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ABSTRACT: JAK family kinases are important mediators of immune cell signaling and Janus Kinase 3 (JAK3) has long been
indicated as a potential target for autoimmune disorders. Intensive efforts to develop highly selective JAK3 inhibitors have been
underway for many years. However, because of JAK3’s strong binding preference to adenosine 5′-triphosphate (ATP), a
number of inhibitors exhibit large gaps between enzymatic and cellular potency, which hampers efforts to dissect the roles of
JAK3 in cellular settings. Using a targeted covalent inhibitor approach, we discovered compound 32, which overcame ATP
competition (1 mM) in the enzymatic assay, and demonstrated significantly improved inhibitory activity for JAK3-dependent
signaling in mouse CTLL-2 and human peripheral blood mononuclear cells. Compound 32 also exhibited high selectivity within
the JAK family and good pharmacokinetic properties. Thus, it may serve as a highly valuable tool molecule to study the
overlapping roles of JAK family kinases in complex biological settings. Our study also suggested that for covalent kinase
inhibitors, especially those targeting kinases with low Km ATP values, the reversible interactions between molecules and proteins
should be carefully optimized to improve the overall potency.

■ INTRODUCTION

Janus kinases (JAKs) and their downstream effectors, signal
transducer and activator of transcription (STAT), are essential
for T cell signal transduction. The JAK family has four
members: JAK1, JAK2, JAK3, and TYK2. These members bind
to cytokine receptors in pairs. JAK3 paired with JAK1 is
involved in gamma common-chain cytokine signaling,
including IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21.1 In contrast
to other JAKs, which are broadly expressed, JAK3 is
predominantly expressed in the hematopoietic system. It was
initially assumed that specific inhibition of JAK3 could achieve
selective and safe immunosuppressive effects.2 However,
tofacitinib (1, Figure 1A), the first approved drug targeting
JAK3, is actually a pan-JAK inhibitor.3 Novartis inhibitor
NIBR3049 (2, Figure 1A), which is a potent JAK3 inhibitor
with high selectivity within the JAK family, was significantly
less potent in a cellular STAT5 phosphorylation assay
compared with 1, which suggested that specific inhibition of
JAK3 alone was not sufficient to achieve immunosuppressive
effects.4 Presently, several selective JAK3 inhibitor programs
have targeted covalent bond formation with Cys909 as an
optimization strategy,5−12 including PF-06651600 (3, Figure
1A) in clinical trials for inflammatory diseases. In this article,
we present our efforts to develop covalent irreversible

inhibitors of JAK3 based on the same scaffold as 2, and
results from head-to-head comparisons in multiple assays
suggest that specific inhibition of JAK3 alone is sufficient to
interrupt JAK3-mediated signaling pathways. On the basis of
these results, we suggest that the competition with high
intracellular adenosine 5′-triphosphate (ATP) concentration
may have resulted in the poor activity observed with
compound 2. We hypothesize that optimization of a scaffold,
such as 2, as a covalent inhibitor may ameliorate the poor
cellular translation for selective JAK3 inhibitors. The initial
attempt to develop covalent inhibitors failed to overcome the
ATP competition. However, the results obtained indicated the
importance of noncovalent interactions for developing highly
effective covalent inhibitors.
Several reasons may be considered regarding the poor

correlation between enzymatic and cellular activity for JAK3
inhibitors which include the use of the kinase domain alone to
run the enzymatic assay, the relative contributions of JAK1 and
JAK3 to the signaling pathway in cells, and the different Km

ATP values among the JAK isoforms.13,14 JAK3 kinase exhibits
a significantly low Km ATP value,15 indicating that the efficacy
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of ATP-competitive JAK3 inhibitors could be significantly
affected by the native substrate ATP concentration. If the high
physiological ATP concentration is the main reason causing
the loss of cellular potency of 2, then the cellular efficacy may
be improved through a covalent inhibitor approach. Competi-
tion from intracellular ATP may be overcome by a selective,
covalently bound JAK3 inhibitor, thus breaking the binding
equilibrium of the native substrate and enzyme.16

■ RESULTS AND DISCUSSION

Design of Covalent Inhibitors. A crystal structure of
JAK3 and compound 44 (Figure 1B), a close analog of 2, was
used as our design template. The maleimide ring forms two
hydrogen bonds with the hinge region, and the piperidinone
group points toward Cys909. Initial attempts involved
maintaining essential hydrogen bonding interactions in the
original scaffold and introducing a reactive group with a
piperazine linker to yield compound 5 (Figure 1C,D). As
expected, compound 5 exhibited a potent inhibition of JAK3
(IC50 = 1.5 nM) (Table 1) with a potency similar to
compound 2. However, compound 5 significantly lost its
potency when the enzymatic assay was run in the presence of 1
mM ATP (IC50 = 520 nM, Table 1).
Compound 5 Covalently Binds to Cys909 and

Irreversibly Inhibits JAK3. Mass spectrometry was em-
ployed to examine whether a covalent bond was formed
between compound 5 and JAK3. After incubation of the
recombinant JAK3 kinase domain with compound 5, the
complex was digested by trypsin and subjected to mass
spectrometry. The mass peak of the Cys909-containing peptide
fragment of recombinant JAK3 shifted from 1380 to 1874 Da
(Figure S2). The increased molecular weight was equal to the
molecular weight of compound 5. Further analysis of peak
1874 by MS/MS demonstrated that the modified site was
indeed Cys909 (Figure S2). These results suggested that JAK3
and compound 5 formed a covalent adduct via Cys909.

We also performed a time-dependent inhibition assay to
independently determine whether compound 5 shared the

Figure 1. Design of covalent inhibitors of JAK3. (A) Chemical structures of tofacitinib (1), NIBR3049 (2), and PF-06651600 (3). (B) Chemical
structure of compound 4 (left) and crystal structure (PDB code 3PJC) of compound 4 and JAK3.4 (right) (C) Chemical structure of compound 5
and scaffold, linker, and reactive group regions. (D) Docking model of JAK3 (PDB code 3PJC) and compound 5. The red dashed lines indicate
potential hydrogen bond interactions between JAK3 and compound 5.

Table 1. SAR of the Linker Regiona

aCompounds were measured at Km ATP (6 μM) and 1 mM ATP.
IC50 values are reported as the means of duplicates. ND, not
determined.
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features of irreversible inhibitors. Extending the preincubation
time of compounds 3 and 5 with JAK3 improved the inhibitory
effect both in the presence of Km and 1 mM ATP (Figure 2),
whereas the reversible inhibitor 1 did not exhibit such a time-
dependent behavior.
Structure−Activity Relationship. Although compound 5

was observed to be a covalent, irreversible inhibitor, a
significant loss of potency was observed (JAK3 IC50 = 520
nM) when the enzymatic assay was run in the presence of 1
mM ATP. It was clear that, in this case, merely forming a
covalent bond between inhibitor and kinase was not sufficient
to overcome the competition from endogenous ATP. Given
that covalent inhibitors can be optimized by improving the
reversible binding affinity and the inherent chemical reactivity
of the electrophile,17 we explored optimization opportunities
from three directions: adjusting a suitable linker for better
orientation of reactive groups, appending a more reactive
warhead to increase chemical reactivity, and improving
noncovalent binding interactions.
In hopes of better orienting toward Cys909, we attempted to

adjust linker lengths and replace the piperazine with other
cyclic rings or more flexible chains. Three to four atom spacing
between the core scaffold and acrylamide group was preferred
(5, 6, 8, 11, 12 vs 7 and 13, Table 1). Although variations in
the flexible cyclic linkers did not afford appreciably more
potent analogs (6, 8, 9, 10, Table 1), the flexible chain linkers
did exhibit a marginal improvement in JAK3 potency (11 and
12, Table 1). However, no improvement was observed with
high ATP concentration for these analogs. Therefore, the
piperazine moiety was retained as the preferred linker.
We then focused on tuning the reactivity of the warhead

