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Figure 1. Structures of tofacitinib (1a) and ruxolitinib (1b).
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Using a structure based design approach we have identified a series of indazole substituted pyrrolopyr-
azines, which are potent inhibitors of JAK3. Intramolecular electronic repulsion was used as a strategy to
induce a strong conformational bias within the ligand. Compounds bearing this conformation partici-
pated in a favorable hydrophobic interaction with a cysteine residue in the JAK3 binding pocket, which
imparted high selectivity versus the kinome and improved selectivity within the JAK family.

� 2013 Published by Elsevier Ltd.
Janus kinase 3 (JAK3) is a critical component in the pathway of
all cytokines that use the common c chain receptor for signal
transduction and its deficiency has been associated with the severe
combined immunodeficiency (SCID) phenotype.1–3 JAK3 is known
to operate in concert with JAK1 in order to facilitate phosphoryla-
tion of signal transducers and activators of transcription proteins
(STATs) and propagate cellular signaling.4,5 Recent clinical trial
data for the JAK inhibitors tofacitinib (Fig. 1, 1a) and ruxolitinib
(1b) have offered compelling proof of concept for JAK inhibition
for multiple inflammatory indications including rheumatoid
arthritis (RA)6–10 and psoriasis,9,11 but also revealed side effects
that could be attributable to inhibition of JAK2 and/or JAK1.7,8

While JAK2 and JAK1 are widely expressed, JAK3 is found predom-
inantly in cells of hematopoietic origin.1 Therefore selective inhibi-
tion of JAK3 may effectively suppress inflammatory signal
transduction while avoiding potential side effects.

Since the JAK family of protein kinases have been clinically val-
idated as therapeutic targets, a tremendous amount of research has
been focused on identification of inhibitors derived from novel
chemotypes.12,13 As biological exploration of these molecules has
progressed, a certain level of disagreement has emerged in the lit-
erature as to consequences of selective JAK3 inhibition.14 While
one study has concluded that JAK1 inhibition is not required for
efficacy in mouse models of inflammatory disease, another group
has questioned whether selective inhibition of JAK3 over JAK1 will
effectively modulate immunologically relevant pathways.15–17 Re-
sults from our in-house JAK inhibitor program, which targeted
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Table 1
Enzyme potency, selectivity and solubility data for tofacitinib, ruxolitinib and preliminary pyrrolopyrazine front pocket groups22
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Compound R1 IC50
a (nM) Selectivity LYSAb (lg/mL)

JAK3 JAK2 JAK1 JAK2/JAK3 JAK1/JAK3

1a N/A 2.2 ± 0.6 4.0 ± 0.7 1.6 ± 0.1 2 1 461
1b N/A 10.7 ± 2.2 <0.3 0.8 ± 0.2 <1 <1 ND

2a 0.3 ± 0.1 0.8 ± 0.2 3.2 ± 1.1 3 11 33

2b 8.2 ± 1.1 37 ± 5 47 ± 16 5 6 277

3 0.4 ± 0.02 0.8 ± 0.03 7.4 ± 0.2 2 18 ND

4 5.2 ± 1.4 18 ± 4 23 ± 4 3 4 366

5 0.8 ± 0.1 3.3 ± 0.6 1.0 ± 0.2 4 1 <1

a Mean ± SEM (standard error of the mean), n P 3 except for 3 (n = 2).
b LYSA = lyophilized solubility assay, ND = not determined.
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inflammatory indications, suggested that compounds with im-
proved selectivity for JAK3 over JAK1 can inhibit IL-2 signaling
(which is dependent on JAK3 and JAK1) with similar potencies as
less selective analogs.18

Our JAK inhibitor program relied upon a structure based ap-
proach centered around a pyrrolopyrazine hinge binding motif in
which strategic substitutions at the 3-position were found to im-
pact the observed selectivity. This exercise culminated in the iden-
tification of potent JAK family inhibitors such as the
Figure 2. Superimposed crystal structures of Jak3 (carbon atoms and cartoon colored in
code 3JY9).20 Oxygen atoms are colored in red, nitrogen atoms in blue and sulfur atoms a
visualizations were captured with MOE.21
pyrrolopyrazine bisamides 2 (Table 1) which possessed good to
moderate selectivity for JAK3.18 Ligands of this type were found
to impart a degree of selectivity by exploiting the unique vectors
found in the bisamide sidechain to satisfy size-sensitive hydropho-
bic interactions in the upper and lower portions of the JAK binding
pocket.

