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Thiazol-2-yl amine was identified as an isosteric replacement for pyrazol-3-yl amine during our efforts to
identify potent and selective JAK2 inhibitors. The rationale, synthesis and biological evaluation of several
analogs is reported, along with the in vivo evaluation of the lead compounds.
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As part of our efforts to identify potent and selective JAK2 (Janus
Kinase 2) inhibitors, we have recently described pyrazol-3-yl ami-
no nicotinonitrile (AZ960, Fig. 1) and pyrazol-3-yl amino pyrazines
as ATP-competitive compounds.1,2 Based on past experience with
kinase inhibitors,3 we anticipated that for both scaffolds, the pyra-
zol-3-yl amine group occupies the ATP binding site and interacts
via hydrogen bonds with the JAK2 protein backbone (hinge). More
specifically, three hydrogen bond interactions in a cis-donor/
acceptor/donor motif were expected with the pyrazol-3-yl amine.
Based upon this binding mode, any substituents at the C5 of the
pyrazole ring would be stacked against the selectivity pocket gate-
keeper, which for JAK2 is a methionine residue. Earlier work by
Pierce et al.4 with quinazoline-containing kinase inhibitors sug-
gested for this binding motif that a further intra-molecular hydro-
gen bond between the C4–H of the pyrazole and the adjacent
nitrogen of the pyridine/pyrazine might be crucial for activity
(see Fig. 1). This interaction would lock the two rings into a co-pla-
nar conformation and permit efficient interaction of the pyrazole
with the hinge.

Interestingly, these authors found that a thiazole could replace
the pyrazole and retain potency for their quinazoline analogs. This
was explained by the aromatic C–H adjacent to a heteroatom par-
ticipating in a hydrogen bond as donor4,5 and a favorable electro-
static interaction between the sulfur and the nitrogen of the
adjacent ring.4 With this background, we considered that bioisos-
ll rights reserved.
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teric replacement of the pyrazol-3-yl amine group with thiazol-2-
yl amine group should result in potent JAK2 inhibitors with our pyr-
azine scaffold.2 The thiazol-2-yl amine moiety is present in several
reported kinase inhibitors such as dasatinib.6The hypothesis was
the cis-donor motif would be retained by the C2–NH and C4–H of
the thiazole with the predicted increase in the basic character of
thiazole nitrogen enhancing the acceptor potential with the back-
bone, and balancing the weaker acidity of the C–H bond.
Figure 1. Intramolecular hydrogen bond between C-4 and nitrogen of the pyridine
locks the two rings in co-planar conformation in AZ960.
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Figure 2. Proposed electrostatic interaction between the N (d�) of the pyrazine and
the sulfur (d+) of the thiazole.

Table 1
Comparison of thiazol-2-yl pyrazine and pyrazol-3-yl pyrazine 3 and 4
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Compd JAK2 IC50

a (lM) JAK2 (5 mM ATP) IC50, lM Solubilityb (lM)

3 0.004 0.049 >1000
4 <0.003 0.003 >1000

a At Km ATP concentration.
b Obtained from solid after drying its DMSO solution.
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Likewise, the co-planarity between the thiazole and the B-ring
(Fig. 2) would be sustained via a favorable electrostatic interaction
between the nitrogen (d�) of the B-ring and the sulfur of the thia-
zole (d+) as was seen with the pyrazol-3-yl quinazoline inhibitors.

We envisioned that prompt confirmation of whether the thia-
zole replacement is tolerated within the pyrazine series could be
determined by the synthesis of compound 3 (Scheme 1).

Compound 3 was readily accessible via nucleophilic aromatic
substitution of 2,6-dichloropyrazine with the chiral amine 1 under
microwave conditions. The thiazole moiety was installed by a stan-
dard palladium-catalyzed amination reaction. We were gratified to
find that compound 3 showed excellent JAK2 inhibition, compara-
ble to compound 4.

