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ABSTRACT: Two structurally distinct series of novel,
MAPK-activated kinase-2 prevention of activation inhibitors
have been discovered by high throughput screening. Pre-
liminary structure−activity relationship (SAR) studies revealed
substructural features that influence the selective inhibition
of the activation by p38α of the downstream kinase MK2 in
preference to an alternative substrate, MSK1. Enzyme kinetics,
surface plasmon resonance (SPR), 2D protein NMR, and
X-ray crystallography were used to determine the binding
mode and the molecular mechanism of action. The com-
pounds bind competitively to the ATP binding site of p38α but unexpectedly with higher affinity in the p38α−MK2 complex
compared with p38α alone. This observation is hypothesized to be the origin of the substrate selectivity. The two lead series
identified are suitable for further investigation for their potential to treat chronic inflammatory diseases with improved tolerability
over previously studied p38α inhibitors.

■ INTRODUCTION

The p38α mitogen-activated protein kinase (MAPK) cellular
signaling pathway plays a critical role in the regulation of
pro-inflammatory cytokines including tumor necrosis factor α
(TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6).1−3

Biological therapies directed against these cytokines such as
etanercept, infliximab, adalimumab, anakinra, and tocilizumab
have proven effective in treating autoimmune disease and
chronic inflammatory conditions.4,5 Consequently the develop-
ment of orally available small molecule alternatives, particularly
inhibitors of p38α, has been the goal of a vast amount of
research.6,7 Many potent and selective small molecule inhibitors
of p38α with diverse chemotypes have progressed into clinical
trials for the treatment of chronic inflammation, but none has
yet successfully reached the market, with several advanced
compounds failing in Phase II due to adverse events.8,9 Recently,
GlaxoSmithKline reported the initiation of a Phase III trial with
losmapimod10 in acute coronary syndrome; however, clinical
development of the compound for rheumatoid arthritis and
chronic obstructive pulmonary disease (COPD) appears to have
been discontinued. While the area of straightforward inhibition
of p38α kinase activity has been thoroughly researched, there
remain some interesting, relatively unexplored avenues.11 For
example, CMPD1 (Figure 1) has previously been described as a
substrate selective inhibitor of p38α that blocks the p38α-
dependent phosphorylation of MAPK-activated protein kinase-
2a (MAPKAP-kinase 2a, or MK2a) but not the activation of the

transcription factor ATF-2 or the phosphorylation of myelin
basic protein (MBP).12 Kinetic studies demonstrated that CMPD1
is not competitive with ATP, and further studies supported the
hypothesis that the inhibitor binds to the docking groove of p38α
and prevents its interaction with the carboxy-terminal docking
domain of MK2a. However, very little further research on
CMPD1 or other substrate selective p38 inhibitors has been
published.
Among the many p38α substrates involved in regulating

inflammation MK2 has received the most attention as a potential
alternative point of intervention in the p38α signaling pathway.
MK2 regulates production of cytokines including TNF-α and
IL-6 through a post-transcriptional mechanism, primarily
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Figure 1. Structure of CMPD1, a substrate-selective p38α inhibitor.
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through modulating the stability and translation of mRNA.13,14

MK2 knockout mice were shown to be resistant to collagen-
induced arthritis, a well-established disease model of rheumatoid
arthritis, and also showed a much reduced production of
LPS-induced TNF-α, both in vitro and in vivo.15,16 On the basis
of these observations, it has been suggested that a selective MK2
inhibitor might have equivalent clinical efficacy to a p38α
inhibitor but reduce or avoid unwanted side effects that may
result from interfering with other downstream effects of p38.
Small molecule, ATP site binding inhibitors of MK2 have been
identified,17−20 but their cellular potency appears to be limited
by unfavorable competition with ATP in the cell, and to date,
none has progressed into clinical trials.21,22 Earlier work at
AstraZeneca identified an anilinoquinoline series of MK2
inhibitors that showed mainly uncompetitive behavior with
respect to ATP; however the overall profile of the series meant it
was unsuitable as a starting point for lead optimization.23 More
recently a novel series of non-ATP competitive MK2 inhibitors
has been reported.24

Building on experience in these laboratories in exploring
alternative kinase inhibition modes, we set out to discover com-
pounds that inhibited the phosphorylation of nonactive MK2 by
p38α, acting via a PoA (prevention of activation) mechanism
as opposed to the more typical IoC (inhibition of catalysis)
mechanism.25,26 The primary screen is a coupled enzyme assay,27

in this case measuring the phosphorylation by active p38α of
inactive MK2 enzyme, rather than of the artificial substrate MBP,
which has been used in the vast majority of historical p38
programs, including our own.28 The attraction of this approach
was its potential to identify novel binding sites or binding modes,
avoiding or reducing competition by ATP. Nonactive kinases
often have a lower affinity for ATP and lower competition with
ATP may reduce the loss of potency often observed in cells due
to the high intracellular ATP concentration. MK2 forms a high
affinity (Kd = 20 nM) complex with p38α, and it was shown that
perturbation of this tight-docking interaction prevents the
activation of MK2.29 This screening strategy is more complex
than is typical since the p38α−MK2 coupled enzyme assay

requires follow up with a p38α−MBP counter-screen to remove
p38α IoC inhibitors. Furthermore, it is important to perform
detailed mechanism of action studies in order to elucidate the
inhibitor binding site and mode of inhibition.30

Hit Finding Strategy. A high throughput screen (HTS) for
MK2 PoA inhibitors was developed using ALPHAScreen
technology. Three MK2a residues are phosphorylated by p38α
at similar rates: Thr222, Ser272, and Thr334.29 The antibody
used in the HTS assay recognizes phosphorylation on Thr222,
which is located on the activation loop. The AstraZeneca collec-
tion was screened at 10 μM and actives showing >30% inhibition
were retested in triplicate. Of the triplicate retest set, 99% of the
known inhibitors of p38α−MBP were confirmed as active giving
high confidence in the quality of the data. The active compounds
were triaged by counter-screening for inhibition of p38α−MBP,
and compounds from two structurally distinct series were then
selected for further investigation.

■ CHEMISTRY
Series 1 compounds were synthesized in a very straightforward
manner by means of a HATU-mediated amide coupling between
readily available 4-aryloxybenzoic acids 1 and readily available
primary amines (Scheme 1). The preparation of the initial series
2 compounds 12−20 was similarly facile (Scheme 2). Readily
available substituted anilines were coupled with either the
substituted pyrazole carbonyl chloride 24 or carboxylic acid 25.
Hydrogenolysis of the benzyloxy group gave access to the phenol
15, while the carboxylic acid 19was prepared by hydrolysis of the
corresponding methyl ester 17. To explore alternatives to phenyl
or 4-chlorophenyl on the pyrazole required the preparation of
suitable intermediates (Scheme 3). This was achieved by ring
synthesis of the pyrazole from the appropriate hydrazine 26 and
enamine 27 to give 28,31 followed by trimethylaluminum-
mediated amide formation with the readily available aniline 29.
For the synthesis of isobutyl analogue 23, the sequence was
reversed so that amide 30 was synthesized first, with subsequent
formation of the enamine 31 and condensation with
isobutylhydrazine.

■ RESULTS AND DISCUSSION
Series 1 SAR Studies. Compounds were tested in an ELISA

version of the HTS assay for their ability to inhibit the activation
of MK2 by phospho-p38α and in an ELISA assay measuring the
inhibition of activation of MSK1, an alternative endogenous
substrate of p38α. The ratio of the p38α−MK2 and p38α−
MSK1 IC50 values gives an indication of the substrate selectivity
of the inhibitors. The results for compounds in series 1 are shown

Scheme 1. General Synthesis of Series 1 Compounds (Table 1)a

aReagents and conditions: (i) R1CH2NH2, HATU,
iPr2NEt, DMF.