(Table 2). Switching the warhead from acrylamide to
chloromethylketone or propynamide (16 and 18, Table 2)
led to increased inhibitory activities, whereas introducing β-
methyl or N,N-dimethylaminomethyl acrylamide decreased
potency (14 and 15, Table 2). Bromomethylketone, a more
reactive warhead, exhibited reduced inhibitory activity (17,
Table 2), which may be because of its instability in the assay
medium.
As optimization of the linker and reactive groups did not

yield a compound with improved inhibitory activity of JAK3 at
higher ATP concentrations, we focused on investigating the
influence of noncovalent interactions around the core
maleimide ring. On the basis of the crystal structure of JAK3
with compound 4 and our modeling studies (Figure 1B), we
hypothesized that in addition to interactions with the hinge
region, substitutions around the phenyl group and hydro-
phobic contacts between indole and side chains of Ala853 and
Leu956 might be two regions to explore. Around the indole
group, substituents did not have any substantial influence on
the inhibitory effect (19−23, Table 3), but a significant

reduction in potency occurred when indole was replaced with a
phenyl group (24, Table 3), suggesting that a bulky indole
group was preferred. By varying the substitutions on the phenyl
group, we found that the preferred location of substitutions
was at the position para- to the piperazine linkage, as meta- or
ortho-decorations led to much weaker inhibitors (25−26,
Table 3). No substitution on the phenyl group also resulted in
a considerable loss in potency (27, Table 3), suggesting that
occupancy in the pocket encompassed by the side chains of
Val836, Ala853, Lys855, and Met902 was favorable for the
potency. Therefore, we incorporated different substitutions at
this para-position. Interestingly, we found that electron-
withdrawing groups were more beneficial than electron-
donating groups (28−33, Table 3). Compounds bearing
strong electron-withdrawing nitro group can still preserve their
potency reasonably well in the presence of high concentration
of ATP (31−33, Table 3). However, replacing the phenyl
group with an aliphatic chain resulted in a dramatic loss in
potency (34, Table 3), indicating that the aromatic ring is an
essential feature for retaining the potency. Noncovalent
versions of compounds 5 and 32 were also tested for their
inhibitory potencies (35 and 36, Table 3). Clearly,
modification with a nitro group improved noncovalent
interactions. On the basis of these results, we chose compound
32, which harbors a nitro group and a mild acrylamide
warhead, for further functional characterizations.

Kinetics Characterization and Selectivity of Selected
Compounds. To better characterize contributions of

Figure 2. Time-dependent inhibition curves of compound 1, 3, and 5 at Km (left) and 1 mM ATP (right).

Table 2. SAR of Reactive Groupsa

aCompounds were measured at Km ATP (6 μM) and 1 mM ATP.
IC50 values are reported as the means of duplicates. ND, not
determined.
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reversible binding and covalent bond formation rate to our
covalent inhibitors, we evaluated Ki and kinact parameters of
selected compounds (Table 4, Figure S3). Different para-
substitutions on the phenyl group and linker variations
exhibited greater impacts on binding affinity than reaction

rate. Compound 32 exhibited a very high binding affinity (Ki =
1.1 nM) and a moderate inactivation rate (0.41 min−1) (Table
4). This feature of compound 32 may be beneficial to mitigate
proteome-wide cross-reactivity and enhances its selectivity.
To investigate the selectivity, compound 32 was tested at 1

μM against a panel of 50 kinases and only found to potently
inhibit protein kinase C (PKCs) and glycogen synthase kinase
3-β (GSK3β) (>80% inhibition, both do not have a cysteine
comparable to Cys909). This result was consistent with that of
inhibitor 2.4 Importantly, compound 32 also exhibited high
selectivity within the JAK family and among other kinases with
a cysteine at a comparable position to Cys909 (Figure 3), such
as Bruton’s tyrosine kinase, epidermal growth factor receptor,
and interlukin-2-inducible T cell kinase.

Compound 32 Selectively Inhibits JAK3-Dependent
Signaling in Live Cells. To test whether the nitro-group
series of compounds was effective in a native cellular
environment unlike its template compound 2, we evaluated
its ability to inhibit STAT5 phosphorylation in live cells. After
CTLL-2 cells were incubated with compound 32 for 2 h, IL-2-
induced STAT5 phosphorylation was almost completely
inhibited at a concentration of 0.6 μM (EC50 = 305 nM;
Figure 4A,B). In comparison, 6 μM was required in compound
2 treated cells to completely inhibit IL-2-induced STAT5
phosphorylation (EC50 = 1999 nM, Figure 4A,B). To our
surprise, compound 33, which harbors a more reactive
warhead than 32, significantly lost its potency in this cellular
assay, indicating that the cellular potency was not always
proportional to the reactivity of warheads. Compound 32 was
also more sensitive in inhibiting IL-15-induced STAT5
phosphorylation in CTLL-2 cells (EC50 = 141 nM) (Figure
4B,C). Compared to compound 3, compound 32 exhibited
comparable inhibitory activity in IL-15-stimulated STAT5
phosphorylation and slightly weaker potency in IL-2-induced
STAT5 phosphorylation (Supporting Information, Figure S4).
In human peripheral blood mononuclear cells (PBMCs)
(Figure 4D), compound 32 was also more potent than
compound 2 in both IL-2 and IL-15-induced STAT5
phosphorylation.
We further characterized the cellular selectivity of com-

pound 32 in PBMCs upon stimulation with different cytokines
(Figure 5). Among these cytokines, only signaling via IL-15 is
dependent on JAK3. Signaling via IL-6 is dependent on JAK1/
JAK2/TYK2, and signaling via IFN-α is exclusively mediated
by JAK1/TYK2 signaling.1 Compound 32 almost completely

Table 3. SAR of the Scaffolda

aCompounds were measured at Km ATP (6 μM) and 1 mM ATP.
IC50 values are reported as the means of duplicates. ND, not
determined. bThe synthetic routes of compounds were described in
the Supporting Information.

Table 4. Kinetics Studya

compounds Ki (nM) kinact (min−1) kinact/Ki (10
5 M−1 s−1)

5 1.0 0.21 35
32 1.1 0.41 62
6 27 0.21 1.3
10 201 0.26 0.22
11 9.4 0.25 4.4
18 55 1.2 3.6
29 51 0.17 0.56
30 3.3 0.07 3.5

aKinetic parameters were measured with HTRF KinEASE assays. The
starting concentration was dependent on IC50 values of compounds,
and concentrations from a threefold dilution series (six data points
per curve) were applied. The collected data were fitted as described in
the literature20 to determine kinact and Ki. GraphPad Prism was used
for curved fitting.
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abrogated IL-15-induced phosphorylation of STAT5 at a
concentration of 300 nM. Even at doses as high as 10 μM, only
partial inhibition was observed for IFN-α-induced STAT1
phosphorylation and IL-6-induced STAT3 phosphorylation.
The reversible inhibitor 2 is clearly much weaker at inhibiting
IL-15-initiated signaling than compound 32, and the pan-JAK
inhibitor 1 exhibited no selectivity in all three cytokine-
mediated signaling. Compared with 2, compound 32 exhibited
not only strong inhibitory activity against JAK3 but also an
improved selectivity for JAK3 versus JAK1 in live cells.
We also performed washout experiments to evaluate

independent roles of JAK3 in the common-γ chain signaling.
After an extensive washing step with PBS to remove
compounds 1 and 2 from the medium, the phosphorylation
levels of STAT5 returned to an untreated level (Figure 6).
However, cells treated with covalent inhibitors 3 and 32

sustained inhibition of STAT5 phosphorylation. Because JAK1
does not have a cysteine at the same position as Cys909 in
JAK3, compound 32 would unlikely form a covalent
interaction with JAK1. The sustained inhibitory effect is
most likely because of compound 32’s covalent attachment to
JAK3. Comparing striking different results from compound 1,
2, 3, and 32, this washout experiment mitigated the influence
of JAK1 and demonstrated that specific inhibition of JAK3
alone was sufficient to effectively inhibit IL-15-mediated
common-γ chain signaling.

