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Abstract: We report the design and discovery of a 2-amino-
benzimidazole-based series of potent and highly selective p38a
inhibitors. The lead compound 1 had low-nanomolar activity
in both ATP competitive enzyme binding and inhibition of
TNFa release in macrophages. Compound 18 showed excellent
pharmacokinetics properties and oral activity in the rat
collagen induced arthritis model compared with other p38
reference compounds. A SAR strategy to address CyP3A4
liability is also described.

Over the past decade, the pursuit of p38a. MAP kinase
inhibitors has received an extraordinary level of atten-
tion in the pharmaceutical industry! and in the medici-
nal chemistry community.? A unique combination of
well-established pharmacology, clinical efficacy,? ¢ and
the opportunity to utilize structure-based drug design’
has made this a highly attractive target for therapeutic
intervention.®

There is overwhelming evidence indicating that p38a
plays a dominant role in the pathogenesis of acute and
chronic inflammatory responses.’? Activation of p38a
occurs in monocytes and macrophages under different
stress-related stimuli. Subsequent phosphorylation of
downstream effectors and transcriptional factors leads
to the biosynthesis of potentially deleterious proinflam-
matory cytokines such as TNFa and IL-15.° The clinical
proof of concept in rheumatoid arthritis achieved with
VX-745% and BIRB-796% validates the MAP kinase
pathway as a useful mechanism for intervention in
inflammatory disease.

The seminal work by SmithKline Beecham! (initially
followed by Merck!! and RWJ'2) with the aid of X-ray
crystallography and mutagenesis studies!? has revealed
the structural basis for much of the observed SAR
around the well-known pyridinylimidazole p38 phar-
macophore.!* The prototypical inhibitor, SB203580 (3,
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Figure 1. Hybrid design, known p38 inhibitors, and X-ray
structure of 1 (green) bound to the ATP-binding site of p38a
and superposed onto X-ray structure of SB203580 3 (yellow).

Figure 1), reduces IL-15 and TNFa levels in vitro and
in vivo.15 Several other lead molecules (e.g., SB242235
4516 RWJ67657 5,5 and L-790070 6,117 etc.) have been
advanced to preclinical or clinical studies. In the past 3
years many disclosures present scaffolds with differ-
ent structural features;'® however, only Boehringer’s
BIRB796'? seems to offer a distinct profile in terms of
binding kinetics (slow binding using an allosteric do-
main). In this communication we show that a novel
design combined with a strategy to address some well-
known CyP450 liabilities?? provides great advantage in
terms of in vivo efficacy.

Kinase screening efforts at Lilly led to the identi-
fication of modestly potent hits with C-6 substituted
2-aminobenzimidazoles as the generic core structure (2,
R = R1SOq in some cases, Figure 1). Docking studies
indicated the potential for the C-2 amino group and N-3
imine nitrogen in the benzimidazole core to interact with
the kinase hinge region in the ATP binding cleft. On
the basis of the known X-ray structures for triaryl-
imidazoles such as 3 and the docking hypothesis of 2,
we envisioned that a hybrid molecule 1 (Figure 1) would
have potent p38a activity. Because of the larger size of
benzimidazole compared to the 4-pyridyl, it was ex-
pected that binding of 1 would require a rearrangement
in the flexible p38a hinge (from His107 to Alalll) or a
more probable rearrangement of the Lys53 side chain.

We were pleased to discover that the first molecule
designed and synthesized in this series, 1, turned out
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@ Reagents and conditions (yields for 1): (a) R1SO2Cl, NaOH,
CH3;CN/H30, 90%; (b) PhLi, ‘BuLi, Mel, THF, —78 °C; (c) NIS,
AcOH, 84%; (d) ‘iPrMgCl, THF, —78 °C, then 9a,b, 0 °C, 50%; (e)
10a—c, Pd(PPhj3)2(AcO)2, Cul, DMSO, Et3sN, room temp, 86%; (f)
KMnO4, MgSO4/NaHCOs, acetone, 35 °C, 83%; (g) RsCHO (or
paraformaldehyde for Rs = H), Cu(OAc)2, NH4OAc, AcOH, 90 °C,
62% from 11a or RsCHO, NH4OAc, "BuOH, 55 °C, 78% from 11b.
(h) Some compounds were isolated as mesylate salts: MsOH,
MeOH, 98% for 14 (see Supporting Information).
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@ Reagents and conditions: (yields for 27): (a) PhLi, ‘Buli,
DMF, THF, from —78 °C to 0 °C, 76%; (b) R{NHy, DMF, room
temp, 95%; (c) 24, ‘BuNH,, MeOH, reflux, 25%; (d) concentrated
HCI, reflux, then aqueous NaOH to pH 7, 43%.