Scheme 2. Synthesis of Series 2 Compounds 12−20 (Table 2)a

aReagents and conditions: (i) ArNH2, THF; (ii) ArNH2, HATU,
iPr2NEt, DMF; (iii) H2, Pd/C, EtOH, 40 °C, 5 bar; (iv) 2 M NaOH, THF/MeOH (2:1).
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in Table 1. All the compounds also gave IC50 > 10 μM in the
p38α−MBP IoC assay (results not shown). Compounds 2−6
(Table 1) were among the cluster emerging from the HTS. The
compounds are low micromolar inhibitors with less than 10-fold
selectivity with the exception of 6, which has submicromolar
activity and 34-fold selectivity. Compound 6 is also the only one
of 2−6 with an ortho-substituent on the terminal phenoxy group.
Compounds 2−6 inhibited CYP450 3A4 with IC50 values of
approximately 1 μM, which is consistent with the presence of a
terminal 4-pyridyl group. Compounds 7−11 were synthesized in
order to explore alternative ortho-substituents on the phenoxy
and to find replacements of the 4-pyridyl group, which may lead
to reduced CYP3A4 inhibition. The results show that replacing
2-cyano with 2-methyl (7) or 2-chloro (8) gives compounds with
a similar profile to compounds 2−5 with micromolar potency
and minimal selectivity. The 4-pyridyl group in 6 can be replaced
with phenyl (9) and 3-pyridyl (10) with no significant change in
potency or selectivity. Replacement with 4-pyrimidinyl (11)
leads to a small reduction in potency. Compounds 9, 10, and 11
were tested for CYP3A4 inhibition, and all showed IC50 > 10 μM,
confirming that moving away from the 4-pyridyl group does
indeed remove this drug metabolism liability.
Series 2 SAR Studies. The results for compounds in series 2

are shown in Table 2. All the compounds also gave IC50 > 10 μM
in the p38α−MBP IoC assay (results not shown). Compounds
12−14 (Table 2) were among the cluster emerging from the
HTS. Their potency and substrate selectivity are generally better
than the series 1 compounds, with the best compounds 12 and
14 showing <100 nM potency and around 100-fold selectivity.
Compounds 15−19 were synthesized to investigate changes to
the 5-substituent on the amide N-phenyl (Table 2). 5-Hydroxy
is potent vs both MK2 and MSK1 (15), while the bulkier
5-benzyloxy is inactive (16). Sulfone or carboxy in the 5-position
retained potency and selectivity (18, 19), while the methyl ester
analogue 17 showed no selectivity. Next, compounds 20−23
were synthesized to examine SAR at the pyrazole N-phenyl
(Table 2). Addition of a 4-chloro to 12 reduced potency (20).
The phenyl in 12 could be replaced by benzyl (22) or isobutyl
(23) without significant changes in potency or selectivity.
Replacing this phenyl with 3-pyridyl is slightly deleterious to
potency but gives a reduction in measured log D7.4 of 1.2 units

(21, log D7.4 = 2.3). These preliminary SAR studies indicate that
there is scope within both series for further optimization of
potency and drug-like properties while retaining the high levels
of substrate selectivity.

Further Profiling of the Series. Representative compounds
from both series were tested for their ability to inhibit p38α-
mediated signaling in cells as measured by inhibition of LPS-
stimulated TNF-α production in human PBMCs and of IL-1-
stimulated PGE2 release in TC28 cells. The series 1 compounds
tested generally showed low micromolar potency in both assays
(Table 3). Series 2 compounds 12 and 14were also active in cells
with submicromolar potency being achieved for 14 in TC28
cells; however compound 19 showed a much reduced potency in
cells, likely attributable to poor cellular permeability arising from
the carboxylic acid group. To assess general kinase selectivity,
compounds 6 and 12 were tested in a panel of 50 protein kinases
at 10 μM and showed <25% inhibition against all with the ex-
ception of p38α and IGF1R (30% to 45% inhibition). Physico-
chemical properties and in vitro metabolic stability were
generally favorable for series 1 compounds (Table 4), while
the initial series 2 compounds had rather low solubility and high
plasma protein binding. The data for the later compound 21
shows that by reduction of lipophilicity there is scope for
improving these properties. The in vitro metabolic stability was
variable for the series 2 compounds indicating this is an aspect
that requires monitoring during subsequent optimization.

Mechanism of Action Studies. A combination of bio-
chemical and biophysical approaches together with X-ray
crystallography were employed to probe the mechanism of action
and the binding site of representative compounds in order to
elucidate the binding mode of these novel MK2 PoA inhibitors.

Competition Experiments. Biochemical competition experi-
ments were performed to establish whether the compounds were
competitive, noncompetitive, or uncompetitive with respect
to both ATP and MK2 in the p38α−MK2 phosphorylation
reaction. The concentration−rate curves for compounds 6 and
12 with varying concentrations of ATP are shown in Figure 2.
The data were fit to the standard equations for competitive,
noncompetitive, uncompetitive, and mixed competitive mecha-
nisms. The best fit was to the competitive mechanism for both
compounds, and the calculated Ki values were 0.29 ± 0.046 μM

Scheme 3. Synthesis of Series 2 Compounds 21−23 (Table 2)a

aReagents and conditions: (i) AcOH, EtOH; (ii) 29, Me3Al, CH2Cl2; (iii) ethyl 3-oxohexanoate, AcOH, 150 °C; (iv) 1,1-dimethoxy-N,N-
dimethylmethylamine, dioxane, 100 °C; (v) isobutylhydrazine hydrochloride, AcOH, EtOH.
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for compound 6 and 0.014 ± 0.0023 μM for compound 12,
which are in good agreement with their IC50 values in the p38α−
MK2 assay.
SPR Studies. The affinity of the compounds for binding

to phosphorylated p38α was determined by an inhibition in
solution (ISA) assay32 using surface plasmon resonance (SPR)
with an ATP-site-binding small molecule as the immobilized
target definition compound (TDC). Series 1 compound 6
showed 17% displacement of the TDC at 20 μM, which implies
that its binding affinity constant (Kd) is much greater than
20 μM. Series 2 compound 12 had a Kd value of 15.4 μM
determined by this method (log Kd = 1.19 ± 0.03). For both
compounds, the Kd value for binding to phosphorylated p38α is
far higher than the IC50 in the p38α−-MK2 enzyme assay (at
least 100-fold for 6 and 250-fold for 12), suggesting an increased
affinity for the phospho-p38α−MK2 complex compared with
binding to phospho-p38α alone.
Two-Dimensional Protein NMR Studies. Protein-observed

2D NMR is a technique that can detect both weak and tighter
binding of ligands to proteins in solution and, in some cases, can

give an insight into the location of the binding site by examina-
tion of the amino acid residues that shift upon ligand binding.
Four systems were used to investigate the binding of compounds
to p38α and MK2 alone and together in the complex: 2H,15N-
labeled p38α and 2H,15N-labeled MK2 for studying the free
proteins, 2H,15N-labeled p38α and unlabeledMK2 to study p38α
in the complex, and 2H,15N-labeled MK2 and 2H-labeled p38α to
study MK2 in the complex (phosphorylated full length p38α and
a construct of MK2 containing residues 46−400 were used in
each case). Compounds 6 (series 1) and 12 (series 2) showed
either no binding or weak binding (around 50 μM for free p38α
with 6) to either of the free enzymes. However, 6 clearly demon-
strated effects on residues in both p38α andMK2 in the complex.
The observed effects were generally consistent with intermediate
ligand-exchange on the NMR time scale, which suggests bind-
ing in the low micromolar range. The observed chemical shift
changes were similar to those seen in the free form of p38α and
were suggestive of an interaction in the ATP site; however, in
general it is difficult to pinpoint the site of binding for com-
pounds in p38α using NMR even for known p38α ATP-site

Table 1. Activity Data for Series 1 Compounds

aIC50 data are the geometric mean of at least three independent measurements, the SEM of which is within 2-fold, unless otherwise stated.
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binders. Compound 12 showed weak binding to p38α in the
complex with similar chemical shifts to those seen for compound
6, but effects were observed on MK2 residues in the complex,
consistent with tight binding (nanomolar affinity) and slow
ligand-exchange on the NMR time scale. There were many small
shifts upon ligand binding throughout the protein (Figure 3); the
largest changes were in the ATP-site (Cys140, Asp207, and
Phe208), a loop near the ATP-site but away from p38α (Gly154
and Asp155), and one residue at the interface between MK2 and

p38α (Lys307). Phosphorylation of p38α is not important for
binding of these compounds; results with the nonphosphory-
lated p38α−MK2 complex were essentially same as those with
the phosphorylated p38α−MK2 complex (results not shown).
Comparison between the NMR spectra of free p38α and p38α in
the complex reveals that only minor structural changes occur
in p38 upon complex formation. However, from comparison
of the NMR spectra of free MK2 and MK2 in the complex, it is
clear that MK2 undergoes a major conformational change upon

Table 2. Activity Data for Series 2 Compounds

aIC50 data are geometric mean of at least three independent measurements, the SEM of which is within 2-fold, unless otherwise
stated. bn = 2.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm501038s | J. Med. Chem. XXXX, XXX, XXX−XXXE



MK2−p38α complex formation. Unstructured parts of MK2,
such as the C-terminal tail, become more rigid and structured,
which is consistent with the findings from our own (vide infra)
and published X-ray crystallographic studies of the p38α−MK2
complex.33,34

