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Abstract

There are currently no approved drugs for the treatment of emerging viral infections, such as
dengue and Ebola. Adaptor associated kinase 1 (AAK1) is a cellular serine/threonine protein
kinase that functions as a key regulator of the clathrin-associated host adaptor proteins and
regulates the intracellular trafficking of multiple unrelated RNA viruses. Moreover, AAK1 is
overexpressed specifically in dengue virus-infected but not bystander cells. Since AAKI is a
promising antiviral drug target, we have embarked on an optimization campaign of a previously
identified 7-azaindole analogue, yielding novel pyrrolo[2,3-b]pyridines with high AAKI1
affinity. The optimized compounds demonstrate improved activity against dengue virus both in
vitro and in human primary dendritic cells and the unrelated Ebola virus. These findings
demonstrate that targeting cellular AAK1 may represent a promising broad-spectrum antiviral

strategy.

Introduction

Dengue virus (DENV) is an enveloped, positive-sense, single-stranded RNA virus belonging
to the Flaviviridae family. DENV is transmitted by the mosquitoes Aedes aegypti and Aedes
albopictus, which mainly reside in (sub)tropical climates. Hence, dengue outbreaks are mainly
confined to equatorial areas, where more than 100 countries have been declared dengue-
endemic.! The World Health Organization (WHO) estimates that up to 3.9 billion people are at
risk for dengue infection at any given time.? In 2013, the WHO reported 3.2 million cases of
severe dengue and more than 9,000 dengue-related deaths worldwide.®> Up to 80% of DENV-
infected patients remain asymptomatic. Symptomatic patients usually experience an acute
febrile illness, characterized by high fever, muscle and joint pain, , and sometimes rash.! The

likelihood of progression to severe dengue, manifesting by shock, hemorrhage and organ
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failure, is greater upon secondary infection with a heterologous dengue serotype (of four that
circulate) due to antibody-dependent enhancement.*

Ebola virus (EBOV) is a member of the Filoviridae family. Four of the five known EBOV
species have been responsible for over twenty outbreaks and over 10,000 deaths since their
identification in 1976.

Current efforts in search for drugs active against DENV focus primarily on viral targets, such
as the NS3 helicase, NS2B-NS3 protease, NS4B, NS5 methyltransferase, NS5 polymerase and
the viral envelope.® In search for anti-EBOV drugs, the RNA-dependent RNA polymerase L,
the viral surface glycoprotein GP, and viral proteins VP24 and VP35 have been explored as
candidate targets.® However, targeting viral functions is often associated with the rapid
emergence of drug resistance and usually provides a ‘one drug, one bug’ approach. DENV and
EBOV rely extensively on host factors for their replication and survival. These cellular factors
represent attractive candidate targets for antiviral agents, potentially with a higher barrier for
resistance. In addition, such host-targeted antivirals are more likely to exhibit broad-spectrum
antiviral activity when targeting a host function required for the replication of several unrelated
viruses.”8

Intracellular membrane trafficking is an example of a cellular process that is hijacked by various
viruses®. Intracellular membrane trafficking depends on the function of tyrosine and dileucine
based signals in host cargo proteins, which are recognized by pl1-5 subunits of the clathrin
adaptor protein (AP) complexes AP1-5. Adaptor complexes mediate the sorting of cargo
proteins to specific membrane compartments within the cell. While AP2 sorts in the endocytic
pathway, AP1 and AP4 sort in the secretory pathway.!?

The activity of AP2M1 and AP1M1, the p subunits of AP2 and AP1, respectively, is regulated
by two host cell kinases, adaptor-associated kinase 1 (AAKI) and cyclin G associated kinase

(GAK). Phosphorylation of specific threonine residues in AP2M1 and AP1M1 by these kinases
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is known to stimulate their binding to tyrosine signals in cargo protein and enhance vesicle
assembly and internalization. Both AAK1 and GAK regulate clathrin-mediated endocytosis by
recruiting clathrin and AP2 to the plasma membrane. AAKI also regulates clathrin-mediated
endocytosis of cellular receptors via alternative sorting adaptors that collaborate with AP-2, e.g.
by phosphorylation of NUMB.!? Additionally, AAK1 has been implicated in the regulation of
EGFR internalization and recycling to the plasma membrane via its effects on and interactions
with alternate endocytic adaptors. We have demonstrated that AAK1 and GAK regulate
hepatitis C (HCV) entry and assembly by modulating AP2 activity.!®!! and viral release and
cell-to-cell spread via regulation of AP1.7-!> AAK1 and GAK are also required in the life cycles
of DENV and EBOV.’

We have reported that the approved anticancer drugs sunitinib and erlotinib that potently inhibit
AAK1 and GAK, respectively, demonstrate broad-spectrum in vitro antiviral activity against
different members of the Flaviviridae family (HCV, DENV, Zika virus, West Nile virus), as
well as against various unrelated families of RNA viruses.” We have also demonstrated that the
combination of these two drugs effectively reduces viral load, morbidity and mortality in mice
infected with DENV and EBOV.”:13 These data provide a proof-of-concept that small molecule
inhibition of AAK1 and GAK can yield broad-spectrum antiviral agents.”!> Moreover, using
single-cell transcriptomic analysis, AAK1 has been validated as a particularly attractive target
since it is overexpressed specifically in DENV-infected and not bystander cells (uninfected
cells from the same cell culture), and its expression level increases with cellular virus
abundance.!?

AAKI has been studied primarily as a drug target for the treatment of neurological disorders,
such as schizophrenia, Parkinson’s disease, neuropathic pain'4, bipolar disorders and

Alzheimer’s disease.!>!¢ Consequently, very potent AAKI inhibitors based on different
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chemotypes have been disclosed in the patent literature. Figure 1 shows representative

examples of these AAK1 inhibitors and their enzymatic inhibition data.
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28 Figure 1. Known AAKI inhibitors

33 Despite the fact that AAK1 emerged as a promising antiviral target, none of these compound
35 classes have been evaluated and/or optimized for antiviral activity. The only exception being a
37 series of imidazo[l,2-b]pyridazines, which were originally developed by Lexicon
Pharmaceuticals (Figure 2).'4 We have previously resynthesized these molecules, confirmed

42 their potent AAK1 affinity and demonstrated their antiviral activity against HCV and DENV.”
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50 Figure 2. AAK1 inhibitors with documented antiviral activity

55 Here, rather than starting from a potent AAK1 inhibitor, we started from a structurally simple

57 compound with reasonable AAKI activity from which easy structural variation could be
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introduced. A screening campaign of 577 structurally diverse compounds (representing kinase
inhibitor chemical space) across a panel of 203 protein kinases using the DiscoverX binding
assay format previously identified a pyrrolo[2,3-b]pyridine or 7-aza-indole derivative
(compound 1, Figure 3) as a potent AAK1 inhibitor (Kp = 53 nM).!” In this manuscript, we
describe our efforts to optimize the AAK1 affinity and anti-DENV activity of compound 1.

NC

Figure 3. A pyrrolo[2,3-b]pyridine (7-aza-indole) based AAKI1 inhibitor

Results and Discussion

Chemistry

Synthesis of 3-substituted-5-aryl pyrrolo[2,3-b]pyridines

A regioselective Sonogashira coupling of trimethylsilylacetylene with commercially available
5-bromo-3-iodo-2-aminopyridine 2 afforded the alkynyl derivative 3 (Scheme 1).'®* Compound
3 was then reductively ring closed with a strong base yielding pyrrolo[2,3-b]pyridine 4.
Initially, NaH was used as base!®, but later on potassium fert-butoxide!® was applied as this
gave a cleaner reaction outcome and an improved yield. Initial attempts to nitrate position 3 of
the 7-azaindole scaffold employed a mixture of a 65% HNO; solution and sulfuric acid?.
However, the desired product was difficult to isolate from this reaction mixture and therefore,
the nitration was performed by treatment of compound 4 with fuming nitric acid.?! The 3-nitro
derivative 5 precipitated from the reaction mixture and was conveniently isolated by filtration.
Suzuki coupling of compound 5 with a number of arylboronic acids yielded the 3-nitro-5-aryl-
pyrrolo[2,3-b]pyridines 6a-h in yields ranging from 65 to 85%.2? Catalytic hydrogenation of

the nitro moiety yielded the corresponding amino derivatives 7a-h. Because of the instability
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of the 3-amino-pyrrolo[2,3-b]pyridines, these were not purified and used as such for further
reaction. Coupling with an acid chloride in a mixture of pyridine and dichloromethane?* or
alternatively, reaction  with a  carboxylic acid  using (benzotriazol-1-
yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP) as coupling reagent?*
yielded a small library of pyrrolo[2,3-b]pyridines 8a-0. A sulfonamide derivative 8p was

prepared via reaction of 7g with phenylsulfonyl chloride in pyridine.

Scheme 1. Synthesis of 3-substituted-5-aryl pyrrolo[2,3-b]pyridines 8a-p

SlMe3 NO, g
TI Tf m o
N/
5

Iz

8a: Ry = Ph; R, = 3-pyridyl
8b: Ry = 4-F-Ph; R, = 3-pyridyl
O 8c: Ry = 4-CF4-Ph; R, = 3-pyridyl
HN/( 8d: Ry = 4-OCH3-Ph; R, = 3-pyridyl

forg Ry Rz 8e: Ry = 4-CH4-Ph; R, = 3-pyridyl
— \ N 8f: Ry = 3-CH3-Ph; R, = 3-pyridyl
= H 8g: Ry = 3,4-di-OCH3-Ph; R, = 3-pyridyl

8h: Ry = 3-thienyl; R, = 3-pyridyl
NO NH 8i: Ry = 3,4-di-OCH5-Ph; R, = Ph
R 2 R 2 8j: Ry = 3,4-di-OCHj3-Ph; R, = 4-F-Ph
N e ! | N\ 8k: Ry = 3,4-di-OCH3-Ph; R, = 4-OCH3-Ph
\ —_— _ EE— 8l: R = 3,4-di-OCH3-Ph; R, = 4-pyridyl
N 8m: Ry = 3,4-di-OCH3-Ph; R, = benzyl
8n: Ry = 3,4-di-OCH3-Ph; R, = cyclopentyl

—
NN N" 3

6a: R, = Ph 7a: R, = Ph 80: Ry = 3,4-di-OCHj3-Ph; R, = cyclohexyl
6b: Ry =4-F-Ph 7b: Ry = 4-F-Ph o]

6c: Ry = 4-CF4-Ph 7c: Ry = 4-CF3-Ph HN-S

6d: Ry = 4-OCH3-Ph 7d: Ry = 4-OCH3-Ph h R C

Be: R1 = 4—CH3—Ph 7e: Ry = 4-CHs-Ph s T e\

6f: Ry = 3-CH3-Ph 7f: Ry = 3-CH;-Ph | P

6g: R1 3,4-di-OCH3-Ph 79: R; = 3,4-di-OCH3-Ph N N

6h: Ry = 3-thienyl 7h: R4 = 3-thienyl

8p: Ry = 3,4-di-OCH3-Ph
Reagents and conditions. a) TMSA, Pd(PPh;),Cl,, Cul, Ei;N, THF, rt ; b) KOtBu, NMP, 80°C ; c)
HNOs, 0°C to 1t : d) Pd(PPhs),. K,CO5, ArB(OH),, H,0, dioxane, 105°C : ¢) H,, Pd/C, THF, 1t : f)
RCOCI, pyridine, THF, 1M NaOH, rt ; g RCOOH, BOP, Et;N, DMF, rt ; h) PhSO,Cl, pyridine, rt.
Synthesis of 3-benzoyl-5-(3,4-dimethoxyphenyl)-pyrrolo[2,3-b[pyridine
Formylation of compound 4 by a Duff reaction?® yielded 3-formyl-5-bromo-azaindole 9

(Scheme 2). The pyrrole nitrogen was protected?® using NaH and tosylchloride yielding

compound 10. Suzuki coupling reaction with 3,4-dimethoxyphenylboronic acid furnished
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compound 11. Nucleophilic addition?’ of phenylmagnesium bromide to the aldehyde furnished
the secondary alcohol 12. Oxidation?® of the benzylic alcohol using MnO, afforded ketone 13.
Finally, alkaline deprotection?® of the tosyl group yielded the desired compound 14.

Scheme 2. Synthesis of 3-benzoyl-5-(3,4-dimethoxyphenyl)-pyrrolo[2,3-b]pyridine 14

-

‘ O
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N"H NTOH Ts NT N
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\
0 HO, O
d O e
. B —_—
N N
Ts

12
Reagents and conditions. a) hexamine, H,O, CH;COOH, 120°C ; b) NaH, TsCl, 0°C to rt ; c) 3,4-
dimethoxyphenylboronic acid, Pd(PPhs),, 2M K,COs, toluene, EtOH, 105°C ; d) 3M PhMgBr, THF, rt;
e) MnO,, THF, rt ; f) KOH, EtOH, 80°C.
Synthesis of 3-phenyl-5-(3,4-dimethoxyphenyl)-pyrrolo[2,3-b]pyridine
Iodination of compound 4 with N-iodosuccinimide® afforded compound 15 (Scheme 3).
Reaction of compound 15 with phenylboronic acid led only to recovery of unreacted starting
material. Therefore, the pyrrole nitrogen of the 7-azaindole scaffold was protected as a tosyl
group,’® affording compound 16. A regioselective Suzuki coupling reaction using
phenylboronic acid furnished the 3-phenyl-pyrrolo[2,3-b]pyridine analogue 17. A subsequent

Suzuki reaction?? with 3,4-dimethoxyphenylboronic acid yielded compound 18. Finally,

alkaline cleavage of the tosyl protecting group afforded the desired target compound 19.°
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Scheme 3. Synthesis of 3-phenyl-5-(3,4-dimethoxyphenyl)-pyrrolo[2,3-b]pyridine 19

25 Reagents and conditions. a) NIS, acetone, rt ; b) NaH, TsCl, THF, 0°C to rt ; ¢c) PhB(OH),, Pd(PPhs),,
26 K,CO;, toluene, EtOH, H,0, 90°C ; d) 3,4-dimethoxyphenylboronic acid, Pd(PPhs),, K,CO;, toluene,
27 EtOH, H,0, 105°C ; ¢) KOH, EtOH, 80°C.

32 Synthesis of 3-alkynyl-5-(3,4-dimethoxyphenyl)-pyrrolo[2,3-b]pyridines

Sonogashira reaction of compound 15 with a number of (hetero)arylacetylenes yielded
37 regioselectively compounds 20a-f in yields varying from 20-70% (Scheme 4).!3 In contrast to
39 Suzuki couplings (Scheme 3), protection of the pyrrole nitrogen was not necessary. Subsequent
Suzuki coupling?? with 3,4-dimethoxyphenylboronic acid gave access to final compounds 21a-

44 f.

46 Scheme 4. Synthesis of 3-alkynyl-5-(3,4-dimethoxyphenyl)-pyrrolo[2,3-b]pyridines 21a-f
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15 20a: R = phenyl 21a: R = phenyl
>4 20b: R = 3-pyridyl 21b: R = 3-pyridyl
55 20c: R = 3-OCHgz-phenyl 21c: R = 3-OCHjs-phenyl
20d: R = 4-CH3-phenyl 21d: R = 4-CHz-phenyl
56 20e: R = 4-F-phenyl 21e: R = 4-F-phenyl
57 20f: R = 3-CN-phenyl 21f: R = 3-CN-pheny!
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Reagents and conditions. a) RC=CH, Pd(PPh;),Cl,, Cul, THF, Et;N, 1t ; b) 3,4-dimethoxyphenylboronic
acid, Pd(PPh;)4, K,COs, H,0, dioxane, 105 °C.

Synthesis of 1-methyl-1H-pyrrolo[2,3-b]pyridine

Methylation3! of compound 4 using NaH and Mel furnished compound 22 (Scheme 5).
Nitration,?! followed by Suzuki coupling?? gave access to compound 24. Finally, catalytic
reduction of the nitro group, followed by condensation?? of the exocyclic amino group of

compound 25 with nicotinoyl chloride yielded target compound 26.

Scheme 5. Synthesis of 1-methyl-1H-pyrrolo[2,3-b]pyridine 26.

O
NO, 0
Br Br Br NO;
= 7z ~
Ty = Ty 2 T = 48
N N
N H N N\ \ \N N\
4 22 23 24
~
(0] ~
o O
- NH o P
d 2 e -
A~ 2 HN N
\ 5\ [ N
\N N X ‘ =
\ N N\
25 26

Reagents and conditions. a) NaH, Mel, THF, 0°C to rt ; b) HNO;, 0°C to rt ; ¢) 3,4-
dimethoxyphenylboronic acid, Pd(PPhs),, K,COs, H,O, dioxane, 105°C ; d) H,, THF, rt ; e) nicotinoyl
chloride, pyridine, THF, IM NaOH, rt.

Synthesis of pyrazolo[3,4-b]pyridine

Suzuki coupling?? between commercially available 5-bromo-2-chloronicotinonitrile 27 and 3,4-
dimethoxyphenylboronic acid yielded regioselectively compound 28. Nucleophilic
displacement of the chlorine by hydrazine, with a concomitant nucleophilic addition at the

cyano group? allowed to construct the pyrazole moiety, yielding compound 29. Finally, amide

formation3? using nicotinoyl chloride yielded the final compound 30.
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Scheme 6. Synthesis of pyrazolo[3,4-b]pyridine 30

~o (0] o
11 NH -0 HN
2 c
12 CN — » = Q > = N\ / \N
13 R < LN A=

27 28 29 30
18 Reagents and conditions. a) 3,4-dimethoxyphenylboronic acid, Pd(PPhs),, K,CO;, H,0, dioxane, 105°C
19 ; b) 35% hydrazine hydrate, EtOH, 80°C ; ¢) nicotinoyl chloride, pyridine, rt.
22 Synthesis of pyrrolo[2,3-b]pyrazine
Treatment of 2-aminopyrazine 31 with N-bromosuccinimide yielded the 3,5-dibromopyrazine
27 intermediate 32 (Scheme 7).3* A  regioselective Sonogashira coupling with
29 trimethylsilylacetylene, followed by a reductive ring closure with potassium tert-butoxide
furnished pyrrolo[2,3-b]pyrazine 34.>3 Todination’® with N-iodosuccinimide yielded the
34 dihalogenated intermediate 35 that was subsequently treated with 3-ethynylpyridine!® and 3,4-
36 dimethoxyphenylboronic acid?? leading to the desired pyrrolo[2,3-b]pyrazine 37.

