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ABSTRACT

Recent literature has both suggested and questioned MTH1 as a novel cancer target. BAY-707 was
just published as a target validation small molecule probe for assessing the effects of
pharmacological inhibition of MTH1 on tumor cell survival, both in vitro and in vivo.! In this
report, we describe the medicinal chemistry program creating BAY-707, where fragment-based
methods were used to develop a series of highly potent and selective MTH1 inhibitors. Using
structure-based drug design and rational medicinal chemistry approaches, the potency was
increased over 10.000 times from the fragment starting point, while maintaining high ligand

efficiency and drug-like properties.



INTRODUCTION

One prominent feature of cancer is the increase in reactive oxygen species (ROS) in cancer cells
as compared to normal cells.? ROS are generated during cell metabolism and are highly reactive
towards most biological macromolecules such as nucleic acids and proteins.® Hence, cancer cells
have a higher dependency than normal cells on various ROS-related defense mechanisms, and

consequently, such pathways have been suggested as potential targets for cancer treatments.*

The nucleotide pool is also subject to oxidative damage by ROS, with the main oxidation
products being 8-0xo0-7,8-dihydro-2'-deoxyguanosine (8-oxo-dG) and its corresponding
nucleotides.®> Oxidized nucleotide triphosphates (such as 8-oxo-dGTP) are mutagenic and
cytotoxic when incorporated into DNA.6 To clear the nucleotide pool of such damaged
nucleotides, cells are equipped with enzymes, such as members of the NUDIX family
(NUcleoside DIphosphate linked to another moiety X).” Recent studies have suggested a
dependency of cancer cells to a particular enzyme of this family; Nudix hydrolase 1 (NUDT1) -
also called MutT Homologl (MTHI), which is upregulated in several cancer forms.®* MTH1
catalyzes the hydrolysis of 8-0x0-dGTP and scarcer oxidized nucleotides triphosphates to their
monophosphate counterparts, thus preventing their incorporation into DNA. The 8-oxo-dGMP

product is further hydrolyzed to 8-0xo0-dG and excreted from the cell.’

The first discoveries relating MTH1 to a role in cancer biology was published in 2011, in a study
that identified MTH1 as one of the genes induced by RAS overexpression.!® Given its role in
nucleotide pool sanitization and ROS stress defense, further studies by the same authors showed
that MTH1 knockdown inhibits RAS-driven tumor cell growth in vitro and in vivo.!' More data

was published during 2014 lending further support to the hypothesis that MTH1 has a role in



prevention of DNA damage and cancer cell survival. It was shown that a phenotypic screening
hit, SCH51344 that inhibits the non-adherent growth of cancer cells, is an MTH1 inhibitor.!? (S)-
Crizotinib was also identified in this screen as a more selective MTHI1 inhibitor, and it was
shown that these compounds induce DNA damage and inhibit tumor cell growth both in vitro
and in vivo. In a third study, pharmacological target validation also looked promising, both in

vitro and in vivo, using the novel MTH1 inhibitor TH588.8

The first crystal structure of MTH1 became available in the PDB in 2011.!3!* The global interest
in this potential cancer target is revealed by the large number of structures of complexes which
have been released since then. More than 20 complex structures with either nucleotide analogues
or small molecule inhibitors have been published: the first one being with 8-oxo-GMP, the
product formed by hydrolysis of the main substrate, 8-0x0-dGTP.'>!® These ligands are all

competitive binders,®!%!”

and they share common binding motifs with the purine ring of the
substrate, including one or more hydrogen-bonds to the “key Asp119-Asp120 recognition

element”.'® Even though the ligand interactions to these aspartates appear to be crucial, the

number and positions of the atoms involved in hydrogen-bonding can vary significantly (Figure

1.
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Figure 1. Representations of the key interactions of selected inhibitors of MTHI1 (the
corresponding PDB ID is shown in parenthesis), with varying hydrogen bonding patterns to the
Aspl19-Asp120 recognition element (dotted lines): 8-oxo-GMP (3ZR0)!3, (S)-Crizotinib

(4C9X)!1?, TH588 (4N1U)3, AZ Compound 19 (5SANV)".

In 2016, reports started to appear that questioned the role of MTH1 in cancer cell survival.!”! In
one study, proteomic profiling was used to conclude that the proteome-wide fingerprints of cells
exposed to some of the pharmacological tools described in the 2014 studies did not resemble the
proteomic fingerprints of other DNA-damage inducing agents or other MTH1 inhibitors,
indicating that the observed effects of these compounds might be due to off-target effects.?’
These opposing results compared to the previous reports from 2014 emphasize the importance of

using high quality, orthogonal probes for target validation.?! >

Since none of the above publications from 2016 reported results from in vivo studies, the
hypothesis that MTH1 inhibition affects tumor growth in vivo could not be ruled out. To test this
suggestion, a novel MTH1 inhibitor (BAY-707) was recently used to evaluate the effects of

pharmacological target inhibition in a broad array of model systems, both in vitro and in vivo,



confirming the de-validation results from 2016'. This report describes the medicinal chemistry

program that created BAY-707, using fragment-based drug discovery methods.

CHEMISTRY

Compounds described in this report are based on 7-azaindole, 7-azaindazole or 7-
azabenzimidazole core structures, substituted in the 4-position and, in the first, optionally in the
2-position. The compounds were made by following a few general synthetic routes, as illustrated
by Method A and Method B outlined in Scheme 1 below. Depending on the nature of the
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substituent in the 4-position, either the Suzuki-Miyaura™ cross-coupling reaction, the Buchwald-

Hartwig?6?’

cross-coupling reaction or direct nucleophilic aromatic substitution was used to
introduce this substituent. To enable further functionalization in the 2-position of the core
structure, suitable handles were introduced by standard deprotonation procedures followed by
reaction with an appropriate electrophile. Some compounds were synthesized by combining one

of these routes with additional standard functional group transformations. Full details regarding

the synthesis of all compounds can be found in the experimental section.
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Scheme 1. “Reagents and conditions: (i) LDA, EtOCOCI, 2-MeTHF, -78 °C to rt; (ii) R1=aryl:
boronic acid reagent, Pd(amphos)Cl,, K2CO3;, MeCN:H>0, 120 °C; (iii) R'=-NR?R*: cyclic
secondary amine, NMP, 160 °C; (iv) LiOH-H,O, THF:MeOH:H-O, 50 °C; (v) (a) SOCl,, 80 °C,
(b) R*‘R°NH, THF, 0 °C to rt; (vi) LDA, 2-MeTHF, CO, -78 °C to rt; (vii) (a) SOCl,, 80 °C, (b)

EtNHz, THF, 0 °C to rt.



RESULTS AND DISCUSSION

Primary screening was performed using a fluorescence-based thermal shift assay (TSA) to screen
a library of 723 fragments at a compound concentration of 1 mM. The TSA monitors ligand
effects on temperature-dependent protein unfolding, where ligand binding would lead to a
positive Tm shift, as compared to the Tm of the apo-protein control. Hits were determined based
on a change in Tm of MTH1 equal to or greater than three standard deviations of the mean of the
Tm for the reference. Consequently, fragments with a ATm value of more than +1.0°C in both
duplicates were defined as hits. Applying this threshold, 166 fragments were identified that
significantly increased the thermal melting point of MTH1, with AT values ranging from 1.0 to

11.8°C. Such high hit-rate (23%) is usually indicative of a druggable active site.?8

Dose-response experiments were performed to verify the stabilization of MTHL1 for the most
promising hits from the single-point screening. The fragment concentrations were varied from
62.5 to 1000 uM and it was determined that the shift in ATm was dose-dependent for 48 of 49
tested initial hit fragments. One of the screening hits was a 7-azaindole compound, fragment hit
1, with a single point ATm of 3.9 °C at 1 mM (Figure 2). 1:1 binding was verified with ITC, with
a Kq of 49.5 uM (Figure S1). The azaindole was neither the most potent nor the most ligand
efficient fragment among the verified hits. Still, it was selected to be explored considering its
tractability from several other important perspectives: the azaindole core was providing
synthetically reasonable attachment points to grow the fragment into interesting parts of the
protein. Also, we were intentionally avoiding mainly lipophilic fragments containing a basic
amine.?® And last, all fragments containing the same aspartate-binding amino-pyrimidine and
amino-pyridine cores as the reference compounds TH588 and S-Crizotinib were deselected, to

ensure the creation of a novel and orthogonal series (Figure 1).



