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ABSTRACT: Early hit to lead work on a pyrrolopyridine
chemotype provided access to compounds with biochemical
and cellular potency against Janus kinase 2 (JAK2). Structure-
based drug design along the extended hinge region of JAK2 led
to the identification of an important H-bond interaction with
the side chain of Tyr 931, which improved JAK family
selectivity. The 4,5-dimethyl thiazole analogue 18 demon-
strated high levels of JAK family selectivity and was identified
as a promising lead for the program.
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Signal transduction cascades mediated by kinases have long
been viewed as promising targets for therapeutic

intervention. Janus kinase 2 (JAK2) is a nonreceptor
cytoplasmic tyrosine kinase involved in signal transducer and
activator of transcription (STAT) signaling. Imbalances in the
JAK-STAT pathway have recently been associated in a variety
of diseases, including inflammatory disease, various cancers, and
myeloproliferative neoplasms (MPNs).1 MPNs are a class of
myeloid malignancies that are represented by the uncontrolled
growth of a multipotent hematopoietic progenitor stem cell.
Identification of a mutation in the JH2 pseudokinase domain
(JAK2 V617F) in MPN patients was found to render the JAK2
kinase constitutively active.2−5 This mutation was observed in
high frequency in patients with MPNs (>95% in polycythemia
vera, >50% in essential thrombocytopenia, >50% in primary
myelofibrosis).
Success with kinase targeted therapies supported the

feasibility of targeting JAK2 for therapeutic intervention in
MPNs. Recent approval of the JAK1/JAK2 dual inhibitor
ruxolitinib6 for the treatment of primary myelofibrosis
reinforced the tractability of targeting the JAK family
specifically. A key challenge associated with design of a
selective JAK2 inhibitor is the high degree of homology in
the kinase domains of the JAK family.
Herein we report on initial hit to lead (HTL) efforts leading

to potent JAK2 inhibitors. Further structure-based drug design
(SBDD) efforts to explore and capitalize on several single
amino acid differences in the extended hinge region of the JAK
kinases led to the identification of 4,5-disubstituted thiazoles
(e.g., 18) as highly selective JAK2 inhibitors.

Screening of the Bristol-Myers Squibb compound collection
using a homogeneous time-resolved fluorescence (HTRF)
assay identified pyrrolopyridine 1 as a hit with good JAK2
potency but modest kinome selectivity (Figure 1). Replacement
of the tetrazole with a secondary amide (2) resulted in
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Figure 1. Hit to lead SAR.
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significantly reduced potency, likely due to loss of the enforced
s-cis amide conformation. Tertiary amides that were unable to
position a cyclopropyl group in the optimal vector (4, 5), lost
potency and JAK3 selectivity as compared to 1. Dicyclopropyl
amide 3 regained the potency and selectivity of the initial hit,
reinforcing the importance of the vector for the cyclopropyl
group. Compound 3 demonstrated modest antiproliferative
activity in a JAK2 pathway-dependent cell line (SET-2).
X-ray crystallographic analysis of compound 37 bound to the

JAK2 kinase domain revealed that the tertiary amide is tucked
under the P-loop. The dicyclopropyl amide is well suited to
traverse the space between the floor of the binding pocket and
the P-loop, likely contributing to enhanced selectivity among
the JAK family. The diol side-chain on the azaindole nitrogen
extends into the ribose pocket. Hydrogen bond contacts with
the hinge occur from the imidazole nitrogen and 4-position
−NHMe, thereby projecting the methyl group toward the
extended hinge region of JAK2 (Figure 2).

Compound 3 demonstrated poor intrinsic permeability
(PAMPA) and high efflux (Caco-2). Sequential removal of
the hydroxyl groups maintained or improved JAK2 activity,
selectivity, and cellular activity (6, 7) (Table 1). The ethyl
analogue (8) was optimal with respect to permeability and
efflux and showed improved JAK3 selectivity (44×) and modest
selectivity against the other JAK family members JAK1 and
Tyk2 (15× and 16×, respectively).
Scheme 1 outlines the synthesis of compounds similar to 8

starting from amino imidazo[4,5-c]pyridine 9.8 The tricyclic
core 10 was assembled in a two-step protocol wherein a Heck
coupling-cyclization was preceded by iodination of 2-amino-
pyridine 9. Alkylation of the azaindole was followed by ester
hydrolysis and amide coupling with the appropriate amine to
yield the final compounds.
With a goal of improving the broader JAK family selectivity

of 8, we began our SAR exploration around the C4 position
while holding positions N6 and C7 as ethyl and dicyclopro-
pylamide, respectively. Inspection of the X-ray cocrystal
structure of 3 with the JAK2 kinase domain indicated that a

hydrogen bond acceptor with an appropriate chain length
appended at the C4 position may interact favorably with Tyr
931 in the hinge region. To probe this potential interaction,
alkyl and acyl linkers were attached at the C4 position of the
pyrrolopyridine core (Table 2).
Consistent with our prediction, the crystal structure of 12

bound to the JAK2 kinase domain showed a hydrogen bond
interaction of the methoxypropyl group with the phenolic
hydrogen of Tyr 931 (see Supporting Information). Molecular
modeling suggested that a trajectory from a sp2 center would
more effectively traverse the opening between the P-loop and
extended hinge region toward solvent. Appending the 2-
methoxyethyl side chain to the scaffold through a sp2

hybridized linker (13, 14) maintained planarity with the
azaindole core and further improved potency against JAK2
while preserving JAK family selectivity. Despite the improved
selectivity, these compounds (12, 13, 14) were less potent than
the methyl analogue (8). An amide isostere, thiazole (15),