As shown in Table 1, both molecules were potent in the JAK2
enzyme assay at Km ATP,1 indicating that the thiazol-2-yl group
binds sufficiently to the hinge. The thiazole showed decreased po-
tency in JAK2 inhibitory activity at high concentrations of ATP in
comparison with the corresponding pyrazole analog. However, it
was not possible to estimate the exact drop off in potency since
JAK2 inhibition at Km was at the detection limit of the assay. It
would be expected that for a tightly-bound, ATP-competitive
inhibitor, the drop off in JAK2 potency between Km ATP and high
ATP (5 mM) concentrations would be small. The use of a high con-
centration of ATP in JAK2 enzyme screening was anticipated to mi-
mic the cellular environment and allow more accurate
differentiation between the compounds tested. Thus, we envisaged
that reduced inhibitory activity in the high ATP JAK2 enzyme assay
might translate into weaker cellular activity. Hence we were not
surprised when testing compound 3 in a TEL-JAK2 proliferation as-
say revealed only moderate activity (GI50 �0.37 lM). In vitro
screening in rat microsomes showed the compound to have mod-
erate intrinsic clearance (CLint = 52 lL/min/mg). It was known from
previous studies that the substituents at R2 (Fig. 2) could effec-
tively improve cellular potency as well as metabolic stability. In
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Scheme 1. Reagents and conditions: (a) NMP, Hünig’s base, 180 �C,
an attempt to improve these properties in the thiazole series, we
considered the installation of several groups (such as morpholine)
at the solvent tail position R2. Despite our efforts, a viable synthetic
route allowing attachment of a solvent tail to the pyrazine scaffold
was not identified; therefore, we turned our attention to thiazol-2-
yl pyrimidines in order to test our hypothesis.

We anticipated that introduction of the solvent tail first, fol-
lowed by the addition of the C-ring and subsequent palladium-cat-
alyzed amination would furnish the desired thiazol-2-ylamines as
shown in Scheme 2. Reaction of amine 1 with intermediate 5 re-
sulted in the formation of two regio-isomers with the chiral amine
attached either at the 2- or 4-position of the pyrimidine (only the
desired regio-isomer is depicted in Scheme 2). Separation of the re-
gio-isomers was readily accomplished by column chromatography.
Table 2 illustrates the JAK2 enzymatic and cellular (TEL-JAK2)
potencies together with a measure of JAK3 selectivity, as deter-
mined in a TEL-JAK3 proliferation assay in Ba/F3 cells.1 This mea-
surement was triggered because of the potential for
immunosuppression due to attenuated JAK3 activity.

Both 6a and 6b showed excellent JAK2 activity at high ATP con-
centrations, implying tight binding of these analogs with the JAK2
protein. In addition, the nature of the substituent at the solvent tail
position appeared important in determining the level of selectivity
versus JAK3. The morpholine analog 6b exhibited excellent po-
tency against JAK2 along with exquisite selectivity versus JAK3.
In contrast, the JAK2 potency of 6a did not appear to translate to
the cellular level.

We extended our efforts by replacing the (S)-5-fluoropyrimidin-
2-yl-ethanamine C-ring with (S)-5-fluoropyridin-2-yl-ethanamine.
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microwave; (b) Cs2CO3, Pd2(dba)3, Xantphos�, dioxane, 100 �C.
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Scheme 2. Reagents and conditions: (a) for 6a: NaOMe, MeOH, 0–25 �C; for 6b: morpholine, EtOH, �20 �C to 0 �C; (b) (S)-5-fluoropyrimidin-2-yl-ethanamine hydrochloride
1, Hünig’s base, n-BuOH, 120 �C; (c) 5-methyl-1,3-thiazol-2-amine, Cs2CO3, Pd2(dba)3, BINAP, dioxane, 95 �C.

Table 2
Enzymatic and cellular evaluation of (S)-N2-(1-(5-fluoropyrimidin-2-yl)ethyl)-N4-(5-
methylthiazol-2-yl)pyrimidines
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Compd R3 JAK2a

IC50, lM
TEL-JAK2
GI50 (lM)

TEL-JAK3
GI50 (lM)

JAK3 fold
selectivityb

6a OMe <0.003 0.042 1.5 35
6b Morpholine 0.003 0.005 1.1 237

a At 5 mM ATP concentration.
b Calculated from TEL-JAK3 to TEL-JAK2 ratio.

Table 3
Enzymatic and cellular evaluation of (S)-N2-(1-(5-fluoropyridin-2-yl)ethyl)-N4-(5-
methylthiazol-2-yl)pyrimidines
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Compd R3 JAK2a

IC50

(lM)

TEL-JAK2
GI50 (lM)

TEL-JAK3
GI50 (lM)

JAK3 fold
selectivityb

7a 1-Methyl
piperazine

<0.003 0.005 0.62 129

7b Morpholine 0.005 0.005 1.2 243

a At 5 mM ATP concentration.
b Calculated from TEL-JAK3 to TEL-JAK2 ratio.

