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The design, synthesis, and structure–activity relationships (SAR) of a series of 2-aminothiazol-5-yl-
pyrimidines as novel p38a MAP kinase inhibitors are described. These efforts led to the identification
of 41 as a potent p38a inhibitor that utilizes a unique nitrogen–sulfur intramolecular nonbonding inter-
action to stabilize the conformation required for binding to the p38a active site. X-ray crystallographic
studies that confirm the proposed binding mode of this class of inhibitors in p38a and provide evidence
for the proposed intramolecular nitrogen–sulfur interaction are discussed.

� 2010 Elsevier Ltd. All rights reserved.
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Inhibiting the p38 MAP kinase pathway in vivo is known to be
effective in controlling the release of various proinflammatory
cytokines, most notably TNF-a and IL-1b.1 As a result, small mole-
cule p38 inhibitors have attracted interest within the pharmaceu-
tical industry due to the potential to effectively treat significant
inflammatory diseases such as rheumatoid arthritis.2 We have pre-
viously reported the discovery of several novel classes of p38
inhibitors which include potent 2-aminothiazoles such as 1.3 Based
on the known binding interactions of 1 in the p38a active site, we
have recently developed 2-aminothiazol-5-yl-pyrimidines having
the general structure 2 as novel p38a inhibitors (Fig. 1). Herein,
we wish to report the design, synthesis, and SAR of this new class
of inhibitors which utilize a unique intramolecular nitrogen–sulfur
nonbonding interaction to stabilize the preferred conformation for
binding to p38a. X-ray crystallographic studies that confirm the
p38a binding mode and provide evidence for the proposed non-
bonding interaction are discussed herein.

The primary objective of these efforts was to design structurally
diverse classes of p38 inhibitors for evaluation as potential drug
candidates. Since other in-house developed p38 inhibitors includ-
ing 1 utilized the 3-amino-4-methylbenzamide pharmacophore,
the proposed 2-aminothiazol-5-yl-pyrimidines (2) represented a
All rights reserved.
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Wrobleski).
structurally unique series for investigation. Molecular modeling
analysis using structures derived from 2 revealed the potential
ability of the pyrimidine phenyl substituent to probe deeper into
the lipophilic pocket (P1), normally referred to as the kinase selec-
tivity pocket, relative to 1 while still maintaining key hydrogen
bond interactions between the nitrogen atom on the thiazole moi-
ety and the p38 Met109 residue as in 1 (Fig. 2). In addition, the new
design incorporated a pyrimidine ring to favor the proposed bioac-
tive conformation whereby one of the pyrimidine nitrogens could
Figure 1. Key interactions of 1 with p38a based on X-ray and proposed binding
mode of novel 2-aminothiazol-5-yl-pyrimidines 2.
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Figure 2. X-ray structure of p38a complex with 1 (in turquoise) in the ATP site with
an overlay based on molecular modeling of a proposed thiazole-pyrimidine analog
2 (in magenta where R1 = i-Pr, R3 = hydrogen and R0 = chloro).
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engage in a stabilizing intramolecular no?r* nonbonding interac-
tion with the thiazole sulfur atom. Related types of sulfur–hetero-
atom interactions have been previously reported4a–c and were
believed to be important in analogs such as 1 where the amide
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Scheme 1. Reagents and conditions: (a) DMF–DMA, EtOH, 90 �C, 90–95%; (b) chloroace
EtOH, 20–63%.
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Scheme 2. Reagents and conditions: (a) Boc2O, pyridine, quant.; (b) R1OH, PPh3, DEAD, TH
K3PO4, EtOH, toluene, 63–78%; (f) TFA, quant.; (g) oxone, aq MeOH, 80–95%; (h) amines
carbonyl oxygen and the thiazole sulfur atom formed a similar sta-
bilizing interaction to favor potent binding to p38a.