X-ray Crystallographic Studies. X-ray crystal structures of the
unphosphorylated p38α−MK2 heterodimer in complex with
series 1 compound 6 and series 2 compound 12were determined
to 2.3 and 3.0 Å, respectively.35 The ligands are bound at the ATP
site of p38α in both structures, which is consistent with the
observation that both series are competitive with ATP. They
both have hydrogen bonding interactions with the hinge Met109
N−H (the amide carbonyl in 6 and the unsubstituted pyrazole
nitrogen in 12) and with Asp168 N−H (nitrile group in 6 and a
sulfonyl oxygen in 12) in the DFG loop (Figure 4). The distal
phenyl ring of the diphenylether in 6 and the methyl group in 12
are buried in the hydrophobic “selectivity” pocket formed by
residues Lys53 and Thr106. The structure with 6 shows a
secondary ligand binding site in the C-terminal lobe of p38α in a
shallow pocket enclosed by p38α residues 190−195, 250−258,
and 290−295. There are no specific interactions with the ligand,
and it is probable that this binding mode is a crystallization
artifact. From the overlay between the two structures, it can be
seen that the substituents that were found from the SAR studies
to be critical for potency and substrate selectivity, namely, the
2-cyano in 6 and 5-sulfonamido in 12, occupy the same space in
the binding site and make the same interaction with the protein.
Moreover, the series 2 SAR indicates that sulfonamido can be
replaced with cyano (compound 14, Table 2) with retention of
potency and substrate selectivity.
The protein structures of the ligand-bound p38α−MK2

complexes are in very good agreement with the previously
published apo structures 2ONL (4.0 Å) and 2OZA (2.7 Å).
Interestingly, in the complex with 12 the entire C-terminal α
helix of MK2 (Pro381′−His400′) is well ordered, whereas the
terminal 7−10 residues are disordered in the complex with 6 and
the published apo structures.
X-ray crystal structures of p38α inhibitors 32 (Locus

Pharmaceuticals36) and 33 (Bristol-Myers Squibb37) (Figure 5)

bound to p38α are available for comparison with the herein
published complex structures and show small but distinct
changes. In Figures 6 and 7, amino acids Leu104 to Leu108,
which includes the hinge, have been overlaid using MOE.38 Not
surprisingly there are changes in the p38α amino acids close to
the MK2 surface introduced by the direct interaction between
the proteins, such as Asn114 and Asn115, which are in the ligand
binding pocket. The changes in p38α induced by binding ofMK2
are transferred through the protein and conformational changes
can be seen all the way to Glu71, which is more than 12 Å away
from the MK2−p38α interface. Although all the structures show
a DFG-in conformation, the ring orientation of Phe169 of the
DFG loop shows a perpendicular orientation in the complex
structures compared with the p38α alone structures, and also
Asp168 shows a different conformation in the MK2−p38α
complex structures (Figure 6). These various changes should
make it possible to design further compounds such as those in
series 1 and 2, which, although structurally similar to p38α

Table 3. Cellular Activity Data for Selected Compounds

compd series hPBMC LPS-TNF-αa (μM) TC28 IL-1-PGE2 (μM)a

6 1 6.1, 5.4 25,25
9 1 b 1.4c

10 1 b 4.7c

11 1 b 7.1c

12 2 1.5 0.97
14 2 b 0.21, 0.30
19 2 21 b

aIC50 data are the geometric mean of at least three independent
measurements, the SEM of which is within 1.5-fold, unless otherwise
stated where individual results are shown. bNot determined. cn = 1.

Table 4. Physicochemical and In Vitro PK Data for Selected Compounds

compd series solubility (μM)a PPB (% free) (R/H)b human Micsc CLint (μL/(min·mg)) rat Hepsd CLint (μL/(min·106 cells))

6 1 120 14/8.5 <2 28
11 1 360 20/27 <2 23
12 2 0.55 3.1/2.3 62 42
21 2 21 24/26 143 10

aAqueous solubility was measured under thermodynamic conditions at pH 7.4. bPlasma protein binding (PPB) was assessed by equilibrium dialysis
in the appropriate species (rat/human) at 37 °C. Free and bound concentrations were determined by LC-MS. cHuman microsomes. dRat hepatocytes.

Figure 2. Concentration−rate curves for the p38α−MK2 assay at
varying concentrations of ATP in the presence of (a) compound 6 or (b)
compound 12. ATP concentrations: (○) 40, (●) 200, or (□) 600 μM.
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binders, selectively target the MK2−p38α complex, showing
limited binding to the p38α in the absence of MK2.

■ CONCLUSIONS

Using a coupled enzyme HTS followed by counter-screening
with an artificial substrate enzyme assay, we discovered two
distinct hit series of selective inhibitors of the activation of MK2
by p38α. SAR studies revealed the critical substitutions that are
required for the p38α substrate selectivity and that differentiate
these compounds from previously reported p38α inhibitors
based on the same structural templates. Kinetic studies revealed
that the compounds are competitive with ATP, with Ki values
close to the IC50 in the coupled enzyme assay. X-ray crys-
tallography confirmed that the compounds bind in the ATP
binding site of p38α in the p38α−MK2 complex and examina-
tion of overlays with published crystal structures showed very
high structural similarity with the p38α−MK2 apo crystal
structures and small but distinct differences with structures of
structurally related ligands bound to p38α alone. SPR and 2D
protein NMR studies showed that the compounds have weak or
insignificant binding to phosphorylated p38α in the absence of
MK2, which is consistent with the observed substrate selectivity.
Two-dimensional protein NMR of the p38α−MK2 complex
showed increased ligand binding affinities consistent with their
level of activity in the coupled enzyme assay. Ligand binding led
to shifts in the MK2 protein residues in the complex, remote
from the ligand binding site.
The two series showed inhibition of the p38α pathway in cells

and had promising lead-like properties suitable for further
optimization. The X-ray crystal structures provide opportunities
to design compounds with improved potency and substrate
selectivity. To the best of our knowledge, this work represents
the first report of compounds that bind to the ATP binding site of
a protein kinase and are competitive with ATP but, unexpectedly,
show selectivity for inhibiting the phosphorylation of one
substrate of the kinase over another. Our data suggest that this
effect is due to an increased ligand binding affinity for the

Figure 3. Two-dimensional NMR TROSY-HSQC spectra of 2H,15N-
labeled MK2−2H-labeled p38α complex in the absence (black) and
presence of 12 (red). Assigned residues exhibiting the largest chemical
shift changes are indicated. The inset shows the titration of 12 for the
peak corresponding to Asp207, with the protein (P) to ligand (L) ratios
indicated. Slow exchange is evident from the appearance of two peaks,
corresponding to the ligand-free and ligand-bound state, at 0.5 equiv
of 12.

Figure 4. Overlay of p38α−MK2 ternary complex structures with compounds 6 (gray) and 12 (green). Dashed lines indicate H-bonding interactions
between the ligands and protein residues.
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kinase−kinase complex relative to the isolated kinase. One can
speculate whether this observation is peculiar to the p38α−MK2
system or whether similar ATP-competitive, substrate selective
inhibitors might be found for other protein kinases. Further
optimization of series 1 and 2 compounds together with detailed
studies of their ability to selectively inhibit alternative signaling

pathways downstream of p38α in cells will be reported in due
course.

■ EXPERIMENTAL SECTION
Biochemical and Cellular Activity Assays. Compounds were

tested at a range of concentrations. The mean data values for each

Figure 5. Literature p38α inhibitors that bind to the ATP binding site.

Figure 6.Overlays of the ligand binding regions of compounds in the present study with published structures of structurally similar p38α ligands. Amino
acids belonging to MK2 are indicated with bold sticks. (a) Compound 6 bound to the p38α−MK2 complex structure (gray, PDB code 4TYK) and
compound 32 bound to p38α (purple, PDB code 1ZYJ); (b) compound 12 bound to the p38α−MK2 complex structure (green, PDB code 4TYH) and
compound 33 bound to p38α (yellow, PDB code 3OCG).
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concentration along with untreated control wells and 100% inhibition
or competition control wells were used to derive a plot of inhibition
or competition against concentration. Origin software was used to
interpolate the IC50 values by nonlinear regression.
p38α-MK2 Inhibition Assay.The inhibitory activity of compounds

against the phosphorylation of MK2 by p38αwas determined by ELISA.
The kinase reaction takes place as a homogeneous assay in solution.
Recombinant 5′-c-myc, 6His-tagged human p38α is activated prior to
use by incubation with recombinant GST-tagged MKK6 for 3 h at
30 °C; then it is used to phosphorylate Avi, 6His tagged recombinant
humanMK2[46−400] substrate. Phosphorylated MK2 is then captured
by using a NeutrAvidin coated ELISA plate and detected with a rabbit
antibody directed toward the phosphorylated site (Thr222) of MK2.
Compounds were serially diluted in 100% (v/v) DMSO before being
transferred into 384 well assay plates. Kinase activity assays were
performed in a total reaction volume of 24 μL. The assay buffer con-
sisted of 50 mMMOPS, 10 mMMgCl2, 1 mMDTT, and 0.01% Tween
20. A 12 μL enzymemix consisted of 0.1 nM phospho-p38α and 200 μM
ATP in assay buffer. A 6 μL substrate mix consisted of 160 nM MK2 in
assay buffer. A 6 μL compound mix consisted of the test compound and
4% DMSO in assay buffer. Following a 60 min incubation, 25 μL of stop
mix, which consisted of 50 mM EDTA in water, was added. The kinase
reaction (10 μL) was transferred to a NeutrAvidin coated ELISA plate
and incubated successively with 30 μL ELISA buffer for 1.5 h, with 40 μL
of a solution of phospho-MK2 antibody (5 μL in 20 mL TBST, 0.1%
BSA) for 1 h and with 40 μL of a solution of goat anti-rabbit HRP (5 μL
in 20 mL TBST, 0.1% BSA) for 1 h. QuantaBlu solution (40 μL) was
added, and the plate was read on the Pherastar plate reader. Rabbit
phospho-MK2 (Thr222) antibody and goat-anti-rabbit HRP were
obtained from New England BioLabs (Cell Signalling Ab’s).
p38α-MSK1 Inhibition Assay. The assay was performed exactly as

