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SUMMARY

Disease-causing mutations in many neurodegenera-
tive disorders lead to proteinopathies that trigger
endoplasmic reticulum (ER)stress.However, few ther-
apeutic options exist for patients with these diseases.
Using an in vitro screening platform to identify com-
pounds that protect human motor neurons from ER
stress-mediated degeneration, we discovered that
compounds targeting the mitogen-activated protein
kinase kinase kinase kinase (MAP4K) family are neuro-
protective. The kinase inhibitor URMC-099 (com-
pound 1) stood out as a promising lead compound
for further optimization. We coupled structure-based
compound design with functional activity testing in
neurons subjected to ER stress to develop a series
of analogs with improved MAP4K inhibition and
concomitant increases in potency and efficacy.
Further structural modifications were performed to
enhance the pharmacokinetic profiles of the com-
pound 1 derivatives. Prostetin/12k emerged as an
exceptionally potent, metabolically stable, and
blood-brain barrier-penetrant compound that is well
suited for future testing in animal models of neurode-
generation.

INTRODUCTION

Many neurodegenerative disorders, including amyotrophic lateral

sclerosis (ALS), Alzheimer disease, and Parkinson disease, are

characterized by the accumulation of misfolded proteins in the

affected neuronal subtypes and the subsequent induction of

endoplasmic reticulum (ER) stress pathways (Roussel et al.,

2013). These pathways initially engage protective mechanisms

that slow protein synthesis and promote refolding or clearance
Cell Che
of misfolded proteins. If these efforts are unsuccessful, the

unfolded protein response (UPR) activates cell death pathways.

ER stress and the UPR have been implicated in both familial

and sporadic forms of ALS, a neurodegenerative disorder that

selectively targets motor neurons and progresses rapidly once

patients have been diagnosed, with a mean survival time of <5

years (Medinas et al., 2019).Markers of ER stress also are among

the earliest pathological features to appear in in vitro and in vivo

models of ALS (Kiskinis et al., 2014; Saxena et al., 2009). Further-

more, while the expression of ALS-causingmutant proteins is not

restricted to motor neurons, we have found that motor neurons

are significantly more sensitive than other spinal neuronal sub-

types to ER stress-inducing compounds (Thams et al., 2019),

which may explain their selective vulnerability in ALS.

We harnessed these findings to build a screening platform to

identify compounds that could protect against ER stress-medi-

ated neurodegeneration. In this model, stem-cell-derived motor

neurons are treated with cyclopiazonic acid (CPA), a mycotoxin

that inhibits the transport of calcium from the cytoplasm into the

ER by blocking sarcoendoplasmic reticulum calcium transport

ATPase pumps (Thams et al., 2019). Because many protein

folding chaperones in the ER require calcium as a co-factor,

CPA treatment leads to the accumulation of misfolded proteins,

the induction of ER stress pathways, and apoptosis in spinal mo-

tor neurons in vitro (Thams et al., 2019).

Using this platform, we identified broad-spectrum kinase in-

hibitors, including Gö6976, sunitinib, K252a, and kenpaullone,

as compounds that protect motor neurons from ER stress

(Thams et al., 2019). These compounds were largely unsuitable

for clinical development, either because of poor pharmacoki-

netic properties or a lack of target specificity.

Here, we identifiedmitogen-activated protein kinase kinase ki-

nase kinase (MAP4Ks, also known as the STE20 family of ki-

nases) as the shared functional targets of these kinase inhibitors

and performed a secondary screen for MAP4K inhibitors that

could be tested in in vivo models of neurodegeneration.

URMC-099 (compound 1), a MAP3K inhibitor that also strongly

inhibits MAP4Ks (Goodfellow et al., 2013), emerged as a
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promising hit, but required further optimization to increase its po-

tency and efficacy in motor neurons subjected to ER stress, and

to overcome its relatively poor metabolic stability, oral bioavail-

ability, and blood-brain barrier penetration.

By combining structure-based small-molecule design using

computational chemistry tools with rapid feedback on the activ-

ity of newly synthesized compounds in vitro in motor neurons

subjected to ER stress, we generated a series of potent com-

pound 1 analogs. Compound 12k (termed Prostetin for promot-

ing neuronal viability via Ste20 inhibition), which inhibits MAP4Ks

at subnanomolar concentrations, was the most promising based

on its neuroprotective and pharmacokinetic profiles. Further-

more, we found that Prostetin/12k retains the anti-inflammatory

properties of 1, which may provide additional therapeutic benefit

in neurodegenerative disorders such as ALS where inflammation

may exacerbate disease progression (Boillée et al., 2006; Trias

et al., 2016). Prostetin/12k is therefore primed for future testing

in diverse animal models of neurodegenerative disease.

RESULTS

HGK (MAP4K4) and NUAK1 Are Common Targets of
Neuroprotective Kinase Inhibitors
In our original screen for compounds that protect against ER

stress-mediated neurodegeneration, libraries of small molecules

were combined with the ER-stress-inducing agent CPA and

added to mouse stem-cell-derived motor neurons (Figure 1A)

(Thams et al., 2019). Four kinase inhibitors emerged as neuro-

protective hits––Gö6976, sunitinib, K252a, and kenpaullone––

but none were viable therapeutic agents for neurodegeneration:

Gö6976 and K252a are insufficiently selective (Anastassiadis

et al., 2011); sunitinib does not readily cross the blood-brain bar-

rier (Tang et al., 2012); and paullone derivatives are highly insol-

uble in aqueous biofluids (Greenwald et al., 2004).

Nevertheless, we reasoned that identifying their shared func-

tional targets could guide the selection of new compounds that

would be suitable for in vivo use. We mined a publicly available

database (Anastassiadis et al., 2011) to compare the catalytic

activity of >300 kinases in the presence of the four hit com-

pounds. We also included alsterpaullone in this analysis,

because it is a structural analog of kenpaullone that we found

to bemore potent than kenpaullone in rescuing CPA-treatedmo-

tor neurons (Figure 1C).We then performed two-way hierarchical

clustering analysis to rank the shared targets of these com-

pounds (Figure 1B). Kinases whose activity was strongly in-

hibited by all five compounds included the AMPK-related kinase

NUAK1 and the MAP4K/STE20 kinase HGK (MAP4K4;

Figure 1B).

HGK Inhibitors, but Not NUAK1 Inhibitors, Are Strongly
Neuroprotective
To evaluate the relative contributions of NUAK1 and HGK to ER-

stress-mediated neurodegeneration, and to identify compounds

that would be better suited than the original hits for in vivo admin-

istration, we asked whether known NUAK1 and HGK inhibitors

could counteract the effects of the ER-stress-inducing com-

pound CPA. We humanized our screening platform (Figure 1A)

by incorporating motor neurons differentiated from human

induced pluripotent stem cells derived from a healthy patient.
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Cells were treated with CPA ± NUAK1 and HGK inhibitors under

conditions where motor neuron survival in CPA-treated cells

drops to �40% compared with vehicle-treated controls.

We found that the NUAK1 inhibitors WZ4003 (Banerjee et al.,

2014) and HTH 01-015 (Banerjee et al., 2014) did not rescue

CPA toxicity at any of the concentrations tested (Figures 1C

and S1A). At concentrations above 2 mM, both WZ4003 and

HTH 01-015 were toxic to motor neurons even in the absence

ofCPA (FigureS1A).NUAK1 inhibitorswere therefore not suitable

for the treatment of ER-stress-mediated neurodegeneration.

We also tested three compounds that had previously been

shown to inhibit HGK activity: PF-6260933 (Ammirati et al.,

2015), GNE-495 (Ndubaku et al., 2015), and URMC-099 (Good-

fellow et al., 2013). All three of the HGK inhibitors tested were

neuroprotective, with URMC-099 as the most potent and effec-

tive in this assay, restoring survival to 90% at 0.6 mM (Figures 1C

and S1B). These findings pointed to a role for HGK in ER stress-

mediated neurodegeneration, and suggested that URMC-099

warranted further study.

URMC-099 Inhibits ER Stress-Mediated Apoptosis via
the JNK Pathway
Unlike PF-6260933 and GNE-495, URMC-099 is not a selective

HGK inhibitor, and its mode of action in stressed neurons was

not established. Using published data (Ndubaku et al., 2015),

we calculated that GNE-495 was exceptionally selective, with

a selectivity score of 0.01 out of 1 (ratio of the number of kinases

with less than 20% of activity remaining in the presence of 1 mM

GNE-495 to the total number of kinases assayed in cell-free con-

ditions). Meanwhile, URMC-099 was originally optimized to

inhibit the MAP3K kinase MLK3 but was shown to bind HGK

and inhibit >99% of its activity at 1 mM (Goodfellow et al.,

2013). Accordingly, URMC-099 had a weaker selectivity score

(0.36) than GNE-495 under similar conditions, based on data

from Goodfellow et al. (2013).

To assess whether URMC-099 was acting through the same

pathways as HGK-selective compounds in stressed neurons,

we evaluated its effects on the c-Jun N-terminal kinase (JNK)

signaling pathway. HGK is a well-established regulator of the

JNK pathway (Yao et al., 1999), and selective HGK inhibitors

have been shown to inhibit JNK pathway activation in the context

of neurodegeneration. Yang et al. (2013) showed that kenpaul-

lone, one of the hit compounds from our original screen that

strongly and selectively inhibits HGK, prevents motor neuron

degeneration in the context of neurotrophic factor withdrawal

by inhibiting the TAK1 (MAP3K7)/MKK7/JNK axis of the JNK

pathway. Meanwhile, URMC-099 has been shown to prevent

MLK3-mediated activation of JNK in microglia in in vitro and

in vivo models of neuroinflammation (Goodfellow et al., 2013).

Through a series of western blots, we observed that URMC-

099 prevented the activation of the JNK pathway in CPA-treated

motor neurons. We found that URMC-099 attenuated the

phosphorylation of the MAP2K MKK4 at Ser257, a site that is

associated with cell stress and is essential to the regulation of

downstream kinases such as JNK1-3 (mitogen-activated

protein kinase [MAPK 8–10]; Figures 1D and 1E) (Deacon and

Blank, 1997). Using an antibody that recognizes JNK1, 2, and

3 when phosphorylated at sites known to regulate stress re-

sponses (Thr183/Tyr185), we found that URMC-099 significantly
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Figure 1. HGK Inhibitors Are Neuroprotective and Act through the JNK Pathway

(A) Schematic of motor neuron CPA survival assay.

(B) Hierarchical clustering of the kinase targets of neuroprotective hits from previous survival screens. HGK and NUAK1 are shared targets of these compounds.

Red indicates that a given kinase is strongly inhibited by a hit compound (0%–20% activity remaining); blue indicates that a kinase is poorly inhibited (>20%

activity remaining).

(C) Maximum efficacy of compounds that rescue motor neurons from ER stress-induced neurodegeneration (expressed as the maximum motor neuron survival

recorded across all concentrations tested, percentage of untreated controls). Hits from the initial screen are in blue; HGK and NUAK1 inhibitors are in green and

maroon, respectively. Compounds were tested inmotor neurons derived from the stem cells of a healthy patient. Bars represent means ± SEM of wild-typemotor

neurons treated with CPA + test compound normalized to vehicle controls. n = 3 replicate wells from a 96-well plate. See also Figure S1.

(D) Western blots of motor neuron cultures treated with vehicle, CPA, or CPA + URMC-099. n = 2 separate motor neuron differentiations.

(E) Quantification of western blots. Band intensities for all phospho-isoforms were normalized to their respective total protein, and are represented as a per-

centage of CPA band intensities. Bars represent means ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001.
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decreased JNK activation compared with CPA treatment alone

(Figures 1D and 1E). Neither CPA nor URMC-099 treatment

influenced basal levels of MKK4 or JNK expression (Figure 1D),

indicating that CPA and URMC-099 were acting in a post-trans-

lational, kinase-dependentmanner to activate or suppress phos-

phorylation, respectively.

JNKs phosphorylate and activate transcription factors such as

c-Jun to regulate the transcription of apoptosis-related genes

(Pulverer et al., 1991), andwe have shown that CPA treatment in-

duces rapid c-Jun phosphorylation at Ser63 in motor neurons

(Thams et al., 2019). Interestingly, URMC-099 treatment not

only suppressed c-Jun phosphorylation (Figure 1E), but also

decreased c-Jun expression (Figure 1D), perhaps because acti-
vated c-Jun perpetuates its own expression under conditions of

stress (Hayakawa et al., 2005).

Finally, we investigated the effects of URMC-099 on the cleav-

age and activation of caspase-3, a critical step in apoptotic cell

death pathways (Robertson et al., 2000). We have previously

shown that CPA treatment induces caspase-3 cleavage in motor

neurons (Thams et al., 2019), and we found here that URMC-099

attenuated CPA-mediated caspase-3 cleavage (Figures 1D and

1E), suggesting that it acts on apoptotic pathways to promote

motor neuron survival. Taken together, these findings suggest

that the neuroprotective effects of URMC-099 stem from the in-

hibition of JNK-mediated apoptotic pathways, and are in line

with previous studies that have linked HGK inhibitors with JNK
Cell Chemical Biology 26, 1–13, November 21, 2019 3



Figure 2. Docking Pose of Compound 1 in HGK and Summary of

Analog Properties

(A) Docking pose of compound 1 in a crystal structure of HGK. Dashed lines

indicate hydrogen bonds with the hinge region (Cys108, Glu106) and Asp115.

(B) Ligand interaction diagram of compound 1 with HGK corresponding to the

docking pose shown in (A) (arrows indicating hydrogen bonds).

(C) Summary of improvements in efficacy (red) and potency (blue) in the CPA

survival assay among the first 49 compound 1 analogs that were generated

(7b–7at).
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pathway attenuation, although they do not exclude the involve-

ment of MLK3, a MAP3K that can directly phosphorylate

MKK4 (Deacon and Blank, 1997).

Structure-Based Compound Design Yields Potent and
Efficacious Derivatives of URMC-099
Considering that URMC-099 (compound 1) was originally opti-

mized for MLK3 inhibition, but that HGK inhibition was the likely

driving force behind the neuroprotective effects of the kinase

inhibitors identified in our previous screen (Figure 1B), we spec-

ulated that more potent and efficacious derivatives might be ob-

tained by optimizing their capacity to inhibit HGK. Furthermore,

we reasoned that increasing the potency of compound 1 analogs

could lower their effective dose and thereby mitigate the poten-

tial for off-target effects in vivo given the low selectivity score

calculated for compound 1.

To aid in the design of analogs, we docked compound 1 in a

crystal structure of HGK (PDB: 5DI1) using Glide (Schrödinger

Maestro Suite 2017-1) (Figure 2A). From the docking pose

and the binding site interaction (Figure 2B), it appeared that:

(1) the 7-azaindole moiety binds to the hinge region of the ki-

nase and is essential for activity, (2) the piperazine moiety ex-

tends into the solvent-exposed region and could be modified

to improve the stability and the physicochemical properties of

the molecule, and (3) the indole side chain could be modified

to optimize interactions in the binding pocket and increase ki-

nase specificity.

Based on these observations, we set out to generate a series

of compound 1 analogs that had a high docking score in HGK

and at the same time represented a diverse set of structures.

However, the published synthetic route was not easily scalable:

the side chain (Scheme 1, R-group) is introduced in the first

step, and has to be carried through the entire synthesis, which

is not efficient for the generation of side-chain analogs (Good-

fellow et al., 2013). Therefore, we developed an improved syn-

thetic route with increased flexibility (Scheme 1). In the first

step, a Suzuki coupling of 5-bromo-7-azaindole (2) with 4-for-

mylphenylboronic acid in a pressure tube provided aldehyde

3. Reductive amination with 1-methylpiperazine at room tem-

perature in dichloromethane yielded compound 4. In the next

two steps, compound 4 was iodinated at the 3-position to

form compound 5, followed by the introduction of a Boc-group

on the azaindole to yield compound 6. Initial attempts to forego

this protecting group led to significantly decreased yields in the

subsequent Suzuki coupling. Compound 6 was used as the

substrate for the final Suzuki coupling with a number of boronic

acids and boronic pinacol esters. Conveniently, the Boc-group

was deprotected under these reaction conditions, obviating an

additional deprotection step. Compound 1 and the desired

analogs, 7a–7az, were isolated in reasonable yields (40%–

88%) after purification by preparatory high-performance liquid

chromatography.

Once this synthetic route was established, we set out to

generate a series of structurally diverse compound 1 analogs

that met basic HGK docking criteria. We evaluated the analogs

for their ability to rescue CPA-mediated toxicity in motor neurons

on a rolling basis, providing us with real-time feedback on analog

design and allowing us to circumvent structural modifications

that decreased the efficacy of the compounds or were overtly



N H
N

Br

N H
N

O

H

N H
N

N

N N

N

I

Boc
N H

N

N

R

N N

N

Pd(PPh3)2Cl2 (5 mol%)
4-formylphenylboronic acid (1.1 eq)

aqueous Na2CO3 (2.0 M)
acetonitrile, 1,4-dioxane
130 oC, pressure tube

1-methylpiperazine (2.0 eq)

Na(OAc)3BH (1.5 eq)
dichloromethane

2) Boc2O (3.0 eq)
    DMAP (1.5 eq)

THF/DMF

1) NIS (1.1 eq), acetone

Pd(PPh3)4 (10 mol%)
Boronic acid or 

Boronic ester (1.5 eq)

aqueous Na2CO3 (2.0 M)
1,4-dioxane

100 oC

2 3 4

1, 7a-7az6

Scheme 1. Flexible Synthesis Route for the Synthesis of Compound 1 and Analogs 7a–7az
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toxic. Through this iterative process, we initially developed and

tested 49 analogs of compound 1 (7b–7at, Figure 2C; Table S1).

For these and all subsequent survival experiments, we used

human stem-cell-derived motor neurons carrying the ALS-

causing SOD1A4V mutation to maximize the translational poten-

tial of these analogs (Thams et al., 2019). Survival in this ALS line

dropped to �10% of untreated controls after CPA treatment

(compared with �40% in the healthy human motor neuron line

used in Figures 1C and S1), consistent with our previous findings

that CPA exacerbates basal levels of ER stress in ALS motor

neurons (Thams et al., 2019). Under these conditions, compound

1 achievedmaximum efficacy at 1 mMand completely prevented

motor neuron death (102%motor neuron survival comparedwith

untreated controls; Table S1). Out of the 49 analogs, 11 analogs

(7e, 7h, 7l, 7p, 7v, 7y, 7aa, 7ac, 7ak, 7al, and 7am) demon-

strated greater maximum efficacy than compound 1 (Figure 2C;

Table S1), indicating that some analogs were also counteracting

the basal levels of cell death that occurred across the 72 h assay

independently of CPA. Furthermore, five analogs (7h, 7l, 7m, 7v,

and 7aa) were more potent than compound 1 (half maximal

effective concentration [EC50] < 0.22 mM), and four analogs

(7h, 7l, 7v, and 7aa) were both more efficacious andmore potent

than compound 1 (Figure 2C; Table S1). Only two analogs (7c

and 7ay) were completely ineffective (survival % CPA alone;

Tables S1 and S2).

HGK Inhibition Correlates Strongly with Motor Neuron
Survival
The battery of compound 1 analogs generated and tested

here offered a unique opportunity to investigate whether

improved potency in the motor neuron survival assays corre-

lated with increased inhibition of HGK or MLK3, given that

compound 1 was originally optimized to inhibit MLK3. The

neuroprotective effects of compound 1 and 53 analogs (7b–

7at and 12b–12e, which are further described below) were as-

sessed concurrently in CPA-treated human ALS motor neuron

cultures (Table S2). Meanwhile, the same analogs were

analyzed in a cell-free radiolabeled ATP assay (Reaction

Biology) to compare the extent to which they could inhibit

the activity of HGK, MLK3, or MLK1, a homolog of MLK3
that has also been shown to activate the JNK pathway (Gallo

and Johnson, 2002) (Tables S3 and S4).

We then used regression analysis to compare the ability of a

given analog to inhibit HGK, MLK1, or MLK3 with its ability to

rescue human ALS motor neurons in the CPA survival assay.

Overall, we observed a significant correlation between the inhibi-

tion of MLK3 activity and neuroprotection (R2 = 0.52; p < 0.0001;

Figure 3A). We performed the same analysis for MLK1 and

found the correlation to be weaker than that for MLK3 (R2 =

0.39; p < 0.0001; Figure 3B). Meanwhile, we observed a more

robust correlation between the inhibition of HGK activity and

neuroprotection than for either MLK (R2 = 0.84; p < 0.0001; Fig-

ure 3C). These findings point to HGK as an important biological

target of compound 1 and its analogs. The fact that some of the

analogs tested were highly neuroprotective despite their inability

to inhibit MLK3 and MLK1 (e.g., compound 12e [Tables S1 and

S3]) indicates that direct MLK inhibition is not a requirement for

motor neuron protection.

The Inhibition of RelatedMAP4Ks Correlates withMotor
Neuron Survival
To further explore the biologically relevant targets of compound

1 and its analogs, we selected 10 analogs ranging fromweakly to

very strongly protective in CPA-treated motor neurons and eval-

uated their ability to inhibit a panel of 60 human kinases in the ra-

diolabeled ATP assay (Table S5). The kinases in the expanded

panel were selected from known targets of compound 1 (Good-

fellow et al., 2013), known targets of other kinase inhibitors that

were protective in the CPA survival assay (Thams et al., 2019),

and relevant targets from the literature. RNA sequencing data

were used to confirm the expression of each kinase in embryonic

stem motor neurons (Thams et al., 2019).

