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’ INTRODUCTION

Janus kinase 2 (JAK2) is an intracellular nonreceptor tyrosine
kinase that belongs to the JAK family kinases (JAK1, JAK2, JAK3,
and TYK2). The JAK-signal transducer and activator of tran-
scription (JAK-STAT) pathway mediates signaling by cytokines,
which control survival, proliferation, and differentiation of a
variety of cells.1�4 JAK2 signals downstream of a variety of
cytokine receptors, including receptors for interleukin-3 (IL-3),
granulocyte-macrophage colony stimulating factor (GM-CSF),
erythropoietin (EPO), and thrombopoietin (TPO).5 Cytokine
binding results in JAK2 phosphorylation, downstream STAT
phosphorylation (usually STAT3 and STAT5), and activation of
gene transcription. For all of these cytokines, activation of this
signaling cascade ultimately results in increased proliferation,
differentiation, and survival of erythroid and myeloid cells, and
JAK2 plays a key role in the maintenance of balanced hematopoi-
esis in adult tissues.

In 2005, several groups independently reported the discovery
of a somatic mutation of the gene encoding JAK2 in a high pro-
portion of patients with myeloproliferative disorders (MPDs):
>95% for polycythemia vera (PV) and 50% for essential throm-
bocythemia (ET) and primary myelofibrosis (PMF).6�10 A single
valine to phenylalanine mutation at position 617, located in the
pseudokinase domain thought to negatively regulate the adjacent
kinase domain, results in increased JAK2 autophosphorylation
and subsequent activation of downstream signaling networks. The
JAK2V617F mutation of JAK2 confers cytokine-independent pro-
liferation and survival of a previously EPO-dependent cell line,

consistent with its role in mediating EPO signaling. Remarkably,
reconstitution of irradiated mice with transduced bone marrow
expressing JAK2V617F leads to a condition that strongly resem-
bles PV within 4�6 weeks, with overt erythrocytosis, splenome-
galy, and in some strains of mice, leukocytosis.11�13 Thus, there
is genetic, cell based, and in vivo evidence to suggest a functional
role for mutant JAK2 in the pathology of PV, and it is reasonable
to predict that targeting the JAK2 protein could have therapeutic
benefit in this patient population. In fact, several classes of JAK2
inhibitors have been developed and are being tested in clinical
trials for the treatment of MPDs.14 The purpose of this report is
to describe the discovery of a series of novel small molecule
inhibitors of JAK2 that could reverse hyperphosphorylation of
JAK2 and be effective in treating MPD patients.

In 2002, researchers at Merck reported discovery of 1,6-
dihydro-7H-benzo[h]imidazo[4,5-f]isoquinolin-7-ones as po-
tent JAK inhibitors.15�17 These novel tetracyclics are generally
pan-JAK family inhibitors (IC50 for 1 in Figure 1: JAK1 = 2 nM,
JAK2 = 3 nM, JAK3 = 77 nM, and TYK2 = 7 nM) and have high
selectivity against other kinases. Recently, these laboratories
reported that compound 1 prevented EPO-induced PV in mice
with lower hematocrits, reduced spleen sizes, and reductions in
pSTAT5.18 Although 1 showed good efficacy in the in vivomodel
and displayed desirable pharmacokinetic (PK) properties in rats
(see Table 1), suboptimal physical properties and the poor kinase
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selectivity profile within the JAK family in this series hampered
further lead optimization efforts.

De novo design of new scaffolds derived from 1 was pursued
to rapidly identify a new viable lead series. Efforts to improve
physical properties embedded in the tetracyclic core led to the
identification of a tricyclic core, 2,5-dihydro-1H-pyrido[4,3-b]-
indol-1-one (2), which maintained key pharmacophores includ-
ing the two-point hinge binding motif of the pyridone. Although
2 presented promising PK properties in rats, this series was aban-
doned because of moderate JAK2 potency of the analogues, poor
selectivity over JAK3, and poor physical properties. A structurally
related class was subsequently identified from the IkB kinase
(IKK) program within Merck19 and tested in a focused screen
format prior to the high throughput screening campaign of the
Merck compound collection. This led to the identification of
1-amino-5H-pyrido[4,3-b]indol-4-carboxamides exemplified by
compound 3 (Figure 1) as a new lead series. Compared to 2,
compound 3 not only has an improved potency and selectivity
over JAK3 but also possesses much more druglike physical pro-
perties including logD and aqueous solubility. Additional in vitro
profiling indicated that 3 was an ATP competitive inhibitor of
JAK2 based on a stark potency shift at a higher ATP concentra-
tion (IC50 = 230 nM at 15 μMATP; IC50 > 15 000 nM at 2 mM
ATP). Molecular modeling attributed this to a three-point
binding interaction of the amide and the indole nitrogen to the
hinge region of the JAK2 protein.

Herein, we report a series of modifications to the amine and the
C-ring moieties of the 1-amino-5H-pyrido[4,3-b]indol-4-carboxamide
core of 3. Sequential improvements in cell potency, metabolic profile,
hERG activity,20 and P450 inhibitory activities led to the discovery
of 7-(2-aminopyrimidin-5-yl)-1-{[(1R)-1-cyclopropyl-2,2,2-trifluoro-
ethyl]amino}-5H-pyrido[4,3-b]indole-4-carboxamide (65), a

potent, selective, and orally active JAK2 inhibitor with an
excellent PK profile in three preclinical species. In addition,
initial in vivo efficacy results of 65 in PV mouse models are
described.

’CHEMISTRY

A general retrosynthetic analysis toward the 1-amino-5H-
pyrido[4,3-b]indol-4-carboxamide core (4) is outlined in
Scheme 1. Substituents on the C-ring were introduced via
palladium mediated coupling conditions from intermediates 5
(X = Cl).21,22 Amines were coupled to the chloropyridine moiety
of A-ring, which was prepared from the pyridone employing
POCl3, followed by hydrolysis of the nitrile to the primary amide
group. The nitrile was installed through a sequential NBS
bromination and Negishi coupling23 from the pyridone inter-
mediates 8. Intermediates 8 were then constructed via Fischer
indole synthesis24 between 2,4-dihydroxypyridine and substi-
tuted phenylhydrazines (9). The following schemes (Scheme 2�5)
provide an overview of the synthetic routes and reaction condi-
tions for representative 1-amino-5H-pyrido[4,3-b]indol-4-carbo-
xamides.

The 2,5-dihydro-1H-pyrido[4,3-b]indol-1-one cores were
synthesized in one step via condensation between 2,4-dihydroxy-
pyridine and substituted phenylhydrazines with the removal of
water (Scheme 2).24 For 3-chlorophenylhydrazine (9b), a mix-
ture of 7- and 9-chloro regioisomers (8c and 8b) was formed in a
ratio of 3:2, which could be separated at this stage. Bromination
took place at the 4-position of the A-ring selectively, which was
useful for further functionalization.

The A-ring of the cores was then derivatized as shown in
Scheme 3. Pyridones 7 were converted to chloropyridines 10
with POCl3, to which various amines were added to afford
aminopyridines 11 (method A in Scheme 3). The nitrile group
was then introduced to the 4-position of the cores employing
CuCN. Alternatively, intermediates 7 were converted to nitriles
13 via Negishi coupling23 before the conversion to chloropyr-
idines 6 (method B in Scheme 3). Electron rich amines could be
added to intermediates 6 in either thermal or microwave irradia-
tion conditions. However, amines that have fluorine atoms on the
β-carbon were not nucleophilic enough and failed to couple to
intermediates 6 in these conditions. For those amines, the
coupling could be realized via palladium mediated coupling
conditions.25,26 Compared to method A, method B has the
diversifying point at a later stage of the synthesis and was
employed more frequently for a rapid SAR studies on the C-1
amines.

As shown in Scheme 4, 1-substituted-1-cyclopropylmethana-
mines were prepared employing Ellman chemistry.27,28 Cyclo-
propanecarboxaldehyde was condensed with sulfinamides 13 in
the presence of PPTS and magnesium sulfate to form imines 14.

Table 1. Key Comparisons of Compounds 1�3

1 2 3

JAK2 IC50 (nM) 3 1,100 230

JAK3 IC50 (nM) 77 720 6,800

JAK3/JAK2 IC50 (ratio) 26 0.7 30

rat PK properties

Clp (mL/min/kg) 5.4a 13b >Qhep
c

bioavailability (%) 100a 89b 87c

physical properties

logD (pH 7.4) 3.6 4.3 2.0

aqueous solubility (μM) <2 0 6
a iv at 2 mg/kg, po at 4 mg/kg; dosed as a solution in DMSO/PEG400/
water (30:30:40). b iv at 1 mg/kg, po at 2 mg/kg; dosed as a solution in
PEG400/water (50:50). c iv at 1 mg/kg, po at 2 mg/kg; dosed as a
solution in PEG400/40% Captisol (50:50); Qhep = hepatic blood flow.

Figure 1. De novo design of the 1-amino-5H-pyrido[4,3-b]indol-4-carboxamide core.
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Compounds 14 were then treated with nucleophiles such as
CF3TMS/TMAF29 for the introduction of CF3 group and alkyl
Grignard reagents for the introduction of the corresponding
alkyl groups to afford 15. The nucleophilic additions pro-
vided high degrees of diastereoselectivity. Moreover, the major

diastereomers could be separated from the minor diasteroe-
mers by SiO2 chromatography at this stage. After the isolation
of the diastereomerically pure sulfinamides 15a and 15b,
the tert-butylsulfinyl group was removed with 4 N HCl to
provide 16.

Scheme 1. Retrosynthetic Analysis toward the 1-Amino-5H-pyrido[4,3-b]indol-4-carboxamide Core

Scheme 2. Construction of the 2,5-Dihydro-1H-pyrido[4,3-b]indol-1-one Coresa

a (a) Dean�Stark trap, Ph2O, 175�230 �C; (b) NBS, DMF.