to be a potent inhibitor of p38a (K; = 5 nM, ATP-
competitive) and p38p3. The binary complex of 1 bound
to rat p38a was obtained (Figure 1) and confirmed the
predicted binding,?! showing a clear shift in the hinge.
The N-3 imine nitrogen acted as the key hydrogen bond
acceptor for Met109 amide N—H, and the ‘Pr sulfonyl
group was exposed to the small lipophilic pocket in
proximity to Gly110. Interestingly, it was not clear that
a hydrogen bond existed between imidazole N-3 and
terminal NHy in Lys53 because the shorter distance
with Lys53Ne was with one of the fluorine atoms (2.83
A). Broader kinase profiling with 1 showed that it had
remarkable selectivity with the exception of JNK2 (vide
infra). As hypothesized, 1 shifted the flexible hinge to
accommodate the benzimidazole moiety but did not
produce the Glyl110 carbonyl flip described for other
inhibitors.1” This peptide flip seems to serve as a source
of p38 selectivity vs JNKs because of the restriction in
the Ramachandran space for the analogue Asp residue
in JNKs.17 The fact that p38 accommodated 1 without
the Gly110 flip may very well explain the JNK2 activity.

The synthesis of our inhibitors is outlined in Schemes
1 and 2. Starting from commercially available 2-amino-
benzimidazole, sulfonylation at N-1 followed by regio-
selective iodination with NIS afforded 6-iodobenz-
imidazoles 8a—d.22 The tert-butyl sulfone was synthe-
sized by lithiation of the ‘Pr sulfone derivative of 7
followed by alkylation with Mel to afford 8b after the
iodination step.23
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Metal—halogen exchange and addition to Weinreb
amides 9a,b?* led to the silyloxy ketone intermediates
11a that underwent copper(I)-catalyzed oxidative cy-
clization with the appropriate aldehyde to yield final
products in just four steps. Alternatively, a more ef-
ficient route could be used. Palladium-catalyzed cou-
pling of the corresponding iodide 8 with arylalkynes
(10a—c) followed by oxidation using KMnOy4 led to
diketones 11b. In this case, no oxidating copper reagent
was required to afford the final desired C-2 substituted
imidazoles 1 and 12—23 (Table 1). For the synthesis of
N-1 substituted imidazoles (Scheme 2), the key inter-
mediate was found to be the C-6 carboxaldehyde 8e that
was prepared from 8a via lithiation and DMF addition.
Imine formation and van Leusen cyclization?® using
TosMIC reagent 2426 afforded the desired derivatives.

Inhibition of p38a was determined for compounds in
Table 1 using recombinant human p38a in a standard
filter binding protocol using ATP[y-33P] and EGFR 21-
mer peptide as substrate. Almost all of the compounds
showed potent p38a inhibition with ICsp values ranging
from 1 to 30 nM. Only N-1 piperidyl substituted imid-
azole 27 showed decreased activity, indicating that our
SAR did not parallel that of SB242235 (4)!6 and only
smaller substitutions were well tolerated (25).

For lead compound 1, the observed ICs5o was equiva-
lent to the Kj, which showed promise for good cell
activity within this series. Deletion of C-2 imidazole
substitution and introduction of small alkyl groups at
that position and/or fluorine atoms in the phenyl ring
also led to potent inhibitors (12—18), which is consistent
with previous observations.!4

Introduction of bulkier sulfonyl derivatives (18, 22)
or a sulfamoyl group (23) was not detrimental for
binding relative to 1, indicating that larger or polar
groups could be accommodated in the small lipophilic
pocket close to Gly110. In general, this series showed
equally potent activity against p38(2, some cross-
reactivity against JNKs (see Table 2), and high selectiv-
ity against the other kinases screened in the panel.?”