We found that the inhibition of HGK, TNIK, MINK1 (MAP4K6),

GCK (MAP4K2), and KHS (MAP4K5) all correlated strongly with

motor neuron survival (Figure 3D). These findings were also

consistent with our analyses of the shared targets of the hit com-

pounds from our preliminary screen (Figure 1B), where HGK,

MINK1, GCK, and KHS were all among the most highly ranked

targets (TNIK did not appear in our initial analysis of shared tar-

gets because its activity was not assessed in the existing publicly
Cell Chemical Biology 26, 1–13, November 21, 2019 5
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with Motor Neuron Rescue

(A–C) Plots of the associations between motor neuron survival and the inhi-

bition ofMLK3 (A), MLK1 (B), or HGK (C) for 53 compound 1 analogs (Table S2).
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available database; Anastassiadis et al., 2011.) Because the cat-

alytic domains of all MAP4K kinases are highly conserved (Read

et al., 2019), it is possible that neuroprotection by compound 1

and its analogs hinges on the inhibition of several MAP4K family

members simultaneously (Larhammar et al., 2017).

Compound 12k Exhibits Increased Metabolic Stability
Among the HGK inhibitors that we tested in CPA-treated motor

neurons in vitro, compound 1 is unique in that it exhibits CNS

penetrance in vivo without any overt toxicity. Both PF-6260933

and GNE-495 had been modified to prevent CNS penetrance

because previous brain-penetrant iterations had been poorly

tolerated in multi-dose assays in mice (Dow et al., 2018; Ndu-

baku et al., 2015). By contrast, compound 1 has previously

been shown to bewell-tolerated over long-term dosing regimens

and to modulate CNS phenotypes in mice: in a study by Marker

et al. (2013), compound 1 was administered intraperitoneally

(i.p.) at 10mg/kg twice a day for 28 days, andwas found to atten-

uate HIV-mediated microgliosis in the brain.

Although the study by Marker et al. (2013) highlights the safety

and efficacy of compound 1 in vivo, it also sheds light on the lim-

itations of testing this drug in mouse models of neurodegenera-

tive disease. One of the major drawbacks of compound 1 is the

fact that it must be delivered twice daily to achieve sustained

therapeutic levels in the CNS, both because of its low metabolic

stability and of its relatively limited brain exposure (Goodfellow

et al., 2013). Dosing strategies involving multiple daily injections

increase the risk of handling stress in treated animals (Ryabinin

et al., 1999), which can, in turn, lead to the induction of MAPK

pathways in the CNS (Liu et al., 2004) and may confound the ef-

fects of kinase inhibitors in the context of neurodegeneration. We

therefore set out to enhance the metabolic stability of the potent

and neuroprotective compound 1 analogs described above.

To evaluate the metabolic stability of compound 1 derivatives,

we incubated them with mouse liver microsomes and analyzed

samples collected over 2 h by LC-MS/MS. Under these condi-

tions, compounds with a half-life of less than 30 min were

considered to have a high clearance rate and were not suitable

therapeutic candidates. In accordance with previous findings

(Goodfellow et al., 2013), we found that compound 1 had a

half-life of 15 min (Table S7). Initially, we selected 11 analogs

for further analysis based on their structural variety and their ac-

tivity profiles in the motor neuron survival assay. Only two

of these analogs (7y and 7ad) exhibited a half-life R30 min

(Table S7).

Next, we set out to improve the half-life of the analogs

through further structural modification. Computational docking

experiments indicated that the N-methylpiperazine moiety is sol-

vent-exposed, suggesting that itsmodificationsmight alter phar-

macokinetic properties of compounds, while maintaining their

potency in the ER stress assay (Schemes 2A and 2B, 12a-12l).
Each data point represents one compound; dashed lines indicate linear

regression. HGK inhibition correlates more strongly with motor neuron survival

than MLK inhibition.

(D) Ranked R2 values (from Pearson’s r) describing the correlation between

kinase inhibition andmotor neuron survival for ten compound 1 analogs across

60 different kinases. MAP4Ks (highlighted in green) are among the most highly

ranked kinases. *p < 0.05; **p < 0.01.



Scheme 2. Synthesis and metabolic stability of compounds 12a–12l
(A and B) (A) Synthesis of compounds 12a–12l; (B) structures of analogs 12a–12l and half-life in mouse liver microsomes (CD-1) of analogs 12e–12l.
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Introduction of a bicyclic N-methylpiperazine to one of the

most potent analogs (Scheme 2) only slightly increased the

half-life from 9 to 13 min (compound 12e; Table S7). To further

enhance the microsomal stability of these analogs, we intro-

duced the same bicyclic piperazine to one of the analogs from

the initial series that had a half-life of R30 min (compound

7ad; Table S7). In this case, we were able to considerably

increase the half-life from 38 to >120 min (compound 12f;

Table S7).

Compound 12f was more potent than compound 1 in the mo-

tor neuron survival assay, with an EC50 of 0.11 mM (Table S1) but

was toxic at concentrations above 0.3 mM. To mitigate this in-

crease in toxicity, while maintaining potency and microsomal

stability, we synthesized a new series of analogs (Scheme 2;

12g–12l) containing the m-chlorophenyl or m-fluorophenyl sub-

stituent on the 3-position of the 7-azaindole scaffold. We evalu-

ated the potency of these compounds in the ER stress assay,

and their stability in the microsomal stability assay. Two of these
compounds, 12g and 12j, either had a shorter half-life than

desired or showed a decrease in potency in the ER stress assay

(Tables S1 and S7). The remaining four compounds (12h, 12i,

12k, and 12l) completely blocked the effects of CPA treatment

at concentrations <0.3 mM (Table S1). We also confirmed by

western blot that they effectively inhibit the same JNK pathway

components as compound 1 (Figure S2). One of the resulting

compounds, 12k (Figure 4B), had a half-life of >120 min in the

microsome assay (Figure 4C) and rescued CPA-induced neuro-

degeneration with an improved EC50 of 0.10 mM (Table S1; Fig-

ures 4D–4H). We termed this compound Prostetin/12k

(Figure 4B).

To determine whether the computationally and functionally

guided structural modifications made to Prostetin/12k corre-

sponded to a decrease in the half maximal inhibitory concentra-

tion (IC50) of HGK, we measured HGK activity in cell-free

radiolabeled ATP assays for each compound. The IC50 of HGK

was 5.93 nM for compound 1 and 0.30 nM for Prostetin/12k
Cell Chemical Biology 26, 1–13, November 21, 2019 7
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Table 1. Pharmacokinetic Parameters for Compound 1 versus Prostetin/12k Administered by i.p. Injection or by o.g.

Parameter Compound 1, i.p. Compound 1, o.g. Prostetin/12k, i.p. Prostetin/12k, o.g.

Plasma AUC (mg/L$h) 7,328 (±1,000) 3,401 (±908.8) 3,899 (±539.3) 2,785 (±797.0)

Brain AUC (mg/L$ h) 1,568 (±147.1) 567.2 (±110.5) 11,570 (±1,655) 8,429 (±1,458)

Plasma mean Cmax (mg/L) 971.7 (±138.2) 476.2 (±165.3) 454.0 (±48.62) 184.1 (±57.26)

Brain mean Cmax (mg/kg) 208.8 (±10.21) 83.35 (±21.40) 1,162 (±91.99) 658.9 (±257.7)

Mean brain/plasma ratio at 3 h 0.23 (±0.014) 0.19 (±0.019) 3.0 (±0.59) 3.3 (±0.53)

Error is ± SEM. AUC, area under the curve.
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(Figures 4A, 4B, and 4I). Meanwhile, the IC50 of MLK3 was

18.60 nM for compound 1 and 23.70 for Prostetin/12k (Fig-

ure 4J), indicating that the improvement in EC50 observed for

Prostetin/12k in CPA-treated motor neurons was independent

of MLK3. Similar trends were observed for MLK1, a homolog

of MLK3, and MINK1, a homolog of HGK (Figure S3). Together,

these findings provided further support for the idea that

MAP4K inhibition drives neuroprotection. The docking pose of

Prostetin/12k in HGK (PDB: 5DI1; Figure 4K) revealed that it

had a similar binding mode to compound 1 (Figure 2A), but

formed an additional hydrogen bond through the hydroxyl group

that may underlie its reduced IC50.

Prostetin/12k Is Stable, Orally Bioavailable, and Brain
Penetrant In Vivo

In additional to its low metabolic stability, another critical hurdle

in the administration of compound 1 in translational models of

neurodegeneration is its low oral bioavailability, which is com-

pounded by its low brain-to-plasma ratio. Goodfellow et al.

(2013) reported that the bioavailability (%F) of compound 1 as

measured in the plasma was 41. The %F of compound 1 in the

brain was not evaluated in that study, but given that the brain-

to-plasma ratios that were observed for intravenous administra-

tion (<1 at all time points measured [Goodfellow et al., 2013]), the

%F in the brain would be expected to be even lower than that

observed in the plasma. The limited oral bioavailability of com-

pound 1 in the CNS precludes the possibility of implementing
Figure 4. In Vitro and In Vivo Characterization of Prostetin/12k
(A and B) Structures of compound 1 and Prostetin/12k.

(C) In vitromicrosomal stability curves for compound 1 and Prostetin/12k. Proste

means ± SEM; n = 3 replicates per compound per time point.

(D) Survival curves for SOD1A4V mutant ALS motor neurons treated with CPA and

efficacy. Data are means ± SEM of motor neurons treated with CPA + test compou

each test compound dose.

(E–H) Representative fields from whole-well images of SOD1A4V motor neurons tr

CPA + compound 12k (H).

(I and J) IC50 determination for HGK (I) and MLK3 (J) in cell-free assays. Compa

change in IC50 for MLK3. See also Figure S3.

(K) Docking pose of Prostetin/12k in HGK. Prostetin/12k has a similar binding

hydroxyl group with Asn119.

(L andM) Concentration of compounds 1 (L) versusProstetin/12k (M) in brain and

more effective than 1 at reaching the CNS. Pharmacokinetic parameters are furthe

concentrations. n = 3 mice per treatment per time point.

(N) Ranked fold-changes in kinase inhibition for Prostetin 12k versus compound

are among the most enhanced targets of Prostetin/12k.

(O) Suppression of cytokine release in LPS-stimulated microglia. Microglial N9 ce

was measured by ELISA. Prostetin/12k was �53 less potent than compound

above. Compound 12e, which strongly inhibits HGK but has little activity at MLK3

wells of a 96-well plate. ***p < 0.001, ****p < 0.0001.
more translational routes of administration, such as oral gavage,

in preclinical assessments of the drug.

To evaluate the brain exposure and oral bioavailability of

Prostetin/12k versus compound 1, each drug was adminis-

tered to mice at 10 mg/kg through i.p. injection or oral gavage

(o.g.). The pharmacokinetic properties of Prostetin/12k were

improved relative to 1 across several measures. The area under

the curve was greatly increased for Prostetin/12k in the brain

after both i.p. and o.g. administration, consistent with the

decreased rate of clearance predicted by the in vitro micro-

somal stability assay (Table 1). The concentration of Proste-

tin/12k in the brain was increased across all time points and

routes of administration assessed, as were brain-to-plasma ra-

tios (Figures 4L and 4M; Table 1), indicating improved brain

penetrance. The brain Cmax of Prostetin/12k in i.p.-injected an-

imals was 1,162 ng/g (2.60 mM; Figures 4L and 4M; Table 1),

which exceeds the concentration at which Emax was observed

in CPA-treated motor neurons (0.5 mM; Figure 4D). Oral

bioavailability (%F) based on plasma measurements in i.p.

versus o.g.-treated animals was 46 for compound 1, which is

in line with the %F of 41 reported by Goodfellow et al. (2013).

Meanwhile, the %F for Prostetin/12k was 73, a marked in-

crease compared with 1. Similar results were obtained for

Prostetin/12k by comparing brain measurements (%F = 73).

Taken together, these results indicate that Prostetin/12k is

well suited to future use in vivo, particularly in the study of

CNS disorders.
tin/12k has amarkedly longer half-life in this assay than compound 1. Data are

compound 1 or Prostetin/12k. Prostetin/12k shows improved potency and

nds normalized to vehicle controls. n = 3 replicate wells from a 96-well plate for

eated with vehicle (DMSO) alone (E); CPA alone (F); CPA + compound 1 (G); or

red with compound 1, Prostetin/12k shows a reduced IC50 for HGK but little

mode as compound 1, but forms an additional hydrogen bond through the

plasma samples over 24 h following i.p. or o.g. administration.Prostetin/12k is

r described in Table 1. Data are means ± SEM of plasma (mg/L) or brain (mg/kg)

1 for all kinases assayed in Table S6, where fold-change >1.5. MAP4Ks (green)

lls were treated with compound 1, Prostetin/12k, or 12e ± LPS. TNF-a release

1, but significantly attenuated TNF-a release at concentrations of 0.5 mM and

, did not inhibit TNF-a release at 0.5 mM. Data are mean ± SEM. n = 2 replicate
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Identification of Additional Kinase Targets of
Prostetin/12k
The increased potency and favorable pharmacokinetic profile of

Prostetin/12k make it a strong candidate for future studies

in vivo, where off-target effects will be a concern. To obtain

global kinase inhibition profiles, compound 1 and Prostetin/

12k were tested in cell-free radiolabeled ATP assays across a

panel of 371 human kinases (Table S6). We found that the

MAP4Ks MINK1, KHS, HGK, GLK, and GCK exhibited the great-

est degree of change in activity following Prostetin/12k expo-

sure compared with 1 (Figure 4N). However, several unrelated

kinases were inhibited more effectively (>1.5-fold) by Proste-

tin/12k than by compound 1, including kinases that have previ-

ously been implicated in neurodegeneration, such as NUAK1

(Lasagna-Reeves et al., 2016) and LRRK2 (Islam and Moore,

2017). These observations raised the possibility that additional

kinase targets beyond the MAP4Ks might contribute to the

enhanced potency of Prostetin/12k in ER stress-mediated

neurodegeneration.

Prostetin/12k Maintains the Anti-inflammatory
Properties of Compound 1
Compound 1 was originally validated in in vitro and in vivo

models of HIV-associated neuroinflammation, where it was

shown to attenuate inflammatory cytokine production by micro-

glia (Marker et al., 2013). Our aim in developing the compound 1

analogs described herein was primarily to generate potent,

metabolically stable drugs that could prevent neuronal death;

but, given the fact that neurodegenerative disorders such as

ALS are also accompanied by aggressive microgliosis (Hall

et al., 1998), and that drug-mediated inhibition of microgliosis

is protective in a rodent model of ALS (Trias et al., 2016), we

asked whether the optimized compound could also modulate

microglial cytokine release. This question was also prompted

by the fact that, according toMarker et al. (2013), the anti-inflam-

matory effects of compound 1 are orchestrated by MLK3 in

microglia; meanwhile, all of the analogs tested here showed

diminished activity at MLK3 compared with 1 (Table S3).

To model microglial activation in vitro, we stimulated mouse

N9 microglial cells with E.-coli-derived lipopolysaccharides

(LPS) and measured the release of the pro-inflammatory cyto-

kine tumor necrosis factor alpha (TNF-a) into cell culture media.

The LPS concentration selected here strongly induced TNF-a

secretion (Figure 4O), but did not induce N9 cell death (data

not shown). We then compared TNF-a secretion in cultures

co-treated with LPS and compound 1 or the optimized analog

Prostetin/12k, which showed increased inhibition of MAP4Ks

(Figure 4N), but slightly decreased inhibition of MLK3 (Table

S6). We also tested compound 12e, which strongly inhibited

HGK activity (Table S4) and was highly neuroprotective (Table

S1) but had little activity at MLK3 (Table S3).

We found that compound 1 significantly and dose-depen-

dently decreased TNF-a secretion in LPS-stimulated microglia,

consistent with its previously reported anti-inflammatory effects

(EC50 = 0.20 mM; Figure 4O). Prostetin/12k also significantly

decreased TNF-a secretion, although it was less potent in this

assay than compound 1 (EC50 = 0.47 mM; Figure 4O). Meanwhile,

compound 12e did not significantly decrease TNF-a levels (Fig-

ure 4O). Taken together, these findings suggest that MAP4K in-
10 Cell Chemical Biology 26, 1–13, November 21, 2019
hibition does not mitigate TNF-a release in this context, and that

the retention of non-MAP4K targets, such as MLK3 may confer

anti-inflammatory activity to compound 1 analogs.

DISCUSSION

Our previous work in human motor neurons subjected to ER

stress pointed to broad-spectrum kinase inhibitors as potent

neuroprotective agents. Here we determined that one of the

shared targets of these protective compounds was HGK, a

MAP4K. Using compound 1 as a scaffold, we developed an array

of neuroprotective, pharmacologically stable compounds that

potently inhibit HGK, culminating in Prostetin/12k.

Although our initial focus was on HGK, a kinase previously

implicated in motor neuron degeneration (Wu et al., 2019;

Yang et al., 2013), we found that the efficacy of compound 1 de-

rivatives also correlated with other closely related MAP4Ks,

including MINK1, GCK, KHS, and TNIK, raising the possibility

that multiple MAP4Ks may be involved in ER-stress-mediated

neurodegeneration. In support of this idea, Larhammar et al.

(2017) showed that siRNA-mediated knockdown of HGK,

MINK1, and TNIK simultaneously––but not individually––was

neuroprotective in dorsal root ganglia neurons subjected to neu-

rotrophic factor withdrawal. They argue that the roles of related

MAP4Ks in their neurodegeneration assay are redundant, and

that the effects of inhibiting a single kinase can be overcome

by the activity of the remaining kinases. Therefore, it is possible

that the combined inhibition of multiple MAP4Ks underlies the

robust neuroprotective effects of compound 1 and its analogs

in CPA-treated motor neurons.

At the same time, kinome-wide profiles of 1 andProstetin/12k

(Figure 4N; Table S6) make it clear that neither compound is

perfectly selective for MAP4Ks. It is possible that some of the

additional targets of compound 1 and its analogs may enhance

their neuroprotective effects. Other kinases whose inhibition

correlated strongly with neuroprotection included PRKD3,

ABL1, and ABL2 (Figure 3D). Accordingly, we have observed

that kinase inhibitors targeting PKC or ABL kinases in a non-sub-

type-specific manner (e.g., Ro-318220 mesylate and bosutinib,

respectively) are mildly protective in CPA-treated motor neurons

(data not shown). Furthermore, both the addition of bosutinib

and the genetic ablation of ABL1 have been shown to be neuro-

protective in a human stem cell-derived motor neuron model of

ALS (Imamura et al., 2017). Although it is unclear how these

might be activated in the context of CPA, the combined inhibition

of multiple kinase subtypes by compound 1 and its analogs may

be critical to their success in the in vitro motor neuron sur-

vival assay.

Furthermore, the anti-inflammatory properties of compound 1

analogs, which may be linked to MLK3 inhibition (Marker et al.,

2013), could prove to be an additional benefit. Microgliosis is a

hallmark of many neurodegenerative disorders and is readily

observed in murine models of ALS (Hall et al., 1998). There is

an ongoing debate as to whether microglia are helpful or harmful

in the context of ALS (Chiu et al., 2013; Gowing et al., 2008;

Spiller et al., 2018), but treatment with the kinase inhibitor masi-

tinib has been shown to attenuate microgliosis and slow disease

progression in late-stage SOD1G93A mutant rats (Trias et al.,

2016). Thus, Prostetin/12k and the other compound 1 analogs
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generated here that target both neuroinflammatory and neuro-

degenerative pathways may be particularly strong therapeutic

candidates for ALS.

Finally, MAP4Ks have been directly implicated in multiple,

diverse disorders outside of the CNS, including obesity (Danai

et al., 2015), insulin resistance (Ammirati et al., 2015; Bouzakri

and Zierath, 2007; Chuang et al., 2014; Flach et al., 2016; Tang

et al., 2006; Tesz et al., 2007), atherosclerosis (Aouadi et al.,

2009; Virbasius and Czech, 2016), hepatocellular carcinoma

(Han et al., 2010), lung adenocarcinoma (Qiu et al., 2012), colo-

rectal cancer (Lin et al., 2018; Salem et al., 2018), and general

transformation and metastatic processes in many types of hu-

man tumors (Wright et al., 2003). The compounds generated

here may therefore have broad therapeutic potential across a

wide range of human diseases.