Scheme 3. Synthesis of the 1-Amino-5H-pyrido[4,3-b]indole-4-carbonitrilesa

a (a) POCl3, microwave, 175 �C; (b) amine, MeOH, heat or microwave; (c) CuCN, NMP, microwave, 225 �C; (d) Zn(CN)2, Pd(PPh3)4, DMF, 90 �C;
(e) POCl3, dioxane, 90 �C; (f) amine, Pd2(dba)3, BINAP, NaO

tBu, DME, 85 �C.
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Upon completion of the introduction of amines at the 1-posi-
tion, the nitrile group was hydrolyzed with aqueous H2O2 and
K2CO3 at an elevated temperature (5 in Scheme 5). The C7-Cl
group on the C-ring was then derivatized with aryl and heteroaryl
boronic esters by employing palladium mediated coupling
conditions.21,22 For heteroaryl chloride or bromide coupling
partners, the chloro group on the C-ring was first converted to
the corresponding pinacol boronic esters 17 and subsequently
coupled to heteroaryl halides to provide the coupled products 4.

’RESULTS AND DISCUSSIONS

Initial Substitutions at C-1 of the A-Ring. Our initial SAR
efforts were directed toward varying the amine substituent at the
1-position of the 5H-pyrido[4,3-b]indol-4-carboxamide core to
improve JAK2 potency (Table 2). To this end, a diverse range of
aliphatic amines were investigated. When straight alkylamines
were examined, it was found that JAK2 potency improved as the
size of the amine increased, as butylamine 20 was 4-fold more
potent than either methylamine 18 or ethylamine 3. Branched
alkylamines that have substituents at α- and β-positions of the

amine gave either comparable or improved JAK2 activities.While
isobutylamine 22 showed comparable potency to propylamine
19, isopropylamine 21 was twice as potent as ethylamine 3,
indicating a preference for an α-branched amine. The use of α-
branched bulky amine added to C-1 further improved JAK2
potency exemplified by (2S)-3,3-dimethylbutan-2-amine 23
(IC50 = 52 nM). It was also found that stereochemistry of the
α-branch of the amine was important, as 23 was found to be
4-fold more potent than the (R)-enantiomer 24.
Major improvements in JAK2 potency were observed with

cycloalkylamines at C-1 position of the core. As was the trend for
acyclic alkylamines, cycloalkylamines showed higher potency as the
ring size grew from 4 (25, IC50 = 83 nM) to 6 (27, IC50 = 17 nM)
and 7 (28, IC50 = 19 nM). Comparable potency to cyclohexylamine
27 was observed with tetrahydropyranylamine 29. However, cyclic
tertiary amines at C-1 position showed 5- to 10-fold loss of activity
compared to the cycloalkylamines of the same ring size (30, 31). It
was also found that acyclic tertiary amines such as 32 were not
tolerated at this position, indicating that these bulky amines either had
steric clashwith the enzymeor adopted an unfavorable conformation.

Scheme 4. Synthesis of 1-Substituted-1-cyclopropylmethanaminesa

a (a) MgSO4, PPTS, DCM; (b) CF3TMS, TMAF, THF, �55 �C; (c) R5MgCl or R5MgBr, DCM, �78 to �52 �C; (d) 4 N HCl, MeOH/dioxane.

Scheme 5. Functionalization of the C-Ringa

a (a) Aqueous H2O2, K2CO3, DMSO, 70 �C; (b) R6-boronic ester, Pd2(dba)3, PCy3, K3PO4, dioxane/water, 100 �C; (c) bis(pinacolato)diboron,
Pd2(dba)3, PCy3, KOAc, dioxane, microwave, 150 �C; (d) R7-Cl, Pd2(dba)3, PCy3, K3PO4, dioxane/water, 100 �C.
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Exploration of the C-Ring Substituents. Having identified
promising alkylamines at the 1-position of the A-ring that gave
modest JAK2 activities, we next focused on substituents on the
C-ring to further improve the potency. Initially, with cyclohex-
ylamine at the 1-position of the A-ring, various substituents such
as halogen, alkyl, aryl, and heteroaryl groups were explored on
different positions of the C-ring (Table 3). As expected, substit-
uents at the 6-position of the C-ring were not tolerated, indicating
that theywere too close to the hinge region of the enzyme and caused
steric clash (data not shown). Compared to the unsubstituted

C-ring (33), the 7-chloro analogue 34 showed 2-fold improved
JAK2 potency. On the other hand, the 9-chloro analogue 35 was
2-fold less potent than 33, presumably because of unfavorable
steric clash of the 9-chloro group with the C-1 amine, which
could cause conformational changes of the amine group. These
findings led us to explore primarily the 7- and 8-positions of the
C-ring, which are pointing toward the solvent exposed region of
the protein based on modeling. Exploration of various aryl and
heteroaryl groups on the 7- and 8-position revealed a strong and
consistent preference for the 7-position over the 8-position
(compare 36, 38 vs 37, 39). A remarkable potency improvement
was achieved with heteroaryl groups such as 38 (IC50 = 5 nM) at
the 7-position. Further screening of pyrazoles, the 1H-pyrazol-4-
yl analogue 40 and the 1H-pyrazol-5-yl analogue 41, revealed
that these pyrazole analogues were less potent than the 1-methyl-
1H-pyrazol-4-yl analogue 38 by 2- and 4-fold, respectively.
Although cyclohexylamine 27 presented the highest JAK2

activity out of the various amine groups initially tested (Table 2),
key C-ring analogues of other promising amines at the 1-position
were investigated in parallel in the context of potency, kinase
selectivity, off-target activities, and PK properties. As a general
trend, the (2S)-3,3-dimethylbutan-2-amine analogues at the
1-position such as 42 (IC50 = 5 nM) showed JAK2 activities
comparable to those of the corresponding cyclohexylamine
analogues (Table 3). Moreover, the (2S)-3,3-dimethylbutan-2-
amine analogues (e.g., 42, hERG20 IC50 = 29 000 nM, 49%
inhibition of CYP3A4 at 10 μM) offered better off-target
activities than the cyclohexylamine analogues (e.g., 38, hERG
IC50 = 620 nM, 75% inhibition of CYP3A4 at 10 μM). As a result,
further screening of heterocycles on the C-ring was performed
with the (2S)-3,3-dimethylbutan-2-amine group at the 1-position
of the A-ring (Table 3). The isobutylpyrazole group (43) was not
well tolerated and resulted in 8-fold loss of activity compared to
42. However, other heterocycles such as 44, 45, 46, and 47
generally maintained high JAK2 activity. Theses results were
consistent with the X-ray cocrystal structure of 38 (Figure 3),
which showed a preference for polar substituents at the 7-posi-
tion that were pointing toward the solvent exposed region. The
solvent exposed region was flexible enough to accommodate
various polar groups while maintaining high potency. These
findings also indicated that SAR studies in this region could be
employed at later stage of the lead optimization in fine-tuning PK
properties, off-target activities, or physical properties without
affecting the already optimized JAK2 activity.
Effect of the C-1 Amines on PK Properties. While we were

optimizing JAK2 potency, kinase selectivity, and off-target activ-
ities of the series, we were also closely monitoring the PK
properties of the molecules. Although key (2S)-3,3-dimethylbu-
tan-2-amines such as 42 revealed satisfactory properties in JAK2
potency and off-target activities, they displayed poor PK proper-
ties when they were dosed in rats (Clp > Qhep). To understand
the causes of their high plasma clearance, metabolic stability
studies of the key compounds were performed (Figure 2). When
compound 42 was incubated in rat hepatocytes, both the
hydroxyl analogue (42-1) and the aldehyde analogue (42-2) at
the γ-position of the amine at the 1-position were identified as
major metabolites. The corresponding carboxylic acid analogue
(42-3) was observed as well, albeit in minor quantity. However,
no metabolic degradation of the methylpyrazole such as de-
methylation at the 7-position was observed in this study. These
results indicated that the (2S)-3,3-dimethylbutan-2-amine at the

Table 2. Initial SAR of Amino Derivatives at C-1 of the Core
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1-position was the soft spot in hepatic first pass metabolism and
might account for the high clearance of 42 in rats.
Identification of the metabolic instability of the tert-butyl

group of the (2S)-3,3-dimethylbutan-2-amine prompted us to
replace the tert-butyl group with other groups that are less prone
to metabolic oxidation. It is known that cyclopropyl groups are
more resistant to hydrogen abstraction than alky groups, thereby

more stable in metabolic oxidation.30,31 With the methylpyrazole
group at the 7-position, a handful of cyclopropyl containing
amines were explored at the 1-position (Table 4). Gratifyingly,
the (1S)-1-cyclopropylethanamine analogue 48 showed marked
improvement in PK properties in rats (Clp = 44 mL/min/kg,
t1/2 = 1.0 h) compared to 42. Rat hepatocyte incubation
study also revealed improved metabolic stability of 48 over 42

Table 3. SAR on the C-Ring
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(t1/2 = 61 and 15 min, respectively). Although the cyclopropyl
group was introduced in place of the tert-butyl group in order to
primarily improve PK properties, the replacement provided
surprisingly high enhancement in JAK2 potency as well (IC50 =
1 nM). More importantly, 48 showed 25-fold higher potency
than 42 (IC50 = 14 nM vs 370 nM) in the cell-biochemical assay,
inhibition of phosphorylation of STAT5 (pSTAT5), down-
stream of JAK. As seen with the 3,3-dimethylbutan-2-amine
analogues (23, 24 in Table 2), the (R)-enantiomer 49 displayed
a 10-fold loss in JAK2 potency compared to 48. These encoura-
ging results led us to further explore the α-branched alkyl group
of the amine both sterically and electronically. While the ethyl
analogue 50 displayed comparable potency in both JAK2 and
pSTAT5, 50 showed high plasma clearance in rats (Clp > Qhep),
indicating that the ethyl group might be rapidly metabolized.
Bulkier alkyl groups such as isopropyl group at theα-branch (51)
showed a tendency to lose potency as the alky group grew
bulkier. As a relatively small and metabolically stable substituent,
1,1-dicyclopropylmethanamine was introduced to the A-ring and
tested in rats. Although pSTAT5 potency of 52 was suboptimal,
it offered further improved plasma clearance and half-life (Clp =
22 mL/min/kg, t1/2 = 3.2 h).
Next, α-branched alkyl groups with electron withdrawing

atoms were pursued. Having identified that oxidative metabolism
of the amino group at the 1-position was the major cause of high
clearance, it was anticipated that electron withdrawing atoms on
the amino group might make the molecule less susceptible
to oxidative metabolism, thereby improving PK properties. To
this end, a trifluoromethyl group was introduced in place of the