Functional inhibition of TNFa in murine peritoneal
macrophages was determined using LPS stimulation in
the presence of test compounds (Table 1). Compounds
1, 12—19, and 21—-23 were potent inhibitors of TNFa
release in the cell-based assay (IC50 = 2—60 nM). N-1
substituted imidazoles 25 and 27 showed decreased cell
activity that for 27 correlates with decreased enzyme
activity. The C-2 piperidyl derivative 20 had a dramatic
loss in cell-based potency presumably because of poor
cell permeability. N-Isobutyl substitution at the pi-
peridyl nitrogen, 21, restored the cell activity.28

To assess potential drug—drug interaction for this
series as early as possible,?’ in vitro CyP3A4 inhibition
was determined. Increasing the steric hindrance around
the C-2 imidazole carbon greatly reduced the CyP3A4
inhibition (compare compounds 12—16 in Table 1). C2-
unsubstituted analogues (12 and 13) were found to be
potent inhibitors, while ethyl and isopropyl analogues
and especially the ‘Bu derivative 16 led to reduced
activity at the 3A4 isoform.2?

Plasma exposure was measured after oral adminis-
tration in the rat. Besides the low exposure observed
for C-2 unsubstituted 12 and 13, it is interesting to
compare the modest exposure and bioavailability for 1
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Table 1. Biochemical, in Vivo, and Rat Pharmacokinetics Data for Aminobenzimidazole-Based P38a Inhibitors (See Scheme 1 for

Structure)
cell TNFo inh mice TNFo inh  rat oral AUCo—inr
p38a ICs50,% 1C50,* nM, mouse CyP3A4 inh (iv LPS), oral¢ (10 mg/kg),©
compd Rl R2 R3 nM (n) macrophages (n) ICs0,b UM TMEDs50,2 mg/kg uM h
1 iPr H 2,6-Fo-CgHy 4.9+ 0.4 (17) 10.3 + 0.4 (202) 6.3 5.2 54
12 iPr H H 4.2 4+ 0.5(8) 31.8+7.8(4) 1.6 19.8 3.7
13¢ iPr 4-F H 4.3 +1.8(5) 65.7+3.1(4) 0.8 9.6 1.4
14/ iPr 4-F Et 4.7+ 1.7 (3) 47.2 +12.8 (4) 4.4 6.5 NTe
15/ iPr 4-F ‘Pr 4.5+ 1.7 (4) 28.6 £ 5.6 (4) 6.1 4.9 12.8
16° iPr 4-F ‘Bu 159+ 2.5(7) 31.1 +5.6(4) 31.8 3.9 13.5
17 iPr 2-F,4-F '‘Bu 4.4+ 0.6 (5) 6.2 4+ 1.8(4) NTe 2.2 14.6
18/ ‘Bu 2-F,4-F ‘Bu 4.8 +1.7(3) 1.6 0.2 (4) NT2 5.3 28.3
19/ iPr H 2,6-Cly-CgHy 15.3 + 5.0 (3) 34+£1214) NTe 2.5 17.0
20 Pr H 4-piperidyl 2.7+ 0.4 (3) 2885 (2) NT¢ NT¢ NT¥
21 iPr H 1-Bu-d-piperidyl 5.5+0.9(3)  27.9+7.6(4) 5.3 7.3 NT#
22¢ CsHy H 2,6-Fo-CgHy 19.9 + 5.2 (3) 6.0 (2) 13.0 5.1 0.9
23¢ NMe; H 2,6-Fo-CeHy 22.8+109(3) 88=+33(3) NTe 12.5 9.8
25 see Scheme 2 20.7 £5.5(3) 720 + 154 (4) NTe NTe NTs
27 see Scheme 2 125 +23.2 (4) 4457 4+ 2083 (4) NT# NT= NT2

@ Mean values + SEM of at least three independent determinations. ® n = 1. ¢ Vehicle: 1% NaCMC/0.25% Tween-80 in water. ¢ Threshold
minimal effective doses (mg/kg). ¢ Bismesylate salt. / Monomesylate salt. £ Not tested.

