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Abstract: C-Jun NH2 terminal kinases (JNKs) are important cell
signaling enzymes. JNK1 plays a central role in linking obesity and
insulin resistance. JNK2 and JNK3 may be involved in inflammatory
and neurological disorders, respectively. Small-molecule JNK inhibitors
could be valuable tools to study the therapeutic benefits of inhibiting
these enzymes and as leads for potential drugs targeting JNKs. In this
report, we disclose a series of potent and highly selective JNK inhibitors
with good pharmacokinetic profiles.

JNKsa are members of a family of important signal trans-
ducing enzymes known as mitogen-activated protein kinases
and can be activated by a variety of stress factors.1 Three distinct
genes (encoded JNK1, JNK2, and JNK3, respectively) have been
identified,2 and their up-regulation has been associated with
several disorders. JNK2 plays an important role in autoimmune
and inflammatory diseases,3 while JNK3 might be involved in
neurological disorders.4 We were particularly interested in JNK1,
a key enzyme linking insulin resistance and obesity. Obesity is
associated with low-level inflammation5 and is closely related
to diabetes. Adipose tissue, now recognized as an important
endocrine organ, secretes a number of hormones that lead to
insulin resistance.6 Among these hormones, inflammatory
cytokines and free fatty acids were found to activate JNKs.7

Upon activation, JNK1 phosphorylates IRS1 at Ser307 (rat IRS1,
Ser312 for human IRS1)8 and inhibits the interaction between
IRS1 and insulin receptor,9 providing a putative mechanism to
explain the insulin resistance that occurs in inflammatory and
obese states. Absence of the JNK1 gene protects mice from diet-
induced obesity and obesity-induced insulin resistance and
results in decreased adiposity and enhanced secretion of the
adiponectin.10 Genetically obese mice (ob/ob) with targeted
disruption of the JNK1 gene (ob/ob JNK1-/-) are leaner and
maintain lower blood glucose and insulin levels compared with
ob/ob JNK1+/+ mice.10 Administration of a JNK-inhibitory
cell-permeable JIP1 derivative for 14 days greatly improved
insulin sensitivity and glucose tolerance in diabetic db/db mice.11

A small-molecule JNK1 inhibitor of undisclosed identity was
reported to improve fasting glucose levels and glucose tolerance
in db/db mice.12 A number of JNK inhibitors have been reported

in recent years.13 Here, we report a novel series of potent,
selective, and orally bioavailable JNK inhibitors. These inhibi-
tors could be useful research tools for studying the crucial role
of JNKs in cell signaling to evaluate their validity as therapeutic
targets. They are also good leads for potential drugs targeting
JNKs.

Screening of Abbott Laboratories’ compound collection
identified acylaminopyridine derivative1 as a JNK1 inhibitor
(Figure 1). This compound was synthesized by reacting mal-
ononitrile with HBr14 followed by displacement of the bromo
group with an ethoxy group15 and selective acetylation of the
2-amino group of the resulting aminopyridine. A number of
2-acylaminopyridines analogous to1 have been synthesized and
screened, and phenylacetylamides were proved to be optimal
(e.g.,2 showed an IC50 of 45 nM, Figure 1).16 However, these
analogues generally suffered from poor metabolic stability and
oral bioavailability. The throughput of producing 2-acylami-
nopyridine analogues was low because the inert 2-amino group
only reacts with acid chlorides. This synthetic sequence also
limited the SAR exploration of other positions of the pyridine
core in 1. To overcome the synthetic accessibility and the
metabolic stability hurdles, 2-pyridinecarboxamide analogues
such as3 were synthesized (“reversed” amides, Figure 1).
Inhibitors 3 and2 were nearly equipotent, suggesting that the
“reversed” amide scaffold was comparable to the “normal”
amide counterpart in binding efficiency. The amide bond in3
was formed by a standard TBTU mediated amide formation
reaction. This reaction allowed a large number of amides to be
synthesized and screened quickly. Also, the pyridine core was
assembled in a more controlled, stepwise manner so that all
positions on the pyridine ring could be systematically studied.
Analogues based on this new scaffold consistently demonstrated
much improved PK profiles.