for the p38α-MK2 inhibition assay, using recombinant human MSK1
substrate instead of MK2 and anti-phospho-MSK1 antibody instead of
anti-phospho-MK2 antibody.
hPBMC Assay. The ability of compounds to inhibit TNF-α

production was assessed by using human peripheral blood mononuclear
cells (PBMCs), which synthesize and secrete TNF-α when stimulated
with lipopolysaccharide (LPS). PBMCs were isolated from heparinized
(l0 units/mL heparin) human blood by density centrifugation (in a
Sorval RT6000B centrifuge). Mononuclear cells were resuspended in

culture medium [RPMI 1640 medium (Gibco) supplemented with
50 units/mL penicillin, 50 μg/mL streptomycin, 2 mM L-glutamine, and
1% heat-inactivated human AB serum (Sigma H-1513)]. Compounds
were solubilized in DMSO at a concentration of 10 mM and diluted
1:50 in culture medium, and subsequently serial dilutions were made in
culture medium containing 0.5% DMSO. PBMCs (2.6 × 105 cells in
100 μL culture medium) were incubated with 50 μL of culture medium
containing 0.5% DMSO for 30 min in 96 well flat-bottom tissue culture
plates. Lipopolysaccharide [LPS Escherichia coli 0111:B4 (Sigma
L-4130), 50 μL, final concentration 0.1 μg/mL] solubilized in culture
medium was added to appropriate wells. Culture medium (20 μL) was
added to “medium alone” control wells. Six “LPS alone” and four
“medium alone” controls were included on each 96 well plate. Plates
were incubated for 7 h at 37 °C after which 150 μL of the supernatant
was removed from each well and stored at −20 °C. TNF-α levels were
determined in each sample using a human TNF-α ELISA.

TC28 Assay. The ability of compounds to inhibit PGE2 release was
assessed by using cells from the human chondrocyte cell line TC28,
which synthesize and secrete PGE2 when stimulated with IL-1. TC28
cells from an in-house tissue culture were seeded at 3 × 104 cells/well
into 96 well flat bottomed tissue culture plates. The cells were incubated
at 37 °C overnight to allow the cells to attach. Compounds were
solubilized in DMSO at a concentration of 10 mM, and serial dilutions
were performed in neat DMSO. Compound solution (10 μL) in DMSO
(or neat DMSO for assay control wells) was transferred to 790 μL of
assay medium [DMEM (Sigma D6546) supplemented with 1% heat
inactivated FCS, 1% L-glutamine (Invitrogen), 50 IU/mL penicillin,
50 μg/mL streptomycin (Invitrogen), and 1% nonessential amino
acids (Invitrogen)]. The cells were incubated with compound or
DMSO control at 37 °C for 20 min. IL-1β (100 μL, R&D systems) at
0.125 ng/mL in sterile PBS+0.1% FCS was added to each well, and the
plates incubated at 37 °C for 24 h. The assay medium was transferred
into round-bottom 96 well plates, and the plates were stored at −20 °C.
The PGE2 levels were determined in each sample using a PGE2 ELISA.

Inhibition in Solution Assays (ISAs). These were carried out on a
BIAcore 3000 instrument. An inhibitor (1-[7-[3-[4-(aminomethyl)-1-
piperidyl]propoxy]-6-methoxy-quinazolin-4-yl]-3-(2-chloro-6-methyl-
phenyl)urea39) was immobilized onto a CM-5 sensor chip using standard
amine coupling procedures.

The test compound competes for kinase binding to the immobilized
inhibitor, resulting in a signal proportional to the free protein con-
centration. The chip was calibrated using a report point of 50 s. ISAs
were carried out with a flow rate of 20 μL/min in HBS-EP ((10 mM
HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% Tween-20) buffer
containing 0.5% DMSO. GST-tagged phosphorylated p38α was used
at 50 nM. Surface regeneration between each injection was carried out
with 0.5% sodium dodecyl sulfate for 30 s. Dose−response data were
analyzed by nonlinear regression with GraFit (Erithacus Software Ltd.)
to estimate Kd values by a standard dose−response equation (eq 1) if
Kd ≫ [p38α] or a dose−response equation that took into account tight
binding of the inhibitor to the protein (eq 2) if Kd was not ≫[p38α].

= + +K bRU RU /(1 [I]/ )max d (1)

α α

α α α

= − −

+ + − + +

(
)

K

K I p K b

RU (RU /2) 1 /[p38 ] [I]/[p38 ]

( /[p38 ] [ ]/[ 38 ] 1) 4 /[p38 ]

max d

d
2

d
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Two-Dimensional Protein NMR. Proteins for NMR studies were
expressed in E. coli and purified using NiNTA affinity chromatography
followed by gel-filtration chromatography. 2H,15N-labeled p38α and
2H,15N-labeled MK2 were produced using ready-to-use Spectra 9 DN
minimal medium (Cambridge Isotope Laboratories), 2H-labeled p38α
was produced using Spectra 9 D, and unlabeled MK2 was produced
using regular LB medium. The p38α−MK2 complexes were formed by
mixing equimolar amounts of the appropriate protein variants.
However, a subsequent gel-filtration step proved essential for high
spectral quality. Buffer conditions for the NMR studies were 50 mM
HEPES, pH 7.5, for the complex, 50 mM MES, pH 6.2, for free MK2,

Figure 7.This shows the overall differences in the protein structures. All
structures have been overlaid on the hinge region using the MOE
software.38 p38α−MK2 complex structures in gray (compound 6) and
green (compound 12) and p38α structures in purple (PDB code 1ZYJ)
and yellow (PDB code 3OCG). The ligand binding pocket is shown as a
gray surface.
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and 50 mM Tris, pH 7.5, for free p38α, each containing 2 mM reducing
agent (TCEP). Typical NMR samples contained 50−100 μM protein.
Two-dimensional NMR TROSY-HSQC titration experiments were
carried out on a Bruker 800 MHz spectrometer. Backbone assign-
ments were adapted from previous in-house work on MK240 and
from the literature for p38α.41 Most assignments from the free proteins
could readily be transferred to the complex, since shifts were generally
modest.
X-ray Crystal Structures. Murine p38α and human MK2 protein

samples were prepared following the protocol described by White
et al.34 These were combined in an equimolar ratio and concentrated
to 8 mg/mL. Crystals were obtained using the hanging drop method
at room temperature with 9% PEG4000 or 8% PEG3350 and
100 mM sodium citrate at pH 5.6 as precipitants. Compounds were
introduced at the crystallization stage. Co-crystallization of
compounds was performed using 100 mM DMSO stock solutions
of compounds added to the protein solution at 0.5−3 mM prior to
crystallization. Crystals were flash-frozen for data collection using
20% glycerol as cryoprotectant. Diffraction images were collected at
100 K at the ESRF beamlines ID23-1 and ID29. Data were processed
and the structures were solved using the CCP4 software suite.42

Models were built with Coot43 and refined with refmac5.44 Data
collection and refinement statistics are summarized in Table 5 in the
Supporting Information.
Synthesis and Characterization of Compounds. General

Chemistry Statement. All solvents and chemicals used were reagent-
grade. Purity and characterization of compounds were established by a
combination of LC-MS and NMR. LC-MS spectra were obtained by use
of a Waters liquid chromatography mass spectrometry system, where
purity was determined by UV absorption at a wavelength of 254 nm or
220−300 nm, and the mass ion was determined by electrospray
ionization (Micromass instrument). All test compounds were >95%
purity as assessed by LC-MS and 1H NMR. 1H and 13C NMR spectra
were recorded on a Varian AV400 FT spectrometer or on a Bruker
AV700 spectrometer, in deuterated dimethyl sulfoxide (DMSO-d6)
or CDCl3, with the data expressed as chemical shifts in parts per
million (ppm) and are measured relative to the internal residual
solvent peak (CDCl3 7.25 ppm/77 ppm). Preparative HPLC was
performed on a Waters or Phenomenex column with decreasingly
polar mixtures of water (containing 1% formic acid or 1% aqueous
NH4OH) and MeCN.
4-(2-Cyanophenoxy)-N-(pyridin-4-ylmethyl)benzamide (6).