Synthesis of the targeted pyrimidines 2 were initially under-
taken as outlined in Scheme 1. This route utilized condensation
of thiourea 3 with DMF–DMA to yield 4 followed by thiazole ring
formation by base-mediated cyclization with chloroacetone to af-
ford ketone 5. Formation of the pyrimidine ring was accomplished
by condensation with benzaldehydes to give enone 6 and cycliza-
tion with available amidines or guanidines to yield the targeted
analogs 2. An improved synthesis to incorporate amino groups at
the pyrimidine 2-position is outlined in Scheme 2. This route uti-
lized a novel 2-aminothiazole-5-boronate ester 9 as a key interme-
diate which enabled a highly modular and efficient synthesis from
commercially available reagents. This key intermediate was readily
prepared from commercially available 2-amino-5-bromothiazole
(7) via Boc protection and subsequent coupling with alcohols un-
der Mitsunobu conditions to install the R1 substituent affording
8. Lithium–halogen exchange followed by borylation in high
yields5 afforded the key thiazole boronate ester 9 as a bench stable
solid. Efficient cross-coupling of 9 with commercially available 2-
thiomethyl-4,6-dichloro-pyrimidine under standard Suzuki–Miya-
ura coupling conditions afforded 11. Finally, sequential cleavage of
the Boc protecting group, oxidation to the sulfone, and displace-
ment with amines at the C-2 position of the pyrimidine ring
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Scheme 3. Reagents and conditions: (a) DMF–DMA, 100 �C, 65–73%; (b) NaH, urea, 57–70%; (c) POCl3, toluene, 110 �C, 60–80%; (d) aryl boronic acid, Pd(PPh3)4, 2 M aq K3PO4,
EtOH, toluene (19–29%).

Table 2
SAR of 2-pyridyl analogs

N

N

N
S

NHR1

N

R'

Compd R1 R
0

p38a
IC50, nM

PBMC
IC50, nM

22 n-Pr 2-F 52 62
23 n-Pr 2-Cl 22 17
24 n-Pr 2-OEt 859 —
25 n-Pr 2-Cl, 4-F 42 17
26 n-Pr 2-Cl, 4-OEt 3940 —
27 H 2-Cl 114 —
28 Et 2-Cl 17 119
29 cyc-Pr 2-Cl 17 22
30 cyc-Bu 2-Cl 16 28
31 iso-Pr 2-Cl 4 21
32 (S)-sec-Bu 2-Cl 8 31
33 (R)-sec-Bu 2-Cl 5 13
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afforded the targeted compounds 2. For SAR comparison, the
isomeric pyrimidines were also prepared as in Scheme 3. Conden-
sation of ketone 5 with DMF–DMA yielded the vinylogous amide
12 followed by condensation with urea and chlorination to provide
13. Suzuki–Miyaura coupling then afforded the isomeric thiazole-
pyrimidines 14.

Final compounds were tested in an assay that measured inhibi-
tion of human p38a enzyme activity.6 Initial investigations ex-
plored R2 and R3 pyrimidine ring substitutions as shown in
Table 1. An ortho substituted phenyl group (2-fluorophenyl) was
incorporated at R2 (15–17) since molecular modeling docking stud-
ies suggested a small ortho substituent may be favorable to orient
the phenyl ring out of plane with respect to the pyrimidine ring
(vide infra). Initial groups that were explored at R3 showed a pref-
erence for an amino substitution as opposed to small alkyl groups
(compare 15 vs 16 and 17). To explore an alternative pyrimidine
isomer, the 2-fluorophenyl group was also incorporated at the R3

position with R2 = H as in 18. However, isomer 18 was found to
be inactive at concentrations below 30 lM. Replacement of the
2-fluorophenyl group at R3 in 18 with alkyl groups (19) resulted
in a loss in activity whereas a 2-pyridyl group (20) was found to
have notable activity (IC50 = 314 nM). On the basis of these obser-
vations, the 2-fluorophenyl group was incorporated at R2 while
maintaining the more optimal 2-pyridyl at R3 to afford 21 which
gave ca. 5-fold improvement in potency (IC50 = 52 nM) compared
to 15 (IC50 = 225 nM). This analog represented the most potent
compound from these initial SAR explorations and subsequent ef-
forts sought to optimize the potency around this series.

