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We report the discovery of a series of 4-aryl-2-aminoalkylpyrimidine derivatives as potent and selective
JAK2 inhibitors. High throughput screening of our in-house compound library led to the identification of
hit 1, from which optimization resulted in the discovery of highly potent and selective JAK2 inhibitors.
Advanced lead 10d demonstrated a significant dose-dependent pharmacodynamic and antitumor effect
in a mouse xenograft model. Based upon the desirable profile of 10d (XL019) it was advanced into clinical
trials.

� 2012 Elsevier Ltd. All rights reserved.
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Janus kinase 2 nonreceptor tyrosine kinase, a member of the JAK
family of kinases (JAK1, JAK2, JAK3, and TYK2), has garnered a tre-
mendous amount of attention in recent years since the discovery of
a somatic mutation of the gene encoding JAK2 (JAK2V617F).1–5 The
V617F mutation occurs in the auto-inhibitory JH2 domain and is
thought to disrupt its negative regulatory function. This leads to
constitutive activation of JAK2, downstream signal transducer
and activators of transcription (STAT), and activation of gene tran-
scription. A frequent point mutation of JAK2 was identified in mye-
loproliferative disorders (MPDs) including polycythemia vera (PV),
essential thrombocythemia (ET), and primary myelofibrosis (PMF).
Recent approval of ruxolitinib6 (JAK1/2 inhibitor), developed by In-
cyte and Novartis, has clinically validated JAK2 for the treatment of
MPDs. Not surprisingly, several JAK2 selective inhibitors have been
developed and are currently being tested in clinical trials.7–14 Here-
in, we report our efforts in the identification and SAR exploration of
potent and selective JAK2 inhibitors.

High Throughput Screening (HTS) of our in-house compound li-
brary revealed hit 1 that was considered a good starting point for
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our investigation (Fig. 1). Compound 1 displayed potent inhibitory
activity against JAK2 with >50-fold selectivity over JAK3 along with
no activity below 5000 nM against a broad in-house panel of ki-
nases. In addition, 1 possessed reasonable in vitro stability (62%
remained after exposure of 1 to mouse liver microsomes for
JAK2 :     104 nM 
JAK3 : >5000 nM 

Figure 1. HTS hit 1.
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Table 1
Optimization of the linker
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ID Linker JAK2
(nM)a

JAK3
(nM) a

pStat1
(nM) a

pStat3
(nM) a

1 N
H

N
H

104 >5,000 8,138 n.d.

3
N
H

N
H

>980 >980 >30,000 n.d.

4 N
H

N 5000 5000 >30,000 n.d.

5
N
H

N
H

12.6 >980 763 505

6
N
H

N N
H

129.9 >980 >30,000 n.d.

n.d. = not determined.
a Values reported are the average of at least two independent dose-response

curves.17
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Scheme 2. 17Reagents and conditions: (a) Et3N, N-Boc-amino-3-aniline, 1-butanol,
180 �C; HCl, MeOH; (b) DIEA, THF, arylbenzoyl chloride, 70 �C or DIEA, DMF, HATU,
arylbenzoic acid; (c) ArNH2, 1-butanol, 180 �C.
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30 min) and acceptable drug-like properties (cLogP = 3.1, PSA 96 Å,
MW = 458). However, the poor cellular activity (IC50 = 8138 nM
(pStat1 in HEL92.1.7)) and solubility (Ksol = 6.5 lM), along with
moderate biochemical potency (IC50 = 104 nM) of 1 required
improvement.

Rigidifying the linker between the aminopyrimidine and 2,6-
dichlorophenylamide was considered a viable method to potentially
improve the potency. We initiated our SAR studies by constructing
analogues that replaced the 1,3-propyldiamine with a different
functional group (Table 1). Both 1,3-cyclohexyldiamine 3 and azeti-
din-3-ylmethanamine 4 led to complete loss of JAK2 biochemical
activity. Gratifyingly, 1,3-phenylenediamine analogue 5 improved
not only JAK2 biochemical activity but also the cellular activity. Ana-
logue 6 containing the 2,6-diaminopyridine displayed 10-fold weak-
er JAK2 potency compared to 5. The analogues in Table 1 were
prepared by Suzuki coupling reaction15 of 2,4-dichloropyrimidine
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Scheme 1. 17Reagents and conditions: (a) Et3N, Pd(dppf) Cl2�CH2Cl2, DME/H2O, 90 �C;
Linker = 1,3-propyldiamine,1,3-cyclohexyldiamine, azetidin-3-ylmethanamine, 1,3-phen
with 4-acetylphenylboronic acid to afford 2 (Scheme 1). Nucleo-
philic substitution of 2 with alkylamine or arylamine followed by
an amide coupling with 2,6-dichlorobenzoyl chloride provided com-
pounds 3–6.