Compound 32 Inhibited Proinflammatory Cytokines
IL-6 and TNF-α Production by PBMC after LPS
Stimulation. In rheumatoid arthritis patients, inflammation
and joint erosion are coincident with increases in inflammatory
cytokines, including IL-6, IL-1β, TNF-α, and MCP-1. The
production of IL-6, IL-1β, and TNF-α is controlled by the IL-

Figure 3. Compound 32 (1 μM) exhibited a high degree selectivity against a panel of 50 kinases. Biochemical assays were conducted using
SelectScreen Kinase Profiling at the Km concentration of ATP. Data are presented as a percentage of inhibition (%). In a total of 50 kinases, 44
kinases exhibited <40% inhibition and 2 kinases showed >40% inhibition and <80% inhibition and only 3 kinases (GSK3β, PKCα, and PKCγ,
which do not have a structurally identical cysteine to Cys909 in JAK3) exhibited >80% inhibition.

Figure 4. Compound 32 potently inhibited JAK3-dependent signaling in CTLL-2 cells and PBMCs. CTLL-2 (A,C) cells or PBMCs (D) were
incubated with indicated concentrations of 32 and 2 for 2 h prior to IL-2 or IL-15 stimulation for 30 min. STAT5 phosphorylation was determined
using a specific phospho-antibody and immunoblotting. STAT5 and β-actin levels were determined to demonstrate equal loading. Band intensities
were quantified, and EC50 values were calculated using GraphPad Prism software (B).
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10-JAKs-STAT3 pathway,18 but MCP-1 signaling was not
mediated by JAKs. Given that compound 32 selectively
inhibited JAK3 but not JAK1, we evaluated levels of
inflammation cytokines by PBMCs after LPS or IL-6
stimulation. In LPS-challenged PBMCs, the production of
IL-6 and TNF-α was significantly inhibited by 100 nM
compound 32 and 3, which were significantly more potent
than compound 2 (Figure 7A,B). In sharp contrast, the pan-
inhibitor 1 significantly increased LPS-induced IL-6 produc-
tion because of the inhibition of IL-10 feedback signaling. This
observation was consistent with the reported data.18,19

Compounds 1, 2, 3, and 32 did not inhibit IL-6-induced
MCP-1 production (not mediated by JAK signaling pathways).
These results demonstrated that compound 32 can play an
important role in modulating cytokine production through
inhibiting the JAK3 signaling pathway.
Pharmacokinetic Property Evaluation. We evaluated

the pharmacokinetic (PK) properties of compound 32 in mice
following intravenous and oral administration (Table 5). Upon
5 mg/kg oral delivery, compound 32 exhibited a reasonable PK
profile with a t1/2 of 1.66 h, area under curve (AUC) of 608 ng·
h/mL, and moderate bioavailability of 24.4%. These data

suggested that compound 32 could be a useful probe for
cellular and animal studies.

■ CHEMISTRY
The preparation of compounds was depicted in Schemes 1−.
Compounds bearing a strong electron-withdrawing trifluor-
omethyl group and nitro group were synthesized following a
general procedure (Scheme 1). Commercially available
compound 37 was converted to the corresponding amide 38.
Ring closure with indolyl-oxo-acetic acid ester 39 or
substituted indolyl-oxo-acetic acid esters 43 (Scheme 2) led
to key intermediates 40 or 44. Reaction with Boc-protected
cyclic or linear amines provided 41 or 45 (Schemes 1 and 2).
After removing the protection groups, 41 or 45 were coupled
with acyl chloride or acid to yield the corresponding final
compounds. Regarding compounds with neutral or electron-
donating groups on the phenyl group, the preparation
procedure was depicted in Scheme 3. Phenylacetic acids
were first coupled to Boc-protected piperazine by Buchwald−
Hartwig amination to yield 47. The amide conversion, ring
closure, removal of protection groups, and amide bond
coupling were similarly performed. The synthetic procedure
of compound 34 was depicted in Scheme 4. 51 was converted
to 52 by treatment with a solution of indole and ethyl-

Figure 5. Compound 32 selectively inhibits JAK3-dependent cytokine signaling. PBMCs were preincubated with the indicated concentrations of
compound 32, 2, and 1 for 2 h and stimulated for 30 min with IL-15 (A), IL-6 (B), and IFN-α (C). STAT5 (A), STAT3 (B), and STAT1 (C)
phosphorylation was determined using specific phospho-antibodies and immunoblotting. β-actin levels were determined to demonstrate equal
loading. Band intensities were quantified, and EC50 values were calculated using GraphPad Prism software (D).

Figure 6. Compound 32 sustained inhibition of p-STAT5 after
washout. CTLL-2 cells were treated with compound 1 (1 μM), 2 (6
μM), 3 (1 μM), and 32 (1 μM) for 2 h, followed by extensive washing
with PBS. Then, cells were stimulated with IL-15 for 30 min, lysed,
and subjected to standard western blotting.

Table 5. PKs Study of Compound 32 in ICR Micea

Compound 32 iv (2 mg/kg) po (5 mg/kg)

AUC0−t (ng·h/mL) 995 ± 181 578 ± 47
AUC0−∞ (ng·h/mL) 997 ± 181 608
T1/2 (h) 0.44 ± 0.02 1.66 ± 1.06
Vz (L/kg) 1.3 ± 0.21 18.8 ± 10.06
CL (mL min−1 kg−1) 34.1 ± 5.62 138.47 ± 16.3
MRT (h) 0.48 ± 0.05 1.51 ± 0.69
bioavailability (%) 24.4

aPKs measured by the analysis of plasma concentrations at indicated
time points. Data represent mean concentration in plasma (n = 3),
following a single 2.0 mg/kg intravenous dose and 5 mg/kg oral dose.
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magnesium bromide in tetrahydrofuran (THF); then displace-
ment with Boc-protected amine gave 53. After removing the
Boc protection group, 53 was coupled with acyl chloride to
provide the final compound 34. The detailed synthetic
experiments are provided in the Supporting Information.