Table 4
The effect of 2-aminothiazole-5-carbonitrile hinge binder
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Compd Y JAK2a IC50

(lM)
TEL-JAK2 GI50

(lM)
TEL-JAK3 GI50

(lM)
JAK3 fold
selectivityb

8a CH <0.003 0.036 0.17 5
8b N 0.079 0.053 0.52 10

a At 5 mM ATP concentration.
b Calculated from TEL-JAK3 to TEL-JAK2 ratio.
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Analogs 7a–b were prepared according to the procedures de-
scribed in Scheme 2 for the corresponding (S)-5-fluoropyrimidin-
2-yl-ethanamine derivatives.
Interestingly, while the morpholine analog 7b showed excellent
selectivity vs JAK3, the 1-methylpiperazine, although very potent,
seemed to be less selective (Table 3).

The methyl group of the thiazole is presumed to occupy the
selectivity pocket. It was speculated that only small groups could
be accommodated in the selectivity pocket due to steric interac-
tions with the Met gatekeeper in JAK2. Hence, we investigated
replacement of 5-methylthiazol-2-amine with 2-aminothiazole-
5-carbonitrile.7 The morpholine solvent tail was retained due to
the excellent potency (6b and 7b) and selectivity (see 6b vs 6a
and 7b vs 7a) against JAK3 demonstrated by the analogs described
above. The effect of the two different C-rings was also tested
(Table 4).

To our surprise, incorporation of the cyano group appeared to
result in both a reduction in JAK2 activity, and a loss of selectivity
against JAK3.

The thiazol-2-yl pyrimidines were screened in an in vitro
metabolic stability assay in rat microsomes and their potential to
inhibit the hERG channel was assessed. In addition, the pharmaco-
kinetic (PK) profile of the most potent and selective JAK2 inhibitors
(6b, 7a and 7b) was determined following iv dosing in rats (Ta-
ble 5). All compounds containing the 5-methylthiazol-2-amine
hinge binder displayed high intrinsic clearance, while the 2-amino-
thiazole-5-carbonitrile analogs (8a and 8b) appeared to be more
stable. This is possibly because the methyl group is prone to oxida-
tion by CYP450 enzymes while such biotransformation is not pos-
sible for the cyano group.8 Likewise, comparing the rat microsomal
stability between 3 and 4 (Table 5) suggests the metabolic instabil-
ity of 5-methylthiazol-2-amine.



Table 5
Rat microsomal stability,a PK parameters, b hERG and lipophilicity evaluation of
thiazol-2-yl pyrimidines

Compd Rat CLint
(lL/min/mg)

Rat CL
(ml/min/Kg)

Rat T1/2

(h)
Vdss
(L/Kg)

hERG IC50

(lM)
c log P

3 52 NT NT NT NT 1.75
4 <4 14 1.4 1.1 >32 1.25
6a >100 NT NT NT >32 2.68
6b 84 32 1.3 2.3 >32 1.94
7a 220 80 1.3 8.5 13 3.39
7b >120 38 1.2 2.8 12 2.95
8a 31 NT NT NT >32 1.93
8b 41 NT NT NT NT 0.94

a The time-dependent disappearance of compound (2 lM initial concentration)
incubated with microsomes is measured by LC–MS/MS.

b Han Wistar rat male; 3 mg/kg iv.
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Figure 3. Pharmacodynamic effect of compounds 6b, 7b, and 9 on PSTAT5 in the
Ba/F3 TEL-JAK2 mouse model and relationship with plasma pharmacokinetics. The
bars represent the average percentage (%) inhibition in phosphorylation of STAT5
(±SD, n = 3 for each dose and each time point) and are calculated using vehicle and
control inhibitor for maximum and minimum value estimation. Nude mice (female)
were implanted intravenously with Ba/F3 TEL-JAK2 cells on day 0 and were dosed
on day 10. The squares with numbers represent the corresponding average total
plasma drug concentration. Mice used in these studies were maintained under
specific pathogen-free conditions and were used in compliance with protocols
approved by the Institutional Animal Care and Use Committees of AstraZeneca,
which conform to institutional and national regulatory standards on experimental
animal usage. The pharmacokinetic samples were run on an Applied Biosystems
API4000 QTrap using Analyst� software version 1.4.2. The sample analyses were
carried out in Sciex#5 LC–MS, using an ACE 3C18 3 lm 20 � 2.1 mm column at
ambient temperature and the following eluents: Mobile Phase A: water + 0.1%
formic acid + 10 mM ammonium formate B: MeCN + 0.1% formic acid.
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Results from the in vivo PK screening revealed a lack of correla-
tion between the in vitro and in vivo determinations for the thia-
zole analogs. Compounds 6b and 7b showed moderate plasma
stability while compound 7a was highly cleared from the plasma.
The only difference between 7a and 7b is the 1-methylpiperazine
versus the morpholino solvent tail, suggesting that the 1-methylpi-
perazine may be more susceptible to metabolism.