The fragment hit 1 was co-crystallized with human MTHI1 protein and the 7-azaindole core was
shown to make hydrogen bonds to both residues in the key recognition element mentioned
above: the acceptor is interacting with Asp119 and the donor is interacting with Asp120 (Figure
2a). The 7-azaindole core is sandwiched through pi-stacking interactions between aromatic
moieties of both Phe72 and Trp117 (Figure. 2b and 2c). The ester motif of 1 occupies the same
area as the ribose part of the product, indicating the 4-position of the 7-azaindole ring system as
an interesting starting point for growing the fragment hit into a larger molecule, aiming to
increase binding affinity. Analysis of the crystal structure of 1 in complex with MTH1 revealed
the existence of a minor pocket nearby Asp120, which we hypothesized could be targeted from

the 2-position of the 7-azaindole core structure (pocket 1, Figure 2b).
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Figure 2. (a) The 2D structure of fragment hit 1. Vectors from the 2- and 4-positions illustrate
the attachment points for synthetic expansions presented in this work. (b) and (c¢) Overlay of
complex between MTH1 and 1 (green, PDB ID: 6F20) and complex between MTH1 and 8-oxo-
dGMP (cyan, PDB ID: 3ZR0). Side-chains of Phe72, Trp117, Asp119 and Asp120 in the
structure of MTH1-1 complex are shown as sticks with their carbon atoms colored green. Water
molecules present in the inhibitor binding site of MTH1-1 complex are shown as red spheres. 8-
ox0-dGMP is displayed as thin sticks, with its carbon atoms colored cyan. The ester motif
occupies the same area as the ribose of 8-0xo-dGMP, and we refer to this area as the ribose
pocket. Clipped molecular surface of MTHI is shown in the MTH1-Compound 1 complex

structure. Figure 2 (c) is rotated 90 degrees as compared to figure 2 (b).

With the crystal structure of 1 in hand, our first approach for improving the fragment was to
investigate close analogues in our in-house compound collection. Based on the crystal structure,
docking studies were performed, and two compounds (2 and 3, Table 2) both with a substituent
in the 4-position of the 7-azaindole core, were predicted to maintain the binding mode of 1. TSA
data showed an increase in melting temperature for both compounds, suggesting an increased
binding affinity as compared to compound 1 (Table 1). Encouraged by these data, compound 4,
with a more lipophilic group in the 4-position, was synthesized and tested together with
compounds 1, 2 and 3 in a biochemical MTH]1 inhibition assay. All compounds showed an
increased potency as compared to 1 with at most a 5-fold increase in potency for 4, while

maintaining a high ligand efficiency (LE)*® (Table 1).

Next, we set out to explore whether pocket 1 (Figure 2b) could fit a substituent in the 2-position

of the 7-azaindole core. By visual inspection of the pocket, we reasoned that compound 5 was

12



the only representative from our in-house collection with a substituent (amide) that was small
enough to have a chance to fit into this minor pocket. It was encouraging to see that the amide in
the 2-position increased biochemical potency 20 times as compared to the matched pair
compound 3. In addition, compound 5 maintained a high LE, high solubility and even lower
lipophilicity (Table 1), indicating that exploring the 2-position would be an interesting option for

optimization.
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Table 1. Biophysical, biochemical and physicochemical data of fragment hit 1 and close analogues

R1
72 TSA Pot Physicochemical i
R2 otency ysicochemical properties
N N7
H
. . Solubility
Compo | g- R= oo | Do | e | (| RS | inbuffer
s (mM)[c]
1 Oj:O H 3.9 9.9 0.49 190.2 1.8 2
N
/
=
2 |N H 7.9 2.5 0.42 234.3 2.2 0.5
N
2\
3 X | H 8.2 3.7 0.49 195.2 1.6 2
Cl
4 @/ H n.d. [a] 1.9 0.49 228.7 3.5 0.25
>N O
5 N | \N)k/ 14.4 0.2 0.48 2523 0.3 1
H
a) n.d. not determined
b) cLogP was calculated using the ChemAxon Partitioning Plugin v16.10.24
¢) Solubility was estimated by visual inspection after dilution of the DMSO stock solution in buffer.

The compounds were diluted at least 1/100, to give a final DMSO concentration not higher than 1

%.
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Encouraged by the large potency gain from the amide of compound 5, we synthesized a small set
of five additional amide-containing compounds to further investigate the 2-position of the 7-
azaindole core (6-10, Table 2). To generate matched-pair compounds with a balanced

lipophilicity®!, m-chlorophenyl (as used in 4) was chosen as substituent in the 4-position.

The crystal structure of the ethyl amide analogue 7 was solved in complex with MTHI, to
understand the potency increase owing to the amide substituent in the 2-position. While the 7-
azaindole core remains in the same position as seen for the fragment hit 1, the amide makes two
additional hydrogen bonds to the protein; the donor is interacting with Asp120, and the carbonyl
acceptor is interacting with the backbone nitrogen of Gly34. In contrast to the crystal structure of
1, Asn33 has moved into a different conformation, and is now replaced by the amide carbonyl
(Figure 3). A similar interaction pattern, with a reversed amide substituent, was later published

by others (Figure 1, AZ Compound 19)."”

Y.

Figure 3. Crystal structure of 7, showing that the 7-azaindole core remains in the same position as

the fragment hit 1. MTH1-1 and MTHI1-7 complexes are colored green and violet respectively.
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Residues interacting with the compounds, and compound themselves, are shown as thin (complex
with 1) or thick (complex with 7) sticks with their carbon atoms colored following the same code
as the secondary structure elements. Water molecules present in the binding-site of MTH1-7
complex are shown as red spheres. Hydrogen bonds are displayed as orange dashes. Clipped

molecular surface of MTHI1 is shown in the MTH1-7 complex structure (PDB ID: 6F1X).

From a computational chemistry perspective, it is interesting to note that neither the binding
mode of 7, nor any of its analogues, could be predicted correctly via docking studies, using any
of the crystal structures available at that time (4C9X, 4CO9W, 3ZR0, 3ZR1, 3Q93, 4NI1T, 4N1U,
Compound 1). In all but one of these structures, the carbonyl of the flexible residue Asn33 is
occupying the same position as the carbonyl of the amide of 7. The only exception is 4CX9,
where Asn33 occupies a similar position as in the MTH1-7 complex. However, even when
modifying the protonation states of the 4C9X aspartates to accommodate the hydrogen bonding
pattern of 7, the binding mode of the amide could still not be predicted correctly. We believe this
is an interesting example of how computational selection methods of new compounds should be
complemented by visual inspection of the crystal structures, to take advantage of the intuition of
experienced medicinal chemists when doing structure-based design. In retrospect, however, we
did try induced fit docking, allowing for the active site residues to be flexible, and with this more

time-consuming protocol, the correct amide binding mode could indeed be predicted correctly.

In combination with the crystal structure of 7, the small set of five amide-containing compounds
generated distinct knowledge for the structure activity relationships (SAR) in 2-position: the
importance of the hydrogen bond interaction with Asp120 is clearly seen in the severe drop in
potency for the tertiary amide of 8, lacking the donor. The equally severe drop in potency seen

for the primary amide of 9, shows the importance of filling the remaining part of pocket 1 with a

16



small alkyl substituent, which is then surrounded by the hydrophobic residues Leull, Leu20,
Met116 and Phel124. Thus, only secondary amides (6, 7, and 10) were well tolerated and resulted

in compounds with low nM potencies and maintained LE (Table 2).

To further explore pocket 1, and particularly to investigate whether more diverse types of
substituents other than amides were allowed in the 2-position, four additional matched-paired
compounds were synthesized (Table 2). Attempts to gain potency by either simply filling the
pocket with a methyl group (11) or by attempting to make polar interactions with the protein, as
predicted by docking studies, were unsuccessful. Both compounds 12 and 13 contain other types
of acceptors, aiming to mimic the amide carbonyl hydrogen bond to the backbone of Gly34.
However, both the nitrile and the oxazole rather reduced potency, as compared to the matched
pair compound 4, without a substituent in the 2-position. Compound 14, with a methylene
hydroxyl substituent, was predicted by the docking studies to be able to either interact either as
an acceptor to Gly34, or as a donor to Asp120. However, despite both of these hydrogen-bonding
possibilities, 14 was merely equally potent as the matched pair compound 4. To summarize to
optimization efforts in the 2-position, the secondary amide analogues 6, 7 and 10 were
considered the most promising compounds so far, with low nM biochemical potency and high

solubility.

17



Table 2. Biochemical potency and physicochemical properties for variations in 2-position.