Optimization of both the phenyl group substitution (R0) and
aminothiazole group (R1) was explored next (Table 2). Potent ana-
logs were evaluated in a cell-based functional assay that measured
the inhibition of TNF-a biosynthesis in human peripheral blood
Table 1
Initial pyrimidine SAR at R2 and R3 positions

N

N

R2

R3N
S

NH

Compd R2 R3 p38a
IC50, nM

15 2-F-phenyl –NH2 225
16 2-F-phenyl –CH3 520
17 2-F-phenyl cyc-Pr >1000
18 H 2-F-phenyl >30,000
19 H cyc-Pr >1000
20 H 2-Pyridyl 314
21 2-F-phenyl 2-Pyridyl 52
mononuclear cells (PBMCs).7 With n-Pr at R1, replacement of the
2-fluorophenyl (22) with 2-chlorophenyl (23) resulted in an ca.
2-fold increase in enzyme potency and ca. 3–4-fold improvement
in cellular potency (Table 2). Incorporation of larger ortho groups
such as ethoxy (24) was not well tolerated. Substitution at the para
position of the phenyl group was also explored, however, only
small groups such as fluoro (25) were tolerated. Using the optimal
2-chlorophenyl group, optimization of the aminothiazole R1 sub-
stituent was then investigated (27–33). Small branched alkyl
groups proved to be optimal for potency, a finding that is consis-
tent with the aminothiazole group binding to the p38 hinge region
as previously reported for 1.3a The isopropyl analog 31 and the (R)-
sec-butyl analog 33 were most potent against the enzyme and
were also among the most potent analogs in the cellular assay.

Despite achieving promising potency with compounds 31–33,
these analogs suffered from poor physicochemical properties such
as low aqueous solubility (amorphous solubility <0.005 mg/mL at
pH 6.5) and high clog P values >5. In addition, modest selectivity
versus other kinases such as LIMK1 and LIMK2 were also observed
for analogs from this series (LIMK1 and LIMK2 IC50’s = 252 and
362 nM, respectively, for 31). To further improve the kinase selec-
tivity profile within the series, additional R0 phenyl substituents
were explored given the groups proposed residence within the
p38 kinase selectivity pocket (P1). Furthermore, polar non-aro-
matic groups were incorporated at the R3 position to improve
physicochemical properties. In analogy to earlier SAR (e.g., 15,
Table 1), optimization commenced with installation of polar amino
substituents at R3 (34–39, Table 3). Tertiary amino groups were



Table 3
SAR of phenyl R2 group and pyrimidine R3 group

N

N

R3
N

S
NH

R'

Compd R
0

R3 p38a
IC50, nM

PBMC
IC50, nM

34 –Cl –H 46 31
35 –Cl –NH2 16 >250
36 –Cl –N(CH3)2 573 —
37 –Cl –NCH2CH2N(CH3)2 5 1
38 –Cl –NHCH2CH2OH 8 8
39 –Cl NHCH2CH(OH)CH2OH 6 11
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Figure 3. Binding interactions between 41 and unphosphorylated p38a based on
X-ray crystallographic analysis. Hydrogen bond distances are based on hydrogen to
heavy atom distances and are given in angstroms with key protein residues labeled.
Protein carbons are drawn in turquoise and inhibitor carbons in white. PDB code
3NWW.
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generally not well tolerated at R3 (36) while secondary amino
groups were most favored. Analogs containing an additional polar
amine or alcohol functionality (37–39) were most potent achieving
single-digit nanomolar potency in both the enzyme and cellular as-
says (37 and 38). Furthermore, 37 was found to have significantly
improved aqueous solubility (0.994 mg/mL at pH 6.5) and de-
creased potency versus LIMK1 and LIMK2 (IC50’s = 4.01 and
3.05 lM, respectively) relative to the 2-pyridyl analog 31.