■ CONCLUSIONS
Compound 2 is a highly selective inhibitor within the JAK
family but lacking potency in cellular assays, which was
considered to suggest that specific inhibition of JAK3 alone
was not sufficient to block the common-γ chain signaling. To
overcome the competition of high ATP concentrations in live
cells, we developed a series of phenyl−indolyl maleimide-based
covalent inhibitors. Although the initial compound 5 was
observed to covalently and irreversibly bind to JAK3,
competition with high cellular concentrations of ATP
precluded its usefulness as a tool molecule. By fine-tuning
noncovalent interactions between the inhibitors and kinase,

compound 32 was discovered. Compound 32 was much more
potent than 2 in both enzymatic (1 mM ATP) and cellular
assays and presented a high selectivity within the JAK family.
Cellular experiments with this compound suggest that
inhibiting JAK3 alone strongly inhibits IL-15-mediated signal-
ing. Further in vivo studies with compound 32 are ongoing.
This work also indicates that the simple formation of

covalent bond alone may not be sufficient for kinase inhibitors
to overcome competition with cellular levels of ATP.
Noncovalent interactions should also be carefully optimized
for covalent kinase inhibitors to achieve effective potency in
native environments.

■ EXPERIMENTAL SECTION
General Methods. All reagents were purchased commercially and

used without further purification, unless otherwise stated. All yields
refer to chromatographic yields. Anhydrous dimethyl formamide
(DMF) was distilled from calcium hydride. Brine refers to a saturated

Figure 7. Compound 32 selectively inhibited LPS-induced proinflammatory cytokine production by preserving IL-10 suppression. In PBMCs, LPS-
induced IL-6 (A) and TNF-α (B) were enhanced in the presence of 1 but reduced in the presence of compound 2, 3, and 32. Compound 1, 2, 3,
and 32 did not inhibit IL-6-induced MCP-1 production (C). Error bars indicate standard deviation of technical replicates. Data are representative
of two independent experiments.
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solution of sodium chloride in distilled water. Reactions were
monitored by thin-layer chromatography performed on 0.25 mm
Yantai silica gel plates (HSGF254) using UV light as a visualizing
agent. Flash column chromatography was performed using Yantai
silica gel (ZCX-II, particle size 0.048−0.075 mm). 1H NMR and 13C
NMR spectra were recorded on a Bruker ADVANCE 400 (1H: 400
MHz, 13C: 100 MHz) or Bruker ADVANCE 300 (1H: 300 MHz, 13C:
75 MHz) spectrometer at ambient temperature with chemical shift
values in ppm relative to TMS (δH 0.00 and δC 0.00), dimethyl
sulfoxide (DMSO) (δH 2.50 and δC 39.52), or methanol (δH 3.31 and
δC 49.00) serving as standards. Data are reported as follows: chemical
shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br =
broad, and m = multiplet), coupling constants, and number of
protons. High-resolution mass spectrometry (HRMS) was performed
via electrospray ionization (ESI) sources. Compound purity was
determined by HPLC chromatograms acquired on an Agilent 1200
HPLC or 1260 HPLC. Analyses were conducted using an Agilent

PN959990-902 Eclipse Plus C18 250 mm × 4.6 mm column and a
water−MeCN gradient with MeCN from 70 to 30% in 15 min.
Detection was measured at 254 nm, and the average peak area was
used to determine purity. All of the compounds were determined to
be >95% pure.

Synthes is of 3- (5- (4-Acry loy lp iperaz in-1-y l ) -2 -
(trifluoromethyl)phenyl)-4-(1H-indol-3-yl)-1H-pyrrole-2,5-
dione (5). Step 1: 2-(5-Fluoro-2(trifluoromethyl)phenyl)acetamide
(38a). CDI (1.0 g, 4.5 mmol) was added to a solution of 2-(5-fluoro-
2-(trifluoromethyl)phenyl)acetic acid in 4 mL of DMF. After stirring
for 0.5 h at room temperature (rt), NH3 (3.6 mL, 7 N in methanol
solution) was added and allowed to stir for another 1 h at rt. The
solvent was evaporated and ethyl acetate (2 × 120 mL) was used to
extract the product. The combined organic layer was dried over
Na2SO4 and evaporated to give a white residue that was purified by
flash column chromatography on silica (80% PE in ethyl acetate
∼50% PE in ethyl acetate) to give a white solid (0.73 g, 73%). 1H

Scheme 1. 4 Synthesis of Compounds 5−18 and 31−36a

aReagents and conditions: (a) (i) CDI, DMF, rt, 0.5 h and (ii) NH3 (7 N) in MeOH, rt, 1 h, (75%); (b) tBuOK, THF, 0 to 10 °C, 40 min (60−
70%); (c) piperazine, or amines DMSO, 150 °C, overnight (70−80%); and (d) (i) TFA/DCM rt, 10 min and (ii) acryloyl chloride, THF, H2O, 0
°C to rt, 1 h, (80−90%) or carboxylic acid, HATU, DIEA, DMF (for 14, 15, 18, and 33).
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NMR (400 MHz, DMSO-d6): δ 7.75 (dd, J = 8.7, 5.6 Hz, 1H), 7.52
(s, 1H), 7.32 (m, 2H), 7.03 (s, 1H), 3.66 (s, 2H); MS (ESI): m/z
222.0 (M + H)+.
Step 2: 3-(5-Fluoro-2-(trifluoromethyl)phenyl)-4-(1H-indol-3-yl)-

1H-pyrrole-2,5-dione (40a). At 0 °C, tBuOK (5.5 mL, 1 M in THF)
was added to a solution of 38a (0.30 g, 1.35 mmol) and 39 (0.41 g,
2.02 mmol) in THF (8 mL). The solution was stirred for 45 min at 10
°C, HCl (5 N) was added to adjust pH to 6, the solvent was removed,
the mixture was extracted with ethyl acetate, and the combined
organic phase was dried over Na2SO4. The solvent was removed and
the residue was purified by flash column chromatography on silica
(90% PE in ethyl acetate ∼80% PE in ethyl acetate) to 40a, a yellow
solid (0.35 g, 66%).1H NMR (400 MHz, DMSO-d6): δ 11.99 (s, 1H),

11.23 (s, 1H), 8.02 (d, J = 3.0 Hz, 1H), 7.97 (dd, J = 8.9, 5.4 Hz, 1H),
7.60−7.52 (m, 1H), 7.49−7.38 (m, 2H), 7.07 (ddd, J = 8.1, 7.0, 1.1
Hz, 1H), 6.75 (ddd, J = 8.2, 7.1, 1.1 Hz, 1H), 6.46 (d, J = 8.3 Hz,
1H). 13C NMR (101 MHz, DMSO): δ 172.48, 172.01, 165.30,
162.80, 137.08, 136.25, 132.67, 126.18, 125.48, 125.25, 122.91,
120.95, 120.56, 120.19, 119.96, 117.31, 117.09, 112.94, 105.14. MS
(ESI): m/z 375.1 (M + H)+.

Step 3: tert-Butyl-4-(3-(4-(1H-indol-3-yl)-2,5-dioxo-2,5-dihydro-
1H-pyrrol-3-yl)-4-(trifluoromethyl)phenyl)piperazine-1-carboxylate
(41a). Boc-piperazine (0.64 g, 3.45 mmol) was added to a solution of
40a (0.30 g, 0.80 mmol) in DMSO (2 mL) and the mixture was
refluxed overnight at 150 °C. The mixture was diluted and extracted
with ethyl acetate, washed with water and brine, and the organic phase

Scheme 2. 4 Synthesis of Compounds 20−23a

aReagents and conditions: (a) ethyl 2-chloro-2-oxoacetate, Et2AlCl, DCM, 2 h, 0 °C, (50−60%); (b) (i) CDI, DMF, rt, 0.5 h and (ii) NH3 (7 N)
in MeOH, rt, 1 h (75%); (c) tBuOK, THF, 0 to 10 °C, 40 min (60−70%); (d) piperazine, DMSO, 150 °C, overnight (70−80%); and (e) (i) TFA/
DCM rt, 10 min and (ii) acryloyl chloride, THF, H2O, 0 °C to rt, 1 h (80−90%).