Figure 2. Crystal structure of compound 3 bound to the kinase
catalytic domain of JAK2. The carbons of 3 are colored in pink and the
carbons for JAK2 are colored in green. Oxygens are colored red,
nitrogens blue, and sulfurs yellow. Hydrogen bonds are indicated with
dashed lines.

Table 1. Azaindole SARa,b

aAssay protocol details are provided in the Supporting Information.
bAssay results are the average of at least two replicates. cNot tested in
this assay. dAssay results are N of 1.

Scheme 1. Synthesis of Early Lead Compoundsa

aReagents and conditions: (a) NIS, acetonitrile, RT, 75%; (b) ethyl
pyruvate, Pd2(dba)3, Cy2NMe, DMA, 60 °C, 70%; (c) R-OTs or R-I,
Cs2CO3, DMF, 60 °C, 65−75%; (d) NaOH, EtOH, 60 °C, 80−90%;
(e) R1R2NH, EDCI, HOBt, i-Pr2NEt, MeCN, 50 °C, 70−75%; (f)
TFA-CH2Cl2 (10:1), RT, 90%.

ACS Medicinal Chemistry Letters Letter

DOI: 10.1021/acsmedchemlett.5b00225
ACS Med. Chem. Lett. 2015, 6, 845−849

846

http://dx.doi.org/10.1021/acsmedchemlett.5b00225


improved potency and cellular activity, while retaining
comparable levels of selectivity to the methoxyalkyl analogues.
In addition to Tyr 931, several amino acid differences among

JAK family members along the extended hinge region drove us
to postulate that substitution at the 4- or 5-position on the
thiazole may further enhance JAK family selectivity. Directing
hydrophobic groups toward Gln 853 may induce a repulsive
interaction associated with JAK1 (Arg 868), JAK3 (Ser 826),
and Tyk2 (Arg 901). Other nonconserved amino acids within
the JAK family, namely, JAK2/Met 865 (near Gln 853), and
along the extended hinge region (JAK2/Ser 936 and JAK2/Asp
939) may play a subtle role in influencing selectivity.
Selectivity of thiazole 15 was marginally enhanced through

incorporation of methyl groups at the 4- or 5-position of the
thiazole (16, 17) (Table 2). Incorporation of a methyl group at
both the 4- and 5- positions of the thiazole (18) was found to
significantly enhance JAK family selectivity while maintaining
cellular potency in the JAK2-dependent cell line. Compound 18
displayed superior JAK family selectivity as compared to
ruxolitinib9 and other JAK inhibitors in the clinic.10

The C4 analogues were prepared from the fully protected
aminopyridine11 19 (Scheme 2). Access to scaffold 19 was
available via a similar synthetic sequence to that described for
the C4-NHMe analogues. Deprotection provided the free
amine 20, which could undergo reductive amination (12),
chloroformate or isocyanate coupling (13, 14), or Buchwald−
Hartwig coupling (15).
The substituted thiazoles were also accessed from amino-

pyridine 20. Alkyl thiazoles (e.g., 16, 17, 18) were formed by
reaction of thiourea 21 with an appropriately substituted α-
bromoketone.
The crystal structure of 1812 bound to the JAK2 kinase

domain highlighted some of the extended hinge amino acid

differences in the JAK family members, which may account for
the high selectivity found for compound 18 (Figure 3). The
thiazole ring nitrogen was observed to engage Tyr 931 in a
hydrogen bonding interaction similar to that observed with
methoxypropyl analogue 12. This interaction is not feasible in
JAK1 (Phe). The thiazole sulfur is positioned to have a positive
nonbonding interaction with the core pyridyl nitrogen, likely
reinforcing the desired conformation of the inhibitor in the
enzyme.13 Consistent with our prediction, the hydrophobic
methyl groups of 18 are directed toward Gln 853, presumably
contributing to the observed JAK family selectivity.
Compound 18 was the first compound from the pyrrolopyr-

idine series that demonstrated target potency (biochemical and
cellular) and significant JAK family selectivity in our enzymatic
assays (Table 3). The kinome selectivity of 18 was assessed in a
single point format at 1 μM against a panel of 412 kinases at
Ambit Biosciences (now DiscoverRx) and showed good
selectivity across the Ambit profile, based on less than 10%
control for 6 out of 412 kinases.14 Consistent with the
biochemical assays, no other JAK family members were hits in
Ambit profiling. Outside of the JAK family members, 18 also
demonstrated excellent selectivity against a panel of 22 kinases
tested in enzymatic assays. Although Src kinase was identified

Table 2. C4 SARa,b

aAssay protocol details are provided in the Supporting Information.
bAssay results are the average of at least two replicates. cAssay results
are N of 1.