α-methyl group of the amine retaining the cyclopropyl group
(Table 4). Indeed, the (R)-1-cyclopropyl-2,2,2-trifluoroethana-
mine analogue 53 displayed significantly improved PK properties
in rats (Clp = 14 mL/min/kg, t1/2 = 4.1 h, bioavailability of 65%),
albeit it showed a higher cell shift compared to 48. As seen
previously, a stark difference in potency between the two
enantiomers (53, 54) was observed as well. When the cyclopro-
pyl group was replaced with isopropyl or cyclobutyl groups as in
55 and 56, the compounds suffered from high rat clearance,
indicating that the electron withdrawing trifluoromethyl group
was not sufficient in preventing rapid metabolism of the mol-
ecules. Interestingly, 1-amino-7-(1-methyl-1H-pyrazol-4-yl)-5H-
pyrido[4,3-b]indole-4-carboxamides in general displayed high
JAK2 selectivity over JAK3 (typically >50-fold).
Optimization of the C-7 Heterocycles. Although com-

pounds 52 and 53 displayed optimal JAK2 biochemical potency
and rat PK properties, their off-target activities such as hERG
activity20 and CYP enzyme inhibition were found to be sub-
optimal (hERG IC50 of 1700 and 3400 nM; 80% and 66%
inhibition of CYP2C9 at 10 μM for 52 and 53, respectively). As
previously discussed, we envisioned that we could further
improve off-target activities, physical properties, and PK proper-
ties while maintaining high JAK2 potency by fine-tuning substit-
uents at the 7-position. An array of heterocycles were explored at
the 7-position with either 1,1-dicyclopropylmethanamine or (R)-
1-cyclopropyl-2,2,2-trifluoroethanamine at the 1-position as
summarized in Table 5. The 1H-pyrazol-4-yl analogues 57 and
61 displayed superior cell potency and comparable rat clearance
to 52 and 53. However, 57 and 61 had the same level of hERG

Figure 2. Major metabolites of 42 in rat hepatocytes.

Figure 3. X-ray crystal structure of 38 bound to JAK2: (A) hydrogen-bonding pattern in the structure of 38 bound to JAK2; (B) surface view of the
JAK2 active site bound to 38.
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and CYP activities as 52 and 53 (Table 6). The pyridazine
analogues 58 and 64 displayed high rat clearances, while com-
pound 63 showed more than 10-fold loss of potency. Although
the 2-pyrazine analogue 59 showed cell potency comparable to
that of 52, it displayed greater than 2-fold higher potency in
hERG activity. Major improvement in rat clearance was seen with
the 2-aminopyridine analogue 62 (Clp = 6 mL/min/kg), albeit it
suffered from submicromolar hERG activity. The 2-aminopyr-
imidine analogue of 52 (60) displayed a balanced profile in JAK2
potency (pSTAT IC50 = 29 nM), rat PK properties (Clp = 21
mL/min/kg), and off-target activities. Eventually, excellent rat
clearance and clean off-target activities were achieved with the
2-aminopyrimidine analogue 65 (Clp = 7 mL/min/kg, hERG
IC50 = 22 000 nM, CYP3A4 and CYP2C9 of <50% inhibition at
10 μM). Compound 65 offered superior cell potency (pSTAT
IC50 = 25 nM) while maintaining high selectivity over JAK3
(>300-fold) compared to 53. Moreover, 65 displayed high

enzymatic and cell potency against JAK2V617F (JAK2V617F IC50 =
0.4 nM, pSTAT5 (BaF3)V617F IC50 = 11 nM), which would
suggest its efficacy in the treatment of JAK2V617F drivenMPDs.34

Crystal Structure of Compound 38. An X-ray crystal struc-
ture of a representative of this series, 38, bound to JAK2 revealed
the expected mode of binding (Figure 3). Compound 38
interacts with the DFG-in form of JAK2 by binding in the ATP
site. The 5H-pyrido[4,3-b]indol core is clamped by hydrophobic
interactions with the side chain of Leu855 from the N-lobe
and Leu983 and the α-carbon of Gly935 from the C-lobe
(Figure 3B). Compound 38 is oriented so that the methylpyr-
azole points toward solvent and the cyclohexane points back
toward the DFGmotif, sitting in a pocket 4 Å from Asp994 of the
DFG motif. Compound 38 makes three hydrogen bonds to
backbone atoms of the kinase hinge (Figure 3A). The carbox-
amide oxygenmakes a hydrogen bondwith the backbone amine of
Leu932 (2.9 Å), and the carboxamide nitrogen forms a hydrogen

Table 4. SAR of Amines at the 1-Position with Methylpyrazole at the 7-Position

a iv at 1 mg/kg. bDosed as a solution in PEG400/40% Captisol (50:50 (v/v)). c Qhep = hepatic blood flow.
dND = not determined. eDosed as a solution

in PEG400/40% Trappsol (50:50 (v/v)). fDosed as a solution in PEG400/50% Captisol (50:50 (v/v)).
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bond with the carbonyl oxygen of Glu930 (3.0 Å). The third
hydrogen bond with the hinge is between the indole nitrogen of
38 and the carbonyl oxygen of Leu932 (3.2 Å).
PK and off-Target Activity Profile of 65. Encouraged by the

superior cell potency, low rat clearance, and clean hERG20 and
CYP activities of 65, we next fully characterized 65 in PK

properties and off-target activities in order to assess its potential
as a preclinical candidate. As shown in Table 7, 65 displayed a
balanced PK profile across species: low to moderate Clp, long
half-life (g4.5 h), and high bioavailability (g66%) suitable for
oral dosing. In addition to favorable PK properties, 65 offered
clean ion channel activities (IC50 values for IKr, IKs,

20 CaV1.2,
32

NaV1.5
33of >10, >10, >30, >30 μM, respectively). It was also

completely clean in CYP enzyme inhibitory activities (IC50 >
75 μM for each CYP3A4, 2C9, 2D6), indicating that it has very
low potential for drug�drug interactions. Throughout the SAR,
selectivity profile against a broad panel of kinases was closely
monitored for key inhibitors in order to assess potential in vivo
adverse events caused by inhibiting off-target kinases. In general,
lead inhibitors in this series showed high selectivity against JAK3
(vide supra), whereas they displayed similar inhibitory activities
of JAK1 and JAK2 (e.g., JAK1 IC50 = 1.5 nM for 65). When 65
was tested against a panel of 220 kinases, it displayed greater than
25-fold selectivity against 198 kinases. Twenty-two nonmutant
kinases whose IC50 values were within 25-fold of JAK2 IC50 are
shown in Table 8.

Table 5. SAR of Heterocycles at the 7-Position

a iv at 1 mg/kg. bDosed as a solution in PEG400/40% Captisol (50:50 (v/v)). c Qhep = hepatic blood flow.
dND = not determined. eDosed as a solution

in PEG400/40% Trappsol (50:50 (v/v)). fDosed as a solution in PEG400/Trappsol/water (35:60:5 (v/v/v)).

Table 6. Off-Target Activities of Selected JAK2 Inhibitors

compd

hERG

IC50 (nM)

CYP3A4 inhibition at

10 μM (%)

CYP2C9 inhibition at

10 μM (%)

52 1,700 62 80

53 3,400 48 66

57 990 66 80

59 720 65 46

60 8,200 55 35

61 3,000 68 61

62 750 65 41

65 22,000 30 34
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In Vivo Studies of 65. On the basis of excellent on-target
potency, off-target selectivity profile, and PK profile in three
species, compound 65 was chosen for further in vivo evaluation.
Compound 65 was studied in mouse models to assess its in vivo
target engagement and efficacy.34 When 65 was orally adminis-
tered to C57Bl/6 mice stimulated with darbepoetin, pSTAT5
was reduced in a dose-dependentmanner (in vivo IC50 = 1.2 μM).
In the darbepoetin-induced PVmodel, 65 successfully prevented
the elevation of both hematocrit and spleen weight in a dose-
dependent manner, demonstrating its efficacy at preventing acute
development of PV driven by wild-type JAK2. The effect of 65 on
major lymphoid populations was investigated as well to assess its
potential adverse effects. The details of these studies and results
will be published in a future article.

’CONCLUSIONS

The development of a series of 1-amino-5H-pyrido[4,3-
b]indol-4-carboxamides as ATP-competitive JAK2 inhibitors
was achieved by systematic optimization of multiple substituents
around the core structure. A series of SAR studies identified the 1- and
7-positions of the core as the optimal positions for substitution,
which led to the identification of inhibitors with subnanomolar

JAK2 activities. Incorporation of (R)-1-cyclopropyl-2,2,2-tri-
fluoroethanamine at the 1-position was found to be crucial to
achieving excellent cell activity and PK profile. In addition, the
2-aminopyrimidine group at the 7-position eliminated off-target
liabilities such as hERG activity and P450 inhibitory activities in
this series. These efforts culminated with the discovery of 7-(2-
aminopyrimidin-5-yl)-1-{[(1R)-1-cyclopropyl-2,2,2-trifluoro-
ethyl]amino}-5H-pyrido[4,3-b]indole-4-carboxamide (65), a
potent, selective, and orally active inhibitor of JAK2 and
JAK2V617F with an excellent PK profile in three preclinical species.
Furthermore, compound 65 displayed in vivo target engagement
and good efficacy at preventing PV-like disease in mouse models.

’EXPERIMENTAL SECTION

Chemistry. Commercial reagents were obtained from reputable
suppliers and used as received. All solvents were purchased in septum-
sealed bottles stored under an inert atmosphere. All reactions were
sealed with septa through which an argon atmosphere was introduced
unless otherwise noted. Liquid reagents and solvents were transferred
under a positive pressure of nitrogen via syringe. Reactions were
conducted in microwave vials or round bottomed flasks containing
Teflon-coated magnetic stir bars. Microwave reactions were performed
with a Biotage Initiator series microwave (fixed hold time setting;
reaction temperatures monitored by the internal infrared sensor).

Reactions were monitored by thin layer chromatography (TLC) on
precoated TLC glass plates (silica gel 60 F254, 250 μm thickness) or by
LC/MS (30mm� 2mm, 2 μm column + guard; 2 μL injection; 3�98%
MeCN/water + 0.05% TFA gradient over 2.3 min; 0.9 mL/min flow;
ESI; positive ion mode; UV detection at 254 nm). Visualization of the
developed TLC chromatogram was performed by fluorescence quench-
ing. Flash chromatography was performed on an automated purification
system using prepacked silica gel columns. 1H NMR spectra were
recorded on either a 500 or a 600 MHz Varian spectrometer. Chemical
shifts (δ) are reported relative to residual proton solvent signals. Data for
NMR spectra are reported as follows: chemical shift (δ ppm), multi-
plicity (s = singlet, brs = broad singlet, d = doublet, t = triplet, q = quartet,
dd = doublet of doublets, td = triplet of doublets, m = multiplet),
coupling constant (Hz), integration.