Scheme 3. Synthesis of Compounds 25−30a

aReagents and conditions: (a) JohnPhos or RuPhos, Pd2(dba)3, NaO
tBu, PhMe or DMF, microwave, 110 °C, 1 h (40−50%); (b) (i) CDI, DMF,

rt, 0.5 h; (ii) NH3 (7 N) in MeOH, rt, 1 h, (75%); (c) tBuOK, THF, 0 to 10 °C, 40 min (60−70%); (d) TFA/DCM rt, 10 min; and (e) acryloyl
chloride, THF, H2O, 0 °C to rt, 1 h (80−90%).
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was dried over Na2SO4. The solvent was removed and the residue was
purified by flash column chromatography on silica (90% PE in ethyl
acetate ∼60% PE in ethyl acetate) to give 41a, a yellow solid (0.22 g,
52%). 1H NMR (400 MHz, DMSO-d6): δ 11.88 (s, 1H), 11.10 (s,
1H), 7.95 (d, J = 2.9 Hz, 1H), 7.64 (d, J = 9.0 Hz, 1H), 7.38 (d, J =
8.1 Hz, 1H), 7.18−7.10 (m, 1H), 7.09−6.99 (m, 1H), 6.92 (d, J = 2.6
Hz, 1H), 6.72 (dd, J = 8.2, 7.0 Hz, 1H), 6.61 (d, J = 8.2 Hz, 1H),
3.34−3.22 (m, 5H), 3.24−3.09 (m, 4H), 1.38 (s, 9H). 13C NMR (101
MHz, DMSO): δ 172.85, 172.40, 154.34, 152.82, 136.97, 135.64,
132.09, 131.86, 131.85, 128.70, 128.42, 126.50, 126.50, 125.39,
125.38, 122.69, 121.37, 120.70, 117.97, 114.87, 112.64, 105.55, 79.57,
49.00, 47.32, 30.63, 29.52, 28.55. MS (ESI): m/z 541.2 (M + H)+.
Step 4: 3-(5-(4-Acryloylpiperazin-1-yl)-2-(trifluoromethyl)-

phenyl)-4-(1H-indol-3-yl)-1H-pyrrole-2,5-dione (5). Trifluoroacetyl
acid (TFA) (2 mL) was added to a solution of 41a (0.10 g, 0.18
mmol) in DCM (2.0 mL) and the mixture was stirred at rt for 15 min.
TFA and the solvent were evaporated, and the residue was used in the
next step without further purification. The residue was dissolved in a
mixture of THF (2 mL) and water (1 drop), followed by adding
DIEA (0.1 mL) and acryloyl chloride (24 μL). The resulting solution
was stirred at rt for 10 min. After removing the solvent, the mixture
was extracted with ethyl acetate, washed with brine, and the organic
phase was dried over Na2SO4. The solvent was removed and the
residue was purified by flash column chromatography on silica (1%
methanol in DCM ∼1.5% methanol in DCM) to give a yellow solid 5
(73 mg, 82%). 1H NMR (400 MHz, DMSO-d6): δ 11.88 (d, J = 3.0
Hz, 1H), 11.11 (s, 1H), 7.96 (d, J = 2.6 Hz, 1H), 7.65 (d, J = 8.9 Hz,
1H), 7.38 (d, J = 8.1 Hz, 1H), 7.18−7.10 (m, 1H), 7.08−7.00 (m,
1H), 6.96 (d, J = 2.5 Hz, 1H), 6.76 (m, 2H), 6.65 (d, J = 8.3 Hz, 1H),
6.11 (dd, J = 16.6, 2.4 Hz, 1H), 5.68 (dd, J = 10.4, 2.4 Hz, 1H), 3.66−
3.46 (m, 4H), 3.23 (m, 4H). 13C NMR (101 MHz, DMSO): δ
172.64, 172.20, 164.62, 152.49, 136.73, 135.43, 131.85, 131.65,
128.49, 128.34, 127.86, 126.28, 125.18, 123.57, 122.50, 121.15,
120.51, 117.67, 114.54, 112.42, 105.35, 47.58, 47.01, 44.37, 40.90,
39.98. HRMS (ESI): m/z calcd for C26H22F3N4O3 [M + H]+,
495.1644; found, 495.1678.
Compounds 6−18 and 31−36 were prepared following the similar

synthetic procedure of compound 5. Detailed experimental procedure
and spectral data are present in the Supporting Information.
Synthes is of 3- (5- (4 -Acry loy lp iperaz in-1-y l ) -2-

(trifluoromethyl)phenyl)-4-(6-fluoro-1H-indol-3-yl)-1H-pyr-
role-2,5-dione (20). Step 1: Ethyl 2-(6-fluoro-1H-indol-3-yl)-2-
oxoacetate (43a). To a solution of 42a (0.50 g, 3.7 mmol) in DCM
(40 mL) was added 5.6 mL of Et2AlCl (1 M in hexane) at 0 °C. The
mixture was stirred at 0 °C for 30 min. To this solution was added
acetyl chloride (0.76 mL, 5.5 mmol) as dropwise at 0 °C. The
resulting solution was stirred at 0 °C for 2 h, then ice water was added
to quench the reaction. The solvent was evaporated and ethyl acetate
(2 × 120 mL) was used to extract the product. The combined organic
layer was dried over Na2SO4 and evaporated to give a dark residue
that was purified by flash column chromatography on silica (90% PE

in ethyl acetate ∼60% PE in ethyl acetate) to give compound 43a
(0.38 g, 50%) as a pale solid. 1H NMR (400 MHz, DMSO-d6): δ
12.41 (s, 1H), 8.44 (s, 1H), 8.14 (dd, J = 8.7, 5.5 Hz, 1H), 7.35 (dd, J
= 9.5, 2.4 Hz, 1H), 7.13 (ddd, J = 9.8, 8.7, 2.4 Hz, 1H), 4.35 (q, J =
7.1 Hz, 2H), 1.33 (t, J = 7.1 Hz, 3H). MS (ESI): m/z 236.1 (M +
H)+.

S tep 2 : 3 - ( 6 - F luo ro -1H - indo l - 3 - y l ) - 4 - ( 5 -fluoro -2 -
(trifluoromethyl)phenyl)-1H-pyrrole-2,5-dione (44a). At 0 °C,
tBuOK (4 mL, 1 M in THF) was added to a solution of 38a (0.19
g, 0.85 mmol) and 43a (0.3 g, 1.3 mmol) in THF (4 mL). The
solution was stirred for 1 h at 10 °C, HCl (5 N) was added to adjust
pH to 6, the solvent was removed, the mixture was extracted with
ethyl acetate, and the organic phase was dried with Na2SO4. The
solvent was removed and the residue was purified by flash column
chromatography on silica (90% PE in ethyl acetate ∼80% PE in ethyl
acetate) to give 44a (0.25 g, 75% yield), a yellow solid. 1H NMR (400
MHz, DMSO-d6): δ 12.06 (s, 1H), 11.26 (s, 1H), 8.03 (d, J = 3.1 Hz,
1H), 8.00 (dd, J = 8.9, 5.4 Hz, 1H), 7.60 (m, 1H), 7.49 (dd, J = 9.2,
2.7 Hz, 1H), 7.42 (dd, J = 8.9, 4.8 Hz, 1H), 6.94 (m, 1H), 6.14 (dd, J
= 11.1, 2.5 Hz, 1H). MS (ESI): m/z 393.0 (M + H)+.

