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The discovery of the activating mutation V617F in the JH2 domain of Jak2 and the modulation of onco- 
genic Stat3 by Jak2 inhibitors have spurred a great interest in the inhibition of the Jak2/Stat pathway in 
oncology. In this Letter, we communicate the disco very of novel inhibitors of the Jak2/Stat5 axis, the 
N-(1H-pyrazol-3-yl)pyrimidin-2-amino derivatives. The rationale, synthesis and biological evaluation 
of these derivatives are reported. Two lead analogs from this series, 6 and 9, displayed prolonge d
residence time on Jak2, at enzymatic level. Although 6 and 9 exhibited moderate selectivity in a selected 
kinase panel, we chose to test these inhibitors in vivo as a consequence to their long residence time. How- 
ever, extended inhibition of Jak2 due to the long residence time, in the form of inhibiting phosphorylation 
of downstream Stat5, was not recapitulated in an in vivo setting. 

� 2013 Elsevier Ltd. All rights reserved. 
The Jak (Janus kinase)-Stat (Signal transducers and activators of 
transcriptio n) pathway has attracted great attention in cancer 
therapy, after the identification of the mutant Jak2 V617F protein, 
which displayed a pivotal role in myelopro liferative neoplasms .1

Likewise, the demonst ration of modulation of oncogenic Stat3 by 
Jak2 inhibitors, such as AZD1480, in solid tumors has expanded 
the potential utility of such agents. 2,3

Our laborator ies have disclosed several Jak-Stat pathway inhib- 
itors.4–7 Recently, we described the discovery of a series of N4-
(thiazol-2-yl)pyrimidine-2,4-diamines as ATP-com petitive Jak2 
inhibitors.6 These inhibitors displayed good activity against Jak2, 
both in in vitro and in vivo settings, and sufficient selectivity 
against Jak3. To further expand our SAR efforts, we envisioned 
the modification by design of the N4-(thiazol-2-yl)pyrimidine-
2,4-diamine scaffold by moving the thiazol-2-yl amino hinge tem- 
plate from the C4 to the C2 of the pyrimidine B-ring (Fig. 1). We 
anticipated that this change would be well tolerated since the 
interaction of the thiazoly-3-y l amino group with the kinase hinge 
residues would be retained. 
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Comparing compound 1 versus 2 in the Jak2 enzymatic assay 

revealed that indeed the change in orientati on of the B-ring was 
tolerated and this analog displayed selectivity against Jak3 at both 
biochemi cal and cellular levels as shown in Table 1. We decided to 
proceed with in vivo screening of compound 1 in nude mice bear- 
ing TEL-Jak2 transfected Ba/F3 cells via oral administ ration (q.d.) at 
a dose of 10 mg/kg. The percentage (%) downstream inhibition of 
Stat5 phosphoryla tion (pStat5) caused by 1 was determined at 2
and 6 h post-dose. In this particular case, some inhibition of pStat5 
(�50%) was observed at 2 h while no appreciable inhibition of the 
phospho rylation was evident after 6 h. Although compound 1 had
exhibited significant growth inhibition of TEL-Jak2 cells in vitro 
(Table 1), its in vivo activity was considered sub-optimal with 
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Table 1
Biochemical and cellular comparison of regioisome ric compounds 1 and 2, in the Jak2 
and Jak3 assays 

Compd Jak2 
IC 50

a (lM)
Jak3 
IC 50

a (lM)
TEL-Jak2 
GI 50

b (lM)
TEL-Jak3 
GI 50

b (lM)

1 0.02 16.4 0.03 2.7 
2 0.025 >30 0.03 4.9 

a See Ref. 5 for experimental details. Testing was performed at 5 mM concen- 
tration of ATP. 

b See Ref. 4 for experimental details. 
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Figure 1. The thiazol-2-yl amino hinge binder. 
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respect to what has been previously observed for 2 in a similar set- 
ting.6 The poor in vivo performanc e could be attributed to the high 
metabolic liability of this compound in rodents and high plasma 
protein binding. 8