Table 2. Selectivity Profile of 1

Table 3. Rat in Vivo Data for Selected p38 Inhibitors®

kinase assay kinase assay

TNFa inh,® CIA, paw swelling  CIA, histology,

kinase? IC50 (MM)® kinase IC50 (nM) compd rat joint, % TMEDs5, mg/kg TMED5, mg/kg®
p3842 11.9+0.1 rCAMKII >20000 17 81 1.5 8.1
p38y >20000 PKAa >20000 18 82 1.5 4.2
JNK1lal 4422 + 1653 E/CDK2 >20000 BIRB796 55 15 30
JNK202 141.7 £+ 38.2 PKCpII >20000 SB242235 ND4 5.0 7.0
MAPKAPK2 >20000 PISK >20000 RWJ67657 <50 >30 >30
TGFfS RI >20000 VEGFR2 >20000

@ Human kinases unless otherwise indicated. ® Mean values +
SEM of at least three determinations.

(F = 39%) with the excellent data for the 2,6-dichloro
analogue 19 (3-fold higher AUC, F = 55%). Additionally,
‘Bu substitution (16—18) led to readily absorbed and
highly bioavailable compounds.

Analysis of plasma from a rat bioavailability study
of 12 resulted in the identification of major oxidative
metabolites derived from imidazole ring opening (data
not shown). This exposure data suggest that both tert-
butyl and 2,6-dichlorophenyl substitutions might act as
protecting groups of the C-2 imidazole carbon. This
position seems to be prone to extensive oxidation and
ring opening,?’ leading to reduced oral exposure.

To evaluate how the observed cell activity could
translate to in vivo acute TNFa inhibition, compounds
were orally dosed to Balb/c mice followed by iv LPS
administration for 2 h (Table 1). From these dose—
response studies, a TMED5, dose?? (threshold minimum
50% effective dose) was determined. TMEDs5, values
ranged from 2 to 20 mg/kg. Unsubstituted imidazoles
12 and 13 were some of the less potent derivatives,
which correlates with more extensive oxidative metabo-
lism and lower plasma exposure (vide supra).

On the basis of a combination of in vitro, in vivo
activity, and rat oral exposure, 17 and 18 were consid-
ered for further evaluation. Both compounds showed
potent inhibition of acute LPS-induced TNFa production
in rat joints as measured in the rat synovial lavage fluid
(»p < 0.05). In a 14-day rat collagen induced arthritis
model (CIA, therapeutic dosing), both compounds showed
excellent dose-dependent inhibition after oral adminis-
tration (Table 3).31 Our data show that activity obtained
for these aminobenzimidazoles in inflammation (rat
ankle size) and histopathology scores (bone erosion and

aVehicle: see Table 1. % 3 mg/kg oral dose. ¢ Oral bid dosing
for 14 days, therapeutic, p < 0.05 for all cases. ¢ Not determined.

cartilage destruction) compares favorably with that of
other advanced molecules in clinical development. Com-
pound 18 showed remarkable efficacy in this model with
a TMEDs; of 1.5 mg/kg for inflammation and 4.2 mg/kg
for histology (10- and 7-fold better than BIRB796,
respectively). Similar half-life (6—8 h) and increased
exposure in 18 with respect to 17 may explain the 2-fold
increase in histology efficacy within the aminobenz-
imidazoles.

In summary, we have developed a potent series of
2-aminobenzimidazole based p38a MAP kinase inhibi-
tors. The binding mode based on X-ray data and
preliminary SAR trends have been outlined, as well as
the molecular basis for in vitro activity, reduced CyP3A4
liability, enhanced rat oral exposure, and improved in
vivo efficacy compared with other advanced triaryl
imidazoles.
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Additionally, 1 showed no significant activity against other 30
different kinases (data not shown) when tested at 1 «M in
duplicate.

Measured log D values (pH 7) for both derivatives were found
to be 0.09 and 1.74, indicating that a cell permeability problem
for the polar piperidyl was overcome by increasing lipophilicity
with the N-isobutyl residue.

This steric effect may prevent the coordination of the heme iron
to imidazole N1 or N3, and therefore, it might be a tentative
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TMED;, is defined as the lowest dose where statistically
significant efficacy was achieved, and there was at least 50%
inhibition compared to vehicle control.

TMEDs, was calculated from the AUC (paw swelling) or com-
posite histology score using JMP5.1.1.
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