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This paper describes the discovery and design of a novel class of JAK2 inhibitors. Furthermore, we detail
the optimization of a screening hit using ligand binding efficiency and log D. These efforts led to the iden-
tification of compound 41, which demonstrates in vivo activity in our study.

� 2010 Elsevier Ltd. All rights reserved.
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The JAK/STAT pathway, a common signaling pathway of cyto-
kines, regulates numerous functions of hematopoiesis and immune
response including the differentiation and proliferation of cells.1

Janus kinase 2 (JAK2) is an intracellular non receptor tyrosine ki-
nase that belongs to the JAK family of kinases (JAK1, JAK2, JAK3,
and TYK2). The presence of a catalytically inactive pseudokinase
regulatory domain distinguishes the JAKs from other tyrosine ki-
nases. Activation of JAK2 through cytokine signaling leads to phos-
phorylation of cytokine tyrosine residues, which serve as docking
sites for signal transducers and activators of transcription (STATS).
Upon binding to the receptor, the STATS are phosphorylated, then
dissociated from the receptor, dimerized, and finally translocated
to the nucleus for gene transcription.

Recently, the identification of the somatic mutation JAK2V617F

has demonstrated that the deregulation of JAK2 activity leads to
pathogenesis of myeloproliferative disorders (MPD) including
polycythemia vera (PV), essential thrombocythemia (ET), and pri-
mary myelofibrosis (PMF).2 This clear link between gain of function
mutation and pathogenesis has prompted the development of
small molecule JAK2 inhibitors in the clinic as targeted therapies
for myeloproliferative disorders,3 and numerous companies have
recently reported several classes of JAK inhibitors.4 Our focus in
ll rights reserved.
regulating the JAK/STAT pathway has encouraged us to evaluate
JAK2 inhibitors for various therapeutic areas including MPD. In this
letter, we report the strategy used to develop structure activity
relationships (SAR) to optimize a low micromolar screening hit
into a nanomolar lead with in vivo activity.

Our strategy focused on using a virtual screening approach to
rapidly identify hits and optimizing these hits utilizing rational
drug design coupled with library synthesis. From the thousands
of leads generated from a virtual screen,5 compound 1 (Fig. 1)
was identified as an attractive starting point to initiate chemistry.
Although compound 1 has moderate activity in the in vitro JAK2
biochemical assay6 with an IC50 = 1400 nM and a ligand binding
JAK2 IC50 = 1400 nM
LBE = 0.32

Figure 1. Virtual screening hit.
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Scheme 1. Synthesis of the napthyridinone core. Reagents and conditions: (a) NaOMe (5 equiv), methyl(4-fluorophenyl)acetate, MeOH, 100 �C; (b) Cs2CO3, N-phenyl-
bis(trifluoromethanesulfonimide), DMF, 0 �C; (c) NR1R2, dioxane, 130 �C microwave; (d) 6 M HCl/THF 80 �C.
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Figure 2. Activity of napthyridinone analogs.
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Scheme 2. Approaches to induce co-planarity of the bi-aryl rings.
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Figure 3. Intramolecular hydrogen bonding strategy.
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efficiency (LBE)7 of 0.32, it contains a novel core from which fur-
ther modifications can be generated.

Novel pyridone analogs of 1 were synthesized according to the
synthetic procedure in Scheme 1. Starting with known aldehyde 2,8

base induced cyclization with methyl(4-fluorophenyl)acetate
afforded bicyclic intermediate 3. Triflation of 3 provided 4 as an
intermediate for quick analoging. Heating intermediate 4 with a
variety of amines induced smooth displacement of the triflate. Sub-
sequent hydrolysis of the methyl ether 5 under forcing acidic
conditions yielded the desired pyridine compounds 6.

Several analogs of the napthyridinone 1 were prepared accord-
ing to Scheme 1. The decreased potencies of analogs 7, 8, and 9
(Fig. 2) as compared to 1, suggested that further analogs made
in this region of the scaffold would not significantly improve
the potency. Thus, efforts were turned toward improving ligand
binding efficiency by modifying the scaffold. Closer examination
of structure 1 reveals that substitution of the bi-aryl portion in-
duces a 60.5� dihedral angle conformation9 between the bi-aryl
rings. This conformation might not be optimally accommodated
in the narrow ATP binding pocket of the JAK2 enzyme.10 With this
in mind, we rationalized that if the bi-aryl rings were co-planar,
the proposed structure would fit better in the ATP pocket and
increase potency. To test this hypothesis, two strategies were pro-
posed to restrain conformation as shown in Scheme 2. Strategy A
incorporated an intramolecular hydrogen bond as demonstrated
by 10 to achieve co-planarity of 7.11 In principle, the intramolec-
ular hydrogen bond between heteroatom X and the NH of the
amino pyridine would induce a co-planar relationship between
the ring systems. In contrast, strategy B involves achieving co-
planarity and conformationally restricts 7 by fusing the rings
together as depicted in 11.

