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The mammalian Janus Kinases (JAK1, JAK2, JAK3 and TYK2) are intracellular, non-receptor tyrosine
kinases whose activities have been associated in the literature and the clinic with a variety of hyperpro-
liferative diseases and immunological disorders. At the onset of the program, it was hypothesized that a
JAK1 selective compound over JAK2 could lead to an improved therapeutic index relative to marketed
non-selective JAK inhibitors by avoiding the clinical AEs, such as anemia, presumably associated with
JAK2 inhibition.
During the course of the JAK1 program, a number of diverse chemical scaffolds were identified from

both uHTS campaigns and de novo scaffold design. As part of this effort, a (benz)imidazole scaffold
evolved via a scaffold-hopping exercise from a mature chemical series. Concurrent crystallography-
driven exploration of the ribose pocket and the solvent front led to analogs with optimized kinome
and JAK1 selectivities over the JAK2 isoform by targeting several residues unique to JAK1, such as
Arg-879 and Glu-966.

� 2016 Elsevier Ltd. All rights reserved.
The mammalian Janus Kinases (JAK1, JAK2, JAK3 and TYK2) are
intracellular, non-receptor tyrosine kinases involved in the signal
transduction of pro-inflammatory cytokine receptors.1 Association
of the JAK proteins with cytokine receptors in various heterodi-
mers, trimers and homodimers leads to JAK activation, followed
by phosphorylation of STAT proteins and gene transcription,
thereby driving diverse cellular processes.2 Currently marketed
pan-selective JAK inhibitors have shown clinical success in the
treatment of myelofibrosis and rheumatoid arthritis,3 albeit the
clinical efficacy has been dose-limited by hematopoietic adverse
events likely driven through the non-selective inhibition of JAK2
and the erythropoietin (EPO) signaling pathway.4 At the onset of
the program, it was hypothesized that a superior therapeutic win-
dow could be achieved by selectively targeting the JAK1 pathway,
specifically by measuring inhibition of IL-6, while avoiding the
limiting blood-related adverse events by sparing the JAK2 EPO
pathway.5

During the course of the Merck JAK1 program, several struc-
turally diverse chemical scaffolds were identified from both an
uHTS campaign and de novo scaffold design. A promising new
structural class of pyrazole carboxamides emerged from this
approach (1 in Fig. 1), which was subsequently optimized for
drug-like properties and JAK1 selectivity.6 Concurrently, an effort
to identify additional structural matter, such as a chemical series
with different properties and improved JAK1 selectivity, was initi-
ated by employing a scaffold-hopping strategy from pyrazole car-
boxamide 1, as shown in Figure 1. As part of this approach, a
structurally diverse pyridone benzimidazole scaffold was designed
by applying three structural modifications, including (1) carbox-
amide cyclization to reveal the pyridone moiety, (2) ring-opening
of the pyrazole and (3) cyclization to arrive at the solvent-front
benzimidazole ring.7 By maintaining the carboxamide 2-point
HBD/HBA hinge interaction in 1, as well as the 4-aminopyran
ribose pocket moiety, the early objective was to conserve the
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Figure 1. (a) Scaffold hopping strategy leading to benzimidazole pyridone lead
compound 2; (b) in yellow, docking of 2 in JAK1 crystal structure.

Table 1
In vitro JAK enzyme activity

HN

O

HN N

N
H
R

Entry R JAK1 (nM) JAK2/1 ratio LBE LLE

3 N

O

10 1.6 0.43 7.1

4
N Ph

5 2.6 0.39 5.4

5 N NHPh

O

5 2.1 0.36 6.3

6
NH

1.6 3.3 0.54 7.8

7 NH 26 3.2 0.46 6.5

8 NH2 3.2 10 0.52 7.8

9
NH2C4

0.6 6.7 0.54 8.0

10
NH2C4

0.1 40 0.58 8.8

1804 V. Simov et al. / Bioorg. Med. Chem. Lett. 26 (2016) 1803–1808
favorable JAK1 potency and promising selectivity observed with
the benchmark compound 1. As shown in Figure 1, pyridone ben-
zimidazole 2 exhibited 10-fold improvement in JAK1 potency rela-
tive to its precursor 1, as well as excellent ligand efficiencies, albeit
the isoform selectivity was diminished. Therefore, the early focus
of the medicinal chemistry effort shifted toward an improvement
of the JAK1 selectivity, especially over the JAK2 isoform.