Cl

Potency Physicochemical properties
rR— [
N ~
NN
Biochemical ICso Solubility in
Compound R2 (LM) LE clogP MW buffer (mM)
O
6 \N)g’ 0.012 0.54 2.1 285.7 0.25
H
i
7 A~ 0.020 0.5 2.5 299.8 0.25
N)V
@)
8 \N)k/ 2.7 0.36 2.4 299.8 0.25
I
(0]
9 5.8 0.41 1.9 271.7 0.1
HoN
A
10 0.010 0.49 2.5 311.8 0.1
N
HJ\/
11 _g >10 3.5 242.7 0.05
12 N:—§ 5.6 0.42 3.1 253.7 0.25
N
13 [/o\\-% >10 2.6 295.7 0.05
HO
14 1.4 0.44 2.4 258.7 0.01
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Since our main objective was the development of both potent and highly selective MTH1
inhibitors, we wanted to assess the kinome selectivity profile already at this early stage of the
program. We were especially concerned by the presence of the 7-azaindole core in our series,
since this substructure is commonly seen as a hinge binding motif in kinase inhibitors.>?
Consequently, we assessed the kinome selectivity profile of 10, as a representative structure of
the azaindole series. Aiming for a selectivity window of at least 1000 times, compound 10 was
tested in single point at I pM in a 97-member kinase panel [DiscoverX’s scanEDGE™ Kinase
Assay Panel]. It was encouraging to see that the compound did not hit any of the included

kinases at significant levels [S-score = 0, Supporting information].

After the 2-position had been explored, we decided to continue the optimization work using the
substituent in the 4-position, aiming to explore the ribose pocket further (Figure 2). A sitemap
analysis using the crystal structure of MTH1-7 proposed that this area would favor quite bulky,
lipophilic substituents, possibly in combination with a donor to interact with any of the backbone
carbonyls of Thr8, Phe27 or Gly34 (Figure S2, Supporting information). Consequently, we
aimed to introduce larger lipophilic substituents with high 3D character, still retaining rigidity, in
hope of improving potency by filling the ribose pocket more optimally. In addition, increasing
the fraction of sp3 carbons is a general strategy to improve vital drug properties, such as

metabolic stability, solubility and selectivity.>*3*

A new set of compounds (15 - 19) with cyclic amines in the 4-position were selected for
synthesis based on docking studies and availability of starting materials. We were intentionally
avoiding additional donors to maintain high permeability.*> Compound 16, with a 2-
phenylpyrrolidine in the 4-position, resulted in the highest increase of potency and LE (Table 3).

The structure of the complex between 16 and MTH1 showed a maintained binding mode of the

19



7-azaindole core, and the bulky phenyl tightly occupying the pocket between the lipophilic
residues Tyr7, Leu9 and Met81 (Figure 4). The most potent compounds 15 and 16, together with
the previous representative compound 10, were assessed for primary ADME properties. In
general, solubility was high, Caco-2 permeability promising whereas mouse microsomal stability

was low (Table 3).
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Figure 4. Overlay between the structure of MTH1-16 (white) and MTH1-1 (green). Compound
16 and compound 1 are displayed as thick and thin sticks respectively, with their carbon atoms
colored following the same code as the secondary structure elements. The sidechains of MTH1
residues forming the cavity surrounding the phenyl moiety of 16 are displayed as sticks. Clipped

molecular surface of MTH1 is shown in the MTH1-16 complex structure (PDB ID: 6F23)

To determine whether a parallel SAR with respect to potency could be established, a few
pyrrolidine-based substituents in the 4-position were combined with a small number of
secondary amide substituents in the 2-position. Indeed, all combinations generated compounds
(20-25) that were highly potent, some of them even below the assay wall of 0.1 nM (Table 3).
When assessing Caco-2 permeability and metabolic stability, the most lipophilic representative
(20) was clearly the most permeable but also the least metabolically stable analogue. Comparing
to the more hydrophilic examples (21-24), it seemed reasonable to believe that microsomal
stability was favored by decreasing lipophilicity, which in turn seemed unfavorable for
permeability. This type of imbalance is commonly seen for small molecule drugs.*® Still, we

considered the compounds 24 and 25 as the most promising representatives in this series so far,
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being highly potent, fairly stable in microsomes and with a medium Caco-2 permeability (Table

3).

Considering the very high potency of our compounds, we decided to deliberately discard the
affinity-increasing amide-substituent in the 2-position, aiming to investigate whether the
permeability and/or microsomal stability could be improved at the expense of potency. In the
design process, we were also bearing in mind that increasing the fraction sp3-carbons and
decreasing molecular weight and the number of aromatic rings may be favorable to improve drug
properties.’!*¢ We hypothesized that exchanging the carbon in the 2-position of the 7-azaindole
core for a nitrogen would lead to a small decrease in lipophilicity, which might be beneficial for
increasing metabolic stability.>” More importantly, this extra nitrogen would remove the C-C
double bond of this core, which we hypothesized could be significant for improving metabolic
stability.>® Thus, a set of the most promising 4-position substituents of earlier compounds and
some additional new variations, were transferred to the 7-azaindazole core, creating compounds
26-30 (Table 3). Three of these showed biochemical potencies in the low nanomolar range,
which is equivalent to the original 7-azaindole compounds, but as expected, neither of them were
more potent than the corresponding 7-azaindole amide analogues. Permeability was very high for
all of these small compounds (MW < 350), with no signs of efflux (Table 3). However, the
metabolic stability was still low, and in fact all 7-azaindazole compounds were less stable than
the 7-azaindole amide analogues. Also, the matched paired compounds 16 and 27, with the 2-
phenylpyrollidine substituent combined with the 7-azaindole and 7-azaindazole cores

respectively, were equipotent and showed similar permeability, stability and solubility profiles.

The crystal structure of 29 showed a structural water within hydrogen-bonding distance from the

newly introduced 2-position nitrogen of the 7-azaindazole core. Interestingly, this water is also at
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hydrogen-bonding distance from both interaction points (Gly34 nitrogen and Asp120) of the
earlier compounds with an amide substituent in the 2-position (Figure 5). While making

hydrogen-bonding interactions with a structural water in some cases may increase potency>>*, i

n
our case, all matched-pair compounds (9 and 26, 20 and 27, 22 and 28) clearly showed that the

amide interactions were more important for potency than the corresponding interactions made by

the structural water.

Figure 5. Overlay between the complex structure of MTH1-29 (yellow) and MTH1-1 (green).
Compound 29 and 1 are displayed as thick and thin sticks, respectively with their carbon atoms
colored following the same code as the secondary structure elements. Sidechain of MTH]1
residues interacting with the compounds are shown as thin (1) and thick (29) sticks, respectively.
Water molecules present in the binding site of 29 are depicted as red spheres. Hydrogen bond
between MTH1, water molecules and 29 are displayed as orange dashes. Clipped molecular

surface of MTHI1 is shown in the MTH1-29 complex structure (PDB ID: 6F22).
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To assure a maintained high selectivity profile for the most promising representatives of our
chemical series, compound 24 was tested in the same 97-membered kinase panel as compound
10. Again, excellent selectivity was achieved [S-score = 0, Supporting information]. In addition,
24 was also tested in a 215-membered ATP-ase panel, including the structurally related MTH1-

analogues NUDT2, NUDT3 and NUDTY7. In summary, 24 was more than 1000 times selective

against all additional anti-targets at 1 uM [Supporting information].

Cellular on-target engagement was another important property we wanted to verify for our
MTH1-inhibitors. The most promising amide-containing compounds 20, 24 and 25 were selected
for evaluation, together with two less potent compounds 16 and 28. These compounds were
selected both as representatives for the different sub-series and to cover a biochemical potency
range between 50 and 0.1 nM. TH588 was also included for comparisons.® To produce a reliable
tool compound, we were aiming at creating compounds with a target engagement ECso value that
was more potent than the reference compound TH588. The compounds were evaluated in K562
cells in dose-response, using the cellular thermal shift assay (CETSA®).*! There was a strong
correlation between biochemical potency and CETSA ECso. The three most potent compounds
(20, 24 and 25) had significantly higher CETSA ECso values than the reference, and compounds
20 and 24 were 100 times more potent in both the biochemical and CETSA assays (Figure 6).

Similar ECso values of TH588 have been reported previously.®!’
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Figure 6. There was a strong correlation between biochemical potency and target engagement in
cells, using CETSA. Dotted line is showing y=x-1.5, indicating a drop-off from the biochemical
assay to the cellular assay of about 30 times. Three compounds (20, 24 and 25) had significantly

higher pECso in CETSA than the reference TH588.