Encouraged by the favorable cellular activity of 1 in the TEL- 
Jak2 assay, however, we sought to explore the effect of a pyrazol- 
3-yl amine as a hinge binder motif. We anticipat ed attenuation 
of the metabolic liability due to the thiazole ring with the incorpo- 
ration of pyrazole. 6 The synthesis of analogs with the general struc- 
ture 3 is depicted in Scheme 1. The synthetic route commenced 
from 2,4,6-trichloro pyrimidine, which was either commercially 
available (for R3 = Cl) or readily accessible (for R3 = F). First, the sol- 
vent tail was attached chemosel ectively at the C4 position of the 
pyrimidine B-ring at low temperat ure. Executing the initial step 
at cooler temperat ures as well as ensuring the slow addition of 
the amine, we secured the mono-additi on of the solvent tail onto 
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Scheme 1. Preparation of analogs 3. Reagents and conditions: (i) Amine (such as m
yl)ethanamine, hydrochloride DIPEA, n-BuOH, 130 �C, o/n. For X = O: alcohol such as 1
pyrazole, Pd 2(dba)3, BINAP, Cs 2CO3, 180 �C.
the pyrimidine B-ring. Addition of the C-ring proceeded at elevated 
temperat ure, resulting in mixtures of C2 and C6 adducts.

The two regioisomer s were readily separated by either liquid 
chromatogr aphy or Super Critical Fluid Chromatograp hy (SFC).
The desired regio-iso mer could be assigned unambiguously based 
upon 1H NMR. 9 With the desired regio-isome r in hand, the synthe- 
sis was completed by the attachme nt of the Boc-protected pyrazole 
via Buchwald–Hartwig amination conditions, 10 under microwave 
irradiation. It is notewort hy that the protecting group was re- 
moved under the employed experimental conditions. 11 We priori- 
tized incorporation of morpholine as the solvent tail group 
because, in the past, this ring had resulted in favorable cellular 
activity. On this basis, several 4-morphol ino- N-(1H-pyrazol-3-
yl)pyrimidin-2-amine derivatives were prepared and screened in 
both enzymati c and primary cellular assays (Table 2). As seen in 
Table 2, the presence of the Me substituent at R1 seems to secure 
optimal cellular activity in the TEL-Jak2 assay. Comparison of close 
analogs 5 (X = N) and 6 (X = O) seemed to indicate discrimination 
in Jak3 enzymatic activity with preference to compound 5. A sim- 
ilar behavior was observed for the other matching pair of 7 and 8,
where the oxygen analog 8 exhibited poorer selectivity for Jak3 in 
the biochemical assay. However, this trend did not seem to trans- 
late into the cellular context, and similar selectivities were ob- 
served for both X = N and X = O. Obviously there was no 
significant difference in Jak2 activity in examples 5–10, while the 
nature of R3 substituent (e.g., 11 vs 5 and 12 vs 7) did not seem 
to affect the enzymatic activities of either Jak2 or Jak3. Interest- 
ingly, the cellular potency of analog 11, in the TEL-Jak2 assay, 
seemed to be affected due to the lack of a halogen at the R3 posi-
tion. At this stage we considered that the cellular activity versus 
Jak2 was favorable, however we were still concerne d with the 
Jak3 activity being in the nanomolar range. 

Comparis on of derivative 5 with previously reported 2 N2-(1-(5-
fluoropyrimidin-2-yl)ethyl)-N4-(5-methyl-1H-pyrazol-3-y l)-6-
morpholi nopyrimidine- 2,4-diamines 13 and 14 suggests that the 
lack of substituent a-to the pyrazol-3-yl amine can have a signifi-
cant effect on Jak3 versus Jak2 selectivity on a biochemi cal level 
(Fig. 2).

Further testing revealed that compounds 6 and 9 were compet- 
itive inhibitors of Jak2 with Ki’s of 0.72 ± 0.005 and 1.41 ± 0.18 nM. 
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Figure 3. X-ray crystal structure of compound 6 in complex with human JAK2 
kinase domain (PDB code: 3zmm). The structure is oriented with the N-terminal 
lobe towards the top left, the C-terminal lobe towards the bottom right and the 
hinge region on the bottom left. Selected atoms from the protein are represented as 
sticks and cartoon in cyan. Compound 6 is shown in green. Hydrogen bonds are 
shown as dotted yellow lines. Electron density (2Fo � Fc), contoured at 1r, is shown 
as a wire mesh. Main chain for the P-loop above the plane of the figure has been 
omitted for the purposes of clarity. 

