectivity.6

The 2-pyridinone lead 1(aS atropomer), despite its excellent
in vitro and in vivo activity profiles, suffers from poor solubility
which could lead to dissolution-limited absorption and potential
variability in oral bioavailability at projected clinical doses. Upon
examination of the X-ray structure of the 1-p38 complex,6 it was
evident that the N-methyl group is exposed to the solvent accessi-
ble region, which provided an opportunity to improve solubility
and pharmacokinetic properties. Furthermore, 1 is optically active
by virtue of its asymmetry introduced by restricted rotation
around the C–N bond between the 2-pyridinone ring and the
benzamide moiety. A chiral separation step is necessary for the
isolation of the aS atropomer. In order to overcome these issues
we initiated the synthesis of the corresponding pyrimidinone
analogs with reduced lipophilicity bearing polar amide substitu-
ents, represented by 2. This report discloses the synthesis,
structure–activity relationship studies leading to the discovery of
10 as a clinical candidate, and the X-ray crystallographic structure
of 10 bound to the ATP-binding site of the p38 enzyme.

As shown in Scheme 1, the synthesis of N-arylpyrimidinones
commenced with the formation of the 3-thioureidobenzoate
precursor 4, from methyl-3-amino-4-methylbenzoate 3 and potas-
sium thiocyanate in the presence of 4 N HCl. The pyrimidinone ring
was then assembled by the condensation of 4 with dimethylmalo-
nate in the presence of sodium methoxide, followed by methyla-
tion, to afford the 2-thio-methyl-4-hydroxy intermediate 5.
Reaction of 5 with 2,4-difluorobenzyl chloride in the presence of
potassium carbonate in N-methylpyrrolidine provided 6 in good
yield.

Desulfurization of 5 using Raney Ni presented a synthetic chal-
lenge due to over-reduction of the pyrimidinone core and poor
conversion to the desired product 7. However, optimal conditions
were established by carrying out the reaction in 2-propanol or
dimethylacetamide at 60 �C to give the pyrimidinone derivative 7
in 80% yield. In the next step, ester 7 was converted to the corre-
sponding acid 8 and subjected to chlorination using N-chlorosuc-
cinimide in dichloroethane in the presence of catalytic amounts
Scheme 1. Synthesis of 5-chloropyrimidinones. Reagents and conditions: (a) KSCN
(e) 2,4-difluorobenzylchloride, K2CO3 NMP rt; (f) Raney Ni, DMA, 80 �C 12 h; (g) 2 N N
65 �C; (i) isobutylchloroformate, N-methylmorpholine, DMA; (j) RNH2
of dichloroacetic acid to provide 9. The final compounds 10–14
were prepared by activation of 9 via the mixed anhydride forma-
tion, followed by coupling with amines.

Molecular modeling suggested a small hydrophobic pocket
around the 5-position of the pyrimidinone ring. In order to assess
its steric compatibility, the 5-bromo analog 16 was prepared in a
; (b) 4 N HCl, dioxane, 80 �C 20 h; (c) dimethylmalonate, NaOMe; (d) MeI;
aOH, dioxane rt, 1 h, 5% citric acid; (h) NCS, dichloroacetic acid, dichloroethane,
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similar manner as depicted in Scheme 2 using N-bromosuccini-
mide in place of N-chlorosuccinimide.

To further evaluate the role of steric and electronic effects at the
5-position, the synthesis of 5-methyl and 5-ethyl analogs 23 and
24 were undertaken as outlined in Scheme 3. Condensation of 4
with diethyl-2-methylmalonate in the presence of sodium ethox-
ide resulted in the formation of 17 in 87% yield. The corresponding
ethyl derivative 18 was obtained in 94% yield under similar
conditions.

In the next step, the 2,4-difluorobenzyl group was installed
using 2,4-difluorobenzyl bromide in the presence of K2CO3 to pro-
vide 19 and 20. Raney Ni assisted desulfurization provided 21 and
22 in good yields. These were converted to the target compounds
23 and 24 following hydrolysis, acid chloride formation using oxa-
lylchloride, and coupling with 2-aminoethanol.

To understand the importance of the oxygen linker at the C-4
position to the p38a binding affinity, preparation of the 4-thio
analog 29 was also carried out as depicted in Scheme 4. The aniline
ester 3 was converted to the cyanoacetamide precursor 25. Treat-
ment of 25 with diethyldithiophosphate furnished 26 in 90% yield.
Subsequent cyclization of 26 with methylformate followed by
installation of the 2,4-difluorobenzyl group provided 27.

Following the conversion of 27 to its acid derivative, chlorina-
tion was carried out to furnish 28. Activation of the carboxyl group
in 28 by conversion to the acid chloride and exposure to 2-amino-
ethanol afforded the final compound 29.

These new analogs 10–147 in general showed good potency
against p38a8 and in vitro metabolic stability.9 Although the diol
Scheme 4. Synthesis of 4-thio analog. (t) methylcyano acetate, DBU, xylene, reflux, 42
sodium methoxide; (w) 2,4-difluorobenzylbromide, K2CO3, rt; (x) N-chlorosuccinimide
2-aminoethanol. Following the conversion of 27 to its acid derivative, chlorination was c
acid chloride and exposure to 2-aminoethanol afforded the final compound 29.