Towards this end, the approach in strategy A was adopted first
due to synthetic accessibility. Using the same chemistry as shown
in Scheme 1, several heteroatom variations as represented by 12,
13, and 14 (Fig. 3) were incorporated to induce co-planarity
through intra-molecular hydrogen bonding. Unfortunately,
improvements in potency using this strategy were unsuccessful.
Compound 12 showed improved JAK2 activity compared to 7.
However, the ligand binding efficiency was still not in a desirable
range to initiate a rapid library synthesis follow on strategy.
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Our second approach to improve intrinsic potency using strat-
egy B required a new synthetic route that allowed for maximum
diversity at a late stage in the synthesis. The construction of the tri-
cyclic core 23 was achieved based on modification of known inter-
mediates.12 Acid chloride 15 was converted to the diisopropyl
amide under basic conditions. Ortho lithiation of amide 16 with
sec-butyl lithium followed by trapping with triisopropyl borate
afforded the boronic acid 17. Suzuki cross coupling of 17 with 2-
butoxy-3-iodo-4-aminopyridine 1812 afforded bi-aryl intermediate
19. Strong base induced ring closure with NaHMDS gave the tricy-
clic core 20. Heating tricyclic 20 in POCl3 resulted in the double
chlorination to provide intermediate 21. A variety of amines added
to the core either via thermally or microwave induced reactions at
high temperature with acid or base. Interestingly, the subtle differ-
ence in reactivity of the two chlorines allows for selective substitu-
tion. In the majority of cases, the amine added to 21 to provide the
desired regioisomer as shown in 22.13 Finally, selective hydrolysis
of intermediate 22 provided pyridone 23.

With the synthesis to form fused scaffold 11 in hand, compound
24 was prepared first to test our original hypothesis of co-planar-
ity. To our delight, compound 24 (Scheme 4) improved the intrinsic
potency 1000-fold (JAK2 IC50 = 26 nM) compared to compound 7
(JAK2 IC50 = 29000 nM), confirming the feasibility of our approach.
Furthermore, significant gains were made in ligand binding effi-
ciency for 24 (LBE = 0.45) compared to 7 (LBE = 0.26).

Encouraged by the potency enhancement and gains in ligand
binding efficiency, 24 was used as a frame of reference for probing
structure–activity relationships (SAR) of a diverse subset of
amines. Table 1 highlights the in vitro data of amine analogs that
were synthesized. The focus for this amine library centered on
improving potency as well as understanding the structural envi-
ronment in this region of the enzyme. Polar substituents, especially
with basic amines such as in examples 25 and 27, are examined in
this region of the kinase, but are not well tolerated. Secondary
amines, such as 29, are tolerated, but did not improve potency
compared to 24. Interestingly, aniline 30 is only moderately active
with IC50 = 4100 nM; however, the activity is dramatically im-
proved when ortho substituents are incorporated as exemplified
by 31 (IC50 = 4 nM) and 32 (IC50 = 14 nM). This result suggests that
the strong conformational preference for the aniline ring to adopt a
perpendicular conformation to the core significantly contributes to
the binding affinity. Furthermore, larger hydrophobic groups such
as 33 are active, suggesting size tolerability in this area of the ki-
nase pocket.

Substitution with smaller hydrophobic amines branched at the
alpha positions such as 34, 35, and 36 trends toward improve-
ments in potency when compared to larger hydrophobic amines.
Most notable is 38 with a JAK2 IC50 = 1 nM. Remarkably, 38 is
27-fold more potent than its methyl analog 36, underscoring the
crucial contribution that the trifluoromethyl substituent makes
with the JAK2 enzyme. The enantiomer 39 is significantly less ac-
tive with an IC50 = 55 nM. Due to its excellent potency and efficient
binding (LBE = 0.49), 38 was advanced for further investigation.