Having a derivative in hand with improved potency we next
turned our attention to modification of the aryl amide. Several ana-
logues were prepared with the 1,3-diaminophenyl linker using the
route shown in Scheme 2. In order to improve the solubility of this
series, modification of the lipophilic aryl amide was considered
critical (Table 2). Deletion of chloride substitution at the ortho po-
sition (6a and 6b) retained JAK2 biochemical potency with similar
selectivity against JAK3. Interestingly, simple aniline 6c retained
both biochemical activity and cellular activity. Removal of the aryl
amide also provided a significant increase in solubility
(Ksol = 233.8 lM) compared to the aryl amide analogues in the ser-
ies. Encouraged by this result, additional analogues were synthe-
sized lacking the aryl amide. Meta piperidine substitution (7a)
displayed slightly improved biochemical and cellular potency com-
pared to 6c. The 3-morpholine analogue 7b provided a modest
improvement in both biochemical and cellular potency compared
to 7a. In addition, the 4-morpholine analogue 7c retained JAK2 po-
tency with similar selectivity against JAK3. The analogues 6a–6c
were prepared by nucleophilic substitution of 2 with N-Boc-ami-
no-3-aniline, followed by Boc deprotection and amide coupling
with either arylbenzoyl chloride or arylbenzoic acid (Scheme 2).
The analogues 7a–7c were synthesized by a nucleophilic substitu-
tion reaction of 2 with the appropriate aniline.

Subsequent modification involved the scaffold aminopyrimidine
core. Moving the nitrogen from C-3 to C-5 (9a) led to the complete
loss of JAK2 activity, presumably due to a weaker interaction with
the hinge region and/or a steric repulsion of the C-3 hydrogen and
the hydrogen ortho on the morpholinoaniline moiety; a modification
which would force the two rings out of planarity. Fluoride substitu-
tion (9b) at C-5 maintained biochemical potency but suffered from a
significant loss of cellular potency. Analogue 9c with a methyl at C-5
had a similar potency profile to 7c but a significantly less desirable
b,c

N

N

HN

O

O Cl

Cl

Linker

3-6

(b) Linker, 1-butanol, 180 �C; (c) DIEA, THF, 2,6-dichlorobenzoyl chloride, 70 �C.
yldiamine, 2,6-diaminopyridine.



Table 2
SAR on the right-hand side
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ID R1 JAK2
(nM)a

JAK3 (nM)
a

pStat1
(nM) a

pStat3
(nM) a

5 N
H

O Cl

Cl

12.6 >980 763 n.d.

6a N
H

O Cl

6.9 >980 >30,000 n.d.

6b N
H

O

11.1 >980 >30,000 n.d.

6c H 12.8 1149.3 1004.3 1971

7a N 6.5 >980 956.1 1328

7b N
O

4.2 >980 615 591

7c 4-Morpholine 3.6 >980 974.7 795

n.d. = not determined.
a Values reported are the average of at least two independent dose-response

curves.17

Table 3
SAR on the pyrimidine ring
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ID X Y R JAK2
(nM)a

JAK3
(nM)a

pStat1
(nM)a

pStat3
(nM)a

7c N CH H 3.6 >980 974.7 795
9a CH N H >980 >980 >30,000 n.d.
9b N CH 5-F 4.4 >980 6486.7 n.d.
9c N CH 5-

CH3

5.1 104.5 608.9 447

9d N CH 5-
CF3

39.6 >980 2699.9 n.d.

9e N CH 6-
CH3

>980 >980 >30,000 n.d.

n.d. = not determined.
a Values reported are the average of at least two independent dose-response

curves.17

Figure 2. Cocrystal structure of 7c/JAK2 solved at 1.9 Å resolution (PDB Code 4BBE).
7c exhibits an L-shape conformation in the kinase ATP binding pocket. Two
hydrogen bonds are formed between the aminopyrimidine ring and the linker
region of the kinase. The acetyl oxygen interacts with Asp994 (part of the DFG
motif) and Lys882. Residues in the active site of JAK2 that are different in JAK3 are
highlighted in yellow. Hydrogen bonding interations between 7c and JAK2 <3.3 Å
are indicated.

T. Forsyth et al. / Bioorg. Med. Chem. Lett. 22 (2012) 7653–7658 7655
selectivity profile against JAK3. Analogue 9d with trifluoromethyl at
C-5 demonstrated 10-fold weaker biochemical potency relative to
7c. Analogue 9e with 6-methyl was inactive against JAK2; a feature
that is not surprising as this substitution would likely disrupt hydro-
gen bonding with the kinase linker.