Step 3: tert-Butyl-4-(3-(4-(6-fluoro-1H-indol-3-yl)-2,5-dioxo-2,5-
dihydro-1H-pyrrol-3-yl)-4-(trifluoromethyl)phenyl)piperazine-1-
carboxylate (45a). Boc-piperazine (0.53 g, 2.84 mmol) was added to
a solution of 44a (0.26 g 0.66 mmol) in DMSO (2 mL) and the
mixture was refluxed overnight at 150 °C. The mixture was extracted
with ethyl acetate, washed with water and brine, and the organic phase
was dried over Na2SO4. The solvent was removed and the residue was
purified by flash column chromatography on silica (90% PE in ethyl
acetate ∼60% PE in ethyl acetate) to give 45a (0.12 g, 30%), a yellow
solid. 1H NMR (400 MHz, DMSO-d6): δ 11.87 (s, 1H), 11.13 (s,
1H), 7.89 (s, 1H), 7.64 (d, J = 9.0 Hz, 1H), 7.17 (dd, J = 9.5, 2.3 Hz,
1H), 7.13 (dd, J = 8.8, 2.6 Hz, 1H), 6.94 (d, J = 2.6 Hz, 1H), 6.70−
6.57 (m, 2H), 3.33−3.25 (m, 4H), 3.22 (m, 4H), 1.39 (s, 9H). MS
(ESI): m/z 559.2 (M + H)+.

Step 4: 3-(5-(4-Acryloylpiperazin-1-yl)-2-(trifluoromethyl)-
phenyl)-4-(6-fluoro-1H-indol-3-yl)-1H-pyrrole-2,5-dione (20). TFA
(1 mL) was added to a solution of 45a (0.10, g 0.18 mmol) in DCM
(1 mL) and the mixture was stirred at rt for 15 min. TFA and the
solvent were evaporated, and the residue was used in the next step
without further purification. The residue was dissolved in a mixture of
THF (2 mL) and water (1 drop), followed by adding DIEA (0.1 mL,
0.54 mmol) and acryloyl chloride (24 μL, 0.27 mmol). The resulting
solution was stirred at rt for 10 min. After removing the solvent, the
mixture was extracted with ethyl acetate, washed with brine, and the
organic phase was dried over Na2SO4. The solvent was removed, and
the residue was purified by flash column chromatography on silica
(1% methanol in DCM ∼1.5% methanol in DCM) to give 20 (74 mg,
80%), a yellow solid. 1H NMR (400 MHz, DMSO-d6): δ 11.86 (s,
1H), 11.12 (s, 1H), 7.87 (s, 1H), 7.64 (d, J = 9.0 Hz, 1H), 7.21−7.08
(m, 2H), 6.97 (d, J = 2.3 Hz, 1H), 6.78 (m, 1H), 6.69 (m, 1H), 6.62
(m, 1H), 6.11 (dd, J = 16.7, 2.3 Hz, 1H), 5.68 (dd, J = 10.4, 2.3 Hz,
1H), 3.55 (m, 4H), 3.24 (m, 4H). 13C NMR (101 MHz, DMSO-d6):
δ 172.70, 172.30, 164.88, 158.20, 152.82, 137.14, 137.02, 135.41,
132.57, 129.48, 128.63, 128.05, 122.60, 122.51, 122.17, 117.72,
114.79, 109.16, 108.92, 105.65, 98.84, 98.59, 47.75, 47.16, 44.65,
41.14. HRMS (ESI): m/z calcd for C26H21F4N4O3 [M + H]+,
513.1550; found, 513.1559. Purity: 99.2%.

Compounds 21−23 were prepared following a similar synthetic
procedure of compound 20. Detailed spectral data are present in the
Supporting Information. 42a−42d were purchased from Bide
Pharmatech Ltd.

Synthesis of 3-(5-(4-acryloylpiperazin-1-yl)-2-methoxy-
phenyl)-4-(1H-indol-3-yl)-1H-pyrrole-2,5-dione (28). Step 1: 2-
(5-(4-(tert-Butoxycarbonyl)piperazin-1-yl)-2-methoxyphenyl)acetic
acid (47d). 46d (0.50 g, 2.04 mmol), tert-butyl piperazine-1-
carboxylate (0.49 g, 2.65 mmol), sodium tert-butoxide (0.59 g, 2.65
mmol), 2-(ditert-butylphosphino)biphenyl (JohnPhos, 0.16 g, 0.41
mmol), and Pd2(dba)3 (0.19 g, 0.20 mmol) were taken up in PhMe
(15 mL) in a microwave vial and purged with N2 for 5 min. The vial
was capped and heat to 110 °C for 1 h. After cooling to room

Scheme 4. Synthesis of Compound 34a

aReagents and conditions: (a) indole, EtMgBr in Et2O, THF, reflux
(86%); (b) Boc-protected amine, DIEA, DMF, 100 °C; and (c) (i)
TFA/DCM, rt, 10 min and (ii) acryloyl chloride, THF, H2O, 0 °C to
rt, 1 h (80%).
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temperature, the mixture was adjusted to a pH of 5 and extracted with
ethyl acetate, washed with brine, and the organic phase was dried over
Na2SO4. The solvent was removed and the residue was purified by
flash column chromatography on silica (80% PE in ethyl acetate
∼50% PE in ethyl acetate) to give a white solid 47d (0.35 g, 49%). 1H
NMR (500 MHz, DMSO-d6): δ 6.87−6.85 (m, 1H), 6.84 (s, 1H),
6.82 (d, J = 2.8 Hz, 1H), 3.68 (s, 3H), 3.45 (m, 2H), 3.44 (m, 4H),
2.94 (m, 4H). 13C NMR (126 MHz, DMSO): δ 173.04, 154.32,
152.01, 145.32, 124.49, 121.12, 116.45, 111.74, 79.40, 56.13, 50.34,
36.23, 28.53. MS (ESI): m/z 351.2 (M + H)+.
Step 2: tert-Butyl 4-(3-(2-amino-2-oxoethyl)-4-methoxyphenyl)-

piperazine-1-carboxylate (48d). CDI (0.29 g, 1.29 mmol) was added
to a solution of 47d (0.30 g, 0.86 mmol) in 2 mL of DMF. After
stirring for 0.5 h at room temperature, NH3 (0.6 mL 7 N in methanol
solution) was added and allowed to stir for another 1 h at rt. The
solvent was evaporated, and ethyl acetate (2 × 120 mL) was used to
extract the product. The combined organic layer was dried over
Na2SO4 and evaporated to give a white residue that was purified by
flash column chromatography on silica (80% PE in ethyl acetate
∼50% PE in ethyl acetate) to give a white solid 48d (0.22 g 70%). 1H
NMR (500 MHz, DMSO-d6): δ 7.17 (s, 1H), 6.92−6.69 (m, 4H),
3.69 (s, 3H), 3.69−3.43 (m, 4H), 3.31 (s, 2H), 2.95−2.93 (m, 4H),
1.42 (s, 9H). 13C NMR (126 MHz, DMSO): δ 172.60, 154.31,
151.93, 145.33, 125.50, 120.96, 116.16, 111.76, 79.39, 56.15, 50.40,
37.30, 28.53. MS (ESI): m/z 350.2 (M + H)+.
Step 3: tert-Butyl-4-(3-(4-(1H-indol-3-yl)-2,5-dioxo-2,5-dihydro-