In thinking about how to further increase both the JAK family
and overall pan-kinase selectivity within this promising scaffold
we decided to focus on specifically targeting position 909/936,
green, PDB Code 1YVJ)19 and Jak2 (carbon atoms and cartoon colored in orange, PDB
re colored in yellow. Residue labeling corresponds to Jak2 and Jak3, respectively. All
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Figure 3. Prevalence of aligned amino acid residues at position 909/936 across the
kinome (490 kinases). Red denotes polar, hydrophilic residues; blue denotes
hydrophobic residues.
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Figure 4. Conformational preferences of 5 and 6a.
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one of the two adenosine triphosphate (ATP)-binding site residues
which are not conserved among JAK1, JAK2, and JAK3 (Fig. 2).
While JAK3 has a cysteine in position 909, both JAK1 and JAK2 pos-
sess a more polar serine moiety at the corresponding position 936.
We hypothesized that introduction of a hydrophobic substituent in
this region of the binding pocket would create a favorable interac-
tion with Cys909 but would negatively interact with Ser936 thus
increasing our JAK family selectivity. Looking across the kinome,
position 909/936 is typically occupied by polar residues such as
aspartate, glutamate, and serine (Fig. 3). With the exception of ser-
ine, most amino acids occupying this location are more bulky than
cysteine. Therefore, the combination of hydrophobic and steric
interactions at this position might offer improvement in pan-ki-
nase selectivity as well.

Our lead molecule 2a possessed a small cyclopropyl group in
the front portion of the binding pocket most close in proximity
to Cys909. Our previous experience told us that analogs containing
flat, aryl groups in this region such as 3 were very potent JAK3
inhibitors, but poor physicochemical properties coupled with ob-
served JAK2 promiscuity rendered them unattractive. In an effort
to identify more drug-like molecules with defined vectors for
growth we became interested in small, polar heterocycles. For in-
stance, pyrazole 4 maintained modest JAK family selectivity and
offered a potential vector from N1 for interaction with cysteine.
We also explored biaryl systems such as indole 5 which, although
potent, did not provide the desired levels of selectivity (Table 1).

According to our molecular modeling, these compounds—in
particular 5—showed compelling potential to interact with
Cys909. As a possible explanation for the observed lack of selectiv-
ity, we reasoned that free rotation around the front pocket
aryl–aryl bond of conformer 5-A could result in an equally potent
conformer 5-B (Fig. 4). This latter conformer would orient the
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Figure 5. Rotational scan of heteroaryl-linked pyrazines. Energies are calculated at the B3
between the pyrazine nitrogen and the indole/indazole 2-position. All atoms were relax
indole away from Cys909 and toward solvent where it could be
accommodated equally well by all members of the JAK family.

One strategy for limiting this undesired rotation was to intro-
duce a conformational constraint within the scaffold. Conforma-
tional constraint is a well-known medicinal chemistry strategy
for preorganization of a flexible ligand into a biologically active
conformation.23 Although the constraint typically takes the form
of a rigid linker, we hoped to use a strong electronic repulsion to
accomplish a similar task. For instance, the N–N lone pair repulsion
present in the indazole analog 6a of indole 5 was predicted compu-
tationally to bias the molecule toward the desired conformation A
(Fig. 4). A rotational scan of a simplified pyrazine–indazole linkage
displayed a strong preference (4.7 kcal/mol) for conformer A in
which the nitrogen lone pairs have adopted an anti-orientation
(Fig. 5). When subjected to the same rotational scan, a simplified
pyrazine–indole linkage showed no preference between conforma-
tions A and B.

