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Abstract—The identification and exploration of a novel, potent and selective series of N-(3-cyano-4,5,6,7-tetrahydro-1-benzothien-
2-yl)amide inhibitors of INK2 and JNK3 kinases is described. Compounds 5a and 11a were identified as potent inhibitors of JNK3
(pICs 6.7 and 6.6, respectively), with essentially equal potency against JNK2 (pICsq 6.5). Selectivity within the mitogen-activated
protein kinase (MAPK) family, against JNK1, p38a and ERK2, was observed for the series. X-ray crystallography of 5e and 8a in
JNK3 revealed a unique binding mode, with the 3-cyano substituent forming an H-bond acceptor interaction with the hinge region

of the ATP-binding site.
© 2006 Elsevier Ltd. All rights reserved.

Protein kinases catalyse the phosphorylation of tyrosine
and serine/threonine residues in proteins involved in the
regulation of diverse cellular functions. Aberrant kinase
activity is implicated in many diseases, which makes the
inhibition of kinases an attractive target for the pharma-
ceutical industry.!

The mitogen-activated protein kinase (MAPK) path-
ways comprise a major signalling system used to trans-
duce extracellular signals to intracellular responses.
The MAPK family of serine-threonine protein kinases
consists of the extracellular-regulated protein kinases
(ERK), p38 mitogen-activated kinases (p38 MAPK)
and the c-Jun N-terminal kinases (JNK).2

The JNK kinases are implicated in several disease areas,
including neurodegeneration, rheumatoid arthritis,
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inflammatory disorders, cancer and diabetes.>* They
differ in their tissue expression profile and functions,
with JNK1 and JNK2 being widely expressed, whereas
JNK3 is expressed predominantly in the brain and at
lower levels in the heart and testis.>® JNK3 appears to
play important roles in the brain to mediate neurode-
generation, such as beta amyloid processing, Tau phos-
phorylation and neuronal apoptosis in Alzheimer’s
Disease, as well as the mediation of neurotoxicity in a
rodent model of Parkinson’s Disease.”® Identifying
potent inhibitors of JNK3, with selectivity within the
wider MAPK family, may contribute towards neuropro-

Figure 1. Selective JNK3 inhibitors 1 and 2.
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tection therapies with reduced side effect risks, and will
aid the further understanding of the roles of the individ-
ual JNK kinases.

The amino acid sequence identity of the JNK kinases is
greater than 90%, with >98% homology within the ATP-
binding site. To date, few reports of inhibitor series with
significant selectivity within the JNK family have been
published, recent examples of JNK3 selective inhibitors
being 2'-anilino-4,4'-bipyridines and 6-anilinoindazoles,
such as compounds 1 and 2, respectively (Fig. 1).%!°

A screening exercise led to the identification of N-(3-cy-
ano-4,5,6,7-tetrahydro-1-benzothien-2-yl)amides  such
as 3, Figure 2, with good JNK3 inhibitory activity in a
binding assay.'!

In order to explore the structure-activity relationships
(SAR) at the 2-position, we embarked upon the synthe-
sis of analogues of 3 using procedures illustrated in
Scheme 1. Amine 4 was prepared from cyclohexanone,
sulfur and malononitrile under conditions reported by
Gewald, followed by formation of amides, ureas or sul-
fonamides under standard conditions.'?

The JNK1, JNK3 and p38a inhibitory activity of com-
pounds Sa—5n was evaluated (Table 1).!> Clear SAR

CN 3
JNK3 pIC, 6.2

p38a. pICy, < 4.8

Figure 2. Hit compound 3.
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Scheme 1. Reagents and conditions: (a) malononitrile, sulfur, Et,NH,
EtOH, rt; (b) acid chloride, pyridine, 80 °C or isocyanate, DMF/
pyridine (1:1), rt or sulfonyl chloride, 4-pyrrolidinopyridine, diisopro-
pylethylamine, CH,Cl,/pyridine (1:1).

