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Abstract—A new class of tumor necrosis factor alpha (TNF-a) synthesis inhibitors based on a N-2,4-pyrimidine-N-phenyl-N'-alkyl
urea scaffold is described. Many of these compounds showed low-nanomolar activity against lipopolysaccharide stimulated TNF-o
production. Two analogs were tested in an in vivo rat iodoacetate model of osteoarthritis and shown to be orally efficacious. X-ray
co-crystallization studies with mutated p38a showed that these trisubstituted ureas interact with the ATP-binding pocket in a pseu-
do-bicyclic conformation brought about by the presence of an intramolecular hydrogen bonding interaction.

© 2006 Elsevier Ltd. All rights reserved.

The over-expression of cytokines, such as tumor necro-
sis factor alpha (TNF-o) and interleukin-1p (IL-1pB), has
been implicated in a number of serious inflammatory
disorders.! Consequently, agents that inhibit the prolif-
eration of these pro-inflammatory cytokines could re-
duce inflammation and prevent further tissue
destruction in diseases such as rheumatoid arthritis
(RA),2, osteoarthritis (OA) and Crohn’s disease.®> When
activated by external stimuli, the serine-threonine kinase
p38 mitogen-activated protein (MAP) kinase perpetu-
ates a phosphorylation cascade among downstream
kinases which activates transcription factors such as
NF-kf leading to ultimate synthesis of TNF-o and
IL-1B.*° Many companies have developed small mole-
cule TNF-a production inhibitors that function by com-
petitively binding to the ATP-binding pocket of p38.°
A recent review stated that since 1996, over 234 patents
have been published claiming p38 inhibitors, while
seventeen specific inhibitors have been selected for
development.” A summary of the clinical development
of five recent candidates (AMG 548, BIRB 796, SCIO
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469, SCIO 323, and VX 702) was recently published.®
To date, no company has reported results for a p38 spe-
cific kinase inhibitor past phase II development.

Previously we reported the synthesis and biological
activity of a series of bicyclic pyrazolone-based inhibi-
tors of TNF-a production exemplified by 1 (TNF-a
ICs9o =22 nM, Fig. 1) which was orally active in an

TNF-o ICgo = 22 nM
p38a. IC;, = 54 nM

TNF-o = 122 nM

Figure 1. Urea-based pro-inflammatory cytokine inhibitor.
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in vivo model for osteoarthritis.” Pyrazolone 1 was also
a potent inhibitor of p38a (ICsy = 54 nM), while show-
ing a good overall profile of kinase selectivity. We fol-
lowed this work with an investigation of an N-24-
pyrimidine-N,N’-diphenyl urea scaffold highlighted by
the potent TNF-o synthesis inhibitor 2.!° However,
due to issues with chemical stability, we were unable
to progress compounds of this class any further into
in vivo studies. We now wish to report the development
of new trisubstituted urea analogs which maintain cyto-
kine inhibition, while also showing in vivo efficacy.

Synthesis of many of the described pyrimidine-ureas was
accomplished in three steps from known starting materi-
als (see Scheme 1) as reported in the previous communi-
cation.'® Regioselective addition of 4-fluoroanilines to
2,4-dichloropyrimidine 3 gave the corresponding 6-anili-
no-4-chloropyrimidine 4. A second nucleophilic addi-
tion of (3S)-3-amino-2-methyl-butan-2-ol to 4 in N-
methyl pyrolidinone (NMP, 135°C) gave the desired
disubstituted pyrimidine 5. Reaction of 5§ with 2-chlo-
robenzyl isocyanate in dichloroethane (DCE) gave the
corresponding trisubstituted ureas 6a.'!

The urea analogs synthesized in this study were all tested
for inhibition of TNF-a in an LPS stimulated human
monocytic (THP-1) whole cell-based assay.!?

Table 1 describes the general SAR among the N’'-benzyl-
substituted urea analogs. N’-2-Chlorobenzyl analog 6a
was tested in the cellular assay and showed excellent
potency (ICso = 14 nM). This represents a near 10-fold
improvement in potency over the related N’-2-chloro-
phenyl analog 2 (ICso = 122 nM) described previously.!?
Additionally, unlike the corresponding N’-2-chlorophe-
nyl analog 2, the benzyl analog proved to be chemically
stable in solution with no decomposition observed after
24 h standing in aqueous buffers between pH 3 and 12.
Presumably, this is due to the presence of an electron-
donating substituent at the N’-position which deacti-
vates the urea toward hydrolysis relative to the N'-aryl
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Scheme 1. Reagents and conditions: (a) EtOH, Na,COs3, 4-fluoroan-
iline; (b) NMP, i-Pr,NEt, (3S5)-3-amino-2-methyl-butan-2-ol'HCI,
135 °C; (¢) DCE, 2-chlorobenzyl isocyanate, rt to 80 °C.