1H-pyrrol-3-yl)-4-methoxyphenyl)piperazine-1-carboxylate (49d).
At 0 °C, tBuOK (2.2 mL, 1 M in THF) was added to a solution of
48d (0.20 g, 0.57 mmol) and 39 (0.17 g, 0.85 mmol) in THF (4 mL).
The solution was stirred for 2 h at 10 °C, HCl (5 N) was added to
adjust pH to 5, the solvent was removed, the mixture was extracted
with ethyl acetate, and the organic phase was dried with Na2SO4. The
solvent was removed, and the residue was used in the next step
without further purification. MS (ESI): m/z 503.2 (M + H)+.
Step 4: 3-(1H-Indol-3-yl)-4-(2-methoxy-5-(piperazin-1-yl)-

phenyl)-1H-pyrrole-2,5-dion (50d). TFA (2 mL) was added to a
solution of 49d (0.12 g, 0.24 mmol) in DCM (2 mL) and the mixture
was stirred at rt for 15 min. TFA and the solvent were evaporated, the
mixture was extracted with ethyl acetate, washed by NaHCO3 and
brine, and the organic phase was dried with Na2SO4. The solvent was
removed, and the residue was purified by flash column chromatog-
raphy on silica (2% methanol in DCM ∼10% methanol in DCM) to
give a yellow solid 50d (0.15 g, 52% for two steps). 1H NMR (400
MHz, DMSO-d6): δ 11.80 (s, 1H), 7.91 (s, 1H), 7.37 (d, J = 8.1 Hz,
1H), 7.02 (ddd, J = 8.2, 7.0, 1.1 Hz, 1H), 6.95 (dd, J = 9.0, 3.0 Hz,
1H), 6.88 (d, J = 9.1 Hz, 1H), 6.78 (d, J = 2.9 Hz, 1H), 6.65 (ddd, J =
8.2, 7.0, 1.1 Hz, 1H), 6.51−6.41 (m, 1H), 3.26 (s, 3H), 2.89−2.81
(m, 4H), 2.80−2.78 (m, 4H). 13C NMR (101 MHz, DMSO): δ
173.08, 172.67, 152.06, 145.93, 136.87, 134.69, 130.87, 128.29,
125.38, 122.39, 121.29, 121.12, 120.23, 119.96, 118.58, 113.08,
112.38, 106.29, 55.97, 50.91, 45.78. MS (ESI): m/z 403.2 (M + H)+.
Step 5: 3-(5-(4-Acryloylpiperazin-1-yl)-2-methoxyphenyl)-4-(1H-

indol-3-yl)-1H-pyrrole-2,5-dione (28). 50d (0.10 g, 0.24 mmol) was
dissolved in a mixture of THF (2 mL) and water (1 drop), followed
by adding DIEA (0.16 mL, 0.96 mmol) and acryloyl chloride (0.03
mL, 0.36 mmol). The resulting solution was stirred at rt for 10 min.
After removing the solvent, the mixture was extracted with ethyl
acetate, washed with brine, and the organic phase was dried over
Na2SO4. The solvent was removed, and the residue was purified by
flash column chromatography on silica (1% methanol in DCM ∼1.5%
methanol in DCM) to give a yellow solid 28 (0.09 g, 82% for two
steps). 1H NMR (400 MHz, DMSO-d6): δ 11.81 (s, 1H), 10.93 (s,
1H), 7.93 (d, J = 2.8 Hz, 1H), 7.38 (d, J = 8.1 Hz, 1H), 7.07−6.98
(m, 2H), 6.92 (d, J = 9.0 Hz, 1H), 6.84 (d, J = 2.9 Hz, 1H), 6.80 (dd,
J = 16.7, 10.5 Hz, 1H), 6.66 (t, J = 7.3 Hz, 1H), 6.45 (d, J = 8.1 Hz,
1H), 6.10 (dd, J = 16.7, 2.4 Hz, 1H), 5.68 (dd, J = 10.4, 2.4 Hz, 1H),
3.59 (m, 4H), 3.29 (s, 3H), 2.91 (m, 4H). 13C NMR (101 MHz,
DMSO-d6): δ 173.05, 172.62, 164.74, 152.47, 144.97, 136.88, 134.75,
130.96, 128.69, 128.10, 127.93, 125.33, 122.42, 121.25, 121.20,
120.60, 120.26, 119.13, 113.12, 112.42, 106.23, 55.98, 50.83, 50.22,

45.27, 41.73. HRMS (ESI): m/z calcd for C26H25N4O4 [M + H]+,
457.1876; found, 457.1794. Purity: 97.0%.

Compounds 25−30 were prepared following a similar synthetic
procedure of compound 28. Detailed spectral data are present in the
Supporting Information. 46a−46f were purchased from J&K
Scientific (Beijing, China).

Synthesis of 3-((1-Acryloylpiperidin-4-yl)amino)-4-(1H-
indol-3-yl)-1H-pyrrole-2,5-dione (34). Step 1: 3-Bromo-4-(1H-
indol-3-yl)-1H-pyrrole-2,5-dione (52). In a two-necked flask
equipped with a dropping funnel under argon, indole (0.30 g, 1.18
mmol) was dissolved in anhydrous THF (8 mL). A solution of 3 M
ethyl magnesium bromide in Et2O (1.57 mL, 4.71 mmol) was added
dropwise into the mixture, which was then heated to reflux for 2 h.
After cooling, a solution of 51 (0.55 g, 4.71 mmol) in anhydrous THF
(6 mL) was added dropwise over 1 h. Then, the reaction mixture was
stirred at rt for 1 h. The mixture was then hydrolyzed to pH = 9 with
aqueous HCl solution. After adding saturated aqueous NH4Cl
solution, the aqueous phase was extracted with ethyl acetate. The
combined organic layers were then washed with saturated aqueous
NaCl, dried over Na2SO4, and evaporated under vacuum. The residue
was purified by flash column chromatography on silica to yield 52
(0.28 g, 82%), a yellow solid. 1H NMR (400 MHz, DMSO-d6): δ
12.10 (s, 1H), 11.35 (s, 1H), 8.03 (d, J = 2.9 Hz, 1H), 7.89 (dt, J =
8.1, 1.0 Hz, 1H), 7.51 (dt, J = 8.1, 1.0 Hz, 1H), 7.22 (ddd, J = 8.1, 7.0,
1.2 Hz, 1H), 7.14 (ddd, J = 8.1, 7.1, 1.2 Hz, 1H). 13C NMR (101
MHz, DMSO): δ 170.75, 167.99, 138.54, 137.01, 131.54, 125.05,
122.95, 122.77, 120.92, 115.13, 112.84, 104.25. MS (ESI): m/z 291.0
(M + H)+.

Step 2: tert-Butyl-4-((4-(1H-indol-3-yl)-2,5-dioxo-2,5-dihydro-1H-
pyrrol-3-yl)amino)piperidine-1-carboxylate (53). 52 (0.13 g, 0.45
mmol) and piperidin-4-amine (0.18 g, 0.89 mmol) were dissolved in
DMSO (1.5 mL), followed by the addition of DIEA (0.15 mL, 0.89
mmol). The mixture was heated at 126 °C overnight. After cooling,
the mixture was diluted with water and extracted with ethyl acetate.
The combined organic layers were then washed with brine, dried over
Na2SO4, and evaporated under vacuum. The residue was purified by
flash column chromatography on silica to yield 53 (0.11 g, 60%), a
yellow solid. 1H NMR (400 MHz, DMSO-d6): δ 11.21 (d, J = 2.5 Hz,
1H), 10.34 (s, 1H), 7.40 (d, J = 8.1 Hz, 1H), 7.37−7.27 (m, 2H),
7.14−7.06 (m, 1H), 7.04−6.95 (m, 1H), 6.86 (d, J = 9.0 Hz, 1H),
3.67 (m, 2H), 3.43 (m, 1H), 1.97 (m, 2H), 1.47 (m, 2H), 1.31 (s,
9H), 1.26 (m, 2H). 13C NMR (101 MHz, DMSO). 13C NMR (101
MHz, DMSO): δ 173.82, 169.57, 154.19, 143.23, 136.10, 128.71,
126.48, 121.70, 119.91, 119.37, 112.05, 104.59, 100.05, 93.48, 79.22,
50.31, 32.01, 28.52. MS (ESI): m/z 410.1 (M + H)+.