The synthesis of analogues in Table 3 started from the appropri-
ately substituted 2,4-dichlorpyrimidine or 4,6-dichloropyrimidine,
which was subjected to a Suzuki coupling reaction with 4-acetyl-
phenylboronic acid to produce 8 (Scheme 3). Nucleophilic substi-
tution of 8 with 4-morpholinoaniline in 1-butanol at 180 �C
afforded compounds 9a–9e. Despite our effort, modification of
the pyrimidine core did not result in an improvement in potency
over parent 7c.
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Scheme 3. 17Reagents and conditions: (a) Et3N, Pd(dppf) Cl2�CH2Cl2, DME/H2O, 90 �C; (b) 4-morpholinoaniline, 1-butanol, 180 �C.



Table 4
Optimization of acetimide
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ID R JAK2
(nM)a

JAK3
(nM)a

pStat1
(nM)a

pStat3
(nM)a

7c Me 3.6 >980 974.7 795

10a
NH2

8.7 298.3 1052.5 1510

10b
NH2

1.7 306.8 327.7 452

10c
NH2

OH 2.7 159.8 621.7 1391

10d
HN

2.2 214.2 386.4 695

10e HN
O

0.9 61.7 >30,000 n.d.

10f
NH

5.7 368.1 >30,000 n.d.

10g
N

5.2 483.8 745.7 1051

10h
N

9.1 557.3 1431.3 2166

n.d. = not determined.
a Values reported are the average of at least two independent dose-response

curves.17
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To facilitate optimization, an X-ray cocrystal structure of 7c
bound to the ATP binding site of JAK2 was obtained (Fig. 2). Hydro-
gen bonding interactions of 7c with JAK2 occurs with both the lin-
ker and salt bridge residues Asp994 and Lys882. The morpholino
group is solvent exposed and does not appear to make specific
interactions with the target, thereby providing an explanation for
the wide variety of functionality tolerated in this region. Surpris-
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Scheme 4. 17Reagents and conditions: (a) 6 N HCl, MeOH, re
ingly despite the high degree of homology between JAK2 and
JAK3, a >250-fold difference in selectivity was observed with 7c.

Although a rationale for the excellent selectivity of 7c was not
readily apparent, our attention was turned to modifying the amide
of 7c. The cocrystal structure indicated that polar functionality
would likely be tolerated and consequently could serve to decrease
the lipophilicity of 7c. Thus, a focused library of amide compounds
was prepared from the corresponding aniline and a summary of
this data is provided in Table 4. From this study it was observed
that analogues containing a heteroatom a or b to the amide were
well tolerated. For example, while L-glycine analogue 10a dis-
played slightly weaker activity, D-glycine analogue 10b improved
cellular activity threefold compared to 7c. Both D-serine analogue
10c and D-proline analogue 10d showed a similar improvement
in cellular activity although the selectivity against JAK3 was mod-
estly eroded. Surprisingly, the D-pyroglutamic acid (10f) and 3-
substituted D-pyrrolidine (10e) derivatives were completely inac-
tive in the cellular assay although they retained similar biochemi-
cal activity. Substitution of nitrogen on the D-proline (10g–10h)
revealed a modest loss of both biochemical and cellular activity.

The synthesis of analogues 10a–10h is shown in Scheme 4.
Deacetylation of 7c in refluxing acid yielded the aniline, which
was then coupled with the N-Boc protected appropriate acid in
the presence of HATU followed by Boc deprotection to afford ana-
logues 10a–10d and 10f. Analogues 10e and 10g–10h were syn-
thesized via a HATU coupling reaction of the aniline and
appropriate acid.

An X-ray cocrystal structure of 10d bound to the active site of
JAK2 indicated that a similar binding mode is observed for 7c
and 10d, however the amide of 10d is rotated to accommodate
the larger pyrrolidine ring (Fig. 3).

The desirable in vitro potency of 10d prompted further investi-
gation in a pharmacodynamic study.16 Analogue 10d was adminis-
tered orally to mice bearing HEL92.1.7 tumors and inhibition of
STAT phosphorylation was measured after 4 h. A significant inhibi-
tion of downstream markers pSTAT1 and pSTAT3 is observed at 30,
100, and 300 mg/kg resulting in an ED50 of 42 mg/kg (pSTAT1) and
210 mg/kg (pSTAT3) (Table 5).

Further in vivo characterization of advanced acetamide ana-
logues indicated that 10d had a superior pharmacodynamic profile
and thus was evaluated in an efficacy experiment measuring
growth inhibition of HEL.92.1.7 xenograft tumors in mice (Fig. 4).
Derivative 10d demonstrated 60% and 70% inhibition when dosed
orally at 200 mg/kg and 300 mg/kg respectively twice a day for
14 days. Harvested tumors were also subjected to immunohisto-
chemical analysis of microvessel density (CD31), proliferation
(Ki67) and apoptosis (TUNEL). Dosing at 300 mg/kg bid provided
an 11.3-fold increase in apoptosis relative to vehicle control.