A solution of 4-(2-cyanophenoxy)benzoic acid (100 mg, 0.42 mmol)
and HATU (160 mg, 0.42 mmol) was allowed to stir at room
temperature for 5 min before adding 4-aminomethylpyridine (43 mg,
0.40 mmol) and DIPEA (350 μL, 2.0 mmol). This solution was allowed
to stir at room temperature overnight. The reaction mixture was diluted
with acetonitrile (1 mL), water (2 mL), and ammonium hydroxide
(0.5 mL) before purifying by reverse phase base (NH4OH) modified
preparative HPLC. Pure fractions were combined and evaporated
before being lyophilized (freeze-dried) overnight. There was thus
obtained 4-(2-cyanophenoxy)-N-(pyridin-4-ylmethyl)benzamide
(110 mg, 80%) as a white solid. 1H NMR (400.13 MHz, DMSO-
d6) δ 4.51 (2H, d, J = 5.9 Hz), 7.13 (1H, d, J = 7.8 Hz), 7.23 (2H, d,
J = 9.0 Hz), 7.32 (2H, d, J = 6.8 Hz), 7.36−7.40 (1H, m), 7.71−7.76
(1H, m), 7.95−7.97 (1H, m), 8.01 (2H, d, J = 9.0 Hz), 8.51−8.52
(2H, m), 9.18 (1H, t, J = 5.9 Hz); 13C NMR (176 MHz, DMSO-d6,
30 °C) 42.7, 103.6, 115.6, 118.4, 118.9, 122.0, 124.6, 129.7, 130.2,
134.3, 135.4, 148.5, 149.4, 157.6, 157.8, 165.5; ESI+ m/z (M + H)+

330.32; ESI-HRMS calculated for C20H15N3O2 (M + H+) 330.1243;
found, 330.1267.

4-(2-Methylphenoxy)-N-(pyridin-4-ylmethyl)benzamide (7).

A solution of 4-(2-methylphenoxy)benzoic acid (36 mg, 0.16 mmol) and
HATU (60 mg, 0.16 mmol) in DMF (1.5 mL) was allowed to stir at room
temperature for 5 min before adding 4-aminomethylpyridine (16 mg,
0.15 mmol) and DIPEA (130 μL, 0.75 mmol). This solution was allowed to
stir at room temperature overnight. The reaction mixture was diluted with
acetonitrile (1 mL), water (2 mL), and ammonium hydroxide (0.5 mL)
before purifying by reverse phase base (NH4OH) modified preparative
HPLC. Pure fractions were combined and evaporated before being
lyophilized (freeze-dried) overnight. 4-(2-Methylphenoxy)-N-(pyridin-3-
ylmethyl)benzamide (23 mg, 44%) was thus obtained as a gum. 1H NMR
(400.13MHz,DMSO-d6) δ 2.15 (3H, s), 4.49 (2H, d, J = 5.8Hz), 6.91−6.95
(2H,m), 7.01−7.03 (1H,m), 7.17−7.21 (1H,m), 7.26−7.30 (3H,m), 7.36−
7.40 (1H, m), 7.90−7.93 (2H, m), 8.49−8.51 (2H, m), 9.06 (1H, t, J = 5.8
Hz); ESI+ m/z (M + H)+ 319.

4-(2-Chlorophenoxy)-N-(pyridin-4-ylmethyl)benzamide (8).

A solution of 4-(2-chlorophenoxy)benzoic acid (20 mg, 0.08 mmol) and
HATU (31 mg, 0.08 mmol) in DMF (1.5 mL) was allowed to stir at room
temperature for 5 min before adding 4-aminomethylpyridine (8 mg,
0.08 mmol) and DIPEA (66 μL, 0.38 mmol). This solution was allowed to
stir at room temperature overnight. The reaction mixture was diluted with
acetonitrile (1mL), water (2mL) and ammoniumhydroxide (0.5mL) before
purifying by reverse phase base (NH4OH)modified preparative HPLC. Pure
fractions were combined and evaporated before being lyophilized (freeze-
dried) overnight. There was thus obtained 4-(2-chlorophenoxy)-N-(pyridin-
4-ylmethyl)benzamide (16 mg, 44%) as an amber gum. 1H NMR (400.13
MHz, DMSO-d6) δ 4.49 (2H, d, J = 5.8 Hz), 6.99−7.01 (2H, m), 7.24−7.33
(4H, m), 7.42−7.46 (1H, m), 7.64−7.67 (1H, m), 7.93−7.95 (2H, m), 8.50
(2H, m), 9.10 (1H, t, J = 5.8 Hz); ESI+ m/z (M + H)+ 339.

N-Benzyl-4-(2-cyanophenoxy)benzamide (9).

A solution of 4-(2-cyanophenoxy)benzoic acid (97 mg, 0.41 mmol) and
HATU (185 mg, 0.49 mmol) in DMF (2 mL) was allowed to stir
at room temperature for 5 min before adding benzylamine (0.049 μL,
0.45 mmol) and DIPEA (0.21 μL, 1.2 mmol). This solution was allowed
to stir at room temperature overnight. The reaction mixture was diluted
to 5 mL with acetonitrile/water and purified by preparative HPLC
(Waters XTerra C18 column, 5 μm silica, 19 mm diameter, 100 mm
length, 254 nm), using decreasingly polar mixtures of water (containing
0.1% NH3) and MeCN as eluents. Fractions containing the desired
compound were lyophilized to dryness to afford N-benzyl-4-(2-
cyanophenoxy)benzamide (54 mg, 40%) as a white solid. 1H NMR
(400.13 MHz, DMSO-d6) δ 4.50 (2H, d, J = 5.6 Hz), 7.11−7.13 (1H, m),
7.19−7.22 (2H, m), 7.24−7.27 (1H, m), 7.32−7.39 (5H, m), 7.70−7.75
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(1H, m), 7.94 (1H, dd, J = 8.1 Hz, J = 2.0 Hz), 7.98−8.02 (2H, m), 9.04
(1H, t, J = 5.6 Hz); ESI− m/z (M − H)− 327.66.
4-(2-Cyanophenoxy)-N-(pyridin-3-ylmethyl)benzamide (10).

A solution of 4-(2-cyanophenoxy)benzoic acid (100 mg, 0.42 mmol) and
HATU (160 mg, 0.42 mmol) was allowed to stir at room temperature for
5 min before adding 3-aminomethylpyridine (43 mg, 0.40 mmol) and
DIPEA (350 μL, 2.0 mmol). This solution was allowed to stir at room
temperature overnight. The reaction mixture was diluted with acetonitrile
(1 mL), water (2 mL) and ammonium hydroxide (0.5 mL) before purifying
by reverse phase base (NH4OH)modified preparativeHPLC. Pure fractions
were combined and evaporated before being lyophilized (freeze-dried)
overnight. There was thus obtained 4-(2-cyanophenoxy)-N-(pyridin-3-
ylmethyl)benzamide (108 mg, 77%) as a white solid. 1H NMR (400.13
MHz, DMSO-d6) δ 4.51 (2H, d, J = 5.8Hz), 7.12 (1H, d, J = 8.8Hz), 7.20−
7.23 (2H, m), 7.35−7.39 (2H, m), 7.70−7.75 (2H, m), 7.94−8.01 (3H, m),
8.46−8.48 (1H, m), 8.56 (1H, d, J = 2.0 Hz), 9.14 (1H, t, J = 5.8 Hz); 13C
NMR (176 MHz, DMSO-d6, 30 °C) 40.38, 103.56, 115.57, 118.38, 118.80,
123.35, 124.53, 129.63, 130.28, 134.20, 134.96, 135.01, 135.36, 147.99,
148.75, 157.61, 157.67, 165.36; ESI+ m/z (M + H)+ 330.32; ESI-HRMS
calculated for C20H15N3O2 (M + H)+ 330.1243; found, 330.1267.
4-(2-Cyanophenoxy)-N-(pyrimidin-4-ylmethyl)benzamide (11).

A solution of 4-(2-cyanophenoxy)benzoic acid (100 mg, 0.42 mmol)
and HATU (160 mg, 0.42 mmol) was allowed to stir at room
temperature for 5 min before addition of 4-aminomethylpyrimidine
(43 mg, 0.40 mmol) and DIPEA (350 μL, 2.0 mmol). This solution was
allowed to stir at room temperature overnight. The reaction mixture was
diluted with acetonitrile (1 mL), water (2 mL), and ammonium
hydroxide (0.5 mL) before purifying by reverse phase base (NH4OH)
modified preparative HPLC. Pure fractions were combined and
evaporated before being lyophilized (freeze-dried) overnight. 4-(2-
Cyanophenoxy)-N-(pyrimidin-4-ylmethyl)benzamide (102 mg, 77%)
was thus obtained as a white solid. 1HNMR (400.13 MHz, DMSO-d6) δ
4.56 (2H, d, J = 5.8 Hz), 7.14 (1H, d, J = 8.2 Hz), 7.22−7.26 (2H, m),
7.36−7.40 (1H, m), 7.44−7.46 (1H, m), 7.72−7.76 (1H, m), 7.95−7.97
(1H, m), 8.01−8.04 (2H, m), 8.74 (1H, d, J = 6.0 Hz), 9.12 (1H, s), 9.24
(1H, t, J = 5.8 Hz); ESI+ m/z (M + H)+ 331.
N-[5-(Dimethylsulfamoyl)-2-methylphenyl]-1-phenyl-5-propyl-

1H-pyrazole-4-carboxamide (12).