Step 3: 3-((1-Acryloylpiperidin-4-yl)amino)-4-(1H-indol-3-yl)-1H-
pyrrole-2,5-dione (34). TFA (2 mL) was added to a solution of 53
(0.10 g, 0.24 mmol) in DCM (2 mL) and the mixture was stirred at rt
for 15 min. TFA and the solvent were evaporated, and the residue was
used in the next step without further purification. The residue (0.24
mmol) was dissolved in a mixture of THF (2 mL) and water (1 drop),
followed by the addition of DIEA (0.16 mL, 0.96 mmol) and acryloyl
chloride (0.03 mL, 0.36 mmol). The resulting solution was stirred at
rt for 10 min. After removing the solvent, the mixture was extracted
with ethyl acetate and washed with brine. The organic phase was
dried over Na2SO4. The solvent was removed, and the residue was
purified by flash column chromatography on silica (1% methanol in
DCM ∼1.5% methanol in DCM) to yield a yellow solid 34 (0.08 g,
90% for two steps). 1H NMR (400 MHz, DMSO-d6): δ 11.23 (s, 1
H), 10.43 (s, 1 H), 7.54−7.20 (m, 3 H), 7.09 (d, J = 7.1 Hz, 1 H),
7.01 (t, J = 7.0 Hz, 1 H), 6.64 (d, J = 7.5 Hz, 1 H), 5.75 (t, J = 14.6
Hz, 1 H), 5.27 (d, J = 7.8 Hz, 1 H), 3.87 (d, J = 12.2 Hz, 1 H), 2.93
(m, 1 H), 2.82 (m, 1 H), 2.56 (m, 1 H), 1.75 (m, 1 H), 1.57 (m, 2
H), 0.84 (m, 1 H). 13C NMR (101 MHz, DMSO): δ 173.79, 169.60,
164.78, 142.34, 136.13, 128.48, 128.46, 127.84, 127.35, 126.68,
121.84, 119.96, 119.59, 112.24, 104.14, 50.10, 49.39, 41.81, 30.50,
28.52. HRMS (ESI): m/z calcd for C20H21N4O3 [M + H]+, 365.1614;
found, 365.1591. Purity: 99.3%.

Enzymatic Assay. Kinases were purchased from Carna Bio-
sciences. The enzymatic activities of JAK3 were assessed using the
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homogeneous time-resolved fluorescence (HTRF) KinEase assay with
concentrations of ATP at Km and 1 mM, separately. ATP Kinase
enzymology assays were performed according to the protocols
specified by HTRF KinEase assay instructions (Cisbio Bioassays).
Time-Dependent Assay. Compound 1, 3, and 5 or kinase buffer

(positive control) were incubated with recombinant JAK3 for various
periods of time (0, 2, 4, 8, 16, 20, 30, or 40 min) before ATP (Km or 1
mM), and the substrate was added to initiate the kinase reaction. The
stop reactions were kept constant according to HTRF KinEase assays.
The according inhibition rate values were plotted versus incubation
time using GraphPad Prism software.
Kinetic Characterization. The inhibitors were incubated with

recombinant JAK3 for different periods of time, whereas durations of
enzymatic and stop reactions were kept constant according to HTRF
KinEase assays. The starting concentration was dependent on IC50

values of compounds, and concentrations from a threefold dilution
series (six data points per IC50 curve) were applied. The enzymatic
activity was measured with HTRF KinEase assays. The collected data
were fitted as described in the literature20 to determine kinact and Ki.
GraphPad Prism was used for curved fitting.
Cellular Assays. CTLL-2 cells were deprived of growth factors

and starved overnight. Then, cells were incubated with JAK3
inhibitors or DMSO for 2 h at 37 °C. After stimulation with 500
ng/mL IL-2 or 500 ng/mL IL-5 (R&D Systems) for 30 min, cells
were collected and lysed in cell lysis buffer containing protease and
phosphatase inhibitors. Western blotting analyses were then
conducted after separation by SDS/PAGE electrophoresis and
transfer to nitrocellulose membranes. Phospho-STAT5, STAT5, and
β-actin (all antibodies were from Cell Signaling Technologies) were
blotted separately with specific antibodies. The EC50 values were
calculated by quantitative stripe gray analysis of pSTAT5 using
GraphPad Prism software.
PBMCs were purchased from AllCells. After thawing, PBMCs were

resuspended in RPMI-1640 containing 10% FBS overnight and then
incubated with JAK3 inhibitors or DMSO for 2 h. After stimulation
with IL-2 (500 ng/mL, R&D Systems), IL-15 (500 ng/mL, R&D
Systems), IL-6 (600 ng/mL, R&D Systems), or IFN-α (400 ng/mL,
R&D Systems) for 30 min, cells were collected and lysed in cell lysis
buffer containing protease and phosphatase inhibitors. Western
blotting analyses were then conducted after separation by SDS/
PAGE electrophoresis and transferred to nitrocellulose membranes.
Phospho-STAT5, Phospho-STAT3, and phospho-STAT1 (all from
Cell Signaling Tech) were blotted separately with specific antibodies.
β-actin was blotted for equal loading.
Washout Experiment. CTLL-2 cells were deprived of growth

factors and starved overnight and treated with 1, 2, 3, or compound
32 for 2 h. For washout groups, cells were washed extensively with
PBS. The nonwashout groups were kept constant as stated above.
Cells were stimulated with IL-15 for 30 min, lysed, and subjected to
standard Western blot.
LPS-Induced IL-6 and TNF-α Secretion Assays. Frozen

PBMCs (from Allcells) were thawed in RPMI1640 (Thermo Fisher)
containing 10% FBS and recovered overnight at 37 °C. The next day,
cells were diluted to 1 × 106 cells/mL and seeded (500 μL) in 6-well
plates. Compounds or DMSO (5 μL, serially diluted in DMSO) were
added to the plates and incubated with cells for 2 h at 37 °C, followed
by stimulation with LPS (5 μL, 1 μg/mL) and incubation for 24 h at
37 °C in 5% CO2. Supernatants were collected for determination of
IL-6 and TNF-α levels using human IL-6 or human THF-α DuoSet
ELISA Kits (R&D Systems) according to the manufacturer’s
instructions.
In Vivo PKs Study. Male ICR mice (n = 3) were fasted overnight

and compound 32 was received as an intravenous dose (2 mg/kg) or
via oral gavage (5 mg/kg). Blood samples were collected at 0.08, 0.25,
0.5, 1, 2, 4, 8, and 24 h (iv) and 0.25, 0.5, 1, 2, 4, 8, and 24 h (po).
The plasma samples were deproteinized with acetonitrile containing
an internal standard. After centrifugation at 4 °C, supernatants were
collected for LC/MS/MS analysis.
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