Pharmacokinetic data collected for 10d in mouse, rat, dog, and
monkey are summarized in Table 6. Generally, compound 10d
exhibited good oral absorption, and modest clearance and half life
across species.
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Table 7
Kinase selectivity profile of 10da

Kinase IC50 (nM) Kinase IC50 (nM) Kinase IC50 (nM)

JAK1 134.3 TYK2 348.3 c-KIT 225.8
MLK1 370.0 PDGFRA 546.7 PDGFRB 125.4
FLT3 139.7 FLT4 554.5 KDR 483.6
IKKbeta 375.4 p70S6K 313.8 FLT1 910.5

a Values reported are the average of at least two independent dose-response
curves. All assays were performed at ATP concentrations approximately equal to the
Km values of the respective enzymes.

Figure 3. (a) Cocrystal structure of 10d/JAK2 solved at 2.0 Å resolution (PDB Code 4BBF). A similar L-shaped binding mode is observed for 7c and 10d within the JAK2 active
site. Hydrogen bonding interations between 10d and JAK2 <3.1 Å are indicated. (b) Overlay of the cocrystal structures of 7c/JAK2 (grey) and 10d/JAK2 (orange). The amide of
10d is rotated to allow a hydrogen bond between the nitrogen and Asp994 of the DFG motif.

0

250

500

750

1000

1250

1500

1750

2000

2250

0 5 10 15 20 25 30

Days Post-Implantation

M
ea

n 
T

um
or

 W
ei

gh
t (

m
g)

Vehicle:1, 0 mg/kg, PO bid
100 mg/kg, PO bid
200 mg/kg, PO bid
300 mg/kg, PO bid

Figure 4. Inhibition of HEL.92.1.7 xenograft tumor growth by 10d. Experiment
involved twice daily administration of 10d to tumor-bearing nude mice over a
14 day period. Data represents mean tumor size ± SE (n = 10). Analogue 10d was
formulated in water +10 mM HCl.

Table 5
In vivo phramcodynamics of 10d

Dose Plasma/tumor Concentration (lM)a % Inhibition pSTAT1/pSTAT3 Est. ED50 pSTAT1/pSTAT3 (mg/kg) Est. IC50 pSTAT1/pSTAT3 (lM)

30 0.83 ± 0.45/2.00 ± 1.02 41/9 42/210 1.39/13.0
100 5.35 ± 1.15/240 ± 6.43 72/40
300 20.23 ± 8.77/62.4 ± 62.38 88/55

a Inhibition of STAT phosphorylation was measured 4 h after treating female nude mice (n = 4) implanted with HEL92.1.7 xenograft tumors. Plasma/tumor concentration
reported as the mean ± SD. Inhibition reported as the mean (n = 4) relative to vehicle. 10d was formulated in water +10 mM HCl.
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Analogue 10d was also evaluated against a selectivity panel of
118 kinases. Targets for which 10d exhibited IC50 <1000 nM are
displayed in Table 7. Overall 10d is a highly selective JAK2 inhibitor
displaying >50-fold selectivity against all kinases tested including
Table 6
Pharmacokinetic properties of 10d17,18

Species Dose (mg/kg) CL (mL/h/kg) Vd (L/kg) T1/2 (h)IV

Mouse 10 4951.79 5.319 1.13/1.94
Rat 5 129.23 0.666 3.12/3.23
Dog 3 1397.5 13.4 6.00/5.06
Cyno 3 1174.78 6.739 3.28/3.36
JAK family members JAK1 and TYK2. Further in vitro evaluation
of 10d revealed that it demonstrated a desirable CYP (1A2, 2C9,
2D6, 3A4 P20 lM), hERG (16 lM), and P-glycoprotein inhibition
(>20 lM) profile.

In summary, we have discovered a series of potent and selective
JAK2 inhibitors. Compound 10d shows good biochemical and cellu-
lar potency against JAK2 with good selectivity against the Janus
Kinase family as well as a broad kinase panel. It shows a favorable
pharmacokinetic profile and a dose-dependent pharmacodynamic
effect in HEL.92.1.7 cells. In addition, 10d induced moderate tumor
growth inhibition accompanied by increases in tumor cell apopto-
sis. Compound 10d was selected as a clinical candidate and
/ PO F (%) Cmax (lM)IV/PO AUC/dose (lM h kg/mg) IV/PO

54.5 5.24/0.57 0.42/0.21
53.6 12.95/3.53 15.99/8.54
44.8 0.44/0.17 1.47/0.68
68.6 0.64/0.49 1.76/1.20
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advanced into human clinical trials where it was evaluated in pa-
tients with primary myelofibrosis, post-polycythemia vera, or
post-essential thrombocythemia myelofibrosis.19
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