38 Scheme 7. Synthesis of pyrrolo[2,3-b]pyrazine 37

40 SiMe;

p [1 —»BTI aB’r{ éTD

\
B N B N
49 SR I\g — Oy - {
50 SN Sy N N
H H H

52 35 36
54 Reagents and conditions. a) NBS, DMSO, rt ; b) Me;SiC=CH, Pd(PPh;),Cl,, Cul, THF, Et;N, 1t ; c)

55 KOtBu, NMP, 100°C ; d) NIS, acetone, rt ; ) 3-ethynylpyridine, Pd(PPh;),Cl,, Cul, THF, Et;N, rt ; )
56 3,4-dimethoxyphenylboronic acid, Pd(PPhs),, K,CO3, H,0, dioxane, 105 °C.
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Kinase profiling and X-ray crystallography of compound 1

AAKI is a serine-threonine kinase that belongs to the NUMB-associated family of protein
kinases (NAKSs). Other members of this kinase family include BIKE/BMP2K (BMP-2 inducible
kinase), GAK (cyclin G associated kinase) and MPSK1 (myristoylated and palmitoylated
serine-threonine kinase 1, also known as STK16). As part of an early profiling of hit compound
1, we assessed its selectivity by a binding-displacement assay against each of the four NAK
family kinases (Figure 4). Conversion of the experimentally determined ICs, values to K; values
to allow estimation of the selectivity showed that compound 1 was 3-fold more selective for
AAKI1 over GAK, and 8-fold and 22-fold more selective for AAK1 over BMP2K and STK16,

respectively (Table 1).

Figure 4. Binding displacement assay of compound 1 against the NAK family members.

E 100 - AAKA1
5 = BMP2K
.,;_’ -+ GAK
2 50- -+ STK16
S

c

@

e

& 0

10° 10®* 107 10®° 105 104
Concentration (M)

Table 1. Selectivity of compound 1 for AAK1 against the NAK family kinases

Binding Displacement Assay

NAK ICs, (uM) K, (uM) K,/ K; (AAK1)

AAK1 1.17 0.541 1.0
BMP2K 10.1 4.40 8.13

GAK 3.25 1.75 3.23
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STK16 20.0 11.9 22.0

To analyse the binding mode of compound 1, the crystal structure of compound 1 bound to
AAKI to 2.0 A resolution was determined (Figure 5). Data collection and refinement statistics
are provided in Supplemental Table 1 (see Supporting Information) and PDB coordinates are
deposited under PDB ID 5L4Q. Compound 1 binds in the ATP-binding site of AAKI in a
relatively planar manner (Figure 5), with the pyrrolo[2,3-b]pyridine moiety bound directly
between the side-chains of two highly conserved residues: Ala72 from B2 in the kinase N-lobe
and Leul83 of the C-lobe, the location where the adenine ring of ATP would bind. The nitrogen
atoms of the pyrrolo[2,3-b]pyridine moiety form two hydrogen bonds to the peptide backbone
of residues Aspl27 and Cys129 at the kinase hinge region (Figure 5). The 4-cyanophenyl
moiety is oriented towards the solvent with the phenyl ring directly sandwiched between the
backbone of Gly132 of the hinge and Leu52 of 1 in the N-lobe, and the nitrogen of the cyano
moiety forming a polar interaction with the side-chain of Asn136. The nicotinamide moiety is
bound against the “gatekeeper” residue Met126, and forms a hydrogen bond to the side chain
of Lys74, another highly conserved residue that normally links the phosphate of ATP to the aC-
helix and required for correct positioning of the N-lobe for efficient catalysis. Compound 1 also
interacts with two water molecules, one situated at the back of the ATP pocket that bridges
between the oxygen of the amide moiety and the backbone nitrogen of Asp194, and a second
at the front of the adenosine binding site directly below Val60 in the B1 strand that interacts
with the amide nitrogen and surrounding solvent. The DFG motif (Aspl194) is in the
conformation expected of active AAK1 (Figure 5), with the activation loop of AAK1 in the

same conformation as seen in previous AAK1 and BMP2K crystal structures, including the
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activation-segment C-terminal helix (ASCH), a structural element that is rare amongst other

protein kinases, but conserved across the NAK family.3’

Compound 1

Figure 5. Crystal structure of AAK1 (grey) in complex with compound 1 (purple), PDB ID
5L4Q. A: Overview of the crystal structure of AAK 1. Highlighted are areas that are important for kinase
function. Compound 1 bound at the hinge is shown. ASCH = Activation Segment C-terminal Helix, a
feature unique to kinases of the NAK family. B: 2F-F, Electron density map contoured at 16 around
compound 1, showing the fit of the model to the map. C and D: Detailed views of the interactions of
compound 1 in the ATP-binding site from two orientations. Black dotted lines indicate polar
interactions, red spheres indicate water molecules. Note that residues 48-63 from 1 and B2 are removed
from C for clarity.

Structure-activity relationship (SAR) study
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All compounds synthesized in this study were evaluated for AAK1 affinity using two different,
commercially available AAK1 binding assays. In the early stage of the program, the proprietary
KINOMEscan screening platform of DiscoverX was used. In this assay, compounds that bind
the kinase active site prevent kinase binding to an immobilized ligand and reduce the amount
of kinase captured on the solid support. Hits are then identified by measuring the amount of
kinase captured in test versus control samples via qPCR that detects an associated DNA label.
Later on in the project, compounds were evaluated by the LanthaScreen™ Eu Kinase Binding
Assay (ThermoFisher Scientific), in which binding of an Alexa Fluor™ conjugate or “tracer”
to a kinase is detected by addition of a Eu-labeled anti-tag antibody. Binding of the tracer and
antibody to a kinase results in a high degree of fluorescence resonance energy transfer (FRET),
whereas displacement of the tracer with a kinase inhibitor results in loss of FRET.

The compounds were also assessed for antiviral activity in human hepatoma (Huh7) cells
infected with DENV?2. Their effect on overall infection was measured at 48 hours postinfection
with DENV2 via luciferase assays and the half-maximal effective concentration and the 90%
effective concentrations (ECsy and ECy values, respectively) were calculated. In parallel, the
cytotoxicity of the compounds (expressed as the half-maximal cytotoxic concentration or CCs,
value) was measured via an AlamarBlue assay in the DENV-infected Huh7 cells.

In all these enzymatic and antiviral assays, sunitinib was included as a positive control (Tables
2, 3,4, 5 and 6). Sunitinib has potent AAK1 affinity as measured by the KinomeScan format
(Kp = 11 nM) and LanthaScreen assay (ICso = 47 nM) and displayed potent activity against

DENYV with an ECs, value of 1.35 pM.

SAR at position 5 of the 7-aza-indole scaffold

We confirmed the AAK1 binding affinity of hit compound 1, yet in our hands a Kp value of

120 nM was measured (vs. the reported Kp = 53 nM).!”7 This hit demonstrated antiviral activity,
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although rather weak (ECsy, = 8.37 uM). Substitution of the 5-(4-cyanophenyl) moiety of
compound 1 by phenyl (compound 8a), thienyl (compound 8h) and substituted phenyl rings
with electron-withdrawing groups (compound 8¢), electron-donating substituents (compounds
8d-g) and a halogen (compound 8b) gave rise to a series of analogues with structural variety
that were at least equipotent to compound 1, suggesting that structural modification at this
position is tolerated for AAK1 binding (Table 2). The synthesis of this limited number of
analogues allowed us to quickly identify the 5-(3,4-dimethoxyphenyl) congener (compound 8g)
with low nM AAKI1 binding affinity in both the KinomeScan and LanthaScreen assay,
indicating an excellent correlation between the two assays. As compound 8g showed stronger
AAKI1 affinity than the positive control sunitinib, no additional efforts were done to further
explore the SAR at this position of the 7-aza-indole scaffold.

All analogues within this series had an improved antiviral activity against DENV, relative to
the original hit 1. The compound with the highest binding affinity for AAK1 (compound 8g)
also demonstrated the most effective anti-DENV activity, with ECsy and ECy, values of 1.64

uM and 7.46 uM, respectively (Figure 6).

Table 2. SAR at position 5 of the 7-aza-indole scaffold

o]
. HN N
o U
NT N
AAK1 enzymatic data DENYV antiviral Cytotoxicity
activity
Cmpd# R5 AAK1 K]) AAK1 IC50 ECSO ECgo CCS() (HM)
(uM) (uM) @M)  (uM)
(DiscoverX) LanthaScreen

1 4-cyanophenyl 0.120 ND? 8.37 46.8 >50
8a phenyl 0.0822 ND? 5.29 87.1 NEP
8b 4-F-phenyl 0.141 ND? 6.43 25.2 NEP
8c 4-CF;-phenyl ND? 0.23 2.94 12.0 57.0
8d 4-OCHj3-phenyl 0.0194 ND? 4.39 25.8 NEP
8e 4-Me-phenyl 0.0532 ND? 2.60 33.6 >100
8f 3-Me-phenyl ND® 0.0186 4.86 10.8 16.0
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82 3,4-di-OCH,- 0.00673 0.00432 1.64 7.46 39.7
phenyl

8h 3-thienyl 0.0161 ND# 3.01 66.8 NEP

Sunitinib - 0.0110 0.0474 1.35 2.71 246

aND : not determined ; *"NE : No effect (no apparent effect on cellular viability up to a concentration of
10 uM).

SAR of the N-acyl moiety

Given the improved AAK1 affinity and antiviral activity of compound 8g, the SAR of this
compound was further examined through the replacement of the 3-pyridyl group by a number
of (hetero)aromatics and cycloaliphatic groups, while the 3,4-dimethoxyphenyl residue was
kept fixed (Table 3). Our findings indicate that the 3-pyridyl moiety is critical for AAKI
binding as all analogues showed a 100-fold decreased AAKI affinity, when compared to
compound 8g, giving rise to AAK1 ICs, values in the 0.1-0.6 uM range. Only the congener
with a 4-methoxyphenyl residue (compound 8k) was endowed with an enhanced AAK1 affinity
with an ICsy value of 0.072 pM. In correlation with their weaker affinity for AAK1, these

compounds had a diminished antiviral activity relative to compound 8g.

Table 3. SAR of the N-acyl moiety

o]
© X
R
N
AAK1 enzymatic DENYV antiviral activity Cytotoxicity
data
Cmpd# R AAKI1 ICs (pM) ECso (M) ECy (M) CCs (M)
LanthaScreen

8g 3-pyridyl 0.00432 1.64 7.46 39.7
8i phenyl 0.108 4.07 50.5 17.3
8j 4-F-phenyl 0.161 8.34 30.2 15.9
8k 4-OCH;-phenyl 0.0721 NE® NE? 23.6
81 4-pyridyl 0.381 12.6 26.8 NE®
8m benzyl 0.612 142 NE? NE?
8n cyclopentyl 0.398 342 8.34 15.2
8o cyclohexyl 0.319 4.27 10.8 14.7

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

Page 18 of 76

ANE : No effect (no apparent antiviral effect or effect on cellular viability up to a concentration of 10

uM).

SAR of the linker moiety at position 3

To evaluate the importance of the amide linker, a number of surrogates were prepared (Table

4). For synthetic feasibility reasons, compound 8i, having a phenyl residue instead of a 3-

pyridyl ring, and endowed with quite potent AAK1 affinity and moderate antiviral activity, was

selected as a reference compound. Removing the amide linker furnished the 3-phenyl

substituted analogue 19, which was 4-fold more potent as AAK1 ligand than compound 8i, and

showed a slightly improved antiviral activity against DENV (ECsy and ECy values of 3.02 uM

and 8.34 uM, respectively). When the amide linker of compound 8i was replaced by a ketone

(compound 14) or alkyne (compound 21a) functionality, AAKI1 affinity was retained.

Compound 14 exhibited an improved antiviral activity in comparison with compound 8i.

Finally, replacement of the amide moiety by a sulfonamide linker was not well-tolerated, as

compound 8p showed close to 200-fold drop in AAK1 affinity.

Table 4. SAR of the linker moiety at position 3

~

‘ (0]
o]
R
AAKI1 enzymatic DENY antiviral activity Cytotoxicity
data
Cmpd# R AAK1 ICs (M) ECsy (uM) ECy (uM) CCso (M)
LanthaScreen
H
8i ,/NY© 0.108 4.07 50.5 17.3
o]
19 @ 0.0236 3.02 8.34 990
o
14 k@ 0.184 1.07 3.73 353
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21a /© 0.209 5.64 10.58 20.1
F
(g0
8p NJ 4.44 8.14 106 NE*
(H)

aNE : No effect (no apparent effect on cellular viability up to a concentration of 10 uM).

SAR of phenylacetylene

The data in Table 4 suggest that the amide moiety is not essential for AAK1 binding and can
be replaced. Although the 3-phenyl derivative 19 displayed potent AAK1 affinity, 3,5-diaryl
pyrrolo[2,3-b]pyridines are well known in the literature as kinase inhibitors. In contrast, 3-
alkynyl-7-aza-indoles are studied to a much less extent. We, therefore, selected the acetylene
derivate 21a to decipher if it was possible to improve AAKI affinity and antiviral activity by
further modifying the substitution pattern. A number of substituted phenylacetylene derivatives
was prepared (compounds 21b-f). The SAR in this series was quite flat, as all compounds
displayed very similar AAK1 affinity with ICs, values in the 0.1-0.4 uM range (Table 5). In
contrast, the introduction of a 3-pyridylacetylene (compound 21b) led to a substantial
improvement in AAK1 affinity (ICso = 0.0042 uM) with a concomitant improvement in
antiviral activity (ECso = 0.72 uM) and only a moderate cytotoxic effect (CCso =17 uM, Figure
6).

Table 5. SAR of phenylacetylene moiety

- R
(0] / /
AAK1 DENYV antiviral activity Cytotoxicity

enzymatic data
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(M)
LanthaScreen
21a phenyl 0.209 5.64 10.58 20.1
21b 3-pyridyl 0.00402 0.72 4.16 17.0
21c 3-OCHj;-phenyl 0.149 NE*= NE*= 19.6
21d 4-CH;-phenyl 0.420 7.45 20.5 NE*®
21e 4-F-phenyl 0.387 421 8.57 19.9
21f 3-CN-phenyl 0.381 10.2 41.2 NE?

aNE : No effect (no apparent antiviral effect or effect on cellular viability up to a concentration of 10
uM).

Scaffold modifications

Lastly, our SAR exploration focused on the 7-aza-indole scaffold itself (Table 6). Methylation
of the pyrrole nitrogen afforded compound 26, displaying a greatly decreased AAK1 affinity
(>800-fold loss in activity relative to compound 8g) and antiviral activity (ECso > 10 uM).
Insertion of an additional nitrogen atom in the pyrrole moiety yielded the pyrazolo[3,4-
b]lpyridine analogue 30 that is 100-fold less active as an AAK1 ligand relative to the parent
compound 8g. When the pyridine moiety of compound 21b was replaced by a pyrazine ring,
the pyrrolo[2,3-b]pyrazine analogue 37 was obtained. This compound was endowed with very
potent AAK1 affinity (ICso = 0.00927 uM), comparable to its 7-aza-indole counterpart 21b.
Unfortunately, compound 37 demonstrated greater cytotoxicity than compound 21b in Huh7
cells with CCsy’s of 4.81 uM vs. 17.0 uM, respectively.

Table 6. Scaffold modifications

AAK1 DENYV antiviral activity Cytotoxicity
enzymatic data
AAK1 ICs,
Cmpd# Structure (HM) ECs (HM) ECy, (HM) CCs (l,lM)
LanthaScreen
e
‘ O
o 6]
HN a a a
26 _ A\ Y 3.39 NE NE NE
NS N =
N
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%/ﬂt/ 0.462 2.09 19.0 16.0

37 \©\[ j 0.00927 3.28 7.68 4.81

aNE : No effect (no apparent ant1v1ra1 effect or effect on cellular viability up to a concentration of 10
uM).
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Figure 6. Compounds 82 and 21b suppress DENV infection more effectively than
compound 1. Dose response of DENV infection (blue) and cell viability (black) to compounds 1, 8g,
and 21b measured by luciferase and alamarBlue assays, respectively, 48 hours after infection. Data are
plotted relative to vehicle control. Shown are representative experiments from at least two conducted,
each with 5 biological replicates; shown are means + SD.

Broad-spectrum antiviral activity

AAKI1 has been demonstrated to be important for the regulation of intracellular viral trafficking
of multiple unrelated viruses.” Sunitinib, an approved anticancer drug with potent anti-AAK1
activity, displayed antiviral activity against RNA viruses from six different families.” To
evaluate for potential broad-spectrum antiviral coverage of our molecules beyond DENV
infection, hit compound 1 and the optimized congeners (compounds 8¢ and 21b) were tested

for their activity against the unrelated EBOV. Huh7 cells were infected with EBOV and treated

for 48 hours with each compound (Figure 7). Whereas compound 1 did not show effective
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activity against EBOV, the more potent AAKI inhibitors 8g and 21b displayed anti-EBOV

activity with ECs, values in the low puM range and CCsy> 10-20 pM..

1 8g 21b
150+ EC50>10uM 150+ EC50=4.24pM 150 EC50=159uM
EC90>10uM EC90=12.4uM EC90=7.58puM
@' CC50>10|..I|V| ;\E CC50>20}JM B? CC50>10uM
= < ) ~
S 1004 —Am‘-»n—_-_!_lq. § 1004 & & 100
£ " £ £
50+ > 504 > 50+
: : :
E w _ w
0- 0 ————————r -———rmr——rr
0.01 0.1 1 10 1 10 1 10
Concentration (uM) Concentration (uM) Concentration (pM)

Figure 7. Compounds 1, 8¢ and 21b suppress EBOV infection. Dose response of EBOV
infection (blue) and cell viability (black) to compounds 1, 8¢ and 21b measured by plaque assay (for
compound 1) or immunofluorescence assays (for compounds 8g and 21b) and CellTiter-Glo
luminescent cell viability assay in Huh7 cells 48 hours after infection. Data are plotted relative to vehicle
control. Shown are representative experiments from at least two conducted, each with 3 biological
replicates; shown are means = SD.