To better understand how our inhibitors bind to the enzyme,
compound 38 was modeled into the JAK2 crystal structure.14 As
shown in Figure 4, compound 38 is proposed to bind in the ATP
binding pocket of JAK2 with the pyridone interacting with the
hinge region of the kinase. The pyridone makes critical H-bonds
to the backbone carbonyl of Glu930 and backbone NH of Leu932.
The planar structure nicely fits into the narrow ATP binding
pocket along the hinge, which may account for a significant pro-
portion of the potency. Furthermore, the amine linkage is proposed
to occupy the ribose pocket of the enzyme. More specifically, the
CF3 moiety is positioned into a hydrophobic pocket formed by
Leu983 and Gly993. The increased lipophilicity of the CF3 group
interacting with the hydrophobic pocket seems to explain the in-
creased potency compared to the methyl analog (36). The fluorine
substituent on the aromatic ring, however, does not interact with
the protein and is projected out into solvent.
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SAR on fused napthyridinone analogs
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Figure 4. Proposed binding mode of compound 38 bound to JAK2 X-ray structure.

Table 2
Profile of compound 38 and 41
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JAK2 (IC50) 1 nM 1 nM
Cell (IC50) 50 nM 40 nM
hERG (IC50) 3500 nM 1400 nM
Rat CIp 21 mL/min/kg 68 mL/min/kg
VD 6 L/kg 8 L/kg
HPLC log D pH 7.4 3.34 2.33
Solubility @ pH 7 3 lM 120 lM
In vivo IC50 NA 2700 nM
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Having optimized the intrinsic potency, compound 38 was fur-
ther profiled to understand the liabilities associated with this com-
pound (Table 2). In addition to having excellent enzymatic
potency, 38 demonstrates good activity in our cell based assay
JAK2 Cell IC50 = 50 nM.15 Further investigation in vivo revealed
modest pharmacokinetic properties in rat with a Cl = 21 mL/min/
kg and Vd = 6 L/kg.16 However, a liability of 38 is the off-target
binding affinity to the Ikr potassium channel hERG (human Ether-
a-go-go-Related Gene) with IC50 = 3500 nM.17 Moreover, while
quite potent, 38 suffers from poor aqueous solubility as measured
in our solubility assay. Unfortunately, the reduced solubility lim-
ited in vivo studies with 38, and a strategy to improve aqueous sol-
ubility while maintaining the potency was needed.

Based on our modeling study, the trajectory of the aryl fluoride
substituent of 38 is pointing away toward the open end of the cat-
alytic site and into solvent. Consequently, the incorporation of po-
lar functional groups in this region of the molecule to modify
physicochemical properties without affecting the potency would
be a viable strategy. Towards that end, compound 41 incorporating
a nitrogen heteroatom was synthesized according to Scheme 3. As
predicted, the incorporation of this nitrogen reduces the experi-
mental HPLC log D from 3.34 to 2.33,18 and the HCl salt of 41 has
aqueous solubility up to 120 lM in a solubility assay. Furthermore,
the activities in both the enzymatic and cell based assays are main-
tained, validating the hypothesis for modifying physicochemical
properties without diminishing potency. In addition, as an added
benefit, incorporating the polar heteroatom decreases the hERG
binding.19 However, the lower log D diminishes the pharmacoki-
netic properties of 41 with a Cl = 68 mL/min/kg. Nevertheless, on
the basis of the excellent intrinsic and cellular potency coupled
with improved aqueous solubility, 41 was evaluated in an in vivo
model.20 Administration of 41 at doses of 30 and 90 mpk (p.o.) re-
duces pSTAT5 signals to basal levels in whole blood of erythropoi-
etin (Epo) treated mice at 1 and 3 h (Fig. 5), with an
IC50 = 2700 nM.21

In conclusion, low micromolar focused screening hit 1 was opti-
mized by rational targeted design along with diversity oriented
synthesis using ligand binding efficiency as a guiding parameter
for optimization. We were able to identify 38 as a lead, improving
the potency by 1400-fold while enhancing the ligand binding effi-
ciency to 0.49. With the aid of molecular modeling, judicious intro-
duction of a polar functionality led to 41, which reduces hERG
binding and increases aqueous solubility. Compound 41 potently
reduces pSTAT5 levels in mice and allowed us to achieve in vivo
proof of concept. The detailed optimization of the pharmacokinetic
properties and in vivo potency of 41 will be disclosed in a future
communication.



Figure 5. Inhibition of pSTAT5 signal in C57Bl/6 mice (n = 6) by oral dosing of
compound 41 at 30 and 90 mpk.
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