Table 2
Biochemical and cellular evaluatio n of 6-morpholino- N2-(1H-pyrazol- 3-yl)pyrimidin-2-amine derivatives 4–12

N

N
H
N

X

Y N

NH
N

F

R1

N

R3

O

Compd R1/R3 X/Y Jak2 IC 50
a (lM) Jak3 IC 50

a (lM) Tel-Jak2 GI 50
b (lM) Tel-Jak3 GI 50

b (lM)

4 OMe/F NH/N 0.037 11.23 0.16 9.4 
5 Me/F NH/N 0.003 0.229 0.015 0.39 
6 Me/F O/N <0.003 0.020 0.006 0.69 
7 Me/F NH/CH 0.006 0.262 0.019 0.85 
8 Me/F O/CH 0.004 0.087 0.016 0.24 
9 Me/F NH/CF 0.003 0.008 0.009 0.30 

10 Me/F O/CF 0.004 0.045 0.010 0.43 
11 Me/H NH/N 0.005 0.095 0.058 n.d 
12 Me/Cl NH/CH 0.006 0.262 n.d n.d 

a See Ref. 5 for experimental details. Testing was performed at 5 mM concentration of ATP. 
b See Ref. 4 for experimental details. 
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Figure 2. Impact of the presence or absence of a substituent next to the pyrazol-3-yl amino hinge binder on Jak3 versus Jak2 selectivity. 
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Confirmation of compound 6 being ATP-com petitive was obtained 
after co-crystallizati on with the ATP-binding domain of Jak2. The 
X-ray of the interaction of the pyrazol-3-yl amine with the hinge 
is shown in Figure 3. The heteroaryl C-ring occupies the hydropho- 
bic pocket created by a leucine, stacking the 5-fluoro substituent 
against the glycine prior to the activation loop. The morpholine 
ring is positioned towards the solvent channel however there 
was not any distinguisha ble interactio n with the protein 
backbone .12

Our goal was to evaluate the selectivity of this series outside the 
Jak family. Compound 9 was selected and assessed for selectivity in 
a panel of 82 different kinases. This compound displayed greater 
than 500-fold selectivity against 46 of the kinases tested at a con- 
centration of 0.1 lM. The remaining set of kinases exhibited either 
strong or moderate inhibition at the same concentr ation. The over- 
all selectivity was determined by estimating the Gini co-efficient
for this molecule (Gini co-efficient = 0.54)13, which indicated a
moderate selectivity in this particular panel (Fig. 4).

Lately, the time of engagem ent between an inhibitor and its 
biologica l target has gained attention in the drug discovery field,
as long residence time may enhance the observed in vivo efficacy
of a compound. According to this paradigm, the pharmac okinetic 
propertie s of an inhibitor have less of an impact on the observed 
pharmac odynamic effect the longer the complex between inhibitor 
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and target lasts. 14 Thus a fast clearing drug may still achieve appre- 
ciable inhibition of the target due to its long residence time. In 
addition, the combination of long residence time on-target and 
the simultaneou s elimination of the inhibitor from the plasma 
could allow the amelioration of potential off-target issues. We 
determined the residence time (tR) of four compounds with both 
Jak2 and Jak3 kinase domains, using a rapid dilution enzymatic as- 
say.15 From Table 6, compounds 6 and 9 displayed much longer 
residence times for Jak2 than Jak3. In contrast, compound s 5 and
Table 3
Biochemical and cellular evaluation of (S)-5-fluoro-N4-(1-(5-fluoropyridin-2- 
yl)ethyl)-N2-(5-methyl-1 H-pyrazol-3-yl)pyrimidine-2,4-diamine N6-substituted 
derivatives 13–16

