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Herein, we describe the design, synthesis, and structure�activity relationships of a series of imidazo-
pyrrolopyridines derivatives that selectively inhibit Janus kinase 2 (JAK2). These screening cascades
revealed that 6k was a preferred compound, with IC50 values of 10 nM for JAK2. Moreover, 6k was a
selective JAK2 inhibitor with 19-fold, >30-fold and >30-fold selectivity over JAK1, JAK3 and TYK2
respectively. In cytokine-stimulated cell-based assays, 6k exhibited a higher JAK2 selectivity over JAK1
isoforms. Indeed, at a dose of 20 mg/kg compound 6k, pSTAT3 and pSTAT5 expression was reduced to
levels comparable to those of control animals untreated with GM-CSF. Additionally, 6k showed a rela-
tively good bioavailability (F ¼ 38%), a suitable half-life time (T1/2 ¼ 1.9 h), a satisfactory metabolic
stability, suggesting that 6k might be a promising inhibitor of JAK2 for further development research for
the treatment of MPNs.

© 2021 Elsevier Masson SAS. All rights reserved.
1. Introduction

Hematologic malignancies which mainly include Leukemia,
Lymphoma, Myelodysplastic Syndrome (MDS), and Multiple
Myeloma (MM) are a group of diseases caused by disorders of the
hematopoietic system [1]. MDS are a group of heterogeneous
myeloid clonal diseases that originate from hematopoietic stem
cells. They are characterized by abnormal differentiation and
development of myeloid cells, manifested as ineffective hemato-
poiesis, refractory blood cell reduction, and hematopoietic
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served.
functional failure [2]. Scientists have conducted an in-depth
research of the pathogenesis of hematologic malignancies and
thus found that certain genetic mutations including mutations in
the JAK2 gene lead to signal transduction disorders in different
tissues and cells which may resulted in the causing of these dis-
eases [3,4]. Therefore, a variety of kinase inhibitors targeted JAK2
have been developed such as Ruxolitinib, Fedratinib, Pacritinib,
and BMS-911543 based on the pathogenesis of such diseases [5,6].

Janus kinase 2 (JAK2) is an intracellular non-receptor tyrosine
kinase that belongs to the JAK family kinases (JAK1, JAK2, JAK3 and
TYK2). The JAK-signal transducer and activator of transcription (JAK
- STAT) pathway mediates signaling by cytokines, which controls
the survival, proliferation and differentiation of a variety of cells [7].
JAK2 phosphorylation, downstream STAT phosphorylation and
activation of gene transcription ultimately results in increased
proliferation, differentiation, and survival of erythroid and myeloid
cells [8]. JAK2 was proven to be critical for the growth and pro-
gression of hematologic malignancies especially for myeloprolif-
erative neoplasms among the four JAK subtypes [9]. Currently, a
number of pan-JAK and selective JAK inhibitors have been discov-
ered (Fig. 1). JAK1/2 inhibitor Ruxolitinib and JAK2/FLT3 inhibitor
Fedratinibwere successively approved by FDA for the treatment of
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Fig. 1. Structures of representative JAK2 inhibitors.
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myelofibrosis (MF) and polycythemia vera [10,11]. Another JAK2
inhibitor, BMS-911543, is currently in phase II clinical tial [12].

The approval of the JAK2 inhibitors Ruxolitinib and Fedratinib
for the treatment of myeloproliferative neoplasms (MPNs) rein-
forced the feasibility of targeting the JAK family specifically. How-
ever, the high level of sequence conservation in the kinase domains
of the JAK family is a key challenge for the design of selective JAK2
inhibitors [13]. Our recent research work discovered the compound
1a, an imidazopyrrolopyridines derivative, as a potent selective
JAK2 inhibitor with IC50 for JAK1 and JAK2 are >400 nM and 19 nM
respectively but less potent in cellular activity. We supposed that
the poor cell activity was due to the high polarity of this molecule.
In addition, the overall molecular weight of this compound is
relatively high which led to low ligand efficiency. As a result, we
explored the compound groups that affect the activity of JAK2 ki-
nase in detail to obtain these imidazopyrrolopyridines analogues as
potent JAK2 inhibitors in this work.
2. Results and discussion

2.1. Design and biochemical activity

Based on the structure comparison between the approved JAK
inhibitor Baricitinib and a reported JAK inhibitor Compound 31,
we designed a novel series of JAK inhibitors as shown in Fig. 2.
Compound 31 has excellent biological activities against JAKs, both
in vitro and in vivo [14]. Meanwhile, Baricitinib is a highly potent
JAK2 inhibitor. According to the combination principle of structural
fragments, we designed imidazopyrrolopyridines derivative 1a
which exhibited highly and excellent biological activity against
JAK2. Besides, docking study revealed that the furimethylene hy-
droxy could form hydrogen bonding with Asp939 in JAK2 while
there was no interaction for the group of 1-(ethylsulfonyl)azetidine
acetonitrile. Additionally, structure�activity relationship (SAR)
studies showed that the removal of 1-(ethylsulfonyl)azetidine in
these analogues did not influence their JAK inhibition significantly.
As a result, a series of 1-(1H-pyrazol-4-yl)- imidazopyrrolopyr-
idines derivatives were synthesized to explore the SAR between
groups and the biological activities for JAK2.

The imidazopyrrolopyridines derivatives were screened for
their in vitro kinase inhibitory activities toward JAK1 and JAK2 for
IC50 or inhibition at 30 nM. Baricitinib (an approved JAK inhibitor;
IC50 for JAK1 and JAK2 were 4.0 nM and 6.6 nM respectively) were
used as positive controls [15]. All the inhibition or IC50 results were
shown in Table 1�3. SAR studies began with variation of the
2

imidazole C-2 group or the removal of the cyanoethyl as shown in
Table 1. The modification of R1 group such as methylthiophene,
thiophene or methylfuran did not influence their JAK2 inhibition
and JAK1 selectivity significantly. At the same time, the extension of
terminal alkyl chain resulted in compounds 2a and 3a reduced their
JAK2 inhibition slightly. Compound 1a was docked into the ATP
binding pocket of JAK2 using MOE 2020.01 in order to investigate
the binding mode of it in JAK2 (Fig. 3, A) [16]. The result shown in
Fig. 3 suggested that the �NH and ¼ N moieties of azaindole in
compound 1a could form hydrogen bonds with GLU930 and
LEU932. These hydrogen interactions were the crucial part for the
protein kinase inhibition. There seemed to be no interaction be-
tween the cyanoethyl and the JAK2 kinase from this docking re-
sults. As a result, the next step of modifications focused on the
removal of the cyanoethyl to simplify molecules of these analogues.
However, deletion of the cyanoethyl lead to reduced JAK2 inhibi-
tion significantly such as compound 2c, 3c and 4c. The bring back of
the cyanoethyl resulted in the restoration of JAK2 activity indicated
that the cyano group on pyrazole ring contributed much more to
JAK2 inhibition that needed to be maintained.

After confirming the importance of the cyano group, these de-
rivatives were simplified through the deletion of the part of azeti-
dine and the compound 5a was synthesized with IC50 (43 nM) for
JAK2. When the propionitrile was replaced by acetonitrile to afford
the compound 6a, the kinase inhibition activity was further
reduced which indicated that a suitable length of side chain con-
necting cyano was favorable for the activity against JAK2 kinase.
Propionitrile was preserved and different R1 substituted groups
were explored during our initial screen. Results in Table 2 showed
that compounds 5b-5k exhibited moderate inhibitory activities
against JAK2 except for compound 5e with the IC50 (151 nM), 5f
with the IC50 (61 nM) and 5gwith the IC50 (65 nM) against JAK2. To
further simplify the structure of the molecules, the R1 groups were
removed totally which delivered the compound 5k. This molecule
(M. W ¼ 277.28) gained remarkable inhibition activity against JAK2
(IC50 ¼ 15 nM) although the selectivity against JAK1 (IC50 ¼ 94 nM)
was reduced to some extent. Replaced propionitrile by butylcya-
nide afforded the compound 6k and the inhibition activity against
JAK2 was further improved. However, when the length of this
sidechain was extended or substituted by trifluoromethyl such as
compound 7k and 8k, the inhibitory activity of JAK2 kinase
decreased immediately which indicated that butylcyanide was the
most suitable sidechain of these analogues.

5k and 6k was docked into the ATP binding pocket of JAK2 in
order to investigate the binding mode of them in JAK2 (Fig. 3, B).



Fig. 2. Design strategy for the target compounds.
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The results suggested that the �NH and ¼ N moieties of azaindole
in compound 5k and 6k could form hydrogen bonds with GLU930
and LEU932 which were the crucial part for the protein kinase in-
hibition. Additionally, the cyano group of these two compounds
form additional hydrogen bonds with LYS882 that could explain the
observed good inhibition activity for JAK2 kinase of these com-
pounds. At the same time, the most potent compound 6k was
docked into the ATP binding pocket of JAK1 in order to investigate
the reason for its poor JAK1 inhibition. The result exhibited in Fig. 3,
C indicated that there was no interaction between the cyano group
and the amino acid residues of JAK1 kinasewhichmay contribute to
low JAK1 inhibition of this compound. Besides, 5d and 5h were
docked into the ATP binding pocket of JAK2 to explore influences of
the R1 substituted groups. As showed in Fig. 3, D, no matter
whether there are substituents such as thienyl or methyl thienyl or
no substituents, therewas no additional interaction forced between
compounds and the kinase. Generally, different substituents on the
C-2 of the imidazole ring were well tolerated.

Due to the lack of relatively potent selectivity over JAK1 kinase
for the compound 6k, more modifications were applied in these
derivatives which were displayed in Table 3. The sidechain of
butylcyanide was preserved and heterocyclic aryl such as methyl
furan, aminothiazole and methylthiophene along with alicyclic
groups such as cyclopropyl, cyclobutyl and cyclopentyl were
applied in the R1 group to improve the selectivity of compounds to
JAK1 kinase. From the data shown in Table 3, we could see that this
series of derivatives such as compound 6b, 6d, 9a, 9b and 9c
maintained the inhibitory activity against JAK2 kinase basically and
the selectivity to JAK1 kinase was increased. Among them, com-
pound 6d performed best with the IC50 12 nM for JAK2 and 254 nM
for JAK1 (JAK1/JAK2 selectivity>20 folds).

2.2. Chemistry

Compound 1a-d, 2-3a, 1e were synthesized as described in
Scheme 1. Generally, the reaction of tert-butyl-3-oxoazetidine-1-
carboxylate with 2-diethoxyphosphorylacetonitrile under basic
(NaH) condition led to the intermediate tert-butyl-3-
(cyanomethylene) azetidine-1-carboxylate, which was then reac-
ted with 4-nitropyrazole using DBU as a catalyst and then reduced
3

under the condition of hydrogen palladium carbon to give target
intermediate molecule 11 [17]. Intermediate 13 was obtained from
reaction of 4-chloro-7-azaindole with benzenesulfonyl chloride
under basic condition of TEA. Then, the key intermediate molecule
14 was afforded through nitration reaction under the condition of
tetramethylammonium nitrate and TFAA [18]. The key intermediate
14 reacted with and 11 using K2CO3 as a basic at high temperature
to produce molecule 15, which then reduced under the condition of
hydrogen palladium carbon to deliver intermediate 16. Finally,
target compounds 1a-d, 2-3a, 1e were yielded through the rection
with various aromatic aldehyde, deprotection of the Boc group,
sulfonylation with different sulfonyl chloride and Bs-deprotection
[19].