We prepared indazole 6a and were gratified that this compound
showed good potency and a much improved JAK family selectivity
profile. To probe this scaffold further, analogs bearing a variety of
substitution patterns on the indazole were subsequently prepared
(Table 2). The 6-Cl (6a) clearly showed better selectivity than the
5-Cl analog (6b) or the unsubstituted indazole (6c). Polar, planar
substituents at C6 showed reasonable potency and selectivity as
evidenced by compounds 6d–f. On the other hand, substitutions
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LYP/6-31+G(d,p) level with Jaguar.24 The torsion (/) is defined as the dihedral angle
ed and energy minimized freely with only / fixed at each sampled angle.



Table 2
Enzyme potency, selectivity and solubility data for substituted indazoles22

N N

HN

O

N
H

R1

O

N
N

N

CN

R2

Compound R1 R2 IC50
a (nM) Selectivity LYSAb (lg/mL)

JAK3 JAK2 JAK1 JAK2/JAK3 JAK1/JAK3

6a 6-Cl 1.1 ± 0.2 22 ± 0.2 31 ± 0.4 20 28 <1

6b 5-Cl 3.0 ± 0.1 28 ± 2 61 ± 3 9 20 ND

6c H 2.9 ± 1.4 20 ± 3 22 ± 3 7 8 ND

6d 6-F 0.6 ± 0.3 12 ± 1 17 ± 1 20 28 <1

6e 6-CN 2.3 ± 1.3 38 ± 20 51 ± 41 17 22 <1

6f 6-OMe 1.8 ± 0.5 16 ± 3 38 ± 4 9 21 <1

6g 6-Cyclo-Pr 3.1 ± 0.3 15 ± 4 10 ± 2 5 3 ND

6h 6-t-Bu 10 ± 0.7 13 ± 1.6 12 ± 0.6 1 1 ND

6i 4-F,6-Cl 1.8 ± 0.3 56 ± 3 64 ± 2 31 36 <1

6j 6-Cl <0.4 4.2 ± 0.6 4.6 ± 0.1 >11 >12 <1

6k 6-Cl 0.3 ± 0.06 1.1 ± 0.1 0.8 ± 0.1 4 3 ND

6l 6-Cl 0.8 ± 0.1 1.3 ± 0.1 5.5 ± 0.6 2 7 ND

a Mean ± SEM (standard error of the mean), n P 3 except for 6b (n = 2).
b LYSA = lyophilized solubility assay, ND = not determined.

Figure 6. Crystal structure of 6d (PDB accession number 3ZC6) in complex with Jak3 at 2.4 Å resolution.26 Carbon atoms of the protein are colored in pink and ligand carbon
atoms colored in gold. Nitrogen atoms are colored in blue, fluorine atoms in green, sulfur atoms in yellow and oxygen atoms including water molecules are colored in red.
Displayed are also water molecule oxygen atoms close to the location of Cys-909 stemming from a superimposed Jak1 crystal structure (colored magenta, PDB code 3EYG)
and a superimposed Jak2 crystal structure (colored cyan, PDB code 3FUP).27
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Table 3
Enzyme potency, selectivity and solubility data for constrained heterobicyclic
analogs22

NN
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Compound R IC50
a (nM) Selectivity LYSAb

(lg/
mL)

JAK3 JAK2 JAK1 JAK2/
JAK3

JAK1/
JAK3

7
N

N
Cl

10.5 ± 4 83 ± 10 370 ± 38 8 35 <1

8
N

N
F

0.3 ± 0.07 5.9 ± 0.7 16 ± 0.6 20 53 39

9
N

N
F

F

1.0 ± 0.05 37 ± 4 73 ± 10 37 73 31

10 N

N Cl

3.4 ± 0.9 57 ± 9 61 ± 8 17 18 ND

a Mean ± SEM (standard error of the mean), n P 3.
b LYSA = lyophilized solubility assay.