Scheme 2. Synthesis of C4 Analoguesa

aReagents and conditions: (a) TFA, CH2Cl2 (10:1), RT, 95%; (b) 3-
methoxypropanal, NaCNBH3, MeOH 32%; (c) 2-methoxyethyl
chloroformate, pyridine, CH2Cl2, 20%; (d) 2-methoxyethanamine,
DMF, phosgene, pyridine, CH2Cl2, 16%; (e) ethyl isocyanate,
pyridine, 23%; (f) 2-bromothiazole, Pd2(dba)3, BINAP, NaOtBu,
toluene, 110 °C, 11%; (g) benzoylisothiocyanate, acetone; then 1 N
NaOH, ethanol, 60 °C, 72%; (h) α-bromoketone, ethanol, 65 °C.
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as a hit in the Ambit profile, a biochemical assay indicated Src
was not significantly inhibited by 18.
Compound 18 was rapidly metabolized across species but

otherwise had an acceptable ADMET profile in in vitro assays
(Table 4). The good permeability associated with earlier

analogues (8) was maintained in 18. Initial assessments of in
vitro safety (hERG flux, PXR, and HEPG2) for 18 were clean.
In an in vivo setting, compound 18 exhibited excellent oral
exposure (Rat, 5 mg/kg PO; Cmax 29 μM, AUC0−24h 131.4 μM·
h).
Early hit to lead efforts provided access to biochemical and

cellular active compound 8. Structure-based design efforts
around 8 identified extended hinge region modifications which

enhanced JAK family selectivity. Incorporation of thiazoles
along the extended hinge region led to the identification of a
lead series, and compound 18 represented a significant advance
in our efforts to identify potent and selective JAK2 inhibitors
with promising pharmacokinetic properties. Additional SAR
around this lead series will be the subject of an additional
disclosure.15
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JAK2, Janus kinase 2; JAK1, Janus kinase 1; JAK3, Janus kinase
3; STAT, signal transducer and activator of transcription; MPN,
myeloproliferative neoplasm; JH2, JAK homology domain 2;
HTL, hit to lead; SBDD, structure-based drug design; HTRF,
homogeneous time-resolved fluorescence; PAMPA, parallel
artificial membrane permeability assay; Tyk2, tyrosine kinase 2;
HLM, human liver microsome; CYP, cytochrome P450; BTK,
Burton’s tyrosine kinase; CDK2, cyclin-dependent kinase 2;
CK2, casein kinase; GSK, glycogen synthase kinase; IRAK4,
interleukin-1 receptor-associated kinase 4; AAK1, AP2-
associated protein kinase 1; Abl, Abelson leukemia oncogene
cellular homologue; DAPK1, death-associated protein kinase 1;
Fyn, a Src family tyrosine protein kinase; IKK-ε, IκB kinase-ε;
JNK1, Jun N-terminal kinase 1; LCK, lymphocyte-specific
protein tyrosine kinase; NEK2, NIMA-related kinase; PKC,
protein kinase C; Src, Rous sarcoma oncogene cellular
homologue; IGF1R, insulin-like growth factor receptor 1;
FLT3, FMS-like tyrosine kinase 3; ACK, activated CDC42
kinase; ADMET, absorption, distribution, metabolism, excre-
tion, and toxicity

Figure 3. Crystal structure of 18 bound to the kinase catalytic domain
of JAK2. The carbons of 18 are colored in pink and the carbons for
JAK2 are colored in green except for the residues near the thiazole ring
that differ in the JAK family (carbons are colored cyan). Oxygens are
colored red and nitrogens blue. Hydrogen bonds are indicated with
dashed lines.

Table 3. Compound 18 Selectivity

biochemical Ambit

kinase IC50, μM x-fold kinase % control

JAK1 0.270 106 JAK2 1.8
JAK3 0.160 66 Fyn 4.4
Tyk2 0.110 46 Src 6.5
LCK 1.80 700 DAPK3 6.6
DAPK1 1.40 550 FLT3 N841I 6.7
Fyn 0.010 4 ACK 9.4
Src >2 800

Table 4. Compound 18 ADMET Profile

metabolic stability (T1/2 min) 16 (H), 14 (R), 36 (D)
PAMPA (pH 7.4) 532 nm/sec
HLM CYP IC50 all >5 μM; except CYP3A4 (3 μM)
hERG (flux) >80 μM
PXR EC50 >16 μM
HEPG2 IC50 >50 μM
plasma protein binding (% bound) 99.1 (H), 99.0 (M), 99.0 (R)
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