Synthetic routes of the other three series of compounds were
exhibited in Scheme 2. 4-nitropyrazole was applied for the starting
material through the reduction and substitution reaction afforded
the key intermediate 19. Compound 2c was obtained by reduction
of intermediate 19, cyclization with 2-thenaldehyde, substitution
with 1-Boc-3-Iodoazetidine, Boc removal, sulfonylation with tri-
fluoromethanesulfonyl chloride and deprotection of the benzene-
sulfonyl [20]. The synthetic route of derivatives 3-4cwere similar to
that of compound 2c through reduction, cyclization, substitution,
N-alkylation and Bs-deprotection reaction to deliver target mole-
cules 3c and 4c. The synthesis routes of the largest part of the
compounds including 5-6a, 5b-k, 6-8k, 6-7b, 6-8d and 9a-d was
similar to the synthesis of derivatives 3-4c. This series of derivatives
were obtained via reaction with virous aldehyde under the condi-
tion of Na2S2O5 and DMF at 90 �C then with kinds of cyanogen
halide and Bs-deprotection through the starting material inter-
mediate 20 [13].

2.3. Biological evaluation

2.3.1. ADME and physicochemical properties of inhibitors
Compounds 1a, 1c, 5h, 6k, 6b, 6d and 9c were selected for

further profiling on the basis of kinase potency and structural di-
versity considerations. Firstly, log D7.2 were measured for these
molecules and the results were displayed in Table 4 [21]. This series
of analogues along with Baricitinib exhibited a reasonable log of
distribution coefficient which ranged from 0.24 to 2.42. In our



Table 1
Structures and in vitro biological activities of compounds 1a-1e, 2a-3a, 2c-4c.a..

Compd R1 R2 JAK2 IC50 or (Inhibition%/30 nM) JAK1 IC50 or (Inhibition%/30 nM)

1a 19 nM >400 nM

1b 27 nM 246 nM

1c 19 nM >300 nM

1d 37 nM >400 nM

2a 34 nM n.d.

3a 30 nM n.d.

2c 25.1% 24.1%

3c 6.5% 4.3%

4c 3.2% n.d.

1e H 65.8% n.d.

a IC50 values or inhibition rates % are a mean of two individual determinations.
b n.d. ¼ value not determined.
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Table 2
Structures and in vitro biological activities of compounds 5a-5k, 6a, 6k-8k.a..

Compd R1 R2 JAK2 IC50 or (Inhibition%/30 nM) JAK1 IC50 or (Inhibition%/30 nM)

5a 43 nM >400 nM

6a 267 nM n.d.

5b 26 nM >400 nM

5c 26 nM n.d.

5d 28 nM 9.6%

5e 151 nM n.d.

5f 61 nM n.d.

5g 65 nM >300 nM

5h 17 nM 254 nM

(continued on next page)
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Table 2 (continued )

Compd R1 R2 JAK2 IC50 or (Inhibition%/30 nM) JAK1 IC50 or (Inhibition%/30 nM)

5i 39.5% n.d.

5j 36.6% n.d.

5k H 15 nM 94 nM

6k H 10 nM 185 nM

7k H 45.9% n.d.

8k H 53 nM 154 nM

a IC50 values or inhibition rates % are a mean of two individual determinations.
b n.d. ¼ value not determined.
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initial screen process, compound 1a possessed weak cytokine
signaling cellular activity with the IC50 (>10 mM) for JAK2 in TF1 cell
despite its excellent kinase inhibition activity. Too large tPSA
calculated by Chemdraw may be the cause of its poor cell viability
and this value had been reduced in a reasonable range after our
structural optimization. The solubility of these preferred com-
pounds in aqueous buffer were also determined and most mole-
cules displayed a comparable result with the FDA approved JAKs
inhibitor Baricitinib especially compound 6k which possessed 12
times the water solubility of Baricitinib. We also tested these
compounds in rat liver microsomes to assess the propensity of the
template toward degradation by phase I metabolism [22]. In rat
liver microsomes, most molecules had a rapid clearance such as
compound 1c, 6b and 6d with a half-life of 27.72 min (apparent
clearance of 45 mL/min/kg), 30.8 min (apparent clearance of
40.5 mL/min/kg) and 18.0 min (apparent clearance of 69.3 mL/min/
kg). Gratifyingly, compound 6k displayed a superior rat liver mi-
crosomes stability with a half-life of 433.13 min (apparent clear-
ance of 2.88 mL/min/kg) which was compared favorably with
Baricitinib.

2.3.2. Cellular activity
The cellular potency and selectivity of these preferred com-

pounds for each individual kinase were characterized in a series of
cytokine-stimulated cell-based assays because of the complexity of
the cooperative property of JAK kinases. For instance, IL-4-induced
STAT6 phosphorylation is mediated by JAK1 and JAK3 and GM-CSF-
6

induced STAT5 phosphorylation is dependent on JAK2 [23]. As
shown in Table 5, to assess JAK2 and JAK1-JAK3 signaling, we
stimulated TF-1 and THP-1 cells via GM-CSF and IL-4 andmeasured
the levels of phosphorylated STAT5 and STAT6. In these systems,
compound 6k inhibited the phosphorylation of STAT5 in JAK2
signaling with an IC50 value of 269 nM and the phosphorylation of
STAT6 in JAK1-JAK3 signaling with an IC50 value of 10.69 mM. The
data from these in vitro enzyme and cell-based assays indicated
that 6k inhibited JAK2 rather than JAK1 or JAK3.

In order to verify the mechanism of compound 6k in the JAK2-
STAT signaling pathway, the phosphorylation levels of JAK2’s
downstream substrate was evaluated. As shown in Fig. 4, the
treatment of the TF1 cells with compound 6k or Baricitinib led to
the decrease of pSTAT5 (Y694) level. The pSTAT5 signal intensities
decreased sharply at 0.3 mM in TF1 cells and also downregulated
pSTAT5 in a dose-dependent manner from 0.3 to 10 mM. Overall,
these results revealed that compound 6k down-regulated the JAK2-
STAT signaling pathway by inhibiting JAK2 kinase activity in TF1
cells.

2.3.3. In vivo pharmacokinetics
Compounds 6k with potent JAK2 inhibitory activity and good

JAK1, JAK3 and TYK2 selectivity as well as promising cellular po-
tency was selected for further evaluation, and plasma concentra-
tion was determined after oral (PO, 20 mg/kg) and intravenous (IV,
5 mg/kg) administration in rats (Table 6) together with Baricitinib.
Compound 6k presented a moderate PK profile in rats, high



Table 3
Structures and in vitro biological activities of compounds 6b-7b, 6d-8d, 9a-9d.a..

Compd R1 R2 JAK2 IC50 or (Inhibition%/30 nM) JAK1 IC50 or (Inhibition%/30 nM)

6b 14 nM 12.6%

7b 29.7% n.d.

6d 12 nM 251 nM

7d 21.5% n.d.

8d 37.8% n.d.

9a 51.4% n.d.

9b 61.8% n.d.

9c 18 nM 15.2%

9d 22.3% n.d.

a IC50 values or inhibition rates % are a mean of two individual determinations.
b n.d. ¼ value not determined.
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maximum concentration (Cmax ¼ 885.62 mg/L) and good plasma
duration (MRT ¼ 2.10 h), leading to a high plasma exposure
(AUC ¼ 1507.67 mg*h/L) after oral administration. Assessment of
pharmacokinetic (PK) properties for compound 6k in rats also
showed good oral bioavailability (F ¼ 38%) and the low clearance
7

and high volume of distribution (38.33 L/kg) led to a suitable half-
life of 1.9 h. In general, compound 6k exhibited a comparable
pharmacokinetic property to Baricitinib. Thus, compound 6k could
be selected for further evaluation in an in vivo experiment.



Fig. 3. Docking of compound 1a with JAK2 (A: PDB code 2XA4). Docking of compound 5k and 6k with JAK2 (B: PDB code 2XA4). Docking of compound 6k with JAK1 (C: PDB code
4IVB). Docking of compound 5d and 5h with JAK2 (D: PDB code 2XA4).
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2.3.4. In vivo pharmacodynamics
To further assess the biological activity of compound 6k, its

ability to inhibit JAK2-mediated cytokine signaling was evaluated
in vivo in a PD experiment in the mouse. As shown in Fig. 5, mice
were pretreatedwith ascending oral doses of compound 6k ranging
from 3 to 50 mg/kg, followed by a 1 mg intraperitoneal (IP) injection
of GM-CSF cytokine 30 min later. An additional 30 min after GM-
CSF administration, concentrations of pSTAT3 and pSTAT5 were
measured in snapfrozen spleens. As further demonstrated in Fig. 5,
the decreasing pSTAT3 and pSTAT5 levels in the spleens of GM-CSF
treated animals were achieved with ascending oral doses of com-
pound 6k in the mouse. Indeed, at a dose of 20 mg/kg compound
6k, pSTAT3 and pSTAT5 expression was reduced to levels compa-
rable to those of control animals untreated with GM-CSF, indicating
that robust in vivo suppression of JAK2-mediated signaling was
achieved.
8

3. Conclusions

In conclusion, we discovered compound 1a as a promising lead
for a small molecule targeting JAK2 kinase aimed at increasing
cellular activity via pharmacophore merge strategy. SAR developed
around the designed cycle moieties combinedwith structure-based
design led to the discovery of 6k, which possessed >18-fold
selectivity over JAK1,3, TYK2 in enzyme assays. At the same time,
the cell pathway inhibitory activity of the compound 6k has been
greatly improved due to the decrease in tPSA. Additionally, the
excellent potency and oral PK properties of 6k in rats enabled its
use in multiple in vivo models for the evaluation of modulating
JAK2 driven pharmacodynamic responses. To summarize, com-
pound 6k is a promising inhibitor of JAK2 for further development
research for the treatment of MPNs.



Scheme 1. Synthesis of JAK2 inhibitors. Reagents and conditions: (a) 2-Diethoxyphosphorylacetonitrile, NaH, 0 �C, THF; (b) 4-Nitropyrazole, DBU, 20 �C, MeCN; (c) H2, Pd/C 20 �C,
MeOH; (d) Benzenesulfonyl chloride, TEA, 0 �C, DCM; (e) Tetramethylammonium nitrate, trifluoroacetic anhydride, 20 �C, DCM; (f) K2CO3, reflux, THF; (g) H2, Pd/C 20 �C, MeOH; (h)
aldehyde, Na2S2O5, 90 �C, DMF or (EtO)3CH, p-TsOH (cat.), reflux, PhMe; (i) CF3COOH, 30 �C, DCM; (j) Corresponding sulfonyl chloride, K2CO3, reflux, THF; (k) NaOH solution, 20 �C,
THF/MeOH. Bs ¼ Benzenesulfonyl.

Scheme 2. Synthesis of JAK2 inhibitors. Reagents and conditions: (a) H2, Pd/C 20 �C, MeOH; (b) K2CO3, reflux, THF; (c) H2, Pd/C 20 �C, MeOH; (d) aldehyde, Na2S2O5, 90 �C, DMF or
(EtO)3CH, p-TsOH (cat.), reflux, PhMe; (e) Corresponding Bromide, K2CO3, 80 �C, DMF; (f) NaOH solution, 20 �C, THF/MeOH; (g) 1-Boc-3-Iodoazetidine, K2CO3, 90 �C, DMF; (h) 2-
Bromoethylamine Hydrobromide, NaH, 25 �C, DMF; (i) Corresponding sulfonyl chloride, K2CO3, reflux, THF; (j) NaOH solution, 20 �C, THF/MeOH; (k) CF3COOH, 30 �C, DCM; (l)
Trifluoromethanesulfonyl chloride, DIPEA, 20 �C, THF; (m) NaOH solution, 20 �C, THF/MeOH. Bs ¼ Benzenesulfonyl.

P. Xu, P. Shen, H. Wang et al. European Journal of Medicinal Chemistry 218 (2021) 113394
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Table 4
Physicochemical properties and metabolic stability of preferred compounds.

