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Two classes of p38a MAP kinase inhibitors having a common
diphenylether core but exhibiting divergent binding modes
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Abstract—Two new classes of diphenylether inhibitors of p38aMAP kinase are described. Both chemical classes are based on a com-
mon diphenylether core that is identified by simulated fragment annealing as one of the most favored chemotypes within a prominent
hydrophobic pocket of the p38a ATP-binding site. In the fully elaborated molecules, the diphenylether moiety acts as an anchor
occupying the deep pocket, while polar extensions make specific interactions with either the adenine binding site or the phosphate
binding site of ATP. The synthesis, crystallographic analysis, and biological activity of these p38a inhibitors are discussed.
� 2005 Elsevier Ltd. All rights reserved.
p38a Mitogen-activated protein (MAP) kinase is an
intracellular serine-threonine kinase that plays a critical
role in the regulation of pro-inflammatory cytokine
pathways. Once activated by phosphorylation, p38a
sequentially phosphorylates and activates a wide variety
of downstream substrates including other protein ki-
nases and transcriptional factors. This ultimately results
in significant transcriptional up-regulation of the pro-
inflammatory cytokines such as tumor necrosis factor
a (TNFa).1,2 Consequently, the p38a protein kinase
has been implicated as a major regulator of inflammato-
ry responses and has therefore been a target of extensive
research efforts focusing on development of small mole-
cule inhibitors for the treatment of inflammatory and
autoimmune diseases, including rheumatoid arthritis,
inflammatory bowel disease, and osteoporosis.

There have been a large number of reports for different
classes of p38 inhibitors that are active in vitro and in vi-
vo assays (reviewed in Refs. 2–5). Several inhibitors
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have progressed into development and clinical trials
due to their potential as anti-inflammatory therapeu-
tics.6 Extensive crystallographic and biochemical studies
have provided considerable understanding of the details
of binding of several classes of small molecule inhibitors
to the p38 ATP-binding site. In one of the first such
studies, structures of a series of selective p38 inhibitors
based on pyridinylimidazole and pyrimidinylimidazole
moieties that were soaked into p38 crystals were de-
scribed.7 Of these, inhibitor SB-203580 serves as the pro-
totype for comparing different inhibitor subclasses. A
common characteristic of all these inhibitors is that they
contain a planar ring system that occupies a position
similar to that of the adenine ring of ATP and recapitu-
lates several H-bonds of the adenine ring with the pro-
tein. The inhibitors also contain additional groups,
interacting with nearby protein regions that have been
incorporated in order to improve potency, selectivity,
and pharmacokinetics.

Here, we report two new classes of p38a inhibitors based
on a key diphenylether moiety and describe their chem-
ical synthesis and biological activity.8,9 Series 1 is com-
posed of the diphenylether moiety at one end of the
molecule attached to an aryl substituent at the opposite
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end of the molecule via an amide linker (Fig. 1). Series 2
is composed of a diphenylether moiety at one end of the
molecule but is attached via a sulfamide substructure to a
4-amino-piperidine (Fig. 2). Series 2 is further extended
to include an aryl substituent attached to the 4-amino
group of the piperidine. The diphenylether scaffold was
identified by a fragment-based computational methodol-
ogy and incorporated into a chemical strategy focused on
the discovery of new chemical classes of inhibitors.10–12

Compounds 1a–1h (Fig. 1) were prepared from commer-
cially available amines and substituted 4-phenoxybenzo-
ic acids by standard coupling chemistry using EDCI and
HOBt in CH2Cl2. The amine portion of compounds 1b
and 1h was prepared from 3-hydroxyphenylacetic acid
using the Claisen rearrangement as the key step to intro-
duce the quaternary center. The amine functionality was
achieved using a Curtius-type rearrangement using
diphenylphosphoryl azide. TIPS and Boc removal was
followed by standard amide coupling conditions and
O
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Figure 1. Structure–activity relationship of diphenylether Series 1 inhibitors
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Figure 2. Structure–activity relationship of diphenylether Series 2 inhibitors.

at a concentration of 10 lM.
subsequent exposure to BF3ÆEt2O to give the desired
product (see Supporting information).

Compounds 2a–2h (Fig. 2) were prepared from 4-amin-
opiperidine employing N,N 0-sulfuryldiimidazoles as key
intermediates (Scheme 1).15 Treatment of 4-N-Boc-
aminopiperidine with triflate 3 provided Boc-protected
imidazo piperidine 4 which after treatment with methyl
trifluorosulfonate followed by the corresponding phe-
noxyaniline and Boc removal afforded sulfamide 6 with
moderate yields. Targeted compounds 2 were easily
prepared by reductive amination of 6 and the
corresponding benzaldehyde (Scheme 1 and Supporting
information).