During the design process, a computational model was iteratively developed for predicting the
potency of compounds in the 7-azaindole and 7-azaindazole series. The docking protocols
usually predicted the correct binding mode, as assessed by crystal structures. Initially,
substituents in the 4-position were prioritized for synthesis based only upon predicted binding
mode of the final compound, primarily selecting the ones that allowed the core to maintain the
same interaction mode to MTH1 as compound 1. However, the docking score could not predict
potency.*? Considering the importance of the hydrogen-bond between the pyridine-type nitrogen
N7 of the 7-azaindole ring and the Asp119 carboxylate, we combined the docking score and
predicted pKa of N7 into a small partial-least-squares (PLS) model. This model was later fine-
tuned by including a simple heavy atom count descriptor. During the optimization work, this
model was continuously improved and used for selecting substituents in the 4-position., and the

last iteration resulted in a predictive PLS model (R2 0.87), covering a potency range of more
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than five log-units [Figure S3 and Table S2, Supporting information]. In a recent study, another

docking-based model was used to virtually optimize fragments for MTH1-binding.*

Inspired by the importance of the pKa of N7 in the core structure, the high potency of the 7-
azaindazole core, and considering that a large portion of a ligand’s affinity to a protein usually
comes from electronic interactions with key residues, the core itself was also subjected to further
investigation.***> Two matched pair variations of the azaindole and azaindazole cores,
introducing an extra nitrogen in 3- and 5-position respectively, were synthesized. They were
designed to investigate how these electronic variations would affect the hydrogen-bonding
strength to the aspartates. None of them resulted in an improved potency (Table S3, Supporting
information). To examine whether other nitrogen variations would be more favorable for affinity,
another type of predictive potency model was developed. We were inspired by a previously
published model, using density functional theory (DFT) calculations, where other types of core
structures are interacting with two key aspartates of a protease.*® Our model used the same
methodology, and was used to predict the potency of three additional, virtual variations of the
azaindole. However, since all three virtual compounds were suggested to be less potent than the
original azaindole and azaindazole cores, we decided not to synthesize any additional variations

(Figure S4, Supporting information).

To summarize the optimization-work so far, we decided to keep both the original 7-azaindole
core and the secondary amide in the 2-position, since compounds such as 24 were combining the
highest potencies in both the biochemical and CETSA assays with high kinome and ATPase
selectivity, as well as showing the most promising permeability and stability profiles. In the next
optimization cycle, we were aiming to fine-tune the ADME properties, with respect to Caco-2

permeability and metabolic stability. Using a combination of the collected SAR knowledge from
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all previous compounds, the PLS potency model and the above mentioned medicinal chemistry
rules of thumb, four new compounds (31-34) were designed with both new and previously used
substituents in the 4-position. In these compounds, a combination of picomolar potency, high

solubility, high permeability and acceptable metabolic stability was finally realized (Table 3).
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Table 3 Biochemical potency, physicochemical properties, metabolic stability and Caco-2
permeability data for variations in 2- and 4-position substituents on the azaindole and

azaindazole cores.
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*CaCo2-permeability measurements for compounds

31 - 34 were performed by an in-house

method, as described in the experimental section. For all the other compounds the cell permeability

was provided by Jubilant Life Sciences Ltd, as described in the experimental section.
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Considering the promising properties of the four last compounds (31-34), they were nominated
for additional in vitro studies, aiming at selecting one compound for in vivo efficacy studies.
Complementary in vitro stability profiles were determined, using both human liver microsomes
and rat hepatocytes. The overall highest stabilities were shown for compounds 32 and 34 (Table
4), also being the most stable in mouse microsomes (Table 3). The permeability profiles were
also reevaluated internally, being aware of the commonly seen lab-to-lab variability in Caco-2
assays.*” Given the higher A-B permeability and lower efflux ratio of 32 as compared to 34
(Table 3), we chose 32 as our probe compound, to be used in further in vivo studies. The in vivo
bioavailability of 32 in mice was later shown to be high, and this probe molecule was extensively

used to evaluate the potential of MTH1 inhibitors for the treatment of cancer.'

Table 4. In vitro stability for the four most optimized compounds.

Human liver Rat hepatocytes
microsomes

Compound CL blood Fmax CL blood Fmax
P (L/h/kg) (%) (L/h/kg) (%)

31 0,3 76,4 2,8 32,3
32* 0,3 78,4 0,5 87,3

33 0,6 57,4 3,5 17,8

34 0,4 72,4 1,4 67,6

* Compound 32 = BAY-707

In order to create a structurally related companion negative control probe, 32 was N-methylated
in the 2-position, to disrupt the capability to interact with the key Asp120. Indeed, this
methylated compound (35) demonstrated no activity in the MTH1 enzymatic assay until the

highest concentration tested (20 uM). Furthermore, the physicochemical and pharmacokinetic

30



properties of 32 (named as BAY-707) and 35 (named as BAY-604) were evaluated,
demonstrating similar or better profiles as compared to the reference compound TH588 (Figure 7
and Table S4, Supporting information). Finally, the selectivity profiles across 20 members of the
NudiX family were assessed for both probe compounds, using TSA. A significant temperature
shift (21 °C) was observed only for 32, against its primary target MTH1, demonstrating the high

selectivity of this new chemical matter (Figure S5 and Supporting information).

0]
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Figure 7. Compounds 32 and 35 were created as positive and negative probes for MTH1.
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Conclusions

Starting from a generic, 10 uM fragment hit, a series of highly potent and selective MTH 1
inhibitors were designed in a rational manner. Using fragment-based drug discovery methods
and structure-based design, only 20 compounds were needed to improve biochemical potency by
10.000 times, while maintaining drug-like properties throughout the process, such as high ligand
efficiency, high solubility and low lipophilicity. An additional 15 compounds were designed to
improve the ADME properties, thus generating both permeable and stable compounds. As a
result, the probe compound BAY-707 was created, allowing for extensive target validation work
both in vitro and in vivo, when evaluating the potential of MTHI1 inhibitors as a novel treatment
of cancer.! Both BAY-707 and its companion negative control BAY-604 are now available as

probe molecules at the Structural Genomics Consortium (SGC).
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EXPERIMENTAL SECTION

Production of MTH1 enzyme. Full length human MTH1 was expressed and purified as

previously described.!

Thermal shift assay. Purified MTHI1 was screened against a library of 723 structurally diverse,
soluble fragments. The thermal shift assay was performed in 96-well PCR plates (Bio-Rad) using
a CFX96 Real-Time PCR Detection System (Bio-Rad). Protein unfolding was monitored using
the fluorescent dye SYPRO Orange, which was purchased from Life Technologies as a 5000-

times concentrated solution in 100% dimethyl sulfoxide (DMSO).

Each well contained 24 pL of 0.1 mg/mL of MTHI1 protein in TSA buffer (20mM HEPES pH
7.5, 0.3M NaCl, 10% glycerol, 0.5mM TCEP) and 5x Sypro Orange dye. Fragments were added
from a 25 mM master stock in 100% DMSO at a volume of 1 pL, yielding a final concentration
of 1 mM in 4% (v/v) DMSO. 16 wells with MTHI1 protein in 4% DMSO were used as reference
samples in each plate. The plates were sealed with optically clear adhesive seals (Bio-Rad) and

centrifuged at 1000 x g for 2 mins.

The fluorescence intensity data was acquired with excitation and emission wavelengths of 470
and 570 nm, respectively. The fluorescence was measured from 40 °C to 80 °C at a rate of 0.5 °C

per 10 seconds. All measurements were carried out in duplicate and average values are reported.

The minimum and maximum fluorescence signal before and after the transition is used to
determine the melting temperature, Tm, which is the inflection point of the sigmoidal

denaturation curve. The raw data was exported to Microsoft Excel, and the Tw calculations were
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performed in XLfit using a Boltzmann Sigmoidal fit. The AT, for each fragment is calculated as
the difference between the Twm in the presence and absence of fragments,

ATm = Tm(fragment) — Tm(DMSO only). Significant thermal stabilization should be at least three
times above the standard deviation of the DMSO controls, the initial hit cutoff value was set to

+1.0 °C.

49 of the 166 initial hits were selected for retesting. Dilution series of the fragments were
prepared in DMSO at 25 times the final assay concentration. MTH1 protein diluted in TSA
buffer was added to the fragments as described above, giving final fragment concentrations from

62.5 to 1000 uM in 4% (v/v) DMSO (n1=n¢/2 in 5 titration steps).

Isothermal titration calorimetry (ITC). An ITC200 microcalorimeter (MicroCal/GE
Healthcare) was used to obtain the thermodynamic information of binding between MTH1 and
fragment 1. All the measurements were performed in a buffer composed of 20 mM Tris pH 7.5,
150 mM NacCl, 2 mM MgCl, 10 % glycerol, 0.5 mM TCEP. The calorimeter cell (volume 200
uL) was loaded with MTH1 protein at a concentration of 326 pM and the syringe was loaded
with fragment 1 (dissolved in the same buffer) at a concentration of 3 mM in 1.5% DMSO (v/v).
The DMSO concentrations in the cell and the syringe were carefully matched. Titrations were
carried out at 25 °C with a stirring speed of 1000 rpm and each reaction had an initial delay of 60
s. Spacing between injections was kept at 150 s and the reference power at 8 pcal/s. The injection
protocol included a single 0.4 pL first injection followed by 38 x 2 pL injections of the

compound into the calorimeter cell.