Table 1. JNKI1, JNK3 and p38a inhibition of 5a-n, values in pICs,

Compound R JNK1 JNK3 p38a
5a —C(O)(1-naphthyl) <5.0 6.7 <4.8
5b —C(O)(4-F-1-naphthyl) <5.0 6.0 <4.8
5S¢ —C(O)phenyl <5.0 5.8 <4.8
5d —C(O)(4-F-phenyl) <5.0 5.5 <4.8
Se —C(O)(2-F-phenyl) <5.0 6.4 <48
5f —C(O)(2-Br-phenyl) <5.5 5.5 <4.8
5g —C(O)CH,phenyl <5.0 <4.8 <4.8
5h —C(O)CH,(2-Br-phenyl) ND* <438 <4.8
5i —C(O)CH,(4-morpholine) ND <4.8 <438
5j —C(O)cyclohexyl ND <4.8 <4.8
5k —SO,(1-naphthyl) ND <4.8 <4.8
51 —C(O)NH(1-naphthyl) ND <4.8 <4.8
S5m —C(O)NH(cyclopentyl) ND <4.8 <438
Sn —S0O,(3-Me-phenyl) ND <4.8 <4.8

4ND, not determined.

emerged; amides with aryl substituents (5a—5f) were tol-
erated, whereas those with benzyl, alkyl or cycloalkyl
substituents (5g—j) were not. Sulfonamide Sk and urea
51 (direct analogues of amide 5a) were also inactive, as
were further examples of ureas and sulfonamides,
including Sm and 5n.

Significant selectivity for JNK3 over JNKI1 was
observed; selectivity within the JNK family being an
unexpected and noteworthy feature of the series. Two
examples, 5a and 5b, were also evaluated in an ERK?2 ki-
nase assay, and were found to be inactive, which togeth-
er with the inactivity of all compounds against p38a
indicates a high degree of selectivity for the series within
the wider MAPK family.'

In order to understand the observed activity and selec-
tivity, and to guide further medicinal chemistry efforts,
a crystal structure of 5e complexed with JNK3
(at 2.45 A resolution) was obtained, which revealed sev-
eral interesting features (Fig. 3).1°

First, the crystal structure revealed that the conserved
hydrogen bond from the hinge backbone amide NH (of
Met149 in JNK3) is accepted by the 3-cyano substituent
of 5e.!7 Although there is ample crystallographic, physi-
cochemical and theoretical evidence that the nitrile
group is a reasonably strong hydrogen-bond acceptor,
there are few examples where it is known to act as the
conserved acceptor in a kinase ligand: a notable recent
example is a 5-cyanopyrimidine inhibitor of p38a.!18-2!
Another unusual feature of the structure is the donation
of a hydrogen bond from the amide nitrogen to the sulfur
of Met146, with a distance of 3.65 A between the nitro-
gen and sulfur atoms. This rare, though not unprecedent-
ed, interaction may contribute to the good selectivity
profile of these compounds, as the H-bonding valency
of the NH might otherwise go unsatisfied.?>?* The amide
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Figure 3. Crystal structure of 5e in the JNK3 ATP-binding site.
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oxygen is hydrogen-bonded, via a bridging water, to the
conserved Lys93.

The 2-(2-fluoro)benzamide substituent occupies an ‘in-
duced-fit’ hydrophobic pocket at the back of the active
site (Hydrophobic Region I in the nomenclature of
Traxler et al.) which is formed mainly by the sidechains
of Val78, Ala91, Lys93, Metll5, Ile124, Leul26,
Leul44, Met146 and Leu206 and is exposed by the rear-
rangement of the ‘gatekeeper’ Met146,10:17.24.25