N

N
H
N

HN

N

NH
N

F

N

F

R2

Compd
N

R2
Jak2 IC 50

a

(lM)
Jak3 IC 50

a

(lM)
Tel-Jak3 GI 50

b

(lM)

7
N

O
0.006 0.262 0.85 

13
N

HN
0.004 0.030 0.48 

14

N
N

S
O

O 0.003 0.020 0.05 

15
N

S
O

O 0.003 0.004 0.27 

16
N

N
0.017 0.015 0.38 

a See Ref. 5 for experimental. Testing was performed at 5 mM concentration of 
ATP. 

b See Ref. 4 for experimental. 
7 exhibited less of a differenc e between residence times for Jak2 
and Jak3. This kinetic observation is opposite to the thermody- 
namic effect (IC50) that was observed for Jak2 and Jak3. For this 
reason, compounds 6 and 9 were selected to investiga te further 
in our cascade, despite their moderate selectivity against Jak3 
(Fig. 3).

Next, we sought to further explore the SAR in this series by 
looking into solvent tail replacemen ts for morpholine. Our scope 
was to identify other solvent tails with improved Jak3 selectivity 
and possibly longer residence time on Jak2. Table 3 shows exam- 
ples of the morpholine replacemen ts that were investigated. Com- 
pounds 13–16 displayed good activity against Jak2 in both 
enzymati c and cellular settings (data not shown). Examining clo- 
sely the Jak3 activity, we could discern that morpholine was opti- 
mal at the biochemical level for securing selectivity versus Jak3. 
Particula rly in 15 and 16, a complete loss of selectivity was evident, 
which, however, seemed to be restored when both of these com- 
pounds were evaluated in Tel-Jak2 cellular assay (for both example 
15 and example 16 TEL-Jak2 GI 50 = 0.01 lM). Finally, residence 
time on Jak2 for these examples was not determined due to the 
lack of improvement in selectivity versus Jak3, which made them 
less attractive than the morpholine analogs. 

Unable to further improve the selectivity versus Jak3, we eval- 
uated 9 in the Ba/F3 Tel-Jak2 cell line to establish whether the 
anti-prol iferative effect observed in these cells upon treatment 
would correlate with inhibition of pStat5. Indeed, it was found that 
the GI 50 obtained was closely related to the resulting pStat5 IC 50

value (pStat5 IC 50 = 0.007 lM). Similarly , the inhibition of Stat5 
Table 6
Residence time (tR) for compounds 5, 6, 7 and 9 in the ATP-binding site of Jak2 and 
Jak3 kinases 

Compd Jak2 IC 50 (lM) Jak3 IC 50 (lM) Jak2 tR
a (h) Jak3 tR

a (h)

5 0.003 0.229 2.68 0.98 
6 <0.003 0.020 6.65 0.78 
7 0.006 0.262 3.20 1.30 
9 0.003 0.008 11.07 3.15 

a See Ref. 15 for experimental procedure. 

V617F data for 6, 9 and 10

Compd TEL-Jak2 GI 50
a (lM) SET-2 GI 50

a (lM) UKE1 GI 50
a (lM)

6 0.006 0.078 0.050 
9 0.008 0.014 0.022 

10 0.010 0.018 0.030 

a For experimental conditions see Ref. 4.

Table 5
PK parameters for compounds 6 and 9

Compd Species %Fd AUC 
(lM � h)

CL (mL/
min/kg)

Vdss 
(L/kg)

Hu Mics 
(mL/min/mg)

Hu Heps (mL/
min/10 6 cells)

6 Rata 74 27.5 11 1.6 <4 <2 
Mouse b 64 14.7 17 1.4 
Dog c 56 8.5 13 2.4 

9 Rata 51 17.7 12 3.1 <4 5.2 
Mouse b 64 13.3 18 2.9 
Dog c n.de n.d 14 2.5 

a Han Wistar rat male; 10 mg/kg po (0.1% HPMC); 3 mg/kg iv (DMA/PEG/sal-
ine = 40/40/20).

b CD-1 mouse female; 10 mg/kg po (0.1% HPMC); 3 mg/kg iv (DMA/PEG/sal-
ine = 40/40/20).