3-Amino-N,N-4-trimethylbenzenesulfonamide (152 mg, 0.71 mmol)
was added in one portion to 1-phenyl-5-propyl-1H-pyrazole-4-carbonyl

chloride (176 mg, 0.71 mmol) in THF (4 mL) at 20 °C under air. The
resulting suspension was stirred at 20 °C for 16 h. The solvents were
then removed in vacuo to give a yellow solid. The crude product was
purified by preparative HPLC (Waters XBridge Prep C18 OBD column,
5 μm silica, 21 mm diameter, 150 mm length), using decreasingly polar
mixtures of water (containing 0.1% formic acid) and MeCN as
eluents. Fractions containing the desired compound were evaporated
to dryness to afford N-[5-(dimethylsulfamoyl)-2-methylphenyl]-1-
phenyl-5-propyl-1H-pyrazole-4-carboxamide (172 mg, 57%) as a
white solid. 1H NMR (400.13 MHz, DMSO-d6) δ 0.76 (3H, t, J = 7.8
Hz), 1.40−1.51 (2H, m), 2.38 (3H, s), 2.66 (6H, s), 2.97 (2H, t, J =
7.2 Hz), 7.49−7.64 (7H, m), 7.79 (1H, s), 8.32 (1H, s) and 9.70 (1H,
s); 13C NMR (176 MHz, DMSO-d6, 30 °C) 13.49, 18.04, 21.67,
25.97, 37.52, 114.58, 124.24, 124.66, 125.82, 128.77, 129.29, 131.17,
132.30, 137.01, 138.70, 138.79, 139.38, 146.53, 161.47; ESI+ m/z
(M + H)+ 427.24; ESI-HRMS calculated for C22H26N4O3S (M + H+)
427.17984; found, 427.17978.

N-(5-Fluoro-2-methylphenyl)-1-phenyl-5-propyl-1H-pyrazole-4-
carboxamide (13).

2-Amino-4-fluorotoluene (252 mg, 2.0 mmol) was added in one por-
tion to 1-phenyl-5-propyl-1H-pyrazole-4-carbonyl chloride (500 mg,
2.0 mmol) in THF (8 mL) at 20 °C under air. The resulting
suspension was stirred at 20 °C for 16 h. The solvents were then
removed in vacuo to give a yellow solid. This was then dissolved in
DMSO/acetonitrile/water and basified with concentrated ammonia
solution. The solid that was precipitated was filtered off, washed with
acetonitrile and water, and then dried overnight under high vacuum
to give N-(5-fluoro-2-methylphenyl)-1-phenyl-5-propyl-1H-pyrazole-4-
carboxamide (358 mg, 53%) as a white solid. 1H NMR (400.13 MHz,
DMSO-d6) δ 0.75 (3H, t, J = 7.6 Hz), 1.40−1.51 (2H, m), 2.26 (3H, s),
2.96 (2H, t, J = 8.2 Hz), 6.96−7.02 (1H, ddd, J = 8.0 Hz, J = 7.8 Hz, J =
2.8 Hz), 7.27−7.33 (2H, m), 7.48−7.52 (5H, m), 8.29 (1H, s) and 8.99
(1H, s); ESI+ m/z (M + H)+ 338.18.

N-(5-Cyano-2-methylphenyl)-1-phenyl-5-propyl-1H-pyrazole-4-
carboxamide (14).

HATU (410 mg, 1.08 mmol) was added to a solution of 1-phenyl-5-
propyl-1H-pyrazole-4-carboxylic acid (207 mg, 0.90 mmol) in DMF
(2 mL), and the reaction mixture was stirred at ambient temperature for
10 min. 3-Amino-4-methylbenzonitrile (119 mg, 0.90 mmol) and
DIPEA (0.47 mL, 2.7 mmol) were then added, and the reaction mixture
was stirred for a further 2 h, then diluted to 10 mL with acetonitrile and
left to stand for 5 days, during which time a precipitate formed. This was
filtered, washed with water (3 × 10 mL), and dried under vacuum to
give N-(5-cyano-2-methylphenyl)-1-phenyl-5-propyl-1H-pyrazole-4-
carboxamide (47 mg, 15%) as a white solid. 1H NMR (400.13 MHz,
DMSO-d6) δ 0.74 (3H, t, J = 7.6 Hz), 1.37−1.5 (2H, m), 2.35 (3H, s),
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2.88−2.97 (2H, m), 7.47−7.65 (7H, m), 7.85 (1H, d, J = 2.2 Hz), 8.32
(1H, s), 9.71 (1H, s); ESI+ m/z (M + H)+ 345.52.
N-(5-Hydroxy-2-methylphenyl)-1-phenyl-5-propyl-1H-pyrazole-

4-carboxamide (15).

N-(5-(Benzyloxy)-2-methylphenyl)-1-phenyl-5-propyl-1H-pyrazole-4-
carboxamide (150 mg, 0.35 mmol) and palladium on carbon (37.5 mg,
0.35 mmol) in ethanol (10 mL) was stirred under an atmosphere of
hydrogen at 5 bar and 40 °C for 16 h. The catalyst was then filtered off
through Celite, and the filtrate was concentrated in vacuo to give a
yellow solid. The crude product was purified by preparative HPLC
(Phenomenex Gemini C18 110A (axia) column, 5 μm silica, 21 mm
diameter, 100 mm length), using decreasingly polar mixtures of water
(containing 0.1% formic acid) and MeCN as eluents. Fractions
containing the desired compound were evaporated to dryness to
afford N-(5-hydroxy-2-methylphenyl)-1-phenyl-5-propyl-1H-pyra-
zole-4-carboxamide (72 mg, 61%) as a white solid. 1H NMR
(400.13 MHz, DMSO-d6) δ 0.66 (3H, t, J = 7.8 Hz), 1.30−1.40 (2H,
m), 2.05 (3H, s), 2.85 (2H, t, J = 8.4 Hz), 6.48 (1H, dd, J = 8.4 Hz, J =
2.6 Hz), 6.75 (1H, d, J = 2.6 Hz), 6.94 (1H, d, J = 8.4 Hz), 7.40−7.54
(5H, m), 8.18 (1H, s), 9.15 (1H, s) and 9.28 (1H, s); ESI+ m/z (M +
H)+ 336.25.
N-(5-Benzyloxy-2-methyl-phenyl)-1-phenyl-5-propyl-1H-pyra-

zole-4-carboxamide (16).

A solution of HATU (226mg, 0.59mmol) in DMF (1mL) was added to
1-phenyl-5-propyl-1H-pyrazole-4-carboxylic acid (114 mg, 0.50 mmol),
and the reaction mixture was stirred for 10 min. A solution of
5-benzyloxy-2-methyl-aniline (105 mg, 0.50 mmol) and DIPEA
(260 μL, 1.5 mmol) in DMF (1 mL) was then added, and the reaction
mixture was stirred at ambient temperature for 16 h, then diluted to
5 mL with acetonitrile/water and purified by reverse-phase prep-HPLC,
eluting with a gradient of acetonitrile/water (0.1% NH3). Product
fractions were combined and evaporated under reduced pressure to give
N-(5-benzyloxy-2-methyl-phenyl)-1-phenyl-5-propyl-1H-pyrazole-4-
carboxamide as a white solid (169 mg, 79%). 1H NMR (700 MHz,
DMSO-d6) δ 0.74 (3H, t, J = 7.4 Hz), 1.42−1.48 (2H, m), 2.18 (3H, s),
2.95 (2H, t, J = 6.7 Hz), 5.10 (2H, s), 6.84 (1H, dd, J = 7.7 Hz,
J = 2.0 Hz), 7.06 (1H, d, J = 2.0 Hz), 7.17 (1H, d, J = 8.4 Hz), 7.34 (1H,
m), 7.38−7.42 (2H, m), 7.45−7.48 (2H, m), 7.48−7.51 (2H, m), 7.52−
7.56 (1H, m), 7.57−7.61 (2H, m), 8.28 (1H, s), 9.43 (1H, s); ESI− m/z
(M − H)− 425.

Methyl 4-Methyl-3-(1-phenyl-5-propyl-1H-pyrazole-4-
carboxamido)benzoate (17).