Table 4
PBMC potency and selectivity data for select compounds

Compound PBMC IC50
a (lM) Selectivity

IL-2b GM-CSFc IFN-cc GM-
CSF/IL-
2

IFN-
c/IL-
2

1a 0.028 ± 0.001 0.184 ± 0.02 0.170 ± 0.01 7 6
1b 0.023 ± 0.003 0.026 ± 0.005 0.031 ± 0.008 1 1
2a 0.031 ± 0.003 0.19 ± 0.06 0.29 ± 0.08 6 9
3 0.10 ± 0.02 0.20 ± 0.02 0.49 ± 0.10 2 5
5 0.05 ± 0.01 0.17 ± 0.04 0.23 ± 0.07 3 5
6a 0.24 ± 0.04 >30d >30d

6d 0.15 ± 0.07 0.74 ± 0.46 1.35 ± 0.94 5 9
6f 0.18 ± 0.10 0.88 ± 0.59 2.61e 5 15
6i 0.43 ± 0.06 >30d >30d

8 0.30 ± 0.20 4.23 ± 1.47 2.86 ± 0.18 14 10
9 1.29 ± 0.35 10.8 ± 2.5 12.9 ± 7.6 8 10

a Mean ± SEM (standard error of the mean), n P 3 except for 3, 6d, 6f, 8 and 9
(n = 2).

b Gated on CD3 T-cells.
c Gated on CD14 monocytes.
d Low solubility was a potentially limiting factor for IC50 determination.
e n = 1.

Table 5
Caliper profiling data for selected compounds

Values represent percent inhibition at 10 lM concentration (green <50%; red >95%).
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residing out-of-plane such as cyclopropyl (6g) or tert-butyl (6h)
were detrimental to potency and almost completely destroyed
selectivity. This suggested a limited amount of space in this region
of the binding pocket. An additional fluorine at C4 (6i) further im-
proved selectivity over both JAK2 and JAK1. Larger substitutions at
this position were not tolerated.

We obtained a crystal structure of 6d bound to JAK3 (Fig. 6). The
structure showed the pyrrolopyrazine making the expected hinge
binding interaction. The bisamide sidechain also adopted the antic-
ipated conformation with the methyl group shallowly filling the
back lower region of the pocket and the cyanoazetidine angled up-
ward under the glycine rich loop. The indazole occupied the front
region of the pocket and displayed an approximate 15� tilt down-
ward to rest over top of Cys909 and make a favorable hydrophobic
contact. Substituents at the indazole 6-position appear to be in
closest proximity to residues 909/936 and would be expected to
displace conserved waters associated with the polar network sur-
rounding Ser936 in JAK2 and JAK1.25 While displacement of these
waters would require a larger energetic penalty for JAK2 and JAK1,
the hydrophobic cysteine interactions present in JAK3 could com-
pensate for the water loss, thus contributing to the observed selec-
tivity. Excessive steric bulk in this region presumably interferes
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with optimal cysteine hydrophobic contact causing a loss in JAK3
potency. The 4-fluorine present in analog 6i likely favors a non-pla-
nar orientation of the indazole sidechain relative to the pyrrolopyr-
azine core, thus enforcing a downward tilt of the indazole towards
Cys909.

We knew from our previous investigations that placement of
large, hydrophobic substituents in the back, lower binding pocket
generally increased both potency and selectivity toward JAK3
(compare 2a and 2b). To examine possible synergy between the
front pocket indazole and the lower pocket group, analogs 6j–l
bearing progressively larger R1 substituents were prepared.
Although these three compounds were exceedingly potent toward
JAK3, a dramatic decrease in JAK family selectivity was observed
suggesting an intricate interplay between the indazole in the front
pocket and the alkyl lower pocket group. Steric clash between the
indazole and bulky lower pocket groups may alter the torsion of
the indazole–pyrrolopyrazine bond, tilting the indazole away from
position 909/936. This new conformation might no longer disfavor
JAK2 and JAK1 and account for the observed increase in potency to-
ward both of these enzymes. Presumably the lower pocket methyl
group is optimal for both shallow space filling and allowing an
ideal indazole torsion.