SIGNIFICANCE

ALS and other neurodegenerative diseases are character-

ized by the accumulation of misfolded proteins, which

trigger ER stress and, if left unchecked, ultimately lead to

neuronal death (Yoshida, 2007). Because the therapeutic op-

tions for these diseases are currently limited, we used a hu-

man motor neuron-based screening platform to identify

compounds that could reverse the neurotoxic effects of ER

stress. We found that the hits resulting from this screen

shared the MAP4 kinase HGK as their target. We selected

an orally bioavailable HGK inhibitor with a strong safety

profile for further optimization, and developed analogs

with enhanced efficacy, potency, metabolic stability, and

blood-brain barrier penetration. These compounds,

including Prostetin/12k, are now primed for further investi-

gation into their therapeutic potential in animal models of

neurodegeneration.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Cleaved caspase 3 (Asp175) Cell Signaling Technology Cat # 9661; RRID: AB_2341188

Rabbit monoclonal anti-c-Jun Cell Signaling Technology Cat # 9165;

RRID: AB_213065

Rabbit polyclonal anti-Phospho-c-Jun (Ser63) Cell Signaling Technology Cat # 9261; RRID: AB_2130162

Rabbit polyclonal anti-JNK Cell Signaling Technology Cat # 9252;

RRID: AB_2250373

Rabbit monoclonal anti-Phospho-JNK (Thr183/Tyr185) Cell Signaling Technology Cat # 4668; RRID: AB_823588

Rabbit polyclonal anti-MKK4 Cell Signaling Technology Cat# 9152;

RRID: AB_330905

Rabbit monoclonal anti-Phospho-MKK4 (Ser257) Cell Signaling Technology Cat # 4514; RRID: AB_2140946

Rabbit polyclonal GAPDH (FL-335) Santa Cruz Biotechnologies Cat # sc-25778; RRID: AB_10167688

Goat anti-rabbit HRP-linked Cell Signaling Technology Cat # 7074; RRID: AB_2099233

Biological Samples

Mouse CD-1 microsomes Thermo Fisher Cat # MSMCPL

Chemicals, Peptides, and Recombinant Proteins

Knockout serum replacement Life Technologies Cat # 10828-028

Human recombinant fibroblast growth factor 2 Peprotech Cat # PHG0263

N-2 supplement Thermo Fisher Cat # 17502048

B-27 supplement Thermo Fisher Cat # 17504044

Ascorbic acid Sigma-Aldrich Cat # A4403

Y-27632 dihydrochloride Abcam Cat # ab120129

SB 431542 hydrate Sigma-Aldrich Cat # S4317

LDN193189 Stemgent Cat # 04-0074

CHIR 99021 Tocris Cat # 4423

Retinoic acid (all trans) Sigma-Aldrich Cat # R2625

Sonic Hedgehog agonist Millipore Cat # 566660

Human recombinant brain-derived neurotrophic factor Peprotech Cat # 450-02

DAPT Tocris Cat # 2643

Human recombinant glial-derived neurotrophic factor R&D Systems Cat # 212-GD-050

Poly-Ornithine Sigma-Aldrich Cat # 3655

Mouse laminin Thermo Fisher Cat # 23017-015

Uridine Sigma-Aldrich Cat # U3750

Fluorodeoxyuridine Sigma-Aldrich Cat # F0503

Human recombinant ciliary neurotrophic factor Peprotech Cat # 257-NT-050

Human recombinant insulin-like growth factor 1 Peprotech Cat # 291-G1

Cyclopiazonic acid Tocris Cat # 1235

WZ4003 Tocris Cat # 5177

HTH 01-015 Selleckchem Cat # S7318

PF-6260933 Tocris Cat # 5752

GNE-495 Cayman Chemical Cat # 21808

URMC-099 Selleckchem Cat # S7343

Brilliant Black Sigma Cat # 211842

Fetal Bovine Serum, embryonic stem cell grade Fisher Scientific Cat # SH3007003E

Forskolin Sigma-Aldrich Cat # F6886
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IBMX Tocris Cat # 2845

Lipopolysaccharides from E. coli O111:B4 Sigma-Aldrich Cat # L2640

PhosSTOP phosphatase inhibitor tablets Sigma-Aldrich Cat # 4906845001

Complete protease inhibitor cocktail Sigma-Aldrich Cat # 1183617001

7-Ethoxycoumarin Sigma-Aldrich Cat # 1379

PEG-400 Sigma-Aldrich Cat # 202398

(2-hydroxypropyl)-beta-cyclodextrins Sigma-Aldrich Cat # 332607

5-Bromo-1H-pyrrolo[2,3-b]pyridine AK Scientific 183208-35-7

4-formylphenylboronic acid Sigma-Aldrich 87199-17-5

trans-Dichlorobis(triphenylphosphine)palladium(II), 99% Strem 13965-03-2

1-methylpiperazine Sigma-Aldrich 109-01-3

N-iodosuccinimide Sigma-Aldrich 516-12-1

Di-tert-butyl dicarbonate 99% (GC) AK Scientific 24424-99-5

4-(Dimethylamino)pyridine Sigma-Aldrich 1122-58-3

Tetrakis(triphenylphosphine)palladium(0) Strem 14221-01-3

5-indolylboronic acid Sigma-Aldrich 144104-59-6

indole-2-boronic acid pinacol ester Sigma-Aldrich 476004-81-6

6-ethoxy-3-pyridinylboronic acid Sigma-Aldrich 612845-44-0

4-(dibenzofuranyl)boronic acid Sigma-Aldrich 100124-06-9

1,4-benzodioxane-6-boronic acid Sigma-Aldrich 164014-95-3

4-aminophenylboronic acid pinacol ester Sigma-Aldrich 214360-73-3

benzo[b]thien-3-ylboronic acid Sigma-Aldrich 113893-08-6

benzo[b]thien-2-ylboronic acid Sigma-Aldrich 98437-23-1

3-Aminophenylboronic acid hydrochloride Sigma-Aldrich 85006-23-1

3-carboxy-4-fluorophenylboronic acid AK Scientific 872460-12-3

3-carboxyphenylboronic acid Sigma-Aldrich 25487-66-5

2-aminopyrimidine-5-boronic acid Sigma-Aldrich 936250-22-5

2-amino-3-methylpyridine-5-boronic acid pinacol ester AK Scientific 1111637-91-2

2-aminopyridine-5-boronic acid pinacol ester Sigma-Aldrich 827614-64-2

4-pyridinylboronic acid Sigma-Aldrich 1692-15-5

4-cyanophenylboronic acid Sigma-Aldrich 126747-14-6

3-nitrophenylboronic acid Sigma-Aldrich 13331-27-6

4-isopropoxyphenylboronic acid Sigma-Aldrich 153624-46-5

3-hydroxyphenylboronic acid Sigma-Aldrich 87199-18-6

1-methylpyrazole-4-boronic acid pinacol ester Sigma-Aldrich 761446-44-0

5-(morpholinomethyl)-2-thiopheneboronic acid

pinacol ester

Sigma-Aldrich 950603-39-1

6-(methylsulfonyl)pyridine-3-boronic acid Sigma-Aldrich 1088496-41-6

1H-indazole-5-boronic acid Sigma-Aldrich 338454-14-1

3-furanylboronic acid Sigma-Aldrich 55552-70-0

4-acetylphenylboronic acid Sigma-Aldrich 149104-90-5

3-fluorophenylboronic acid Sigma-Aldrich 768-35-4

4-(trifluoromethoxy)phenylboronic acid Sigma-Aldrich 139301-27-2

1H-Indazole-5-boronic acid Sigma-Aldrich 338454-14-1

3-(trifluoromethyl)phenylboronic acid Sigma-Aldrich 1423-26-3

phenylboronic acid Sigma-Aldrich 98-80-6

3-chlorophenylboronic acid AK Scientific 63503-60-6

2,4-dichlorophenylboronic acid Sigma-Aldrich 68716-47-2

2,5-dimethylphenylboronic acid Sigma-Aldrich 85199-06-0

(Continued on next page)
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1-methyl-1H-indazole-6-boronic acid Sigma-Aldrich 1150114-80-9

1-benzyl-1H-pyrazole-4-boronic acid Sigma-Aldrich 852362-22-2

1,3,5-trimethyl-1H-pyrazole-4-boronic acid pinacol

ester

Sigma-Aldrich 844891-04-9

3,5-bis(trifluoromethyl)phenylboronic acid Sigma-Aldrich 73852-19-4

4-(4-methoxybenzyloxy)phenylboronic acid Sigma-Aldrich 156635-90-4

3,4,5-trimethoxyphenylboronic acid Sigma-Aldrich 182163-96-8

4-methoxy-3-methylphenylboronic acid Sigma-Aldrich 175883-62-2

3-(benzyloxy)phenylboronic acid Sigma-Aldrich 156682-54-1

2-chlorophenylboronic acid Sigma-Aldrich 3900-89-8

2-methoxyphenylboronic acid Sigma-Aldrich 5720-06-9

N-(3-Dimethylaminopropyl)-N0-ethylcarbodiimide

hydrochloride (EDC.HCl)

Sigma-Aldrich 25952-53-8

1-Hydroxybenzotriazole hydrate (HOBT) Sigma-Aldrich 123333-53-9

Furfurylamine Sigma-Aldrich 617-89-0

Triphosgene Sigma-Aldrich 32315-10-9

cyclohexylamine Sigma-Aldrich 108-91-8

(R)-(+)-a-methylbenzylamine Sigma-Aldrich 3886-69-9

2-methoxyethan-1-amine Sigma-Aldrich 109-85-3

8-oxa-3-azabicyclo[3.2.1]octane Sigma-Aldrich 280-13-7

4-piperidinopiperidine Sigma-Aldrich 4897-50-1

1-(2-hydroxyethyl)piperazine Sigma-Aldrich 103-76-4

(R)-3-pyrrolidinol Sigma-Aldrich 2799-21-5

1-tert-butylpiperazine Ark Pharm 38216-72-7

t-Butyl-3,8-diazabicyclo[3.2.1]octane-3-carboxylate Ark Pharm 201162-53-0

t-Butyl-3,8-diazabicyclo[3.2.1]octane-8-carboxylate Ark Pharm 149771-44-8

Formaldehyde (37% in H2O) Sigma-Aldrich 50-00-0

Sodium triacetoxyborohydride Sigma-Aldrich 56553-60-7

Critical Commercial Assays

CellTrace Calcein AM Life Technologies Cat # C3100MP

SuperSignal West Femto Thermo Fisher Cat # 34096

BCA Protein Assay Pierce Cat # PI23227

Mouse TNF-alpha DuoSet ELISA R&D Systems Cat # DY410-05

AlamarBlue Cell Viability Reagent Thermo Fisher Cat # DAL1025

Gentest 3P NADPH Regenerating System Corning Cat # 451220

Experimental Models: Cell Lines

Human: NCRM-1 (male) NIH Center for Regenerative

Medicine (CRM); Bethesda;

USA.

RRID: CVCL_1E71

Human: HUES3 Hb9::GFP-hSOD1A4V (male) Thams et al., 2019 N/a

Mouse: HB9::GFP-hSODG93A (male) Thams et al., 2019 N/a

Mouse: Immortalized N9 Microglia (male) Corradin et al., 1993 RRID: CVCL_0452

Experimental Models: Organisms/Strains

Mouse: B6SJLF1/J The Jackson Laboratory Cat #100012; RRID: IMSR_JAX:100012

Software and Algorithms

Prism 8 GraphPad https://www.graphpad.com/scientific-

software/prism/

Metamorph (version 2010) Molecular Devices https://www.moleculardevices.com/products/

cellular-imaging/acquisition-and-analysis-

software/metamorph-microscopy#gref

(Continued on next page)
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Spotfire (version 2017) TIBCO https://www.tibco.com/spotfire-trial?

lp=y&utm_medium=3Q_cpc&utm_source=

3Q_google&utm_content=s&utm_campaign=

ggl_s_us_en_spt_brand_alpha&utm_term=spotfire

%20software&_bt=309951201993&_bm=e

&_bn=g&gclid=CjwKCAjwxrzoBRBBEiwAbtX1n_

tLuGHFVl9ABZePIWVSY7zp8ytQw9wyxy

YC68KCS8wwawwTl2MoChoCDv8QAvD_BwE

Glide (versions 2012-2016) Schrödinger https://www.schrodinger.com/glide

Schrödinger Maestro (version 2017) Schrödinger https://www.schrodinger.com/maestro

ChemDraw Professional (version 16.0) Perkin Elmer https://www.perkinelmer.com/

category/chemdraw

ImageStudio Lite (version 2018) LiCor https://www.licor.com/bio/image-studio-lite/
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LEAD CONTACT AND MATERIALS AVAILABILITY

Requests for resources, reagents, and further information should be directed to Brent Stockwell (bstockwell@columbia.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation of Human and Mouse Stem Cell Lines
Preliminary survival assays to identify lead compounds were performed in human motor neurons derived from a wild-type male iPS

cell line, NCRM-1 (RRID:CVCL_1E71).

Survival assays to characterized compound 1 analogs were performed in human motor neurons derived from an HB9:GFP motor

neuron reporter embryonic stem cell line carrying a heterozygous SOD1A4V point mutation (HUES3 Hb9::GFP-hSOD1A4V) that was

generated as described previously (Thams et al., 2019).

Western blot experiments were carried out in ES-derived mouse motor neurons (HB9::GFP-hSOD1G93A) generated by Thams

et al. (2019) from crosses of heterozygous Tg(Hlxb9-GFP)1Tmj motor neuron reporter mice (RRID:IMSR_JAX:005029) and mice ex-

pressing wild-type human SOD1 (B6SJL-Tg(SOD1)2Gur/J, RRID:IMSR_JAX:002726).

All stem cell lines were routinely tested for mycoplasma.

Human Motor Neuron Differentiation
Human motor neurons were differentiated from the above human ES or iPS cells as previously described (Maury et al., 2014; Thams

et al., 2019). Stem cells were maintained in humidified incubators at 37�C on irradiated CF-1 mouse embryonic fibroblast (MEF)

feeder layers (Thermo Fisher) in serum-free media (DMEM/F12, Life Technologies) supplemented with knockout serum replacement

(20%, Life Technologies), Glutamax (1%, Life Technologies), non-essential amino acids (1%, Millipore), beta-mercaptoethanol

(0.1%, Sigma), and human recombinant fibroblast growth factor 2 (FGF2, 20 ng/mL, Life Technologies).

On day 0, stem cells were dissociated into single cells using Accutase (Thermo Fisher) and differentiated into motor neurons over

the course of 16 days as embryoid bodies cultured in suspension at 37�C. Differentiations were carried out in N2B27 media, which

was comprised of a 1:1 mixture of Advanced DMEM/F12 and Neurobasal media (Life Technologies), Glutamax (1%), beta-mercap-

toethanol (0.1%), N-2 (1%, Thermo Fisher), B-27 (2%, Thermo Fisher), and ascorbic acid (10 mM, Sigma). From day 0-1, differenti-

ation medium was supplemented with FGF2 (10 ng/mL), Y-27632 dihydrochloride (10 mM, Abcam), SB 431542 hydrate (SB, 20 mM,

Sigma), LDN193189 (LDN, 0.1 mM, Stemgent) and CHIR 99021 (CHIR, 3 mM, Tocris). From days 2-7, differentiation mediumwas sup-

plemented with SB (20 mM), LDN (0.1 mM), CHIR (3 mM), retinoic acid (100 nM, Sigma), and sonic hedgehog agonist (SAG, 500 nM;

Millipore). From days 7-9, differentiation medium was supplemented with retinoic acid (100 nM), and SAG (500 nM), and brain-

derived neurotrophic factor (BDNF, 10 ng/mL, Peprotech). From days 9-14, differentiation medium was supplemented with retinoic

acid (100 nM), SAG (500 nM), BDNF (10 ng/mL, Peprotech), and DAPT (10 mM, Tocris). From days 14-6, differentiation medium was

supplemented with retinoic acid (100 nM), SAG (500 nM), BDNF (10 ng/mL), DAPT (10 mM), and glial-derived neurotrophic factor

(GDNF, 10 ng/mL; R&D Systems).

On day 16 of differentiation, embryoid bodies were dissociated using 0.05% trypsin (Life Technologies) andmechanical trituration,

and motor neurons were plated at 2000 cells / well in 96-well plates (Greiner) coated with poly-ornithine (100 mg/mL, Sigma) and

mouse laminin (3 mg/mL, Thermo Fisher). Cultures were maintained at 37�C in serum-free neurobasal media (Life Technologies) sup-

plemented with N-2 (1%), B-27 (2%), a 1:1 cocktail of uridine and fluorodeoxyuridine as anti-mitotics (1 mM, Sigma), and the following

recombinant human neurotrophic factors: GDNF, BDNF, ciliary neurotrophic factor (CNTF; R&D Systems), and insulin-like growth

factor 1 (IGF-1; R&D systems), all at 10 ng/mL.
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Mouse Motor Neuron Differentiation
We used mouse rather than humanmotor neurons for biochemistry assays because mouse motor neurons can be rapidly generated

in the quantities required for protein extraction. Differentiations were carried out as described (Thams et al., 2019; Wichterle et al.,

2002). In brief, ES cells were maintained at 37�C on CF-1 MEF feeder layers, then dissociated and differentiated for 6 days using

retinoic acid (1 mM) and SAG (0.5 mM). Motor neurons were maintained at 37�C in media containing 2% fetal bovine serum (FBS,

Fisher Scientific), GDNF (400 pg/mL), Forskolin (10 mM, Sigma-Aldrich), and IBMX (100 mM, Tocris).

N9 Microglia Culture Details
Immortalized N9 mouse microglia cells (Corradin et al., 1993) were kindly provided by Serge Przedborski, Columbia University.

Cultures weremaintained at 37�C in DMEM (Life Technologies) containing FBS (10%, Fisher Scientific) andGlutamax (1%, Life Tech-

nologies) on gelatinized plates. This cell line was not authenticated upon receipt, but appeared and behaved as expected.

Mouse Maintenance
All animal procedures were approved by the Columbia University Institutional Animal Care and Use committee under protocol num-

ber AC-AAAU6461, and were performed in accordance with all relevant regulatory standards. Mice were housed 4 per cage under

12h light/dark cycle conditions. Food and water were provided ad libitum. All experiments described here involved 8-week-old male

wild-type B6SJLF1/J mice (The Jackson Laboratory; RRID_IMSR_JAX:100012). This strain was chosen because it shares the same

background as the most commonly used ALS mouse model (B6SJL-Tg(SOD1*G93A)1Gur/J; RRID:IMSR_JAX:002726). The prelim-

inary pharmacokinetic studies described here only involved male mice in anticipation of future studies in ALS mice where male and

female phenotypes diverge (Scott et al., 2009), and where single-sex studies in males are common. All mice were drug-naı̈ve prior to

the initiation of the pharmacokinetic studies. Mice used in this study were bred by Jackson laboratories, and all were born within ±

3 days of each other. Experimental groups (n = 3 mice per treatment per time point) were balanced by average mouse weight on the

day before treatment.

METHOD DETAILS

Human Motor Neuron Survival Assays
48 h after dissociation and plating (DIV2), motor neurons were treated simultaneously with CPA (33 mM, Tocris) and test compounds.

DMSO (Sigma) was used as a vehicle control. For all test compounds, stock solutions were prepared in DMSO, andworking solutions

were prepared in motor neuron media. WZ4003 (Tocris) and HTH 01-015 (Selleckchem) were tested in 8-point, 2-fold dilution series

from 0.25-32 mM in 3 replicate wells. PF-6260933 (Tocris), GNE-495 (Cayman Chemical), and URMC-099 (Selleckchem) were tested

in 8-point, 2-fold dilution series from 0.075-9.6 mM in 3 replicate wells. Compound 1 analogs were evaluated at 0.1, 0.3, 0.5, 1, and

3 mM in 3 replicate wells. The EC50 of compound 1 analogs were determined using Prism 8 software (GraphPad) from experiments

where compound 1 and 53 analogs were assayed simultaneously.

Motor neurons were incubated with CPA and test compounds for 72 h. Live cells were visualized using CellTrace Calcein AM

(1.3 mM, Life Technologies) and background fluorescence was quenched with a solution of 10% brilliant black (Sigma) in PBS.

Whole-well images were acquired using a Plate RunnerHD system (Trophos). Cells were counted using Metamorph software (Mo-

lecular Devices). All cell counts are expressed as a percentage of surviving vehicle (DMSO)-treated cells.

Biochemical Analysis of JNK Pathway Regulation
Whole mouse embryoid bodies at day 6 of differentiation were treated with CPA (10 mM) and test compounds (0.5 mM) for 4 h, then

lysed and sonicated in ice-cold buffer containing HEPES (50 mM), NaCl (100 mM), Triton-X (1%), SDS (0.1%), DTT (1 mM), EDTA

(1 mM), plus protease and phosphatase inhibitor cocktails (Sigma-Aldrich). Total protein content was analyzed using a BCA kit ac-

cording to the manufacturer’s instructions (Pierce). For each sample, 30 mg total protein was reduced with dithiothreitol (DTT,

100 mM) for 10 mins at 70�C and loaded into a NuPAGE Novex 4-12% bis-tris gel (Thermo Fisher) with LDS loading buffer (Thermo

Fisher). Samples were run for 4h at 100V at 4�C, then transferred to 0.2 m nitrocellulose membranes overnight at 15V at 4�C. Mem-

branes were blocked with tris-buffered saline (TBS) containing 5% bovine serum albumen (BSA, Cell Signaling Technologies), then

incubated with primary antibodies in a buffer containing 5% BSA and 0.1% Tween-20 (Sigma) in TBS overnight at 4�C. Primary an-

tibodies against cleaved caspase 3 (Asp175, Cell Signaling Technology) were added at 1:1000; primary antibodies against c-Jun (Cell

Signaling Technology) were added at 1:1000; primary antibodies against phospho-c-Jun (Ser63, Cell Signaling Technology) were

added at 1:1000; primary antibodies against JNK (Cell Signaling Technology) were added at 1:1000; primary antibodies against phos-

pho-JNK (Thr183/Tyr185, Cell Signaling Technology) were added at 1:1000; primary antibodies against MKK4 (Cell Signaling Tech-

nology) were added at 1:1000; primary antibodies against phospho-MKK4 (Ser257, Cell Signaling Technology) were added at

1:1000; primary antibodies against GAPDH (Santa Cruz Biotechnologies) were added at 1:3000 as a loading control. Following

washes in TBS containing 0.1% Tween, membranes were incubated in goat anti-rabbit HRP-conjugated secondary antibody solu-

tions (1:5000; Cell Signaling Technology) for 1h. Membranes were washed again in TBS containing 0.1% Tween, then incubated in
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SuperSignal West Femto reagent (Thermo Fisher) for 5 min. Chemiluminescence was visualized using a LiCor Odyssey. Band inten-

sities were quantified using ImageStudio Lite (LiCor). Cleaved caspase 3, c-Jun, phospho-c-Jun, JNK, phospho-JNK, MKK4, and

phospho-MKK4 intensities were normalized to GAPDH. Intensities for phospho-c-Jun, phospho-JNK, and phospho-MKK4 were

then normalized to c-Jun, JNK, and MKK4. Treatment-mediated changes in normalized intensities were expressed as a percentage

of CPA-treated samples.