A solution of HATU (226mg, 0.59mmol) in DMF (1mL)was added to
1-phenyl-5-propyl-1H-pyrazole-4-carboxylic acid (114 mg, 0.50 mmol),
and the reaction mixture was stirred for 10 min. A solution of methyl
3-amino-4-methylbenzoate (83 mg, 0.50 mmol) and DIPEA (260 μL,
1.5 mmol) in DMF (1 mL) was then added, and the reaction mixture
was stirred at ambient temperature for 16 h, then diluted to 5 mL with
acetonitrile/water and purified by reverse-phase prep-HPLC, eluting
with a gradient of acetonitrile/water (0.1% ammonia). Product fractions
were combined and evaporated under reduced pressure to give methyl
4-methyl-3-(1-phenyl-5-propyl-1H-pyrazole-4-carboxamido)benzoate
(105 mg, 56%) as a white solid. 1H NMR (700 MHz, DMSO-d6) δ
0.75 (3H, t, J = 7.8 Hz), 1.45 (2H, m), 2.34 (3H, s), 2.92−2.98 (2H, m),
3.87 (3H, s), 7.44 (1H, d, J = 7.4 Hz), 7.51 (2H, m), 7.53−7.57 (1H, m),
7.58−7.62 (2H, m), 7.76 (1H, dd, J = 8.0 Hz, J = 2.1 Hz), 7.99 (1H, d, J =
2.1 Hz), 8.31 (1H, s), 9.63 (1H, s); ESI− m/z (M − H)− 377.

N-(2-Methyl-5-methylsulfonyl-phenyl)-1-phenyl-5-propyl-1H-pyr-
azole-4-carboxamide (18).

A solution of HATU (226mg, 0.59mmol) in DMF (1mL)was added to
1-phenyl-5-propyl-1H-pyrazole-4-carboxylic acid (114 mg, 0.50 mmol),
and the reaction mixture was stirred for 10 min. A solution of 2-methyl-
5-methylsulfonyl-aniline (92 mg, 0.50 mmol) and DIPEA (260 μL,
1.5 mmol) in DMF (1 mL) was then added, and the reaction mixture
was stirred at ambient temperature for 16 h, then diluted to 5 mL with
acetonitrile/water and purified by reverse-phase prep-HPLC, eluting
with a gradient of acetonitrile/water (0.1% NH3). Product fractions
were combined and evaporated under reduced pressure to give N-(2-
methyl-5-methylsulfonyl-phenyl)-1-phenyl-5-propyl-1H-pyrazole-4-
carboxamide as a white solid (36 mg, 18%). 1H NMR (700 MHz,
DMSO-d6) δ 0.74 (3H, t, J = 7.4 Hz), 1.41−1.48 (2H, m), 2.37 (3H, s),
2.92−2.97 (2H, m), 7.49−7.51 (2H, m), 7.53−7.57 (2H, m), 7.59
(2H, m), 7.70 (1H, dd, J = 8.8 Hz, J = 2.6 Hz), 7.96 (1H, d, J = 2.5 Hz),
8.31 (1H, s), 9.72 (1H, s); ESI− m/z (M − H)− 397.

4-Methyl-3-(1-phenyl-5-propyl-1H-pyrazole-4-carboxamido)-
benzoic acid (19).
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Methyl 4-methyl-3-(1-phenyl-5-propyl-1H-pyrazole-4-carboxamido)-
benzoate (82 mg, 0.22 mmol) was dissolved in tetrahydrofuran
(1 mL). Aqueous sodium hydroxide (2 M, 1.1 mL, 2.2 mmol) was
added, followed by methanol (0.5 mL), and the reaction mixture was
stirred at ambient temperature for 16 h. The reaction mixture was then
evaporated at reduced pressure, redissolved in water (5 mL), and
acidified to pH 1 with 2 M aqueous HCl. The resulting precipitate was
filtered, washed with water (2 × 5 mL), and dried under vacuum to give
4-methyl-3-(1-phenyl-5-propyl-1H-pyrazole-4-carboxamido)benzoic
acid (66mg, 84%) as a white solid. 1HNMR (400.13MHz, DMSO-d6) δ
0.80 (3H, t, J = 7.6 Hz), 1.50 (2H, m), 2.40 (3H, s), 3.00 (2H, m), 7.45
(1H, d, J = 8.3 Hz), 7.60 (5H, m), 7.80 (1H, dd, J = 8.3 Hz, J = 2.0 Hz),
8.00 (1H, m), 8.37 (1H, s), 9.72 (1H, s), 12.95 (1H, s); ESI− m/z
(M − H)− 362.26.
1-(4-Chlorophenyl)-N-(5-(N,N-dimethylsulfamoyl)-2-methylphenyl)-

5-propyl-1H-pyrazole-4-carboxamide (20).

3-Amino-4,N,N-trimethyl-benzenesulfonamide (55 mg, 0.26 mmol)
was added in one portion to 1-(4-chlorophenyl)-5-propyl-1H-pyrazole-
4-carbonyl chloride (73 mg, 0.26 mmol) in THF (2 mL) at 20 °C under
nitrogen. The resulting suspension was stirred at 20 °C for 16 h. The
solvents were removed in vacuo. The residue was then dissolved in DCM
(20 mL) and washed with saturated sodium bicarbonate solution
(20 mL). The DCM layer was passed through a phase separating
cartridge and concentrated under reduced pressure to give crude
product. The crude product was purified by preparative HPLC
(Phenomenex Gemini C18 110A (axia) column, 5 μm silica, 21 mm
diameter, 100 mm length), using decreasingly polar mixtures of water
(containing 0.1% formic acid) and MeCN as eluents. Fractions
containing the desired compound were evaporated to dryness to afford
1-(4-chlorophenyl)-N-(5-(N,N-dimethylsulfamoyl)-2-methylphenyl)-
5-propyl-1H-pyrazole-4-carboxamide (58 mg, 49%) as a white solid. 1H
NMR (400.13 MHz, CDCl3) δ 0.86 (3H, t, J = 7.6 Hz), 1.53−1.63 (2H,
m), 2.42 (3H, s), 2.76 (6H, s), 2.99 (2H, t, J = 8.0 Hz), 7.35−7.42 (3H,
m), 7.46 (1H, s), 7.49−7.53 (3H, m), 7.94 (1H, s) and 8.29 (1H, s);
ESI− m/z (M − H)− 459.10.
N-(5-(N,N-Dimethylsulfamoyl)-2-methylphenyl)-5-propyl-1-(pyridin-

3-yl)-1H-pyrazole-4-carboxamide (21).

Trimethylaluminum (1.5 mL, 3.0 mmol) was added dropwise to ethyl
5-propyl-1-(pyridin-3-yl)-1H-pyrazole-4-carboxylate (192 mg, 0.74
mmol) and 3-amino-4,N,N-trimethyl-benzenesulfonamide (317 mg,
1.48 mmol) in DCM (5 mL) at 20 °C under nitrogen. The resulting
solution was stirred at 20 °C for 16 h. The reaction was quenched
by careful addition of a saturated solution of Rochelle’s salt (10 mL).
The reaction mixture was extracted twice with DCM (2 × 15 mL), the
combined organics were passed through a phase separating cartridge
and concentrated under reduced pressure to give a yellow gum. The
crude product was purified by preparative HPLC (Phenomenex Gemini

C18 110A (axia) column, 5 μm silica, 21 mm diameter, 100 mm length),
using decreasingly polar mixtures of water (containing 0.1% formic acid)
and MeCN as eluents. Fractions containing the desired compound
were evaporated to dryness to afford N-(5-(N,N-dimethylsulfamoyl)-2-
methylphenyl)-5-propyl-1-(pyridin-3-yl)-1H-pyrazole-4-carboxamide
(130 mg, 41%) as a white solid. 1H NMR (400.13 MHz, DMSO-d6) δ
0.67 (3H, t, J = 7.6 Hz), 1.29−1.39 (2H, m), 2.27 (3H, s), 2.55 (6H, s),
2.88 (2H, t, J = 8.2 Hz), 7.43−7.50 (2H, m), 7.57 (1H, dd, J = 8.0 Hz, J =
5.0 Hz), 7.69 (1H, s), 7.95 (1H, d, J = 8.0 Hz), 8.31 (1H, s), 8.64−8.72
(2H, m), 9.74 (1H, s); ESI+ m/z (M + H)+ 428.31.

Ethyl 5-propyl-1-(pyridin-3-yl)-1H-pyrazole-4-carboxylate (28a).