Compd log D7.2
a tPSAb Aqueous solubility (ug/mL)c CL (mL/min/kg)d T1/2 (min)d Stability (%) (2h)d

1a 0.95 146.22 5.19 n.d.e n.d. n.d.
1c 1.95 116.76 9.98 45 27.72 3.43
5h 1.98 79.38 23.13 29.34 42.52 13.02
6k 0.81 79.38 194.36 2.88 433.13 80.83
6b 2.09 88.61 34.29 40.5 30.8 5.85
6d 2.42 79.38 1.31 69.3 18.0 0.94
9c 1.63 79.38 77.03 25.74 48.46 17.99
Baricitinib 0.24 113.52 16.3 / / 96.12

a Measured log of distribution coefficient between octanol and aqueous pH 7.2 buffer.
b Topological polar surface area predicted by Chemdraw 12.0.
c Solubility of solid powder in aqueous buffer determined by HPLC.
d In vitro stability in cryopreserved rat liver microsome.
e n. d. ¼ value not determined.

Table 5
In vitro profiles of preferred compounds.a.

Compd Enzymes IC50 (nM) or
(Inhibition%/30 nM)

Cytokine signaling IC50 (mM) in THP-
1 or TF1 cells

JAK1 JAK2 JAK3 TYK2 IL-4 JAK1/JAK3 GM-CSF JAK2/JAK2

1a >400 19 n.d.b n.d. >10 >10
1c >300 19 n.d. n.d. >10 0.696
5h 254 17 160 >300 >10 0.306
6k 185 10 >300 >300 10.69 0.269
6b 12.6% 14 n.d. n.d. 9.56 0.397
6d 251 12 280 >300 5.43 0.321
9c 15.2% 18 n.d. n.d. 5.33 0.494
Baricitinib 4 7 787 61 0.562 0.470

a IC50 values or inhibition rates % are a mean of two individual determinations.
b n.d. ¼ value not determined.

Table 6
Rat pharmacokinetic profile of compound 6k and baricitinib.a.

Compound 6k Baricitinib

dose (mg/kg)

5 (IV) 20 (PO) 1 (IV) 5 (PO)

Tmax (h) / 0.42 / 1.00
Cmax (mg/L) / 885.62 / 659.15
AUC (mg*h/L) 1004.64 1507.67 1586.81 3608.48
CL (L/h/kg) 5.08 14.61 0.63 1.39
Vss (L/kg) 10.10 38.33 1.80 4.88
T1/2 (h) 1.46 1.90 1.96 2.43
MRT (h) 0.69 2.10 1.34 4.36
F (%) / 37.52 / 45.48

a IV vehicle: 70/20/10 Normal Saline/PEG400/DMSO. PO vehicle: 70/20/10
Normal Saline/PEG400/DMSO; Three animals were used in each of the control and
dosing arms.
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4. Experimental

4.1. Chemistry and chemical methods

Chemical Methods. All reagents and solvents purchased from
commercial suppliers were used without further purification. 1H
NMR spectra were collected on a Bruker AVANCE 300 MHz spec-
trometer. Chemical shifts (d) are reported in parts permillion (ppm)
from tetramethylsilane (TMS) using the residual solvent resonance.
Multiplicities are abbreviated as s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), and br s (broad singlet). HR-MS was
recorded on Agilent technologies 6520 Accurate-Mass LC/MS Q-TOF
instruments. The procedures outlined in this section are those
employed for the reactions run at the largest scale. HPLC analysis
was carried out on an Agilent 1260 infinity eluded with isocratic
eluting mixed by solvent A (acetonitrile) and solvent B (methanol)
at a flow rate of 1 mL/min and at l ¼ 254 nm.

General synthetic procedure 1: substituted imidazole
Fig. 4. Western blot analysis of the effects of Baricitinib and co

10
formation
A solution of 16 or 20 (1.0 equiv) and Na2S2O5 (5.0 equiv) in DMF

were added aromatic aldehyde (2.0 equiv). The reactionwas heated
in an open single neck bottle at 90 �C for 12 h, cooled to room
temperature, then water was added and aqueous phase was
extracted twice with DCM. The combined extracts were washed
with brine, dried with sodium sulfate and concentrated under
vacuum give the crude product, which was further purified by silica
gel column chromatography (ethyl acetate: petroleum ether¼ 1: 1)
to give target product as a brown solid.

General synthetic procedure 2: imidazole formation without
substituted groups

A mixture of 16 or 20 (1.0 equiv), triethyl orthoformate (2.5
equiv), and p-toluenesulfonic acid monohydrate (0.1 equiv) in
toluene (20 mL) was heated at reflux for 24 h. After cooling, ethyl
acetate was added and the mixture washed with saturated sodium
hydrogen carbonate solution, water and brine, dried with sodium
mpound 6k on the phosphorylation of STAT5 in TF1 cells.



Fig. 5. Design and results of an GM-CSF induced pSTAT3 and pSTAT5 PD study of compound 6k in the mouse; Measured 30 min after dosing of GM-CSF; Four animals were used in
each of the control and dosing arms.
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sulfate, and concentrated under vacuum. Purification by silica gel
column chromatography afforded target product as a light white
solid.

General synthetic procedure 3: TFA-Mediated Boc removal
Boc-protected amine (1.0 equiv) was dissolved in a mixture of

TFA (10.0 equiv)/DCM (1:1), and stirred at room temperature for
12 h. The mixture was concentrated under reduced pressure, trit-
urated with diethyl ether, and filtered to give the desired product,
which was directly used in the next step without further
purification.

General synthetic procedure 4: sulfamide formation
A solution of sulfonyl chloride (1.5 equiv) in THF was added to

the solution of heterocyclic secondary amine (1.0 equiv) and po-
tassium carbonate (5.0 equiv). The reaction mixture was heated to
reflux for 4 h. The completion of the reactionwas checked with TLC.
After cooling to room temperature, water was added and aqueous
phase was extracted twice with DCM. The combined extracts were
washed with brine, dried with sodium sulfate and concentrated
under vacuum give the crude product, which was further purified
by silica gel column chromatography (ethyl acetate: petroleum
ether ¼ 1: 3) to give target product as a brown solid.

General synthetic procedure 5: deprotection of
benzenesulfonyl

A mixture of benzenesulfonyl protected product (1 equiv) and
1 M aqueous sodium hydroxide (5 equiv) in methanol/THF was
stirred at room temperature for 10 h. The reaction mixture was
concentrated under vacuum and the residue partitioned between
saturated sodium bicarbonate solution and DCM. The aqueous
phase was extracted twice with DCM. The combined extracts were
washed with brine, dried with sodium sulfate, and concentrated
under vacuum. Purification by column chromatography on silica gel
(DCM: MeOH ¼ 30: 1) afforded target product as a light yellow
solid.

General synthetic procedure 6: N alkylation reaction on
pyrazole

A solution of bromide (1.5 equiv) in DMF was added to the so-
lution of pyrazole analogues (1.0 equiv) and potassium carbonate
11
(5.0 equiv). The reaction mixture was heated to 80 �C for 4 h. The
completion of the reaction was checked with TLC. After cooling to
room temperature, water was added and aqueous phase was
extracted twice with DCM. The combined extracts were washed
with brine, dried with sodium sulfate and concentrated under
vacuum give the crude product, which was further purified by silica
gel column chromatography (ethyl acetate: petroleum ether¼ 1: 1)
to give target product as a solid.

4.1.1. Tert-butyl 3-(cyanomethylene) azetidine-1-carboxylate (11)
2-Diethoxyphosphorylacetonitrile (5.7 g, 32.1 mmol) in THF

(50 mL) was added to a stirred solution of NaH (1.2 g, 30.7 mmol) in
THF (50 mL) at 0 �C. The mixture was stirred at ambient temper-
ature for 1 h then tert-butyl 3-oxoazetidine-1-carboxylate (10;
5.0 g, 29.2 mmol) in THF was added at 0 �C in 1 h. The mixture was
then stirred at ambient temperature for 16 h. The aqueous phase
was extracted twice with EA. The combined extracts were washed
with brine, dried with sodium sulfate and concentrated under
vacuum, the residue was dissolved in CH3CN (30 mL) and DBU
(11.8 g, 77.4 mmol) together with 4-nitropyrazole (3.2g, 28.7 mmol)
were added. The mixture was then stirred at ambient temperature
for 16 h. Water was added and aqueous phase was extracted twice
with EA. The combined extracts were washed with brine, dried
with sodium sulfate and concentrated under vacuum give the crude
product, which was then dissolved in methanol and purged with
argon, palladium on carbon (10% Pd content, 1.4 g, 1.3 mmol) was
added, and the reaction mixture stirred under an atmosphere of
hydrogen for 12 h. The solids were removed by filtration, washed
with methanol and the filtrate concentrated under vacuum to
afford 3.5 g (43% for three steps) of 11 as a clear oil.

4.1.2. 4-Chloro-1-(phenylsulfonyl)-1H-pyrrolo[2,3-b] pyridine (13)
A stirred suspension of 4-chloro-7-azaindole (12; 25.0 g,

163.8 mmol) in (DCM) 250 mL was treated with DMAP (2.0 g,
16.5 mmol), triethylamine (34.0 mL, 245.8 mmol), and benzene-
sulfonyl chloride (23.3 mL, 180.3 mmol) at ambient temperature.
The mixture was left to stand overnight. After filtration, the filtrate
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was collected and concentrated under vacuum to give a brown
solid. Trituration (MeOH) afforded 43.0 g (90%) of 13 as an ashen
solid. 1H NMR (300 MHz, CDCl3) d: 8.36 (d, J ¼ 6.0 Hz, 1H), 8.24 (d,
J¼ 9.0 Hz, 2H), 7.82 (d, J¼ 6.0 Hz,1H), 7.64 (t, J¼ 7.5 Hz,1H), 7.54 (t,
J¼ 7.5 Hz, 2H), 7.25 (d, J¼ 6.0 Hz, 1H), 6.76 (d, J¼ 3.0 Hz,1H). HRMS
(ESI): [M þ H] þ calcd for C13H10ClN2O2S, 293.0146; found,
293.0155.

4.1.3. 4-Chloro-5-nitro-1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]
pyridine (14)

Tetramethylammonium nitrate (28.0 g, 205.5 mmol) was added
to a stirred solution of 3 (30.0 g, 102.7 mmol) in DCM (300 mL) at
25 �C. Trifluoroacetic anhydride (57.3 m0L, 410.8 mmol) was added
while maintaining the reaction temperature below 30 �C. The
mixture was then stirred at ambient temperature for 5 h. TLC
indicated complete reaction. Saturated sodium bicarbonate was
added, and the organic phase was separated. The aqueous phase
was extracted twice with DCM. The combined extracts were
washed with brine, dried with sodium sulfate and concentrated
under vacuum to give a yellow solid. Trituration (MeOH) afforded
25.9 g (75%) of 14 as a light yellow solid. 1H NMR (300 MHz, CDCl3)
d: 9.05 (s, 1H), 8.25 (t, J ¼ 4.5 Hz, 2H), 7.99 (d, J ¼ 6.0 Hz, 1H),
7.62e7.57 (m, 3H), 6.92 (d, J ¼ 6.0 Hz, 1H). HRMS (ESI): [M þ H] þ

calcd for C13H9ClN3O4S, 337.9997; found, 338.0010.

4.1.4. Tert-butyl 3-(cyanomethyl)-3-(4-((5-nitro-1-
(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridin-4-yl)amino)-1H-
pyrazol-1-yl)azetidine-1-carboxylate (15)

A mixture of 14 (3.5 g, 10.5 mmol), 11 (3.5 g, 12.6 mmol), and N,
N-diisopropylethylamine (5.4 mL, 31.5 mmol) in THF was heated to
reflux for 3 h. The cooled reaction mixture was concentrated under
vacuum to afford a dark yellow residue. Trituration (MeOH) affor-
ded 4.3 g (70%) of 15 as a yellow solid.