To improve kinase selectivity, incorporation of R0 groups capa-
ble of additional hydrogen bond interactions within the p38 active
site were investigated. Molecular modeling studies suggested a
pendant urea functionality at R0 may be able to engage the Glu71
and Asp168 residues as previously reported for 1.3a To this end,
the methyl, ethyl and cyclopropyl ureas (40–42) were prepared.
Gratifyingly, the ethyl urea 41 showed a similar level of potency
versus the enzyme and in cells relative to the 2-chlorophenyl ana-
log 37. Moreover, 41 gave improved aqueous solubility using
amorphous material (5.94 mg/mL at pH 6.5), >10,000-fold selectiv-
ity versus LIMK1 and LIMK2 and a good overall kinase selectivity
profile with the most cross-reactivity being observed for JNK3.8

To confirm the proposed binding mode of this class of p38
inhibitors, an X-ray crystallographic structure of 41 bound in the
active site of unphosphorylated p38a enzyme was obtained
(Fig. 3). As similarly reported for 1,3a the 2-aminothiazole group
of 41 forms dual hydrogen bonds (1.80 and 2.11 Å as measured
by hydrogen to heavy atom distances) with the p38 hinge region
Met109 residue. In addition, the phenyl group projects deep into
the lipophilic selectivity pocket (P1) and lies nearly orthogonal rel-
ative to the pyrimidine core as originally proposed by molecular
modeling studies. This finding also explains the preference for
ortho substituents on the phenyl ring which favors nonplanarity.
Furthermore, the pendant urea forms key hydrogen bond interac-
tions with the active site Glu71 and Asp168 as was originally
designed. More specifically, both urea hydrogens participate in a
bidentate hydrogen bond interaction with Glu71 (2.18 and
2.03 Å) with the urea carbonyl also forming a hydrogen bond to
the Asp168 backbone N–H (1.75 Å). The structure also reveals a
water molecule forming a hydrogen bond network between the
pyrimidine nitrogen and the conserved Asp168 and Lys53 side
chains. The previously noted preference for polar substituents at
the pyrimidine 2-position can be explained by noting that this
group projects into the polar ATP ribose binding region near the
Asp168 residue within the active site.

Also noteworthy from the X-ray structure of 41 is the coplana-
rity of the thiazole and pyrimidine rings having the thiazole sulfur
atom positioned in close proximity to one of the pyrimidine nitro-
gens. This result supports the proposed intramolecular no?r*

nonbonding interaction between the nitrogen and sulfur atoms
in stabilizing the bioactive conformation as previously discussed.
To provide additional evidence for this hypothesis, small molecule
X-ray crystal structures were obtained for the pyrimidine isomers
34 and 43 (Fig. 4). As anticipated, the more potent analog 34 hav-
ing the same pyrimidine isomer as in 41 crystallized in the bioac-
tive conformation. Close analysis of this structure revealed a short
nitrogen-to-sulfur contact distance of 2.90 Å which is significantly
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shorter than the sum of the van der Waals radii of nitrogen and sul-
fur atoms (3.35 Å) indicative of a stabilizing nonbonding interac-
tion. Furthermore, the less potent pyrimidine isomer 43 also
crystallized in a conformation having a short nitrogen-to-sulfur
contact distance of 2.94 Å indicating a similar nonbonding interac-
tion. However, in the case of 43, this conformation is not the pre-
ferred conformation for binding to p38, and as such, provides an
explanation for the decreased potency observed for this isomer.

In conclusion, we have designed and synthesized 2-amin-
othiazol-5-yl-pyrimidines as a novel series of potent and selective
p38a inhibitors. These SAR efforts were performed with the aim of
identifying structurally unique p38a inhibitors having a suitable
balance of potency and physicochemical properties and were
guided by structure-based design principles leading to the discov-
ery of 41 as a promising analog for further investigation. Highlights
of these efforts also include the use of a novel 2-aminothiazole-5-
boronate ester intermediate to enable a highly modular synthesis
of the targeted compounds and the use of a unique intramolecular
nitrogen–sulfur nonbonding interaction to stabilize the conforma-
tion required for binding to p38a as supported by X-ray crystallo-
graphic data.
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