The synthesis of3, 6, and8a-g (Scheme 1) began with the
known hydroxypyridine4.17 Transforming the hydroxy group
in 4 to a triflate group (intermediate5) followed by a palladium
mediated carbonylation reaction18 and a saponification reaction
yielded carboxylic acid7. A TBTU mediated amide coupling
between7 and the corresponding commercially available amines
produced3, 8a-e, and 8g. For the synthesis of inhibitor8f,
acid7 was first coupled to 5-aminomethyl-2-chloropyridine via
a TBTU coupling reaction and the resulting chloropyridine
amide was coupled to 4-methoxycarbonylphenylboronic acid
via a Suzuki type coupling reaction. Saponification of the ester
in the Suzuki coupling product provided8f. Displacement of
the triflate group in5 with 2,5-dimethoxybenzylamine gave6.

The synthesis of12, 13, 15, 17a, and 17b is outlined in
Scheme 2. Selective chlorination of the 5-position of the known
picolinic acid ester916 followed by saponification of the ester
provided acid10. The ethoxy group in10 was cleaved in 6 N
aqueous HCl solution,19 and the resulting hydroxy acid was
treated with 2 equiv of 2-iodopropane and Ag2CO3

20 followed
by saponification of the resulting ester to yield acid11. Amides
12 and13 were obtained by a TBTU mediated amide coupling
reaction as described above. Amides15, 17a, and 17b were
made using a similar reaction sequence that transformed4 to 8
(see Scheme 1) starting from the known hydroxypyridines1421

and16,17 respectively.
The SAR results are summarized in Table 1. The ATP binding

sites among JNKs are highly conserved, which presents a great
challenge for developing isoform selective inhibitors. The
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a Abbreviations: JNK, c-Jun NH2 terminal kinase; MAPKs, mitogen-
activated protein kinases; IRS1, insulin receptor substrate 1; JIP1, JNK-
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yluronium tetrafluoroborate; PK, pharmacokinetic; AUC, area under the
curve.
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selectivity among JNKs of the inhibitors in this series was low.
These compounds were typically more active toward JNK1 with
a few-fold selectivity over JNK2 (Table 1) and JNK3 (the
activity against JNK3 was only determined for three selected

compounds; the IC50 values for8c, 8d, and12 were 0.060(
0.003, 0.037( 0.004, and 0.12( 0.02 µM, respectively).
Inhibitors were tested in in vitro JNK1 and JNK2 enzymatic
inhibition assays, and those with IC50 less than 1µM were also
tested in a cellular assay measuring c-Jun phosphorylation
inhibition in HepG2 cells.16 The JNK1 inhibition data are used
in the SAR analysis in this report. A simple methylamide,8a,
gave an IC50 of 1.2µM (calculatedKi ) 0.4µM16) in the JNK1
enzymatic assay. This potency translates into an 8.8 kcal/mol
binding free energy to the enzyme. This value is well above
the calculated binding energy (-1.6 kcal/mol) for an “average”
drug containing the same functional groups according to
Andrews’ algorithm,22 suggesting that8a matches the JNK1
binding pocket quite well. In fact, the most potent known
noncovalent ligands of this size exhibit an∼11 kcal/mol binding
free energy.23 Since the existing functional groups in8a are
efficiently utilized, the main SAR development strategy was to
add more functional groups to the lead compound to achieve
better potency. Thus, the addition of a phenyl group to the amide
methyl group (8b) provided a 4-fold increase in enzymatic
potency. In the HepG2 cellular assay,8b demonstrated an IC50

of 1.6 µM. The difference between enzymatic and cellular
activities is probably due to the higher ATP concentration in
cells. A focused library of arylmethylamine amides were then
synthesized and screened. 2,5-Dimethoxy analogue (3) showed
a further 4-fold increase in enzymatic and cellular potency.
However, this compound was metabolically unstable because
of rapid demethylation and further oxidation of the electron-
rich phenyl ring. Installation of a methylsulfonyl group at the
4-position of the phenyl ring in8b further increased enzymatic
potency although cellular activity remained similar (8c). How-
ever, the hydrophilic and electron-withdrawing sulfonyl group
greatly increased the metabolic stability of the inhibitor.
Compound8c showedt1/2 > 60 min in mouse, rat, and human
microsomes and demonstrated a 38.8% rat oral bioavailability
with a half-life of 3.4 h (Table 2). Inhibitor8d represented one
of the best compounds in this series with comparable enzymatic
potency compared to8c and an improved cellular activity and
PK profile (Table 2). Replacing the phenyl group in8b with a
3-pyridyl group (inhibitor8e) resulted in an 8-fold increase in