4.1.5. Tert-butyl 3-(4-((5-amino-1-(phenylsulfonyl)-1H-pyrrolo
[2,3-b]pyridin-4-yl)amino)-1H-pyrazol-1-yl)-3-(cyanomethyl)
azetidine-1-carboxylate (16)

A solution of 15 (4.3 g, 7.4 mmol) in methanol was purged with
argon, palladium on carbon (10% Pd content, 0.8 g, 0.74 mmol)
added, and the reaction mixture stirred under an atmosphere of
hydrogen for 12 h. The solids were removed by filtration, washed
with methanol and the filtrate concentrated under vacuum to
afford 4.0 g (98%) of 16 as a pink powder.

4.1.6. 1H-pyrazol-4-amine (18)
A solution of 17 (10.0 g, 88.5 mmol) in methanol was purged

with argon, palladium on carbon (10% Pd content, 1.6 g, 1.5 mmol)
added, and the reaction mixture stirred under an atmosphere of
hydrogen for 12 h. The solids were removed by filtration, washed
with methanol and the filtrate concentrated under vacuum to
afford 7.3 g (99%) of 18 as a light white powder.

4.1.7. 5-Nitro-1-(phenylsulfonyl)-N-(1H-pyrazol-4-yl)-1H-pyrrolo
[2,3-b] pyridin-4-amine (19)

Amixture of 14 (23.7 g, 70.3 mmol),18 (7.0 g, 84.3 mmol), and N,
N-diisopropylethylamine (24.1 mL, 140.6 mmol) in THF (250 mL)
was heated to reflux for 6 h. The cooled reaction mixture was
concentrated under vacuum to afford a dark yellow residue. Trit-
uration (MeOH) afforded 18.4 g (68%) of 19 as a dark yellow solid.
HRMS (ESI): [M þ H] þ calcd for C16H13N6O4S, 385.0714; found,
385.0668.

4.1.8. 1-(Phenylsulfonyl)-N4-(1H-pyrazol-4-yl)-1H-pyrrolo[2,3-b]
pyridine-4,5-diamine (20)

A solution of 19 (18.0 g, 46.9 mmol) in methanol was purged
12
with argon, palladium on carbon (10% Pd content, 3.2 g, 3.0 mmol)
added, and the reaction mixture stirred under an atmosphere of
hydrogen for 12 h. The solids were removed by filtration, washed
with methanol and the filtrate concentrated under vacuum to
afford 14.9 g (90%) of 20 as a brown powder. HRMS (ESI): [M þ H] þ

calcd for C16H15N6O2S, 355.0972; found, 355.0929.

4.1.9. 2-(1-(Ethylsulfonyl)-3-(4-(2-(5-(hydroxymethyl)furan-2-yl)
imidazo[4,5-d]pyrrolo[2,3-b]pyridin-1(6H)-yl)-1H-pyrazol-1-yl)
azetidin-3-yl)acetonitrile (1a)

Synthesized using the procedure 1, 3, 4 and 5 using 5-
hydroxymethylfurfural then ethyl sulfonyl chloride, and 0.2 g
(22% for 4 steps) of 1a was obtained as a light white solid. mp
187e192 �C. 1HNMR(300 MHz, DMSO‑d6): d ¼ 11.94 (s, 1H), 8.90 (s,
1H), 8.69 (s, 1H), 8.14 (s, 1H), 7.37 (s, 1H), 6.41 (s, 2H), 5.95 (s, 1H),
5.43 (t, J ¼ 6.0 Hz, 1H), 4.62 (d, J ¼ 9.0 Hz, 2H), 4.47 (d, J ¼ 6.0 Hz,
2H), 4.34 (d, J ¼ 9.0 Hz, 2H), 3.78 (s, 2H), 3.32e3.25 (m, 2H), 1.28 (t,
J ¼ 7.5 Hz, 4H) ppm; HRMS (ESI): m/z [MþH]þ.Calcd for
C23H23N8O4S 507.1557, found 507.1549.

4.1.10. 2-(1-(Ethylsulfonyl)-3-(4-(2-(5-methylthiophen-2-yl)
imidazo[4,5-d]pyrrolo[2,3-b]pyridin-1(6H)-yl)-1H-pyrazol-1-yl)
azetidin-3-yl)acetonitrile (1b)

Synthesized using the procedure 1, 3, 4 and 5 using 5-
methylthiophene-2-carboxaldehyde then ethyl sulfonyl chloride,
and 0.1 (14% for 4 steps) g of 1b was obtained as a gray solid. mp
191e197 �C. 1HNMR(300 MHz, DMSO‑d6): d ¼ 11.89 (s, 1H), 8.92 (s,
1H), 8.66 (s, 1H), 8.16 (s, 1H), 7.36 (t, J ¼ 3.0 Hz, 1H), 7.06 (d,
J ¼ 3.0 Hz, 1H), 6.78 (d, J ¼ 3.0 Hz, 1H), 5.93e5.91 (m, 1H), 4.61 (d,
J ¼ 9.0 Hz, 2H), 4.35 (d, J ¼ 9.0 Hz, 2H), 3.79 (s, 2H), 3.32e3.25 (m,
2H), 2.48 (s, 2H), 1.28 (t, J ¼ 6.0 Hz, 3H) ppm; 13C NMR (75 MHz,
DMSO‑d6) d 146.29, 145.61, 143.37, 139.40, 136.18, 135.26, 133.88,
129.63, 129.13, 128.70, 126.84, 124.77, 119.69, 116.94, 104.54, 96.26,
58.77, 57.28, 43.95, 27.37, 15.24, 7.96 ppm; HRMS (ESI): m/z
[MþH]þ.Calcd for C23H23N8O2S2 507.1380, found 507.1384.

4.1.11. 2-(1-(Ethylsulfonyl)-3-(4-(2-(thiophen-2-yl)imidazo[4,5-d]
pyrrolo[2,3-b]pyridin-1(6H)-yl)-1H-pyrazol-1-yl)azetidin-3-yl)
acetonitrile (1c)

Synthesized using the procedure 1, 3, 4 and 5 using 2-
thenaldehyde then ethyl sulfonyl chloride, and 0.2 g of 1c (18%
for 4 steps) was obtained as a yellow solid. mp 183e188 �C.
1HNMR(300 MHz, DMSO‑d6): d ¼ 11.91 (s, 1H), 8.94 (s, 1H), 8.68 (s,
1H), 8.18 (s, 1H), 7.72 (d, J ¼ 6.0 Hz, 1H), 7.36 (t, J ¼ 3.0 Hz, 1H), 7.23
(t, J ¼ 3.0 Hz, 1H), 7.10e7.07 (m, 1H), 5.94e5.92 (m, 2H), 4.61 (d,
J ¼ 9.0 Hz, 2H), 4.35 (d, J ¼ 9.0 Hz, 2H), 3.79 (s, 2H), 3.32e3.25 (m,
2H), 1.30e1.25 (m, 4H) ppm; 13C NMR (75 MHz, DMSO‑d6) d 146.19,
145.64, 139.41, 136.29, 135.39, 133.85, 132.17, 129.61, 129.11, 128.42,
124.80, 119.69, 116.95, 104.56, 58.81, 57.29, 43.93, 27.33, 7.95 ppm;
HRMS (ESI): m/z [MþH]þ.Calcd for C22H21N8O2S2 493.1223, found
493.1233.

4.1.12. 2-(1-(Ethylsulfonyl)-3-(4-(2-(5-methylfuran-2-yl)imidazo
[4,5-d]pyrrolo[2,3-b]pyridin-1(6H)-yl)-1H-pyrazol-1-yl)azetidin-3-
yl)acetonitrile (1d)

Synthesized using the procedure 1, 3, 4 and 5 using 5-methyl
furfural then ethyl sulfonyl chloride, and 0.2 g of 1d (11% for 4
steps) was obtained as a light yellow solid. mp 189e193 �C.
1HNMR(300 MHz, DMSO‑d6): d ¼ 11.91 (s, 1H), 8.89 (s, 1H), 8.67 (s,
1H), 8.13 (s, 1H), 7.37 (t, J ¼ 3.0 Hz, 1H), 6.44 (d, J ¼ 3.0 Hz, 1H), 6.24
(t, J¼ 3.0 Hz,1H), 5.95 (t, J¼ 3.0 Hz,1H), 4.61 (d, J¼ 9.0 Hz, 2H), 4.35
(d, J ¼ 9.0 Hz, 2H), 3.78 (s, 2H), 3.33e3.25 (m, 2H), 2.35 (s, 2H), 1.27
(t, J ¼ 4.5 Hz, 5H) ppm; 13C NMR (75 MHz, DMSO‑d6) d 154.43,
145.72, 143.21, 142.75, 135.76, 135.60, 134.08, 128.65, 124.75, 119.89,
113.60, 108.62,104.56, 60.25, 58.80, 57.20, 43.90, 26.99, 21.24,14.55,
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13.71, 7.96 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for C23H23N8O3S
491.1608, found 491.1609.

4.1.13. 2-(3-(4-(2-(5-(Hydroxymethyl)furan-2-yl)imidazo[4,5-d]
pyrrolo[2,3-b]pyridin-1(6H)-yl)-1H-pyrazol-1-yl)-1-
(propylsulfonyl)azetidin-3-yl)acetonitrile (2a)

Synthesized using the procedure 1, 3, 4 and 5 using 5-
hydroxymethylfurfural then propyl sulfonyl chloride, and 0.3 g
(25% for 4 steps) of 2a was obtained as a light brown solid. mp
197e202 �C. 1HNMR(300 MHz, DMSO‑d6): d ¼ 11.91 (s, 1H), 8.87 (s,
1H), 8.66 (s, 1H), 8.11 (s, 1H), 7.34 (s, 1H), 6.38 (s, 2H), 5.93 (s, 1H),
5.40 (t, J ¼ 6.0 Hz, 1H), 4.58 (d, J ¼ 9.0 Hz, 2H), 4.45 (d, J ¼ 3.0 Hz,
2H), 4.31 (d, J ¼ 9.0 Hz, 2H), 3.75 (s, 2H), 3.24 (t, J ¼ 7.5 Hz, 2H),
1.77e1.69 (m, 2H), 1.30e1.18 (m, 2H), 1.00 (t, J ¼ 7.5 Hz, 3H) ppm;
13C NMR (75MHz, DMSO‑d6) d 157.85,145.73,143.25,143.07,139.10,
135.78, 135.68, 134.04, 128.63, 124.75, 119.74, 117.03, 113.11, 109.22,
104.52, 96.44, 58.75, 57.15, 56.11, 50.29, 27.30, 16.89, 13.16 ppm;
HRMS (ESI): m/z [MþH]þ.Calcd for C24H25N8O4S 521.1714, found
521.1695.

4.1.14. 2-(1-(Butylsulfonyl)-3-(4-(2-(5-(hydroxymethyl)furan-2-yl)
imidazo[4,5-d]pyrrolo[2,3-b]pyridin-1(6H)-yl)-1H-pyrazol-1-yl)
azetidin-3-yl)acetonitrile (3a)

Synthesized using the procedure 1, 3, 4 and 5 using 5-
hydroxymethylfurfural then butyl sulfonyl chloride, and 0.2 g
(27% for 4 steps) of 3a was obtained as a brown solid. mp
183e187 �C. 1HNMR(300 MHz, DMSO‑d6): d ¼ 11.95 (s, 1H), 8.90 (s,
1H), 8.69 (s, 1H), 8.14 (s, 1H), 7.37 (s, 1H), 6.41 (s, 2H), 5.96 (s, 1H),
5.44 (t, J ¼ 6.0 Hz, 1H), 4.62 (d, J ¼ 9.0 Hz, 2H), 4.48 (d, J ¼ 6.0 Hz,
2H), 4.35 (d, J¼ 9.0 Hz, 2H), 3.78 (s, 2H), 3.29 (t, J¼ 7.5 Hz, 2H), 2.53
(s, 2H), 1.76e1.66 (m, 2H), 1.50e1.38 (m, 2H), 0.92 (t, J ¼ 7.5 Hz, 3H)
ppm; 13C NMR (75 MHz, DMSO‑d6) d 157.86, 145.75, 143.27, 143.09,
139.10, 135.80, 135.69, 134.05, 128.65, 124.76, 119.77, 117.06, 113.13,
109.23, 104.54, 96.46, 58.78, 57.16, 56.13, 48.45, 27.33, 25.08, 21.36,
13.94 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for C25H27N8O4S
535.1870, found 535.1870.