In light of the successful results obtained with the indazole
front pocket group we decided to explore several additional het-
erocycles at this position (Table 3). In principal, any 5,6-heterobi-
cyclic system in the front pocket could impart a similar
conformational bias, however diversified distribution of electronics
in the region of Cys909/Ser909 might be a factor in the overall JAK
family selectivity. Although less potent, N-1 linked indazoles such
as 7 were determined to be JAK3 selective inhibitors. Of greater
interest were the imidazo[1,5]pyridines such as 8 and 9. The di-
fluoro analog 9 was particularly selective within this series. Of note
was the imidazo[1,2]pyridine 10 which was also observed to have
reasonable potency and good JAK3 selectivity even though it
lacked the key nitrogen ortho to the biaryl linkage. Rotational scan
of this scaffold (as described in Fig. 5) reinforced this result by pre-
dicting a >4 kcal/mol energy difference favoring the desired confor-
mation. One benefit of the imidazo[1,5] pyridines 8 and 9 was their
Figure 7. Kinomescan dendrogram of 6a versus 4
improved solubility compared to the indazoles 6 and 7 as mea-
sured by the LYSA (lyophilized solubility) assay.

In order to assess the JAK family selectivity of these compounds
in a more biologically relevant system, select examples were tested
in a cellular functional assay. This assay measured inhibition of
phosphorylation of downstream STAT proteins in peripheral blood
mononuclear cells (PBMCs) upon treatment with varying stimuli.
Thus, stimulation with IL-2, GM-CSF, or IFN-c induces JAK3/1,
JAK2, or JAK2/1 mediated phosphorylation of STAT5a, STAT5a, or
STAT1, respectively (Table 4). Initial lead compound 2a showed
good potency in these assays with preference observed for inhibi-
tion of IL-2 signaling versus GM-CSF and IFN-c signaling. Similar
cellular potencies and selectivities were observed for tofacitinib
1a, and slightly lower cellular selectivities for trimethoxyphenyl
analog 3 and indole analog 5. In contrast, ruxolitinib 1b, while po-
tent in our cellular assays, showed no cellular selectivities. Ruxolit-
inib 1b is a JAK1/2 inhibitor with a relatively large selectivity
window (>10-fold) versus JAK3 in our enzyme assays, while 1a,
2a, 3, and 5 are all pan-JAK or modestly JAK3-selective inhibitors.
We therefore conclude that more potent JAK3 inhibition relative
to JAK1 and/or JAK2 inhibition can improve selectivity for inhibi-
tion of our IL-2 cellular assay versus our GM-CSF and IFN-c assays.

The effects of further improvements in JAK3 versus JAK2 and
JAK1 enzyme selectivities upon cellular selectivities are subtle
and equivocal. While the results for indazoles 6a and 6i suggest
a greatly improved cellular selectivity in our assays, the more mod-
est cellular selectivities observed for other compounds with similar
or better JAK3 enzyme selectivities temper that initial conclusion.
The indazoles in general exhibited poor solubilities (Table 2), and
this issue may have been a limiting factor for accurate IC50 deter-
mination for 6a and 6i in the GM-CSF and IFN-c assays. However,
we were able to determine definitive IC50 curves for all other
examples in Table 4 and will focus our discussion on those
compounds.

All of the JAK3 versus JAK2 and JAK1 enzyme selective examples
show cellular selectivities inhibiting IL-2 versus GM-CSF and IFN-c
signaling, and the overall trend appears to be that improving
selectivity for inhibition of JAK3 versus JAK2 and JAK1 results in
42 kinases at 10 lM. JAK3 is shaded in blue.
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an improved cellular selectivity for inhibiting IL-2 versus GM-CSF
and IFN-c signaling. For example, the most JAK3-selective exam-
ples, compounds 8 and 9, demonstrate approximately 10-fold im-
proved cellular selectivities compared to the least JAK3-selective
example, the JAK1/2 inhibitor ruxolitinib 1b. However, it is difficult
to define an exact relationship between enzyme and cellular selec-
tivities; for example, the cellular selectivities observed for indazole
6d are similar to those seen for the less enzyme-selective examples
2a and tofacitinib 1a. This continuing uncertainty underscores the
complexity of JAK/STAT signaling.