c Male Beagle; 5 mg/kg po (0.1% HPMC); 2.5 mg/kg iv (HP-b-CD).
d Bioavailability was calculated according to the equation %F = (AUC po � Dose IV/

AUC IV � Dose po) � 100.
e Denotes not tested. 
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phosphoryla tion (IC50 �0.37 lM) in the TEL-Jak3 cells indicated a
strong correlation with the anti-proliferative effect (Fig. 4). In the 
more clinically relevant cells, SET-2 and UKE-1, compounds 6, 9
and 10 inhibited effectively the growth of cells bearing the 
V617F mutation (Table 4).16

To evaluate the pharmacokine tic propertie s of this series, com- 
pound 6 was dosed both orally and intravenousl y in rodents and 
dogs and exhibited high bioavaila bility (%F) and oral exposure, as 
determined by the area under the curve (AUC). The observed clear- 
ance (CL) was low in both rat and mouse, while it was rather mod- 
erate in dog. Likewise, the volume of distribut ion in all three 
species was on the moderate to low side. A similar profile was ob- 
served for compound 9, as depicted in Table 5. In addition, com- 
pound 6 appeared to be metabolically stable in both human 
microsomes and hepatocytes , while compound 9 was marginally 
less stable in human hepatocytes. 

After administration of compound s 6 and 9 in the allograft Ba/ 
F3 TEL-Jak2 murine model we observed significant inhibition of 
pStat5 (>80%) 6 h post 10 mg/kg dose (Fig. 5, denoted by the green 
color bars). Inhibition of Stat5 phospho rylation was still evident 
after 6 h post a single oral 5 mg/kg dose. Looking at the total plas- 
ma concentratio ns (denoted as squares in Fig. 5) of both com- 
pounds at the two different doses, we concluded that there was a
substantial quantity still present in plasma even after 6 h. In addi- 
tion, correctin g the plasma concentratio n with the free fraction in 
mouse for both 6 (fu = 0.16) and 9 (fu = 0.06) indicated that the 
available quantities of both 6 and 9 were higher than the observed 
GI50’s. Monitori ng the inhibition of pStat5 at later time points (8 h)
for compound 9 revealed significant inhibition at 10 mg/kg (�70%
pStat5 inhibition with total plasma concentratio n of 123 ng/ml) as 
well as at 5 mg/kg (�50% pStat5 inhibition with total plasma con- 
centration of 55 ng/ml). Given the PK properties of both 6 and 9 in
mice, in combination with the long residence time estimated by 
in vitro experiments , we expected sustained and significant inhibi- 
tion of phosphoryla tion of the downstream Stat5. At this point we 
were reluctant to attribute the observed pharmacodyna mic effect 
to the long residence time particularly when there seemed to be 
a rough correlation between the observed plasma concentr ation 
and observed pStat5 inhibition (Fig. 6). We would have expected 
that inhibition of Stat5 phosphoryla tion would not fade with 
declining plasma concentration, if there were slow-off kinetics ob- 
served for these inhibitors when occupying the Jak2 kinase. How- 
ever, the good pharmacokine tic propertie s of 6 and 9 may possibly 
mask the long residence occupancy of the target. Finally, tolerabil- 
ity studies of both 6 and 9 in rodents revealed a narrow therapeutic 
index, possibly due to the moderate overall kinase panel selectiv- 
ity. As a conseque nce of the tolerabili ty data, progression of these 
inhibitors through our cascade was halted. 

In conclusion, we have described a novel series of N2-(1H-pyra-
zol-3-yl)pyrimidines that display activity against Jak2. Compounds 
6 and 9 from this series were extensively investigated and showed 
activity in cells harborin g the V617F mutation as well as displaying 
downstre am inhibition of Stat5 phospho rylation in TEL-Jak2 cells. 
These compounds demonstrat ed selectivity against JAK3 at the cel- 
lular level in the nanomolar range, and they were found to have 
slow-off kinetics for Jak2 compared to Jak3. Testing in vivo in a
murine Ba/F3 TEL-Jak2 model did not differentiate between the 
thermod ynamic and kinetic activities of these compound s. 
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