Data were analyzed using Origin 7 software package and fitted well to a one-site binding model.
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Crystallization of complex between compounds and MTH]1. Protein sample was thawed,
diluted to 1.8 mg/ml in 20 mM Tris-HCI pH 7.5, 150 mM sodium chloride, 5% glycerol, 2 mM
TCEP and 6 mM magnesium chloride. For each complexes preparation, the protein solution was
then supplemented respectively with either 0.25 mM (7 and 16) or 1 mM (1 and 29) of
compound. Incubation occurred overnight at 4 °C. Complexes were then concentrated 10 times
in an Amicon® Ultra (MWCO 10 kDa) (Millipore). Sample was centrifuged 30 min at 20000 x g

(4 °C) and supernatant was used to set-up crystallization trials.

In a 96-well plate (vapor diffusion using sitting-drop), 0.15 uL. of complex was mixed with 0.15
uL of a reservoir solution composed with either 23-27% PEG 6000, 0.2-0.3 M lithium sulfate
and 0.1 M sodium acetate pH 3.6 (complexes with 7, 16 and 1) or 22% PEG 4000, 0.24 M
ammonium sulfate and 12.5% glycerol (complex with 29). Equilibration occurs against 50 pL of
reservoir solution at either 18 °C (complexes with 7, 16 and 1) or 4 °C (complex with 29). Rod-
like crystals appeared within 6 days. Crystals were briefly soaked into a cryoprotecting-solution
containing crystallization condition supplemented with 25% glycerol and then flash-frozen into

liquid nitrogen.

Data collection, structure determination and refinement. Diffraction data were collected at
the ESRF on the beamlines indicated in Table S1. Integration and scaling of data were performed
using XDS.*® Merging and truncating data were performed using the CCP4 suite of program.*’
Structures were solved by molecular replacement in Phaser’® using BAY707-MTHI1 structure
(PDB code: SNHY) as a model.! The asymmetric unit was composed with 2 molecules and
compounds were manually placed in the difference Fourier electron density maps. Final models

t51

were produced using iterative cycles of manual model-building in Coot °* and maximum-

likelihood refinement in Refmac.>? Furthermore, for MTH1-16 complex, TLS refinement
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(translation-libration-screw-rotation) were used during the latest stages of refinement using two
TLS groups per monomer as identified by TLSMD??* For MTH1-29, last stage of refinement was
performed using anisotropic refinement in Refmac. The respective accession codes together

with data processing and refinement statistics are reported in Table S1.

PPiLight biochemical assay. Dilution series of the compounds were prepared in DMSO at 100
times the final assay concentration (ni=n¢/3 in 10 points). The compounds were further diluted to
5 times the assay concentration in assay buffer (40 mM Tris-HCI pH 7.5, 40 mM sodium
chloride, 10 mM magnesium chloride, 1 mM DTT, 0.005% Tween 20). 2 uL of the diluted
compounds were added to a 384 well assay plate followed by 2 pL of 0.5 nM enzyme (in-house
produced full length human MTH1). Enzyme and compounds were pre-incubated at room
temperature for 15 minutes. Then 6 pl of a substrate-converting-detection mixture (1 pL of 132
UM substrate (8-Oxo-2'-dGTP, TriLink Biotechnologies N-2034), 2.5 puL of converting reagent
and 2.5 pL of detection reagent (PPiLight pyrophosphate Detection Kit, Lonza LT07-610)) was
added to the wells containing compound and enzyme and mixing was performed by pipetting
several times. The assay plate was incubated at room temperature for 1 hour and then read in a
Victor 3V 1420 multilabel counter (Perkin Elmer), measurement time 0.1 seconds. Percent
inhibition of the compounds as compared to dimethyl sulfoxide treated control samples was
calculated. Compound concentration versus percent inhibition were fitted to generate ICso
values. Final compound concentration intervals are ranging from approximately 100x below to
100x above respective ICso value. The final concentration enzyme is 0.1 nM which defines the

limit for the ICso values that can be measured in the assay.
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Computational Chemistry. All computational chemistry work was done using Maestro 2016-3
from Schrédinger. Prior to docking studies and grid generation, the protein crystal structures
were curated by preprocessing them in the Protein Preparation Wizard, using default settings. As
the second step, hydrogen-bond assignment was done using default settings, and lastly a
restrained minimization was performed, on hydrogens only. Crystallographic waters were
removed in the active site, except for those structures that were used to dock the 7-azaindazoles

(making a hydrogen-bond to the crystallographic water binding to Asp120).

Docking grids and sitemaps were created using default settings, defining the active site
automatically around the crystallized ligand, belonging to each crystallized protein respectively.
Asp 119 was protonated on the oxygen at closest distance to Trp123, to allow for a hydrogen-

bond to the pyridine nitrogen of the core.
Glide dockings were done using default settings, without constraints.

The induced fit protocol was used for retrospectively predicting the correct binding mode of
compound 5 using the crystal structure of compound 1. Default settings were used, except for the

box size which was reduced to save time: “Dock ligands with length =<12A”.

The PLS-based potency prediction model was created within the Partial Least-Squares
Regression module in Canvas. Docking scores were generated as above, extracting the lowest
glide score from each grid based on the crystal structures of 7, 16 or 29, the last one keeping the
crystallographic water binding to Asp120. Heavy atom count (HAC) was calculated within
Canvas. Predicted pKa values of the 7-azaindole acceptor-nitrogen were calculated with the
Jaguar pKa-module, using default settings and water as solvent. Loading factors for the PLS-

model were -0.27 for glide score, 0.85 for HAC and 0.45 for predicted pKa. Predicted potencies,
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predicted pKa, glide scores and which compounds were used as training and test set are found in

Table S2, Supporting information.

The DFT-based potency model was based on calculating the difference in energy (dE) between
the protein-ligand complex in vacuum minus the energy of the protein alone in vacuum and the
ligand alone, in water. The predicted energy difference (a negative value) was linearly fitted to
the biochemical pICso values for the four synthesized compounds, using the equation pred(pICso)
=3.1-0.31*dE (Table S3, Supporting information). Parts of the surrounding residues trp117,
trp123 and phe72 were needed to keep the ligand in the correct position above the key residues
Aspl19 and Asp120 during energy optimization. Examples of the Jaguar input-files of how the
energies were calculated for the ligand only, protein-ligand complex and the apo-structure are
found the in the Supporting information. Basis set was lacvp+ and DFT method B3LYP. The
starting position of the ligands were created via super-positioning of the core onto the crystal

structure of 7.

CETSA. Isothermal concentration response curves*! were used to determine cellular target

engagement potency of the compounds on MTHI1.

K562 cells were cultured at 37 °C, 5% carbon dioxide in RPMI-1640 medium supplemented
with 10% fetal bovine serum, 100 units/mL penicillin and 100 units/mL streptomycin. The cells
were fed with half the volume additional fresh media a day prior to measurements. Cells of
passage 16-19 that reached a density of 1.0-1.4 million/mL were used in the experiments. Intact
K562 cells were pelleted by centrifugation and washed and re-suspended in HBSS at a cell

density of 40 million cells/mL. The cell suspension was divided into 30 pL aliquots and an equal
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volume of HBSS containing 2X the intended compound concentration was added, resulting in a
final cell concentration of 20 million cells/mL. Up to 11 step dilution concentrations of the
ligands in 1% DMSO were applied together with 1% DMSO only as control. The cells were

incubated with ligand at 37 °C for 60 minutes, with gentle mixing every 10 minutes.

The aliquots were heated to a single specific temperature, 54 °C, as determined from established
MTHI1 melt and shift curves, for 3 minutes, and lysed by 3 cycles of freeze-thawing. Precipitated
protein and cell debris were pelleted by centrifugation at 20000 x g for 20 minutes. Protein
amounts were detected using standard Western Blot techniques. For detection of specific MTHI1
bands the primary antibody sc-271082 (Santa Cruz Biotechnology) and the secondary antibody
sc-2055 (Santa Cruz Biotechnology) together with Clarity Western ECL substrate (Bio-Rad)

were used.

The Western Blot intensities were obtained by measuring the chemiluminescence counts per
square mm and they were plotted normalized to a relevant control count. The isothermal
concentration response data was analyzed and plotted using GraphPad Prism analysis and
software. The obtained CETSA ECso concentration response values represent the half maximal

concentration the ligands for stabilizing MTHI at 54 °C.

Caco-2 permeability assay. Caco-2 cells (purchased from ATCC) were seeded in DMEM 20%
FBS at a density of 6 x 10* cells/well in a 24-well plate (Millicell Cell Culture) and cultured for
21 days with media replacement every 3 days. Monolayer integrity was assessed by measuring

the transepithelial electrical resistance (TEER), and only wells with TEER values greater than
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500 Q cm? were considered for the permeability experiment. Digoxin was used as a control

compound for efflux.

Test compound working stock solution at 10 uM were prepared by spiking 10 pL of the
compound solution (10 mM in DMSO) in 9.990 mL transport media (TM)(HBSS buffer 10 mM

HEPES, pH 7.4).