To evaluate kinome selectivity, we profiled compounds by Cal-
iper screening against a 48 kinase panel. Caliper profiling measures
percent inhibition of phosphorylation of a peptide substrate.28 The
data in Table 5 is represented by a heat map, assigning <50% inhi-
bition as completely green and >95% inhibition as completely red.
The Caliper data clearly indicate that indazoles 6a and 6i demon-
strated greater pan-kinase selectivity than indole 5. Indazoles 6j
and 6k, which possessed larger lower pocket functionality lost
selectivity versus the kinome. This result highlights the signifi-
cance of interplay between the front pocket and lower
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pocket alkyl substituent not only for JAK family selectivity but
for pan-kinase selectivity as well. Imidazo[1,5]pyridine 9 also
showed a reasonable selectivity profile against this panel of ki-
nases, which confirms the observed trend with a more soluble ana-
log. For more comprehensive profiling 6a was assayed using the
Kinomescan platform.29 Data generated at 10 lM showed that this
compound was quite selective against a panel of 442 wild-type ki-
nases, displacing >90% of ligand in only 29 cases (Fig. 7). Kd values
against the kinase domains of JAK3 (1.4 nM), JAK2 (11 nM), JAK1
(73 nM), and Tyk2 (350 nM) were also determined for 6a. Although
these Kds are not exactly correlated with our in-house results, they
overall confirm our observed JAK family selectivities and also show
that this ligand discriminates against Tyk2, the final member of the
JAK family.

The indazole substituted pyrrolopyrazines described were syn-
thesized using the convergent approach outlined in Scheme 1.
Amine salts 12 were prepared by coupling of the appropriate
Boc-protected amino acid with 4-cyanoazetidine followed by Boc
deprotection. The SEM protected pyrrolopyrazine acid 11 was then
coupled to the amine salt 12 to provide bromine containing
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bisamide 13. Substituted indazoles 14 were iodinated and selec-
tively methylated at N-1 under basic conditions (N1:N2 ratio
�3:1). Grignard exchange at low temperature followed by quench-
ing with tributyltin chloride provided the stannanes 16. Stille cou-
pling and a two-stage SEM deprotection afforded the target
molecules 6a–l.

Indole 5 was prepared as described in Scheme 2. Suzuki cou-
pling of bromide 17 and indole boronic ester 18 proceeded with
concomitant loss of the Boc protecting group. Selective N-methyl-
ation of the indole nitrogen followed by SEM deprotection afforded
5. The N1-linked indazole derivative 7 was prepared from bromide
17 using the copper catalyzed halide exchange/N-arylation se-
quence developed by Buchwald.30

Imidazo[1,5]pyridines were synthesized according to the route
illustrated in Scheme 3. Hydrogenation of 2-cyanopyridines 19 fol-
lowed by formylation in refluxing formic acid afforded the for-
mates 20. Treatment with phosphorous oxychloride followed by
heating induced cyclization to the appropriately substituted imi-
dazo[1,5]pyridines 21 in moderate yield for the three step se-
quence. Iodination followed by Grignard exchange and quenching
with tributyltin chloride provided the stannanes 23 required for
synthesis of 8 and 9 through Stille coupling and deprotection as de-
scribed above. Likewise, commercially available 7-chloroimi-
dazo[1,2]pyridine 24 was converted to 10 via the stannane 26.

In conclusion, using a structure based approach, we have dis-
covered a potent series of indazole-substituted pyrrolopyrazine
JAK3 inhibitors which show excellent pan-kinase and improved
JAK family selectivity at an enzyme level. We attribute our ob-
served selectivity to hydrophobic interactions with a cysteine res-
idue rare to the JAK3 binding pocket. Electronic repulsion was used
as a tool to induce conformational bias within the ligand which
favored the desired hydrophobic interaction and imparted the ob-
served improvement in kinase selectivity. This strategy was found
to be general in nature and was subsequently applied to additional
preclinical kinase inhibitor discovery programs.
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