Correlation of the antiviral effect of compounds 1, 8¢ and 21b with functional AAK1
inhibition

To confirm that the observed antiviral activity is correlated with functional inhibition of AAK1
activity, we measured levels of the phosphorylated form of the u subunit of the AP2 complex,
AP2M1, upon treatment with compounds 1, 21b and 8g. Since AP2M1 phosphorylation is
transient (due to phosphatase PP2A activity),?’ to allow capturing of the phosphorylated state,
Huh7 cells were incubated for 30 minutes in the presence of the PP2A inhibitor calyculin A

prior to lysis. Treatment with compounds 1, 21b and 8g reduced AP2M1 phosphorylation

(Figure 8), indicating modulation of AP2M1 phosphorylation via AAK1 inhibition.
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Figure 8. Antiviral effect of compounds 1, 8g and 21b correlate with functional inhibition
of AAKI. Dose response of AP2M1 phosphorylation to treatment with 1 (A), 8g (B), and 21b
(C) by Western analysis in lysates derived from Huh7 cells. Representative membranes (from two
independent experiments) blotted with anti-phospho-AP2M1 (pAP2M1), anti-AP2M1 (AP2M1), and
anti-Actin (Actin) antibodies and quantified data of pAP2M1/actin protein ratio normalized to DMSO
controls are shown. ** p <0.01, *** p <0.001 by 2-tailed unpaired ¢ test.

Inhibition of DENYV infection in human primary monocyte-derived dendritic cells
(MDDCs)

To determine the therapeutic potential of the AAKI1 inhibitors, their antiviral activity was
studied in human primary dendritic cells. Primary cells are a physiologically more relevant
model for DENYV infection than immortalized cell lines, and are considered an ex vivo model
for DENV infection.?* Compounds 21b and 8g showed a dose-dependent inhibition of DENV

infection with ECs, and ECy values of 0.0428 uM and 1.49 uM and 0.739 uM and 3.32 uM,
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respectively (Figure 9). This very potent activity in MDDCs associated with minimal
cytotoxicity (CCsy > 20 uM), particularly of compound 21b demonstrates the potential of
AAKI1 inhibitors as antiviral agents.
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Figure 9. Ex vivo antiviral activity of 21b and 8g in human primary dendritic cells. Dose
response of DENV infection (blue) and cell viability (black) to compounds 21b (A) and 8g (B) measured
by plaque assays and alamarBlue assays, respectively, 72 hours after infection of primary human
monocyte-derived dendritic cells (MDDCs). Shown is a representative experiment with cells from a
single donor, out of 2 independent experiments conducted with cells derived from 2 donors, each with
6 biological replicates; shown are means + SD.

Kinase selectivity

To assess the kinase selectivity of the optimized AAKI inhibitors, compound 21b was screened
against 468 kinases via the KINOMEScan assay (DiscoverX) at a single concentration of 10
uM. As can be derived from the kinase interaction map (Figure 10), compound 21b cannot be
considered as a selective AAK1 inhibitor. Beyond AAK 1, compound 21b targets multiple other
kinases (including the other members of the NAK family), which might contribute to its

antiviral effect.
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22 Figure 10. Kinome tree of compound 21b. Kinases that bind compound 21b are marked with red
23 circles. The larger the circle, the stronger the binding affinity.
24
25
;? To quantitatively characterize the selectivity of compound 21b, selectivity scores (S-scores)
28 . c g .
29 were calculated* (Table 7). The S-score is calculated by dividing the number of kinases that
30
31 compounds bind to by the total number of distinct kinases tested, excluding mutant variants.
32
33 Up to now, the AAK1 inhibitor that often has been used for antiviral activity studies is sunitinib.
34
gg The S(3 uM)-score of sunitinib, which is the number of kinases found to bind with a
37
38 dissociation constant less than 3 uM by the total number of non-mutant kinases tested, is 0.57.4°
39
40 The S (3 uM) score is comparable with the S(10) score and therefore it can be deduced that the
41
25 7-aza-indole based AAK1 inhibitor 21b, although still not very selective, has an improved
44 . . . e .
45 kinase selectivity profile, relative to that of sunitinib, and it may therefore represent an
46
47 improved pharmacological tool to probe the role of AAK1 in viral infection.
48
49
50
51 ..
52 Table 7. Selectivity scores (S scores) for compound 21b at 10 uM
53
54 S-score type  Number of Hits  Number of Non-Mutant Selectivity Score
55 Kinases
56 S(35)! 212 403 0.526
57 S(10)° 138 403 0.342
58 S(1)e 49 403 0.122
59
60
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35(35) = (number of non-mutant kinases with %Ctrl <35)/(number of non-mutant kinases tested)
S(10) = (number of non-mutant kinases with %Ctrl <10)/(number of non-mutant kinases tested)
¢S(1) = (number of non-mutant kinases with %Ctrl <1)/(number of non-mutant kinases tested)

Molecular modeling

To rationalize the improved AAKI affinity of compounds 8g and 21b, when compared to the
original hit 1, a docking study was performed using Autodock Vina.*! A control docking
experiment with the original inhibitor kb (compound 1), present in the 5L4Q PDB file, allowed
to reproduce the original X-ray position very well. The best Vina docking scores are reported
in Table 8. Despite the higher AAK1 affinity of compounds 8g and 21b, their Vina docking
scores are worse than reference compound 1. This might be due to the fact that a rigid enzyme
in the docking process is used that blocks induced-fit effects.

Table 8. Vina docking and MM/PBSA results calculated on last 4 ns.

Compound Vina score MM?/GBSA" in MM*/PBSA¢ in
(kcal/mol) kcal/mol (SDY) kcal/mol (SD9)

1 -10.7 -31.5(1.6) -0.7 (2.3)

8g -10.3 -38.6 (2.2) -3.0(2.9)

21b -10.1 -40.6 (2.2) -3.1 (2.8)

aMM : molecular mechanics ; °GB: Generalized Born Surface Area; ‘PBSA: Poisson Boltzmann Surface
Area; ISD: standard deviation.

Therefore, for the three docked systems with the best Vina docking score, a molecular dynamics
(MD) simulation using the Amber 18 software*? was performed. Figure 11 shows an overlap of
representative structures of compounds 1, 8g and 21b, as extracted from the MD simulations.
The three inhibitors form a hydrogen bond between the NH of the pyrrole ring and the backbone
carbonyl group of D127. The nitrogen at position 3 of the pyridine ring seems to be essential
for strong AAKI1 affinity. In the X-ray of AAK1 with compound 1, this nitrogen of the
nicotinamide moiety makes a hydrogen bond with K74 side chain. However, this

hydrogen/ionic bond is not maintained in the molecular dynamics simulations of AAK1 with
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compound 1, and neither with compounds 8g and 21b. On the other hand, for the three
compounds, frequent van der Waals contacts between this nitrogen and the charged nitrogen in
the sidechain of K74 (distances < 4 A) are observed.

For the last 4 ns of the trajectories, MM/GBSA and MM/PBSA (molecular mechanics energies
with a generalized Born surface area continuum solvation model and molecular mechanics
energies combined with the Poisson—Boltzmann surface area continuum solvation model,
respectively)* binding affinity calculations were conducted. No entropy contributions were
calculated (Table 8). From the data in Table 8, it is clear (more from the General Born model
than from the Poisson Boltzmann model) that compounds 8g and 21b are stronger AAKI
binders than reference compound 1. Both methoxy groups of compounds 8g and 21b contribute
to the binding energy via van der Waals interactions with specific amino acids of AAKI.
Residues L52, L62, F128, C129, R130, G131, G132, Q133, V135 and N136 are involved in
binding to compound 21b. The same residues plus E5S0 make contact with compound 8g. On
the other hand, the nitrile function of compound 1 shows clearly less van der Waals contacts

with surrounding residues (L52, G132, Q133 and N136, Figure 12).
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Figure 11. AAK1 snapshot structures with 3 ligands. Compound 1 (green, lightgreen), compound 8g
(magenta, rose) and compound 21b (cyan; lightblue), taken extracted from the last 4 ns of the MD
trajectory as representative structure from the biggest cluster using the average linkage clustering
method available in cpptraj. The AAK1 and lkb X-ray structures are also shown (orange, yellow). Image
made by the Chimera software.*

Figure 12. AAK1 enzyme with compound 21b (same snapshot as in Figure 11). Amino acids making
contact with the two methoxy groups (heavy atom distances < 4 A) are coloured in yellow and magenta.
The magenta colour represents also the residues having Van der Waals contacts with the nitrile group
of compound 1. Image made by the Chimera software.*

Conclusions
AAKI1 is a promising host target for the development of broad-spectrum antiviral agents. In this

manuscript, the first systematic SAR study of AAK1 inhibitors as antiviral agents is presented.
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Starting from a known ligand with moderate AAK1 binding affinity and anti-DENV activity, a
systematic SAR study was carried out. It led to the discovery of AAKI ligands with low nM
AAKI1 binding affinity that display improved antiviral activity against DENV. Moreover, the
optimized AAKI inhibitors exhibit very potent activity in DENV-infected primary dendritic
cells and anti-EBOV activity, supporting the potential to develop broad-spectrum antiviral
agents based on AAK1 inhibition. Kinase profiling revealed that these compounds have an
improved selectivity profile relative to sunitinib, yet further research is necessary to improve

their kinase selectivity.

Experimental section

All commercial reagents were obtained via Acros Organics, Sigma-Aldrich, AK Scientific and
Fluorochem at at least 99% purity unless indicated otherwise. Furthermore, all dry solvents
were obtained via Acros Organics with an AcroSeal system and regular solvents were obtained
via Fisher Scientific at technical grade. Thin layer chromatography (TLC) of the reactions was
performed on silica gel on aluminum foils (60 A pore diameter) obtained from Sigma-Aldrich
and visualized using ultraviolet light. Recording of the NMR spectra was performed using a
Bruker 300 MHz, 500 MHz or 600 MHz spectrometer. The chemical shifts are reported in ppm
with Me,Si as the reference and coupling constants (J) are reported in hertz. Mass spectra were
acquired on a quadrupole orthogonal acceleration time-of-flight mass spectrometer (Synapt G2
HDMS, Waters, Milford, MA). Samples were infused at 3 pL/min and spectra were obtained
in positive or negative ionization mode with a resolution of 15000 (FWHM) using leucine
enkephalin as lock mass. Purity of the compounds was analyzed on a Waters 600 HPLC system
equipped with a Waters 2487 Dual A absorbance detector set at 256 nm using a Sum 4.6x150
mm XBridge Reversed Phase (C;s) column. The mobile phase was a gradient over 30 minutes

starting from 95% A and 5% B and finishing at 5% A and 95% B with a flow rate of 1 ml per
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minute (solvent A: MilliQ water; solvent B: acetonitrile). All synthesized final compounds had

a purity of at least 95 %. Compound 8o was synthesized according to literature procedure.??

5-Bromo-3-((trimethylsilyl)ethynyl)pyridin-2-amine (3)

To a stirring suspension of 5-bromo-3-iodopyridin-2-amine 2 (520 mg, 1.74 mmol) in degassed
triethylamine (10 ml) was added copper iodide (6.63 mg, 0.034 mmol) and Pd(PPh;),Cl, (12
mg, 0.017 mmol). The system was flushed with nitrogen and trimethylsilylacetylene (188 mg,
265 pl, 1.91 mmol) was added dropwise over 5 minutes. The reaction was allowed to stir for 3
hours at room temperature. After reaction completion, the solvent was evaporated and water
was added. The resulting suspension was extracted three times using ethyl acetate. The
combined organic phases were washed with water and brine, dried over MgSO,4 and evaporated
in vacuo. The crude residue was purified by silica gel flash column chromatography using a
mixture of heptane and ethylacetate (in a ratio of 80:20) as mobile phase, yielding the title
compound as a yellow-beige solid (420 mg, 90%). 'H NMR (300 MHz, DMSO-dg): 6 (ppm)
8.03 (s, 1H, ArH), 7.69 (s, 1H, ArH), 6.37 (s, 2H, NH,), 0.24 (s, 9H, Si(CH3);).
5-Bromo-1H-pyrrolo[2,3-b]pyridine (4)

To a solution of 5-bromo-3-(trimethylsilyl)ethynyl)pyridin-2-amine 3 (200 mg, 0.743 mmol) in
dry NMP (5 ml) was added portionwise KOtBu (100 mg, 0.891 mmol). The reaction mixture
was heated to 80°C and stirred for 1 hour. After reaction completion, the mixture was extracted
with water and ethyl acetate three times. The combined organic phases were washed twice with
water and once with brine, dried over MgSQO, and evaporated in vacuo. The crude residue was
then purified using silica gel flash column chromatography (using a mixture of heptane and
ethyl acetate in a ratio of 5:1 as mobile phase) yielding the title compound as a white solid (103
mg, 70%). '"H NMR (300 MHz, DMSO-dg): 8 (ppm) 10.33 (bs, 1H, NH), 8.37 (d, /= 2.1 Hz,

1H, ArH), 8.09 (d, /= 2.1 Hz, 1H, ArH), 7.37 (m, 1H, ArH), 6.47 (m, 1H, ArH).
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5-Bromo-3-nitro-1H-pyrrolo[2,3-b]pyridine (5)

5-Bromo-1H-pyrrolo[2,3-b]pyridine 4 (730 mg, 3.7 mmol) was added portionwise to a stirring
solution of fuming nitric acid (2 ml) at 0°C over 10 minutes. The reaction was allowed to stir
for 30 minutes at 0°C. The mixture was poured into ice water and the formed precipitate was
collected via vacuum filtration. The filter cake was washed generously with water and heptane
yielding the title compound as a yellow solid (853 mg, 95%). '"H NMR (300 MHz, DMSO-d):
d (ppm) 13.48 (bs, 1H, NH), 8.87 (s, 1H, ArH), 8.51 (s, 2H, ArH). 3C NMR (75 MHz, DMSO-

de): O (ppm) 145.98, 145.26, 132.13, 129.96, 126.32, 115.17, 114.32.

Synthesis of 3-nitro-5-aryl-pyrrolo[2,3-b]pyridines (6a-h)

General procedure

To a solution of 5-bromo-3-nitro-1H-pyrrolo[2,3-b]pyridine 5 (1 eq) in dioxane (8 ml) was
added the appropriate boronic acid (1.2 eq) and 2 ml of a K,COj3 (3 eq) solution. The system
was purged three times with argon and heated to 105°C. After stirring for 10 minutes, Pd(PPhs)4
(0.1 eq) was added and the reaction was purged once more with argon. The reaction mixture
was stirred at 105°C overnight. After completion, the reaction mixture was cooled to room
temperature and filtered through Celite. The filtrate was extracted with water and ethyl acetate.
The combined organic phases were washed with brine, dried over MgSO, and evaporated in
vacuo. Purification of the crude residue was achieved by silica gel flash column
chromatography using the appropriate solvent mixture.

The following compounds were made according to this procedure
3-Nitro-5-phenyl-1H-pyrrolo|2,3-b]pyridine (6a)

The title compound was synthesized according to the general procedure using 5-bromo-3-nitro-

1H-pyrrolo[2,3-b]pyridine 5 (100 mg, 0.413 mmol), phenylboronic acid (61 mg, 0.496 mmol)
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and K,COs (171 mg, 1.24 mmol). Purification by silica gel flash column chromatography using
a mixture of dichloromethane and ethyl acetate (in a ratio of 90:10) as the mobile phase, yielded
the desired compound as a white solid (83 mg, 84%). 'H NMR (300 MHz, DMSO-ds): & (ppm)
13.39 (bs, 1H, NH), 8.89 (s, 1H, HetH), 8.76 (d, J=2.1 Hz, 1H, HetH), 8.60 (d, /J=2.2 Hz, 1H,
HetH), 7.79 (d, J = 7.2 Hz, 2H, o-PhH), 7.54 (t, J = 7.4 Hz, 2H, m-PhH), 7.45 (t, J = 7.3 Hz,
1H, p-PhH).

5-(4-Fluorophenyl)-3-nitro-1H-pyrrolo[2,3-b]pyridine (6b)

The title compound was synthesized according to the general procedure using 5-bromo-3-nitro-
1H-pyrrolo[2,3-b]pyridine 5 (100 mg, 0.413 mmol), 4-fluorophenylboronic acid (69 mg, 0.496
mmol) and K,CO; (171 mg, 1.24 mmol). Purification by silica gel flash column
chromatography using a mixture of dichloromethane and ethyl acetate (in a ratio of 90:10) as
the mobile phase yielded the desired compound as a light brown solid (98 mg, 92%). 'H NMR
(300 MHz, DMSO-d): & (ppm) 13.37 (bs, 1H, NH), 8.90 (s, 1H, HetH), 8.82 (d, J = 2.9 Hz,
1H, HetH), 8.68 (d, /= 3.0 Hz, 1H, HetH), 8.01 (m, 4H, PhH).
5-(4-(Trifluoromethyl)phenyl)-3-nitro-1H-pyrrolo[2,3-b]pyridine (6¢)

The title compound was synthesized according to the general procedure using 5-bromo-3-nitro-
1H-pyrrolo[2,3-b]pyridine 5 (100 mg, 0.413 mmol), 4-trifluoromethylphenylboronic acid (94
mg, 0.496 mmol) and K,CO; (171 mg, 1.24 mmol). Purification by silica gel flash column
chromatography using a mixture of dichloromethane and ethyl acetate (in a ratio of 90:10) as
the mobile phase yielded the desired compound as a white solid (110 mg, 87%). 'H NMR (300
MHz, DMSO-dg) é (ppm) 13.45 (bs, 1H, NH), 8.93 (s, 1H, HetH), 8.84 (d, J = 3.2 Hz, 1H,
HetH), 8.70 (d, /= 3.1 Hz, 1H, HetH), 8.45 (m, 1H, PhH), 8.05 (d, J = 8.8 Hz, 2H, PhH), 7.89
(d, J=8.9 Hz, 1H, PhH).