All tested compounds reported are of at least 95% purity, as judged by
LCAP (150 mm� 4.6 mm i.d., 5 μm column; 5 μL injection; 10�100%
MeCN/H2O+ 0.05%TFA gradient over 6.75min; 1mL/min flow; ESI;
positive ion mode; UV detection at 254 nm, Bw8).
8-Fluoro-2,5-dihydro-1H-pyrido[4,3-b]indol-1-one (8a).

To a separatory funnel was added 4-fluorophenylhydrazine hydrochlor-
ide (9a, 92 g, 565mmol) and sodium hydroxide (1.0M inH2O, 600mL,
600 mmol). The suspension was shaken and then diluted with ethyl
acetate and brine. The organic layer was separated, dried over magne-
sium sulfate, filtered, and concentrated. To the resulting liquid were
added 2,4-dihydroxypyridine (20.00 g, 180 mmol) and diphenyl ether
(200 mL). A Dean�Stark trap was fitted atop the flask, and the mixture
was heated to 175 �C for 90min. Themixture was then heated to 300 �C
for 1 h. When the mixture was cooled, toluene (500 mL) was added and
the solid that precipitated was collected by filtration. The filter cake was
washed with toluene (500 mL) and then broken up with a mortar and
pestle. The solid was then suspended in hot dioxane (100 �C), filtered
and the filter cake was washed with toluene to afford 8a (24.1 g, 119
mmol, 66% yield). LRMS (ESI) calcd for (C11H8FN2O) [M + H]+

203.1, found 203.1. 1H NMR (600 MHz, DMSO-d6) δ 11.77 (s, 1H),
11.12 (s, 1H), 7.70 (dd, J = 2.4, 9.3 Hz, 1H), 7.45 (dd, J = 4.3, 8.7 Hz,
1H), 7.29 (t, J = 6.2 Hz, 1H), 7.10 (td, J = 2.1, 8.8 Hz, 1H), 6.47 (d, J =
7.0 Hz, 1H).

Table 7. PK Profile of Compound 65 in Preclinical Speciesa

iv parameters rat dog monkey

dose (mpk) 1 0.5 0.5

AUCnorm (μM 3 h/mpk) 5.3 2.4 5.2

Clp (mL/min/kg) 7.4 18 7.4

Vdss (L/kg) 2.5 6.1 4.7

t1/2 (h) 4.5 5.2 7.3

po parameters rat dog monkey

dose (mg/kg) 2 1 1

AUCnorm (μM 3 h/mpk) 3.4 2.5 3.4

Cmax (μM) 0.6 0.3 0.2

tmax (h) 6.0 5.1 6.0

F b (%) 67 120 66
a n = 3. Dosed as a solution in PEG400/Trappsol/water (35:60:5 (v/v/
v)). mpk = mg/kg. bBioavailability.

Table 8. Kinase Selectivity Profile of 65

kinasea fold selectivityb kinasea fold selectivityb

cSRC 1 ARK5 6

TrkA 1 BTK 7

ACK1 2 Yes 7

Fms 2 PTK5 8

Fyn 2 TrkB 8

Flt3 3 CaMKIIδ 10

Hck 3 CaMKIIγ 11

Ret 3 PRK2 13

Bmx 4 Arg 17

Lyn 4 MLK1 18

Fgr 5 ALK 25

Lck 5
aHuman enzyme. b Fold selectivity against in-house JAK2 IC50 of 65
(0.8 nM).
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7-Chloro-2,5-dihydro-1H-pyrido[4,3-b]indol-1-one (8c). A
mixture of 3-chlorophenylhydrazine hydrochloride (9b, 165 g, 922mmol)
and 6 N NaOH (150 mL, 900 mmol) in ethanol (800 mL) was ex-
tracted with ethyl acetate (2 L). The organic layer was concentrated,
and the residue was diluted with dichloromethane. The organic layer
was separated, dried over magnesium sulfate, and concentrated. To 2,
4-dihydroxypyridine (50.9 g, 458 mmol) in phenyl ether (800 mL) in a
three-neck flask fitted with a Dean�Stark trap was added 3-chlorophe-
nylhydrazine. The reaction mixture was heated to 175 �C for 1 h and
then to 230 �C for 3 h. The reactionmixture was allowed to cool to room
temperature. The resultant slurry was filtered and washed with toluene.
The collected solids were ground to a fine powder, slurried in MeOH
(200mL), and sonicated for 15min. The slurry was filtered, washed with
MeOH, and dried to afford 8c (40.9 g, 187 mmol, 41% yield). 1H NMR
of the filtrate indicated that 8b was the major component in the filtrate.
LRMS (ESI) calcd for (C11H8ClN2O) [M +H]+ 219.0, found 219.0. 1H
NMR (600MHz, DMSO-d6) δ 11.82 (s, 1H), 11.18 (s, 1H), 8.04 (d, J =
8.3Hz, 1H), 7.51 (d, J= 1.7Hz, 1H), 7.31 (d, J= 7.0Hz, 1H), 7.18 (dd, J=
1.8, 8.4 Hz, 1H), 6.50 (d, J = 7.0 Hz, 1H).
4-Bromo-8-fluoro-2,5-dihydro-1H-pyrido[4,3-b]indol-1-one

(7a). To a solution of 8a (1.00 g, 4.95 mmol) in DMF (15.0 mL) was
added N-bromosuccinimide, and the mixture was allowed to stir in the
dark for 1 h at room temperature. The solution was then concentrated
and column chromatography on silica gel was used for purification to
afford 7a (0.91 g, 3.24 mmol, 66% yield). LRMS (ESI) calcd for
(C11H7BrFN2O) [M + H]+ 281.0, found 280.9. 1H NMR (600 MHz,
DMSO-d6) δ 12.05 (s, 1H), 11.48 (s, 1H), 7.72 (dd, J = 2.7, 9.2 Hz, 1H),
7.59 (s, 1H), 7.53 (dd, J = 4.5, 8.9 Hz, 1H), 7.21�7.15 (m, 1H).
4-Bromo-7-chloro-2,5-dihydro-1H-pyrido[4,3-b]indol-1-one

(7b). To a stirred solution of 8c (15.1 g, 69.1 mmol) in DMF (112 mL)
was added NBS (12.3 g, 69.1 mmol) in small portions at 0 �C. The
reaction mixture was covered with aluminum foil and warmed to room
temperature. The mixture was left to stir for 2 h, treated with water
(112 mL), and left to stir for 2 h. The reaction mixture was filtered and
washed with water. The solid was placed in a flask, and water (250 mL)
was added. The resultant slurry was stirred at 50 �C overnight, filtered,
and dried to afford 7b (16.2 g, 54.3mmol, 79% yield). LRMS (ESI) calcd
for (C11H7BrClN2O) [M + H]+, 296.9, found 296.9. 1H NMR (600
MHz, DMSO-d6) δ 12.09 (s, 1H), 11.04 (s, 1H), 8.05 (d, J = 8.5 Hz,
1H), 7.92 (s, 1H), 7.60 (d, J = 8.8 Hz, 1H), 7.53 (d, J = 1.9 Hz, 1H).
4-Bromo-1-chloro-8-fluoro-5H-pyrido[4,3-b]indole (10a).

A suspension of 7a (1.10 g, 3.91 mmol) in phosphorus oxychloride
(16.45 g, 10 mL, 107 mmol) was irradiated in the microwave at 175 �C
for 15 min. The solution was then poured over ice and diluted with
water. The solution was neutralized by the slow addition of NaOH (6M
and then 11 M in water). The mixture was extracted with ethyl acetate
(3�) and the combined organic layers were dried over magnesium
sulfate, filtered, and concentrated to afford 10a (1.00 g, 3.34 mmol, 85%
yield). LRMS (ESI) calcd for (C11H6BrClFN2) [M + H]+ 300.9, found
300.9. 1H NMR (600 MHz, DMSO-d6) δ 12.55 (s, 1H), 8.41 (s, 1H),
8.04 (dd, J = 2.6, 9.2 Hz, 1H), 7.68 (dd, J = 4.5, 8.9 Hz, 1H), 7.48 (td, J =
2.6, 9.1 Hz, 1H).
4-Bromo-1,7-dichloro-5H-pyrido[4,3-b]indole (10b). A sus-

pension of 7b (4.89 g, 16.4 mmol) in phosphorus oxychloride (10.5 mL,
113 mmol) was irradiated in the microwave at 175 �C for 15 min. The
reaction mixture was then cooled to room temperature, poured over ice,
and treated with 11 M sodium hydroxide (100 mL). The mixture was
extracted with ethyl acetate (3�). The combined organic layers were
dried with magnesium sulfate, filtered, and concentrated under reduced
pressure to give 10b (4.21 g, 13.3 mmol, 81%). LRMS (ESI) calcd for
(C11H6BrCl2N2) [M + H]+ 316.9, found 316.9. 1H NMR (600 MHz,
DMSO-d6) δ 12.61 (s, 1H), 8.43 (s, 1H), 8.33 (d, J = 8.5 Hz, 1H), 7.66
(d, J = 1.9 Hz, 1H), 7.43 (dd, J = 1.9, 8.5 Hz, 1H).