Table 1. TNF-o data for urea analogs containing an N’-substituted
benzyl group

R 2
PN ‘ S

NZON HN
K/‘\N/&O =
1 = ‘
AN
Compound R R! R? TNF-o,
ICs* (uM)
HO HN
6a 3_« £+ 4F 2-Cl 0.014
HO HN
6b 3_« £+ 4McO  2-Cl 0.009
HO HN
6¢ ;—ﬂ £ 4MeO  2-Me 0.037
HO HN
6d %—ﬂ £ 4McO  2MeO 0015
6e MeQ H<N% 4-F 2-Cl 0.236
6f MeQ H<N% 4-MeO  2-Cl 0.148
62 MeQ H<N% 4-Et0  2-Cl 0.056
6h MeQ H<N% 4-MeO  24-di-Cl  0.611
6i MeQ H<N% 4-MeO  34-di-Cl  2.07
s
6i /. 4-F 2-Cl 0.016
0
H
6k YN/ 4-MeO  2-Cl 0.016
6l Me,N 4-F 2-Cl 35%®
6m MeNH 4-MeO 2-Cl 3%

oy
6n @:N/ 4-F 2-Cl 25%°
F

#Standard deviation for the assay was £30% of mean or less.
® Percentage inhibition at 10 uM.

analogs. Other N’-2-substituted benzyl analogs contain-
ing the hydroxyl-dimethylpropylamino 2-pyrimidyl
groups and an N-4-methoxyphenyl group (6b-6d) were
synthesized and proved to be nearly equipotent with 6a.

As with the N’-phenyl analogs, an approximate 10-fold
loss in potency was observed with compounds in which
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the hydroxy-dimethylpropylamino group was replaced
with the methoxypropylamino group (6e and 6f). The
one exception in this series was the analog containing
an N-4-ethoxyphenyl group (6g) which proved to be
distinctly active with an ICsy of 56 nM. Two disubsti-
tuted benzyl derivatives were made with the 2,4-dichlo-
robenzyl analog 6h showing greater potency than the
3,4-dichlorobenzyl counterpart 6i, although both were
significantly less potent than the most active analogs
in the series. However, the 2-pyrimidyl tetrahydro-pyr-
anylamino analog 6j and isopropylamino analog 6k
proved to be the most active, non-chiral urea analogs
synthesized to this point. Conversely, other 2-pyrimidyl
derivatives such as the dimethylamino analog 6l,
the methylamino analog 6m, and the 2,6-difluoroani-
line derivative 6n showed negligible activity. This reiter-
ated the need for alkyl branching alpha to the amino
linker.

Based on the success of adding an alkyl linker between
N’-urea nitrogen and the phenyl side chain, we decided
to also investigate purely N’-alkyl derivatives. Table 2
lists the results for a variety of simple N’-alkyl ureas.
The alkyl urea 7a proved to be as potent as the corre-
sponding benzyl analog 6b. Use of a longer chain or cyc-
lic alkyl (7b and 7e¢, respectively) resulted in compounds
with reduced potency. Likewise, switching from hydroxy
dimethylamino to methoxy propylamino also led to a
significant loss in potency as evidenced by the compari-
son between 7d and 7a. However, changing to a 4-cth-
oxyphenyl group (7e) resulted in recovery of activity.
The non-chiral amino analogs 7f and 7g containing
the ethyl urea were also found to maintain decent poten-
cy relative to the most active chiral amino derivatives.
Finally, the di-isopropyl amino analog 7h showed com-
parable activity to 7g, suggesting that some alkyl
branching off the N'-position was well tolerated.

For more structurally diverse ureas, a modified synthetic
protocol was developed (Scheme 2). For example, the
appropriate disubstituted pyrimidine 8 could be reacted
with p-nitrophenylchloroformate to give the activated
carbamate 9. Treatment of 9 with 4-aminomethylpyri-
dine gave urea 10a.

N’-Pyrimidyl ureas 10a and 10b (Table 3) were highly
potent, with the 4-substituted analog being more ac-
tive than the corresponding 2-substituted derivative.
The ethyl-Boc-piperazine and methyl-Boc-piperidine
analogs 10c and 10d showed reduced activity. Howev-
er, removal of the Boc protecting group from these
compounds gave analogs 10e and 10f which showed
improved activity versus their protected precursors.
The methyl piperidine 10f (ICso = 16 nM) was nearly
equipotent with the related unsaturated analog 10a
(ICs5p = 4 nM).

Having achieved our goal for this series of attaining
excellent activity in the in vitro cell-based assay for inhi-
bition of TNF-a production, we turned our attention to
evaluating several analogs for their pharmacokinetic
properties as well as in vivo efficacy. The results of these
studies on three analogs are summarized in Table 4. The

Table 2. TNF-o data for urea analogs containing N’-alkyl substituents

R
Iy

N HN’

\
vNO

Ry
Compound R R! R? TNF-a
ICs0" (M)
HO HN
7a %—ﬂ% MecO  Et 0028
b MeQ HN% MeO n-Bu  0.324
Tc MeO\ H<N% MeO c-hex 0.467
7d MeQ H<N% MeO Et 0819
Te MeQ H<N% EtO Et 0276
§
7" /. F Et 0.086
0
H
Tg YN/ MeO Et 0.080
H
7h YN/ F i-Pr  0.074

#Standard deviation for the assay was £30% of mean or less.