The initial approach at achieving the targeted levels of JAK1
selectivity (JAK2/JAK1 > 15-fold) and potency (JAK1 IC50 < 10 nM)
in the enzymatic assay was heavily based on computational mod-
eling.8 In particular, the early strategy relied on targeting a con-
served water molecule observed near the P-loop of the ribose
pocket in several of the internal JAK1 crystal structures (Fig. 1b).
It was hypothesized that JAK1 selectivity may be achieved by
directly engaging this crystallographic water with larger ribose
pocket substituents via either (a) H-bonding interaction (ex. pyran
2 in Fig. 1b, and piperidine 6 in Table 1) or (b) water displacement
(ex. acetamide 3, trans-1,4-cyclohexyl diamine 9, as well as the cor-
responding trans-1,4-cyclohexyl aminoalcohol and aminonitrile
analogs, not shown). Simultaneously, by increasing the size of
the ribose pocket substitution toward the P-loop water molecule,
we hoped to gain an additional JAK1 selectivity over JAK2 by taking
advantage of a more flexible and accommodating JAK1 P-loop rel-
ative to a less dynamic region found in JAK2 (cf. 4 and 5, Table 1).9

To that end, a range of cycloalkyl ribose pocket groups were pre-
pared projecting a variety of substitutions toward this conserved
water molecule, including substituted azetidines, pyrrolidines
and piperidines. Subsequently, a variety of acyclic P-loop amines
were also explored (vide infra). This approach quickly yielded sev-
eral potent piperidine JAK1 inhibitors, although no notable
improvement in the JAK2/JAK1 isoform selectivity was observed
relative to the benchmark pyrazole 1 (2–5, Fig. 1b and Table 1).

Although disappointed by the lack of isoform selectivity
improvement observed with the initial P-loop SAR, we were intri-
gued by the excellent ligand efficiencies (LBE = 0.54 and LLE = 7.8)
and modest improvement in both JAK1 potency and selectivity
observed with the unsubstituted piperidine 6. Expanding on the
basic free amine SAR was initially unsuccessful, as the isomeric
piperidines (e.g., 7) and related heterocycloalkyl amines (e.g.,
pyrrolidines and azetidine; not shown) exhibited diminished
potencies and JAK1 selectivities. Pleasingly, moving the basic
amine out of the cycloalkyl ring, as shown with the cis-cyclopentyl
1,3-diamine 8, restored the JAK1 potency with a notable improve-
ment in isoform selectivity (10-fold). Subsequent optimization of
the exocyclic amine led to cis-1,4-cyclohexyl diamine 10, which
not only exhibited excellent JAK1 potency (IC50 = 0.1 nM) and
ligand efficiencies (LBE = 0.58, LLE = 8.8), but also a 40-fold JAK2/
JAK1 selectivity in the primary enzymatic assays. Interestingly,
the corresponding trans-isomer 9 showed significantly diminished
isoform selectivity relative to 10, suggesting that the C4 cyclohexyl
amine indeed forms distinct interactions with JAK1 compared to
the JAK2 protein.