The steric complementarity between the aromatic substi-
tuent of 5e and the pocket is generally very good. We be-
lieve this feature to be an important determinant of the
potency and specificity of the series, and helps to explain
the effects on JNK3 potency shown in Table 1. For
example, the homologated (5g) and saturated (5j) ana-
logues of phenyl amide 5c¢ are inactive, indicating the
limited extent of the pocket. More subtly, the 2-fluor-
ophenyl compound 5e is around fivefold more potent
than the parent S¢, whereas the 4-fluorophenyl and 4-
fluoronaphthyl analogues 5d and 5b are /ess potent than
the parent phenyl and naphthyl amides (5¢ and 5a,
respectively). The pocket is somewhat open towards
the C-terminal lobe (i.e., in the 5- and 6-positions of
the phenyl ring of Se), and this led us to believe it could
be beneficial to extend the ligand in this region. The
I-naphthyl analogue 5a tests this hypothesis and is in-
deed an order of magnitude more potent than Sc.

The induced-fit pocket contains the only active-site res-
idue that differs between JNK3 and JNKI1, Leul44 in
the former corresponding to Ile106 in the latter. It is
likely that the difference in the shape of the pocket thus
introduced contributes to the reduced potency vs. INK1
(although other factors, such as differences in lobe orien-
tation, could also contribute). This hypothesis is in
agreement with that proposed by Swahn to explain the
JNK3 selectivity of bipyridines such as 1.'°

The residues that comprise the pocket in JNK3 are
largely conserved in p38a, a notable exception being
the gatekeeper, which is Thr106 in p38a. Despite these
similarities, inspection of the structure of 5e and of com-
parable p38a crystal structures suggests that there are
considerable differences in the shape of the pocket, due
to, for example, differences in domain orientation.?’

CN

x n

CN CN

0 a % b H () cd H o)

/;f I [ >-NH, —> %N — %N»_'

0y 17— om0, O =g (R 1 20 O
A ;

6

)YOEO )YO/g

This, alongside the differing gatekeeper and differences
in the hinge region, means the lack of p38a activity
can be understood.

The gatekeeper residue in ERK2 is GIn103, which does
not undergo the rearrangement observed for Met146 in
JNK3, and this kinase is believed to be relatively insen-
sitive to back-pocket binding ligands.>® The lack of
ERK2 inhibitory activity of 5a and 5b (and as discussed
below, 8a—c, 11a—e) was thus expected.

Guided by the X-ray structure of Se, another iteration of
medicinal chemistry was embarked upon, which sought
to expand the diversity of the template by incorporating
a second point of substitution. From the structure, it ap-
peared likely that space was available within the active
site to allow substitution at the 6- or 7-positions of the
tetrahydrobenzothiophene ring. It is believed that this
could be beneficial as additional, favourable, interac-
tions within the active site could be made, or egress from
the active site into the solvent front region could allow
moderation of the solubility and lipophilicity of the ser-
ies, without detriment to enzyme activity or selectivity.
Definitive SAR data to support the attainment of these
goals are not reported in this communication.

Modification of the original route readily allowed access
to key intermediates 6 and 9 from 1-Boc-4-piperidone
and 1-Boc-3-piperidone, respectively, as depicted in
Scheme 2. These could then be progressed through a se-
quence of acylation, Boc-cleavage and N-substitution to
yield amides, amines or sulfonamides 8a—c¢ and 11a-e.

As illustrated in Tables 2 and 3, respectively, introduc-
tion of a 6- or 7-substituent maintained the selectivity
previously observed for JNK3 over JNKI1 and p38a.
The selectivity over ERK?2 observed for 5a and 5b was
also maintained. In general, substitution at the 7-posi-
tion was more profitable than at the 6-position, a variety
of amide, sulfonamide and amine substitutions being
tolerated, with inhibition values in excess of pICsy 6
readily attained. Substitution at the 6-position was less
beneficial, amides 8a and 8b and sulfonamide 8c being
only moderately active.