4.1.15. 2-(Thiophen-2-yl)-1-(1-(1-((trifluoromethyl)sulfonyl)
azetidin-3-yl)-1H-pyrazol-4-yl)-1,6-dihydroimidazo[4,5-d]pyrrolo
[2,3-b]pyridine (2c)

Synthesized using the procedure 1, 6, 3, 4 and 5 using 2-
thenaldehyde, 1-Boc-3-iodoazetidine then tri-
fluoromethanesulfonyl chloride, and 0.1 g (9% for 5 steps) of 2cwas
obtained as a pink solid. mp 196e201 �C. 1HNMR(300 MHz,
DMSO‑d6): d ¼ 11.93 (s, 1H), 8.68 (s, 1H), 8.62 (s, 1H), 8.17 (s, 1H),
7.73 (d, J ¼ 6.0 Hz, 1H), 7.37 (s, 1H), 7.24 (d, J ¼ 3.0 Hz, 1H), 7.13 (t,
J ¼ 4.5 Hz, 1H), 5.89 (s, 1H), 5.65 (s, 1H), 4.87 (t, J ¼ 6.0 Hz, 2H), 4.79
(d, J ¼ 6.0 Hz, 2H) ppm; 13C NMR (75 MHz, DMSO‑d6) d 146.24,
145.73, 139.58, 136.43, 135.46, 133.93, 132.38, 130.73, 129.66,
128.50, 124.81, 120.51, 118.99, 104.62, 96.52, 64.50, 59.94,
49.83 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for C19H15F3N7O2S2
494.0675, found 494.0665.

4.1.16. 1,1,1-Trifluoro-N-(2-(4-(2-(thiophen-2-yl)imidazo[4,5-d]
pyrrolo[2,3-b]pyridin-1(6H)-yl)-1H-pyrazol-1-yl)ethyl)
methanesulfonamide (3c)

Synthesized using the procedure 1, 6, 4 and 5 using 2-
thenaldehyde, 2-bromoethylamine hydrobromide then tri-
fluoromethanesulfonyl chloride, and 0.1 g (17% for 4 steps) of 3c
was obtained as a yellow solid. mp 173e177 �C. 1HNMR(300 MHz,
DMSO‑d6): d ¼ 11.91 (s, 1H), 9.94 (s, 1H), 8.67 (s, 1H), 8.46 (s, 1H),
7.98 (s, 1H), 7.71 (d, J ¼ 6.0 Hz, 1H), 7.34 (t, J ¼ 3.0 Hz, 1H), 7.21 (d,
J¼ 3.0 Hz, 1H), 7.08 (t, J¼ 4.5 Hz, 1H), 5.95 (s, 1H), 4.49 (t, J¼ 6.0 Hz,
2H), 3.76 (t, J ¼ 6.0 Hz, 2H) ppm; 13C NMR (75 MHz, DMSO‑d6)
d 146.20, 145.59, 138.17, 136.43, 135.31, 133.84, 132.45, 130.36,
13
129.39, 128.37, 124.58, 122.32, 120.48, 118.23, 104.62, 96.56, 64.47,
51.96, 44.00 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for
C18H15F3N7O2S2 482.0675, found 482.0676.

4.1.17. N-(2-(4-(2-(thiophen-2-yl)imidazo[4,5-d]pyrrolo[2,3-b]
pyridin-1(6H)-yl)-1H-pyrazol-1-yl)ethyl)propane-1-sulfonamide
(4c)

Synthesized using the procedure 1, 6, 4 and 5 using 2-
thenaldehyde, 2-bromoethylamine hydrobromide then propyl
sulfonyl chloride, and 0.1 g (21% for 4 steps) of 4cwas obtained as a
light brown solid. mp 199e204 �C. 1HNMR(300 MHz, DMSO‑d6):
d ¼ 11.90 (s, 1H), 8.66 (s, 1H), 8.42 (s, 1H), 7.94 (s, 1H), 7.71 (d,
J¼ 3.0 Hz,1H), 7.40 (s,1H), 7.33 (s,1H), 7.22 (s,1H), 7.11 (t, J¼ 4.5 Hz,
1H), 5.94 (s, 1H), 4.42 (s, 2H), 3.53 (d, J ¼ 6.0 Hz, 2H), 3.08 (t,
J ¼ 7.5 Hz, 2H), 1.75e1.67 (m, 2H), 0.99 (t, J ¼ 6.0 Hz, 3H) ppm; 13C
NMR (75 MHz, DMSO‑d6) d 146.23, 145.61, 137.90, 136.44, 135.33,
133.85, 132.43, 130.24, 129.37, 128.46, 124.61, 118.27, 104.63, 96.60,
53.19, 52.43, 42.85, 17.35, 13.14 ppm; HRMS (ESI): m/z
[MþH]þ.Calcd for C20H22N7O2S2 456.1271, found 456.1268.

4.1.18. 2-(1-(Ethylsulfonyl)-3-(4-(imidazo[4,5-d]pyrrolo[2,3-b]
pyridin-1(6H)-yl)-1H-pyrazol-1-yl)azetidin-3-yl)acetonitrile (1e)

Synthesized using the procedure 2, 3, 4 and 5 using ethyl sul-
fonyl chloride, and 0.2 g (33% for 4 steps) of 1e was obtained as a
light white solid. mp 225e230 �C. 1HNMR(300 MHz, DMSO‑d6):
d ¼ 11.96 (s, 1H), 8.87 (s, 1H), 8.70 (s, 1H), 8.36 (s, 1H), 8.21 (s, 1H),
7.43 (t, J¼ 3.0 Hz,1H), 6.34 (t, J¼ 3.0 Hz,1H), 4.58 (d, J¼ 9.0 Hz, 2H),
4.32 (d, J ¼ 9.0 Hz, 2H), 3.75 (s, 2H), 3.33e3.26 (m, 2H), 1.29 (t,
J ¼ 7.5 Hz, 4H) ppm; 13C NMR (75 MHz, DMSO‑d6) d 145.62, 142.86,
137.08, 136.05, 135.04, 133.08, 126.19, 124.52, 120.40, 117.12, 104.40,
97.02, 70.39, 64.50, 58.89, 56.94, 43.91, 27.22, 7.92 ppm; HRMS
(ESI): m/z [MþH]þ.Calcd for C18H19N8O2S 411.1346, found 411.1351.

4.1.19. 3-(4-(2-(5-(Hydroxymethyl)furan-2-yl)imidazo[4,5-d]
pyrrolo[2,3-b]pyridin-1(6H)-yl)-1H-pyrazol-1-yl)propanenitrile
(5a)

Synthesized using the procedure 1, 6 and 5 using 5-
hydroxymethylfurfural then 3-bromopropionitrile, and 0.2 g (10%
for 3 steps) of 5a was obtained as a light yellow solid. mp
210e215 �C. 1HNMR(300 MHz, DMSO‑d6): d ¼ 11.89 (s, 1H), 8.66 (s,
1H), 8.50 (s, 1H), 7.96 (s, 1H), 7.35 (t, J ¼ 3.0 Hz, 1H), 6.39 (d,
J¼ 3.0 Hz, 1H), 6.32 (t, J¼ 3.0 Hz,1H), 5.96 (t, J¼ 3.0 Hz,1H), 5.42 (t,
J¼ 6.0 Hz,1H), 4.61 (t, J¼ 6.0 Hz, 2H), 4.48 (d, J¼ 6.0 Hz, 2H), 3.26 (t,
J ¼ 6.0 Hz, 3H) ppm; 13C NMR (75 MHz, DMSO‑d6) d 157.78, 157.47,
145.67, 143.23, 138.19, 135.90, 135.62, 134.01, 131.03, 127.33, 124.62,
123.63, 119.93, 118.80, 118.63, 104.56, 56.10, 19.18 ppm; HRMS (ESI):
m/z [MþH]þ.Calcd for C19H16N7O2 374.1360, found 374.1362.

4.1.20. 2-(4-(2-(5-(Hydroxymethyl)furan-2-yl)imidazo[4,5-d]
pyrrolo[2,3-b]pyridin-1(6H)-yl)-1H-pyrazol-1-yl)acetonitrile (6a)

Synthesized using the procedure 1, 6 and 5 using 5-
hydroxymethylfurfural then bromoacetonitrile, and 0.1 g (16% for
3 steps) of 6a was obtained as a dark brown solid. mp 216e219 �C.
1HNMR(300 MHz, DMSO‑d6): d ¼ 11.89 (s, 1H), 8.67 (d, J ¼ 3.0 Hz,
1H), 8.42 (s, 1H), 7.93 (s, 1H), 7.39 (t, J ¼ 3.0 Hz, 1H), 6.43 (t,
J¼ 3.0 Hz,1H), 6.35 (d, J¼ 3.0 Hz,1H), 6.02 (t, J¼ 3.0 Hz,1H), 5.43 (t,
J¼ 6.0 Hz,1H), 5.33 (s,1H), 4.49 (d, J¼ 6.0 Hz, 2H), 3.80 (s, 2H) ppm;
13C NMR (75 MHz, DMSO‑d6) d 169.13, 157.79, 145.66, 143.25,
138.08, 135.95, 133.97, 131.01, 124.72, 118.97, 112.96, 109.20, 104.62,
96.44, 56.10, 52.96 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for
C18H14N7O2 360.1203, found 360.1683.

4.1.21. 3-(4-(2-(5-Methylfuran-2-yl)imidazo[4,5-d]pyrrolo[2,3-b]
pyridin-1(6H)-yl)-1H-pyrazol-1-yl)propanenitrile (5b)

Synthesized using the procedure 1, 6 and 5 using 5-methyl
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furfural then 3-bromopropionitrile, and 0.1 g (22% for 3 steps) of 5b
was obtained as a yellow solid. mp 215e221 �C. 1HNMR(300 MHz,
DMSO‑d6): d ¼ 11.88 (s, 1H), 8.65 (s, 1H), 8.49 (s, 1H), 7.95 (s, 1H),
7.34 (t, J¼ 3.0 Hz,1H), 6.32 (d, J¼ 6.0 Hz,1H), 6.21 (t, J¼ 3.0 Hz,1H),
5.95 (t, J¼ 3.0 Hz, 1H), 4.61 (t, J¼ 6.0 Hz, 2H), 3.26 (t, J¼ 6.0 Hz, 2H)
2.36 (s, 3H) ppm; 13C NMR (75 MHz, DMSO‑d6) d 154.37, 145.63,
143.32, 142.66, 138.23, 135.85, 135.51, 134.01, 129.74, 124.61, 118.80,
118.74, 113.49, 108.52, 104.57, 96.45, 48.04, 19.19, 13.71 ppm; HRMS
(ESI): m/z [MþH]þ.Calcd for C19H16N7O 358.1411, found 358.1425.