From the results shown in Table 5, it also appeared to us that
incorporation of the (S)-5-fluoropyrimidin-2-yl-ethanamine C-ring
resulted in negligible inhibition of the hERG potassium channel. In
contrast, the more basic pyridine C-ring (7a–7b) along with in-
creased lipophilicity as indicated by calculated log P (c log P) led
to compounds having hERG channel activity. Interestingly, chang-
ing the C-5 substituent on the thiazole ring from Me (7a) to CN (8a)
reduces the hERG liability presumably due to the reduced lipo-
philic nature of the cyano group.9

In an attempt to further improve metabolic stability while
retaining JAK2 activity and JAK3 selectivity, we sought to prepare
analog 9 (Scheme 3) as it was speculated that the ‘naked’ C-5 posi-
tion of the pyrimidine B-ring might constitute another metabolic
liability.

The pyrimidine 10 was readily prepared via condensation of
urea with methyl fluoromalonate followed by subsequent chlori-
nation of the intermediate 5-fluoropyrimidine-2,4,6(1H,3H,5H)-tri-
one with POCl3.

Compound 9 exhibited good cellular activity (TEL-JAK2
GI50 = 0.03 lM) and excellent JAK3 selectivity (TEL-JAK3/TEL-
JAK2 = 161-fold). However, rat pharmacokinetic analysis after iv
dosing indicated no improvement in the observed clearance
(CL = 41 mL/min/kg) compared to 6b. We therefore reached the
conclusion that in rats, the methyl group of the thiazole hinge bin-
der most likely appears to constitute the major metabolic liability.
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Scheme 3. Reagents and conditions: (a) morpholine, EtOH, �20 �C to 0 �C; (b) (S)-5-fluor
methyl-1,3-thiazol-2-amine, Cs2CO3, Pd2(dba)3, BINAP, dioxane, 95 �C.
Despite the less than ideal PK profile of these analogs in rats,
compounds 6b, 7b, and 9 were administered orally (q.d.) at a dose
of 10 mg/kg in nude mice bearing TEL-JAK2 transfected Ba/F3 cells.
The percentage (%) inhibition of STAT5 phosphorylation (signal
transducers and activators of transcription, PSTAT5) caused by
the compounds was determined post-dose at 2 and 6 h. Compound
7b showed sustained inhibition of PSTAT5 (�50%) 6 h after dosing
(Fig. 3). In contrast 6b only showed substantial inhibition for 2 h
after dosing while at the same dose, compound 9 did not appear
to prevent the phosphorylation of STAT5 to any appreciable level.
The total plasma concentrations of each compound are illustrated
in Figure 3. From the data it can be deduced that compound 6b
has a more a profound effect on PSTAT5 inhibition at 2 h (>80%)
due to the higher plasma concentration than the other two com-
pounds. For 7b, the PK/PD correlation likely reflects the excellent
potency of this molecule in the TEL-JAK2 proliferation assay. In
contrast, 9 did not show any substantial PSTAT5 inhibition pre-
sumably by being about sixfold weaker than 7b in TEL-JAK2 assay
although the total plasma concentrations looked similar.
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opyrimidin-2-yl-ethanamine hydrochloride (1), Hünig’s base, n-BuOH, 120 �C; (c) 5-
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In conclusion, we have demonstrated that thiazol-2-yl amine
can effectively replace the pyrazol-3-yl amine, leading to potent
JAK2 ATP-competitive inhibitors such as 6b, 7a–b, and 9. The intro-
duction of solvent tail substituents, such as morpholine, resulted in
an improvement in cellular activity. Likewise significant selectivity
against JAK3 at the cellular level was observed in some compounds
containing solvent tails. However, the moderate pharmacokinetic
properties of these compounds in rodents has limited their
in vivo activity as shown by the results from testing in the reported
pharmacodynamic model.
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