Experiments were performed in the apical (A) to basolateral (B) (A to B) as well as in the
basolateral to apical (B to A). Cells were washed twice with TM and the cell filter plate was
transferred to a 24-well transporter analysis plate containing either 1.0 mL TM per well (for A to
B setup) or 10uM test compound and 5 uM reference compound (for B to A setup), in the
receiver chamber. Permeability study was initiated by adding 0.3 mL of TM 10 uM of test
compound or 5 uM of reference compound to donor chamber (A to B setup) or TM alone (B to
A setup) in duplicates. Plates were incubated at 100 rpm and 37 °C and an aliquot of 100 pL was
collected from donor as well as receiver chamber at intervals of time 0 and 60 minutes as
indicated. After addition of equal volumes of acetonitrile containing IS (phenacetin, 200 ng/ml),

samples centrifuged, and the cleared supernatants analyzed by LC-MS/MS.>*

Caco-2 cell permeability assay for compounds 31-34. Caco-2 cells (purchased from DSMZ
Braunschweig, Germany) were seeded at a density of 4.5 x 10* cell per well on 24 well insert
plates, 0.4 um pore size, and grown for 15 days in DMEM medium supplemented with 10% fetal
bovine serum, 1% GlutaMAX (100x, GIBCO), 100 U/mL penicillin, 100png/mL streptomycin
(GIBCO) and 1% non-essential amino acids (100x) and cultured according to the providers

specifications. Before running the permeation assay, the culture medium was replaced by a FBS-
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free HEPES-carbonate transport puffer (pH 7.2). Monolayer integrity was assessed by measuring
the transepithelial electrical resistance (TEER). Test compounds were added either to the apical
or basolateral compartment to achieve 2 uM final concentration. Before and after 2 h incubation
at 37 °C, samples were taken from both compartments. Analysis of compound content was done
after precipitation with methanol by LC/MS/MS analysis. The apparent permeability (Papp) was

calculated using the following equation:

Papp = (Vr/Po)(l/S)(PZ/t)

Where V, is the volume of medium in the receiver chamber, P, is the measured peak area of the
test drug in the donor chamber at t=o, S the surface area of the monolayer, P: is the measured

peak area of the test drug in the acceptor chamber after 2h of incubation, and ¢ is the incubation
time. The efflux ratio basolateral (B) to apical (A) was calculated by dividing the Papp B-A by

the Papp A-B.

Metabolic stability assay in mouse liver microsomes. Assays were performed as previously

described?>~°

with some modifications. Test compound or verapamil hydrochloride (reference
compound) were added to 1 mL microsome suspension (Life Technologies [Gibco®], Inchinnan,
UK) (550pg/ml in potassium phosphate buffer 66.7 mM, pH 7.4, PPB) to achieve a final
concentration of 1 mM and 0.1% DMSO. Aliquots of 180 pL of the incubation mixture were
taken at indicated times and incubated at 37 °C for 5 minutes. Then 20 uL. of NAPDH solution
(10 mM in PPB) were added to each tube, except for control samples which received 20 pL PPB.

At the end of the incubation period 200 puL of quenching solution (0.05% formic acid in

acetonitrile with 200 ng/mL phenacetin as internal standard) was added to stop the reaction. The
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samples were centrifuged at 4000 rpm for 10 min and the supernatant was analysed by LC-

MS/MS.

Calculation of microsomal intrinsic clearance (mCLint) was based on the test compound
disappearance rate. The chromatographic peaks were integrated and the resultant peak area ratios
between test compound or reference compound and IS were used for the calculations. A linear
plot of the natural logarithm (In) or the area ratio vs time was created to visualize the data and
the slope was calculated for each data set. Subsequently, half-life (T1/2) and mCLint were

calculated according to the following equations:

% Metabolized Tx= [1-(test area ratio Tx/test area ratio To)]*100, where x is 5, 15 and 30

minutes, respectively, area ratio is analyte peak area/IS peak area

Half Life (t1/2) (min) = In2/-slope

mCLint (uL/min/mg) = (In2 * 1000) / (t1/2 * [Microsomal protein]), where [Microsomal protein]|

1s 0.5 mg/1000 pL.

Metabolic stability in rat hepatocytes. Hepatocytes from Han Wistar rats were isolated via a 2-
step perfusion method. After perfusion, the liver was carefully removed from the rat: the liver
capsule was opened, and the hepatocytes were gently shaken out into a Petri dish with ice-cold
Williams’ medium E (WME). The resulting cell suspension was filtered through sterile gaze in
50 mL falcon tubes and centrifuged at 50 x g for 3 min at room temperature. The cell pellet was

resuspended in 30 mL WME and centrifuged through a Percoll® gradient for 2 times at 100 x g.
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The hepatocytes were washed again with WME and resuspended in medium containing 5% FCS.

Cell viability was determined by trypan blue exclusion.

For the metabolic stability assay liver cells were distributed in WME containing 5% FCS to glass
vials at a density of 1.0 x 10° vital cells/mL. The test compound was added to a final
concentration of 1 uM. During incubation, the hepatocyte suspensions were continuously shaken
at 580 rpm and aliquots were taken at 2, 8, 16, 30, 45 and 90 min, to which equal volumes of
cold methanol were immediately added. Samples were frozen at -20 °C overnight, after
subsequently centrifuged for 15 minutes at 3000 rpm and the supernatant was analyzed with an

Agilent 1200 HPLC-system with LCMS/MS detection.

The half-life of a test compound was determined from the concentration-time plot. From the
half-life the intrinsic clearances were calculated using the “well stirred” liver model together with
the additional parameters liver blood flow, amount of liver cells in vivo and in vitro. The hepatic
in vivo blood clearance (CL) and the maximal oral bioavailability (Fmax) was calculated. The
following parameter values were used: Liver blood flow = 4.2 L/h/kg rat; specific liver weight —
32 g/kg rat body weight; liver cells in vivo - 1.1 x 108 cells/g liver, liver cells in vitro — 1.0 x 10°

cells/mL.

Metabolic stability in human liver microsomes. The in vitro metabolic stability of test
compounds was determined by incubating them at 1 pM in a suspension liver microsomes in 100
mM phosphate buffer, pH 7.4 (NaH2PO4 x H20 + Na2HPO4 x 2H>0) and at a protein
concentration of 0.5 mg/mL at 37 °C. The microsomes were activated by adding a co-factor mix
containing 8 mM Glucose-6-Phosphate, 4 mM MgClz; 0.5 mM NADP and 1 IU/mL G-6-P-

Dehydrogenase in phosphate buffer, pH 7.4. The metabolic assay was started shortly afterwards
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by adding the test compound to the incubation at a final volume of 1 mL. Organic solvent in the
incubations was limited to <0.01 % dimethylsulfoxide (DMSO) and <1% acetonitrile. During
incubation, the microsomal suspensions were continuously shaken at 580 rpm and aliquots were
taken at 2, 8, 16, 30, 45 and 60 min, to which equal volumes of cold methanol were immediately
added. Samples were frozen at -20 °C overnight, subsequently centrifuged for 15 minutes at
3000 rpm and the supernatant was analyzed with an Agilent 1200 HPLC-system with LCMS/MS

detection.

The half-life of a test compound was determined from the concentration-time plot. From the
half-life the intrinsic clearances were calculated. Together with the additional parameters liver
blood flow, specific liver weight and microsomal protein content the hepatic in vivo blood
clearance (CL) and the maximal oral bioavailability (Fmax) were calculated using the “well
stirred” liver model. The following parameter values were used: Liver blood flow — 1.32 L/h/kg;

specific liver weight — 21 g/kg; microsomal protein content — 40 mg/g.
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Chemistry. Unless otherwise stated, all solvents, reagents and starting materials used were
commercially available and were used without further purification. Reactions requiring
anhydrous conditions were run in dried equipment using anhydrous solvents under an inert
atmosphere of nitrogen or argon. Room temperature refers to 20-25 °C. Microwave heating was
performed in a Biotage® Initiator Microwave Synthesiser at the indicated temperature in the
recommended microwave tubes.

"H NMR spectra were recorded in the indicated deuterated solvent at 400 MHz or 500 MHz and
the spectra were obtained unless stated otherwise, using a Bruker AV400 NMR or Bruker
500MHz Avance NMR spectrometer with a probe of suitable configuration. Chemical shifts are
reported in ppm from lowest to highest. Resonance multiplicities are denoted s, d, t, q, m and br
for singlet, doublet, triplet, quartet, multiplet, and broad respectively.

Preparative HPLC was performed on a Gilson HPLC system with a UV detector using an
XBridge® Prep C18 5 um 30x75 mm column with acetonitrile / 0.2% NH3 in MilliQ gradient or
a YMC-Pack® ODS-AQ C18 5 pm 30x150 mm column with acetonitrile / 0.2% acetic acid in
MilliQ gradient. Flow rate: 35 mL/min. Flash chromatography was performed using a Combi
Flash® Companion™ system using Silicycle™ normal-phase flash columns.