4.1.22. 3-(4-(2-(3-Hydroxyphenyl)imidazo[4,5-d]pyrrolo[2,3-b]
pyridin-1(6H)-yl)-1H-pyrazol-1-yl)propanenitrile (5c)

Synthesized using the procedure 1, 6 and 5 using 3-
hydroxybenzaldehyde then 3-bromopropionitrile, and 0.2 g (16%
for 3 steps) of 5c was obtained as a gray solid. mp 247e250 �C.
1HNMR(300 MHz, DMSO‑d6): d ¼ 11.87 (s, 1H), 9.66 (s, 1H), 8.69 (s,
1H), 8.41 (s, 1H), 7.86 (s, 1H), 7.34 (t, J ¼ 3.0 Hz, 1H), 7.26 (t,
J ¼ 3.0 Hz, 1H), 7.19 (t, J ¼ 9.0 Hz, 1H), 7.07 (t, J ¼ 3.0 Hz, 1H),
6.87e6.83 (m, 1H), 6.00 (t, J ¼ 3.0 Hz, 1H), 4.56 (t, J ¼ 6.0 Hz, 2H),
3.21 (t, J ¼ 6.0 Hz, 2H) ppm; 13C NMR (75 MHz, DMSO‑d6) d 157.65,
150.93, 145.56, 138.25, 136.49, 135.68, 133.84, 131.18, 129.86, 129.55,
124.45, 119.89, 119.64, 118.73, 117.04, 116.29, 104.76, 96.65, 47.97,
19.17 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for C20H16N7O 370.1411,
found 370.1425.

4.1.23. 3-(4-(2-(5-Methylthiophen-2-yl)imidazo[4,5-d]pyrrolo[2,3-
b]pyridin-1(6H)-yl)-1H-pyrazol-1-yl)propanenitrile (5d)

Synthesized using the procedure 1, 6 and 5 using 5-
methylthiophene-2-carboxaldehyde then 3-bromopropionitrile,
and 0.1 g (17% for 3 steps) of 5dwas obtained as a light yellow solid.
mp 210e216 �C. 1HNMR(300MHz, DMSO‑d6): d¼ 11.86 (s, 1H), 8.64
(s, 1H), 8.52 (s, 1H), 7.98 (s, 1H), 7.33 (t, J ¼ 3.0 Hz, 1H), 7.03 (d,
J ¼ 3.0 Hz, 1H), 6.78 (d, J ¼ 3.0 Hz, 1H), 5.92 (t, J ¼ 3.0 Hz, 1H), 4.62
(d, J¼ 6.0 Hz, 2H), 3.27 (d, J¼ 6.0 Hz, 2H), 2.47 (s, 3H) ppm; 13C NMR
(75 MHz, DMSO‑d6) d 146.32, 145.59, 143.22, 138.52, 136.31, 135.24,
133.88, 130.18, 129.84, 128.52, 126.81, 124.60, 118.77, 118.67, 104.58,
96.35, 48.09, 19.26, 15.27 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for
C19H16N7S 374.1182, found 374.1195.

4.1.24. 3-(4-(2-(2-Chlorophenyl)imidazo[4,5-d]pyrrolo[2,3-b]
pyridin-1(6H)-yl)-1H-pyrazol-1-yl)propanenitrile (5e)

Synthesized using the procedure 1, 6 and 5 using 2-
chlorobenzaldehyde then 3-bromopropionitrile, and 0.1 g (21%
for 3 steps) of 5e was obtained as a light green solid. mp
186e191 �C. 1HNMR(300 MHz, DMSO‑d6): d ¼ 11.93 (s, 1H), 8.72 (s,
1H), 8.29 (s, 1H), 7.70 (d, J ¼ 9.0 Hz, 2H), 7.55 (t, J ¼ 3.0 Hz, 2H),
7.44e7.52 (m,1H), 7.39 (t, J¼ 3.0 Hz,1H), 6.16 (t, J¼ 3.0 Hz,1H), 4.46
(t, J ¼ 6.0 Hz, 2H) 3.12 (t, J ¼ 6.0 Hz, 2H) ppm; 13C NMR (75 MHz,
DMSO‑d6) d 149.44, 145.60, 137.55, 135.83, 134.93, 134.02, 133.74,
133.22, 132.17, 129.88, 129.80, 128.90, 127.47, 124.63, 118.62, 118.27,
104.56, 96.73, 47.82, 19.04 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for
C20-H15ClN7 388.1072, found 388.1102.

4.1.25. 3-(4-(2-(4-(Methylsulfonyl)phenyl)imidazo[4,5-d]pyrrolo
[2,3-b]pyridin-1(6H)-yl)-1H-pyrazol-1-yl)propanenitrile (5f)

Synthesized using the procedure 1, 6 and 5 using 4-
methylsulphonyl benzaldehyde then 3-bromopropionitrile, and
0.1 g (31% for 3 steps) of 5fwas obtained as a dark yellow solid. mp
198e203 �C. 1HNMR(300 MHz, DMSO‑d6): d ¼ 11.97 (s, 1H), 8.77 (s,
1H), 8.49 (s, 1H), 8.03e7.96 (m, 4H), 7.92 (s, 1H), 7.39 (t, J ¼ 3.0 Hz,
1H), 6.04 (d, J¼ 3.0 Hz, 1H), 4.59 (t, J¼ 7.5 Hz, 2H), 3.28 (s, 3H), 3.23
(t, J ¼ 7.5 Hz, 2H) ppm; 13C NMR (75 MHz, DMSO‑d6) d 149.14,
145.68,141.54,138.28,136.68,136.08,134.74,134.00, 129.95,129.86,
127.54, 124.72, 119.15, 118.75, 104.68, 96.79, 48.03, 43.79,
19.29 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for C21H18N7O2S
14
432.1237, found 432.1241.

4.1.26. 3-(4-(2-(Trifluoromethyl)imidazo[4,5-d]pyrrolo[2,3-b]
pyridin-1(6H)-yl)-1H-pyrazol-1-yl)propanenitrile (5g)

Synthesized using the procedure 1, 6 and 5 using tri-
fluoroacetaldehyde then 3-bromopropionitrile, and 0.2 g (33% for 3
steps) of 5g was obtained as a white solid. mp 218e222 �C.
1HNMR(300 MHz, DMSO‑d6): d ¼ 12.18 (s, 1H), 8.84 (s, 1H), 8.56 (s,
1H), 8.04 (s, 1H), 7.45 (t, J ¼ 3.0 Hz, 1H), 6.05 (d, J ¼ 3.0 Hz, 1H), 4.61
(t, J ¼ 6.0 Hz, 2H), 3.25 (t, J ¼ 6.0 Hz, 2H) ppm; 13C NMR (75 MHz,
DMSO‑d6) d 146.31, 139.10, 138.59, 138.09, 137.05, 136.31, 132.02,
129.84, 125.29, 120.89, 118.68, 117.30, 116.51, 104.31, 97.01, 48.05,
19.10 ppm; HRMS (ESI):m/z [MþH]þ.Calcd for C15H11F3N7 346.1023,
found 346.1049.

4.1.27. 3-(4-(2-(Thiophen-2-yl)imidazo[4,5-d]pyrrolo[2,3-b]
pyridin-1(6H)-yl)-1H-pyrazol-1-yl)propanenitrile (5h)

Synthesized using the procedure 1, 6 and 5 using 2-
thenaldehyde then 3-bromopropionitrile, and 0.2 g (22% for 3
steps) of 5h was obtained as a light yellow solid. mp 221e226 �C.
1HNMR(300 MHz, DMSO‑d6): d ¼ 11.94 (s, 1H), 8.69 (s, 1H), 8.57 (s,
1H), 8.04 (s, 1H), 7.74 (d, J ¼ 6.0 Hz, 1H), 7.37 (t, J ¼ 3.0 Hz, 1H), 7.22
(d, J¼ 3.0 Hz,1H), 7.10 (t, J¼ 4.5 Hz,1H), 5.96 (d, J¼ 3.0 Hz,1H), 4.65
(t, J ¼ 6.0 Hz, 2H), 3.30 (t, J ¼ 6.0 Hz, 2H) ppm; 13C NMR (75 MHz,
DMSO‑d6) d 146.22, 145.67, 138.58, 136.44, 135.42, 133.90, 132.46,
130.23, 129.51, 128.30, 124.67, 120.51, 118.75, 104.62, 96.43, 64.50,
48.12, 19.29 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for C18H14N7S
360.1026, found 360.1033.

4.1.28. 3-(4-(2-(Thiazol-2-yl)imidazo[4,5-d]pyrrolo[2,3-b]pyridin-
1(6H)-yl)-1H-pyrazol-1-yl)propanenitrile (5i)

Synthesized using the procedure 1, 6 and 5 using 2-
thiazolecarboxaldehyde then 3-bromopropionitrile, and 0.2 g
(31% for 3 steps) of 5i was obtained as a yellow solid. mp
247e250 �C. 1HNMR(300 MHz, DMSO‑d6): d ¼ 12.04 (s, 1H), 8.76 (s,
1H), 8.44 (s, 1H), 7.95e7.91 (m, 3H), 7.38 (t, J ¼ 3.0 Hz, 1H), 6.04 (t,
J ¼ 3.0 Hz, 1H), 4.59 (t, J ¼ 6.0 Hz, 2H), 3.25 (t, J ¼ 6.0 Hz, 2H) ppm;
13C NMR (75 MHz, DMSO‑d6) d 157.89, 145.93, 144.50, 138.49,
136.63, 136.15, 135.26, 133.75, 132.31, 129.71, 124.78, 123.35, 120.51,
118.88, 114.62, 104.62, 97.09, 70.39, 64.50, 61.55, 52.70, 49.75, 47.93,
19.20 ppm; HRMS (ESI):m/z [MþH]þ.Calcd for C17H13N8S 361.0978,
found 361.2340.

4.1.29. 3-(4-(2-(Thiazol-5-yl)imidazo[4,5-d]pyrrolo[2,3-b]pyridin-
1(6H)-yl)-1H-pyrazol-1-yl)propanenitrile (5j)

Synthesized using the procedure 1, 6 and 5 using thiazole-5-
carboxaldehyde then 3-bromopropionitrile, and 0.2 g (19% for 3
steps) of 5j was obtained as a dark yellow solid. mp 227e231 �C.
1HNMR(300 MHz, DMSO‑d6): d ¼ 11.98 (s, 1H), 9.20 (s, 1H), 8.70 (s,
1H), 8.56 (s, 1H), 8.01 (d, J ¼ 6.0 Hz, 2H), 7.37 (t, J ¼ 3.0 Hz, 1H), 5.97
(d, J ¼ 3.0 Hz, 1H), 4.64 (t, J ¼ 6.0 Hz, 2H), 3.27 (t, J ¼ 6.0 Hz, 2H)
ppm; 13C NMR (75 MHz, DMSO‑d6) d 156.69, 145.70, 144.30, 143.13,
138.53, 136.36, 135.59, 134.08, 130.36, 128.12, 124.81, 118.82, 118.08,
104.55, 96.50, 48.18, 19.26 ppm; HRMS (ESI):m/z [MþH]þ.Calcd for
C17H13N8S 361.0978, found 361.2341.

4.1.30. 3-(4-(Imidazo[4,5-d]pyrrolo[2,3-b]pyridin-1(6H)-yl)-1H-
pyrazol-1-yl)propanenitrile (5k)

Synthesized using the procedure 2, 6 and 5 using 3-
bromopropionitrile, and 0.1 g (15% for 3 steps) of 5k was ob-
tained as a light white solid. mp 258e262 �C. 1HNMR(300 MHz,
DMSO‑d6): d ¼ 11.94 (s, 1H), 8.68 (s, 1H), 8.51 (s, 1H), 8.32 (s, 1H),
8.04 (s, 1H), 7.42 (t, J ¼ 3.0 Hz, 1H), 6.36 (t, J ¼ 4.5 Hz, 1H), 4.58 (t,
J ¼ 6.0 Hz, 2H), 3.23 (t, J ¼ 6.0 Hz, 2H) ppm; 13C NMR (75 MHz,
DMSO‑d6) d 157.67, 150.90, 145.57, 138.27, 136.51, 135.69, 133.84,
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131.18, 129.89, 129.57, 124.49, 119.93, 119.65, 118.74, 117.08, 116.31,
104.78, 96.67, 47.98, 19.18 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for
C14H12N7 278.1149, found 278.1955.