5-(4-Methoxyphenyl)-3-nitro-1H-pyrrolo[2,3-b]pyridine (6d)
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The title compound was synthesized according to the general procedure using 5-bromo-3-nitro-
1H-pyrrolo[2,3-b]pyridine § (100 mg, 0.413 mmol), 4-methoxyphenylboronic acid (75 mg,
0.496 mmol) and K,CO5; (171 mg, 1.24 mmol). Purification by silica gel flash column
chromatography using a mixture of dichloromethane and ethyl acetate (in a ratio of 90:10) as
the mobile phase yielded the desired compound as a yellow solid (104 mg, 94%). 'H NMR
(300 MHz, DMSO-d): & (ppm) 13.32 (bs, 1H, NH), 8.86 (s, 1H, HetH), 8.72 (d, J = 2.8 Hz,
1H, HetH), 8.55 (d, /= 3.0 Hz, 1H, HetH), 7.73 (d, /= 8.5 Hz, 2H, PhH), 7.10 (d, J = 8.5 Hz,
2H, PhH), 3.83 (s, 3H, OCH,).

3-Nitro-5-(p-tolyl)-1H-pyrrolo[2,3-b|pyridine (6e)

The title compound was synthesized according to the general procedure using 5-bromo-3-nitro-
1H-pyrrolo[2,3-b]pyridine 5 (100 mg, 0.413 mmol), p-tolylboronic acid (67 mg, 0.496 mmol)
and K,COj3 (171 mg, 1.24 mmol). Purification by silica gel flash column chromatography using
a mixture of dichloromethane and ethyl acetate (in a ratio of 90:10) as the mobile phase yielded
the desired compound as a white solid (83 mg, 74%). 'H NMR (300 MHz, DMSO-dy): & (ppm)
13.35 (bs, 1H, NH), 8.88 (s, 1H, HetH), 8.74 (d, J = 3.2 Hz, 1H, HetH), 8.58 (d,J=3.1 Hz, 1H,
HetH), 7.68 (d, /= 7.8 Hz, 2H, PhH), 7.35 (d, J = 7.8 Hz, 2H, PhH), 2.38 (s, 3H, CHj3).
3-Nitro-5-(m-tolyl)-1H-pyrrolo[2,3-b]pyridine (6f)

The title compound was synthesized according to the general procedure using 5-bromo-3-nitro-
1H-pyrrolo[2,3-b]pyridine 5 (100 mg, 0.413 mmol), m-tolylboronic acid (67 mg, 0.496 mmol)
and K,CO; (171 mg, 1.24 mmol). Purification by silica gel flash column chromatography using
a mixture of dichloromethane and ethyl acetate (in a ratio of 90:10) as the mobile phase yielded
the desired compound as a white solid (83 mg, 74%). 'H NMR (300 MHz, DMSO-ds): 6 (ppm)
13.35 (bs, 1H, NH), 8.88 (s, 1H, HetH), 8.74 (d, /= 3.1 Hz, 1H, HetH), 8.59 (d, /= 3.1 Hz, 1H,
HetH), 7.58 (t, /= 7.2 Hz, 2H, PhH), 7.42 (t, J = 7.3 Hz, 1H, PhH), 7.26 (d, J = 3.3 Hz, 1H,

PhH), 2.42 (s, 3H, CH;).
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5-(3,4-Dimethoxyphenyl)-3-nitro-1H-pyrrolo[2,3-b]pyridine (6g)

The title compound was synthesized according to the general procedure using 5-bromo-3-nitro-
1H-pyrrolo[2,3-b]pyridine 5 (100 mg, 0.413 mmol), 3,4-dimethoxyphenylboronic acid (63 mg,
0.496 mmol) and K,CO; (171 mg, 1.24 mmol). The compound precipitated as a yellow solid
that was washed twice with dioxane, followed by washing with water yielding the pure title
compound (88 mg, 89%). 'H NMR (300 MHz, DMSO-d;): 6 (ppm) 8.82 (s, 1H, HetH), 8.72
(d, J=2.1 Hz, 1H, HetH), 8.54 (d, /= 2.2 Hz, 1H, HetH), 7.30 (m, 2H, PhH), 7.10 (d, J = 8.3
Hz, 1H, PhH), 3.88 (s, 3H, OCH3), 3.82 (s, 3H, OCH3).
3-Nitro-5-(3-thienyl)-1H-pyrrolo[2,3-b]pyridine (6h)

The title compound was synthesized according to the general procedure using 5-bromo-3-nitro-
1H-pyrrolo[2,3-b]pyridine 5 (100 mg, 0.413 mmol), 3-thienylboronic acid (69 mg, 0.496 mmol)
and K,COs3 (171 mg, 1.24 mmol). Purification by silica gel flash column chromatography using
a mixture of dichloromethane and ethyl acetate (in a ratio of 90:10) as the mobile phase yielded
the title compound as a brown solid (97 mg, 96%). 'H NMR (300 MHz, DMSO-dg): 8 (ppm)
13.41 (bs, 1H, NH), 8.89 (d, J= 3.0 Hz, 1H, HetH), 8.83 (d, /= 3.1 Hz, 1H, HetH), 8.57 (d, J

= 3.0 Hz, 1H, HetH), 7.69 (m, 2H, ThH) ppm, 7.22 (t, /= 4.4 Hz, 1H, ThH).

Synthesis of 5-aryl-3-amino- and 5-aryl-3-N-acylamino pyrrolo[2,3-b]pyridines (7a-f and
8a-0)

General procedure

To a solution of a 5-aryl-3-nitro-pyrrolo[2,3-b]pyridine 6a-h (100 mg) in THF (5 ml) was added
a slurry of Raney Nickel in water in catalytic amounts. The reaction vessel was flushed three
times with hydrogen gas and was stirred under a hydrogen atmosphere for 3 - 4 hours. Upon
completion of the reaction, the catalyst was removed and the solvent evaporated in vacuo. The

crude residue was used in the next reaction without any purification, due to the rapid
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decomposition of the 3-amino-pyrrolo[2,3-b]pyridine intermediates 7a-h. To a solution of
compounds 7a-h (1 eq) in dry pyridine (3 ml) was added a solution of nicotinoyl chloride
hydrochloride (1.2 eq) in CH,ClI, (2 ml). The reaction was allowed to stir at room temperature
for 3 hours. The solvent was evaporated in vacuo. THF (5 ml) was added and the resulting
solution was stirred for 5 minutes, followed by the addition of a 1M NaOH solution in water (5
ml). The resulting suspension was stirred for an additional 10 minutes. The precipitate was
collected via vacuum filtration and purified using flash column chromatography with the
appropriate solvent mixture as mobile phase. Compounds 8a-h were synthesized according to
this procedure.

N-(5-Phenyl-1H-pyrrolo[2,3-b]pyridin-3-yl)nicotinamide (8a)

The title compound was synthesized according to the general procedure, using 3-nitro-5-
phenyl-1H-pyrrolo[2,3-b]pyridine 6a (84 mg, 0.351 mmol). Purification by silica gel flash
column chromatography (eluting with a mixture of dichloromethane and methanol in a gradient
gradually ranging from 98:2 to 90:10) afforded the title compound as a dark brown solid (47
mg, 36%). Purity of 99%. '"H NMR (300 MHz, DMSO-d) & 11.62 (bs, 1H, NH), 10.58 (bs, 1H,
NH), 9.19 (s, 1H, HetH), 8.79 (d, J= 3.0 Hz, 1H, HetH), 8.66 (s, 1H, ArH), 8.58 (s, 1H, ArH),
8.36 (d, J=6.1 Hz, 1H, ArH), 7.98 (s, 1H, ArH), 7.75 (d, J = 8.8 Hz, 2H, ArH), 7.60 (t,J= 6.0
Hz, 1H, ArH), 7.51 (t,J = 7.3 Hz, 2H, ArH), 7.38 (t,J= 7.4 Hz, 1H, ArH) ppm. *C NMR (75
MHz, DMSO-d;) & 163.46, 152.01, 148.87, 145.52, 142.23, 139.16, 135.60, 131.63, 130.52,
129.13, 127.06, 126.93, 125.49, 123.61, 117.52, 114.10, 113.45 ppm. HRMS m/z [M+H]" calcd
for C19H4N,4O 315.12403, found 315.1237.
N-|5-(4-Fluorophenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl|nicotinamide (8b)

The title compound was synthesized according to the general procedure using 3-nitro-5-(4-
fluorophenyl)-1H-pyrrolo[2,3-b]pyridine 6b (98 mg, 0.381 mmol). Purification by silica gel

flash column chromatography (using a mixture of dichloromethane/methanol in a ratio
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gradually ranging from 98:2 to 90:10 as mobile phase) afforded the title compound as a brown
solid (44 mg, 34%). Purity 0f 99%. '"H NMR (300 MHz, DMSO-d,) 6 11.63 (bs, 1H, NH), 10.57
(bs, 1H, NH), 9.17 (s, 1H, HetH), 8.78 (d, J = 5.8 Hz, 1H, ArH), 8.62 (s, 1H, HetH), 8.56 (s,
1H, ArH), 8.36 (d, /= 8.9 Hz, 1H, ArH), 7.98 (d, J=3.2 Hz, 1H, ArH), 7.77 (t,J= 7.6 Hz, 2H,
ArH), 7.61 (d, J=9.0 Hz, 1H, ArH), 7.35 (t, J = 7.5 Hz, 2H, ArH) ppm. 13C NMR (75 MHz,
DMSO-dy) 6 162.24,161.77 (d, Jcr = 242 Hz), 150.23, 148.62, 148.62, 145.58, 142.05, 138.10,
135.66, 128.86 (d, Jor = 8.0 Hz), 126.77, 126.72, 125.74, 122.38, 117.74, 116.00, 115.85 (d,
Jcr=20.4), 113.75, 113.47 ppm. HRMS m/z [M+H]" caled for C;9H3N4OF 333.11460, found
333.1145. HRMS m/z [M+Na]" calcd for C19H;3N4OF 355.09658, found 355.0950.
N-[5-(4-Trifluoromethylphenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl]nicotinamide (8c)

The title compound was synthesized according to the general procedure using 3-nitro-5-(4-
trifluoromethylphenyl)-1H-pyrrolo[2,3-b]pyridine 6¢ (116 mg, 377.56 umol). Purification by
silica gel flash column chromatography using a mixture of dichloromethane and methanol (in
a ratio gradually ranging from 98:2 to 90:10) as mobile phase afforded the title compound as a
white solid (49 mg, 36%). Purity of 99%. '"H NMR (300 MHz, DMSO-d;) 6 11.73 (bs, 1H, NH),
10.62 (bs, 1H, NH), 9.19 (d, /= 3.2 Hz, 1H, HetH), 8.78 (t, /= 6.1 Hz, 2H, ArH), 8.67 (d, J =
3.1 Hz, 1H, HetH), 8.36 (d, /= 3.0 Hz, 1H, ArH), 7.99 (d, J = 8.9 Hz, 3H, PhH), 7.87 (d, J =
9.0 Hz, 2H, PhH), 7.61 (q, /= 5.9 Hz, 1H, ArH) ppm. 3C NMR (75 MHz, DMSO-dj) 8 163.52,
152.05, 148.85, 145.88, 143.25, 142.35, 135.58, 130.46, 127.48, 126.09, 123.61, 122.80,
117.84, 114.28, 113.52 ppm; missing peaks were observed in an APT spectrum. HRMS m/z

[M+H]" calcd for C,oH3N4F50 383.11141; found 383.1114.

N-[5-(4-Methoxyphenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl]nicotinamide (8d)

The title compound was synthesized according to the general procedure using 3-nitro-5-(4-

methoxyphenyl)-1H-pyrrolo[2,3-b]pyridine 6d (105 mg, 0.390 mmol). Purification by silica
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gel flash column chromatography using a mixture of dichloromethane and methanol (in a ratio
gradually ranging from 98:2 to 90:10) as mobile phase afforded the title compound as a pink
solid (43 mg, 34%). Purity of 99% '"H NMR (300 MHz, DMSO-dy) 4 11.56 (bs, 1H, NH), 10.56
(bs, 1H, NH), 9.18 (s, 1H, ArH), 8.78 (d, J= 6.1 Hz, 1H, ArH), 8.58 (s, 1H, ArH), 8.52 (s, 1H,
ArH), 8.36 (d,J=9.0 Hz, 1H, PhH), 7.96 (s, 1H, ArH), 7.62 (m, 3H, ArH), 7.08 (d, /= 8.9 Hz,
2H, PhH), 3.82 (s, 3H, OCH;) ppm. *C NMR (75 MHz, DMSO-dy) & 163.45, 158.74, 151.99,
148.85, 145.22, 141.99, 135.59, 131.54, 130.50, 128.00, 127.55, 124.87, 123.60, 117.43,
114.64, 113.94, 113.45, 55.34 ppm. HRMS m/z [M+H]" calcd for CyH;sN4O, 345.13459,
found 345.1343. HRMS m/z [M+Na]" calcd for C,0HsN4O, 367.11656 ; found 367.1153.
N-(5-(p-Tolyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)nicotinamide (8e)

The title compound was synthesized according to the general procedure using 3-nitro-5-(p-
tolyl)-1H-pyrrolo[2,3-b]pyridine 6e (96 mg, 0.379 mmol). Purification by silica gel flash
column chromatography using a mixture of dichloromethane and methanol (in a ratio gradually
ranging from 98:2 to 90:10) as mobile phase afforded the title compound as a beige solid (48
mg, 37%). Purity of 98%. "H NMR (300 MHz, DMSO-dy) 8 11.60 (bs, 1H, NH), 10.59 (bs, 1H,
NH), 9.19 (s, 1H, ArH), 8.78 (d, /= 2.9 Hz, 1H, ArH), 8.63 (s, 1H, ArH), 8.56 (s, 1H, ArH),
8.36 (d, /= 6.0 Hz, 1H, ArH), 7.99 (s, 1H, ArH), 7.59 (m, 3H, ArH), 7.31 (d, /= 9.3 Hz, 2H,
ArH), 2.35 (s, 3H, CH3) ppm. 3C NMR (75 MHz, DMSO-d,) & 163.49, 151.99, 148.85, 145.41,
142.10, 136.28, 136.22, 135.59, 130.51, 129.73, 127.68, 126.73, 125.12, 123.60, 117.50,
114.03, 113.47, 20.77 ppm. HRMS m/z [M+H]" caled for C,,H;sN4O 329.13967; found
329.1398.

N-[5-(m-Tolyl)-1H-pyrrolo[2,3-b]pyridin-3-yl|nicotinamide (8f)

The title compound was synthesized according to the general procedure using 3-nitro-5-(m-
tolyl)-1H-pyrrolo[2,3-b]pyridine 6f (77 mg, 0.304 mmol). Purification by silica gel flash

column chromatography using a mixture of dichloromethane and methanol (in a ratio gradually
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ranging from 98:2 to 90:10) as mobile phase afforded the title compound as a beige solid (22
mg, 25% yield). Purity of 98%. 'H NMR (300 MHz, DMSO-dy) 8 11.61 (bs, 1H, NH), 10.59
(bs, 1H, NH), 9.19 (s, 1H, ArH), 8.79 (d, J= 2.8 Hz, 1H, ArH), 8.64 (s, 1H, ArH), 8.57 (s, 1H,
ArH), 8.37 (d, J=9.0 Hz, 1H, ArH), 7.99 (s, 1H, ArH), 7.59 (m, 3H, CHj3), 7.39 (t, /= 7.4 Hz,
1H), 7.19 (d, J = 6.1 Hz, 1H), 2.41 (s, 3H) ppm. 3C NMR (75 MHz, DMSO-d;) & 163.49,
151.99, 148.84, 145.47, 142.25, 139.08, 138.27, 135.59, 130.50, 129.02, 127.84, 127.71,
127.53, 125.39, 124.06, 123.60, 117.47, 114.07, 113.42, 21.28 ppm. HRMS m/z [M+H]" calcd
for CyoH;6N4O 329.13967; found 329.1397.
N-[5-(3,4-Dimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl|nicotinamide (8g)

The title compound was synthesized according to the general procedure using 3-nitro-5-(3,4-
dimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridine 6g (80 mg, 0.297 mmol). Purification by silica
gel flash column chromatography using a mixture of dichloromethane and methanol (in a ratio
gradually ranging from 98:2 to 90:10) as mobile phase afforded the title compound as a beige
solid (56 mg, 50%). Purity of 97%. '"H NMR (300 MHz, DMSO-d;) 6 11.57 (bs, 1H, NH), 10.56
(bs, 1H, NH), 9.20 (s, 1H, ArH), 8.78 (d, /= 6.1 Hz, 1H, ArH), 8.58 (d, /= 3.2 Hz, 2H, ArH),
8.37(d,J=9.1 Hz, 1H, ArH), 7.97 (s, 1H, ArH), 7.60 (t, J= 6.0 Hz, 1H, ArH), 7.27 (t,J=7.4
Hz, 2H, ArH), 7.09 (d, J=9.0 Hz, 1H, ArH), 3.88 (s, 3H, OCH3), 3.81 (s, 3H, OCH;) ppm.!3C
NMR (75 MHz, DMSO-dg) 6 163.45, 152.00, 149.40, 148.88, 148.43, 145.28, 142.26, 135.61,
132.04, 130.51, 127.84, 124.96, 123.61, 119.23,117.47,113.93, 113.39, 112.70, 111.09, 55.92,
55.82 ppm. HRMS m/z [M+H]" calcd for C;1H;gN4O; 375.14515, found 375.1447, HRMS m/z
[M+Na]* calcd for C,;HgN403397.12713; found 397.1264.
N-[5-(3-Thienyl)-1H-pyrrolo[2,3-b]pyridin-3-yl|nicotinamide (8h)

The title compound was synthesized according to the general procedure using 3-nitro-5-(3-
thienyl)-1H-pyrrolo[2,3-b]pyridine 6h (97 mg, 0.395 mmol). Purification by silica gel flash

column chromatography using a mixture of dichloromethane and methanol (in a ratio gradually
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ranging from 98:2 to 90:10) as mobile phase, afforded the title compound as a brown solid (48
mg, 37%). Purity of 99%. '"H NMR (300 MHz, DMSO-dj) 6 11.58 (bs, 1H, NH), 10.54 (bs, 1H,
NH), 9.20 (d, J = 2.8 Hz, 1H, ArH), 8.79 (d, J = 2.9 Hz, 1H, ArH), 8.67 (d, J = 2.9 Hz, 1H,
ArH), 8.64 (d, J=3.0 Hz, 1H, ArH), 8.36 (m, 1H, ArH), 7.93 (s, 1H, ArH), 7.84 (s, 1H, ArH),
7.71 (m, 1H, ArH), 7.60 (t,J= 5.9 Hz, 2H, ArH) ppm. 3C NMR (75 MHz, DMSO-dy) & 163.438,
152.02, 148.86, 145.30, 142.03, 140.21, 135.58, 130.49, 127.30, 126.37, 124.61, 123.60,
123.18, 119.78, 117.63, 113.94, 113.49 ppm. HRMS m/z [M+H]" calcd for C;7H;,N4OS
321.08045; found 321.0804.
N-(5-(3,4-Dimethoxyphenyl)-1H-pyrrolo[2,3-b]|pyridin-3-yl)benzamide (8i)