8-Fluoro-1-oxo-2,5-dihydro-1H-pyrido[4,3-b]indole-4-carbo-
nitrile (13a). To a solution of 7a (75 mg, 0.27 mmol) in NMP (2 mL)
was added copper(I) cyanide (34 mg, 0.37 mmol), and the mixture was
irradiated in the microwave at 225 �C for 40 min. Then the solution was
poured into a 10:1 (v/v) mixture of ethyl acetate/hexanes and filtered
through a silica gel plug. The filtrate was concentrated, taken up in ethyl
acetate, washed with brine, dried over magnesium sulfate, filtered, and
concentrated. Purification by chromatography on silica gel afforded 13a
(30 mg, 0.13 mmol, 50% yield). LRMS (ESI) calcd for (C12H7FN3O)
[M + H]+ 228.0, found 228.0. 1H NMR (600 MHz, CD3OD) δ 8.06 (s,
1H), 7.90�7.81 (m, 2H), 7.56�7.52 (m, 2H), 7.17 (ddd, J = 2.6, 9.3,
18.4 Hz, 1H).
7-Chloro-1-oxo-2,5-dihydro-1H-pyrido[4,3-b]indole-4-carbo-

nitrile (13b). To a mixture of 7b (1.42 g, 4.77 mmol) and tetrakis-
(triphenylphosphine)palladium (551 mg, 0.477 mmol) in DMF
(23.9 mL) was added zinc cyanide (280 mg, 2.39 mmol). The flask
was sealed and purged with nitrogen gas for 5 min. The reaction mixture
was stirred at 100 �C for 16 h. Themixture was cooled, diluted with ethyl
acetate, and washed with saturated sodium bicarbonate. The organic
layer was dried with magnesium sulfate, filtered, and concentrated under
reduced pressure. The residue was purified by chromatography on silica
gel to afford 13b (860 mg, 3.53 mmol, 74% yield) as a brown solid.
LRMS (ESI) calcd for (C12H7ClN3O) [M + H]+ 244.0, found 244.0.
1H NMR (600 MHz, DMSO-d6) δ 12.63 (s, 1H), 12.16 (s, 1H),
8.27 (d, J = 6.6 Hz, 1H), 8.02 (d, J = 8.4 Hz, 1H), 7.56 (s, 1H), 7.27 (d,
J = 8.4 Hz, 1H).
1-Chloro-8-fluoro-5H-pyrido[4,3-b]indole-4-carbonitrile

(6a). A mixture of 13a (50 mg, 0.22 mmol) in phosphorus oxychloride
(3.29 g, 2 mL, 21.46 mmol) was irradiated in the microwave at 175 �C
for 13 min. The solution was then cooled to ambient temperature and
concentrated in vacuo. The residue was dissolved in ethyl acetate,
washed with aqueous saturated sodium bicarbonate and brine, dried
over magnesium sulfate, filtered, and concentrated. Purification by
HPLC afforded 6a (30 mg, 0.12 mmol, 56% yield). LRMS (ESI) calcd
for (C12H6ClFN3) [M + H]+ 246.0, found 246.0. 1H NMR (600 MHz,
DMSO-d6) δ 13.24 (s, 1H), 8.76 (s, 1H), 8.09 (dd, J = 2.5, 9.1 Hz, 1H),
7.69 (dd, J = 4.4, 8.9 Hz, 1H), 7.53 (td, J = 2.6, 9.1 Hz, 1H).
1,7-Dichloro-5H-pyrido[4,3-b]indole-4-carbonitrile (6b).

To 7-chloro-1-oxo-2,5-dihydro-1H-pyrido[4,3-b]indole-4-carbonitrile
(860 mg, 3.53 mmol) was added phosphorus oxychloride (2.25 mL,
24.2 mmol). The reaction mixture was heated to 175 �C for 15 min in a
microwave. The mixture was cooled and poured over ice. The aqueous
mixture was made basic by the addition of 6 and 11 M NaOH. The
aqueous layer was extracted with ethyl acetate (3�). The combined
organic layers were dried with magnesium sulfate, filtered, and concen-
trated under reduced pressure. The residue was purified by chromatog-
raphy on silica gel to afford 1,7-dichloro-5H-pyrido[4,3-b]indole-4-
carbonitrile (800 mg, 3.05 mmol, 86% yield) as an off white solid.
LRMS (ESI) calcd for (C12H6Cl2N3) [M + H]+ 262.0, found 262.0. 1H
NMR (600 MHz, DMSO-d6) δ 13.29 (s, 1H), 8.76 (s, 1H), 8.35 (d, J =
8.5 Hz, 1H), 7.67 (d, J = 1.7 Hz, 1H), 7.47 (dd, J = 1.9, 8.5 Hz, 1H).
General Procedure for Amine Addition, Incorporation of

Nitrile Followed by Hydrolysis. 1-(Butylamino)-8-fluoro-5H-
pyrido[4,3-b]indole-4-carboxamide (20). Step 1. A solution of
10a (150 mg, 0.50 mmol) in butylamine (1.7 g, 24 mmol) was heated to
100 �C for 2 days. The reactionmixture was cooled to room temperature
and purified by column chromatography on silica gel to afford 4-bromo-
N-butyl-8-fluoro-5H-pyrido[4,3-b]indol-1-amine (115 mg, 0.342 mmol,
68% yield). LRMS (ESI) calcd for (C15H16BrFN3) [M + H]+ 336.0,
found 336.0. 1H NMR (600 MHz, DMSO-d6) δ 11.79 (brs, 1H), 8.25
(dd, J = 2.3, 10.3 Hz, 1H), 8.00 (s, 1H), 7.54 (dd, J = 4.7, 8.8 Hz, 1H),
7.25 (td, J = 9.1, 2.4Hz, 1H), 6.62 (brs, 1H), 3.54 (m, 2H), 1.64 (m, 2H),
1.38 (m, 2H), 0.92 (t, J = 7.5 Hz, 3H).
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Step 2. To a solution of 4-bromo-N-butyl-8-fluoro-5H-pyrido[4,3-
b]indol-1-amine (105 mg, 0.312 mmol) in NMP (1 mL) was added
copper(I) cyanide (69.9 mg, 0.781 mmol), and the mixture was heated
to 225 �C overnight. The reaction mixture was cooled to room
temperature, diluted with ethyl acetate, washed with water, dried over
magnesium sulfate, filtered, and concentrated. The residue was purified
by flash chromatography to afford 1-(butylamino)-8-fluoro-5H-pyrido-
[4,3-b]indole-4-carbonitrile (68 mg, 0.24 mmol, 77% yield). LRMS
(ESI) calcd for (C16H16FN4) [M + H]+ 283.1, found 283.1. 1H NMR
(600 MHz, DMSO-d6) δ 12.40 (brs, 1H), 8.41 (s, 1H), 8.33 (dd, J =
10.3, 2.3 Hz, 1H), 7.53 (dd, J = 4.6, 9.0 Hz, 1H), 7.31 (brs, 1H), 7.27 (td,
J = 9.1, 2.3Hz, 1H), 3.64 (m, 2H), 1.65 (m, 2H), 1.38 (m, 2H), 0.93 (t, J =
7.5 Hz, 3H).

Step 3. To a mixture of 1-(butylamino)-8-fluoro-5H-pyrido[4,3-
b]indole-4-carbonitrile (58 mg, 0.21 mmol) and potassium carbonate
(77 mg, 0.56 mmol) in DMSO (3 mL) was added hydrogen peroxide
(35%, 0.09 mL, 1.03 mmol), and the mixture was heated to 70 �C
overnight. The reaction mixture was cooled to room temperature,
filtered, and purified by HPLC to afford 20 (50 mg, 0.17 mmol, 81%
yield). LRMS (ESI) calcd for (C16H18FN4O) [M + H]+ 301.1, found
301.1. 1H NMR (600 MHz, DMSO-d6) δ 11.56 (s, 1H), 8.52 (s, 1H),
8.22 (s, 1H), 7.96�7.74 (m, 1H), 7.69 (dd, J = 4.8, 8.5 Hz, 1H),
7.24�7.04 (m, 2H), 7.01�6.74 (m, 1H), 3.60 (dd, J = 6.7, 13.5 Hz, 2H),
1.72�1.56 (m, 2H), 1.47�1.30 (m, 2H), 0.91 (t, J = 7.4 Hz, 3H).
1-{[(2S)-3,3-Dimethylbutan-2-yl]amino}-7-(1-methyl-1H-

pyrazol-4-yl)-5H-pyrido[4,3-b]indole-4-carboxamide (42).
Step 1. To 10b (400 mg, 1.27 mmol) was added (S)-3,3-dimethyl-2-
butanamine (10 mL, 76.0 mmol). The mixture was heated at 150 �C for
72 h, cooled to room temperature, and treated with water. The aqueous
mixture was extracted with ethyl acetate (3�). The combined organic
layers were dried with magnesium sulfate, filtered, and concentrated
under reduced pressure. The residue was purified by chromatography on
silica gel to afford 4-bromo-7-chloro-N-[(2S)-3,3-dimethylbutan-2-yl]-
5H-pyrido[4,3-b]indol-1-amine (150 mg, 0.39 mmol, 31% yield) as a
brown solid. LRMS (ESI) calcd for (C17H20BrClN3) [M + H]+ 380.0,
found 380.0. 1HNMR (600MHz, DMSO-d6) δ 11.86 (s, 1H), 8.14 (d, J
= 8.5Hz, 1H), 7.99 (s, 1H), 7.53 (d, J = 1.9Hz, 1H), 7.29 (dd, J = 1.9, 8.3
Hz, 1H), 5.66�5.55 (m, 1H), 4.49�4.43 (m, 1H), 1.17 (d, J = 6.8 Hz,
3H), 0.95 (s, 9H).

Step 2. To 4-bromo-7-chloro-N -[(2S)-3,3-dimethylbutan-2-yl]-5H-
pyrido[4,3-b]indol-1-amine (150 mg, 0.394 mmol) in NMP (3.94 mL)
was added copper(I) cyanide (88 mg, 0.985 mmol). The reaction
mixture was irradiated in the microwave at 225 �C for 1 h. The solution
was cooled to room temperature, diluted with ethyl acetate, and washed
with water. The organic layer was dried with magnesium sulfate, filtered,
and concentrated under reduced pressure. The residue was purified by
chromatography on silica gel to afford 7-chloro-1-{[(2S)-3,3-dimethyl-
butan-2-yl]amino}-5H-pyrido[4,3-b]indole-4-carbonitrile (21 mg, 0.06
mmol, 16% yield) as a brown solid. LRMS (ESI) calcd for (C18H20-
ClN4) [M +H]+ 327.1, found 327.0. 1HNMR (600MHz, DMSO-d6) δ
12.47 (s, 1H), 8.39 (s, 1H), 8.24 (d, J = 8.5 Hz, 1H), 7.52 (d, J = 1.9 Hz,
1H), 7.32 (dd, J = 2.0, 8.4 Hz, 1H), 6.33 (d, J = 9.6 Hz, 1H), 4.63 (dd, J =
6.9, 9.5 Hz, 1H), 1.21 (d, J = 6.9 Hz, 3H), 0.94 (s, 9H).