To gain further insight into the unique role of the exocyclic
amine with respect to the JAK1 potency and selectivity, a crystal
structure of 10 bound to the JAK1 protein was obtained (Fig. 2).
As expected, the pyridone hinge binder is involved in a 2-point
HBD/HBA interaction with the JAK1 protein, including: (1) a hydro-
gen bond with the JAK1 Leu-939 amide NH and (2) a hydrogen
bond with the JAK1 Glu-957 carbonyl moiety. In addition, a unique
and unexpected binding mode of the ribose pocket cyclohexyl dia-
mine was apparent. The cyclohexyl amine did not project toward
the P-loop region, as originally hypothesized in Figure 1, but rather
adopted a unique conformation to orient the C4 amine toward the
solvent front. This unexpected binding mode was a result of the
pyridone occupying an axial cyclohexyl orientation to enable the
formation of three distinct hydrogen bond interactions between
the C4 amine and (1) the hydroxyl side-chain of Ser-963, (2) the
Glu-966 carboxylate, both of which are water-mediated (2.7 Å),
as well as (3) a direct hydrogen bond with the backbone carbonyl



Figure 2. X-ray structure of 10 (orange) in JAK1 (green) highlighting the three key
H-bond interactions with Ser-963, Glu-966 and Arg-1007 (RCSB PDB code: 5HX8).
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of Arg-1007 (2.9 Å). Although initially surprised by the axial orien-
tation of the pyridone, according to quantum mechanical calcula-
tions the cyclohexyl bioactive conformation observed in the
crystal structure represents the lowest energy conformer by
0.8 kcal/mol.10

Comparison of the JAK family amino acid homology in proxim-
ity to the C4 amine, in particular focusing on the three aforemen-
tioned JAK1 residues, revealed a potential source of the 40-fold
JAK1 selectivity. While both JAK1 and JAK2 contain analogous Ser
and Arg residues (i.e., Ser-963 vs Ser-935 and Arg-1007 vs Arg-
980, respectively), a difference exists between the Glu-966 residue
in JAK1 and the analogous Asp-939 found in JAK2. It is hypothe-
sized that the shorter aspartic acid side-chain forms a less optimal
water-mediated H-bond with the C4 amine of 10 relative to the
glutamic acid found in JAK1, therefore accounting for the improved
JAK1 potency and thus isoform selectivity.11 Hence, we believe that
this particular interaction is key for the observed JAK1 selectivity
in 10 and can be further utilized to build in additional isoform
selectivity over JAK2.

With this information in hand, a new endeavor was initiated to
explore the SAR of the C4 amine substitution, both in terms of the
amine sterics and electronics. While a number of small alkyl and
acyl substituents (not shown) were well tolerated with respect to
their JAK1 potency, a strong correlation between the basicity of
the amine and the JAK2/JAK1 isoform selectivity emerged (see
11–15, Table 2). In particular, a decrease in isoform selectivity
Table 2
Correlation between JAK1 potency, isoform selectivity and basicity of C4 amine

HN

O

HN N

N
H

R

Entry R ACD pKa JAK1 (nM) JAK2/1 ratio

11
H
N 10.5 0.3 26

12
H
N

F 8.8 0.5 5.4

13
H
N

F

F
6.6 0.7 2.5

14
H
N

F

F
F 4.8 2 1.3

15
H
N

OMe 9.2 0.8 19
correlated well with a decrease in calculated amine basicity. Ulti-
mately it was determined that pKa values >9 were necessary to
achieve the targeted levels of isoform selectivity (>15-fold).8 Inter-
estingly, modulating the basicity of the amine did not have a signif-
icant impact on the JAK1 potency, but only affected the JAK2
binding. It is hypothesized that the higher dissolvation penalty to
form a water-mediated H-bond between a more basic amine and
Glu-966 in JAK1 can be off-set by the ideal geometry of this water
network interaction, whereas the less ideal geometry in JAK2 is
more sensitive to changes in the amine pKa and therefore the dis-
solvation penalty.

In addition to the good in vitro stability (HLM Clint <15
mL min�1 kg�1 and HHep Clint = 12 mL min�1 kg�1), compound 10
proved to be a valuable tool compound to interrogate the JAK1
biology in an in vitro setting (Table 3). The JAK1 cell-based activity
of 10, as measured by IL-6 cytokine inhibition in a pathway repor-
ter gene assay, was measured at 3 nM with an EPO/IL-6 pathway
selectivity of 16-fold.12 In addition, 10 exhibited excellent activity
in both a PBMC (peripheral blood mononuclear cell) functional
assay measuring IL-7/STAT5 inhibition and the corresponding rat
whole blood variant.13 Furthermore, the pathway selectivity and
functional activity of 10 compared favorably to the two marketed
JAK inhibitors, tofacitinib and ruxolitinib, as predicted by their
enzyme potency profile.