General Experimental Details for the Synthesis of Compound 1 Analogs and Intermediates
Starting materials were purchased form Sigma-Aldrich, Fisher Scientific, Ark Pharm, Oakwood Chemical, Cambridge Isotope

Laboratory, or AK Scientific and were used as received unless stated otherwise. All solvents were reagent grade. Column chroma-

tography was performed on a Teledyne ISCOCombiFlash�Rf+ using RediSep�Normal-phase silica flash columns. Thin layer chro-

matography (TLC) was performed on Silicycle SiliaPlate�Glass TLC Plates (250 mm, 20 x 20 cm). Where indicated, compoundswere

purified by preparatory HPLC on a Phenomenex Gemini NX-C18 column (250 x 21.2 mm, particle size: 5 mm, pore size: 110 Å) using a

Gilson HPLC with GX-271 liquid handler. 1H NMR spectra were recorded at ambient temperature using 400 MHz, or 500 MHz spec-

trometers as indicated. Chemical shifts are reported in ppm relative to the residual solvent peaks (1H NMR: DMSO-d6, d 2.50; chlo-

roform-d, d 7.26; methanol-d4, d 3.31). The following abbreviations are used to indicate multiplicity: s (singlet), d (doublet), t (triplet), q

(quartet), hept (heptuplet), m (multiplet), br (broad). High resolutionmass spectra (HRMS) were acquired on a time-of-flight spectrom-

eter with atmospheric pressure chemical ionization (APCI) or electrospray ionization (ESI), as indicated, and were obtained by peak

matching. All reactions were run under an atmosphere of nitrogen or argon in glassware that was flame-dried under argon unless

otherwise stated. Aqueous solutions were prepared from nanopure water with a resistivity over 18 MU$cm. Unless otherwise noted,

all reagents were commercially available.

Synthesis Route for the Synthesis of Piperazine Analogs

Routes for the synthesis of piperazine analogs are shown in Scheme 1.

4-(1H-Pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde (3).

5-Bromo-1H-pyrrolo[2,3-b]pyridine (2, 3.94 g, 20 mmol, 1.0 eq) and 4-formylphenylboronic acid (3.30 g, 22 mmol, 1.1 eq) were

added to a pressure tube and acetonitrile (80 mL) and 1,4-dioxane (20 mL) were added. The reaction mixture was degassed and

kept under argon. Pd(PPh3)2Cl2 (0.70 g, 1.0 mmol, 5 mol%) was added followed by addition of aqueous Na2CO3 (2.0 M, 50 mL).

The reactionmixture was stirred for 5min, transferred to an oil bath and stirred at 130�Covernight. After cooling to room temperature,

the reaction mixture was partitioned between ethyl acetate and brine, separated and the aqueous layer extracted with ethyl acetate

(3x). The combined organic layers were dried with anhydrous sodium sulfate and filtered over Celite. The solvent was evaporated,

and the crude product purified by column chromatography (0–100%EtOAc in hexanes) to give 4-(1H-pyrrolo[2,3-b]pyridin-5-yl)benz-

aldehyde (3, 2.15 g, 48%yield) as a colorless solid. 1HNMR (400MHz, DMSO-d6) d 11.80 (s, 1H), 10.06 (s, 1H), 8.63 (d, J = 2.2 Hz, 1H),

8.35 (d, J = 2.2 Hz, 1H), 8.05 – 7.94 (m, 4H), 7.55 (d, J = 3.5 Hz, 1H), 6.54 (d, J = 3.4 Hz, 1H) ppm. HRMS (APCI+, m/z): calcd. for

C14H11N2O [M+H+]: 223.0872, found: 223.0872.

5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (4).

4-(1H-Pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde (3, 2.15 g, 9.66 mmol, 1.0 eq) was suspended in dichloromethane (�0.1 M), and

1-methylpiperazine (1.93 g, 2.14 mL, 19.3 mmol, 2.0 eq), and Na(OAc)3BH (3.07 g, 14.5 mmol, 1.5 eq) were added and the reaction

mixture was stirred overnight at room temperature. The reaction mixture was partitioned between dichloromethane and brine, the
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layers separated, and the aqueous layer was extracted with dichloromethane. The combined organic layer was washed with brine,

dried with sodium sulfate, filtered over Celite, and the solvent evaporated to give 5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-

pyrrolo[2,3-b]pyridine (4, 2.2 gram, 74% yield) as a colorless solid. The product was used in the next step without further purification.
1H NMR (400MHz,Methanol-d4) d 8.43 (d, J = 2.1 Hz, 1H), 8.21 (d, J = 2.1 Hz, 1H), 7.64 (d, J = 8.2 Hz, 2H), 7.45 (d, J = 8.2 Hz, 2H), 7.42

(d, J = 3.5 Hz, 1H), 6.55 (d, J = 3.5 Hz, 1H), 3.64 (s, 2H), 2.71 (bs, 4H), 2.63 (bs, 4H), 2.44 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for

C19H23N4 [M+H+]: 307.1923, found: 307.1918.

3-Iodo-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (5).

5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (4, 2.2 g, 7.18 mmol, 1.0 eq) was suspended in acetone

(0.015 M, 480 mL) and N-iodosuccinimide (1.78 g, 7.9 mmol, 1.1 eq) was added and the reaction mixture was stirred at room tem-

perature overnight. The solvent was evaporated and the crude product was purified by column chromatography (0–10% MeOH in

DCM containing 1% Et3N) to give 3-iodo-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (5, 2.3 g, 74% yield)

as a tan-colored solid. 1H NMR (400MHz, Methanol-d4) d 8.46 (d, J = 2.1 Hz, 1H), 7.88 (d, J = 2.1 Hz, 1H), 7.64 (d, J = 8.2 Hz, 2H), 7.57

(s, 1H), 7.47 (d, J = 8.2 Hz, 2H), 3.71 (s, 2H), 3.35 (s, 1H), 3.21 (bs, 8H), 2.80 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C19H22N4I

[M+H+]: 433.0889, found: 433.0883.

tert-Butyl 3-iodo-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine-1-carboxylate (6).

3-Iodo-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (5, 2.3 g, 5.32 mmol, 1.0 eq) was dissolved in a

mixture of THF (250 mL) and DMF (20 mL). Boc2O (3.48 g, 15.96 mmol, 3.0 eq) and DMAP (0.97 g, 7.98 mmol, 1.5 eq) were added

and the mixture was stirred at room temperature overnight. Water was added and the reaction mixture was extracted with ethyl ac-

etate (3x). The combined organic layers were washed with brine, dried with sodium sulfate, filtered and the solvent evaporated. The

crudematerial was purified by column chromatography on silica (0–10%MeOH in DCMcontaining 1%Et3N) to give tert-butyl 3-iodo-

5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine-1-carboxylate as a tan-colored solid (6, 2.0 g, 71% yield). 1H

NMR (400 MHz, Chloroform-d) d 8.73 (d, J = 2.1 Hz, 1H), 7.84 (d, J = 2.1 Hz, 1H), 7.82 (s, 1H), 7.59 (d, J = 8.2 Hz, 2H), 7.45 (d, J =

8.2 Hz, 2H), 3.58 (s, 2H), 2.53 (bs, 4H), 2.47 (bs, 4H), 2.30 (s, 3H), 1.69 (s, 9H) ppm. HRMS (APCI+,m/z): calcd. for C24H30N4O2I [M+H+]:

533.1413, found: 533.1423.
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General Procedure for the Suzuki Coupling and In Situ Deprotection

tert-butyl 3-iodo-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine-1-carboxylate (6, 26.2 mg, 0.05 mmol,

1.0 eq) was dissolved in 1,4-dioxane (2.0 mL) in a 1 dram glass vial with Teflon lined cap. The boronic acid or boronic ester

(0.075 mmol, 1.5 eq) was added, followed by addition of Tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4, 5.8 mg, 5 mol%).

The reaction mixture was degassed, aqueous Na2CO3 (2.0 M, 0.5 mL) was added, and was stirred overnight at 100�C. The reaction

mixture was filtered over Celite and the Celite waswashedwith ethyl acetate. The solvent was evaporated and the crude product was

purified by preparatory HPLC purification to give the pure material.

3-(1H-Indol-5-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (1).

Compound 1 was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 5-indolylboronic acid (12.1 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC purification

to afford 3-(1H-indol-5-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (1, 14.8 mg, 70% yield). 1H NMR

(400 MHz, Methanol-d4) d 8.61 (d, J = 2.0 Hz, 1H), 8.52 (d, J = 2.0 Hz, 1H), 7.86 (dd, J = 1.7, 0.7 Hz, 1H), 7.70 (d, J = 8.2 Hz, 2H),

7.67 (s, 1H), 7.50 (m, 3H), 7.44 (dd, J = 8.4, 1.7 Hz, 1H), 7.28 (d, J = 3.2 Hz, 1H), 6.51 (dd, J = 3.2, 0.9 Hz, 1H), 3.84 (s, 2H), 3.00 –

2.80 (bs, 8H), 2.87 (s, 3H) ppm. The spectroscopic data matched those reported in literature (Goodfellow et al., 2013).

3-(1H-Indol-2-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7a).

Compound 7a was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using indole-2-boronic acid pinacol ester (18.2 mg, 0.075 mmol, 1.5 eq). The crude product was purified by

preparatory HPLC purification to afford 3-(1H-Indol-2-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine
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(7a, 14.1 mg, 67% yield). 1H NMR (400 MHz, Methanol-d4) d 8.54 (d, J = 2.1 Hz, 1H), 8.49 (d, J = 2.1 Hz, 1H), 7.82 (s, 1H), 7.65 (d, J =

8.2 Hz, 2H), 7.54 (dt, J = 7.8, 1.0 Hz, 1H), 7.41 (d, J = 8.1 Hz, 2H), 7.42 – 7.35 (m, 1H), 7.07 (ddd, J = 8.0, 7.2, 1.1 Hz, 1H), 7.00 (ddd, J =

8.0, 7.1, 1.1 Hz, 1H), 6.78 (d, J = 1.0 Hz, 1H), 3.56 (s, 2H), 2.75 – 2.40 (bs, 8H), 2.34 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for

C27H28N5 [M+H+]: 422.2339, found: 422.2336.

3-(6-Ethoxypyridin-3-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7b).

Compound 7b was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 6-ethoxy-3-pyridinylboronic acid (12.5 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory

HPLC purification to afford 3-(6-ethoxypyridin-3-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine

(7b, 16.2 mg, 76% yield). 1H NMR (400 MHz, Methanol-d4) d 8.48 (d, J = 2.1 Hz, 1H), 8.42 (dd, J = 2.6, 0.8 Hz, 1H), 8.33 (d, J =

2.1 Hz, 1H), 7.99 (dd, J = 8.6, 2.5 Hz, 1H), 7.66 (s, 1H), 7.63 (d, J = 8.0 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 6.88 (dd, J = 8.6, 0.8 Hz,

1H), 4.34 (q, J = 7.0 Hz, 2H), 2.80 – 2.45 (bs, 8H), 2.40 (s, 3H), 1.40 (t, J = 7.1 Hz, 3H) ppm. HRMS (APCI+, m/z): calcd. for

C26H30N5O [M+H+]: 428.2450, found: 428.2449.

3-(Dibenzo[b,d]furan-4-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7c).

Compound 7c was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 4-(dibenzofuranyl)boronic acid (15.9 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC pu-

rification to afford 3-(dibenzo[b,d]furan-4-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7c, 12.6 mg,

58% yield). 1H NMR (400 MHz, Methanol-d4) d 8.57 (s, 2H), 8.18 (s, 1H), 8.12 (dt, J = 7.7, 1.2 Hz, 1H), 8.00 (dd, J = 7.7, 1.2 Hz,

1H), 7.94 (dd, J = 7.6, 1.2 Hz, 1H), 7.72 (d, J = 8.2 Hz, 2H), 7.70 – 7.65 (m, 2H), 7.57 – 7.48 (m, 4H), 3.69 (s, 2H), 3.05 – 2.75

(bs, 4H), 2.85 – 2.55 (bs, 4H), 2.59 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C31H29N4O [M+H+]: 473.2341, found: 473.2345.

3-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7d).
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Compound 7d was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 1,4-benzodioxane-6-boronic acid (13.5 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory

HPLC purification to afford 3-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]

pyridine (7d, 10.2 mg, 46% yield). 1H NMR (400 MHz, Methanol-d4) d 8.45 (d, J = 2.1 Hz, 1H), 8.34 (d, J = 2.1 Hz, 1H), 7.61 (d, J =

8.2 Hz, 2H), 7.55 (s, 1H), 7.43 (d, J = 8.2 Hz, 2H), 7.17 – 7.10 (m, 2H), 6.91 (d, J = 8.8 Hz, 1H), 4.27 (s, 4H), 3.60 (s, 2H), 2.77 –

2.46 (bs, 8H), 2.39 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C27H29N4O2 [M+H+]: 441.2291, found: 441.2287.

4-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)aniline (7e).

Compound 7e was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 4-aminophenylboronic acid pinacol ester (17.0 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory

HPLC purification to afford 4-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)aniline (7e, 14.4 mg, 73%

yield). 1H NMR (400 MHz, Methanol-d4) d 8.43 (d, J = 2.1 Hz, 1H), 8.34 (d, J = 2.1 Hz, 1H), 7.61 (d, J = 8.2 Hz, 2H), 7.50 (s, 1H),

7.46 –7.39 (m, 4H), 6.84 (d, J = 8.5 Hz, 2H), 3.62 (s, 2H), 2.79 (bs, 4H), 2.63 (bs, 4H), 2.49 (s, 3H) ppm. HRMS (APCI+, m/z): calcd.

for C25H28N5 [M+H+]: 398.2345, found: 398.2344.

3-(Benzo[b]thiophen-3-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7f).

Compound 7f was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using benzo[b]thien-3-ylboronic acid (14.0 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC pu-

rification to afford 3-(benzo[b]thiophen-3-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7f, 16.0 mg,

73% yield). 1H NMR (400 MHz, Methanol-d4) d 8.50 (d, J = 2.1 Hz, 1H), 8.17 (d, J = 2.1 Hz, 1H), 7.97 – 7.87 (m, 2H), 7.71 (s, 1H),

7.63 (s, 1H), 7.55 (d, J = 8.2 Hz, 2H), 7.44 – 7.33 (m, 4H), 3.55 (s, 2H), 2.71 – 2.45 (bs, 8H), 2.37 (s, 3H) ppm. HRMS (APCI+, m/z): calcd.

for C27H27N4S [M+H+]: 439.1956, found: 439.1955.

3-(Benzo[b]thiophen-2-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7g).
Cell Chemical Biology 26, 1–13.e1–e37, November 21, 2019 e10



Please cite this article in press as: Bos et al., Development of MAP4 Kinase Inhibitors as Motor Neuron-Protecting Agents, Cell Chemical Biology
(2019), https://doi.org/10.1016/j.chembiol.2019.10.005
Compound 7g was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using benzo[b]thien-2-ylboronic acid (14.0 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC pu-

rification to afford 3-(benzo[b]thiophen-2-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7g, 15.9 mg,

73% yield). 1H NMR (400 MHz, Methanol-d4) d 8.52 (d, J = 2.1 Hz, 1H), 8.50 (d, J = 2.1 Hz, 1H), 7.83 – 7.74 (m, 3H), 7.64 (d, J =

8.2 Hz, 2H), 7.57 (d, J = 0.7 Hz, 1H), 7.43 (d, J = 8.2 Hz, 2H), 7.32 (ddd, J = 7.9, 7.2, 1.2 Hz, 1H), 7.26 (ddd, J = 8.4, 7.2, 1.2 Hz,

1H), 3.59 (s, 2H), 2.72 – 2.48 (bs, 8H), 2.38 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C27H27N4S [M+H+]: 439.1956, found: 439.1959.

3-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)aniline (7h).

Compound 7h was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 3-aminophenylboronic acid hydrochloride (13.3mg, 0.075mmol, 1.5 eq). The crude product was purified by preparatory

HPLC purification to afford 3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)aniline (7h, 14.9 mg, 75%

yield). 1H NMR (400 MHz, Methanol-d4) d 8.47 (d, J = 2.1 Hz, 1H), 8.45 (d, J = 2.1 Hz, 1H), 7.64 (d, J = 8.2 Hz, 2H), 7.61 (s, 1H),

7.44 (d, J = 8.2 Hz, 2H), 7.19 (t, J = 7.8 Hz, 1H), 7.11 (t, J = 2.0 Hz, 1H), 7.03 (ddd, J = 7.6, 1.7, 1.0 Hz, 1H), 6.68 (ddd, J = 7.8,

2.3, 1.0 Hz, 1H), 3.60 (s, 2H), 2.58 (bs, 8H), 2.34 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C25H28N5 [M+H+]: 398.2345, found:

398.2337.

2-Fluoro-5-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)benzoic acid (7i).

Compound 7i was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 3-carboxy-4-fluorophenylboronic acid (13.8 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory

HPLC purification to afford 2-fluoro-5-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)benzoic acid

(7i, 8.9 mg, 40% yield). 1H NMR (500 MHz, Methanol-d4) d 8.56 (d, J = 2.0 Hz, 1H), 8.53 (d, J = 2.0 Hz, 1H), 8.24 (dd, J = 6.8,

2.5 Hz, 1H), 7.95 (ddd, J = 8.6, 4.5, 2.5 Hz, 1H), 7.81 (s, 1H), 7.75 (d, J = 8.2 Hz, 2H), 7.55 (d, J = 8.2 Hz, 2H), 7.32 (dd, J = 10.6,

8.6 Hz, 1H), 3.96 (s, 2H), 3.38 (bs, 4H), 3.05 (bs, 4H), 2.91 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C26H26FN4O2 [M+H+]:

445.2040, found: 445.2035.
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3-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)benzoic acid (7j).

Compound 7j was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as

described above using 3-carboxyphenylboronic acid (12.5 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory

HPLC purification to afford 3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)benzoic acid (7j, 12.0 mg,

56% yield). 1H NMR (400 MHz, Methanol-d4) d 8.62 – 8.56 (m, 2H), 8.36 (s, 1H), 8.02 – 7.94 (m, 2H), 7.85 (s, 1H), 7.76 (d, J =

8.0 Hz, 2H), 7.60 (d, J = 7.8 Hz, 1H), 7.56 (d, J = 8.0 Hz, 2H), 3.97 (s, 2H), 3.39 (bs, 4H), 3.05 (bs, 4H), 2.91 (s, 3H) ppm. HRMS

(APCI+, m/z): calcd. for C26H27N4O2 [M+H+]: 427.2134, found: 427.2137.

5-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)pyrimidin-2-amine (7k).

Compound 7k was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 2-aminopyrimidine-5-boronic acid (11.0 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory

HPLC purification to afford 5-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)pyrimidin-2-amine (7k,

16.4 mg, 82%). 1H NMR (400 MHz, Methanol-d4) d 8.87 (s, 2H), 8.58 (d, J = 2.1 Hz, 1H), 8.46 (d, J = 2.1 Hz, 1H), 7.87 (s, 1H), 7.76

(d, J = 8.2 Hz, 2H), 7.54 (d, J = 8.2 Hz, 2H), 3.93 (s, 2H), 3.37 (bs, 4H), 3.01 (bs, 4H), 2.90 (s, 3H) ppm. HRMS (APCI+, m/z): calcd.

for C23H26N7 [M+H+]: 400.2250, found: 400.2250.

3-Methyl-5-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)pyridin-2-amine (7l).

Compound 7l was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 2-amino-3-methylpyridine-5-boronic acid pinacol ester (18.3 mg, 0.075 mmol, 1.5 eq). The crude product was purified

by preparatory HPLC purification to afford 3-methyl-5-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)

pyridin-2-amine (7l, 8.2 mg, 40% yield). 1H NMR (400 MHz, Methanol-d4) d 8.55 (s, 1H), 8.42 (d, J = 2.0 Hz, 1H), 8.24 (dd, J = 2.2,

1.1 Hz, 1H), 8.14 – 8.08 (m, 1H), 7.83 (s, 1H), 7.73 (d, J = 8.2 Hz, 2H), 7.51 (d, J = 8.1 Hz, 2H), 3.79 (s, 2H), 3.04 – 2.68 (bs, 8H),

2.87 (s, 3H), 2.37 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C25H29N6 [M+H+]: 413.2454, found: 413.2457.
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5-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)pyridin-2-amine (7m).

Compound 7m was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 2-aminopyridine-5-boronic acid pinacol ester (16.5 mg, 0.075 mmol, 1.5 eq). The crude product was purified by prepa-

ratory HPLC purification to afford 5-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)pyridin-2-amine (7m,

15.2 mg, 76% yield). 1H NMR (400 MHz, Methanol-d4) d 8.60 (d, J = 2.0 Hz, 1H), 8.52 (d, J = 2.0 Hz, 1H), 8.35 (dd, J = 9.3, 2.2 Hz, 1H),

8.22 (dd, J = 2.2, 0.7 Hz, 1H), 7.87 (s, 1H), 7.80 (d, J = 8.2 Hz, 2H), 7.59 (d, J = 8.2 Hz, 2H), 7.16 (dd, J = 9.2, 0.7 Hz, 1H), 4.10 (s, 2H),

3.46 (bs, 4H), 3.20 (s, 4H), 2.93 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C24H27N6 [M+H+]: 399.2297, found: 399.2307.

5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-3-(pyridin-4-yl)-1H-pyrrolo[2,3-b]pyridine (7n).