Purity and mass analyses were performed on an LC-MS consisting of an Agilent 1100 system
with a G1322A Degasser, G1312A Binary Pump, G1313A Autosampler, G1316A Column
Oven, G1365B Multi Wavelength Detector and G1946D Mass Spectrometer. The mass
spectrometer was equipped with an electrospray ion source (ES) operated in positive ion mode.
For separation a linear gradient was applied starting at 90 % 0.1% NH3 in MilliQ ending at 90%
acetonitrile on a XTerra® RP18 3.5 um 3.0x50mm column at a flow rate of 1 ml/min for 3 min

or a linear gradient starting at 90% 0.1% acetic acid in MilliQ ending at 90% acetonitrile on a
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Symmetry® C18 3.5 pm 3.0x50mm column at a flow rate of 1 ml/min for 3 min. Purity of final
compounds was assessed by reversed-phase HPLC with UV detection at 214 nm. All tested

compounds demonstrated HPLC purity >95%.

4-(1H-Pyrrolo[2,3-b]pyridin-5-yl)-1H-pyrrolo[2,3-b]pyridine (2)
5-Bromo-1H-pyrrolo[2,3-b]pyridine (100 mg, 0.51 mmol), tert-butyl 4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)pyrrolo[2,3-b]pyridine-1-carboxylate (192 mg, 0.56 mmol), potassium
carbonate (140 mg, 1.0 mmol) and [1,1’-bis(diphenylphosphino)ferrocene]dichloropalladium(II)
(4.1 mg, 0,0051 mmol) were dissolved in 1,2-dimethoxyethane (5 mL). The mixture was heated
to 100 °C in a sealed tube. The suspension was filtered and purified by preparative RP-HPLC,
ammonia buffer to give 10 mg (8%) of the title compound. 'H NMR (500 MHz, Methanol-ds) &
ppm 6.65 (d, J =3.47 Hz, 1 H), 6.74 (d,J = 3.47 Hz, 1 H), 7.30 (d, J = 5.04 Hz, 1 H), 7.51 (dd,
J=6.62,347Hz,2H),829(d,J=4.73Hz,1H), 842 (d,J =1.89 Hz, 1 H), 8.61 - 8.64 (m, 1

H). MS (ES+) m/z 235 [M+H]".

4-(3-Pyridyl)-1H-pyrrolo[2,3-b]pyridine (3)

4-Chloro-1H-pyrrolo[2,3-b]pyridine (250 mg, 1.6 mmol) and 1 H-pyrazole (279 mg, 4.1 mmol)
were taken up in 1,4-dioxane (1.5 mL). Then, saturated aqueous ammonium formate (1.5 mL)
and iodine (1.04 g, 4.1 mmol) were added and the resulting mixture was stirred at room
temperature for 16 h. A saturated aqueous solution of sodium thiosulfate (3 mL) and ethyl
acetate (10 mL) were added. The phases were separated, and the aqueous phase was extracted
with ethyl acetate (2 x 10 mL). The combined organic phases were washed with brine, dried over

sodium sulfate, filtered and concentrated to give a yellow solid. The material was then
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recrystallized from methanol to give 240 mg (67%) of 4-chloro-2-pyrazol-1-yl-1H-pyrrolo[2,3-
b]pyridine as a white solid. '"H NMR (400MHz, DMSO-ds) § ppm 6.64 (s, 1 H), 6.69 (s, 1 H),
7.24 (d,J=5.0Hz, 1 H), 7.87 (s, 1 H), 8.15(d, J=5.3 Hz, 1 H), 8.57 (s, 1 H), 12.97 (br. s., 1
H). MS (ES+) m/z 219 [M+H]". A portion of this material (140 mg, 0.64 mmol), bis(di-tert-
butyl(4-dimethylaminophenyl)phosphine)dichloropalladium(II) (23 mg, 0.032 mmol), potassium
carbonate (265 g, 1.9 mmol) and 3-pyridylboronic acid (94 mg, 0.77 mmol) were taken up in a
mixture of 1,4-dioxane:H>O:EtOH (6:3:1) (2 mL) and the resulting mixture was heated in a
microwave reactor at 150 °C for 75 min. The mixture was filtered and purified by preparative
RP-HPLC, ammonia buffer to give 18 mg (14%) of the title compound as a beige solid. "H NMR
(400MHz, DMSO-ds) 6 ppm 6.63 (br.s., 1 H), 7.26 (d, J=4.8 Hz, 1 H), 7.64 - 7.52 (m, 2 H),
8.18(d,/J=8.1Hz, 1 H),8.32(d,/J=4.8 Hz, 1 H), 8.67 (d,J=4.5Hz, 1 H), 897 (s, 1 H), 11.89

(br. s., 1 H). MS (ES+) m/z 196 [M+H]".

4-(3-Chlorophenyl)-1H-pyrrolo[2,3-b]pyridine (4)

4-Chloro-1H-pyrrolo[2,3-b]pyridine (100 mg, 0.66 mmol), (3-chlorophenyl)boronic acid (102
mg, 0.66 mmol), bis(di-tert-butyl(4-dimethylaminophenyl)phosphine)dichloropalladium(Il) (46
mg, 0.066 mmol) and potassium carbonate (181 mg, 1.3 mmol) were taken up into acetonitrile (6
mL) and water (1 mL). The mixture was heated in a microwave reactor at 120 °C for 30 min.
The organic layer was collected, filtered and was purified by preparative RP-HPLC, ammonia
buffer to give 20 mg (13%) of the title compound. 'H NMR (500 MHz, DMSO-ds) & ppm 6.54 -
6.68 (m, 1 H), 7.23 (d, J = 5.04 Hz, 1 H), 7.49 - 7.68 (m, 3 H), 7.69 - 7.86 (m, 2 H), 8.31 (d, J =

5.04 Hz, 1 H), 11.88 (brs, 1 H). MS (ES+) m/z 229 [M+H]".
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N-Methyl-4-(3-pyridyl)-1H-pyrrolo[2,3-b]pyridine-2-carboxamide (5)

n-Butyllitium (4.1 mL, 1.6 M in hexanes, 6.6 mmol), was added slowly to a solution of
diisopropylamine (1 mL, 7.1 mmol) in 2-methyltetrahydrofuran (20 mL) at 0 °C. The reaction
was stirred at 0 °C for 5 min and then cooled to -78 °C. A solution of 1-(benzenesulfonyl)-4-
chloro-pyrrolo[2,3-b]pyridine (1.63 g, 5.6 mmol) in 2-methyltetrahydrofuran (10 mL) was added
dropwise. The resulting mixture was stirred at -78 °C for 15 min and then allowed to heat to
room temperature. After stirring for another 10 min, the mixture was again cooled to -78 °C.
Ethyl chloroformate (0.7 mL, 7.3 mmol) was added dropwise and the resulting mixture was
stirred on the thawing cooling bath for 30 min and then at room temperature for 30 min.
Saturated aqueous ammonium chloride was added followed by water and ethyl acetate. The
organic layer was separated, and the aqueous layer was extracted twice with ethyl acetate. The
combined organic phases were washed with aqueous hydrochloric acid (1 M) and brine, dried
over sodium sulfate and concentrated. The crude product was dissolved in dichloromethane,
passed through a plug of silica gel and concentrated to give 2.0 g of ethyl 1-(benzenesulfonyl)-4-
chloro-pyrrolo[2,3-b]pyridine-2-carboxylate (MS (ES+) m/z = 365 [M+H]"). A portion of this
material (150 mg, 0.41 mmol), bis(di-tert-butyl(4-
dimethylaminophenyl)phosphine)dichloropalladium(II) (15 mg, 0.02 mmol), 3-pyridylboronic
acid (66 mg, 0.53 mmol) and potassium carbonate (170 mg, 1.2 mmol) were taken up in a
mixture of 1,4-dioxane:H>O:EtOH (6:3:1) (2 mL) and the resulting mixture was heated in a
microwave reactor at 150 °C for 15 min. Methylamine (1 mL, 40% in water, 12 mmol) was
added and the mixture was heated in a microwave reactor at 150 °C for 15 min. The reaction
mixture was filtered and purified by preparative RP-HPLC, ammonia buffer to give 12 mg (12%)

of the title compound over several steps from ethyl 1-(benzenesulfonyl)-4-chloro-pyrrolo[2,3-
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b]pyridine-2-carboxylate. 'H NMR (400 MHz, DMSO-ds) & ppm 2.82 (br d, J = 3.78 Hz, 3 H),
7.32 (brd,J=4.53 Hz, 1 H), 7.35 (s, 1 H), 7.59 - 7.65 (m, 1 H), 8.20 (br d, J=7.81 Hz, 1 H),
8.42 (d,J=4.78 Hz, 1 H), 8.54 - 8.66 (m, 1 H), 8.71 (brd, J=5.04 Hz, 1 H), 9.01 (s, 1 H). MS

(ES+) m/z 253 [M+H]".