10a

Scheme 2. Reagents and condition: (a) p-nitrophenylchloroformate,
pyridine, CH,Cl,, rt; (b) 4-aminomethylpyridine, CH,Cl,.
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Table 3. TNF-o data for urea analogs containing a 2-pyrimidyl
isopropylamino substituent

)\NH

Ay

NN HN~

-

N~ ~O

Compound R! TNF-a ICso" (nM)

10a %\O 0.004

10b

7\
=

| 0.030

10¢ Hy 0.277
K/NBoc

10d 1.16
NBoc

Foy 2 HCI
10e O\IH 0.119

10f 0.016
NH °HCI

#Standard deviation for the assay was £30% of mean or less.

N’-chlorobenzyl analog 6b showed low in vitro metabo-
lism in plated rat hepatocytes, however the low solubil-
ity and poor bioavailability prohibited us from
advancing this compound further into in vivo efficacy
studies. N’-Ethyl analogs 7a showed low metabolism,
good solubility, and acceptable bioavailability. When
the chiral amino alcohol substituent in 7a was replaced
with the achiral amino tetrahydropyran group to give
7f, the resulting analog showed an overall reduction in
the described pharmacokinetic parameters. Both of
these analogs showed statistically significant reduction
of cartilage degradation severity compared to control

Table 4. Pharmacokinetic and in vivo data for selected urea analogs

Compound Metabolism® Solubility 7y, F Cartilage
(%) (mg/mL) (h) (%) damage
reduction® (%)
6b 32 <0.01 19 19 ND¢
7a 32 024  ND 1530 24
7 16 0.025 046 13.2 16

4 Metabolism was measured as percent loss of compound after 4 h
exposure to plated rat (Sprague-Dawley) hepatocytes.

®Reduction in severity of cartilage damage was measured versus
vehicle treated animals in a rat (male Sprague-Dawley) iodoacetate
(IA) model for osteoarthritis at a dose of 25 mg/kg BID (P < 0.05).

“Not determined.

9 Estimated bioavailability based on single po dose.

in an in vivo rat iodoacetate model (25 mg/kg BID dos-
ing) for osteoarthritis.!*?!

An X-ray crystal structure was obtained and solved for
the co-crystal formed between the N’-2-chlorobenzyl
inhibitor 7b and mutated p38a to obtain additional
information concerning the possible mechanism for the
observed TNF-o inhibition for these compounds.'> This
urea analog made many of the necessary interactions for
classical p38 inhibitors (Fig. 2). Primary among these
was the hydrogen bonding motif between the 2-amino-
pyrimidine functionality of the inhibitor and the Met-
109 residue of the hinge region of the ATP-binding
pocket. Additionally, the 4-methoxyphenyl group posi-
tions itself into the well-defined hydrophobic pocket de-
fined by the ‘gatekeeper’ Thr-106 residue. As with the
previously described phenyl urea 2, the conformation
of the urea allows for the N'-urea NH to form an intra-
molecular hydrogen bond with N-3 of the pyrimidine
ring (2.69 A N-N distance). This interaction created a
pseudo-bicyclic arrangement for this compound, which
adds rigidity to the class of inhibitors. Unlike N’'-phenyl
urea 2, the N'-benzyl urea carbonyl group did form a di-
rect hydrogen bond to Lys-53. This mimics the interac-
tion observed for the previously described pyrazolone 1
(see molecular overlay in Fig. 2). The 2-chlorobenzyl
group was positioned toward the exposed solvent pocket
of the enzyme.

Figure 2. Co-crystal X-ray structure of 6b (cyan) bound to mutated
p38 with overlay of pyrazolone 1 (magenta).
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We have developed a new class of trisubstituted ureas as
inhibitors of TNF-a production. First generation N'-
phenyl ureas, although showing good potency for inhi-
bition of TNF-a, proved to be chemically unstable.
Through development of N’-benzyl and alkyl urea ana-
logs, high levels of cytokine inhibition were maintained,
while achieving good chemical and metabolic stability.
Several of these analogs showed good solubility and bio-
availability resulting in two analogs, 7a and 7f, showing
oral efficacy in a rat iodoacetate model for osteoarthri-
tis. X-ray crystallography studies with mutated p38
showed a mode of binding for this class of urea inhibi-
tors that mimics that of traditional vicinal bis-aryl
MAP kinase inhibitors. Selected analogs from this class
of TNF-a production inhibitors are being further devel-
oped and optimized for use as a potential treatment for
various inflammatory disorders.
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