Compound 7n was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 4-pyridinylboronic acid (10.3 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC purification

to afford 5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-3-(pyridin-4-yl)-1H-pyrrolo[2,3-b]pyridine (7n, 8.7 mg, 45% yield). 1H NMR

(400 MHz, Methanol-d4) d 8.74 (d, J = 2.0 Hz, 1H), 8.68 – 8.64 (m, 3H), 8.57 (s, 1H), 8.43 (d, J = 7.1 Hz, 2H), 7.83 (d, J = 8.2 Hz,

2H), 7.60 (d, J = 8.2 Hz, 2H), 4.04 (s, 2H), 3.43 (bs, 4H), 3.13 (bs, 4H), 2.92 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C24H26N5

[M+H+]: 384.2188, found: 384.2194.

4-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)benzonitrile (7o).

Compound 7o was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 4-cyanophenylboronic acid (11.0 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC puri-

fication to afford 4-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)benzonitrile (7o, 14.4 mg, 71% yield).
1H NMR (400MHz, Methanol-d4) d 8.56 (d, J = 2.1 Hz, 1H), 8.54 (d, J = 2.1 Hz, 1H), 7.97 – 7.91 (m, 3H), 7.83 – 7.77 (m, 2H), 7.75 (d, J =

8.2 Hz, 2H), 7.54 (d, J = 8.2 Hz, 2H), 3.89 (s, 2H), 3.35 (bs, 4H), 2.96 (bs, 4H), 2.89 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C26H26N5

[M+H+]: 408.2188, found: 408.2198.
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5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-3-(3-nitrophenyl)-1H-pyrrolo[2,3-b]pyridine (7p).

Compound 7p was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 3-nitrophenylboronic acid (12.5 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC purifi-

cation to afford 5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-3-(3-nitrophenyl)-1H-pyrrolo[2,3-b]pyridine (7p, 15.4mg, 72%yield). 1H

NMR (400 MHz, Methanol-d4) d 8.59 (d, J = 2.0 Hz, 1H), 8.58 (d, J = 2.0 Hz, 1H), 8.54 (t, J = 2.0 Hz, 1H), 8.15 (dddd, J = 7.7, 4.3, 2.1,

1.0 Hz, 2H), 7.96 (s, 1H), 7.77 (d, J = 8.2 Hz, 2H), 7.71 (t, J = 8.0 Hz, 1H), 7.58 (d, J = 8.2 Hz, 2H), 4.08 (s, 2H), 3.44 (bs, 4H), 3.17 (bs, 4H),

2.93 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C25H26N5O2 [M+H+]: 428.2087, found: 428.2081.

3-(4-Isopropoxyphenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7q).

Compound 7q was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 4-isopropoxyphenylboronic acid (13.5 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory

HPLC purification to afford 3-(4-isopropoxyphenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7q,

18.2 mg, 83% yield). 1H NMR (400 MHz, Methanol-d4) d 8.61 (d, J = 2.0 Hz, 1H), 8.56 (d, J = 2.0 Hz, 1H), 7.75 (d, J = 8.2 Hz, 2H),

7.69 (s, 1H), 7.64 – 7.58 (m, 2H), 7.55 (d, J = 8.2 Hz, 2H), 7.08 – 6.98 (m, 2H), 4.65 (hept, J = 6.0 Hz, 1H), 3.94 (s, 2H), 3.37 (bs,

4H), 3.02 (bs, 4H), 2.90 (s, 3H), 1.35 (d, J = 6.0 Hz, 6H) ppm. HRMS (APCI+, m/z): calcd. for C28H33N4O [M+H+]: 441.2654, found:

441.2646.

3-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenol (7r).

Compound 7r was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 3-hydroxyphenylboronic acid (10.3 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC pu-

rification to afford 3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenol (7r, 9.8 mg, 49%

yield). 1H NMR (400 MHz, Methanol-d4) d 8.68 (d, J = 1.9 Hz, 1H), 8.60 (s, 1H), 7.80 – 7.73 (m, 3H), 7.58 (d, J = 8.2 Hz, 2H), 7.30
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(t, J = 7.8 Hz, 1H), 7.24 – 7.17 (m, 1H), 7.16 (t, J = 2.0 Hz, 1H), 6.78 (ddd, J = 8.1, 2.5, 1.0 Hz, 1H), 4.04 (s, 2H), 3.42 (bs, 4H), 3.13 (bs,

4H), 2.92 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C25H27N4O [M+H+]: 399.2185, found: 399.2180.

3-(1-Methyl-1H-pyrazol-4-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7s).

Compound 7s was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 1-methylpyrazole-4-boronic acid pinacol ester (16.1 mg, 0.075 mmol, 1.5 eq). The crude product was purified by pre-

paratory HPLC purification to afford 3-(1-methyl-1H-pyrazol-4-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]

pyridine (7s, 14.8 mg, 77% yield). 1H NMR (400 MHz, Methanol-d4) d 8.62 (d, J = 2.0 Hz, 1H), 8.31 (d, J = 2.0 Hz, 1H), 7.80

(s, 1H), 7.76 (d, J = 8.2 Hz, 2H), 7.64 (d, J = 2.0 Hz, 1H), 7.58 (d, J = 8.2 Hz, 2H), 6.60 (d, J = 2.1 Hz, 1H), 4.14 (s, 2H), 3.95 (s, 3H),

3.48 (bs, 4H), 3.25 (bs, 4H), 2.94 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C23H27N6 [M+H+]: 387.2297, found: 387.2303.

4-((5-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)thiophen-2-yl)methyl)morpholine (7t).

Compound 7t was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 5-(morpholinomethyl)-2-thiopheneboronic acid pinacol ester (24.4 mg, 0.075 mmol, 1.5 eq). The crude product was pu-

rified by preparatory HPLC purification to afford 4-((5-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)thi-

ophen-2-yl)methyl)morpholine (7t, 10.0 mg, 41% yield). 1H NMR (400MHz, Methanol-d4) d 8.57 (d, J = 2.1 Hz, 1H), 8.52 (d, J = 2.1 Hz,

1H), 7.84 (s, 1H), 7.75 (d, J = 8.2 Hz, 2H), 7.57 (d, J = 8.2 Hz, 2H), 7.42 (d, J = 3.7 Hz, 1H), 7.37 (d, J = 3.7 Hz, 1H), 4.64 (s, 2H), 4.06 (bs,

4H), 4.01 (s, 2H), 3.80 (bs, 4H), 3.41 (bs, 4H), 3.09 (bs, 4H), 2.92 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C28H34N5OS [M+H+]:

488.2484, found: 488.2475.

5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-3-(6-(methylsulfonyl)pyridin-3-yl)-1H-pyrrolo[2,3-b]pyridine (7u).

Compound 7u was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 6-(methylsulfonyl)pyridine-3-boronic acid (15.0 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory
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HPLC purification to afford 5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-3-(6-(methylsulfonyl)pyridin-3-yl)-1H-pyrrolo[2,3-b]pyridine

(7u, 11.0 mg, 48% yield). 1H NMR (400 MHz, Methanol-d4) d 9.14 (dd, J = 2.2, 0.8 Hz, 1H), 8.59 (q, J = 2.1 Hz, 2H), 8.46 (dd, J = 8.2,

2.2 Hz, 1H), 8.15 (dd, J = 8.2, 0.8 Hz, 1H), 8.08 (s, 1H), 7.78 (d, J = 8.2 Hz, 2H), 7.57 (d, J = 8.2 Hz, 2H), 4.02 (s, 2H), 3.41 (bs, 4H), 3.27

(s, 3H), 3.11 (bs, 4H), 2.92 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C25H28N5O2S [M+H+]: 462.1964, found: 462.1968.

5-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (7v).

Compound 7v was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 1H-indazole-5-boronic acid (12.1 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC puri-

fication to afford 5-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (7v, 8.4 mg, 40% yield).
1H NMR (400MHz, Methanol-d4) d 8.67 (d, J = 1.9 Hz, 1H), 8.58 (d, J = 1.9 Hz, 1H), 8.13 – 8.09 (m, 2H), 7.79 (s, 1H), 7.80 – 7.73 (m, 3H),

7.67 (dt, J = 8.7, 0.9 Hz, 1H), 7.55 (d, J = 8.3 Hz, 2H), 3.95 (s, 2H), 3.38 (bs, 4H), 3.03 (bs, 4H), 2.90 (s, 3H) ppm. HRMS (APCI+, m/z):

calcd. for C26H27N6 [M+H+]: 423.2297, found: 423.2298.

3-(Furan-3-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7w).

Compound 7w was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 3-furanylboronic acid (7w, 8.4 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC purifica-

tion to afford 3-(furan-3-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (12.9 mg, 69% yield). 1H NMR

(500 MHz, Methanol-d4) d 8.58 (s, 2H), 8.08 (t, J = 1.1 Hz, 1H), 7.80 (d, J = 8.2 Hz, 2H), 7.76 (s, 1H), 7.62 (t, J = 1.7 Hz, 1H), 7.58

(d, J = 8.2 Hz, 2H), 6.87 (dd, J = 1.8, 1.1 Hz, 1H), 4.00 (s, 2H), 3.41 (bs, 4H), 3.07 (bs, 4H), 2.92 (s, 3H) ppm. HRMS (APCI+, m/z): calcd.

for C23H25N4O [M+H+]: 373.2028, found: 373.2036.

1-(4-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)ethan-1-one (7x).

Compound 7x was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 4-acetylphenylboronic acid (12.3 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC
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purification to afford 1-(4-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)ethan-1-one(7x,

15.1 mg, 71% yield). 1H NMR (500 MHz, Methanol-d4) d 8.63 (d, J = 2.0 Hz, 1H), 8.58 (d, J = 2.0 Hz, 1H), 8.11 (d, J = 8.4 Hz, 2H),

7.95 (s, 1H), 7.90 (d, J = 8.4 Hz, 2H), 7.78 (d, J = 8.2 Hz, 2H), 7.57 (d, J = 8.2 Hz, 2H), 4.01 (s, 2H), 3.41 (bs, 4H), 3.09 (bs, 4H),

2.92 (s, 3H), 2.65 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C27H29N4O [M+H+]: 425.2341, found: 425.2347.

3-(3-Fluorophenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7y).

Compound 7y was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 3-fluorophenylboronic acid (10.5 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC puri-

fication to afford 3-(3-fluorophenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7y, 12.8 mg, 64% yield).
1H NMR (500MHz, Methanol-d4) d 8.59 (d, J = 2.0 Hz, 1H), 8.58 (d, J = 2.2 Hz, 1H), 7.85 (s, 1H), 7.78 (d, J = 8.2 Hz, 2H), 7.61 – 7.55 (m,

3H), 7.52 – 7.44 (m, 2H), 7.11 – 7.02 (m, 1H), 4.02 (s, 2H), 3.41 (bs, 4H), 3.09 (bs, 4H), 2.92 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for

C25H26N4F [M+H+]: 401.2142, found: 401.2146.

5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-3-(4-(trifluoromethoxy)phenyl)-1H-pyrrolo[2,3-b]pyridine (7z).

Compound 7z was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 4-(trifluormethoxy)phenylboronic acid (15.4 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory

HPLC purification to afford 5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-3-(4-(trifluoromethoxy)phenyl)-1H-pyrrolo[2,3-b]pyridine

(7z, 17.4 mg, 75% yield). 1H NMR (500 MHz, Methanol-d4) d 8.62 (d, J = 2.0 Hz, 1H), 8.59 (d, J = 2.0 Hz, 1H), 7.85 (s, 1H), 7.86 –

7.80 (m, 2H), 7.79 (d, J = 8.2 Hz, 2H), 7.58 (d, J = 8.2 Hz, 2H), 7.40 (d, J = 8.0 Hz, 2H), 4.05 (s, 2H), 3.43 (bs, 4H), 3.13 (bs, 4H),

2.92 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C26H26F3N4O [M+H+]: 467.2059, found: 467.2062.

4-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (7aa).

Compound 7aa was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 1H-Indazole-5-boronic acid (12.5 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC
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purification to afford 4-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (7aa, 15.6 mg, 74%

yield). 1H NMR (400 MHz, Methanol-d4) d 8.62 (d, J = 2.0 Hz, 1H), 8.52 (d, J = 2.0 Hz, 1H), 8.18 (s, 1H), 7.94 (s, 1H), 7.73 (d, J = 8.2 Hz,

2H), 7.58 – 7.51 (m, 4H), 7.44 (dd, J = 6.2, 1.7 Hz, 1H), 3.97 (s, 2H), 3.38 (bs, 4H), 3.05 (bs, 4H), 2.90 (s, 3H) ppm. HRMS (APCI+, m/z):

calcd. for C26H27N6 [M+H+]: 423.2297, found: 423.2303.

5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-3-(3-(trifluoromethyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7ab).

Compound 7ab was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 3-(trifluoromethyl)phenylboronic acid (14.2 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory

HPLC purification to afford 5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-3-(3-(trifluoromethyl)phenyl)-1H-pyrrolo[2,3-b]pyridine

(7ab, 17.0 mg, 75% yield). 1H NMR (400 MHz, Methanol-d4) d 8.59 (d, J = 2.0 Hz, 1H), 8.54 (d, J = 2.0 Hz, 1H), 8.00 (d, J = 7.8 Hz,

1H), 7.97 (s, 1H), 7.89 (s, 1H), 7.76 (d, J = 8.2 Hz, 2H), 7.68 (t, J = 7.7 Hz, 1H), 7.61 (d, J = 8.4 Hz, 1H), 7.57 (d, J = 8.2 Hz, 2H),

4.03 (s, 2H), 3.42 (bs, 4H), 3.12 (bs, 4H), 2.92 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C26H26F3N4 [M+H+]: 451.2110, found:

451.2115.

5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-3-phenyl-1H-pyrrolo[2,3-b]pyridine (7ac).

Compound 7ac was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using phenylboronic acid (9.6 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC purification to

afford 5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-3-phenyl-1H-pyrrolo[2,3-b]pyridine (7ac, 16.2 mg, 85% yield). 1H NMR

(400 MHz, Methanol-d4) d 8.69 (d, J = 1.9 Hz, 1H), 8.61 (d, J = 1.9 Hz, 1H), 7.82 (s, 1H), 7.78 (d, J = 8.2 Hz, 2H), 7.76 – 7.69

(m, 2H), 7.59 (d, J = 8.3 Hz, 2H), 7.53 – 7.44 (m, 2H), 7.39 – 7.29 (m, 1H), 4.08 (s, 2H), 3.45 (bs, 4H), 3.17 (bs, 4H), 2.93 (s, 3H)

ppm. HRMS (APCI+, m/z): calcd. for C25H27N4 [M+H+]: 383.2236, found: 383.2236.

3-(3-Chlorophenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7ad).
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Compound 7ad was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 3-chlorophenylboronic acid (11.7 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC puri-

fication to afford 3-(3-chlorophenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7ad, 18.4 mg, 88%

yield). 1H NMR (400 MHz, Methanol-d4) d 8.60 (d, J = 1.3 Hz, 2H), 7.85 (s, 1H), 7.79 (d, J = 8.2 Hz, 2H), 7.71 (t, J = 1.9 Hz, 1H),

7.66 (dt, J = 7.8, 1.3 Hz, 1H), 7.61 (d, J = 8.2 Hz, 2H), 7.46 (t, J = 7.9 Hz, 1H), 7.32 (ddd, J = 8.1, 2.1, 1.0 Hz, 1H), 4.17 (s, 2H),

3.49 (bs, 4H), 3.29 (bs, 4H), 2.94 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C25H26ClN4 [M+H+]: 417.1846, found: 417.1843.

3-(2,4-Dichlorophenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7ae).

Compound 7ae was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 2,4-dichlorophenylboronic acid (14.3 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC

purification to afford 3-(2,4-dichlorophenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7ae, 14.9 mg,

66% yield). 1H NMR (400 MHz, Methanol-d4) d 8.61 (d, J = 2.0 Hz, 1H), 8.32 (d, J = 2.0 Hz, 1H), 7.77 (s, 1H), 7.75 (d, J =

8.3 Hz, 2H), 7.64 (d, J = 2.2 Hz, 1H), 7.58 (dd, J = 8.3, 1.4 Hz, 3H), 7.44 (dd, J = 8.3, 2.2 Hz, 1H), 4.16 (s, 2H), 3.49 (bs, 4H), 3.27

(bs, 4H), 2.94 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C25H25Cl2N4 [M+H+]: 451.1456, found: 451.1447.

3-(2,5-Dimethylphenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7af).

Compound 7af was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 2,5-dimethylphenylboronic acid (11.2 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC

purification to afford 3-(2,5-dimethylphenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7af, 14.0 mg,

68% yield). 1H NMR (400 MHz, Methanol-d4) d 8.65 (d, J = 1.9 Hz, 1H), 8.36 (d, J = 1.9 Hz, 1H), 7.75 (d, J = 8.2 Hz, 2H), 7.63

(s, 1H), 7.60 (d, J = 8.2 Hz, 2H), 7.25 (d, J = 7.8 Hz, 1H), 7.21 (s, 1H), 7.13 (dd, J = 7.4, 1.7 Hz, 1H), 4.18 (s, 2H), 3.50 (bs, 4H),

3.30 (bs, 4H), 2.94 (s, 3H), 2.35 (s, 3H), 2.26 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C27H31N4 [M+H+]: 411.2549, found: 411.2556.

1-Methyl-6-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (7ag).
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Compound 7ag was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 1-methyl-1H-indazole-6-boronic acid (13.2 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory

HPLC purification to afford 1-methyl-6-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole

(7ag, 13.2 mg, 60% yield). 1H NMR (400 MHz, Methanol-d4) d 8.67 (d, J = 2.0 Hz, 1H), 8.58 (d, J = 2.0 Hz, 1H), 8.01 (d, J =

0.9 Hz, 1H), 7.88 (s, 1H), 7.84 (dd, J = 8.4, 0.9 Hz, 1H), 7.81 (d, J = 1.2 Hz, 1H), 7.76 (d, J = 8.2 Hz, 2H), 7.60 – 7.52 (m, 3H), 4.11

(s, 3H), 3.99 (s, 2H), 3.40 (bs, 4H), 3.09 (bs, 4H), 2.91 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C27H29N6 [M+H+]: 437.2454, found:

437.2449.

3-(1-Benzyl-1H-pyrazol-4-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7ah).

Compound 7ah was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 1-benzyl-1H-pyrazole-4-boronic acid (15.2 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory

HPLC purification to afford 3-(1-benzyl-1H-pyrazol-4-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine

(7ah, 14.3 mg, 62% yield). 1H NMR (400 MHz, Methanol-d4) d 8.61 (d, J = 2.0 Hz, 1H), 8.57 (d, J = 2.0 Hz, 1H), 8.19 (d, J = 0.8 Hz,

1H), 7.94 (d, J = 0.8 Hz, 1H), 7.79 (d, J = 8.2 Hz, 2H), 7.75 (s, 1H), 7.57 (d, J = 8.2 Hz, 2H), 7.39 – 7.26 (m, 5H), 5.42 (s, 2H), 4.01

(s, 2H), 3.41 (bs, 4H), 3.09 (bs, 4H), 2.92 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C29H31N6 [M+H+]: 463.2610, found: 463.2612.

5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-3-(1,3,5-trimethyl-1H-pyrazol-4-yl)-1H-pyrrolo[2,3-b]pyridine (7ai).

Compound 7ai was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 1,3,5-trimethyl-1H-pyrazole-4-boronic acid pinacol ester (17.7 mg, 0.075 mmol, 1.5 eq). The crude product was purified

by preparatory HPLC purification to afford 5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-3-(1,3,5-trimethyl-1H-pyrazol-4-yl)-1H-pyr-

rolo[2,3-b]pyridine (7ai, 7.6 mg, 37% yield). 1H NMR (400 MHz, Methanol-d4) d 8.59 (d, J = 2.0 Hz, 1H), 8.16 (d, J = 2.0 Hz, 1H), 7.70

(d, J = 8.2 Hz, 2H), 7.56 – 7.50 (m, 3H), 3.93 (s, 2H), 3.88 (s, 3H), 3.37 (bs, 4H), 3.01 (bs, 4H), 2.90 (s, 3H), 2.28 (s, 3H), 2.22 (s, 3H) ppm.

HRMS (APCI+, m/z): calcd. for C25H31N6 [M+H+]: 415.2610, found: 415.2604.
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3-(3,5-Bis(trifluoromethyl)phenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7aj).

Compound 7aj was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 3,5-bis(trifluoromethyl)phenylboronic acid (19.3mg, 0.075mmol, 1.5 eq). The crude product was purified by preparatory

HPLC purification to afford 3-(3,5-bis(trifluoromethyl)phenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine

(7aj, 11.2 mg, 43% yield). 1H NMR (400 MHz, Methanol-d4) d 8.58 (d, J = 2.0 Hz, 1H), 8.44 (d, J = 2.0 Hz, 1H), 8.29 – 8.23 (m, 2H), 8.02

(s, 1H), 7.86 (s, 1H), 7.74 (d, J = 8.2 Hz, 2H), 7.56 (d, J = 8.2 Hz, 2H), 3.96 (s, 2H), 3.38 (bs, 4H), 3.04 (bs, 4H), 2.90 (s, 3H) ppm. HRMS

(APCI+, m/z): calcd. for C27H25F6N4 [M+H+]: 519.1983, found: 519.1983.

1-Methyl-3-(3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)urea (7ak).