Table 2
In vitro potency, metabolic stability, and in vivo activity of 5-methyl/ethyl-substituted-6-

Compound # R p38a
IC50(lM)

p38a
Ki(lM)

JNK2 IC50

(lM)
M
(

23 Methyl 0.038 0.017 >200 8
24 Ethyl 0.011 0.006 >200 7

Table 1
In vitro potency, metabolic stability, and in vivo activity of 5-chloro-substituted-6-pyrimi

Compound # p38a
IC50 (lM)

Met. stab.
(% remaining)

Rat LPS (%) Inh.of
TNFa @ 5 mpk

10 0.029 99 (Human) 97 (Rat) 95.2
11 0.03 100 (Human) 100 (Rat) 84.3
12 0.027 97 (Human) 100 (Rat) 91.5
13 0.012 96 (Human) 85 (Rat) 91.3
14 0.006 77 (Human)72 (Rat) 92.9
12 and the amide 14 exhibited improved solubility10 compared
to the hydroxyl-substituted compounds 10 and 13, they showed
significantly higher efflux ratios as measured by Caco-2 cell perme-
ability. While the amide analog 11 maintained excellent potency
against p38a it suffered from poor aqueous solubility. Unlike the
chloro analog 10, the corresponding bromo counterpart 16 was
found to be less soluble and less potent against p38a
(IC50 = 60 nM). Like 1, these substituted 6-pyrimidinones were
found to be highly selective versus JNK2 (IC50 >200 lM).

In an effort to expand the structural diversity of this class of
inhibitors, we synthesized the 5-methyl and 5-ethyl analogs 23
and 24, respectively. While these maintained good potency against
p38a and good inhibition of LPS-induced TNF-a production
(Table 2, we de-prioritized this series due to low aqueous
solubility.

The prominent role played by the oxygen linker is revealed by
the sulfur analog 29, which exhibited significantly decreased
potency (IC50 = 193 nM) to p38a.

Due to the superior potency (Ki = 6.4 nM) and low efflux ratio
displayed by 10, it was further evaluated in cellular assays and
in vivo disease models of inflammation.11,12 The cellular potency
of 10 correlated well with its inhibition of recombinant enzyme
activity, consistent with a p38 kinase mechanism of action
(Table 1).

The U937 cellular activity of 10 (Table 3)8 was confirmed and
extended using LPS-stimulated human monocytes and human
whole blood. In human monocytes, LPS-stimulated production of
TNF-a and IL-1b was inhibited by 10 with an IC50 of 25.6 nM and
%; (u) diethyldithiophosphate, dioxane/water, 80 �C 24 h, 74%; (v) methylformate,
, i-propanol, reflux, 20 min; (y) 2 N NaOH, dioxane, rt; (z) Oxalyl chloride, DMF,
arried out to furnish 28. Activation of the carboxyl group in 28 by conversion to the

pyrimidinones

et. Stab.
% Remaining)

Aq. solubility (Amorphous,
@pH 6.5, lg/mL)

Rat LPS (%) Inh.
of TNFa @ 5 mpk

4 (Human) 99 (Rat) 28 94.7
6 (Human) 92 (Rat) 20 91.8

dinones

Aq solubility (amorphous,
@pH 6.5, lg/mL)

Caco-2 Cell
efflux ratio

Rat SCW (% Inh. of disease
score @30mpk/day)

51 4.2 94.8
14 ND ND
163 32.8 ND
94 7.5 82.4
147 23.6 ND



Table 3
Cellular activity of 10 and 1 on cytokine production and p38 activity

Assay Compound 10 Compound 1

U937 TNFa IC50 (nM) 35.5 ± 18.8 5.9 ± 1.3
U937 p38 kinase activity IC50 (nM) 12.0 ± 1.2 1.05 ± 0.64
Human Monocyte TNFa IC50 (nM) 25.6 ± 4.3 3.4 ± 2.0
Human Monocyte IL-1b IC50 (nM) 37.2 ± 6.5 3.4 ± 0.5
Human Monocyte p38 kinase

activity IC50 (nM)
16.9 ± 3.4 17.4 ± 6.9

Human Whole Blood TNFa IC50 (nM) 177 ± 30 85 ± 21

Figure 2. Crystal structure of 10 bound to active site of p38a. Crystals of p38a-10
complex were obtained by soaking experiment. The structure has been refined to a
Rfree of 27.6% at 1.7Å (Rcrystal = 23.9%). The inhibitor is represented with carbon,
nitrogen, oxygen and chlorine in cyan, blue, red, and green respectively. The
hydrogen bonds are shown by dotted red lines.