With the JAK1 isoform selectivity SAR well established, the
broad kinome panel selectivity of the representative pyridone ben-
zimidazole 10 was evaluated against other non-JAK kinases.14

Compound 10 was tested against 265 kinases and exhibited
>100-fold selectivity relative to JAK1 for 97% of the measured
kinases (Table 4). While the overall kinome selectivity profile
was promising, the FLT3 inhibitory off-target activity of 10 was
of particular interest. FLT3 signaling is important for RA pathogen-
esis by playing an essential role in the in vivo differentiation of
dendritic cells and could therefore interfere with the interpretation
of the JAK1-driven biology with our tool compound, therefore
prompting us to explore strategies to avoid FLT3 inhibition.15

Based on available crystallographic information, overlay
between the FLT3 and JAK1 ATP-binding pockets suggested several
residue differences that could potentially be exploited to circum-
vent the FLT3 off-target activity. The first strategy was designed
to take advantage of the rigidity of the FLT3 phenylalanine
In vitro JAK enzyme and cell (reporter and functional) activities for 10 compared to
tofacitinib and ruxolitinib

HN

O N
H

HN N

NH2

N

N N
H

N
N

O

CN

N

N N
H

NN

CN

Tofacitinib Ruxolitinib 10

Enzymatic assay
JAK1 IC50 (nM) 1.3 0.43 0.1
JAK2 IC50 (nM; JAK2/1 ratio) 1.4 (1�) 0.12 (0.3�) 4.0 (40�)
JAK3 IC50 (nM) 0.35 2.8 2.5
TYK2 IC50 (nM) 12.8 0.72 1.5

Reporter cell assay
JAK1 (IL-6, nM) 95 40 3
JAK2 (EPO, nM) 71 8 48

Functional assay
PBMC (IL-7/STAT5, nM) 39 448 17
Rat WB (IL-7/STAT5, nM) 139 na 40



Table 5
In vitro JAK enzyme activity and selectivity for selected imidazoles and saturated
benzimidazoles

HN

O
R

N
H

NH2

Entry R JAK1
(nM)

JAK2/
JAK1
ratio

FLT3/
JAK1
ratio

Kinome
selectivitya,b

(%)

16
NHN

NH
O

3 125 na na

17
NHN

6 5 25 73

18

NHN

N
N

13 26 na na

19 (R1 = H)

NHN

R1

0.9 33 25 98
20 (R1 = CHF2)c 0.4 27 59 90
21 (R1 = COOMe) 0.8 48 105 99
22 (R1 = COOH) 1.3 50 158 98

a Percent of kinases with >100-fold selectivity against JAK1.
b na = not available.
c Racemic.

Table 4
In vitro enzyme selectivity of 10 over other non-JAK kinases (N = 265 kinases
measured at Invitrogen)

Enzymatic IC50 Kinase off-target IC50 JAK1-fold selectivity

JAK1 = 0.1 nM NUAK1 = 2 nM 20�
BRSK1 = 2 nM 20�
SNF1LK2 = 4 nM 40�
FLT3 = 5 nM 50�
AMPKa1 = 5.5 nM 55�
PDGFRA = 9 nM 90�
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gatekeeper residue Phe-691, rather than the more flexible and
accommodating Met-956 residue found in JAK1, by introducing a
variety of substitutions at the pyridone C3 position (R1 in Fig. 3).
While this approach did show initial promise with respect to the
JAK1 potency (IC50 = 2 nM for R1 = CN analog of 10, not shown),
the C3 pyridone SAR had a detrimental effect on the overall kinome
selectivity (65%) and FLT3 selectivity (FLT3/JAK1 = 8�), therefore
prompting us to explore alternative approaches to circumvent
the FLT3 off-target activity.