A crystal structure in JNK3 was obtained of 8a (at 2.10 A
resolution), revealing an identical binding mode to that
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Scheme 2. Reagents and conditions: (a) malononitrile, sulfur, Et,NH, EtOH, rt; (b) 1-naphthylenecarbonyl chloride, pyridine, 80 °C; (c) cHCl/
Dioxane (1:10), 80 °C; (d) Sulfonyl chloride, pyridine, CH,Cl,, rt or carboxylic acid, polymer-supported carbodiimide, 4-dimethylaminopyridine,
CH,Cl,, reflux or aldehyde, 3 A molecular sieves, CH,Cl,/AcOH (100:1), 40 °C then NaBH(OAc);, rt.
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Table 2. JNKI1, JNK3, p38a and ERK?2 inhibition of 8a-8c, values in pICs,
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CN
H
RS W,
Compound R JNK1 JNK3 p38a ERK2
8a —C(O)(CH,),(1-piperidine) <5.0 5.5 <4.8 <5.0
8b ~C(O)CH,NMe, <5.0 5.6 <4.8 <5.0
8c —SO,phenyl <5.0 5.5 <4.8 <5.0
Modifications at the 6-position.
Table 3. JNKI1, JNK3, p38a and ERK?2 inhibition of 11a-11e, values in pICs,
CN
H
O
NS )
R
Compound R JNK1 JNK3 p38a ERK2
11a —C(O)cyclopropyl <5.0 6.6 <4.8 <5.0
11b —C(O)(1H-pyrazol-3-yl) <5.0 6.6 <4.8 <5.0
11c —CH,(4-SO,Me-phenyl) <5.0 6.0 <4.8 <5.0
11d —CH,(3-pyridyl) <5.0 6.3 <4.8 <5.0
11e —SO,phenyl <5.0 5.8 <4.8 <5.0

Modifications at the 7-position.

observed for Se (Fig. 4).!° The structure showed that, as
expected, the piperidine portion of the 6-amide substitu-
ent accesses the solvent front, and that the naphthyl sub-
stituent adopts an analogous orientation to the 2-
fluorophenyl portion of Se.

Extensive profiling of the series (data not shown) re-
vealed that the selectivity observed for JNK3 over
JNKI1, p38a and ERK2 is matched by an outstanding
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Figure 4. Crystal structure of 8a in the JNK3 ATP-binding site.

overall kinase selectivity profile, which appears to be
intrinsic to the template rather than a function of appro-
priate pendant functionality. For example, 5a and 11a
were screened in a panel of more than 30 kinase assays,
including AlkS, c-Fms, CDK-2, EGFR, ErbB2, GSK38,
PLK1, Src, Tie-2 and VegFr2, and were inactive
(pICsp < 5.0) against all of them. In addition, 5¢ was
submitted to the Kinomescan assay panel of over 200
kinases (Ambit Biosciences), which utilise kinases or
kinase domains fused to T7 bacteriophage.?” The com-
pound only showed significant ability to displace an
immobilised ATP-site ligand from JNK3.

To understand the full picture of selectivity within the
JNK family, the JNK2 inhibitory activities of key
compounds 5a, 8a and 11a were assessed.”® The data
obtained (pICsy 6.5, 5.3 and 6.5, respectively) indicate
that the series does not have significant selectivity for
JNK3 over JNK2. Only one residue differs in the active
sites; Met115 in JNK3 corresponds to Leu77 in JNK2.
This residue is peripheral, and thus it would not be
expected to impact inhibitor binding.

In summary, N-(3-cyano-4,5,6,7-tetrahydro-1-benzoth-
ien-2-yl)amides, and variants with additional substitu-
tion in the tetrahydrobenzene ring, represent a potent,
selective series of JNK kinase inhibitors. The excellent
intrinsic selectivity for JNK3/JNK2 over JNKI, and
within the MAPK family, coupled with the unique bind-
ing mode via the nitrile interaction with the backbone,
represent key features of the series. A second point of
diversity introduced by a nitrogen at the 7-position
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provides a focus for future investigation, preferred over

the

6-position based on target affinity.
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