To a solution of 3-nitro-5-(3,4-dimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridine 6g (100 mg, 0.334
mmol) in THF (4 ml) was added a catalytic amount of a slurry of Raney Nickel in water. The
vessel was flushed three times with hydrogen gas and kept under a hydrogen atmosphere for 4
hours. After complete conversion, the catalyst was removed and the solvent was evaporated in
vacuo. The crude product was immediately used for further reaction without purification. To a
solution of the crude residue from the previous reaction in pyridine (5 ml) was added a solution
of benzoyl chloride (47 pl, 0.401 mmol) in dichloromethane (0.5 ml). The reaction was stirred
overnight at room temperature. After reaction completion, the solvent was evaporated in vacuo
and the crude residue was extracted three times with water and ethyl acetate. The combined
organic layers were dried over MgSO, and evaporated to dryness. Purification was achieved by
silica gel flash column chromatography (using a mixture of dichloromethane and methanol in
a ratio of 97:3 as mobile phase), followed by precipitation of the residue from acetone. The
precipitate was collected via filtration yielding the title compound as a white solid (27 mg,
22%). Purity of 98%. '"H NMR (300 MHz, DMSO-dy) & 11.52 (bs, 1H, NH), 10.37 (bs, 1H,
NH), 8.56 (d, /= 6.52, 2H, ArH), 8.00 (m, 3H, ArH), 7.56 (d, /= 7.6 Hz, 3H, ArH), 7.25 (m,

2H, ArH), 7.08 (d, J = 8.2 Hz, 1H, ArH), 3.87 (s, 3H, OCHj3), 3.80 (s, 3H, OCH;) ppm. 13C
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NMR (75 MHz, DMSO-dy) 6 165.07, 149.30, 148.30, 145.25, 142.12, 134.88, 132.01, 131.42,
128.48, 127.87, 127.70, 125.04, 119.14, 117.27, 114.22, 113.44, 112.52, 110.87, 55.83, 55.74

ppm. HRMS m/z [M+H]" calcd for Cy,H;9N305 374.14990; found 374.1493.

Synthesis of 5-(3,4-dimethoxyphenyl)-3-N-acylamino pyrrolo[2,3-b]pyridines

General procedure

3-Nitro-5-(3,4-dimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridine 6g (100 mg, 0.334 mmol) was
hydrogenated with a catalytic amount of Raney Nickel as a slurry in water (slurry in water? x
mg/ml) in THF (5 ml) for 3 hours. The solvents were evaporated in vacuo yielding crude 3-
amino-5-(3,4-dimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridine which was used in the next
reaction without further purification (90 mg, 99%). To a solution of 3-amino-5-(3,4-
dimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridine (90 mg, 0.334 mmol) in DMF (3 ml) was added
the appropriate carboxylic acid (1 eq.), benzotriazol-1-yloxy)tris(dimethylamino)phosphonium
hexafluorophosphate (BOP, 177 mg, 0.401 mmol) and triethylamine (140 pl, 1 mmol). The
mixture was stirred overnight. When the reaction reached completion, water was added and the
mixture was extracted three times with ethyl acetate. The combined organic layers were washed
with brine, dried over Na,SO, and evaporated in vacuo. The crude residue was purified by silica
gel flash chromatography using an appropriate solvent system as mobile phase. An additional
purification was performed by preparative TLC using a mixture of dichloromethane and acetone
(in a ratio of 8:2) as eluent. The following compounds were prepared according to this

procedure.

N-(5-(3,4-Dimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-4-fluorobenzamide (8j)

The title compound was synthesized according to the general procedure using 4-fluorobenzoic

acid (47 mg, 0.334 mmol). Purification by silica gel flash column chromatography (using a
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mixture of dichloromethane and methanol as mobile phase in a ratio 0f 99:1) yielded the desired
compound as a white solid (56 mg, 43%). Purity of 99%. '"H NMR (300 MHz, DMSO-d;) 8
11.53 (bs, 1H, NH), 10.39 (bs, 1H, NH), 8.56 (d, J= 8.5 Hz, 2H, ArH), 8.12 (m, 2H, ArH), 7.93
(s, 1H, ArH), 7.38 (t,J= 8.7 Hz, 2H, ArH), 7.26 (m, 2H, ArH), 7.08 (d, J = 8.3 Hz, 1H, ArH),
3.87 (s, 3H, OCH3), 3.81 (s, 3H, OCH;) ppm. '*C NMR (75 MHz, DMSO-d;) 8 164.07 (Jcr =
245 Hz), 163.93, 149.30, 148.30, 145.25, 142.12, 131.99, 131.27, 130.57 (Jcr = 8.97 Hz),
127.69, 125.05, 119.12, 117.35, 115.39 (Jcr = 22 Hz), 114.11, 113.46, 112.53, 110.88, 55.84,
55.75 ppm. HRMS m/z [M+H]" calcd for Cy,H;sFN30; 392.14048; found 392.1399.
N-(5-(3,4-Dimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-4-methoxybenzamide (8k)
The title compound was synthesized according to the general procedure using 4-
methoxybenzoic acid (51 mg, 0.334 mmol). Purification by silica gel flash column
chromatography (using a mixture of dichloromethane and methanol as mobile phase in a ratio
0f 99:1) yielded the desired compound as a white solid (64 mg, 47%). Purity of 97%. 'H NMR
(600 MHz, DMSO-dg) 6 11.46 (s, 1H, NH), 10.16 (s, 1H, NH), 8.55 (d, /= 1.92 Hz, 1H, ArH),
8.53 (d, J=2.22 Hz, 1H, ArH), 8.01 (m, 2H, ArH), 7.90 (d, J = 2.46 Hz, 1H, ArH), 7.28 (d, J
=2.16 Hz, 1H, ArH), 7.22 (dd, /= 8.22,2.16 Hz, ArH), 7.08 (m, 3H, ArH), 3.87 (s, 3H, OCH,),
3.85(s,3H, OCH3), 3.80 (s, 3H, OCH3) ppm. *C NMR (150 MHz, DMSO-dy) 6 164.43,161.77,
149.25, 148.24, 145.21, 142.00, 131.99, 129.69, 127.58, 126.92, 124.98, 119.08, 117.14,
114.27, 113.65, 113.48, 112.48, 110.82, 55.78, 55.70, 55.50 ppm. HRMS m/z [M+H]* calcd
for Co3H,1N504 404.16047; found 404.1603.
N-(5-(3,4-Dimethoxyphenyl)-1H-pyrrolo[2,3-b]|pyridin-3-yl)-2-phenylacetamide (8m)

The title compound was synthesized according to the general procedure using phenylacetic acid
(45 mg, 0.334 mmol). Purification by silica gel flash column chromatography (using a mixture
of dichloromethane and methanol as mobile phase in a ratio of 99:1) yielded the desired

compound as a white solid (49 mg, 54%). Purity of 99%. 'H NMR (300 MHz, DMSO-d;) 8
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11.36 (s, 1H, NH), 10.45 (s, 1H, NH), 8.53 (m, 2H, ArH), 7.79 (d, J = 2.3 Hz, 1H, ArH), 7.31
(m, 7H, ArH), 7.09 (d, J= 8.4 Hz, 1H, ArH), 3.88 (s, 3H, OCH,), 3.81 (s, 3H, OCH3), 3.76 (s,
2H, CH,) ppm. 13C NMR (75 MHz, DMSO-dy) & 168.21, 157.37, 149.33, 148.30, 145.01,
142.09, 136.54, 131.94, 129.28, 128.38, 127.55, 126.56, 124.40, 119.00, 115.78, 114.37,
112.78, 112.55, 110.80, 55.83, 55.76, 42.41 ppm. HRMS m/z [M+H]" calcd for C,3H;N30;
388.16555; found 388.1660.
N-(5-(3,4-Dimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)cyclopentanecarboxamide
(8m)

To a solution of 3-nitro-5-(3,4-dimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridine 6g (100 mg, 0.334
mmol) in THF (5 ml) was added a catalytic amount of a slurry of Raney Nickel in water. The
vessel was flushed three times with hydrogen gas and kept under a hydrogen atmosphere for 4
hours. After complete conversion, the catalyst was removed and the solvent was evaporated in
vacuo. The crude product was immediately used for further reaction without purification. To a
solution of the crude residue in pyridine (5 ml) was added a solution of cyclopentylcarbonyl
chloride (46 pl, 0.401 mmol) in DCM (2 ml). The reaction was stirred overnight at room
temperature. After reaction completion, the solvent was evaporated in vacuo and the crude
residue was extracted three times with water and ethyl acetate. The combined organic layers
were dried over MgSO, and evaporated to dryness. Purification by silica gel flash column
chromatography (using a mixture of dichloromethane and methanol in a ratio of 97:3 as mobile
phase) yielded the title compound as a white solid (39 mg, 32%). Purity of 99%. 'H NMR (300
MHz, DMSO-ds) 6 11.33 (bs, 1H, NH), 9.96 (bs, 1H, NH), 8.51 (s, 1H, ArH), 8.44 (s, 1H,
ArH), 7.82 (d, J=2.2 Hz, 1H, ArH), 7.23 (m, 2H, ArH), 7.08 (d, /= 8.3 Hz, 1H, ArH), 3.88 (s,
3H, OCH3;), 3.81 (s, 3H, OCHj;), 2.90 (m, 1H, CHy), 1.77 (m, 8H, CH,) ppm. '3C NMR (75

MHz, DMSO-dy) 6 173.48, 149.31, 148.30, 145.00, 142.05, 132.01, 127.51, 124.19, 119.05,
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115.69, 114.50, 112.71, 112.55, 110.80, 55.82, 55.75, 44.55, 30.46, 25.85. HRMS m/z [M+H]*
calcd for C,;H»3N305 366.18120; found 366.1808.
N-(5-(3,4-dimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)benzenesulfonamide (8p)

To a solution of 3-nitro-5-(3,4-dimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridine (100 mg, 0.334
mmol) in THF (5 ml) was added a catalytic amount of a slurry of Raney Nickel in water. The
vessel was flushed with hydrogen gas three times and kept under a hydrogen atmosphere for 4
hours. After complete conversion, the catalyst was removed and the solvent evaporated. The
crude was immediately used in the next reaction without further purification because of the
rapid decomposition of the amine. To a solution of the crude from the previous reaction in
pyridine (5 ml) was added a solution of benzensulfonyl chloride (47 pl, 0.368 mmol) in DCM
(1 ml). The reaction was stirred overnight at room temperature. After reaction completion the
solvent was evaporated and the crude was extracted with water and ethyl acetate three times.
The collected organics were dried with MgSO, and evaporated to dryness. Flash column
chromatography (using a mixture of dichloromethane and methanol as mobile phase in a ratio
of 97:3) yielded the desired compound as an off-white solid (34 mg, 25%). Purity of 98%. 'H
NMR (600 MHz, DMSO-dg) 6 11.64 (bs, 1H, NH), 9.87 (bs, 1H, NH), 8.42 (d, J = 1.92 Hz,
1H, ArH), 7.73 (s, 1H, ArH), 7.72 (s, 2H, ArH), 7.55 (t, J=7.5 Hz, 1H, ArH), 7.51 (t, J = 7.74
Hz, 2H, ArH), 7.20 (d, J = 2.52 Hz, 1H, ArH), 7.05 (m, 2H, ArH), 6.99 (d, J=1.74 Hz, 1H,
ArH), 3.85 (s, 3H, OCH3), 3.80 (s, 3H, OCH3;) ppm. '*C NMR (150 MHz, DMSO-dj) 6 149.18,
148.27, 145.66, 142.15, 140.05, 132.66, 131.55, 129.03, 128.23, 126.96, 123.76, 121.94,
118.96, 115.65, 113.91, 112.46, 111.06, 110.50, 55.70, 55.68 ppm. HRMS m/z [M+H]" calcd
for C;1H;9N;304S 408.10234; found 408.1024.
5-Bromo-1H-pyrrolo[2,3-b]|pyridine-3-carbaldehyde (9)

To a solution of 5-bromo-1H-pyrrolo[2,3-b]pyridine 4 (500 mg, 2.54 mmol) in a mixture of

water and acetic acid (in a ratio of 3:1, 10 ml) was added hexamine (712 mg, 5.08 mmol). The
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reaction was heated to 120°C and refluxed overnight. The formed precipitate was filtered off,
affording the title compound (380 mg, 67%). '"H NMR (300 MHz, DMSO-dy) & 12.93 (bs, 1H,
NH), 9.93 (s, 1H, CHO), 8.55 (s, 1H, HetH), 8.53 (d, J = 2.3 Hz, 1H, HetH), 8.46 (d, J=2.3
Hz, 1H, HetH) ppm. *C NMR (75 MHz, DMSO-dj) 3 185.58, 147.92, 145.09, 139.90, 131.01,
118.32,116.04, 113.86 ppm.

5-Bromo-1-tosyl-pyrrolo[2,3-b]pyridine-3-carbaldehyde (10)

To a suspension of 60% NaH on mineral oil (80 mg, 2 mmol) in dry THF (6 ml) was added 5-
bromo-1H-pyrrolo[2,3-b]pyridine-3-carbaldehyde 9 (300 mg, 1.33 mmol) at 0°C. After stirring
for 20 minutes at room temperature, tosyl chloride (381 mg, 2 mmol) was added and the
resulting solution was stirred for another 3 hours at room temperature. After reaction
completion, the solvent was evaporated in vacuo and the crude residue was extracted with water
and dichloromethane. The combined organic layers were dried over MgSO, and evaporated in
vacuo, affording the title compound (460 mg, 91%). '"H NMR (300 MHz, DMSO-d;) 6 10.03
(s, 1H, CHO), 9.02 (s, 1H, HetH), 8.59 (d, J = 2.2 Hz, 1H, HetH), 8.55 (d, /= 2.2 Hz, 1H,
HetH), 8.07 (d, /= 8.4 Hz, 2H, TsH), 7.48 (d, /= 8.2 Hz, 2H, TsH), 2.37 (s, 3H, CH3) ppm.
5-(3,4-Dimethoxyphenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridine-3-carbaldehyde (11)

To a solution of 5-bromo-1-tosyl-pyrrolo[2,3-b]pyridine-3-carbaldehyde 10 (240 mg, 0.633
mmol) in a mixture of toluene and ethanol (in a ratio of 3:1, 4 ml) was added 3,4-
dimethoxyphenylboronic acid (138 mg, 0.759 mmol) and a 2M solution of K,CO5 (950 pul, 1.90
mmol). The system was purged with argon and Pd(PPh;), (2mol%) was added. The reaction
was heated to 105°C and was stirred for 4 hours. After completion, the solvent was evaporated
in vacuo and the residue was extracted with water and ethyl acetate. Purification by silica gel
flash chromatography using a mixture of heptane and ethyl acetate (in a ratio of 7:3) as mobile
phase afforded the title compound (160 mg, 58%). 'H NMR (300 MHz, DMSO-d;) 4 10.09 (s,

1H, CHO), 9.00 (s, 1H, HetH), 8.76 (s, 1H, HetH), 8.55 (s, 1H, HetH), 8.11 (d, J= 7.7 Hz, 2H,
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TsH), 7.49 (d, J= 7.4 Hz, 2H, TsH), 7.24 (m, 2H, PhH), 7.07 (d, /= 8.2 Hz, 1H, PhH), 3.85 (s,
3H, OCH3;), 3.79 (s, 3H, OCHs), 2.37 (s, 3H, CH;) ppm.
(5-(3,4-Dimethoxyphenyl)-1-tosyl-pyrrolo[2,3-b]pyridin-3-yl)(phenyl)methanol (12)

To a solution of 5-(3,4-dimethoxyphenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridine-3-carbaldehyde
11 (160 mg, 0.367 mmol) in dry THF (5 ml) at 0°C was added a 3M solution of
phenylmagnesium bromide in diethylether (159 pl, 0.477 mmol). The reaction mixture was
stirred for 1 hour at 0°C. After reaction completion, the mixture was quenched with a saturated
NH,CI solution and extracted with water and ethyl acetate. The combined organic layers were
dried over Na,SO, and evaporated to dryness yielding the title compound (130 mg, 69%). 'H
NMR (300 MHz, DMSO-d;) ¢ 8.62 (s, 1H, ArH), 7.99 (d, J = 8.8 Hz, 3H, ArH), 7.70 (s, 1H,
ArH), 7.59 - 6.99 (m, 10H, ArH), 6.13 (d,/J=4.4 Hz, 1H, ArH), 6.02 (s, 1H, ArH), 3.82 (s, 3H,
OCH,), 3.78 (s, 3H, OCH3;), 2.34 (s, 3H, CH;) ppm.
(5-(3,4-Dimethoxyphenyl)-1-tosyl-pyrrolo[2,3-b]pyridin-3-yl)(phenyl)methanone (13)

To a solution of (5-(3,4-dimethoxyphenyl)-1-tosyl-pyrrolo[2,3-b]pyridin-3-
yl)(phenyl)methanol 12 (130 mg, 0.253 mmol) in dichloromethane (8 ml) was added
manganese dioxide (220 mg, 2.53 mmol) and the reaction was stirred overnight at room
temperature. After completion, the mixture was filtered through Celite and the filtrate was
evaporated to dryness. The crude residue was purified by silica gel flash column
chromatography using a mixture of heptane and ethyl acetate (in a ratio of 6:4) as mobile phase
yielding the title compound (64 mg, 49%). 'H NMR (300 MHz, DMSO-dy) 6 8.78 (d, J = 2.1
Hz, 1H, HetH), 8.64 (d, /=2.1 Hz, 1H, HetH), 8.33 (s, 1H), 8.16 (d, /= 8.3 Hz, 2H, ArH), 7.96
(d,J=7.2 Hz, 2H, ArH), 7.70 (m, 3H, ArH), 7.47 (d, /= 8.2 Hz, 2H, ArH), 7.25 (m, 2H, ArH),
7.08 (d, J= 8.4 Hz, 1H, ArH), 3.86 (s, 3H, OCHj3), 3.81 (s, 3H, OCH3), 2.37 (s, 3H, CH3) ppm.