The second strategy depicted in Figure 3 relied on exploring the
solvent front region by targeting the guanidine side-chain moiety
of the JAK1-specific residue Arg-879 via modification of the R2 imi-
dazole substituent. In place of arginine, FLT3 contains an amino
side-chain in Lys-614, while JAK2 has a primary carboxamide in
Gln-853. It was hypothesized that the introduction of a polar func-
tional group, such as a carboxylic acid or derivative, could poten-
tially establish a favorable 2-point interaction with the guanidine
moiety in Arg-879, while electrostatically disfavoring binding to
both key off-targets, FLT3 and JAK2.

Initial efforts at replacing the benzimidazole ring as a handle to
engage the JAK1 solvent front Arg-879 residue included a variety of
mono- and di-substituted imidazoles (Table 5). This effort did
result in several potent and JAK1 selective analogs (i.e., JAK2/
JAK1 = 125� for 16), however the diminished kinome selectivity
and large cell shift (>1000-fold for 16) ultimately led us to deprior-
itize further work on the acyclic imidazoles.

Interestingly, in addition to the generally poor kinome selectiv-
ity, the imidazoles often exhibited diminished JAK1 isoform selec-
tivities compared to benzimidazole 10, despite having the
previously optimized cyclohexyl diamine moiety (see 17, Table 5).
The lack of isoform selectivity was mainly driven by a loss in the
JAK1 on-target potency, as this structural change did not have a
significant impact on the JAK2 binding. Calculations of the strain
energies associated with adopting a JAK1 bioactive conformation
suggest that imidazole 17 only pays 0.1 kcal/mol higher energy
penalty to adopt the JAK1 bioactive conformation relative to benz-
imidazole 10, an energy difference that is not sufficiently large to
account for the diminished potency and selectivity profile.10 One
Figure 3. Two strategies to address FLT3 off-target activity based on X-ray
structure of 10 (orange) in JAK1 (green) overlaid with known FLT3 crystal structure
(purple; RCSB PDB code: 4XUF).
hypothesis is that, unlike with the more compact benzimidazoles,
the bulkier imidazole substituent (i.e., Ph in 17) clashes with the
Glu-966 side-chain, therefore weakening the optimal RNH2—
H2O—Glu interaction needed for JAK1 potency and selectivity
(see Fig. 4).

Given the initial results and the favorable selectivity profile of
the benzimidazoles, efforts were shifted away from the acyclic imi-
dazoles and onto the more closely related saturated benzimida-
zoles to potentially arrive at a more optimal handle to engage
the Arg-879 residue (see 19–22, Table 5). The unsubstituted par-
tially saturated benzimidazole 19 showed a comparable potency
and selectivity profile to 10, however the introduction of a polar
substituent on the cyclohexyl C3 position in proximity to the
guanidine moiety (i.e., carboxylic acid or ester) led to a potent
Figure 4. Docked structure of 17 (blue) in JAK1 (green) overlaid with the X-ray
structure of 10 (RCSB PDB code: 5HX8).



Table 6
In vitro JAK enzyme, cell activities and off-target profile for 21

Enzymatic IC50 Cellular IC50 JAK1-fold selectivity

JAK1 = 0.8 nM JAK1 (IL-6) = 44 nM NUAK1 = 14�
JAK2 = 40 nM JAK2 (EPO) = 1699 nM FLT3 = 105�
JAK3 = 17 nM
TYK2 = 7 nM

Scheme 1. General synthetic route to substituted benzimidazole pyridones.
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JAK1 inhibitor 21 with much improved kinome selectivity of 99%.
More importantly, this structural modification increased the FLT3
off-target margin to >100-fold relative to JAK1 and led to further
improvement in the JAK2/JAK1 selectivity (48-fold).