4.1.31. 4-(4-(Imidazo[4,5-d]pyrrolo[2,3-b]pyridin-1(6H)-yl)-1H-
pyrazol-1-yl)butanenitrile (6k)

Synthesized using the procedure 2, 6 and 5 using 4-
bromobutyronitrile, and 0.1 g (31% for 3 steps) of 6k was ob-
tained as a white solid. mp 197e200 �C. 1HNMR(300 MHz,
DMSO‑d6): d ¼ 11.91 (s, 1H), 8.67 (s, 1H), 8.44 (s, 1H), 8.28 (s, 1H),
7.98 (s, 1H), 7.42 (t, J ¼ 3.0 Hz, 1H), 6.31 (d, J ¼ 3.0 Hz, 1H), 4.37 (t,
J ¼ 7.5 Hz, 2H), 2.62 (t, J ¼ 7.5 Hz, 2H), 2.27e2.18 (m, 2H) ppm; 13C
NMR (75 MHz, DMSO‑d6) d 145.58, 142.92, 136.06, 135.56, 135.11,
133.05, 127.12, 124.43, 120.47, 119.25, 104.45, 96.98, 51.09, 26.24,
14.35 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for C15H14N7 292.1305,
found 292.1314.

4.1.32. 5-(4-(Imidazo[4,5-d]pyrrolo[2,3-b]pyridin-1(6H)-yl)-1H-
pyrazol-1-yl)pentanenitrile (7k)

Synthesized using the procedure 2, 6 and 5 using 5-
bromovaleronitrile, and 0.1 g (13% for 3 steps) of 7k was obtained
as a gray solid. mp 203e207 �C. 1HNMR(300 MHz, DMSO‑d6):
d ¼ 11.91 (s, 1H), 8.68 (s, 1H), 8.43 (s, 1H), 8.31 (s, 1H), 7.97 (s, 1H),
7.42 (t, J¼ 3.0 Hz,1H), 6.26 (d, J¼ 3.0 Hz,1H), 4.33 (t, J¼ 7.5 Hz, 2H),
2.63 (t, J ¼ 7.5 Hz, 2H), 2.05e1.95 (m, 2H), 1.68e1.58 (m, 2H) ppm;
13C NMR (75 MHz, DMSO‑d6) d 145.55, 142.94, 136.06, 135.40,
135.09, 133.14, 127.01, 124.42, 120.98, 118.98, 104.45, 96.80, 51.50,
29.32, 22.51, 16.21 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for
C16H16N7 306.1462, found 306.1468.

4.1.33. 1-(1-(4,4,4-Trifluorobutyl)-1H-pyrazol-4-yl)-1,6-
dihydroimidazo[4,5-d]pyrrolo[2,3-b]pyridine (8k)

Synthesized using the procedure 2, 6 and 5 using 1-bromo-
4,4,4-trifluorobutane, and 0.1 g (16% for 3 steps) of 8kwas obtained
as a light yellow solid. mp 176e179 �C. 1HNMR(300 MHz,
DMSO‑d6): d ¼ 11.96 (s, 1H), 8.68 (s, 1H), 8.46 (s, 1H), 8.32 (s, 1H),
7.99 (s, 1H), 7.43 (t, J ¼ 3.0 Hz, 1H), 6.26 (t, J ¼ 3.0 Hz, 1H), 4.38 (t,
J¼ 6.0 Hz, 2H), 2.44e2.30 (m, 2H), 2.19e2.10 (m, 2H) ppm; 13C NMR
(75 MHz, DMSO‑d6) d 145.67, 143.09, 136.17, 135.75, 135.23, 133.22,
132.31, 129.89, 127.30, 124.56, 123.46, 120.51, 119.24, 114.62, 107.14,
104.55, 96.86, 70.39, 64.50, 61.55, 52.70, 51.09, 49.75, 30.50,
23.26 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for C15H14F3N6
335.1227, found 335.2531.

4.1.34. 4-(4-(2-(5-Methylfuran-2-yl)imidazo[4,5-d]pyrrolo[2,3-b]
pyridin-1(6H)-yl)-1H-pyrazol-1-yl)butanenitrile (6b)

Synthesized using the procedure 1, 6 and 5 using 5-methyl
furfural then 4-bromobutyronitrile, and 0.2 g (21% for 3 steps) of
6b was obtained as a white solid. mp 201e206 �C.
1HNMR(300 MHz, DMSO‑d6): d ¼ 11.93 (s, 1H), 8.66 (s, 1H), 8.44 (s,
1H), 7.93 (s, 1H), 7.38 (s, 1H), 6.35 (d, J ¼ 6.0 Hz, 1H), 6.26 (d,
J¼ 3.0 Hz,1H), 5.88 (s, 1H), 4.41 (t, J¼ 6.0 Hz, 2H), 2.64 (t, J¼ 6.0 Hz,
2H), 2.31 (s, 3H), 2.28e2.22 (m, 2H) ppm; 13C NMR (75 MHz,
DMSO‑d6) d 154.23, 145.67, 143.30, 142.83, 137.64, 135.86, 135.58,
134.07, 129.42, 124.66, 120.37, 118.74, 113.43, 108.56, 104.59, 96.30,
51.14, 26.31, 14.29, 13.73 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for
C20H18N7O 372.1567, found 372.2493.

4.1.35. 4-(4-(2-(2-Aminothiazol-5-yl)imidazo[4,5-d]pyrrolo[2,3-b]
pyridin-1(6H)-yl)-1H-pyrazol-1-yl)butanenitrile (7b)

Synthesized using the procedure 1, 6 and 5 using 2-
aminothiazole-5-carboxaldehyde then 4-bromobutyronitrile, and
0.2 g (19% for 3 steps) of 7bwas obtained as a dark brown solid. mp
219e225 �C. 1HNMR(300 MHz, DMSO‑d6): d ¼ 11.84 (s, 1H), 8.58 (s,
1H), 8.45 (s, 1H), 7.96 (s, 1H), 7.53 (s, 1H), 7.34 (s, 1H), 7.00 (s, 1H),
15
5.81 (s, 1H), 4.41 (s, 2H), 2.63 (d, J ¼ 9.0 Hz, 2H), 2.26 (t, J ¼ 6.0 Hz,
2H) ppm; 13C NMR (75 MHz, DMSO‑d6) d 170.74, 145.80, 145.53,
140.56, 137.94, 136.13, 134.81, 134.12, 129.80, 124.62, 120.35, 118.56,
114.53, 104.51, 96.01, 51.18, 26.33, 14.28 ppm; HRMS (ESI): m/z
[MþH]þ.Calcd for C18H16N9S 390.1244, found 390.2187.
4.1.36. 4-(4-(2-(5-Methylthiophen-2-yl)imidazo[4,5-d]pyrrolo[2,3-
b]pyridin-1(6H)-yl)-1H-pyrazol-1-yl)butanenitrile (6d)

Synthesized using the procedure 1, 6 and 5 using 5-
methylthiophene-2-carboxaldehyde then 4-bromobutyronitrile,
and 0.2 g (24% for 3 steps) of 6d was obtained as a yellow solid. mp
221e227 �C. 1HNMR(300 MHz, DMSO‑d6): d ¼ 11.90 (s, 1H), 8.65 (s,
1H), 8.46 (s, 1H), 7.96 (s, 1H), 7.36 (t, J ¼ 3.0 Hz, 1H), 7.06 (d,
J¼ 6.0 Hz, 1H), 6.82 (t, J¼ 3.0 Hz, 1H), 5.84 (t, J¼ 3.0 Hz, 1H), 4.41 (t,
J ¼ 7.5 Hz, 2H), 2.63 (t, J ¼ 7.5 Hz, 2H), 2.48 (s, 3H), 2.31e2.21 (m,
2H) ppm; 13C NMR (75 MHz, DMSO‑d6) d 146.34, 145.62, 143.14,
137.98, 136.33, 135.31, 133.93, 129.70, 128.60, 126.77, 124.66, 120.34,
118.66, 104.62, 96.17, 60.22, 51.20, 26.34, 21.19, 15.26, 14.52,
14.26 ppm; HRMS (ESI):m/z [MþH]þ.Calcd for C20H18N7S 388.1339,
found 388.2289.
4.1.37. 2-(5-Methylthiophen-2-yl)-1-(1-(4,4,4-trifluorobutyl)-1H-
pyrazol-4-yl)-1,6-dihydroimidazo[4,5-d]pyrrolo[2,3-b]pyridine (7d)

Synthesized using the procedure 1, 6 and 5 using 5-
methylthiophene-2-carboxaldehyde then 1-bromo-4,4,4-
trifluorobutane, and 0.2 g (26% for 3 steps) of 7d was obtained as
a yellow solid. mp 199e206 �C. 1HNMR(300 MHz, DMSO‑d6):
d ¼ 11.90 (s, 1H), 8.64 (s, 1H), 8.45 (s, 1H), 7.96 (s, 1H), 7.35 (t,
J ¼ 3.0 Hz, 1H), 7.09 (d, J ¼ 3.0 Hz, 1H), 6.81 (d, J ¼ 3.0 Hz, 1H), 5.80
(d, J¼ 3.0 Hz, 1H), 4.42 (t, J¼ 7.5 Hz, 2H), 2.46 (s, 3H), 2.40e2.27 (m,
2H), 2.20e2.10 (m, 2H) ppm; 13C NMR (75MHz, DMSO‑d6) d 146.36,
145.60,143.16,138.06,136.32,135.33,133.94,129.95,129.78,128.59,
126.63, 126.04, 124.62, 118.55, 104.60, 95.97, 51.10, 30.57, 30.19,
23.29, 15.17 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for C20H18F3N6S
431.1260, found 431.2250.
4.1.38. 5-(4-(2-(5-Methylthiophen-2-yl)imidazo[4,5-d]pyrrolo[2,3-
b]pyridin-1(6H)-yl)-1H-pyrazol-1-yl)pentanenitrile (8d)

Synthesized using the procedure 1, 6 and 5 using 5-
methylthiophene-2-carboxaldehyde then 5-bromovaleronitrile,
and 0.2 g (31% for 3 steps) of 8d was obtained as a yellow solid. mp
208e214 �C. 1HNMR(300 MHz, DMSO‑d6): d ¼ 11.91 (s, 1H), 8.64 (s,
1H), 8.43 (s, 1H), 7.94 (s, 1H), 7.35 (t, J ¼ 3.0 Hz, 1H), 7.05 (d,
J ¼ 6.0 Hz, 1H), 6.83 (d, J ¼ 3.0 Hz, 1H), 5.81 (d, J ¼ 3.0 Hz, 1H), 4.37
(t, J ¼ 6.0 Hz, 2H), 2.65 (t, J ¼ 7.5 Hz, 2H), 2.48 (s, 3H), 2.06e1.97 (m,
2H), 1.68e1.59 (m, 2H) ppm; 13C NMR (75 MHz, DMSO‑d6) d 146.36,
145.60, 143.21, 137.81, 136.38, 135.32, 133.93, 129.88, 129.78, 128.50,
126.76, 124.70, 120.98, 118.37, 104.62, 96.05, 51.65, 29.42, 22.52,
16.21, 15.32 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for C21H20N7S
402.1495, found 402.2456.
4.1.39. 4-(4-(2-Methylimidazo[4,5-d]pyrrolo[2,3-b]pyridin-1(6H)-
yl)-1H-pyrazol-1-yl)butanenitrile (9a)