Step 3. To a mixture of 7-chloro-1-{[(2S)-3,3-dimethylbutan-2-
yl]amino}-5H-pyrido[4,3-b]indole-4-carbonitrile (21 mg, 0.064 mmol)
and potassium carbonate (22mg, 0.161mmol) in DMSO (0.86mL)was
added hydrogen peroxide (30% solution in water, 0.033 mL, 0.321
mmol). The reaction mixture was stirred at 70 �C for 16 h. The mixture
was cooled to room temperature and treated with water. The precipitate
was filtered and dried to afford 7-chloro-1-{[(2S)-3,3-dimethylbutan-2-
yl]amino}-5H-pyrido[4,3-b]indole-4-carboxamide (19 mg, 0.06 mmol,
86%) as a white solid. LRMS (ESI) calcd for (C18H22ClN4O) [M +H]+

345.1, found 345.1. 1H NMR (600 MHz, DMSO-d6) δ 11.96 (s, 1H),
8.47 (s, 1H), 8.16 (d, J = 8.4 Hz, 1H), 7.99 (s, 1H), 7.80 (s, 1H), 7.40 (s,

1H), 7.29 (d, J = 8.4 Hz, 1H), 4.57�4.37 (m, 1H), 1.24 (d, J = 6.0 Hz,
3H), 0.96 (s, 9H).

Step 4. To 7-chloro-1-{[(2S)-3,3-dimethylbutan-2-yl]amino}-5H-
pyrido[4,3-b]indole-4-carboxamide (14 mg, 0.041 mmol), Pd2(dba)3
(3.7 mg, 0.004 mmol), tricyclohexylphosphine (2.9 mg, 0.010 mmol),
and tribasic potassium phosphate (1.27 M in water, 0.389 mL, 0.50
mmol) in dioxane (0.83 mL) was added 1-methyl-4-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole (13 mg, 0.061 mmol).
The reaction solution was purged with nitrogen gas for 5 min and
heated to 100 �C for 16 h. The solution was cooled to room temperature,
diluted with ethyl acetate, and washed with water (3�). The organic
layer was dried with magnesium sulfate, filtered, and concentrated. The
residue was purified by chromatography on silica gel to afford 42 (4 mg,
0.01 mmol, 25% yield) as an off white solid. LRMS (ESI) calcd for
(C22H27N6O) [M + H]+ 391.2, found 391.2. 1H NMR (600 MHz,
DMSO-d6) δ 11.43 (s, 1H), 8.48 (s, 1H), 8.08 (s, 1H), 8.03 (d, J = 8.2
Hz, 1H), 7.87 (br, s, 1H) 7.85 (s, 1H), 7.81 (s, 1H), 7.44 (d, J = 8.1 Hz,
1H), 7.13 (br, s, 1H), 5.72 (s, 1H), 4.63�4.53 (m, 1H), 3.87 (s, 3H),
1.20 (d, J = 6.7 Hz, 3H), 0.97 (s, 9H).
(1S)-1-Cyclopropylethanaminium Chloride. Step 1. To a

stirred solution of cyclopropanecarboxaldehyde (24.9 g, 355 mmol) in
dichloromethane (355 mL) were added (S)-2-methyl-2-propanesulfi-
namide (13a, 21.5 g, 177 mmol), magnesium sulfate (107 g, 887 mmol),
and PPTS (2.23 g, 8.87 mmol). The reaction mixture was left to stir
overnight, filtered through a fritted funnel, concentrated, and purified by
chromatography to provide 14a (28.4 g, 164 mmol, 92% yield) as a
colorless oil. LRMS (ESI) calcd for (C8H16NOS) [M + H]+ 174.1,
found 174.1. 1H NMR (600 MHz, CDCl3) δ 7.42 (d, J = 8.0 Hz, 1H),
1.99�1.93 (m, 1H), 1.16 (s, 9H), 1.09�1.04 (m, 2H), 0.96�0.92 (m,
2H).

Step 2. To a stirred solution of 14a (1.0 g, 5.8 mmol) in dichloro-
methane (36 mL) was added MeMgBr (3.0 M in ether, 4.6 mL, 13.8
mmol) slowly at�52 �C in a cryobath. The reaction mixture was left to
stir at �48 �C for 3 h and allowed to warm to room temperature
overnight. The mixture was treated with saturated NH4Cl solution and
extracted with ethyl acetate (3�). The combined organics were washed
with brine, dried over sodium sulfate, concentrated, and purified by flash
chromatography to afford N-[(1S)-1-cyclopropylethyl]-(S)-2-methyl-
propane-2-sulfinamide (1.0 g, 5.3 mmol, 91% yield). LRMS (ESI) calcd
for (C9H20NOS) [M + H]+ 190.1, found 190.1. 1H NMR (600 MHz,
CDCl3) δ 3.06 (d, J = 4.1 Hz, 1H), 2.73 (m, 1H), 1.32 (d, J = 6.8 Hz,
3H), 1.21 (s, 9H), 0.80 (m, 1H), 0.55 (m, 1H), 0.47 (m, 1H), 0.37 (m,
1H), 0.17 (m, 1H).

Step 3. To a stirred solution of N-[(1S)-1-cyclopropylethyl]-(S)-2-
methylpropane-2-sulfinamide (1.0 g, 5.3 mmol) inMeOH (2.7 mL) was
added HCl in dioxane (4 N, 2.75 mL, 11.0 mmol). The reaction mixture
was left to stir for 30 min and concentrated in vacuo to half of the
volume. Ether was added to the mixture, and the white precipitate was
collected by filtration to afford (1S)-1-cyclopropylethanaminium chlor-
ide (615 mg, 5.06 mmol, 92% yield). 1HNMR (600MHz, DMSO-d6) δ
8.00 (brs, 3H), 2.48 (m, 1H), 1.24 (d, J = 6.7Hz, 3H), 0.91 (m, 1H), 0.51
(m, 2H), 0.42 (m, 1H), 0.28 (m, 1H).
(1R)-1-Cyclopropyl-2,2,2-trifluoroethanaminium Chlor-

ide. Step 1. To a stirred solution of 14a (10.0 g, 57.7 mmol) in THF
(290 mL) was added TMAF (6.45 g, 69.3 mmol). The reaction mixture
was purged with N2. The solution was cooled to�55 �C, and a solution
of TMSCF3 (13.53 mL, 87.0 mmol) in THF (430 mL) was added via
syringe slowly. The mixture was stirred at�55 �C until the reaction was
complete. The solution was warmed to �10 �C and treated with
saturated NH4Cl (10 mL). The aqueous layer was extracted with ethyl
acetate (3�), and the combined organics were dried with magnesium
sulfate, filtered, and concentrated under reduced pressure. The diaster-
eomers were separated by flash chromatography to afford N-[(1R)-1-
cyclopropyl-2,2,2-trifluoroethyl]-(S)-2-methylpropane-2-sulfinamide
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(10.0 g, 41.1 mmol, 71% yield) and N-[(1S)-1-cyclopropyl-2,2,2-tri-
fluoroethyl]-(S)-2-Methylpropane-2-sulfinamide (960 mg, 3.95 mmol,
7% yield) as white solids. N-[(1R)-1-cyclopropyl-2,2,2-trifluoroethyl]-
(S)-2-methylpropane-2-sulfinamide: 1H NMR (600 MHz, CDCl3) δ
3.32 (d, J = 5.7 Hz, 1H), 2.94�2.87 (m, 1H), 1.22 (s, 9H), 1.10�1.01
(m, 1H), 0.82�0.76 (m, 1H), 0.72�0.66 (m, 1H), 0.66�0.60 (m, 1H),
0.52�0.47 (m, 1H).N-[(1S)-1-Cyclopropyl-2,2,2-trifluoroethyl]-(S)-2-
methylpropane-2-sulfinamide: 1HNMR (600MHz, CDCl3) δ 3.62 (d, J =
5.2 Hz, 1H), 3.02�2.94 (m, 1H), 1.24 (s, 9H), 1.10�0.98 (m, 1H),
0.82�0.78 (m, 2H), 0.72�0.66 (m, 1H), 0.66�0.60 (m, 1H), 0.51�
0.46 (m, 1H).

Step 2. N-[(1R)-1-Cyclopropyl-2,2,2-trifluoroethyl]-(S)-2-methyl-
propane-2-sulfinamide (16.55 g, 68.0 mmol) was dissolved in MeOH
(34 mL), and 4MHCl in dioxane (34.0 mL, 136 mmol) was added. The
reaction mixture was allowed to stir for 30 min and concentrated to half
the volume. Ether was added to the mixture, and the resultant precipitate
was filtered to afford (1R)-1-cyclopropyl-2,2,2-trifluoroethanaminium
chloride (10.8 g, 61.5 mmol, 90% yield) as a white solid. 1H NMR (500
MHz, D2O) δ 3.44 (m, 1H), 1.27 (m, 1H), 0.85�0.98 (m, 2H), 0.75 (m,
1H), 0.58 (m, 1H).
1-{[(1S)-1-Cyclopropylethyl]amino}-7-(1-methyl-1H-pyr-

azol-4-yl)-5H-pyrido[4,3-b]indole-4-carboxamide (48). Step 1.
A mixture of 6b (150 mg, 0.572 mmol), (1S)-1-cyclopropylethanami-
nium chloride (209 mg, 1.72 mmol), and diisopropylethylamine (400
μL, 2.29 mmol) in dioxane (7.2 mL) was heated to 140 �C for 3 days.
The mixture was diluted with ethyl acetate and washed with 50% brine.
The organic layer was dried over sodium sulfate, concentrated, and
purified by flash chromatography to afford 7-chloro-1-{[(1S)-1-cyclo-
propylethyl]amino}-5H-pyrido[4,3-b]indole-4-carbonitrile (133mg, 0.43
mmol, 75% yield). LRMS (ESI) calcd for (C17H16ClN4) [M+H]+ 311.1,
found 311.0. 1HNMR (600MHz, CDCl3) δ 8.98 (brs, 1H), 8.38 (s, 1H),
7.70 (d, J = 8.5 Hz, 1H), 7.56 (d, J = 1.8 Hz, 1H), 7.36 (dd, J = 1.8, 8.2 Hz,
1H), 5.33 (d, J = 7.3 Hz, 1H), 3.98 (m, 1H), 1.43 (d, J = 6.5 Hz, 3H), 1.09
(m, 1H), 0.63 (m, 1H), 0.56 (m, 1H), 0.46 (m, 1H), 0.39 (m, 1H).