Similar effects on the isoform and kinome selectivity, including
the FLT3 activity, were seen with other polar groups, such as the
carboxylic acid in 22. As hypothesized in Figure 3, this effect
diminished as the polar cyclohexyl substituent was replaced with
other non-polar groups such as the difluoromethyl in 20 or the tri-
fluoromethyl group (not shown). Therefore, targeting the solvent-
front Arg-879 in JAK1 provided a dual benefit in optimizing both
FLT3 and JAK2 off-target activities for this new class of JAK1 inhi-
bitors. It is also worth noting that the JAK1 selectivity over JAK2
in the biochemical assays seen with 21 (48-fold) correlated well
with the cell-based EPO and IL-6 pathway reporter gene assays
(39-fold), as shown in Table 6.16

In parallel to optimizing the Arg-879 solvent-front interaction,
the ribose pocket (P-loop) SAR (Fig. 1) was revisted to identify a
few acyclic amines with improved kinome selectivities relative to
10 (Fig. 5). The objective with this effort was to arrive at ribose
pocket substitution that would more optimally occupy the P-loop
region compared to 10, while still engaging the JAK1-specific
Glu-966 residue. To achieve this dual effect, a variety of bidirec-
tional, acyclic diamines were designed and prepared, using analog
23 as the starting point. Saturated benzimidazole propane 1,3-dia-
mine 23 was identified as a potent and kinome selective JAK1 inhi-
bitor that optimally occupied the P-loop region of the ribose
pocket, albeit with modest JAK2/JAK1 selectivity (12-fold). Using
a docking of 23 overlaid with the original crystal structure of cyclo-
hexyl diamine 10, several bidirectional hybrid analogs were
prepared to simultaneously occupy the P-loop and engage the
Glu-966 residue. This approach indeed proved successful and led
to our most selective JAK1 inhibitor 24 prepared up to that point
with JAK2/JAK1 and FLT3/JAK1 selectivities of 102-fold and
145-fold, respectively. Compound 24 also highlights the potential
to modulate FLT3 off-target activity in the P-loop region, in
addition to the solvent-front SAR. One could envision that addi-
tional JAK1 and FLT3 selectivity could be gained by engaging the
Figure 5. X-ray structure of 10 (orange) in JAK1 (green) overlaid with docking of 23
(purple) used to design hybrid 24; c Kinome selectivity over non-JAK kinases.
Arg-879 solvent-front residue as shown in Figure 3 in conjunction
with the optimized basic amine in 23.
The synthesis of the benzimidazole pyridones is described in
Scheme 1.7 Initial condensation of pyridine aldehyde 25 with the
appropriately substituted diamine 26 afforded benzimidazole 27.
Hydrolysis of the 2-Cl pyridine moiety to afford the desired pyri-
done was accomplished under acidic conditions with concomitant
replacement of the iodide with a chloride. Lastly, the ribose pocket
amine was introduced under standard SNAr conditions to afford the
desired benzimidazole pyridone 29.

The synthesis of the imidazole pyridines followed a modified
synthetic approach. Condensation of an alternative starting pyri-
dine aldehyde 30 with the appropriate dicarbonyl derivative 31
in the presence of ammonium hydroxide in MeOH at ambient tem-
perature17 cleanly afforded the desired imidazole pyridines 32,
which were subsequently transformed to the desired pyridones
34 as described in Schemes 1 and 2.
Scheme 2. General synthetic route to substituted imidazole pyridones.
In conclusion, a new series of highly JAK1 and kinome selective
(benz)imidazole pyridone inhibitors has been optimized using
extensive structure-based design and computational modeling.
Two JAK1-specific residues, Arg-879 and Glu-966, were identified
and specifically targeted to circumvent key JAK2 and FLT3 off-tar-
get activities. A bidirectional ribose pocket substitution was also
identified that optimally occupied the P-loop region, while
engaging the JAK1-specific Glu-966 residue. We believe that the
strategies described herein can be broadly applied to other struc-
tural classes toward the design of novel JAK1 inhibitors with good
selectivities over JAK2 and the rest of the kinome.
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