Both chemical classes inhibit the measured enzymatic
activity of p38a.9 A limited structure–activity profile
was generated for each of the two diphenylether-based
inhibitor classes. In compounds of Series 1, modification
of the diphenylether group of compound 1b to include a
O

H
N Ar

  IC50 (µM) 

0.29

1.5

droxy-2-methylpropan-2-yl)phenyl 1.6

1.6

henyl 1.4

1.2

yphenyl 0.6

henyl 0.45

droxy-2-methylpropan-2-yl)phenyl 0.4 

.

S
O

N

N
H

Ar

Ar IC50 (µM) % inhibition

- 0.29  

2-Phenol 6.0  -

 -

2-Phenol   10.0 -

2-Phenol   16.0 -

2-Phenol >20.0

2-Phenol >20.0 27

37

Phenyl >20.0 21

1-Napthyl >20.0 24

2-Phenol >20.0 0 

The numbers of the last column on the right indicate percent inhibition



1a

Lys53          Thr106 

Met109 

Gly110 

2.9Å 

2.8Å 

2a

Asp168 

Asn155 Asp150

2.6Å 

3.1Å 

2.8Å 

2.8Å 

2.8Å 

3.0Å 

a

b 

Figure 3. Crystallographically observed binding interactions with p38a
for compounds 1a (a) and 2a (b). Compound C atoms are colored gray
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Scheme 1. Preparation of compounds of series 2.
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4-chloro substituent, compound 1h, increases potency
by 3- to 4-fold. Modification of the aryl group opposite
the diphenylether of compounds, such as 1a or 1b, to a
more hydrophobic moiety, particularly a 3-substituent
group such as in 1f and 1g, increases potency 2- to 3-
fold.

In compounds of Series 2, addition of a 4-fluoro group
(compound 2a) (Fig. 2) to the diphenylether results in
a 2- to 3-fold increase in potency, while substituents in
the 2 and 3 positions appear to be unfavorable. Removal
of the phenol hydroxyl of compound 2c results in a sig-
nificant loss in activity (compound 2f), suggesting that
this substituent plays an important role in binding.
Modification of the sulfamide linker of compound 2c
to a sulfonamide linker (compound 2h) results in a com-
plete loss of measurable activity.

In order to facilitate an understanding of these struc-
ture–activity relationships, four p38a inhibitor complex-
es (with representative compounds 1a, 1h, 2a, and 2c,
respectively) were crystallized and the X-ray crystal
structures were determined to 2.0–2.5 Å resolution (see
Supporting information, Table 1).13 Inhibitors from
both Series 1 and Series 2 are observed to bind in the
general vicinity of the ATP-binding site of the kinase
molecule, which is consistent with the observation that
both series of inhibitors are ATP-competitive (Figs. 3
and 4). The diphenylether moiety of both series is ob-
served to adopt a common binding mode. It is buried
in a predominantly hydrophobic pocket (referred to as
pocket I) formed by residues Ala51, Lys53, Leu75,
Ile84, Leu104, Thr106, and Leu167. Extensive van der
Waals and hydrophobic contacts characterize the inter-
actions between the inhibitors and the protein residues
forming this pocket. The positions of the two aromatic
rings that comprise the diphenylether moiety are very
similar to those of two aromatic rings of SB-203580
(PDB entry 1A9U).7 The proximal ring of the dipheny-
lether occupies a position similar to that of the adenine
ring of ATP. A C–H� � �O bond may also be present be-
tween this ring of the diphenylether and the main chain
carbonyl of His107.14 The distal ring of the diphenyl-
ether, occupying hydrophobic pocket I, is sandwiched
between the side-chain atoms of Thr106 and Lys53.
Beyond the diphenylether group, the two series diverge in
how they interact with the p38a protein. In Series 1, the
amide linker and the distal aryl group (Ar in Fig. 1) of
1a and 1h form mainly polar interactions with backbone
atoms of the so-called �hinge� region of p38a (His107-
Ala111) similar to those formed by the adenine region
of ATP. Specifically the main chain amide NH of
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Met109 acts as a hydrogen bond donor to the carbonyl
oxygen of the inhibitors (Fig. 3). In addition, the amide
NH of Gly110 forms a hydrogen bond with the pyridine
nitrogen of 1a.

The portion of the Series 2 compounds distal to the
diphenylether forms no interactions with the hinge and
occupies a position similar to that occupied by the ribose
group and triphosphate chain of ATP (Figs. 3 and 4).
The phenol hydroxyl group forms hydrogen bonds with
the side chains of Asn158 and Asp168 of the DFG motif
as well as hydrophobic contacts with the N-terminal end
of the activation loop (Fig. 3). In addition, a hydrogen
bond between the Od1 of Asn155 and an amine group
of the inhibitor is evident. Several water molecules also
participate in the formation of a network of hydrogen
bonds.