Step 2. 7-Chloro-1-{[(1S)-1-cyclopropylethyl]amino}-5H-pyrido-
[4,3-b]indole-4-carbonitrile (2.10 g, 6.76 mmol) and potassium carbo-
nate (4.67 g, 33.8 mmol) were placed in a flask. DMSO (67.6 mL) and
hydrogen peroxide (30%, 6.91 mL, 67.6 mmol) were added, and the
solution was heated at 85 �Covernight. The reactionmixture was cooled
to room temperature, diluted with ethyl acetate, and washed with water
and brine. The organic layer was dried with magnesium sulfate,
concentrated, and purified by HPLC to afford 7-chloro-1-{[(1S)-1-
cyclopropylethyl]amino}-5H-pyrido[4,3-b]indole-4-carboxamide (1.87
g, 5.69 mmol, 84% yield). LRMS (ESI) calcd for (C17H18ClN4O) [M +
H]+ 329.1, found 329.1. 1H NMR (600 MHz, DMSO-d6) δ 11.67 (s,
1H), 8.53 (s, 1H), 8.36 (d, J= 8.5Hz, 1H), 7.87 (brs, 1H), 7.78 (d, J = 2.0
Hz, 1H), 7.26 (dd, J = 2.1, 8.5 Hz, 1H), 7.19 (brs, 1H), 6.50 (d, J = 8.3
Hz, 1H), 4.00 (m, 1H), 1.36 (d, J = 6.7 Hz, 3H), 1.28 (m, 1H), 0.49 (m,
1H), 0.40 (m, 1H), 0.36 (m, 1H), 0.26 (m, 1H).

Step 3. A mixture of 7-chloro-1-{[(1S)-1-cyclopropylethyl]amino}-
5H-pyrido[4,3-b]indole-4-carboxamide (45 mg, 0.14 mmol), 1-methyl-
4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole (34.2 mg,
0.164 mmol), Pd2(dba)3 (12.5 mg, 0.014 mmol), tricyclohexylpho-
sphine (9.60 mg, 0.034 mmol), and potassium phosphate tribasic (1.27
M, 367 μL, 0.466 mmol) in dioxane (2.7 mL) was purged with nitrogen
for 10min and heated to 100 �C for 3 h. Themixture was cooled to room
temperature, concentrated, and purified by flash chromatography to
afford 48 (49 mg, 0.13 mmol, 96%). LRMS (ESI) calcd for
(C21H23N6O) [M + H]+ 375.2, found 375.2. 1H NMR (600 MHz,
DMSO-d6) δ 11.43 (s, 1H), 8.48 (s, 1H), 8.29 (d, J = 8.2 Hz, 1H), 8.11
(s, 1H), 7.87 (d, J = 1.4 Hz, 1H), 7.85 (brs, 1H), 7.32 (s, 1H), 7.44 (dd, J
= 8.2, 1.4 Hz, 1H), 7.13 (brs, 1H), 6.36 (d, J = 8.5 Hz, 1H), 4.02 (m, 1H),
3.90 (s, 3H), 1.37 (d, J = 6.4 Hz, 3H), 1.29 (m, 1H), 0.50 (m, 1H), 0.41
(m, 1H), 0.37 (m, 1H), 0.27 (m, 1H).

1-[(Dicyclopropylmethyl)amino]-7-(1-methyl-1H-pyra-
zol-4-yl)-5H-pyrido[4,3-b]indole-4-carboxamide (52). Step 1.
To a stirred slurry of 6b (2.5 g, 9.54 mmol) in dioxane (70 mL) in a
pressure vessel were added dicyclopropylmethanaminium chloride
(5.07 g, 34.3 mmol) and diisopropylethylamine (7.66 mL, 43.9 mmol).
The reaction mixture was heated to 145 �C for 3 days, treated with
additional dicyclopropylmethanaminium chloride (2.0 g, 13.5 mmol)
and diisopropylethylamine (3.0 mL, 17mmol), and heated to 145 �C for
4 days. The reaction mixture was cooled to room temperature and
concentrated. The residue was diluted with ethyl acetate and saturated
NaHCO3 solution. The aqueous layer was extracted with ethyl acetate
(3�). The combined organics were washed with brine, dried over
sodium sulfate, concentrated, and purified by flash chromatography to
afford 7-chloro-1-[(dicyclopropylmethyl)amino]-5H-pyrido[4,3-b]indole-
4-carbonitrile (2.30 g, 6.82 mmol, 72% yield). LRMS (ESI) calcd for
(C19H18ClN4) [M + H]+ 337.1, found 337.1. 1H NMR (600 MHz,
DMSO-d6) δ 12.45 (brs, 1H), 8.52 (d, J = 8.5Hz, 1H), 8.33 (s, 1H), 7.54
(d, J = 2.1 Hz, 1H), 7.36 (dd, J = 2.1, 8.5 Hz, 1H), 7.05 (d, J = 8.8 Hz,
1H), 3.54 (m, 1H), 1.37 (m, 2H), 0.53 (m, 2H), 0.38 (m, 2H), 0.35 (m,
2H), 0.29 (m, 2H).

Step 2. To a stirred solution of 7-chloro-1-[(dicyclopropylmethyl)-
amino]-5H-pyrido[4,3-b]indole-4-carbonitrile (2.47 g, 7.33 mmol) in
DMSO (73 mL) were added potassium carbonate (6.08 g, 44.0 mmol)
and 30% H2O2 (8.99 mL, 88.0 mmol). The reaction mixture was heated
to 85 �C for 5 h, cooled to room temperature, and diluted with ethyl
acetate and water. The mixture was extracted with ethyl acetate (3�).
The combined organics were washed with brine, dried over sodium
sulfate, concentrated, and purified by flash chromatography to afford
7-chloro-1-[(dicyclopropylmethyl)amino]-5H-pyrido[4,3-b]indole-4-
carboxamide (2.59 g, 7.30 mmol, 100% yield). LRMS (ESI) calcd for
(C19H20ClN4O) [M + H]+ 355.1, found 355.1. 1H NMR (500 MHz,
DMSO-d6) δ 11.67 (s, 1H), 8.47 (s, 1H), 8.41 (d, J = 8.2 Hz, 1H), 7.83
(brs, 1H), 7.78 (s, 1H), 7.26 (d, J = 8.5Hz, 1H), 7.18 (brs, 1H), 6.57 (d, J
= 8.5 Hz, 1H), 3.61 (q, J = 8.5 Hz, 1H), 1.35 (m, 2H), 0.51 (m, 2H),
0.32�0.40 (m, 6H).

Step 3. A mixture of 7-chloro-1-[(dicyclopropylmethyl)amino]-5H-
pyrido[4,3-b]indole-4-carboxamide (53 mg, 0.15 mmol), 1-methyl-
4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole (40.4 mg,
0.194 mmol), Pd2(dba)3 (13.7 mg, 0.015 mmol), tricyclohexylpho-
sphine (10.5 mg, 0.037 mmol), and potassium phosphate tribasic (1.27
M, 400 μL, 0.51 mmol) in dioxane (3 mL) was purged with nitrogen for
10 min and heated to 100 �C for 3 h. The mixture was cooled to room
temperature, concentrated, and purified by flash chromatography to
afford 52 (43 mg, 0.11 mmol, 72% yield). LRMS (ESI) calcd for
(C23H25N6O) [M + H]+ 401.2, found 401.2. 1H NMR (600 MHz,
DMSO-d6) δ 11.43 (s, 1H), 8.43 (s, 1H), 8.33 (d, J = 8.2 Hz, 1H), 8.12
(s, 1H), 7.87 (d, J = 1.1 Hz, 1H), 7.84 (s, 1H), 7.81 (brs, 1H), 7.45 (dd, J
= 1.7, 8.0 Hz, 1H), 7.12 (brs, 1H), 6.42 (d, J = 8.5 Hz, 1H), 3.90 (s, 3H),
3.63 (m, 1H), 1.37 (m, 2H), 0.51 (m, 2H), 0.34�0.38 (m, 6H).
1-{[(1R)-1-Cyclopropyl-2,2,2-trifluoroethyl]amino}-7-(1-

methyl-1H-pyrazol-4-yl)-5H-pyrido[4,3-b ]indole-4-carbox-
amide (53). Step 1. To 6b (5.0 g, 19.1 mmol), Pd2(dba)3 (873 mg,
0.95 mmol), BINAP (1.78 g, 2.86 mmol), and sodium tert-butoxide
(9.17 g, 95.0 mmol) in DME (125 mL) was added (1R)-1-cyclopropyl-
2,2,2-trifluoroethanaminium chloride (5.02 g, 28.6 mmol). The slurry
was purged with nitrogen gas for 15 min. The mixture was heated at
85 �C for 16 h. The mixture was cooled to room temperature, diluted
with ethyl acetate, and washed with water (2�) and brine. The organic
layer was dried with magnesium sulfate, filtered, and concentrated under
reduced pressure. The residue was purified by chromatography on silica
gel to afford 7-chloro-1-{[(1R)-1-cyclopropyl-2,2,2-trifluoroethyl]-
amino}-5H-pyrido[4, 3-b ]indole-4-carbonitrile (4.24 g, 11.62 mmol,
61% yield) as an off white solid. LRMS (ESI) calcd for (C17H13ClF3N4)
[M + H]+ 365.1, found 365.0. 1H NMR (600 MHz, DMSO-d6) δ 12.62
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(s, 1H), 8.56 (d, J = 8.5 Hz, 1H), 8.40 (s, 1H), 7.54 (d, J = 1.9 Hz, 1H),
7.46 (d, J = 8.8 Hz, 1H), 7.36 (dd, J = 1.9, 8.5 Hz, 1H), 4.81�4.73 (m,
1H), 1.59�1.52 (m, 1H), 0.76�0.70 (m, 1H), 0.64�0.58 (m, 1H),
0.54�0.47 (m, 1H), 0.29�0.24 (m, 1H).