Compound 7ak was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using (3-(3-methylureido)phenyl)boronic acid (13a, 14.6 mg, 0.075 mmol, 1.5 eq). The crude product was purified by prepa-

ratory HPLC purification to afford 1-methyl-3-(3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)

urea (7ak, 6.4 mg, 14% yield). 1H NMR (400 MHz, Methanol-d4) d 8.70 (d, J = 2.0 Hz, 1H), 8.57 (d, J = 2.0 Hz, 1H), 7.96

(t, J = 1.8 Hz, 1H), 7.81 – 7.75 (m, 3H), 7.54 (d, J = 8.2 Hz, 2H), 7.39 – 7.31 (m, 2H), 7.18 (dt, J = 7.3, 2.0 Hz, 1H), 3.91 (s, 2H), 3.35

(bs, 4H), 2.98 (bs, 4H), 2.89 (s, 3H), 2.80 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C27H31N6O [M+H+]: 455.2559, found: 455.2559.

Methyl (3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)carbamate (7al).

Compound 7al was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using (3-((methoxycarbonyl)amino)phenyl)boronic acid (13b, 14.6 mg, 0.075 mmol, 1.5 eq). The crude product was purified

by preparatory HPLC purification to afford methyl (3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)

phenyl)carbamate (7al, 8.5 mg, 19% yield). 1H NMR (400 MHz, Methanol-d4) d 8.74 (d, J = 2.0 Hz, 1H), 8.59 (d, J = 2.0 Hz, 1H),

7.98 (s, 1H), 7.83 – 7.78 (m, 3H), 7.56 (d, J = 8.2 Hz, 2H), 7.41 – 7.37 (m, 2H), 7.36 – 7.27 (m, 1H), 3.97 (s, 2H), 3.77 (s, 3H), 3.38

(bs, 4H), 3.04 (bs, 4H), 2.91 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C27H30N5O2 [M+H+]: 456.2400, found: 456.2400.
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1-Methyl-3-(4-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)urea (7am).

Compound 7am was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using (4-(3-methylureido)phenyl)boronic acid (13c, 14.6 mg, 0.075 mmol, 1.5 eq). The crude product was purified by prepa-

ratory HPLC purification to afford 1-methyl-3-(4-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)

urea (7am, 5.1 mg, 22% yield). 1H NMR (400 MHz, Methanol-d4) d 8.63 (d, J = 2.0 Hz, 1H), 8.56 (d, J = 2.0 Hz, 1H), 7.76 (s, 1H),

7.74 (d, J = 4.6 Hz, 2H), 7.65 – 7.60 (m, 2H), 7.55 (d, J = 8.1 Hz, 2H), 7.52 – 7.45 (m, 2H), 3.92 (s, 2H), 3.36 (bs, 4H), 2.99 (bs, 4H),

2.90 (s, 3H), 2.80 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C27H31N6O [M+H+]: 455.2559, found: 455.2566.

Methyl (4-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)carbamate (7an).

Compound 7an was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using (4-((methoxycarbonyl)amino)phenyl)boronic acid (13d, 14.6 mg, 0.075 mmol, 1.5 eq). The crude product was purified by

preparatory HPLC purification to affordmethyl (4-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)

carbamate (7an, 7.6 mg, 33% yield). 1H NMR (400 MHz, Methanol-d4) d 8.68 (d, J = 1.9 Hz, 1H), 8.59 (d, J = 2.0 Hz, 1H), 7.82 – 7.72

(m, 3H), 7.65 (d, J = 8.7 Hz, 2H), 7.61 – 7.51 (m, 4H), 4.04 (s, 3H), 3.76 (s, 2H), 3.43 (bs, 4H), 3.13 (bs, 4H), 2.92 (s, 3H) ppm. HRMS

(APCI+, m/z): calcd. for C27H30N5O2 [M+H+]: 456.2400, found: 456.2397.

3-(4-((4-Methoxybenzyl)oxy)phenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7ao).

Compound 7ao was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 4-(4-methoxybenzyloxy)phenylboronic acid (19.4 mg, 0.075 mmol, 1.5 eq). The crude product was purified by
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preparatory HPLC purification to afford 3-(4-((4-methoxybenzyl)oxy)phenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo

[2,3-b]pyridine (7ao, 20.4 mg, 79% yield). 1H NMR (400 MHz, Methanol-d4) d 8.69 (dd, J = 7.3, 1.9 Hz, 2H), 8.59 (d, J = 1.8 Hz, 1H),

7.77 (dd, J = 8.3, 1.6 Hz, 2H), 7.72 (d, J = 8.2 Hz, 1H), 7.66 – 7.51 (m, 3H), 7.37 (dd, J = 8.7, 6.9 Hz, 2H), 7.28 – 7.03 (m, 1H), 6.98 – 6.77

(m, 3H), 5.05 (s, 2H), 4.06 (s, 2H), 3.80 (s, 3H), 3.44 (bs, 4H), 3.16 (bs, 4H), 2.92 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C33H35N4O2

[M+H+]: 519.2760, found: 519.2755.

5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-3-(3,4,5-trimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridine (7ap).

Compound 7ap was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 3,4,5-trimethoxyphenylboronic acid (15.9mg, 0.075mmol, 1.5 eq). The crude product was purified by preparatory HPLC

purification to afford 5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-3-(3,4,5-trimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridine (7ap,

19.2 mg, 81% yield). 1H NMR (400 MHz, Methanol-d4) d 8.67 (d, J = 1.9 Hz, 1H), 8.60 (d, J = 1.9 Hz, 1H), 7.81 (s, 1H), 7.78 (d, J =

8.2 Hz, 2H), 7.59 (d, J = 8.2 Hz, 2H), 6.96 (s, 2H), 4.10 (s, 2H), 3.92 (s, 6H), 3.82 (s, 3H), 3.46 (bs, 4H), 3.20 (bs, 4H), 2.93 (s, 3H)

ppm. HRMS (APCI+, m/z): calcd. for C28H33N4O3 [M+H+]: 473.2553, found: 473.2554.

3-(4-Methoxy-3-methylphenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7aq).

Compound 7aq was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 4-methoxy-3-methylphenylboronic acid (12.4 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory

HPLC purification to afford 3-(4-methoxy-3-methylphenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine

(7aq, 17.2 mg, 81% yield). 1H NMR (400 MHz, Methanol-d4) d 8.69 (d, J = 1.9 Hz, 1H), 8.59 (d, J = 1.9 Hz, 1H), 7.77 (d, J = 8.2 Hz,

2H), 7.72 (s, 1H), 7.59 (d, J = 8.2 Hz, 2H), 7.51 (dd, J = 8.4, 2.3 Hz, 1H), 7.48 – 7.44 (m, 1H), 7.03 (d, J = 8.4 Hz, 1H), 4.03 (s, 2H),

3.88 (s, 3H), 3.43 (bs, 4H), 3.12 (bs, 4H), 2.92 (s, 3H), 2.28 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C27H31N4O [M+H+]:

427.2498, found: 427.2501.

3-(3-(Benzyloxy)phenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7ar).
e23 Cell Chemical Biology 26, 1–13.e1–e37, November 21, 2019



Please cite this article in press as: Bos et al., Development of MAP4 Kinase Inhibitors as Motor Neuron-Protecting Agents, Cell Chemical Biology
(2019), https://doi.org/10.1016/j.chembiol.2019.10.005
Compound 7ar was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 3-(benzyloxy)phenylboronic acid (17.1 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory

HPLC purification to afford 3-(3-(benzyloxy)phenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7ar,

15.4 mg, 63% yield). 1H NMR (400 MHz, Methanol-d4) d 8.58 (s, 2H), 7.79 (s, 1H), 7.74 (d, J = 8.2 Hz, 2H), 7.58 (d, J = 8.2 Hz, 2H),

7.49 – 7.43 (m, 2H), 7.43 – 7.22 (m, 6H), 7.06 – 6.96 (m, 1H), 5.17 (s, 2H), 4.06 (s, 2H), 3.43 (bs, 4H), 3.15 (bs, 4H), 2.92 (s, 3H)

ppm. HRMS (APCI+, m/z): calcd. for C32H33N4O [M+H+]: 489.2654, found: 489.2657.

3-(2-Chlorophenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7as).

Compound 7as was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 2-chlorophenylboronic acid (17.1 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC puri-

fication to afford 3-(2-chlorophenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7as, 16.6 mg, 80%

yield). 1H NMR (400 MHz, Methanol-d4) d 8.60 (d, J = 2.0 Hz, 1H), 8.32 (d, J = 2.0 Hz, 1H), 7.74 (s, 1H), 7.72 (d, J = 8.2 Hz, 2H),

7.59 (ddd, J = 7.7, 4.0, 1.7 Hz, 2H), 7.55 (d, J = 8.2 Hz, 2H), 7.43 (td, J = 7.5, 1.7 Hz, 1H), 7.38 (td, J = 7.5, 2.0 Hz, 1H), 4.01

(s, 2H), 3.41 (bs, 4H), 3.10 (bs, 4H), 2.91 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C25H26N4Cl [M+H+]: 417.1846, found: 417.1849.

3-(2-Methoxyphenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7at).

Compound 7at was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using 2-methoxyphenylboronic acid (11.4 mg, 0.075 mmol, 1.5 eq). The crude product was purified by preparatory HPLC pu-

rification to afford 3-(2-methoxyphenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7at, 17.1 mg, 83%

yield). 1H NMR (400 MHz, Methanol-d4) d 8.61 (d, J = 1.9 Hz, 1H), 8.58 (d, J = 1.9 Hz, 1H), 7.80 (s, 1H), 7.75 (d, J = 8.2 Hz, 2H),

7.61 – 7.54 (m, 3H), 7.38 (ddd, J = 8.3, 7.4, 1.7 Hz, 1H), 7.16 (dd, J = 8.3, 1.1 Hz, 1H), 7.08 (td, J = 7.4, 1.1 Hz, 1H), 4.02 (s, 2H),

3.86 (s, 3H), 3.42 (s, 4H), 3.11 (s, 4H), 2.92 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C26H29N4O [M+H+]: 413.2341, found: 413.2337.

1-(3-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)-3-phenylurea (7au).
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Compound 7au was prepared according to the general procedure for the Suzuki coupling and in situ deprotection as described

above using (3-(3-phenylureido)phenyl)boronic acid (13e, 19.2 mg, 0.075 mmol, 1.5 eq). The crude product was purified by

preparatory HPLC purification to afford 1-(3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)-3-

phenylurea (7au, 5.4 mg, 21% yield). 1H NMR (400 MHz, Methanol-d4) d 8.61 (d, J = 2.0 Hz, 1H), 8.51 (d, J = 2.0 Hz, 1H), 8.08

(s, 1H), 7.78 – 7.71 (m, 3H), 7.60 (d, J = 6.9 Hz, 2H), 7.49 (d, J = 8.0 Hz, 2H), 7.46 – 7.40 (m, 1H), 7.41 – 7.36 (m, 2H), 7.36 – 7.27

(m, 2H), 7.24 – 7.17 (m, 1H), 3.76 (s, 2H), 3.13 (bs, 8H), 2.85 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C32H33N6O [M+H+]:

517.2716, found: 517.2713.

2-Fluoro-N-(furan-2-ylmethyl)-5-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)benzamide (7av).

2-Fluoro-5-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)benzoic acid (7i, 3.3 mg, 7.4 mmol),

EDC3HCl (2.8 mg, 14.8 mmol, 2.0 eq), and HOBT (2.0 mg, 14.8 mmol, 2.0 eq) were dissolved in DMF (1.0 mL). Furfurylamine

(1.4 mg, 1.3 mL, 14.8 mmol, 2.0 eq) and Et3N (1.5 mg, 2.0 mL, 14.8 mmol, 2.0 eq) were added and the reaction mixture was stirred

at room temperature overnight. The solvent was evaporated and the crude mixture was purified by preparatory HPLC purification

to afford 2-fluoro-N-(furan-2-ylmethyl)-5-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)benzamide

(7av, 3.8 mg, 98% yield). 1H NMR (400 MHz, Methanol-d4) d 8.54 (d, J = 2.0 Hz, 1H), 8.52 (d, J = 2.0 Hz, 1H), 8.08 (dd, J = 6.9,

2.4 Hz, 1H), 7.88 (ddd, J = 8.6, 4.8, 2.4 Hz, 1H), 7.78 (s, 1H), 7.73 (d, J = 8.2 Hz, 2H), 7.52 (d, J = 8.2 Hz, 2H), 7.44 (dd, J = 1.9,

0.9 Hz, 1H), 7.32 (dd, J = 10.7, 8.6 Hz, 1H), 6.37 (dd, J = 3.2, 1.9 Hz, 1H), 6.33 (dd, J = 3.2, 0.9 Hz, 1H), 4.61 (s, 2H), 3.84 (s, 2H),

2.97 – 2.84 (m, 8H), 2.88 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C31H31FN5O2 [M+H+]: 524.2462, found: 524.2452.

1-Cyclohexyl-3-(4-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)urea (7aw).

4-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)aniline (7e, 10 mg, 0.025 mmol, 2.5 eq) was dis-

solved in DCM (0.5 mL) and triethylamine (10 mg, 14 mL, 0.1 mmol, 10 eq) was added. The solution was added dropwise to a solution

of triphosgene (3.0mg, 0.01mmol, 1.0 eq) in DCM (0.5mL) and stirred for 5min at room temperature. The reactionmixturewas added

to a solution of cyclohexylamine (19.8 mg, 23 mL, 0.2 mmol, 20.0 eq) in DCM (0.5 mL) and stirred overnight. The solvent was evap-

orated and the crude mixture was purified by preparatory HPLC purification to afford 1-cyclohexyl-3-(4-(5-(4-((4-methylpiperazin-

1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)urea (7aw, 2.8 mg, 54% yield). 1H NMR (400 MHz, Methanol-d4) d 8.53

(m, 2H), 7.72 (d, J = 8.2 Hz, 2H), 7.68 (s, 1H), 7.64 – 7.59 (m, 2H), 7.52 (d, J = 8.2 Hz, 2H), 7.49 – 7.44 (m, 2H), 3.82 (s, 2H), 3.65 –

3.54 (m, 1H), 3.00 – 2.74 (bs, 8H), 2.88 (s, 3H), 2.00 – 1.90 (m, 2H), 1.84 – 1.71 (m, 2H), 1.65 (d, J = 12.9 Hz, 1H), 1.48 – 1.34

(m, 2H), 1.36 – 1.16 (m, 3H) ppm. HRMS (APCI+, m/z): calcd. for C32H39N6O [M+H+]: 523.3185, found: 523.3182.
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(R)-1-(3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)-3-(1-phenylethyl)urea (7ax).

3-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)aniline (7h, 16 mg, 0.04 mmol, 2.5 eq) was dissolved

in DCM (1.0 mL) and triethylamine (16.2 mg, 22 mL, 0.16 mmol, 10 eq) was added. The solution was added dropwise to a solution of

triphosgene (4.75 mg, 0.016 mmol, 1.0 eq) in DCM (1.0 mL) and stirred for 5 min at room temperature. The reaction mixture was

added to a solution of (R)-(+)-a-methylbenzylamine (38.8 mg, 41 mL, 0.32 mmol, 20.0 eq) in DCM (1.0 mL) and stirred overnight.

The solvent was evaporated and the crude mixture was purified by preparatory HPLC purification to afford (R)-1-(3-(5-(4-((4-meth-

ylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)-3-(1-phenylethyl)urea (7ax, 6.7 mg, 31% yield). 1H NMR

(400 MHz, Methanol-d4) d 8.65 (d, J = 2.0 Hz, 1H), 8.54 (d, J = 2.1 Hz, 1H), 7.94 (s, 1H), 7.78 – 7.72 (m, 3H), 7.51 (d, J = 8.0 Hz,

2H), 7.42 – 7.28 (m, 6H), 7.23 (t, J = 7.0 Hz, 1H), 7.18 – 7.11 (m, 1H), 4.95 (q, J = 7.0 Hz, 1H), 3.83 (s, 2H), 3.14 – 2.50 (bs, 8H),

2.88 (s, 3H), 1.50 (d, J = 7.0 Hz, 3H) ppm. HRMS (APCI+, m/z): calcd. for C34H37N6O [M+H+]: 545.3029, found: 545.3027.

1-(Furan-2-ylmethyl)-3-(3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)urea (7ay).

3-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)aniline (7h, 16 mg, 0.04 mmol, 2.5 eq) was dissolved

in DCM (1.0 mL) and triethylamine (16.2 mg, 22 mL, 0.16 mmol, 10 eq) was added. The solution was added dropwise to a solution of

triphosgene (4.75 mg, 0.016 mmol, 1.0 eq) in DCM (1.0 mL) and stirred for 5 min at room temperature. The reaction mixture was

added to a solution of furfurylamine (31.1 mg, 28.3 mL, 0.32 mmol, 20.0 eq) in DCM (1.0 mL) and stirred overnight. The solvent

was evaporated and the crude mixture was purified by preparatory HPLC purification to afford 1-(furan-2-ylmethyl)-3-(3-(5-(4-((4-

methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)urea (7ay, 8.6 mg, 41% yield). 1H NMR (400 MHz, Meth-

anol-d4) d 8.74 (d, J = 2.0 Hz, 1H), 8.69 – 8.66 (m, 2H), 7.82 – 7.78 (m, 2H), 7.74 (s, 1H), 7.65 (d, J = 7.9 Hz, 2H), 7.41 – 7.34

(m, 4H), 6.35 (dd, J = 3.2, 1.9 Hz, 1H), 6.28 (dd, J = 3.2, 0.8 Hz, 1H), 4.41 (s, 2H), 3.89 (s, 2H), 3.21 (bs, 4H), 3.11 (bs, 4H), 2.89

(s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C31H33N6O2 [M+H+]: 521.2665, found: 521.2670.

1-(2-Methoxyethyl)-3-(3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)urea (7az).

3-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)aniline (7h, 16 mg, 0.04 mmol, 2.5 eq) was dissolved

in DCM (1.0 mL) and triethylamine (16.2 mg, 22 mL, 0.16 mmol, 10 eq) was added. The solution was added dropwise to a solution of
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triphosgene (4.75 mg, 0.016 mmol, 1.0 eq) in DCM (1.0 mL) and stirred for 5 min at room temperature. The reaction mixture was

added to a solution of 2-methoxyethan-1-amine (24.0 mg, 27.8 mL, 0.32 mmol, 20.0 eq) in DCM (1.0 mL) and stirred overnight.

The solvent was evaporated and the crude mixture was purified by preparatory HPLC purification to afford 1-(2-methoxyethyl)-3-

(3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)urea (7az, 4.0 mg, 20% yield). 1H NMR

(400 MHz, Methanol-d4) d 8.78 (d, J = 2.0 Hz, 1H), 8.60 (d, J = 2.0 Hz, 1H), 8.48 (d, J = 2.0 Hz, 1H), 7.81 (s, 1H), 7.76 (s, 1H),

7.61 – 7.53 (m, 4H), 7.45 – 7.25 (m, 4H), 3.54 (s, 2H), 3.50 (s, 2H), 3.47 (s, 3H), 3.27 – 3.12(bs, 8H), 2.87 (s, 3H) ppm. HRMS

(APCI+, m/z): calcd. for C29H35N6O2 [M+H+]: 499.2821, found: 499.2827.

General Procedure for the Synthesis of 9a, 9b, and 9c

5-Bromo-3-iodo-1-tosyl-1H-pyrrolo[2,3-b]pyridine1 (8, 1.0 g, 2.1 mmol, 1.0 eq) was dissolved in 1,4-dioxane (20 mL). The boronic

acid (2.3 mmol, 1.1 eq) was added, followed by Pd(PPh3)2Cl2 (70 mg, 0.1 mmol, 5 mol%). The reaction mixture was degassed by

sonication under argon. Aqueous Na2CO3 was added and the reaction mixture was stirred at 45 oC until full completion (typically

8h). The reaction mixture was partitioned between EtOAc and brine, the layers separated, and the aqueous layer extracted with

EtOAc (2x). The combined organic layers were dried with Na2SO4, filtered, and the solvent evaporated. The crude material was pu-

rified by column chromatography on silica (0 – 50% EtOAc in hexanes) to yield the desired product (9a-c).

4-(5-Bromo-1-tosyl-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (9a).

Following the general procedure described above, 4-(5-bromo-1-tosyl-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (9a) was iso-

lated as a tan-colored solid (461 mg, 47% yield). 1H NMR (400 MHz, Chloroform-d) d 10.29 (bs, 1H), 8.53 (d, J = 2.2 Hz, 1H),

8.19 – 8.13 (m, 2H), 8.13 – 8.10 (m, 2H), 8.05 (s, 1H), 7.55 (d, J = 8.4 Hz, 1H), 7.49 (dd, J = 8.4, 6.9 Hz, 1H), 7.37 – 7.31 (m, 2H),

7.29 (dd, J = 6.9, 1.0 Hz, 1H), 2.41 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C21H16N4O2SBr [M+H+]: 467.0177, found: 467.0176.

5-Bromo-3-(3-fluorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridine (9b).

Following the general procedure described above, 5-bromo-3-(3-fluorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridine (9b) was isolated

as a colorless solid (617 mg, 67% yield). 1H NMR (400 MHz, Chloroform-d) d 8.50 (d, J = 2.1 Hz, 1H), 8.19 (d, J = 2.1 Hz, 1H), 8.09

(d, J = 8.4 Hz, 2H), 7.90 (s, 1H), 7.44 (td, J = 8.0, 5.9 Hz, 1H), 7.36 – 7.28 (m, 3H), 7.27 – 7.21 (m, 1H), 7.08 (tdd, J = 8.4, 2.6, 1.0 Hz, 1H),

2.39 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C20H15N2O2FSBr [M+H+]: 445.0022, found: 445.0020.
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5-Bromo-3-(3-chlorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridine (9c).