(5-(3,4-Dimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)(phenyl)methanone (14)
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To a solution of (5-(3,4-dimethoxyphenyl)-1-tosyl-pyrrolo[2,3-b]pyridin-3-
yl)(phenyl)methanone 13 (64 mg, 0.124 mmol) in ethanol (10 ml) was added KOH (35 mg,
0.624 mmol) and the mixture was heated to 80°C. The reaction was stirred for 3 hours. After
reaction completion, the solvent was evaporated in vacuo and the crude residue was partitioned
between water and ethyl acetate. The combined organic layers were dried over MgSQO, and
evaporated to dryness, yielding the title compound as a white solid (34 mg, 76%). Purity of
95%. 'H NMR (300 MHz, DMSO-dy) 8 12.74 (bs, 1H, NH), 8.67 (s, 2H, ArH), 8.12 (s, 1H,
ArH), 7.84 (d, J = 6.8 Hz, 2H, ArH), 7.61 (m, 3H, ArH), 7.25 (m, 2H, ArH), 7.10 (d, J = 8.3
Hz, 1H, ArH), 3.88 (s, 3H, OCH3), 3.82 (s, 3H, OCHj3) ppm. *C NMR (75 MHz, DMSO-d;) 3
190.00, 149.38, 148.64, 148.45, 143.66, 139.77, 136.58, 131.13, 127.30, 119.42, 118.86,
113.88,112.59,110.91, 55.77, 55.75 ppm. HRMS m/z [M+H]" calcd for C,,H§N,03 359.1390;
found 359.1393.

5-Bromo-3-iodo-1H-pyrrolo[2,3-b]pyridine (15)

To a solution of 5-bromo-1H-pyrrolo[2,3-b]pyridine 4 (1.00 g, 5.08 mmol) in acetone (16 ml)
was added portionwise N-iodosuccinimide (1.26 g, 5.58 mmol). The reaction mixture was
stirred for 2 hours at room temperature. The formed precipitate was collected via filtration,
yielding the title compound as an off-white solid (1.50 g, 92%). 'H NMR (300 MHz, DMSO-
dg) 6 12.36 (s, 1H, NH), 8.32 (d, /= 2.0 Hz, 1H, HetH), 7.87 (d, J = 1.7 Hz, 1H, HetH), 7.81
(d, J=2.4 Hz, 1H, HetH) ppm.

5-Bromo-3-iodo-1-tosyl-1H-pyrrolo[2,3-b]pyridine (16)

To a solution of 5-bromo-3-iodo-1H-pyrrolo[2,3-b]pyridine 15 (300 mg, 0.929 mmol) in dry
THF (10 ml) was added portionwise NaH (41 mg, 1.02 mmol) at 0°C. After stirring for 20
minutes at room temperature, tosyl chloride (230 mg, 1.21 mmol) was added and the reaction
was allowed to stir for another 2 hours at room temperature. After reaction completion, the

reaction was quenched with water and partitioned between water and ethyl acetate. The

ACS Paragon Plus Environment

Page 46 of 76



Page 47 of 76

oNOYTULT D WN =

Journal of Medicinal Chemistry

combined organic phases were dried over MgSO, and concentrated in vacuo, yielding the title
compound as a white solid (420 mg, 95%). '"H NMR (300 MHz, DMSO-d,)  8.51 (d, /= 2.1
Hz, 1H, HetH), 8.22 (s, 1H, HetH), 8.00 (m, 3H, HetH/TsH), 7.43 (d, J = 8.5 Hz, 2H, TsH),
2.34 (s, 3H, CH3) ppm.

5-Bromo-3-phenyl-1-tosyl-1H-pyrrolo[2,3-b]pyridine (17)

To a solution of 5-bromo-3-iodo-1-tosyl-1H-pyrrolo[2,3-b]pyridine 16 (200 mg, 0.419 mmol)
in in mixture of toluene and ethanol (in a ratio of 3:1) was added phenylboronic acid (51 mg,
0.419 mmol) and a 2M solution of K,CO5 (420 pul, 0.838 mmol). The reaction was flushed with
argon three times, followed by the addition of Pd(PPhs), (10 mg, 0.008 mmol). The reaction
was stirred at 90°C for 3 hours. After reaction completion, the reaction was filtered through
Celite and the filtrate was washed with water and ethyl acetate. The combined organic phases
were dried over MgSO, and evaporated in vacuo. Purification by silica gel flash column
chromatography using a mixture of heptane and ethyl acetate (in a ratio of 8:2) as mobile phase
yielded the title compound as a white solid (150 mg, 84%). '"H NMR (300 MHz, DMSO-d;) &
8.54 (d, J=2.1 Hz, 1H, HetH), 8.50 (d, /= 2.1 Hz, 1H, HetH), 8.29 (s, 1H, HetH), 8.04 (d, /=
8.4 Hz, 2H, TsH), 7.79 (d, /= 7.2 Hz, 2H, TsH), 7.45 (m, 5H, PhH), 2.35 (s, 3H, CH3) ppm.
5-(3,4-Dimethoxyphenyl)-3-phenyl-1-tosyl-1H-pyrrolo[2,3-b]pyridine (18)

To a solution of 5-bromo-3-phenyl-1-tosyl-1H-pyrrolo[2,3-b]pyridine (150 mg, 0.351 mmol)
in a mixture of toluene and ethanol (in a ratio of 3:1) was added 3,4-dimethoxyphenylboronic
acid (77 mg, 0.421 mmol) and a 2M solution of K,CO; in water (351 pl, 0.702 mmol). The
system was flushed with argon and Pd(PPh;), (2 mol%) was added. The reaction was stirred
for 4 hours at 105°C. Upon reaction completion, the solvents were evaporated in vacuo and the
crude residue was extracted with water and ethyl acetate. Purification by silica gel flash
chromatography using a mixture of heptane and ethyl acetate (in a ratio of 8:2) as mobile phase

yielded the desired compound (100 mg, 59%). '"H NMR (300 MHz, DMSO-dy) 6 8.71 (d, J =
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2.0 Hz, 1H, HetH), 8.37 (d, J= 2.0 Hz, 1H, HetH), 8.23 (s, 1H, HetH), 8.08 (d, /= 8.4 Hz, 2H,
ArH), 7.85 (d, J = 7.2 Hz, 2H, ArH), 7.46 (m, 5H, ArH), 7.29 (m, 2H, ArH), 7.06 (d, J = 8.3
Hz, 1H, ArH), 3.84 (s, 3H, OCH3), 3.80 (s, 3H, OCH,), 2.35 (s, 3H, CH;) ppm.
5-(3,4-Dimethoxyphenyl)-3-phenyl-1H-pyrrolo[2,3-b]|pyridine (19)

To a solution of 5-(3,4-dimethoxyphenyl)-3-phenyl-1-tosyl-1H-pyrrolo[2,3-b]pyridine 18 (100
mg, 0.309 mmol) in ethanol (5 ml) was added KOH (87 mg, 1.55 mmol). The reaction was
allowed to stir for 2 hours at 80°C. After completion, the solvent was evaporated in vacuo and
the crude residue was purified by silica gel flash chromatography using a mixture of heptane
and ethyl acetate (in a ratio of 7:3) as mobile phase, affording the title compound (49 mg, 72%).
Purity of 97% '"H NMR (300 MHz, DMSO-dj) & 11.98 (s, 1H, NH), 8.56 (s, 1H, ArH), 8.39 (s,
1H, ArH), 7.90 (d, J=2.3 Hz, 1H, ArH), 7.79 (d, J= 7.5 Hz, 2H, ArH), 7.45 (t,J=7.6 Hz, 2H,
ArH), 7.28 (m, 3H, ArH), 7.06 (d, /= 8.3 Hz, 1H, ArH), 3.87 (s, 3H, OCH3), 3.80 (s, 3H, OCH3)
ppm. BC NMR (75 MHz, DMSO-d;) 6 149.32, 148.56, 148.37, 142.16, 135.18, 132.07, 129.15,
129.06, 126.57, 125.83, 124.63, 119.50, 117.37, 114.73, 112.54, 111.27, 55.84, 55.76 ppm.

HRMS m/z [M+H]" calcd for C,;HgN,O, 331.1440; found 331.1437.

Synthesis of 3-alkynyl-5-bromo-pyrrolo[2,3-b]|pyridines (20a-f)

General procedure

To a degassed solution of 5-bromo-3-iodo-1H-pyrrolo[2,3-b]pyridine 15 (1 eq) in THF and
triethylamine (3 eq) was added Cul (0.02 eq) and Pd(PPh;),Cl, (0.01 eq). The resulting mixture
was stirred under an inert atmosphere for 10 minutes at room temperature. A solution of the
appropriate alkyne (0.95 eq) in THF was added to the mixture. The reaction mixture was stirred
for an additional 4 hours at room temperature. After completion, the reaction was filtered

through Celite. The filtrate was extracted with water and ethyl acetate, washed with brine and
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dried over MgSO,. The crude residue was purified by silica gel flash column chromatography

with an appropriate mobile phase. Compounds 20a-f were made according to this procedure.

5-Bromo-3-(phenylethynyl)-1H-pyrrolo[2,3-b]pyridine (20a)

The title compound was synthesized according to the general procedure using 5-bromo-3-iodo-
1H-pyrrolo[2,3-b]pyridine 15 (200 mg, 0.619 mmol) and phenylacetylene (60 mg, 0.588
mmol). The crude residue was purified by silica gel flash column chromatography using a
mixture of heptane and ethyl acetate (in a ratio of 8:2) as mobile phase yielding the title
compound as a white solid (85 mg, 51%). '"H NMR (300 MHz, DMSO-dj) 12.40 (bs, 1H, NH),
8.39 (d, J = 2.2 Hz, 1H, HetH), 8.32 (d, J = 2.1 Hz, 1H, HetH), 8.01 (s, 1H, HetH), 7.60 (m,
2H, PhH), 7.42 (m, 3H, PhH) ppm.
5-Bromo-3-(pyridin-3-ylethynyl)-1H-pyrrolo[2,3-b|pyridine (20b)

The title compound was synthesized according to the general procedure using 5-bromo-3-iodo-
1H-pyrrolo[2,3-b]pyridine 15 (200 mg, 0.619 mmol) and 3-ethynylpyridine (61 mg, 0.588
mmol). The crude residue was purified by silica gel flash column chromatography using a
mixture of heptane and ethyl acetate (in a ratio of 7:3) as mobile phase yielding the title
compound as a white solid (140 mg, 75%). 'H NMR (300 MHz, DMSO-d,) 12.49 (bs, 1H, NH),
8.81 (s, 1H, ArH), 8.56 (d, J = 4.8 Hz, 1H, ArH), 8.40 (s, 2H, ArH), 8.04 (m, 2H, ArH), 7.46
(m, 1H, ArH) ppm.

5-Bromo-3-((3-methoxyphenyl)ethynyl)-1H-pyrrolo[2,3-b]pyridine (20c)

The title compound was synthesized according to the general procedure using 5-bromo-3-iodo-
1H-pyrrolo[2,3-b]pyridine 15 (200 mg, 0.619 mmol) and 3-methoxyphenylacetylene (60 mg,
0.588 mmol). The crude residue was purified by silica gel flash column chromatography using
a mixture of heptane and ethyl acetate (in a ratio of 7:3) as mobile phase, yielding the title

compound as a white solid (105 mg, 51%). 'H NMR (300 MHz, DMSO-dy) 6 12.41 (bs, 1H,

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

NH), 8.39 (d, /=2.2 Hz, 1H, HetH), 8.34 (d, /= 2.1 Hz, 1H, HetH), 8.00 (s, 1H, HetH), 7.33
(t,J=8.1 Hz, 1H, PhH), 7.16 (m, 2H, PhH), 6.96 (m, 1H, PhH), 3.81 (s, 3H, OCHj3) ppm.
5-Bromo-3-(p-tolylethynyl)-1H-pyrrolo[2,3-b]pyridine (20d)

The title compound was synthesized according to the general procedure using 5-bromo-3-iodo-
1H-pyrrolo[2,3-b]pyridine 15 (200 mg, 0.619 mmol) and p-tolylacetylene (68 mg, 0.588
mmol). The crude residue was purified by silica gel flash column chromatography using a
mixture of heptane and ethyl acetate (in a ratio of 7:3) as mobile phase, yielding the title
compound as a white solid (130 mg, 67%). 'H NMR (300 MHz, DMSO-dy) 6 12.36 (bs, 1H,
NH), 8.38 (d, J = 2.2 Hz, 1H, HetH), 8.30 (d, J = 2.2 Hz, 1H, HetH), 7.98 (s, 1H, HetH), 7.48
(d, J =8.1 Hz, 2H, PhH), 7.23 (d, J = 7.9 Hz, 2H, PhH), 2.34 (s, 3H, CHj).
5-Bromo-3-((4-fluorophenyl)ethynyl)-1H-pyrrolo[2,3-b]pyridine (20e)

The title compound was synthesized according to the general procedure using 5-bromo-3-iodo-
1H-pyrrolo[2,3-b]pyridine 15 (200 mg, 0.619 mmol) and 4-fluorophenylacetylene (60 mg,
0.588 mmol). The crude residue was purified by silica gel flash column chromatography using
a mixture of heptane and ethyl acetate (in a ratio of 8:2) as mobile phase yielding the title
compound as a white solid (110 mg, 56%). 'H NMR (300 MHz, DMSO-dy) 6 12.41 (bs, 1H,
NH), 8.38 (d, /= 2.1 Hz, 1H, HetH), 8.34 (d, J= 2.1 Hz, 1H, HetH), 8.00 (s, 1H, HetH), 7.66
(dd, J=8.7,5.6 Hz, 2H, PhH), 7.27 (t, J = 8.9 Hz, 2H, PhH) ppm.
3-((5-Bromo-1H-pyrrolo|2,3-b]pyridin-3-yl)ethynyl)benzonitrile (20f)

The title compound was synthesized according to the general procedure using 5-bromo-3-iodo-
1H-pyrrolo[2,3-b]pyridine 15 (200 mg, 0.619 mmol) and 3-cyanophenylacetylene (75 mg,
0.588 mmol). The crude residue was purified by silica gel flash column chromatography using
a mixture of heptane and ethyl acetate (in a ratio of 7:3) as mobile phase, yielding the title

compound as a white solid (90 mg, 45%). '"H NMR (300 MHz, DMSO-d,) 6 8.45 (d, J=2.2
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Hz, 1H, HetH), 8.40 (d, J = 2.1 Hz, 1H, HetH), 8.14 (s, 1H, HetH), 8.05 (s, 1H, PhH), 7.91 (d,

J=28.0 Hz, 1H, PhH), 7.84 (d, J= 7.5 Hz, 1H, PhH), 7.63 (t, J = 7.9 Hz, 1H, PhH) ppm.

Synthesis of 3-alkynyl-5-(3,4-dimethoxyphenyl)-pyrrolo[2,3-b]pyridines (21a-f)

General procedure

To a solution of a 5-bromo-3-arylethynyl-1H-pyrrolo[2,3-b]pyridine derivatrive (1 eq) in
dioxane (4 ml) was added 3,4-dimethoxyphenylboronic acid (1.2 eq) and 1 ml of a K,CO5 (3
eq) solution. The system was purged three times with argon and heated to 105 °C. After stirring
for 10 minutes, Pd(PPh;), (0.1 eq) was added and the reaction was purged once more with
argon. The reaction mixture was stirred at 105°C for 3 hours. After completion, the reaction
mixture was cooled to room temperature and filtered through Celite. The filtrate was extracted
with water and ethyl acetate. The combined organic layers were washed with brine, dried over
MgSO, and evaporated in vacuo. The crude residue was purified by silica gel flash column
chromatography with an appropriate mobile phase. Compounds 21a-f were made according to
this procedure.

5-(3,4-Dimethoxyphenyl)-3-(phenylethynyl)-1H-pyrrolo[2,3-b]pyridine (21a)

The title compound was synthesized according to the general procedure using 3-
(phenylethynyl)-1H-pyrrolo[2,3-b]pyridine 20a (80 mg, 0.269 mmol). The crude residue was
purified by silica gel flash column chromatography using a mixture of dichloromethane and
ethyl acetate (in a ratio of 9:1) as mobile phase yielding the title compound as a brown solid
(36 mg, 38%). Purity of 99%. 'H NMR (300 MHz, DMSO-dy) 8 12.21 (bs, 1H, NH), 8.61 (s,
1H, ArH), 8.25 (s, 1H, ArH), 7.96 (d, J=2.2 Hz, 1H, ArH), 7.60 (d, /= 6.5 Hz, 1H, ArH), 8.01
(m, 2H, ArH), 7.35 (m, 6H, ArH), 7.06 (d, J = 8.3 Hz, 1H, ArH), 3.88 (s, 3H, OCH3), 3.81 (s,
3H, OCH3;) ppm. 13C NMR (75 MHz, DMSO-d;s) & 149.33, 148.49, 147.24, 143.12, 131.42,

131.27,131.17, 129.60, 128.80, 128.13, 124.93, 123.48, 120.29, 119.44,112.48,111.11, 95.31,
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90.75, 83.53, 55.82, 55.73 ppm. HRMS m/z [M+H]" caled for C,3H gN,0O, 355.14409; found

355.1435.