Table 4
In vivo efficacy of 10 and 1 in acute & chronic inflammation models

Assay Compound 10
ED50/ED80 (mg/kg)

Compound 1
ED50/ED80 (mg/kg)

Rat LPS induced TNFa inhib. 0.115/0.259 0.07/0/142
Rat SCW Arthritis 0.105/0.649 0.186/1.61
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37.2 nM respectively, while in the whole blood assay, TNF-a
synthesis was inhibited with an IC50 value of 177 nM. This lower
potency of 10 is consistent with its plasma protein binding
Table 5
Summary of PK parameters for 10

Species Dose (mg/kg) CL (ml/min/kg)

Rat (IV) 0.2 3.19
Rat (PO) 0.2
Dog(IV) 1 1.59
Dog (PO) 1

Table 6
Effect of dissolution rate on BA

Compound Solid State Solubility
(pH 6.5 lg/mL)

Intrinsic Dissolution
Rate (lg/min/cm2)

1 Crystalline �10 0.3
10 Crystalline (Form A) 23 6.1
(96.3%) characteristics. While 10 was shown to inhibit cellular
p38 kinase activity as assessed by p38 kinase dependent phosphor-
ylation of HSP-27, no inhibition of the JNK or ERK pathways was
observed in U937 cells at a concentration of 1 lM.

The crystallographic data (Fig. 2) revealed that 10 binds in
the ATP binding site of p38a, with a characteristic dual H-bond
motif, engaging both Met109 and Gly110 residues.13 In analogy
to the pyridinone inhibitor 1, the backbone flip of Gly110 was
observed with 10. The 2,4-difluorobenzyloxyl group occupied
the lipophilic pocket defined by Thr106 as the gatekeeping resi-
due. The N-phenyl group is directed toward the solvent front.
Similar to the binding mode of 1, the binding conformation of
the benzamide moiety in 10 is driven by the polar interaction
between its amide NH and the backbone carbonyl of Gly110.
Although 10 is devoid of the 2-methyl substitution in the pyri-
midinone core, it exhibits orthogonal geometry between N-phe-
nyl and the pyrimidinone ring, a binding conformation that is
driven by the stacking of the N-phenyl onto the peptide back-
bone of Gly110-Ala111.5

In vivo pharmacological evaluations of 10 were carried out both
in acute and chronic disease models of inflammation. In a rat LPS
model, with a 4 h oral pre-dosing interval regimen, all compounds
showed a dose-dependent inhibition of LPS stimulated TNF-a
production.11 Compound 10 was found to be the most efficacious
candidate in this series, with an ED50 value of 0.115 mg/kg and
ED80 of 0.259 mg/kg. Based on the superior in vitro and in vivo pro-
files, 10 was further evaluated in the chronic SCW-arthritis model.

Analogue 10 was found to be highly effective in mitigating
SCW-induced inflammation (Table 4).12 It showed a dose-
dependent inhibition of paw swelling when administered from
10 to 21 days with ED50 and ED80 values of 0.105 mg/kg and
0.649 mg/kg b.i.d. respectively. Anti-inflammatory effects observed
with 10 were comparable to that achieved with dexamethasone.
Furthermore, it was observed that 10 protected ankle joint as
evidenced by retention of bone integrity measured by lCT analysis.
Cellular studies suggested that the mechanism by which 10
displayed bone protective effect may be through the inhibition of
osteoclast differentiation, a cell type primarily responsible for bone
resorption.14

10 was evaluated for its pharmacokinetic (PK) properties in rat
and dog. The oral bioavailability (BA) was 99% and 67% in rat and
dog respectively (Table 5). 10 exhibited low clearance and moder-
ate volume of distribution in both species. The primary contributor
for the observed superior bioavailability for 10 across species ap-
pears to be due to a 20-fold increase in dissolution rate compared
to 1 (Table 6).15 A combination of low clearance with moderate
volume of distribution and excellent oral bioavailability for 10 pre-
dicts human PK properties suitable for q.d. or b.i.d dosing regimen.
Vdss (L/kg) t1/2 (h) Oral BA (%)

1.32 6.5
99%

0.986 8.7
67%

logP PermeabilityPapp

10�6cm/s,(Efflux Ratio)
Rat Oral
Dose (mpk)

Rat Oral
BA(suspension)

3.35 15.9 (4.4) 5 9.3 ± 3.2%
1.65 7.99 (4.4) 5 99%
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In summary we have identified a novel class of potent and
selective p38 kinase inhibitors, originating from an N-aryl-6-pyri-
midinone scaffold. Compound 10 displayed exquisite kinase selec-
tivity for p38a versus a panel of over 100 related kinases.16 It
blocked LPS-induced TNF-a production in human monocyte and
showed robust efficacy and target modulation in rat LPS and
SCW arthritis models. The efficacy seen in these models appears
to be driven by down regulation of p38 kinase activity because
10 did not cross over to parallel signaling pathways as measured
by cellular assays. Furthermore, 10 demonstrated remarkable
anti-inflammatory and joint protective activity in rodent chronic
disease models. A dose-dependent inhibition of mechanism bio-
markers was achieved upon oral dosing of 10. On the basis of supe-
rior pharmacodynamic and pharmacokinetic profiles, 10 was
selected for evaluation in humans.
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