Following the general procedure described above, 5-bromo-3-(3-chlorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridine (9c) was iso-

lated as a colorless solid (850 mg, 88% yield). 1H NMR (400 MHz, Chloroform-d) d 8.50 (d, J = 2.1 Hz, 1H), 8.18 (d, J = 2.1 Hz,

1H), 8.09 (d, J = 8.4 Hz, 2H), 7.89 (s, 1H), 7.56 – 7.50 (m, 1H), 7.46 – 7.40 (m, 2H), 7.40 – 7.34 (m, 1H), 7.31 (d, J = 7.8 Hz, 2H),

2.39 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C20H15N2O2SBrCl [M+H+]: 460.9726, found: 460.9715.

General Procedure for the Synthesis of 10a, 10b, and 10c

The substrate (9a-c, 1.0 mmol, 1.0 eq) was dissolved in 1,4-dioxane (40 mL) in a pressure tube, and 4-formylphenylboronic acid

(225 mg, 1.5 mmol, 1.5 eq) was added. The reaction mixture was degassed by sonication under argon, and Pd(PPh3)4 (116 mg,

0.1 mmol, 10 mol%) was added. After addition of aqueous Na2CO3 (12.5 mL, 2.0 M), the reaction mixture was stirred at 100�C over-

night. The crudemixture was partitioned between EtOAc and brine, the layers separated and the aqueous layer extracted with EtOAc

(3x). The combined organic layers were dried with Na2SO4, and filtered over Celite. The solvent was evaporated and the crude ma-

terial purified by column chromatography on silica (0 – 100% EtOAc in hexanes) to afford the desired product (10a-c).

4-(3-(1H-Indazol-4-yl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde (10a).

Following the general procedure described above, 4-(3-(1H-indazol-4-yl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde

(10a) was isolated as a tan-colored solid (350 mg, 71% yield). 1H NMR (400 MHz, Chloroform-d) d 10.37 (bs, 1H), 10.06 (s, 1H),

8.78 (d, J = 2.2 Hz, 1H), 8.23 – 8.17 (m, 3H), 8.14 (d, J = 1.1 Hz, 1H), 8.10 (s, 1H), 7.96 (d, J = 8.3 Hz, 2H), 7.72 (d, J = 8.2 Hz, 2H),

7.59 – 7.51 (m, 2H), 7.40 – 7.32 (m, 3H), 2.41 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C28H21N4O3S [M+H+]: 493.1334, found:

493.1329.
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4-(3-(3-Fluorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde (10b).

Following the general procedure described above, 4-(3-(3-fluorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde (10b)

was isolated as a colorless solid (466 mg, 99% yield). 1H NMR (400 MHz, Chloroform-d) d 10.08 (s, 1H), 8.74 (d, J = 2.1 Hz, 1H), 8.26

(d, J = 2.1 Hz, 1H), 8.16 (d, J = 8.4 Hz, 2H), 7.99 (d, J = 8.4 Hz, 2H), 7.96 (s, 1H), 7.74 (d, J = 8.2 Hz, 2H), 7.47 (td, J = 7.9, 5.8 Hz, 1H),

7.40 (dt, J = 7.7, 1.3 Hz, 1H), 7.36 – 7.28 (m, 3H), 7.10 (tdd, J = 8.4, 2.6, 1.1 Hz, 1H), 2.40 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for

C27H20N2O3FS [M+H+]: 471.1179, found: 471.1185.

4-(3-(3-Chlorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde (10c).

Following the general procedure described above, scaled up to 2.0 mmol starting material, 4-(3-(3-chlorophenyl)-1-tosyl-1H-pyr-

rolo[2,3-b]pyridin-5-yl)benzaldehyde (10c) was isolated as a colorless solid (730 mg, 87% yield). 1H NMR (400 MHz, Chloroform-d)

d 10.08 (s, 1H), 8.74 (d, J = 2.1 Hz, 1H), 8.24 (d, J = 2.1 Hz, 1H), 8.16 (d, J = 8.4 Hz, 2H), 7.99 (d, J = 8.2 Hz, 2H), 7.95 (s, 1H), 7.74 (d, J =

8.2 Hz, 2H), 7.59 (t, J = 1.8 Hz, 1H), 7.50 (dt, J = 7.6, 1.5 Hz, 1H), 7.43 (t, J = 7.7 Hz, 1H), 7.38 (ddd, J = 7.9, 2.0, 1.3 Hz, 1H), 7.36 – 7.29

(m, 2H), 2.40 (s, 3H) ppm. HRMS (APCI+, m/z): calcd. for C27H20N2O3ClS [M+H+]: 487.0883, found: 487.0878.

General Procedure for the Synthesis of 12a-l

The aldehyde (10a-c, or 11 (Goodfellow et al., 2013)) (0.5 mmol, 1.0 eq) was dissolved in dichloromethane and the corresponding

amine (1.0 mmol, 2.0 eq) and Na(OAc)3BH (159 mg, 0.75 mmol, 1.5 eq) were added. The reaction mixture was stirred at room tem-

perature overnight, partitioned between dichloromethane and brine. The aqueous layer was extracted with dichloromethane (2x), the

combined organic layers dried with Na2SO4, filtered, and the solvent evaporated. The crude product was used in the deprotection

step without further purification.

The intermediate was dissolved in a mixture of acetone (20 mL), methanol (30 mL) and aqueous NaOH (2.0 M, 15 mL) and stirred at

65�C for 3 h. The reaction mixture was partitioned between ethyl acetate and aqueous NaOH (1.0 M). The layers were separated and

the aqueous layer was extracted with ethyl acetate (2x). The combined organic layers were washed with brine, dried with Na2SO4,

filtered and the solvent evaporated. The crude material was purified by preparatory HPLC purification to afford the product (12a-l).
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3-(4-(3-(1H-Indol-5-yl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzyl)-8-oxa-3-azabicyclo[3.2.1]octane (12a).

Following the general procedure described above, with 4-(3-(1H-Indol-5-yl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde

(11 (Goodfellow et al., 2013), 100 mg, 0.2 mmol) and 8-oxa-3-azabicyclo[3.2.1]octane (45 mg, 0.4 mmol, 2.0 eq) as the starting ma-

terials, 3-(4-(3-(1H-indol-5-yl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzyl)-8-oxa-3-azabicyclo[3.2.1]octane (12a) was isolated as a light-

brown solid (37.2 mg, 43% yield over two steps). 1H NMR (500 MHz, Methanol-d4) d 8.42 (d, J = 2.1 Hz, 1H), 8.40 (d, J = 2.1 Hz,

1H), 7.83 (d, J = 1.5 Hz, 1H), 7.55 (s, 1H), 7.52 (d, J = 8.1 Hz, 2H), 7.47 (d, J = 8.4 Hz, 1H), 7.46 – 7.39 (m, 1H), 7.33 (d, J = 7.9 Hz,

2H), 7.24 (d, J = 3.1 Hz, 1H), 6.49 (dd, J = 3.1, 0.8 Hz, 1H), 4.20 (dd, J = 4.7, 2.3 Hz, 2H), 3.41 (s, 2H), 2.52 (d, J = 11.5 Hz, 2H),

2.25 (dd, J = 11.4, 2.1 Hz, 2H), 2.00 – 1.90 (m, 3H), 1.86 – 1.73 (m, 2H) ppm. HRMS (APCI+, m/z): calcd. for C32H33N6O [M+H+]:

517.2716, found: 517.2713.

3-(1H-Indol-5-yl)-5-(4-((8-methyl-3,8-diazabicyclo[3.2.1]octan-3-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (12b).

Following the general procedure described above, with 4-(3-(1H-Indol-5-yl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde

(11 (Goodfellow et al., 2013), 67.1 mg, 0.137 mmol) and 8-methyl-3,8-diazabicyclo[3.2.1]octane (16b, 55.5 mg, 0.44 mmol, 3.2 eq)

as the starting materials, 3-(1H-indol-5-yl)-5-(4-((8-methyl-3,8-diazabicyclo[3.2.1]octan-3-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyri-

dine (12b) was isolated as a tan-colored solid (2.6 mg, 4% yield over two steps). 1H NMR (400 MHz, Methanol-d4) d 8.57 (d, J =

2.0 Hz, 1H), 8.51 (d, J = 2.0 Hz, 1H), 7.87 (dd, J = 1.6, 0.7 Hz, 1H), 7.70 (d, J = 8.1 Hz, 2H), 7.65 (s, 1H), 7.56 – 7.38 (m, 5H), 7.27

(d, J = 3.2 Hz, 1H), 3.88 (s, 2H), 3.70 (s, 2H), 2.95 (d, J = 12.6 Hz, 2H), 2.80 (s, 3H), 2.57 (d, J = 13.0 Hz, 2H), 2.23 (s, 4H) ppm.

HRMS (APCI+, m/z): calcd. for C29H30N5 [M+H+]: 448.2501, found: 448.2505.

3-(1H-Indol-5-yl)-5-(4-((3-methyl-3,8-diazabicyclo[3.2.1]octan-8-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (12c).

Following the general procedure described above, with 4-(3-(1H-Indol-5-yl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde

(11 (Goodfellow et al., 2013), 60.2 mg, 0.122 mmol) and 3-methyl-3,8-diazabicyclo[3.2.1]octane (16a, 36.6 mg, 0.29 mmol, 2.4 eq)

as the starting materials, 3-(1H-indol-5-yl)-5-(4-((3-methyl-3,8-diazabicyclo[3.2.1]octan-8-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]

pyridine (12c) was isolated as a tan-colored solid (9.6 mg, 18% yield over two steps). 1H NMR (400 MHz, Methanol-d4) d 8.74
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(d, J = 2.0 Hz, 1H), 8.60 (d, J = 2.0 Hz, 1H), 7.88 (dd, J = 1.7, 0.8 Hz, 1H), 7.86 – 7.79 (m, 2H), 7.74 (s, 1H), 7.68 – 7.64 (m, 3H), 7.54 – 7.50

(m, 1H), 7.48 – 7.43 (m, 2H), 4.12 (s, 2H), 3.84 (bs, 4H), 3.29 (d, J = 2.7 Hz, 2H), 3.10 (bs, 4H), 2.69 (s, 3H) ppm. HRMS (APCI+, m/z):

calcd. for C29H30N5 [M+H+]: 448.2501, found: 448.2503.

4-(5-(4-((8-Methyl-3,8-diazabicyclo[3.2.1]octan-3-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (12d).

Following the general procedure described above, with 4-(3-(1H-indazol-4-yl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde

(10a, 49.2 mg, 0.1 mmol) and 8-methyl-3,8-diazabicyclo[3.2.1]octane (16b, 39.1 mg, 0.31 mmol, 3.1 eq) as the starting materials,

4-(5-(4-((8-methyl-3,8-diazabicyclo[3.2.1]octan-3-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (12d) was isolated

as a light-brown solid (11.7 mg, 26% yield over two steps). 1H NMR (400 MHz, Methanol-d4) d 8.61 (d, J = 2.0 Hz, 1H), 8.55

(d, J = 2.0 Hz, 1H), 8.18 (d, J = 0.9 Hz, 1H), 7.95 (s, 1H), 7.67 (d, J = 8.2 Hz, 2H), 7.55 – 7.50 (m, 2H), 7.47 (d, J = 8.2 Hz, 2H), 7.43

(dd, J = 6.5, 1.4 Hz, 1H), 3.88 (s, 2H), 3.70 (s, 2H), 2.94 (dd, J = 13.1, 2.8 Hz, 2H), 2.80 (s, 3H), 2.67 – 2.62 (m, 2H), 2.27 – 2.19

(bs, 4H) ppm. HRMS (APCI+, m/z): calcd. for C28H29N6 [M+H+]: 449.2454, found: 449.2462.

4-(5-(4-((3-Methyl-3,8-diazabicyclo[3.2.1]octan-8-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (12e).

Following the general procedure described above, with 4-(3-(1H-indazol-4-yl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde

(10a, 49.2 mg, 0.1 mmol) and 3-methyl-3,8-diazabicyclo[3.2.1]octane (16a, 34.0 mg, 0.27 mmol, 2.7 eq) as the starting materials,

4-(5-(4-((3-methyl-3,8-diazabicyclo[3.2.1]octan-8-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (12e) was isolated

as a light-brown solid (12.0 mg, 27% yield over two steps). 1H NMR (400 MHz, Methanol-d4) d 8.60 (d, J = 2.1 Hz, 1H), 8.45

(d, J = 2.1 Hz, 1H), 8.18 (d, J = 0.7 Hz, 1H), 7.90 (s, 1H), 7.77 (d, J = 8.2 Hz, 2H), 7.62 (d, J = 8.2 Hz, 2H), 7.54 – 7.51 (m, 2H), 7.43

(dd, J = 5.6, 2.3 Hz, 1H), 4.09 (s, 2H), 3.80 (s, 2H), 3.18 (d, J = 11.9 Hz, 2H), 2.94 (d, J = 12.6 Hz, 2H), 2.61 (s, 3H), 2.45 – 2.36

(m, 2H), 2.14 (d, J = 8.6 Hz, 2H) ppm. HRMS (APCI+, m/z): calcd. for C28H29N6 [M+H+]: 449.2454, found: 449.2455.

3-(3-Chlorophenyl)-5-(4-((3-methyl-3,8-diazabicyclo[3.2.1]octan-8-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (12f).
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Following the general procedure described above, with 4-(3-(3-chlorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde

(10c, 48.6 mg, 0.1 mmol) and 3-methyl-3,8-diazabicyclo[3.2.1]octane (16a, 25.2 mg, 0.2 mmol, 2.0 eq) as the starting materials, 3-(3-

chlorophenyl)-5-(4-((3-methyl-3,8-diazabicyclo[3.2.1]octan-8-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (12f) was isolated as a

pale-yellow solid (18.0 mg, 41% yield over two steps). 1H NMR (400 MHz, Methanol-d4) d 8.54 (d, J = 2.1 Hz, 1H), 8.46 (d, J =

2.1 Hz, 1H), 7.81 – 7.75 (m, 3H), 7.70 (t, J = 1.9 Hz, 1H), 7.68 – 7.61 (m, 3H), 7.45 (t, J = 7.9 Hz, 1H), 7.30 (ddd, J = 8.0, 2.1,

1.0 Hz, 1H), 4.11 (s, 2H), 3.82 (s, 2H), 3.25 – 3.16 (m, 2H), 3.04 – 2.94 (m, 2H), 2.62 (s, 3H), 2.42 (dd, J = 9.6, 4.7 Hz, 2H), 2.17

(t, J = 7.3 Hz, 2H) ppm. HRMS (APCI+, m/z): calcd. for C27H28N4Cl [M+H+]: 443.2002, found: 443.2005.

5-(4-([1,4’-Bipiperidin]-1’-ylmethyl)phenyl)-3-(3-fluorophenyl)-1H-pyrrolo[2,3-b]pyridine (12g).

Following the general procedure described above, with 4-(3-(3-fluorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde

(10b, 26.0 mg, 0.055 mmol) and 4-piperidinopiperidine (18.6 mg, 0.11 mmol, 2.0 eq) as the starting materials, 5-(4-([1,4’-bipiperidin]-

1’-ylmethyl)phenyl)-3-(3-fluorophenyl)-1H-pyrrolo[2,3-b]pyridine (12g) was isolated as an off-white solid (6.2 mg, 24% yield over two

steps). 1H NMR (400 MHz, Methanol-d4) d 8.58 (d, J = 2.0 Hz, 1H), 8.56 (d, J = 2.1 Hz, 1H), 7.86 (d, J = 8.2 Hz, 2H), 7.82 (s, 1H), 7.66

(d, J = 8.2 Hz, 2H), 7.57 – 7.53 (m, 1H), 7.52 – 7.42 (m, 2H), 7.04 (tdd, J = 8.2, 2.6, 1.0 Hz, 1H), 4.43 (s, 2H), 3.72 (d, J = 12.9 Hz, 2H),

3.63 – 3.47 (m, 4H), 3.23 – 3.12 (m, 4H), 3.03 (t, J = 11.3 Hz, 2H), 2.41 (d, J = 13.5 Hz, 2H), 2.20 – 2.08 (m, 3H), 2.04 – 1.94 (m, 2H), 1.86 –

1.73 (m, 2H), 1.64 – 1.46 (m, 1H), 1.42 – 1.26 (m, 2H) ppm. HRMS (APCI+, m/z): calcd. for C30H34N4F [M+H+]: 469.2768, found:

469.2771.

2-(4-(4-(3-(3-Fluorophenyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzyl)piperazin-1-yl)ethan-1-ol (12h).

Following the general procedure described above, with 4-(3-(3-fluorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde

(10b, 318mg, 0.675mmol) and 1-(2-hydroxyethyl)piperazine (176mg, 166 mL, 1.35mmol, 2.0 eq) as the startingmaterials, 2-(4-(4-(3-

(3-fluorophenyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzyl)piperazin-1-yl)ethan-1-ol (12h) was isolated as an off-white solid (153.7 mg,

53% yield over two steps). 1H NMR (400 MHz, Methanol-d4) d 8.62 (d, J = 2.0 Hz, 1H), 8.60 (d, J = 2.0 Hz, 1H), 7.85 (s, 1H), 7.80

(d, J = 8.2 Hz, 2H), 7.62 (d, J = 8.2 Hz, 2H), 7.55 (dt, J = 7.8, 1.3 Hz, 1H), 7.51 – 7.42 (m, 2H), 7.05 (dddd, J = 9.0, 8.2, 2.6, 1.1 Hz,

1H), 4.22 (s, 2H), 3.95 – 3.85 (m, 2H), 3.58 (bs, 4H), 3.34 (bs, 6H) ppm. HRMS (APCI+, m/z): calcd. for C26H28N4OF [M+H+]:

431.2247, found: 431.2250.
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(R)-1-(4-(3-(3-Fluorophenyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzyl)pyrrolidin-3-ol (12i).

Following the general procedure described above, with 4-(3-(3-fluorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde

(10b, 318 mg, 0.675 mmol) and (R)-3-pyrrolidinol (118 mg, 109 mL, 1.35 mmol, 2.0 eq) as the starting materials, (R)-1-(4-(3-(3-fluo-

rophenyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzyl)pyrrolidin-3-ol (12i) was isolated as an off-white solid (113 mg, 43% yield over two

steps). 1H NMR (400 MHz, Methanol-d4) d 8.56 (d, J = 2.0 Hz, 1H), 8.53 (d, J = 2.0 Hz, 1H), 7.84 – 7.77 (m, 3H), 7.68 – 7.61

(m, 2H), 7.52 (dt, J = 7.8, 1.3 Hz, 1H), 7.50 – 7.38 (m, 2H), 7.02 (dddd, J = 9.0, 8.2, 2.6, 1.1 Hz, 1H), 4.66 – 4.34 (m, 3H), 3.82 –

3.42 (m, 2H), 3.41 – 3.20 (m, 2H), 2.49 – 1.92 (m, 2H) ppm. HRMS (APCI+, m/z): calcd. for C24H23N3OF [M+H+]: 388.1825, found:

388.1824.

5-(4-((4-(tert-Butyl)piperazin-1-yl)methyl)phenyl)-3-(3-fluorophenyl)-1H-pyrrolo[2,3-b]pyridine (12j).

Following the general procedure described above, with 4-(3-(3-fluorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde

(10b, 32.8 mg, 0.055 mmol) and 1-tert-butylpiperazine (15.7 mg, 0.11 mmol, 2.0 eq) as the starting materials, 5-(4-((4-(tert-butyl)pi-

perazin-1-yl)methyl)phenyl)-3-(3-fluorophenyl)-1H-pyrrolo[2,3-b]pyridine (12j) was isolated as an off-white solid (9.8 mg, 40% yield

over two steps). 1H NMR (400 MHz, Methanol-d4) d 8.63 (d, J = 1.9 Hz, 1H), 8.60 (bs, 1H), 7.85 (s, 1H), 7.83 – 7.78 (m, 2H), 7.65 – 7.60

(m, 2H), 7.56 (dt, J = 7.8, 1.3 Hz, 1H), 7.52 – 7.42 (m, 2H), 7.05 (dddd, J = 9.0, 8.2, 2.6, 1.0 Hz, 1H), 4.22 (s, 2H), 3.89 – 3.04 (m, 8H), 1.44

(s, 9H) ppm. HRMS (APCI+, m/z): calcd. for C28H32N4F [M+H+]: 443.2611, found: 443.2610.

2-(4-(4-(3-(3-Chlorophenyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzyl)piperazin-1-yl)ethan-1-ol (Protstetin/12k).
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Following the general procedure described above, with 4-(3-(3-chlorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)

benzaldehyde (10c, 418 mg, 0.86 mmol) and 1-(2-hydroxyethyl)piperazine (224 mg, 211 mL, 1.72 mmol, 2.0 eq) as the starting

materials, 2-(4-(4-(3-(3-chlorophenyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzyl)piperazin-1-yl)ethan-1-ol (Prostetin/12k) was isolated

as an off-white solid (139.9 mg, 36% yield over two steps). 1H NMR (400 MHz, Methanol-d4) d 8.57 (d, J = 2.0 Hz, 1H), 8.54 (d,

J = 2.0 Hz, 1H), 7.80 (s, 1H), 7.76 (d, J = 8.3 Hz, 2H), 7.65 (t, J = 1.9 Hz, 1H), 7.64 – 7.57 (m, 3H), 7.42 (t, J = 7.9 Hz, 1H), 7.29

(ddd, J = 8.0, 2.1, 1.0 Hz, 1H), 4.27 (s, 2H), 3.93 – 3.86 (m, 2H), 3.62 (s, 4H), 3.41 (s, 4H), 3.35 – 3.31 (m, 2H) ppm. HRMS (APCI+,

m/z): calcd. for C26H28N4OCl [M+H+]: 447.1952, found: 447.1954.