Figure 1. 2-Acylaminopyridine and 2-pyridinecarboxamide JNK
inhibitors.

Scheme 1.Synthesis of Inhibitors3, 6, 8a-ga

a Reagents and conditions: (a) Tf2NPh, Et3N, room temp (60%); (b)
2,5-dimethoxybenzylamine, DMSO, 110°C, 73%; (c) (1) CO, PdCl2(dppf)-
CH2Cl2, MeOH, 50°C, 50%; (2) LiOH, MeOH-H2O, room temp, 76%.
(d) For3, 8a-e,g: corresponding commercially available amines, TBTU,
Et3N, DMF, room temp. For8f: (1) 5-aminomethyl-2-chloropyridine,
TBTU, Et3N, DMF, room temp; (2) 4-methoxycarbonylphenylboronic acid,
Pd(Ph3P)4, aqueous K2CO3, toluene, 49%; (3) LiOH, MeOH-H2O, room
temp, 59%.

Scheme 2.Synthesis of Inhibitors12, 13, 15, 17a, and17ba

a Reagents and conditions: (a) (1)N-chlorosuccinimide, DMF, room
temp, 48%; (2) LiOH, MeOH-H2O, room temp, 70%; (b) (1) 6 N aqueous
HCl, 145 °C, 84%; (2)i-PrI, Ag2CO3, 100 °C, 37%; (3) LiOH, MeOH-
H2O, room temp, 100%; (c)p-methylsulfonylbenzylamine, TBTU, Et3N,
DMF, room temp; (d) (1) Tf2O, Et3N, room temp, 69%; (2) CO,
PdCl2(dppf)CH2Cl2, MeOH, room temp, 72%; (3) NaOH, MeOH-H2O,
room temp, 82%; (4)p-methylsulfonylbenzylamine, TBTU, Et3N, DMF,
room temp, 88%; (e) (1) Tf2NPh, Et3N, room temp, 69%; (2) CO,
PdCl2(dppf)CH2Cl2, MeOH, 50°C, 32% over two steps; (3) LiOH, MeOH-
H2O, room temp, 71%; (4) corresponding benzylamines, TBTU, Et3N, DMF,
room temp, 39% for17a, 42% for17b.

Table 1. SAR Summary

compd JNK1 IC50 (µM) JNK2 IC50 (µM) HepG2 c-Jun IC50 (µM)

3 0.071( 0.014 0.12( 0.020 0.64
6 >10 NDa NDa

8a 1.2 0.61 NDa

8b 0.27( 0.041 0.19( 0.050 1.1( 0.5
8c 0.019( 0.001 0.12( 0.020 0.53( 0.066
8d 0.012( 0.005 0.053( 0.012 0.11( 0.005
8e 0.026( 0.004 0.041( 0.004 1.2( 0.026
8f 0.004( 0.001 0.011( 0.003 >10
8g 6.4 >10 >10
12 0.024( 0.009 0.074( 0.022 0.48( 0.083
13 0.075( 0.017 0.068( 0.019 0.41( 0.15
15 1.5 4.4 NDa

17a 0.39( 0.02 NDa 5.8
17b 0.23( 0.11 NDa 2.5

a ND, not determined.