5-(3,4-Dimethoxyphenyl)-3-(pyridin-3-ylethynyl)-1H-pyrrolo[2,3-b]|pyridine (21b)

The title compound was synthesized according to the general procedure using 5-bromo-3-
(pyridin-3-ylethynyl)-1H-pyrrolo[2,3-b]pyridine 20b (140 mg, 0.470 mmol). The crude residue
was purified by silica gel flash column chromatography using a mixture of dichloromethane
and ethyl acetate (in a ratio of 9:1) as mobile phase, yielding the title compound as a white solid
(75 mg, 44%). Purity of 98% 'H NMR (300 MHz, DMSO-dy) 4 12.30 (s, 1H, NH), 8.81 (s, 1H,
ArH), 8.63 (d, J = 2.0 Hz, 1H, ArH), 8.55 (d, J=4.9 Hz, 1H, ArH), 8.30 (d, /= 1.9 Hz, 1H,
ArH), 8.01 (m, 2H, ArH), 7.46 (m, 1H, ArH), 7.31 (m, 2H, ArH), 7.07 (d, J = 8.3 Hz, 1H), 3.89
(s, 3H, OCHj3;), 3.81 (s, 3H, OCH;) ppm. *C NMR (75 MHz, DMSO-d;) 8 151.46, 149.33,
148.52, 148.34, 147.24, 143.24, 138.19, 131.78, 131.33, 129.73, 125.03, 123.68, 120.59,
120.28, 119.46, 112.47, 111.13, 94.77, 87.69, 86.87, 55.83, 55.74 ppm. HRMS m/z [M+H]*
calcd for C5,H[7N30, 356.13934; found 356.1393.
5-(3,4-Dimethoxyphenyl)-3-(3-methoxyphenylethynyl)-1H-pyrrolo[2,3-b]pyridine (21c¢)
The title compound was synthesized according to the general procedure using 3-(3-
methoxyphenylethynyl)-1H-pyrrolo[2,3-b]pyridine 20¢ (110 mg, 0.353 mmol). The crude
residue was purified by silica gel flash column chromatography using a mixture of
dichloromethane and ethyl acetate (in a ratio of 9:1). Further purification by preparative TLC
(the mobile phase being a mixture of nitromethane:toluene in a ratio of 6:4) yielded the title
compound as a white solid (25 mg, 20%). Purity of 97%. 'H NMR (300 MHz, DMSO-d;)
12.21 (s, 1H, NH), 8.61 (d, /= 1.9 Hz, 1H, ArH), 8.25 (d, /= 1.9 Hz, 1H, ArH), 7.96 (d, J =
2.6 Hz, 1H, ArH), 7.32 (m, 3H, ArH), 7.16 (m, 2H, ArH), 7.07 (d, /= 8.3 Hz, 1H, ArH), 6.96

(m, 1H, ArH), 3.89 (s, 3H, OCHj), 3.81 (s, 3H, OCHj), 3.80 (s, 3H, OCH;) ppm. '*C NMR (75
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MHz, DMSO-dy) 6 159.33, 149.33, 148.50, 147.24, 143.12, 131.41, 131.34, 129.91, 129.60,
124.97, 124.56, 123.61, 120.28, 119.44, 115.95, 114.58, 112.49, 111.12, 95.24, 90.74, 83.43,
55.82, 55.75, 55.34 ppm. HRMS m/z [M+H]" calcd for C,4HoN,O3 385.15465; found
385.1541.

5-(3,4-Dimethoxyphenyl)-3-(p-tolylethynyl)-1H-pyrrolo[2,3-b]pyridine (21d)

The title compound was synthesized according to the general procedure using 3-(p-
tolylethynyl)-1H-pyrrolo[2,3-b]pyridine 20d (110 mg, 0.353 mmol). The crude residue was
purified by silica gel flash column chromatography using a mixture of dichloromethane and
ethyl acetate (in a ratio of 9:1) as mobile phase, yielding the title compound as a white solid (25
mg, 20%). Purity of 95%. 'H NMR (300 MHz, DMSO-dy) 6 12.18 (bs, 1H, NH), 8.60 (d, J =
2.0 Hz, 1H, ArH), 8.22 (d, /= 1.8 Hz, 1H, ArH), 7.93 (d, /= 2.6 Hz, 1H, ArH), 749 (d, J =
8.0 Hz, 2H, ArH), 7.27 (m, 4H, ArH), 7.03 (m, 2H, ArH), 3.88 (s, 3H, OCH3), 3.81 (s, 3H,
OCHs;), 2.34 (s, 3H, CH;). 13C NMR (75 MHz, DMSO-dy) 6 149.33, 148.48, 147.23, 143.07,
137.78, 131.45, 131.11, 131.04, 129.54, 129.42, 124.91, 120.46, 120.27, 119.43, 112.49,
111.11, 95.49, 90.81, 82.77, 55.83, 55.74, 21.14. HRMS m/z [M+H]" calcd for C4H;N,0O,
369.15974; found 369.1593.
5-(3,4-Dimethoxyphenyl)-3-(4-fluorophenylethynyl)-1H-pyrrolo[2,3-b]pyridine (21e)

The title compound was synthesized according to the general procedure using 3-(4-
fluorophenylethynyl)-1H-pyrrolo[2,3-b]pyridine 20e (80 mg, 0.269 mmol). The crude residue
was purified by silica gel flash column chromatography using a mixture of dichloromethane
and ethyl acetate (in a ratio of 9:1), yielding the desired compound as a brown solid (34 mg,
36%). Purity of 98%. 'H NMR (300 MHz, DMSO-d;) 3 12.21 (bs, 1H, NH), 8.61 (s, 1H, ArH),
8.25 (s, 1H, ArH), 7.95 (d, J= 2.4 Hz, 1H, ArH), 7.65 (m, 2H, ArH), 7.28 (m, 4H, ArH), 7.06
(d, J=8.5Hz, 1H, ArH), 3.88 (s, 3H), 3.81 (s, 3H, OCH3) ppm. 3C NMR (150 MHz, DMSO-

ds) 5 161.68 (d, Jop =247 Hz) 149.27, 148.44, 147.17, 143.07, 133.36 (d, Jor = 8.3 Hz), 131.35,
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131.20, 129.54, 124.91, 120.23, 119.90, 119.89, 119.38, 115.95 (d, Jcr = 22 Hz), 112.42,
111.05, 95.11, 89.60, 83.20, 55.76, 55.68 ppm. HRMS m/z [M+H]" calcd for C,3H;,FN,O,
373.13467; found 373.1333.
3-((5-(3,4-Dimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)ethynyl)benzonitrile  (21f)
The title compound was synthesized according to the general procedure using 3-(3-
cyanophenylethynyl)-1H-pyrrolo[2,3-b]pyridine 20f (100 mg, 0.310 mmol). The crude residue
was purified by silica gel flash column chromatography using a mixture of dichloromethane
and ethyl acetate (in a ratio of 9:1) as mobile phase, yielding the title compound as a brown
solid (44 mg, 37%). Purity of 98%. "H NMR (300 MHz, DMSO-dj) & 12.31 (bs, 1H, NH), 8.62
(d, /J=2.0Hz, 1H, ArH), 8.32 (d,/=1.9 Hz, 1H, ArH), 8.11 (s, 1H, ArH), 8.00 (d, J=2.5 Hz,
1H, ArH), 7.91 (d, J=7.9 Hz, 1H, ArH), 7.82 (d, /J=7.9 Hz, 1H, ArH), 7.62 (t,J=7.9 Hz, 2H,
ArH), 7.31 (m, 2H, ArH), 7.07 (d, J = 8.3 Hz, 1H, ArH), 3.89 (s, 3H, OCHj3), 3.81 (s, 3H,
OCHj;). 3C NMR (75 MHz, DMSO-dg) 6 149.33, 148.54, 147.25, 143.28, 135.52, 134.37,
131.91, 131.43, 131.35, 130.10, 129.81, 125.11, 124.93, 120.34, 119.51, 118.33, 112.48,
112.17, 111.17, 94.64, 89.01, 86.05, 55.84, 55.75. HRMS m/z [M+H]" calcd for C,4H;7N;0,
380.13934; found 380.1390.

5-Bromo-1-methyl-1H-pyrrolo[2,3-b]pyridine (22)

To a solution of 5-bromo-1H-pyrrolo[2,3-b]pyridine 4 (200 mg, 1.02 mmol) in THF (5 ml) at
0°C was added 60% NaH on mineral oil (49 mg, 1.22 mmol). The reaction was stirred at 0°C
for 1.5 hour. Methyl iodide (70 pl, 1.12 mmol) was added and the mixture was allowed to warm
at ambient temperature and then stirred at room temperature for 3 hours. After completion, the
mixture was quenched with water and extracted three times with ethyl acetate. The combined
organic layers were washed with brine, dried over MgSOy, filtered and evaporated. The crude
residue was purified by silica gel flash column chromatography using a mixture of heptane and

ethyl acetate (in a ratio of 8:2) as mobile phase, yielding the title compound as an oil that
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subsequently crystallized to an off-white solid (160 mg, 75%). 'H NMR (300 MHz, DMSO-dj)
08.31(d,J=2.07Hz, 1H, HetH), 8.20 (d, J = 2.07 Hz, 1H, HetH), 7.59 (d, J = 3.39 Hz, 1H,
HetH), 6.46 (d, J = 3.42 Hz, 1H, HetH), 3.81 (s, 3H, CH;3) ppm. HRMS m/z [M+H]" calcd for
CsH7N,Br 210.98658; found 210.9866.
5-Bromo-1-methyl-3-nitro-1H-pyrrolo[2,3-b]pyridine (23)
5-Bromo-1H-pyrrolo[2,3-b]pyridine 22 (130 mg, 0.615 mmol) was added portionwise to a
stirring solution of fuming nitric acid (1 ml) at 0°C over 10 minutes. The reaction was allowed
to stir for 30 minutes at 0°C. The mixture was poured out in ice water and the formed precipitate
was collected via vacuum filtration. The filter cake was washed generously with water and
heptane yielding the title compound as a pink solid (155 mg, 98%). 'H NMR (300 MHz,
DMSO-dy) 6 8.99 (s, 1H, HetH), 8.61 (s, 1H, HetH), 8.57 (m, 1H, HetH), 3.92 (s, 3H, CH;)
ppm.

5-(3,4-Dimethoxyphenyl)-1-methyl-3-nitro-1H-pyrrolo[2,3-b]pyridine (24)

To a solution of 5-bromo-1-methyl-3-nitro-1H-pyrrolo[2,3-b]pyridine 23 (100 mg, 0.391
mmol) in dioxane (4 ml) was added 3,4-dimethoxyphenylboronic acid (69 mg, 0.469 mmol)
and 1 ml of a K,COj solution (161 mg, 1.17 mmol). The system was purged three times with
argon and heated to 105°C. After stirring for 10 minutes, Pd(PPhs), (10 mol%) was added and
the reaction was purged once more with argon. The reaction mixture was stirred at 105°C
overnight. After completion, the reaction mixture was cooled to room temperature and filtered
through Celite. Extraction was performed with water and ethyl acetate. The combined organic
layers were washed with brine, dried over MgSO, and evaporated. Purification by silica gel
flash chromatography using a mixture of dichloromethane and ethyl acetate (in a ratio of 9:1)
as mobile phase yielded the title compound as a yellow solid (90 mg, 83%). '"H NMR (300

MHz, DMSO-dy) & 8.96 (s, 1H, HetH), 8.79 (d, J = 2.07 Hz, 1H, HetH), 8.56 (d, J = 2.01 Hz,
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1H, HetH), 7.30 (m, 2H, PhH), 7.10 (d, /= 8.22 Hz, 1H, PhH), 3.96 (s, 3H), 3.88 (s, 3H, OCH3),
3.82 (s, 3H) ppm.
N-(5-(3,4-Dimethoxyphenyl)-1-methyl-1H-pyrrolo[2,3-b]pyridin-3-yl)nicotinamide (26)
The title compound was synthesized according to the general procedure described for the
synthesis of compounds 8a-h, starting from 5-(3,4-dimethoxyphenyl)-1-methyl-3-nitro-1H-
pyrrolo[2,3-b]pyridine 24 (90 mg, 0.287 mmol). Purification by silica gel flash column
chromatography using a mixture of dichloromethane and methanol (in a ratio gradually ranging
from 98:2 to 95:5) yielded the title compound as a red solid (22 mg, 20%). Purity of 98%. 'H
NMR (300 MHz, DMSO-dg) 6 10.60 (bs, 1H, NH), 9.19 (bs, 1H, NH), 8.77 (d, J = 2.6 Hz, 1H,
ArH), 8.60 (s, 2H, ArH), 8.36 (d, /= 8.0 Hz, 1H, ArH), 8.07 (s, 1H, ArH), 7.59 (m, 1H, ArH),
7.26 (m, 2H, ArH), 7.08 (d, J = 8.3 Hz, 1H, ArH), 3.87 (s, 6H, OCH;3/CHj3), 3.80 (s, 3H,
OCHj;/CH3;). *C NMR (75 MHz, DMSO-dy) 6 163.33, 152.03, 149.33, 148.87, 148.39, 144.19,
142.14, 135.65, 131.81, 130.43, 127.77, 125.22, 123.63, 121.31, 119.21, 113.40, 113.14,
112.54,110.93, 55.83, 55.75, 30.91 ppm. HRMS m/z [M+H]" calcd for C»,H,oN40; 389.16080;
found 389.1604.

2-Chloro-5-(3,4-dimethoxyphenyl)nicotinonitrile (28)

To a solution of 3,4-dimethoxyphenylboronic acid (460 mg, 2.53 mmol) and 5-bromo-2-
chloronicotinonitrile 27 (500 mg, 2.3 mmol) in isopropanol (12 ml) was added a solution of
K,CO3 (953 mg, 6.9 mmol) in water (4 ml). The reaction mixture was flushed three times with
argon and heated to 90°C. Then, Pd(PPh;), (10 mol%) was added and the system was flushed
once more with argon. After stirring at 90°C for 2.5 hours, the reaction was concentrated under
reduced pressure. The crude residue was partitioned between ethyl acetate and water and
extracted three times. The combined organic phases were washed with brine and dried over
MgSO,. The solvent was removed under reduced pressure and the crude residue was purified

by silica gel flash column chromatography using a mixture of heptane and ethylacetate (in a
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ratio of 7:3) as mobile phase. This was followed by a second purification by silica gel flash
column chromatography using a mixture of dichloromethane, heptane and ethylacetate (in a
ratio of 70:25:5) as mobile phase, yielding the title compound as a white solid (320 mg, 50%).
'"H NMR (300 MHz, DMSO-dy) 6 9.06 (d, J = 2.5 Hz, 1H, HetH), 8.85 (d, J = 2.5 Hz, 1H,
HetH), 7.41 (m, 2H, PhH), 7.10 (m, 1H, PhH), 3.87 (s, 3H, OCH,), 3.82 (s, 3H, OCHj;).
5-(3,4-Dimethoxyphenyl)-1H-pyrazolo[3,4-b]|pyridin-3-amine (29)

To a solution of 2-chloro-5-(3,4-dimethoxyphenyl)nicotinonitrile 28 (100 mg, 0.364 mmol) in
pyridine (3 ml) was added a hydrazine monohydrate solution (65% in water, 103 ul, 0.728
mmol). The reaction was refluxed overnight and after completion the solvent was evaporated.
The crude residue was purified by silica gel flash column chromatography using a mixture of
dichloromethane and methanol (in a ratio of 95:5) yielding the title compound as a yellow solid
(90 mg, 91%). '"H NMR (300 MHz, DMSO-d;) 8 11.97 (bs, 1H, NH), 8.66 (d, J=2.1 Hz, 1H,
HetH), 8.36 (d, /=2.0 Hz, 1H, HetH), 7.21 (m, 2H, PhH), 7.07 (d, J = 8.4 Hz, 1H, PhH), 3.86
(s, 3H, OCHj3), 3.80 (s, 3H, OCH3).
N-(5-(3,4-Dimethoxyphenyl)-1H-pyrazolo[3,4-b]pyridin-3-yl)nicotinamide (30)

To a solution of 5-(3,4-dimethoxyphenyl)-1H-pyrazolo[3,4-b]pyridin-3-amine 29 (90 mg,
0.332 mmol) in pyridine (3 ml) at 0°C was added nicotinoyl chloride hydrochloride (71 mg,
0.400 mmol). The reaction was stirred at 0°C for 1 hour and then stirred at room temperature
overnight. After reaction completion, water was added and the mixture was extracted three
times with ethyl acetate. The combined organic phases were washed with brine, dried over
MgSO,4 and evaporated to dryness. The crude residue was purified by silica gel flash
chromatography using a mixture of dichloromethane and methanol (in a ratio gradually ranging
from 98:2 to 96:4) yielding the title compound as a beige solid (76 mg, 61%). Purity of 99%.
'"H NMR (300 MHz, DMSO-dy) 8 13.47 (s, 1H), 11.33 (s, 1H), 9.24 (s, 1H), 8.85 (d, J = 2.1

Hz, 1H), 8.79 (d, J = 3.4 Hz, 1H), 8.50 (d, /= 2.0 Hz, 1H), 8.42 (d, /= 8.1 Hz, 1H), 7.59 (dd,
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J=1.7,4.8 Hz, 1H), 7.28 (s, 1H), 7.23 (d, J = 8.4 Hz, 1H), 7.07 (d, J = 8.4 Hz, 1H), 3.86 (s,
3H), 3.80 (s, 3H). 3C NMR (75 MHz, DMSO-dy) 6 164.30, 152.57, 151.36, 149.35, 149.22,
148.89, 148.67, 139.54, 135.92, 130.86, 129.45, 129.25, 129.13, 123.66, 119.50, 112.54,
111.08, 108.70, 55.84, 55.74. HRMS m/z [M+H]" calcd for Cy0H;7NsO5 376.14040; found
376.1400.