(R)-1-(4-(3-(3-Chlorophenyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzyl)pyrrolidin-3-ol (12l).

Following the general procedure described above, with 4-(3-(3-chlorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde

(10c, 177 mg, 0.86 mmol) and (R)-3-pyrrolidinol (150 mg, 139 mL, 1.72 mmol, 2.0 eq) as the starting materials, (R)-1-(4-(3-(3-chlor-

ophenyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzyl)pyrrolidin-3-ol (12l) was isolated as an off-white solid (177 mg, 51% yield over two

steps). 1H NMR (400 MHz, Methanol-d4) d 8.52 (d, J = 2.0 Hz, 1H), 8.42 (d, J = 2.0 Hz, 1H), 7.78 – 7.71 (m, 3H), 7.64 – 7.60

(m, 3H), 7.58 (ddd, J = 7.7, 1.7, 1.1 Hz, 1H), 7.39 (t, J = 7.9 Hz, 1H), 7.25 (ddd, J = 8.0, 2.2, 1.0 Hz, 1H), 4.58 (s, 1H), 4.54 – 4.32

(m, 2H), 3.82 – 3.39 (m, 4H), 2.50 – 1.96 (m, 2H) ppm. HRMS (APCI+, m/z): calcd. for C24H23N3OCl [M+H+]: 404.1530, found: 404.1529.

General Procedure for the Synthesis of Boronic Acids 13a-e
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triphosgene (1.0 eq)
triethylamine (10 eq)

amine or alcohol (20 eq)

Y = NH or O

The boronic acid (3-aminophenylboronic acid or 4-aminophenylboronic acid, 87 mg, 0.5 mmol, 2.5 eq) was suspended in DCM

(4 mL) and triethylamine (202 mg, 277 mL, 2.0 mmol, 10 eq) was added. The resulting solution was added dropwise to a solution tri-

phosgene (59 mg, 0.2 mmol, 1.0 eq) in DCM (6 mL) and stirred for 5 min at room temperature. The amine (0.6 mmol, 3 eq) or alcohol

(excess) was added dropwise and the mixture was stirred overnight at room temperature. The solvent was evaporated, toluene was

added and the solvent was evaporated again. The crude material was analyzed by NMR and used in the next step without further

purification.
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(3-(3-Methylureido)phenyl)boronic acid (13a).

Following the general procedure described above, with 3-aminophenylboronic acid and methylamine, (3-(3-methylureido)phenyl)

boronic acid (13a) was isolated as an off-white solid and used in the next step without further purification. 1H NMR (400 MHz,

Methanol-d4) d 7.49 (bs, 1H), 7.38 (bs, 1H), 7.22 (d, J = 5.3 Hz, 2H), 2.77 (s, 3H).

(3-((Methoxycarbonyl)amino)phenyl)boronic acid (13b).

Following the general procedure described above, with 3-aminophenylboronic acid and methanol, (3-((methoxycarbonyl)amino)

phenyl)boronic acid (13b) was isolated as an off-white solid and used in the next step without further purification. 1H NMR

(400 MHz, Methanol-d4) d 7.59 (bs, 1H), 7.48 (bs, 1H), 7.26 (d, J = 5.2 Hz, 2H), 3.73 (s, 3H).

(4-(3-Methylureido)phenyl)boronic acid (13c).

Following the general procedure described above, with 4-aminophenylboronic acid and methylamine, (4-(3-methylureido)phenyl)

boronic acid (13c) was isolated as an off-white solid and used in the next step without further purification. 1H NMR (400 MHz, Meth-

anol-d4) d 7.62 (d, J = 8.5 Hz, 2H), 7.37 (d, J = 8.5 Hz, 2H), 2.77 (s, 3H).

(4-((Methoxycarbonyl)amino)phenyl)boronic acid (13d).

Following the general procedure described above, with 4-aminophenylboronic acid and methanol, (4-((methoxycarbonyl)amino)

phenyl)boronic acid (13d) was isolated as an off-white solid and used in the next step without further purification. 1H NMR

(400 MHz, Methanol-d4) d 7.65 (d, J = 8.6 Hz, 1H), 7.43 (d, J = 8.6 Hz, 2H), 3.74 (s, 3H).

(3-(3-Phenylureido)phenyl)boronic acid (13e).

Following the general procedure described above, with 3-aminophenylboronic acid and aniline, (3-(3-phenylureido)phenyl)boronic

acid (13e) was isolated as an off-white solid and used in the next step without further purification. 1H NMR (400 MHz, Methanol-d4)

d 7.62 (bs, 1H), 7.51 (d, J = 7.4 Hz, 1H), 7.34 – 7.23 (m, 2H), 7.08 (dd, J = 8.5, 7.4 Hz, 2H), 6.71 (dt, J = 7.7, 1.1 Hz, 2H), 6.67 (tt, J = 7.4,

1.1 Hz, 1H).
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General Procedure for the Synthesis of Bicyclic Piperazines 16a-b

The Boc-protected bicyclic piperazine (14a-b; 250 mg, 1.18 mmol, 1.0 eq) was dissolved in a mixture of THF/MeOH (1:1). Form-

aldehyde (37% inH2O, 287 mL, 3.53mmol, 3.0 eq) was added, followed by addition of Na(OAc)3BH (274.5mg, 1.30mmol, 1.1 eq), and

the reactionmixturewas stirred overnight. The solvent was evaporated and the crude product purified by column chromatography on

silica (0 – 20% MeOH in DCM). The product was visualized on the TLC plate using a KMnO4 stain.

In order to remove the Boc-group, the product (15a-b) was dissolved in DCM, an excess of TFA was added, and the reaction

mixture was stirred at room temperature overnight. The solvent was evaporated, toluene was added and the solvent was evaporated

again. The crude products (16a-b) were used in the next step without further purification and the spectroscopic data matched those

reported in literature (Paliulis et al., 2013).

In Vitro Microsomal Stability
The microsomal stability assay was performed in round-bottom 96-well plates (Perkin-Elmer). To each well was added phosphate

buffer (182.2 mL, pH 7.4, 100 mM) followed by addition of NADPH regenerating system solution A (10 mL), and NADPH regenerating

system solution B (2 mL) (Corning). A stock solution of the compound to be analyzed (0.8 mL. 5 mM) or ethoxycoumarin (positive con-

trol, 0.8 mL, 5 mM) was added and the mixture was warmed to 37�C for 5 min. The mouse microsomes (CD-1, 5 mL, thawed in a 37�C
water bath before use, 20 mg/mL, Thermo Fisher) were added. At selected time points (0, 15, 30, 45, 60 and 120 min) aliquots (15 mL)

were withdrawn from the plate and quenched upon addition to cold acetonitrile (60 mL), containing an internal standard (5 mM) in a

96-well plate. The samples were centrifuged at 13,000 rpm for 10min at 4�C. The supernatant (40 mL) was withdrawn and transferred

to a sample vial with insert. The samples were analyzed by LC-MS.

LC-MS analysis was performed on a platform comprising a Thermo Scientific Dionex Ultimate 3000 and a Bruker amaZon SL

equipped with an electrospray ionization source controlled by Bruker Hystar 3.2. Chromatographic separation was performed by in-

jecting 5 mL of the sample onto an Agilent Eclipse Plus C18 column (2.1 x 50 mm, 3.5 mm) maintained at 20�C. The flow rate was

maintained at 400 mL/min. The initial flow conditions were 60% solvent A (water containing 0.1% acetic acid) and 40% solvent B

(methanol containing 0.1% acetic acid). Solvent B was raised to 60% over 0.25 min and to 70% by 6.75 min. Solvent B was raised

to 95% by 7.00 min and lowered back to initial conditions (40%) by 8.00 min with a total run time of 9.00 min.

In Vivo Pharmacokinetics
For in vivo administration, 40 mg/mL DMSO stocks of compound 1 and Prostetin/12k were further diluted to 2 mg/mL in a vehicle

containing 40%PEG-400 (Sigma) and 55%of a (2-hydroxypropyl)-beta-cyclodextrin solution (20% in nanopure water, Sigma). Com-

poundswere delivered at 10mg/kg by intraperitoneal injection or oral gavage to 8-week oldwild-typemice. After 15min, 3 h, 8 h or 24

h, animals were decapitated to collect trunk blood and dissect fresh brain tissue. Blood samples were treated with EDTA solution

(50 mM final concentration) to prevent coagulation and centrifuged for 10 min at 845 rcf at 4�C to separate plasma. Fresh brains

were lysed in 5 volumes of ddH2O.

Plasma samples were transferred to Eppendorf tubes (50 mL per sample) and diluted with acetonitrile (200 mL). The samples were

sonicated for 1 min followed by centrifugation at 16,000 rpm for 10 min. The supernatant was transferred to another Eppendorf tube

and the solvent evaporated overnight. The sampleswere reconstituted in amixture of 40 mL acetonitrile and 10 mLwater transferred to

a sample vial with insert, and analyzed by LC-MS.

Homogenized brain samples (250 mL) were transferred to Eppendorf tubes and diluted with acetonitrile (750 mL). The samples were

sonicated for 1 min followed by centrifugation at 16,000 rpm for 10 min. The supernatant (900 mL) was transferred to another Eppen-

dorf tube and the solvent evaporated overnight. The samples were reconstituted in a mixture of 80 mL acetonitrile and 20 mL water,

transferred to a sample vial with insert, and analyzed by LC-MS.

LC-MS analysis was performed on a platform comprising a Thermo Scientific Dionex Ultimate 3000 and a Bruker amaZon SL

equipped with an electrospray ionization source controlled by Bruker Hystar 3.2. The compound concentration in each plasma
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sample was determined using a calibration curve. Chromatographic separation was performed by injecting 10 mL of the sample onto

an Agilent Eclipse Plus C18 column (2.1 x 50 mm, 3.5 mm)maintained at 20�C. The flow rate wasmaintained at 400 mL/min. The initial

flow conditions were 60% solvent A (water containing 0.1% acetic acid) and 40% solvent B (methanol containing 0.1% acetic acid).

Solvent B was raised to 60% over 0.25 min and to 70% by 6.75 min. Solvent B was raised to 95% by 7.00 min and lowered back to

initial conditions (40%) by 8.00 min with a total run time of 9.00 min.

Commercial In Vitro Kinase Inhibition Assays
Kinase inhibition assays were carried out by Reaction Biology Corp. using the ‘‘HotSpot’’ assay platform as described (Anastassiadis

et al., 2011). In brief, recombinant kinases and their appropriate substrates were combined at 25�Cwith test compound and amixture

of ATP and 33P ATP to a final concentration of 10 mM. For IC50 determination, 10 concentrations of each compound were tested for

each kinase (0.0002 – 0.1 mM, 2-fold serial dilution for HGK andMINK1; 0.002 – 1 mM, 2-fold serial dilution forMLK1 andMLK3); other-

wise, single compound concentrations were used, as indicated (Tables S3–S5 and S6). After 120 min, reactions were spotted onto

P81 ion exchange filter paper, and unbound phosphate was removed through washing. Background signal was assessed from con-

trol reactions containing inactive enzymes. Kinase activity data were expressed as the percent remaining kinase activity in samples

containing test compound vs. samples containing DMSO alone.

Microglia LPS Treatment and TNFa ELISAs
Immortalized N9 mouse microglia cells (Corradin et al., 1993) were plated at 8000 cells / well in gelatin-coated (0.1%, EMDMillipore)

96-well plates in DMEM containing FBS (10%, Fisher Scientific) and Glutamax (1%, Life Technologies). 24 h after plating, cells were

treated with LPS from E. coli O111:B4 (Sigma) plus test compounds at the indicated concentrations. 24 h after the initiation of LPS

treatment, 50 mL of cell culture media (25% of the final culture volume) were used to perform quantitative ELISAs for TNFa release

according to the manufacturer’s instructions (R&D Systems). Absorbance was assessed at 450 nm on a spectrophotometer

(TECAM), and readings at 540 nm were used for wavelength correction. N9 cells remaining in the culture dishes were treated with

AlamarBlue (Thermo Fisher) to assess viability. 5 mL AlamarBlue was added to each well (containing 50 mL culture media) and incu-

bated for 4h at 37�C. Absorbance was assessed at 570 nm, and readings at 600 nm were used for wavelength correction.

QUANTIFICATION AND STATISTICAL ANALYSIS

Two-way hierarchical clustering analysis was performed using Spotfire software (version 2017, TIBCO) to rank the shared targets of

hit compounds (Figure 1B). Strong inhibition of kinase activity was defined as <20% kinase activity remaining at 0.5 mM inhibitor con-

centrations. All statistical analyses were performed with Prism 8 (GraphPad Software). Data are represented as means ± SEM, and

were assessed for normal distribution. Plots ofmeans frommotor neuron survival assays represent triplicate wells from single assays.

Unpaired, two-tailed t-tests were used to compare the effects of treatment on motor neurons in western blot assays. Regression

analyses (Pearson’s r) were used to evaluate the degree to which the inhibition of the activity of a given kinase correlated with neuro-

protection in the CPA assay for the listed compound 1 analogs (Table S2) at the indicated concentrations. In Figure 3D, kinases

whose activity was poorly inhibited by all 10 of the analogs tested (>20% activity remaining) were excluded from analysis. Two-

way ANOVAs were used to compare the effects of LPS vs. compound 1 analog treatment on N9 microglia. ANOVAs were

supplemented with Dunnett’s multiple comparisons tests to assess interactions between conditions.

DATA AND CODE AVAILABILITY

This study did not generate any datasets or code.
e37 Cell Chemical Biology 26, 1–13.e1–e37, November 21, 2019


	Development of MAP4 Kinase Inhibitors as Motor Neuron-Protecting Agents
	Introduction
	Results
	HGK (MAP4K4) and NUAK1 Are Common Targets of Neuroprotective Kinase Inhibitors
	HGK Inhibitors, but Not NUAK1 Inhibitors, Are Strongly Neuroprotective
	URMC-099 Inhibits ER Stress-Mediated Apoptosis via the JNK Pathway
	Structure-Based Compound Design Yields Potent and Efficacious Derivatives of URMC-099
	HGK Inhibition Correlates Strongly with Motor Neuron Survival
	The Inhibition of Related MAP4Ks Correlates with Motor Neuron Survival
	Compound 12k Exhibits Increased Metabolic Stability
	Prostetin/12k Is Stable, Orally Bioavailable, and Brain Penetrant In Vivo
	Identification of Additional Kinase Targets of Prostetin/12k
	Prostetin/12k Maintains the Anti-inflammatory Properties of Compound 1

	Discussion
	Significance
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Lead Contact and Materials Availability
	Experimental Model and Subject Details
	Generation of Human and Mouse Stem Cell Lines
	Human Motor Neuron Differentiation
	Mouse Motor Neuron Differentiation
	N9 Microglia Culture Details
	Mouse Maintenance

	Method Details
	Human Motor Neuron Survival Assays
	Biochemical Analysis of JNK Pathway Regulation
	General Experimental Details for the Synthesis of Compound 1 Analogs and Intermediates
	Synthesis Route for the Synthesis of Piperazine Analogs

	4-(1H-Pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde (3)
	5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (4)
	3-Iodo-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (5)
	tert-Butyl 3-iodo-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine-1-carboxylate (6)
	General Procedure for the Suzuki Coupling and In Situ Deprotection

	3-(1H-Indol-5-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (1)
	3-(1H-Indol-2-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7a)
	3-(6-Ethoxypyridin-3-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7b)
	3-(Dibenzo[b,d]furan-4-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7c)
	3-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7d)
	4-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)aniline (7e)
	3-(Benzo[b]thiophen-3-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7f)
	3-(Benzo[b]thiophen-2-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7g)
	3-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)aniline (7h)
	2-Fluoro-5-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)benzoic acid (7i)
	3-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)benzoic acid (7j)
	5-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)pyrimidin-2-amine (7k)
	3-Methyl-5-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)pyridin-2-amine (7l)
	5-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)pyridin-2-amine (7m)
	5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-3-(pyridin-4-yl)-1H-pyrrolo[2,3-b]pyridine (7n)
	4-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)benzonitrile (7o)
	5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-3-(3-nitrophenyl)-1H-pyrrolo[2,3-b]pyridine (7p)
	3-(4-Isopropoxyphenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7q)
	3-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenol (7r)
	3-(1-Methyl-1H-pyrazol-4-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7s)
	4-((5-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)thiophen-2-yl)methyl)morpholine (7t)
	5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-3-(6-(methylsulfonyl)pyridin-3-yl)-1H-pyrrolo[2,3-b]pyridine (7u)
	5-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (7v)
	3-(Furan-3-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7w)
	1-(4-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)ethan-1-one (7x)
	3-(3-Fluorophenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7y)
	5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-3-(4-(trifluoromethoxy)phenyl)-1H-pyrrolo[2,3-b]pyridine (7z)
	4-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (7aa)
	5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-3-(3-(trifluoromethyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7ab)
	5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-3-phenyl-1H-pyrrolo[2,3-b]pyridine (7ac)
	3-(3-Chlorophenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7ad)
	3-(2,4-Dichlorophenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7ae)
	3-(2,5-Dimethylphenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7af)
	1-Methyl-6-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (7ag)
	3-(1-Benzyl-1H-pyrazol-4-yl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7ah)
	5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-3-(1,3,5-trimethyl-1H-pyrazol-4-yl)-1H-pyrrolo[2,3-b]pyridine (7ai)
	3-(3,5-Bis(trifluoromethyl)phenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7aj)
	1-Methyl-3-(3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)urea (7ak)
	Methyl (3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)carbamate (7al)
	1-Methyl-3-(4-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)urea (7am)
	Methyl (4-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)carbamate (7an)
	3-(4-((4-Methoxybenzyl)oxy)phenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7ao)
	5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-3-(3,4,5-trimethoxyphenyl)-1H-pyrrolo[2,3-b]pyridine (7ap)
	3-(4-Methoxy-3-methylphenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7aq)
	3-(3-(Benzyloxy)phenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7ar)
	3-(2-Chlorophenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7as)
	3-(2-Methoxyphenyl)-5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (7at)
	1-(3-(5-(4-((4-Methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)-3-phenylurea (7au)
	2-Fluoro-N-(furan-2-ylmethyl)-5-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)benzamide (7av)
	1-Cyclohexyl-3-(4-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)urea (7aw)
	(R)-1-(3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)-3-(1-phenylethyl)urea (7ax)
	1-(Furan-2-ylmethyl)-3-(3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)urea (7ay)
	1-(2-Methoxyethyl)-3-(3-(5-(4-((4-methylpiperazin-1-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)phenyl)urea (7az)
	General Procedure for the Synthesis of 9a, 9b, and 9c

	4-(5-Bromo-1-tosyl-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (9a)
	5-Bromo-3-(3-fluorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridine (9b)
	5-Bromo-3-(3-chlorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridine (9c)
	General Procedure for the Synthesis of 10a, 10b, and 10c

	4-(3-(1H-Indazol-4-yl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde (10a)
	4-(3-(3-Fluorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde (10b)
	4-(3-(3-Chlorophenyl)-1-tosyl-1H-pyrrolo[2,3-b]pyridin-5-yl)benzaldehyde (10c)
	General Procedure for the Synthesis of 12a-l

	3-(4-(3-(1H-Indol-5-yl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzyl)-8-oxa-3-azabicyclo[3.2.1]octane (12a)
	3-(1H-Indol-5-yl)-5-(4-((8-methyl-3,8-diazabicyclo[3.2.1]octan-3-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (12b)
	3-(1H-Indol-5-yl)-5-(4-((3-methyl-3,8-diazabicyclo[3.2.1]octan-8-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (12c)
	4-(5-(4-((8-Methyl-3,8-diazabicyclo[3.2.1]octan-3-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (12d)
	4-(5-(4-((3-Methyl-3,8-diazabicyclo[3.2.1]octan-8-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-indazole (12e)
	3-(3-Chlorophenyl)-5-(4-((3-methyl-3,8-diazabicyclo[3.2.1]octan-8-yl)methyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (12f)
	5-(4-([1,4'-Bipiperidin]-1'-ylmethyl)phenyl)-3-(3-fluorophenyl)-1H-pyrrolo[2,3-b]pyridine (12g)
	2-(4-(4-(3-(3-Fluorophenyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzyl)piperazin-1-yl)ethan-1-ol (12h)
	(R)-1-(4-(3-(3-Fluorophenyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzyl)pyrrolidin-3-ol (12i)
	5-(4-((4-(tert-Butyl)piperazin-1-yl)methyl)phenyl)-3-(3-fluorophenyl)-1H-pyrrolo[2,3-b]pyridine (12j)
	2-(4-(4-(3-(3-Chlorophenyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzyl)piperazin-1-yl)ethan-1-ol (Protstetin/12k)
	(R)-1-(4-(3-(3-Chlorophenyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzyl)pyrrolidin-3-ol (12l)
	General Procedure for the Synthesis of Boronic Acids 13a-e

	(3-(3-Methylureido)phenyl)boronic acid (13a)
	(3-((Methoxycarbonyl)amino)phenyl)boronic acid (13b)
	(4-(3-Methylureido)phenyl)boronic acid (13c)
	(4-((Methoxycarbonyl)amino)phenyl)boronic acid (13d)
	(3-(3-Phenylureido)phenyl)boronic acid (13e)
	General Procedure for the Synthesis of Bicyclic Piperazines 16a-b

	In Vitro Microsomal Stability
	In Vivo Pharmacokinetics
	Commercial In Vitro Kinase Inhibition Assays
	Microglia LPS Treatment and TNFα ELISAs

	Quantification and Statistical Analysis
	Data and Code Availability