1-(Pyridin-3-yl)hydrazinium chloride (3.50 g, 24.0 mmol) was added in
one portion to (Z)-ethyl 2-((dimethylamino)methylene)-3-oxohex-
anoate (5.13 g, 24.0 mmol) in ethanol (70 mL) at 20 °C under air. The
resulting solution was stirred at 80 °C for 16 h. The reaction mixture
was then concentrated in vacuo to give an orange oil. This was then
dissolved in ethyl acetate (100 mL) and washed with saturated sodium
bicarbonate solution (100 mL), the layers were separated, the aqueous
layer was re-extracted with ethyl acetate (100 mL), and the combined
organic layers were washed with brine (100 mL), dried (Na2SO4),
filtered, and evaporated to give an orange oil. The crude product was
purified by flash silica chromatography, elution gradient 0−50% EtOAc
in isohexane. Pure fractions were evaporated to dryness to afford ethyl
5-propyl-1-(pyridin-3-yl)-1H-pyrazole-4-carboxylate (4.84 g, 78%) as a
yellow gum. 1H NMR (400.13 MHz, CDCl3) δ 0.90 (3H, t), 1.39 (3H,
t), 1.55−1.67 (2H, m), 2.94 (2H, t), 4.33 (2H, q), 7.47−7.52 (1H, m),
7.78−7.82 (1H, m), 8.08 (1H, s) and 8.70−8.74 (2H, m); ESI+ m/z
(M + H)+ 260.50.

1-Benzyl-N-(5-(N,N-dimethylsulfamoyl)-2-methylphenyl)-5-propyl-
1H-pyrazole-4-carboxamide (22).

Trimethylaluminum (1.63 mL, 3.26 mmol) was added dropwise to ethyl
1-benzyl-5-propyl-1H-pyrazole-4-carboxylate (222 mg, 0.82 mmol) and
3-amino-4,N,N-trimethyl-benzenesulfonamide (349 mg, 1.63 mmol) in
DCM (5 mL) at 20 °C under nitrogen. The resulting solution was
stirred at 20 °C for 16 h. The reaction was quenched by careful addition
of a saturated solution of Rochelle’s salt (10 mL). The reaction mixture
was extracted twice with DCM (2 × 15 mL), and the combined organic
layers were passed through a phase separating cartridge and con-
centrated under reduced pressure to give a yellow gum. The crude
product was purified by preparative HPLC (Phenomenex Gemini C18
110A (axia) column, 5 μm silica, 21 mm diameter, 100 mm length),
using decreasingly polar mixtures of water (containing 0.1% formic acid)
and MeCN as eluents. Fractions containing the desired compound were
evaporated to dryness to afford 1-benzyl-N-(5-(N,N-dimethylsulfamoyl)-
2-methylphenyl)-5-propyl-1H-pyrazole-4-carboxamide (288 mg, 80%) as
a white solid. 1H NMR (400.13 MHz, DMSO-d6) δ 0.83 (3H, t, J = 7.6
Hz), 1.35−1.45 (2H, m), 2.35 (3H, s), 2.61 (6H, s), 2.94 (2H, t, J = 8.4 Hz),

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm501038s | J. Med. Chem. XXXX, XXX, XXX−XXXM



5.40 (2H, s), 7.19 (2H, d, J = 7.2 Hz), 7.28−7.40 (3H, m), 7.48−7.55 (2H,
m), 7.77 (1H, s), 8.18 (1H, s) and 9.59 (1H, s); ESI−m/z (M−H)− 439.23.
Ethyl 1-Benzyl-5-propyl-1H-pyrazole-4-carboxylate (28b).

Benzylhydrazine dihydrochloride (3.98 g, 20.4 mmol) was added to
(Z)-ethyl 2-((dimethylamino)methylene)-3-oxohexanoate (2.90 g,
13.6 mmol) and acetic acid (0.078 mL, 1.36 mmol) in ethanol
(160 mL) at 20 °C under air. The resulting solution was stirred at 80 °C
for 16 h and then concentrated in vacuo yielding a yellow oil. This was
diluted with EtOAc (600 mL) and washed with sodium bicarbonate
(200 mL), followed by water (200 mL) and brine (200 mL). The
organic layer was dried using MgSO4, filtered, and evaporated to afford
the crude product. The crude product was purified by flash silica
chromatography, elution gradient 0 to 15% EtOAc in isohexane. Pure
fractions were evaporated to dryness to afford ethyl 1-benzyl-5-propyl-
1H-pyrazole-4-carboxylate (2.89 g, 78%) as a yellow oil. 1H NMR
(400.13 MHz, CDCl3) δ 0.92 (3H, t), 1.33−1.36 (3H, t), 1.44−1.54
(2H, m), 2.86−2.90 (2H, m), 4.28 (2H, q), 5.32 (2H, s), 7.10 (2H, d),
7.25−7.34 (3H, m), 7.92 (1H, s); ESI+ m/z (M + H)+ 273.51.
N-(5-(N,N-Dimethylsulfamoyl)-2-methylphenyl)-1-isobutyl-5-

propyl-1H-pyrazole-4-carboxamide (23).

Isobutylhydrazine hydrochloride (62 mg, 0.50 mmol) was added to
2-((dimethylamino)methylene)-N-(5-(N,N-dimethylsulfamoyl)-2-methyl-
phenyl)-3-oxohexanamide (126 mg, 0.33 mmol) and acetic acid (1.89 μL,
0.03 mmol) in ethanol (10 mL) at 20 °C under air. The resulting solution
was stirred at 80 °C for 1.25 h, then cooled and evaporated to give a yellow
oil. The crude product was purified by preparative HPLC Waters XBridge
PrepC18OBDcolumn, 5μmsilica, 19mmdiameter, 100mm length, using
decreasingly polar mixtures of water (containing 0.1%NH3) andMeCN as
eluents. Fractions containing the desired compound were lyophilized to
dryness to afford N-(5-(N,N-dimethylsulfamoyl)-2-methylphenyl)-1-iso-
butyl-5-propyl-1H-pyrazole-4-carboxamide (34 mg, 25%) as a pale yellow
solid. 1HNMR (400.13MHz, DMSO-d6) δ 0.87 (3H, s), 0.89 (3H, s), 0.91
(3H, t, J = 7.4 Hz), 1.50−1.60 (2H, m), 2.16−2.22 (1H, m), 2.33 (3H, s),
2.62 (6H, s), 2.95 (2H, t, J = 7.8 Hz), 3.90 (2H, d, J = 7.6 Hz), 7.48−7.54
(2H, m), 7.75−7.77 (1H, m), 8.10 (1H, s), 9.55 (1H, s); ESI+ m/z
(M + H)+ 407.
2-((Dimethylamino)methylene)-N-(5-(N,N-dimethylsulfamoyl)-2-

methylphenyl)-3-oxohexanamide (31).

1,1-Dimethoxy-N,N-dimethylmethanamine (0.445 mL, 3.32 mmol) was
added to N-(5-(N,N-dimethylsulfamoyl)-2-methylphenyl)-3-oxohexa-
namide (868 mg, 2.66 mmol) in dioxane (10 mL), and the resulting
solution was stirred at 100 °C for 1 h. The resulting mixture was cooled
and evaporated to dryness to afford 2-((dimethylamino)methylene)-
N-(5-(N,N-dimethylsulfamoyl)-2-methylphenyl)-3-oxohexanamide
(1.17 g, quant.) as a brown oil, which solidified on standing. 1H NMR
(400.13 MHz, DMSO-d6) δ 0.92 (3H, s), 1.56−1.65 (2H, m), 2.39 (3H,
s), 2.54 (2H, t), 2.60−2.66 (6H, s), 3.15 (6H, s), 7.32−7.35 (1H, m),
7.42 (1H, d), 7.81 (1H, s), 8.37 (1H, s); ESI− m/z (M − H)− 380.

N-(5-(N,N-Dimethylsulfamoyl)-2-methylphenyl)-3-oxohexan-
amide (30).

3-Amino-N,N-4-trimethylbenzenesulfonamide (1.84 g, 8.59 mmol) and
ethyl 3-oxohexanoate (1.36 mL, 8.59 mmol) were dissolved in acetic
acid (10 mL) and sealed into a microwave tube. The reaction was heated
to 150 °C for 30 min in the microwave reactor and cooled to RT. The
reaction mixture was evaporated, then neutralized with saturated
NaHCO3 and extracted with Et2O. The crude product was purified by
flash silica chromatography, elution gradient 10−50% EtOAc in
isohexane. Pure fractions were evaporated to dryness to afford N-(5-
(N,N-dimethylsulfamoyl)-2-methylphenyl)-3-oxohexanamide (0.87 g,
31%) as a yellow gum. 1H NMR (400.13 MHz, DMSO-d6) δ 0.88 (3H, s),
1.48−1.57 (2H, m), 2.33 (3H, s), 2.53−2.58 (2H, m), 2.60 (6H, s), 3.63
(2H, d), 7.43−7.45 (1H, m), 7.50 (1H, d), 7.94 (1H, d), 9.69 (1H, s); ESI+
m/z (M + H)+ 327.
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■ NOTE ADDED AFTER ASAP PUBLICATION
After this paper was published ASAP on October 9, 2014, a
correction was made to Table 2. The corrected version was
reposted October 17, 2014.
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