Table 2. Rat Microsomes Stability and Rat PK Profile (Oral Dose at 5
mg/kg in 10% DMSO and 90% PEG-400) of8c-e and12

compd
rat microsomes

t1/2 (min)
t1/2

(h)
Cmax

(µg/mL)
AUC

(µg‚h/mL)
F

(%)

8c >60 3.4 1.02 6.32 38.8
8d >60 2.2 1.32 4.00 54.7
8e a 0.5 2.92 3.80 32.7
12 >60 5.1 1.78 15.4 124

a 8e showed at1/2 of 5 min in mouse microsomes.
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enzymatic potency (almost equipotent to8c) but a comparable
cellular activity. The reason that8e showed weaker cellular
activity compared with8c is not clear because8c and 8e
demonstrated similar degree of protein binding and cell perme-
ability (data not shown). The electron-deficient pyridine ring
in inhibitor 8e was not as effective in preventing metabolic
degradations. Inhibitor8e was cleared quickly and showed a
t1/2 of 0.5 h in rats, although it demonstrated a reasonable oral
AUC and oral bioavailability (Table 2). Further derivatization
of the pyridine ring in8e led to the discovery of8f, which
showed the strongest potency in the enzymatic assay. Unfor-
tunately,8f was inactive (IC50 > 10 µM) in the HepG2 c-Jun
phosphorylation cellular assay. Replacing the 5-cyano group in
8c with a chloro group led to inhibitor12. This compound was
∼2-fold less potent than8c in enzymatic assay and comparable
in cellular activity but provided a much-improvedt1/2, AUC,
and a quantitative oral bioavailability. The close analogue
6-isopropyl ether13 showed a decreased enzymatic inhibition
potency and comparable cellular activity.24

Changes on the pyridine ring generally led to less active
compounds. For example, the removal of the carbonyl group
in 3 resulted in an inactive inhibitor (6). This is consistent with
the observation that this carbonyl group makes a key hydrogen
bond interaction with the hinge region of the enzyme (Figure
2). Methylation of the NH group in8c (inhibitor 8g) caused a
300-fold loss of inhibitory activity against JNK1. Replacement
of the ethoxy group in8c with a chloro group (inhibitor15)
also led to a much weaker (70-fold less) inhibitor. Deletion of
the 4-amino group resulted in a 5- to 20-fold loss of inhibitory
activity (17a and17b).

The X-ray crystal structure of inhibitor17b in complex with
JNK1 was solved at 3.0 Å resolution (Figure 2).25 Inhibitor 17b
binds to the ATP binding site and makes several interactions
with the hinge-binding region of the enzyme. The carbonyl
group in17b is hydrogen-bonded to the Met111 NH group (2.7
Å).13b The pyridine ring interacts with the hydrophobic surface
of the terminal methyl group of Met108 and the side chains of
Ile86, Leu168, and Val158. The ethoxy group on the pyridine
ring points to the ribose binding pocket, and the cyano group
on the pyridine ring is in van der Waals contact with Lys55
and Met108. The phenyl ring in17bprovides some hydrophobic
interactions with Ile32 (not shown in Figure 2). The oxygen
atom in the 2-methoxy group on the phenyl ring may stabilize
the bioactive conformation via a long intramolecular hydrogen
bond (3.2 Å) with the amide NH group. The 5-methoxy group
on the phenyl ring is in van der Waals contact with Ala42 (not
visible in Figure 2).

The selectivity profiles of the more potent inhibitors against
other kinases were studied using a kinase screening assay.16

Under these assay conditions, excellent selectivity over a panel
of 77 kinases was routinely achieved. For example,12 showed
no inhibitory activity toward other kinases in this panel at the
highest concentration tested (Table 3) except ERK2 and Pkd2,
but with a nearly a 1000-fold selectivity window.

Inhibitor 12 was also profiled in a panel of 74 receptors, ion
channels, and enzymes and exhibited<30% inhibition to all of
them at 10 µM. Inhibitors 8c and 8e were tested in a
[3H]dofetilide assay and showed weak hERG channel blockade
activity (IC50 > 100 µM).

In conclusion, a series of potent and highly selective JNK
inhibitors with good PK profiles were discovered. These high-
quality JNK inhibitors could be valuable tools for evaluating
the therapeutic relevance of inhibiting JNKs with small mol-
ecules. SAR results suggest that further studies of the amine
moiety of the amides might lead to more potent inhibitors. The
in vivo evaluation of some of the inhibitors in several disease
animal models will be discussed in a separate report.
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