The structure–activity relationships described above are
consistent with the interactions observed in the crystal
structures of the complexes. Significant variations in
the aryl group of Series 1 appear to have a limited effect
on enzymatic activity, apparently due to extensive expo-
sure of the group to the solvent and the lack of produc-
tive interactions. In contrast, small variations of the
diphenylether group appear to have considerable effects.
As seen in the crystal structure of 1h, the Cl atom of the
distal diphenylether ring optimizes the van der waals
contacts in hydrophobic pocket I and may therefore
be responsible for the 4-fold improvement in affinity
(IC50 = 0.4 lM) with respect to compound 1b for which
the Cl atom is absent (IC50 = 1.6 lM). Similarly, the
fluorine atom on the diphenylether of 2a improves the
space filling in hydrophobic pocket I with respect to
compound 2c. Examination of the crystal structure indi-
cates that even larger groups than the Cl can be accom-
modated in that region of the pocket. Due to the
tightness of the pocket, the possibilities for additional
enhancement of the van der waals contacts by attaching
groups in other than the 4-position of the distal diphen-
ylether ring are limited. Indeed, a limited set of com-
pounds that contain attached hydrophobic groups to
the diphenylether (2b, 2d, and 2e) show little change in
inhibitory activity.
The observed binding mode of the diphenylether moiety
is consistent with the most favored diphenylether frag-
ment distribution identified by analysis of the grand
canonical simulated annealing simulation (Fig. 4a).10,11

The simulation predicts a promiscuity of the pocket for
aromatic groups, with the observed diphenylether bind-
ing mode being prominent among the predictions. In
addition, the computational prediction does not seem to
be affected by small conformational differences in the
pocket due to the use of the p38 structure coordinates
from a different crystal form (PDB entry 1p38). This anal-
ysis, together with the observation of the significant effect
of small variations to the diphenylether of Series 2 in
inhibitory activity, suggests that the diphenylether is an
important contributor to inhibitor binding. The extent
of hydrophobic contacts between the diphenylether and
the surrounding residues of hydrophobic pocket I, allows
this moiety to serve as an anchor in the pocket. Thus, the
diphenylether is a keypharmacophore element for the two
inhibitor series reported here.

Series 2 inhibitors adopt a binding mode that resembles
the shape of the letter �L� with an approximate 99� angle
between the distal diphenyl ring, the sulfonamide, and
the piperidine rings (Figs. 3 and 4). This shape is deter-
mined in part by the conformational preference of the
aryl-sulfamide substructure. Conformational energy
computations for compound 2c using the Dihedral Driv-
ing module in Maestro software (Schrodinger, LLC)
indicate that the angles observed for the N–S–N bonds
in the crystal structure are close to their torsional mini-
ma. This is supported by the observed structure–activity
relationship suggesting that changing the aniline nitro-
gen of the aryl-sulfamide (2c) to carbon (2h) results in
complete loss of measurable activity. The crystal struc-
tures of Series 2 compounds indicate that neither the
aniline-nitrogen nor the sulfonamide moiety in com-
pounds, such as 2a is directly interacting with the pro-
tein. The importance of the sulfamide moiety to the
p38 inhibitory activity of this series is likely due to the
favorable conformation it imposes between the diphen-
ylether and the piperidine rings which redirects the
remainder of the molecule toward the activation loop.
Another contributor to the unusual conformation of
Series 2 inhibitors may be polar interactions of the distal
phenol group. The observed loss in activity due to
removal of the phenol hydroxyl group for compound
2f (vs. 2c) can be explained by the apparent loss of the
two H-bonds between the OH group with the side chains
of Asn158 and Asp168 (Fig. 3).

In the co-crystal structures of both 2a and 2c, the gly-
cine-rich loop (residues # 30–37) has well-defined elec-
tron density and has been modeled. It is known that
this loop acts as a flexible clamp stabilizing the phos-
phate groups of ATP. Its apparent stabilization in the
complexes with Series 2 inhibitors as opposed to Series
1 may be a result of van der Waals and hydrophobic
contacts between the inhibitors and residue Tyr35. In
series 2, the side chain of Tyr35 lies under the Gly loop
and is stacked against the inhibitor. An internal H-bond
is observed between the hydroxyl of Tyr35 and the main
chain amide of Ser32 which may also contribute to the
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stability. It is also possible that the inhibitor reduces the
extent of the disorder by blocking a region of the avail-
able space into which the loop would have been free to
move. In addition, there is an extensive network of
hydrogen bonds facilitated by water molecules which
could play a role in binding and stabilization of the
glycine-rich loop. In particular, a water molecule
simultaneously interacts with Lys53, Glu71, and the
diphenylether oxygen of the Series 2 inhibitors (Fig. 3).

In conclusion, we have identified two new and distinct
classes of p38a inhibitors and characterized their binding
modeby using crystallographic, biochemical, and compu-
tational analysis. The similarities in the binding modes of
these two inhibitor classes, the structure–activity relation-
ships as well as the computational simulations indicate
that the diphenylether motif may be an important phar-
macophore element within the p38a ATP-binding site.
The remaining portions of the two inhibitor classes
reported here have mixed character and adopt confor-
mations that are determined by the intramolecular
conformational preference aswell as intermolecular inter-
actions. Although the two chemical classes presented here
share several characteristics with those of previously
reported inhibitors, they also provide new scaffolds for
development of new p38a inhibitor classes.
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