2-Amino-3,5-dibromopyrazine (32)

To a solution of aminopyrazine 31 (1 g, 10.52 mmol) in DMSO (10 ml) was added N-
bromosuccinimide (3.94 g, 22.08 mmol) portionwise over 45 minutes. The resulting mixture
was stirred for 3 hours at room temperature. The reaction was poured in ice water and extracted
five times with ethyl acetate. The combined organic phases were washed with brine, dried over
MgSO, and evaporated to dryness. The crude residue was purified by silica gel flash column
chromatography using a mixture of heptane and ethyl acetate (in a ratio of 7:3) as mobile phase,
yielding the desired compound as a fluffy white solid (1.94 g, 73%). '"H NMR (300 MHz,
DMSO-ds) & 8.13 (s, 1H, ArH), 6.99 (bs, 2H, NH,) ppm. HRMS m/z [M+H]* calcd for
C4H3;N3;Br, 251.87675; found 251.8765.
5-Bromo-3-((trimethylsilyl)ethynyl)pyrazin-2-amine (33)

To a solution of 2-amino-3,5-dibromopyrazine 32 (1 g, 3.95 mmol) in degassed THF (15 ml)
was added copper iodide (7.53 mg, 0.040 mmol), Pd(PPh;),Cl, (45mg, 0.040 mmol) and
triethylamine (1.65 ml, 11.86 mmol) . The system was flushed with nitrogen and
trimethylsilylacetylene (534 pl, 1.91 mmol) was added dropwise over 5 minutes. The reaction
was stirred overnight at room temperature. After reaction completion, the solvent was
evaporated and water was added. The resulting suspension was extracted three times with ethyl
acetate. The combined organic phases were washed with water and brine, dried over MgSO4
and evaporated to dryness. The crude residue was purified by silica gel flash column

chromatography using a mixture of heptane and ethylacetate (in a ratio of 80:20) as mobile
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phase, yielding the title compound as a bright yellow solid (769 mg, 72%). 'H NMR (300 MHz,
DMSO-dy) 6 8.12 (s, 1H, ArH), 6.82 (s, 2H, NH,), 0.27 (s, 9H, Si(CHs3)3) ppm.
2-Bromo-5H-pyrrolo[2,3-b|pyrazine (34)

To a solution of 5-bromo-3-((trimethylsilyl)ethynyl)pyridin-2-amine 33 (1 g, 3.7 mmol) in dry
NMP (10 ml) was added portionwise KOtBu (498 mg, 4.44 mmol). The reaction mixture was
flushed with nitrogen and stirred for 3 hours at 80°C. After reaction completion, the mixture
was extracted three times with water and ethyl acetate. The combined organic layers were
washed twice with water and once with brine, dried over MgSO, and evaporated in vacuo. The
crude residue was then purified by silica gel flash column chromatography using a mixture of
heptane/ethyl acetate (in a ratio of 7:3) as mobile phase, yielding the title compound as a yellow
solid (502 mg, 69%). '"H NMR (300 MHz, DMSO-dy) 8 12.42 (brs, IH, NH), 8.35 (s, 1H, ArH),
7.97 (d,J = 3.48 Hz, 1H, ArH), 6.63 (d, J=3.48 Hz, 1H, ArH) ppm.
5-Bromo-3-iodo-1H-pyrrolo[2,3-b]pyrazine (35)

To a solution of 5-bromo-1H-pyrrolo[2,3-b]pyrazine 34 (500 mg, 2.52 mmol) in a minimal
volume of acetone was added portionwise N-iodosuccinimide (625 g, 2.78 mmol). The reaction
mixture was stirred for 2 hours at room temperature. The formed precipitate was collected via
filtration, yielding the title product as an off-white solid (408 mg, 50%). %). 'H NMR (300
MHz, DMSO-d;) & 12.82 (br s, 1H, NH), 8.40 (d, /= 1.77 Hz, 1H, ArH), 8.19 (s, 1H, ArH)
ppm.

2-Bromo-7-(pyridin-3-ylethynyl)-SH-pyrrolo[2,3-b]pyrazine (36)

To a degassed solution of 5-bromo-3-iodo-1H-pyrrolo[2,3-b]pyrazine 35 (200 mg, 0.617 mmol)
in THF (10 ml) were added triethylamine (238 pl, 1.85 mmol), Pd(PPh;),Cl, (4.33 mg, 1mol%)
and Cul (2.35 mg, 2 mol%). The resulting mixture was stirred under inert atmosphere for 10
minutes at room temperature. Then, a solution of 3-ethynylpyridine (61 mg, 0.586 mmol) in

THF (1 ml) was added to the reaction mixture. The reaction was stirred for 4 hours at room

ACS Paragon Plus Environment



oNOYULT D WN =

Journal of Medicinal Chemistry

temperature. After completion, the reaction was filtered through Celite, extracted with water
and ethyl acetate, washed with brine, dried over MgSQO, and evaporated in vacuo. The crude
residue was purified by silica gel flash column chromatography using a mixture of heptane and
ethyl acetate (in a ratio of 6:4) as mobile phase, yielding the title compound as a white solid
(130 mg, 71%). '"H NMR (300 MHz, DMSO-d;) 6 12.94 (bs, 1H, NH), 8.76 (s, 1H), 8.59 (d, J
=3.2 Hz, 1H, ArH), 8.51 (s, 1H, ArH), 8.45 (s, 1H, ArH), 7.99 (dt,J= 7.9, 1.8 Hz, 1H, ArH),
7.47(dd,J=17.8,4.8 Hz, 1H, ArH). HRMS m/z [M+H]" calcd for C;3H;N4Br 298.99273; found
298.9930.

2-(3,4-Dimethoxyphenyl)-7-(pyridin-3-ylethynyl)-SH-pyrrolo[2,3-b]|pyrazine (37)

To a solution of 2-bromo-7-(pyridin-3-ylethynyl)-5H-pyrrolo[2,3-b]pyrazine 36 (110 mg,
0.368 mmol) in dioxane (4 ml) was added 3,4-dimethoxyphenylboronic acid (80 mg, 0.441
mmol) and 1 ml of a K,COj; solution (152 mg, 1.1 mmol). The system was purged three times
with argon and heated to 105°C. After stirring for 10 minutes, Pd(PPh;), (10 mol%) was added
and the reaction was purged once more with argon. The reaction mixture was stirred at 105°C
for 3 hours. After completion, the reaction mixture was cooled to room temperature and filtered
through Celite. The filtrate was extracted with water and ethyl acetate. The combined organic
layers were washed with brine, dried over MgSO, and evaporated in vacuo. Purification by
silica gel flash column chromatography using a mixture of dichloromethane and ethylacetate
(in a ratio of 1:1) as mobile phase, yielded the title compound as a white solid (37 mg, 28%).
Purity of 98%. '"H NMR (300 MHz, DMSO-d,) 8 12.63 (bs, 1H, NH), 8.96 (s, 1H, ArH), 8.78
(s, IH, ArH), 8.58 (d, /= 3.3 Hz, 1H, ArH), 8.35 (s, 1H, ArH), 8.00 (d, J= 7.8 Hz, 1H, ArH),
7.76 (m, 2H, ArH), 7.48 (m, 1H, ArH), 7.11 (d, J=9.0 Hz, 1H, ArH), 3.90 (s, 3H, OCH3), 3.83
(s, 3H, OCHj3) ppm. '*C NMR (75 MHz, DMSO-dy) 8 151.44, 149.97, 149.32, 148.57, 146.70,

139.95, 138.27, 137.69, 136.06, 135.59, 130.21, 123.77, 120.46, 119.60, 112.33, 110.46, 95.69,
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88.10, 85.92, 55.88, 55.81 ppm. HRMS m/z [M+H]* calcd for C,;H;sN4O, 357.13459; found

357.1346.

Binding-displacement assay for NAK family selectivity

Inhibitor binding to NAK family kinase domain proteins was determined using a binding-
displacement assay which tests the ability of the inhibitors to displace a fluorescent tracer
compound from the ATP binding site of the kinase domain. Inhibitors were dissolved in DMSO
and dispensed as 16-point, 2x serial dilutions in duplicate into black multiwell plates (Greiner)
using an Echo dispenser (Labcyte Inc). Each well contained 1 nM biotinylated AAK1, BMP2K,
GAK or STK16 kinase domain protein ligated to streptavidin-Tb-cryptate (Cisbio), either 12.5
nM (for AAK1 or BMP2K) or 25 nM (for GAK or STK16) Kinase Tracer 236 (ThermoFisher
Scientific), 10 mM Hepes pH 7.5, 150 mM NaCl, 2 mM DTT, 0.01% BSA, 0.01% Tween-20.
Final assay volume for each data point was 5 pL, and final DMSO concentration was 1%. The
plate was incubated at room temperature for 1.5 hours and then read using a TR-FRET protocol
on a PheraStarFS plate reader (BMG Labtech). The data was normalized to 0% and 100%
inhibition control values and fitted to a four parameter dose-response binding curve in
GraphPad Software. For the purpose of estimating the selectivity between each kinase domain,
the determined 1Cs, values were converted to K; values using the Cheng-Prusoff equation and

the concentration and Kp values for the tracer (previously determined).

AAKI1 expression, purification and crystallization

AAK1 (UniProtKB: Q2M2I8) residues T27-A365 was cloned, expressed and purified as
described®’, except that the protein was expressed in a cell line together with lambda
phosphatase to produce the unphosphorylated protein. The purified protein was concentrated to

12 mg/mL and compound 1 dissolved in 100% DMSO was added to a final concentration of
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1.5 mM (3% final DMSO concentration). The protein-ligand solution was incubated on ice for
30 minutes, then centrifuged at 14,000 rpm for 10 minutes, 4 °C, immediately prior to setting
up sitting-drop vapour diffusion crystallization plates. The best-diffracting crystals of the
AAKI1 - compound 1 complex were obtained using a reservoir solution containing 26% PEG
3350, 0.1 M Bis-Tris pH 5.5 by spiking drops with 20 nL of seed-stock solution immediately
prior to incubation at 18°C. Seed stock was prepared from poorly-formed crystals of AAK1-
compound 1 grown during previous rounds of crystal optimization, which were diluted in 50-
100 pL reservoir solution and vortexed for 2 min in an Eppendorf containing a seed bead. A
1:1 dilution series of seeds was prepared in order to find the optimal seed concentration. Prior
to mounting, crystals were cryo-protected in situ by addition of reservoir solution containing an

additional 25% ethylene glycol. Crystals were then flash frozen in liquid nitrogen.

Data collection, structure solution and refinement

Data was collected at Diamond beamline 102 using monochromatic radiation at wavelength
0.9795 A. Diffraction data were processed using XDS** as part of the xia2 pipeline*® and scaled
using AIMLESS#, molecular replacement was carried out in Phaser*® with PDB ID 4WSQ as
a search model. Data processing and refinement statistics are given in Table 1 from the
Supporting Information. REFMACS5*, PHENIX>? and Coot>!' were used for model building and

refinement. Coordinates were submitted to the PDB under accession code 5L4Q.

Virus construct
DENV2 (New Guinea C strain)*>>3Renilla reporter plasmid used for in vitro assays was a gift
from Pei-Yong Shi (The University of Texas Medical Branch). DENV 16681 plasmid (pD2IC-

30P-NBX) used for ex vivo experiments was a gift from Claire Huang (CDC)>.
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Cells

Huh7 (Apath LLC) cells were grown in DMEM (Mediatech) supplemented with 10% FBS
(Omega Scientific), nonessential amino acids, 1% L-glutamine, and 1% penicillin-streptomycin
(ThermoFisher Scientific) and maintained in a humidified incubator with 5% CO, at 37 °C.
MDDCs were prepared as described with slight modifications.> Buffy coats were obtained
from the Stanford Blood Center. CD14+ cells were purified by EasySep™ Human Monocyte
Enrichment Kit without CD16 Depletion (Stemcell Technologies). Cells were seeded in 6-well
plates (2 x10° cells per well), stimulated with 500 U/ml granulocyte-macrophage colony-
stimulating and 1,000 U/ml interleukin-4 (Pepro tech), and incubated at 37 °C for 6 days prior

to DENV infection (MOI 1).

Virus Production

DENV2 RNA was transcribed in vitro using mMessage/mMachine (Ambion) kits. DENV was
produced by electroporating RNA into BHK-21 cells, harvesting supernatants on day 10 and
titering via standard plaque assays on BHK-21 cells. In parallel, on day 2 post-electroporation,
DENV-containing supernatant was used to inoculate C6/36 cells to amplify the virus. EBOV
(Kikwit isolate) was grown in Vero E6 cells, supernatants were collected and clarified and
stored at -80°C until further use. Virus titers were determined via standard plaque assay on Vero

E6 cells.

Infection assays

Huh7 cells were infected with DENV in replicates (n = 5) at a multiplicity of infection (MOI)
of 0.05. Overall infection was measured at 48 hours using a Renilla luciferase substrate.
MDDCs were infected with DENV2 (16881) at an MOI of 1. Standard plaque assays were

conducted following a 72-hour incubation. Huh7 cells were infected with EBOV at an MOI of

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

1 or 0.1 under biosafety level 4 conditions. Forty-eight hours after infection, supernatants were
collected and stored at -80 °C until further use. Cells were formalin-fixed for twenty-four hours
prior to removal from biosafety level 4. Infected cells were detected using an EBOV
glycoprotein specific monoclonal antibody (KZ52), and quantitated by automated fluorescence
microscopy using an Operetta High Content Imaging System and the Harmony software
package (Perkin Elmer). For select experiments, supernatants were assayed by standard plaque
assay, as described previously. Briefly, supernatants were thawed, serially diluted in growth
media, added to VeroE6 cells and incubated for 1 hour at 37°C in a humidified 5% CO2
incubator, prior to being overlaid with agarose. Infected cells were incubated for 7 days, then
stained with neutral red vital dye (Gibco). Plaques were counted, and titers were calculated.
Viability assays

Viability was assessed using AlamarBlue® reagent (Invitrogen) or Cell-Titer-Glo® reagent
(Promega) assay according to manufacturer’s protocol. Fluorescence was detected at 560 nm
on InfiniteM 1000 plate reader and luminescence on InfiniteM1000 plate reader (Tecan) or a

Spectramax 340PC.

Effect of compounds 1, 8¢ and 21b on AP-2 phosphorylation

Huh7 cells were kept in serum free medium for 1 hour and then treated with the compounds or
DMSO in complete medium for 4 hours at 37 °C. To allow capturing of phosphorylated
AP2M1, 100 nM of the PP2A inhibitor calyculin A (Cell Signalling) was added 30 min prior
to lysis in M-PER lysis buffer (ThermoFisher Scientific) with 1X Halt Protease & phosphatase
inhibitor cocktail (ThermoFisher Scientific). Samples were then subjected to SDS-PAGE and
blotting with antibodies targeting phospho-AP2M1 (Cell Signaling), total AP2M1 (Santa Cruz

Biotechnology), and actin (Sigma-Aldrich). Band intensity was measured with NIH Image].
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AAKI1 LanthaScreen™ Eu binding assay

The compounds were subjected to a LanthaScreen™ binding assay in which 10 titrations of
dissolved test compound in DMSO are transferred to a 384-well plate. Sequential addition of
the kinase buffer (50 mM HEPES pH 7.5, 0.01% BR1J-35, 10 mM MgCl and ImM EGTA), the
2X kinase antibody (Eu Anti GST) mixture and the 4X Tracer 222 solution was performed.
After shaking for 30 seconds and a one hour incubation period at room temperature, the plate
was read on a fluorescence plate reader. When the bound tracer in the active site was displaced
by the test compound, fluorescence was not observed. The collected data were then compared
to a 0% displacement control with pure DMSO and a 100% displacement control with sunitinib,
a known inhibitor of AAK1, and plotted against the logarithmic concentration parameter. The

ICso was subsequently extracted.

AAKI1 Kj assay

Kp values for AAK1 were determined as previously described.’® Briefly, the DNA-tagged
AAKI1, an immobilized ligand on streptavidin-coated magnetic beads, and the test compound
were combined. When binding occurred between AAK1 and a test compound, no binding can
occurred between AAK1 and the immobilized ligand. Upon washing, the compound-bound,
DNA-tagged AAK1 was washed away. The beads carrying the ligands were then resuspended
in elution buffer and the remaining kinase concentration was measured by qPCR on the eluate.

Kp values were determined using dose-response curves.

Kinase Selectivity assay
Compound 21b was screened against a diverse panel of 468 kinases (DiscoveRX, KinomeScan)
using an in vitro ATP-site competition binding assay at a concentration of 10 pM. The results

are reported as the percentage of kinase/phage remaining bound to the ligands/beads, relative
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to a control. High affinity compounds have % of control values close to zero, while weaker

binders have higher % control values.

Statistical analysis

All data were analyzed with GraphPad Prism software. Fifty percent effective concentration
(ECso, ECqp and CCsg) values were measured by fitting data to a three-parameter logistic
curve. P values were calculated by two-way ANOVA with Bonferroni’s multiple comparisons
tests or by 2-tailed unpaired ¢ test.

Molecular modelling

Docking was initiated from the AAK1 PDB structure 5L4Q, from which first all ligands and
water molecules were removed. The remaining structure was prepared by AutodockTools as
a receptor: polar hydrogens were added, Gasteiger charges were defined, the AD4 atom type
was assigned and finally everything saved in a pdbqt file. The original inhibitor lkb (identical
to compound 1) from the PDB file 5L4Q was extracted, processed by AutodockTools and saved
in the pdbqt format. Compounds 8g and 21b were drawn in Chemdraw and a 3D structure was
generated by Chem3D.>” The amide conformation in compound 8g was initially chosen having
an anti-orientation. Autodocktools was used again to prepare the corresponding pdbqt files.
Autodock Vina was used for the docking experiments.*! A cubic box was defined 60x60x60
units (0.375 A/unit) and the box was centred at the ALA72:CB atom in the first kinase domain
(chain A). The docking process used variable dihedral angles in the ligand while the receptor
was defined as rigid. Amide bonds in the ligands were not allowed to rotate.

A control docking was executed using the original inhibitor kb present in the 514q PDB file.
Vina reproduced the original X-ray position very well. For the three docked systems with the
best Vina docking score a molecular dynamics simulation using the Amber 18 software.*?

Enzyme parameters and charges were taken from the default amber ff14sb force field.
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Parameters and atomic charges were calculated by antechamber (gaff2). The barrier of the

dihedral torsion parameters for the amide bond was increased from 2.6 (from antechamber) to

oNOYTULT D WN =

10.0 (in line with a peptide bond amide in the standard amber force field).

10 Three molecular systems (AAK1/compound 1, AAK1/compound 8¢ and AAK1/compound
21b) were solvated with TIP3P and neutralized in charge. Standard NPT simulations of 40 ns
15 were started (300K, periodic conditions with PME, cutoff 10.0 A, shake for H bonds
17 constraints, 2 fs time step). Overall root mean square deviation curves (RMSD) of the MD
trajectories are shown in supplemental Figure S1 (see Supporting Information). The last 4 ns of

2 the MD trajectories were used in the MM/PBSA MM/GBSA calculations.
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