Step 2. To 7-chloro-1-{[(1R)-1-cyclopropyl-2,2,2-trifluoroethyl]-
amino}-5H-pyrido[4, 3-b]indole-4-carbonitrile (4.20 g, 11.51 mmol)
and potassium carbonate (7.96 g, 57.6 mmol) in DMSO (230 mL) was
added hydrogen peroxide (30% solution in water, 11.76mL, 115mmol).
The mixture was heated to 80 �C for 4 h. The solution was cooled to
room temperature and diluted with ethyl acetate. The organic layer was
washed with water (3�) and brine. The organic layer was dried with
magnesium sulfate, filtered, and concentrated under reduced pressure.
The residue was purified by chromatography on silica gel to afford
7-chloro-1-{[(1R)-1-cyclopropyl-2,2,2-trifluoroethyl]amino}-5H-pyrido-
[4,3-b]indole-4-carboxamide (3.22 g, 8.41 mmol, 73% yield) as a yellow
solid. LRMS (ESI) calcd for (C17H15ClF3N4O) [M + H]+ 383.1, found
383.0. 1H NMR (600 MHz, DMSO-d6) δ 11.77 (s, 1H), 8.50 (s, 1H),
8.47 (d, J = 8.4 Hz, 1H), 7.93 (br, s, 1H), 7.77 (s, 1H), 7.29 (br, s, 1H),
7.26 (d, J = 8.4 Hz, 1H), 7.04 (d, J = 8.8 Hz, 1H), 4.87�4.77 (m, 1H),
1.58�1.51 (m, 1H), 0.74�0.68 (m, 1H), 0.64�0.57 (m, 1H), 0.53�0.46
(m, 1H), 0.32�0.26 (m, 1H).

Step 3. To 7-chloro-1-{[(1R)-1-cyclopropyl-2,2,2-trifluoroethyl]-
amino}-5H-pyrido[4,3-b]indole-4-carboxamide (51 mg, 0.13 mmol),
Pd2(dba)3 (12 mg, 0.013 mmol), tricyclohexylphosphine (9.3 mg, 0.033
mmol), and tribasic potassium phosphate (1.27 M in water, 0.36 mL,
0.45 mmol) in dioxane (2.7 mL) was added 1-methyl-4-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole (55 mg, 0.27 mmol). The
reaction solution was purged with nitrogen gas for 5 min and heated to
100 �C for 16 h. The solution was cooled to room temperature, diluted
with ethyl acetate, and washed with water (3�). The organic layer was
dried with magnesium sulfate, filtered, and concentrated. The residue
was purified by chromatography on silica gel to afford 53 (57 mg, 0.13
mmol, 100%) as a yellow solid. LRMS (ESI) calcd for (C21H20F3N6O)
[M + H]+ 429.2, found 429.1. 1H NMR (600 MHz, DMSO-d6) δ 11.54
(s, 1H), 8.46 (s, 1H), 8.39 (d, J = 8.3 Hz, 1H), 8.10 (s, 1H), 7.90 (br, s,
1H), 7.85 (s, 1H), 7.81 (s, 1H), 7.44 (d, J = 8.2 Hz, 1H), 7.24 (br, s, 1H),
6.89 (d, J = 8.8 Hz, 1H), 4.86�4.79 (m, 1H), 3.86 (s, 3H), 1.78�1.73
(m, 1H), 0.75�0.69 (m, 1H), 0.63�0.58 (m, 1H), 0.53�0.47 (m, 1H),
0.34�0.27 (m, 1H).
7-(2-Aminopyrimidin-5-yl)-1-[(dicyclopropylmethyl)amino]-

5H-pyrido[4,3-b]indole-4-carboxamide (60). A mixture of
7-chloro-1-[(dicyclopropylmethyl)amino]-5H-pyrido[4,3-b]indole-4-
carboxamide (70 mg, 0.20 mmol), 5-(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)-pyrimidin-2-ylamine (61 mg, 0.28 mmol), Pd2(dba)3 (18
mg, 0.02 mmol), tricyclohexylphosphine (14 mg, 0.05 mmol), and
K3PO4 (1.27 M in water, 0.53 mL, 0.67 mmol) in dioxane (4 mL) was
purged with nitrogen for 5 min, heated to 100 �C for 3 h, cooled to room
temperature, and concentrated. The residue was purified by flash
chromatography to afford 60 (60 mg, 0.15 mmol, 74% yield) as a white
solid. LRMS (ESI) calcd for (C23H24N7O) [M + H]+, 414.2, found
414.1. 1H NMR (500 MHz, DMSO-d6) δ 11.50 (s, 1H), 8.61 (s, 2H),
8.45 (s, 1H), 8.43 (d, J = 8.2 Hz, 1H), 7.92 (s, 1H), 7.83 (brs, 1H), 7.49
(d, J = 8.2 Hz, 1H), 7.18 (brs, 1H), 6.78 (s, 2H), 6.51 (d, J = 8.8 Hz, 1H),
3.63 (q, J = 8.5 Hz, 1H), 1.38 (m, 2H), 0.51 (m, 2H), 0.36 (m, 6H).
7-(2-Aminopyrimidin-5-yl)-1-{[(1R)-1-cyclopropyl-2,2,2-

trifluoroethyl]amino}-5H-pyrido[4,3-b]indole-4-carboxa-
mide (65). To 7-chloro-1-{[(1R)-1-cyclopropyl-2,2,2-trifluoroethyl]-
amino}-5H-pyrido[4,3-b]indole-4-carboxamide (8.36 g, 21.84 mmol),
Pd2(dba)3 (2.0 g, 2.18 mmol), tricyclohexylphosphine (1.53 g, 5.46
mmol), and tribasic potassium phosphate (1.27 M in water, 59.2 mL,
74.0 mmol) in dioxane (437 mL) was added 5-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)pyrimidin-2-amine (7.73 g, 34.9 mmol). The
reaction solution was purged with nitrogen gas for 15 min and heated to
100 �C for 2 h. The solution was cooled to room temperature, diluted

with ethyl acetate, and washed with water (3�). The organic layer was
dried with magnesium sulfate, filtered, and concentrated. The residue was
purified by chromatography on silica gel to afford 65 (8.20 g, 18.58mmol,
85% yield) as a yellow solid. LRMS (ESI) calcd for (C21H19F3N7O) [M+
H]+ 442.2, found 442.1. 1HNMR (500MHz,DMSO-d6) δ 11.63 (s, 1H),
8.61 (s, 2H), 8.51 (d, J = 8.4 Hz, 1H), 8.50 (s, 1H), 7.96 (br, s, 1H), 7.92
(s, 1H), 7.51 (d, J = 8.2Hz, 1H), 7.26 (br, s, 1H), 7.00 (d, J = 8.8Hz, 1H),
6.77 (s, 2H), 4.95�4.72 (m, 1H), 1.64�1.49 (m, 1H), 0.78�0.70 (m,
1H), 0.66�0.58 (m, 1H), 0.57�0.49 (m, 1H), 0.36�0.29 (m, 1H).
In Vitro Kinase Assays. JAK1, JAK2, and JAK3 kinase activity

assays were performed as described previously35 using HTRF detection
technology and the peptide substrate amino hexanoyl biotin-EQEDE-
PEGDYFEWLE-NH2. Each mixture was incubated between 60 and 80
min at room temperature. Final conditions were as follows: JAK1, 400
pM enzyme, Hepes, pH 7.5, 10mMMgCl2, 0.01%Brij-35, 1mMEGTA,
0.1 mg/mL BSA, 2 mM DTT, 2 μM peptide substrate, 25 μMMgATP,
5% DMSO, and the desired concentration of subject compound; JAK2,
25 pM enzyme (JH1, JH1-JH2wt, JH1-JH2V617F domains), 2μMpeptide
substrate, 15μMMgATP, 5mMMgCl2, 100mMNaCl, 2mMDTT, 0.1
mg/mL BSA, 50 mM Tris (pH 7.4), 5% DMSO, and the desired
concentration of subject compound; JAK3, 250 pM enzyme, 50 mM
Hepes, pH 7.5, 10 mMMgCl2, 0.01% Brij-35, 1 mM EGTA, 0.1 mg/mL
BSA, 2mMDTT, 2.0μMpeptide substrate, 25μMMgATP, 5%DMSO,
and the desired concentration of subject compound. Kinase profiling
was conducted by Millipore (Billerica, MA).
Cellular Assays. Measurement of pSTAT5 in cells was performed

essentially as described previously35 using an AlphaScreen SureFire
(Perkin-Elmer and TGR Biosciences) assay. AlphaScreen SureFire
p-STAT5 assay uses both biotinylated anti-phospho-STAT5 antibody,
which is captured by streptavidin-coated donor beads, and antitotal
STAT5 antibody, which is captured by protein A conjugated acceptor
beads. The irf1-blaHEL CellSensor cell line was created by transducing
parental HEL 92.1.7 cells (ATCC) with the pLenti-bsd/irf1-bla Cell-
Sensor vector. When both antibodies bind to phospho-STAT5 proteins
released from HEL irf1-bla cells, the donor and acceptor beads are
brought into proximity (e200 nm) and a cascade of chemical reactions
is initiated to produce a greatly amplified signal. Upon laser excitation, a
photosensitizer in the donor bead converts ambient oxygen to a more
excited singlet state. The singlet state oxygen molecules diffuse across to
react with a chemiluminescer in the acceptor bead that further activates
fluorophores contained within the same bead. The fluorophores subse-
quently emit light at 520�620 nm. The emitted light intensity is directly
proportional to the amount of phospho-STAT5 proteins released from
HEL irf1-bla cells.
Crystallography. Jak2 protein was mixed with CMP and concen-

trated to 3.1 mg/mL in a buffer containing 20 mMTris, pH 8.5, 250mM
NaCl, 0.5 mMEDTA, 2mMDTT. Crystals were obtained bymixing the
protein/inhibitor complex in a 1:1 ratio with reservoir solution contain-
ing 0.1MHepes, pH 7.5, 33.5% PEG3350, 100 ammonium sulfate, using
the hanging drop technique. Streak seeding was performed to improve
crystal size. Crystals were cryoprotected using the reservoir solution,
with addition of 10% PEG400, by immediate immersion into liquid
nitrogen. Data were collected at the IMCA beamline (17-BM) at the
Advanced Photon Source using X-ray of 1.00 Åwavelength and collected
on a MAR165 detector. Data were processed using HKL2000,36 and
phases were determined by molecular replacement using Phaser37 with
an in-house Jak2 structure as the search model. The structure was
iteratively rebuilt using Coot38 and refined with Refmac.39 Figures were
prepared using PyMOL.
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