Synthesized using the procedure 1, 6 and 5 using acetaldehyde
then 4-bromobutyronitrile, and 0.2 g (18% for 3 steps) of 9a was
obtained as a white solid. mp 197e203 �C. 1HNMR(300 MHz,
DMSO‑d6): d ¼ 11.81 (s, 1H), 8.54 (s, 1H), 8.40 (s, 1H), 7.93 (s, 1H),
7.35 (t, J¼ 3.0 Hz, 1H), 6.02 (t, J¼ 3.0 Hz, 1H), 4.38 (t, J¼ 7.5 Hz, 2H),
2.62 (t, J¼ 7.5 Hz, 2H), 2.51 (s, 3H), 2.28e2.19 (m, 2H) ppm; 13C NMR
(75 MHz, DMSO‑d6) d 150.67, 145.39, 136.87, 134.86, 133.71, 128.49,
124.30, 120.37, 118.49, 104.50, 96.15, 51.14, 26.18, 14.33, 14.09 ppm;
HRMS (ESI): m/z [MþH]þ.Calcd for C16H16N7 306.1462, found
306.1478.
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4.1.40. 4-(4-(2-Cyclopropylimidazo[4,5-d]pyrrolo[2,3-b]pyridin-
1(6H)-yl)-1H-pyrazol-1-yl)butanenitrile (9b)

Synthesized using the procedure 1, 6 and 5 using cyclo-
propanecarboxaldehyde then 4-bromobutyronitrile, and 0.2 g (34%
for 3 steps) of 9b was obtained as a white solid. mp 205e209 �C.
1HNMR(300 MHz, DMSO‑d6): d ¼ 11.71 (s, 1H), 8.43 (s, 1H), 8.37 (s,
1H), 7.88 (s, 1H), 7.28 (d, J¼ 3.0 Hz, 1H), 5.94 (d, J¼ 3.0 Hz, 1H), 4.32
(t, J ¼ 6.0 Hz, 2H), 2.55 (t, J ¼ 7.5 Hz, 2H), 2.22e2.13 (m, 2H),
1.98e1.91 (m, 1H), 1.03e0.98 (m, 4H) ppm; 13C NMR (75 MHz,
DMSO‑d6) d 155.63, 145.32, 137.16, 135.03, 134.77, 133.48, 128.80,
124.31, 120.38, 118.20, 104.46, 96.15, 51.15, 26.21, 14.34, 9.27,
7.85 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for C18H18N7 332.1618,
found 332.1610.

4.1.41. 4-(4-(2-Cyclobutylimidazo[4,5-d]pyrrolo[2,3-b]pyridin-
1(6H)-yl)-1H-pyrazol-1-yl)butanenitrile (9c)

Synthesized using the procedure 1, 6 and 5 using cyclo-
butanecarboxaldehyde then 4-bromobutyronitrile, and 0.2 g (27%
for 3 steps) of 9c was obtained as a light yellow solid. mp
211e217 �C. 1HNMR(300 MHz, DMSO‑d6): d ¼ 11.80 (s, 1H), 8.60 (s,
1H), 8.33 (s, 1H), 7.85 (s, 1H), 7.33 (t, J ¼ 3.0 Hz, 1H), 5.95 (t,
J¼ 3.0 Hz,1H), 4.37 (t, J¼ 6.0 Hz, 2H), 3.75e3.64 (m,1H), 2.63e2.53
(m, 2H), 2.52e2.43 (m, 2H), 2.27e2.18 (m, 4H), 2.06e1.83 (m, 2H)
ppm; 13C NMR (75 MHz, DMSO‑d6) d 156.70, 145.42, 137.05, 135.20,
133.71, 128.65, 124.28, 120.35, 118.20, 104.57, 96.18, 51.12, 32.02,
27.56, 26.24, 18.45, 14.32 ppm; HRMS (ESI): m/z [MþH]þ.Calcd for
C19H20N7 346.1775, found 346.1805.

4.1.42. 4-(4-(2-Cyclopentylimidazo[4,5-d]pyrrolo[2,3-b]pyridin-
1(6H)-yl)-1H-pyrazol-1-yl)butanenitrile (9d)

Synthesized using the procedure 1, 6 and 5 using cyclo-
pentanecarbaldehyde then 4-bromobutyronitrile, and 0.2 g (29%
for 3 steps) of 9d was obtained as a light yellow solid. mp
227e232 �C. 1HNMR(300 MHz, DMSO‑d6): d ¼ 11.81 (s, 1H), 8.56 (s,
1H), 8.41 (s, 1H), 7.90 (s, 1H), 7.32 (s, 1H), 5.89 (s, 1H), 4.38 (t,
J ¼ 6.0 Hz, 2H), 3.31e3.18 (m, 1H), 2.62 (t, J ¼ 6.0 Hz, 2H), 2.26 (t,
J¼ 6.0 Hz, 2H), 1.94 (t, J¼ 6.0 Hz, 4H), 1.78 (s, 2H), 1.62 (d, J¼ 6.0 Hz,
2H) ppm; 13C NMR (75 MHz, DMSO‑d6) d 157.87, 145.32, 137.40,
135.34, 135.02, 133.49, 129.04, 124.28, 120.36, 118.30, 104.55, 96.03,
51.11, 36.62, 32.29, 26.20, 25.81, 14.28 ppm; HRMS (ESI): m/z
[MþH]þ.Calcd for C20H22N7 360.1931, found 360.1935.

4.2. Biologic assays

4.2.1. Enzyme assay
Recombinant kinases of human JAK enzymes were purchased

from Carna Biosciences Inc. (JAK1: 08e144; JAK2: 08e045; JAK3:
08e046; TYK2: 08e147), and Kinase substrate22, 30 and Kinase
JAK1 peptide were from GL Inc. (Kinase substrate22: 112393; Ki-
nase substrate30: 117885; Kinase JAK1 peptide: 758318). The
250 nL samples of test compounds and controls solubilized in 100%
DMSO were added to a 384-well polypropylene plate using a
noncontact acoustic dispenser. Kinase assays were carried out at
room temperature in a 15 mL reaction buffer containing 20 mM
HEPES, pH 7.4,1 mMATP,10mMmagnesium chloride, 0.01% bovine
serum albumin (BSA), 0.0005% Tween 20, and 1 mM DTT. The as-
says were initiated by the addition of enzyme. The assays were
stopped with 30 mL of a buffer containing 180 mM HEPES, pH 7.4,
20 mM EDTA, 0.2% Coating Reagent, resulting in a final concen-
tration of 10 mM EDTA, 0.1% Coating Reagent, and 100 mM HEPES,
pH 7.4. The conversion% were read by Caliper EZ Reader.

4.2.2. Cellular assays
The activities of compounds were determined in cell-based as-

says that are designed to measure JAK-dependent STAT
16
phosphorylation. TF-1 cells are cultured in RPMI 1640 þ 10%
FBSþ2 ng/mL Recombinant Human Protein GM-CSF medium. Cells
are maintained in log phase before the assay. Compounds were
serially diluted in DMSO and incubated for 2 h at 37 �C with TF-
1 cells in 384-well microtiter plates in RPMI-1640 at a final cell
density of 40,000 cells per well. freshly prepared GM-CSF (final
conc. 100 ng/ml) were then added at the final concentrations
indicated to the microtiter plates containing the TF-1 cells and
compounds and the plates were incubated for 10 min at 37 �C. Cells
are lysed by adding 4 ml lysis buffer and shaking for 30 min at room
temperature. Add 4 mL/well of premixed antibody solutions pre-
pared in the detection buffer. Cover the plate with a plate sealer.
Incubate overnight at room temperature. Read plate (HTRF proto-
col) on Envision (plate reader). THP-1 cells are cultured in RPMI
1640 þ 10% FBSþ0.05 mM 2-mercaptoethanol medium. Cells are
maintained in log phase before the assay. Cell pellets are collected
and re-suspended in serum free and phenol free RPMI1640 me-
dium. 40,000 cells/well (10 ml) are seeded in each well of 384-well
plate. Compounds were serially diluted in DMSO and incubated for
2 h at 37 �C with THP-1 cells. Stimulate cells with freshly prepared
IL-4 (final conc. 200 ng/ml), incubate for 10 min at 37 �C. Cells are
lysed by adding 4 ml lysis buffer and shaking for 30 min at room
temperature. Add 4 mL/well of premixed antibody solutions pre-
pared in the detection buffer. Cover the plate with a plate sealer.
Incubate overnight at room temperature. Read plate (HTRF proto-
col) on Envision (plate reader).

4.2.3. Microsomal metabolism
The liver is the main organ of drug metabolism in the body.

Subcellular fractions such as liver microsomes are useful in vitro
models of hepatic clearance as they contain many of the drug
metabolising enzymes found in the liver. Microsomes are easy to
prepare and can be stored for long periods of time. They are easily
adaptable to high throughput screens which enable large numbers
of compounds to be screened rapidly and inexpensively. The
metabolic stability is conducted in microsomes at time-gradient (5,
10, 20, 30, 60, 120 min). Microsomes (0.8 mg/mL) are incubated
with the test compounds (1 mM) at 37 �C in the presence of the co-
factor, NADPH, which initiates the reaction. After the incubation
period, the reaction is terminated by the addition of Acetonitrile.
Following centrifugation, the amount of parent compound in the
supernatant is quantified by HPLC-MS/MS. The percentage of
metabolism is calculated by comparing the peak area of the parent
compound versus zero time point control.

4.2.4. JAK2-STAT pathway assay
TF-1 cells were cultured in RPMI-1640 with 10% FBS þ 2 ng/ml

GM-CSF and incubated at 37 �C in a 5% CO2 incubator. TF-1 cells
were plated at density of 6 � 106 cells/well in a 6-well plate. After
24 h cultivation, the cells were treated with different concentra-
tions of compounds and further cultured for 3 h. Then, cells were
collected and lysed. Proteins were resolved by SDS-polyacrylamide
gel electrophoresis, transferred to a PVDF membrane. Membrane
was blocked in 5% non-fat dried milk in Tris-buffered saline (pH7.4)
containing 0.1% Tween 20 (TBST) for 0.5 h and subsequently incu-
bated with primary antibodies diluted in TBST at 4 �C overnight.
Membranes were then probed with horseradish Peroxidase-
conjugated secondary antibodies and developed using enhanced
chemiluminescence (ECL) reagent. Band intensities were measured
using ImageJ software program. The antibodies used in these ex-
periments are pSTAT5 (Y694), b-actin antibodies.

4.2.5. Pharmacokinetic in rats
The pharmacokinetics of test compounds were evaluated

following intravenous injection (IV) or oral administration (PO) of
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solution at doses of 1e20 mg/kg in Lewis rats. Compounds were
dissolved in 70/20/10 Normal Saline/PEG400/DMSO. Blood samples
for IV or PO dose groups were collected prior to administration
(Predose) and at 0.03, 0.08, 0.17, 0.33, 0.5, 1, 2, 4, 6, 8, 12 and 24 h
post dose. The vehicle used for IV and PO dose groups was a
combination of PEG400 with citrate buffer (pH5.0) or PEG400 with
DMSO/Normal Saline. Plasma concentrations were quantitated
using a non-validated LC/MS/MS method. PK parameters were
determined by non-compartmental methods using WinNonlin
(version 8.0).

4.2.6. Pharmacodynamics in mice
C57 mice were orally administered Normal Saline, or ascending

doses (10e50 mg/kg) of compound 6k formulated in DMSO/
PEG400/Normal Saline ¼ 10:20:70 in 200 mL volume at t ¼ 0.
30 min later, mice were stimulated intraperitoneally with 1 mg re-
combinant mouse GM-CSF in 10 mL saline. 30 min after GM-CSF
administration, animals were sacrificed and snap frozen spleen
samples were collected for analysis of concentrations of pSTAT3
and pSTAT5, respectively. Spleen homogenates were thawed on ice,
and their total protein concentration was measured by the ELISA
method (Jianglai Biological Technology Co. LTD; JL13517, JL50768)
per the manufacturer’s protocol.
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