4-(3-Chlorophenyl)-N-methyl-1H-pyrrolo[2,3-b]pyridine-2-carboxamide (6)

Ethyl 1-(benzenesulfonyl)-4-chloro-pyrrolo[2,3-b]pyridine-2-carboxylate (2.4 g, 6.6 mmol), (3-
chlorophenyl)boronic acid (1.13 g, 7.2 mmol), potassium carbonate (2.27 g, 16 mmol) and
bis(di-tert-butyl(4-dimethylaminophenyl)phosphine)dichloropalladium(II) (0.23 g, 0.33 mmol)
were dissolved in acetonitrile (10 mL) and water (5 mL). The reaction was heated in a
microwave reactor at 120 °C for 2 h. The mixture was diluted with ethyl acetate and water. The
phases were separated, and the organic phase was concentrated. The formed residue was
recrystallized from 2-propanol to give 2.0 g of ethyl 1-(benzenesulfonyl)-4-(3-
chlorophenyl)pyrrolo[2,3-b]pyridine-2-carboxylate (MS (ES+) m/z 441 [M+H]") which was
dissolved in methanol (20 mL), tetrahydrofuran (10 mL) and water (5 mL). Lithium hydroxide
monohydrate (0.95 g, 23 mmol) was added and the resulting mixture was stirred at 50 °C for 16
h. The mixture was concentrated, and the resulting residue was dissolved in water. Concentrated
hydrochloric acid was added to acidify the solution, which was then kept in refrigerator for 30
min. The resulting precipitate was collected by suction filtration, washed with water and dried to
give 700 mg of 4-(3-chlorophenyl)-1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid as an orange
solid. A portion of this material (50 mg, 0.18 mmol), methylamine (0.18 mL, 2 M in ethanol,

0.37 mmol), O-(benzotriazol-1-yl)-N, N, N',N'-tetramethyluronium hexafluorophosphate (83 mg,
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0.22 mmol) and triethylamine (0.051 mL, 0.37 mmol) were dissolved in N, N-dimethylformamide
(1 mL). The reaction was stirred at room temperature for 16 h. The reaction mixture was diluted
with methanol, filtered and purified by preparative RP-HPLC, ammonia buffer to give 7 mg
(5%) of the title compound over several steps from ethyl 1-(benzenesulfonyl)-4-chloro-
pyrrolo[2,3-b]pyridine-2-carboxylate. '"H NMR (500MHz, DMSO-ds) § ppm 2.83 (d, J = 4.41
Hz, 3 H), 7.27 - 7.30 (m, 1 H), 7.30 - 7.34 (m, 1 H), 7.57 - 7.67 (m, 2 H), 7.74 - 7.78 (m, 1 H),
7.80 - 7.84 (m, 1 H), 8.35 - 8.48 (m, 1 H), 8.56 - 8.66 (m, 1 H), 12.34 (brs, 1 H). MS ES+ 286

m/z [M+H]"

4-(3-Chlorophenyl)-N-ethyl-1H-pyrrolo[2,3-b|pyridine-2-carboxamide (7)

4-(3-Chlorophenyl)-1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid (120 mg, 0.44 mmol),
ethylamine (0.44 mL, 2 M in tetrahydrofuran, 0.88 mmol), O-(benzotriazol-1-yl)-N,N,N',N'-
tetramethyluronium hexafluorophosphate (200 mg, 0.53 mmol) and triethylamine (0.12 mL, 0.88
mmol) were dissolved in N, N-dimethylformamide (2 mL). The reaction was stirred at room
temperature for 16 h. The reaction mixture was filtered and purified by preparative RP-HPLC,
ammonia buffer to give 9 mg (2%) of the title compound over several steps from ethyl 1-
(benzenesulfonyl)-4-chloro-pyrrolo[2,3-b]pyridine-2-carboxylate. '"H NMR (500 MHz,
Chloroform-d) & ppm 1.33 (t,J = 7.25 Hz, 3 H), 3.60 (quin, J = 6.78 Hz, 2 H), 6.36 (br s, 1 H),
6.98 (s, 1 H),7.23 (d,J =4.73 Hz, 1 H), 7.45 - 7.54 (m, 2 H), 7.63 (br d, / = 6.94 Hz, 1 H), 7.74

(s, 1 H), 8.65 (d,J = 4.73 Hz, 1 H), 11.25 (br s, 1 H). MS ES+ 300 m/z [M+H]"

4-(3-Chlorophenyl)-N,N-dimethyl-1H-pyrrolo[2,3-b]pyridine-2-carboxamide (8)
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4-(3-Chlorophenyl)-1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid (200 mg, 0.73 mmol),
dimethylamine (0.73 mL, 2 M in tetrahydrofuran, 1.5 mmol), O-(benzotriazol-1-yl)-N,N,N',N'-
tetramethyluronium hexafluorophosphate (330 mg, 0.88 mmol) and triethylamine (0.2 mL, 1.5
mmol) were dissolved in N, N-dimethylformamide (1 mL). The reaction was stirred at room
temperature for 16 h. The reaction mixture was diluted with methanol, filtered and purified by
preparative RP-HPLC, ammonia buffer to give 7 mg (1%) of the title compound over several
steps from ethyl 1-(benzenesulfonyl)-4-chloro-pyrrolo[2,3-b]pyridine-2-carboxylate. 'H NMR
(400 MHz, DMSO-ds) 6 ppm 3.06 (br s, 3 H), 3.21 (brs, 3 H), 6.88 (d, / =2.01 Hz, 1 H), 7.28
(d,J=4.78 Hz, 1 H), 7.55 - 7.63 (m, 2 H), 7.72 - 7.79 (m, 1 H), 7.80 (s, 1 H), 8.40 (d, J = 4.78

Hz, 1 H), 12.32 (brs, 1 H). MS ES+ m/z 300 [M+H]".

4-(3-Chlorophenyl)-1H-pyrrolo[2,3-b]pyridine-2-carboxamide (9)
4-(3-Chlorophenyl)-1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid (300 mg, 1.1 mmol) and oxalyl
dichloride (0.11 mL, 1.3 mmol) were dissolved in dichloromethane (5 mL). One drop of N, N-
dimethylformamide was added and the mixture was stirred at room temperature for 1 h. The
mixture was concentrated under reduced pressure and the residue was dissolved in
dichloromethane. Ammonia was bubbled though the mixture for 30 min. The mixture was
concentrated, and the crude solid was crystallized from 2-propanol to give 10 mg (1%) of the
title compound over several steps from ethyl 1-(benzenesulfonyl)-4-chloro-pyrrolo[2,3-
b]pyridine-2-carboxylate. '"H NMR (500MHz, DMSO-ds) § ppm 7.29 (d, J = 4.73 Hz, 1 H), 7.34
-7.40 (m, 1 H), 7.50 (br s, 1 H), 7.61 (s, 2 H), 7.77 (br d, J = 7.75 Hz, 1 H), 7.82 (s, 1 H), 8.00 -

8.15 (m, 1 H), 8.42 (d, J = 4.73 Hz, 1 H), 12.21 - 12.34 (m, 1 H). MS ES+ 272 m/z [M+H]"
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4-(3-Chlorophenyl)-N-cyclopropyl-1H-pyrrolo[2,3-b]pyridine-2-carboxamide (10)

4-(3-Chlorophenyl)-1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid (50 mg, 0.18 mmol),
cyclopropylamine (25 pL, 0.367 mmol), O-(benzotriazol-1-yl)-N,N,N', N'-tetramethyluronium
hexafluorophosphate (83 mg, 0.22 mmol) and triethylamine (0.051 mL, 0.37 mmol) were
dissolved in N, N-dimethylformamide (1 mL). The reaction was stirred at room temperature for
16 h. The reaction mixture was diluted with methanol, filtered and purified by preparative HPLC
to give 16 mg (11%) of the title compound over several steps from ethyl 1-(benzenesulfonyl)-4-
chloro-pyrrolo[2,3-b]pyridine-2-carboxylate. 'H NMR (500 MHz, DMSO-ds) & ppm 0.56 - 0.63
(m, 2 H), 0.69 - 0.79 (m, 2 H), 2.87 (br d, J = 4.41 Hz, 1 H), 7.28 (d,J = 4.73 Hz, 1 H), 7.31 (s,
1 H), 7.57 - 7.66 (m, 2 H), 7.75 (d, J = 7.57 Hz, 1 H), 7.80 (s, 1 H), 8.41 (d, J = 4.73 Hz, 1 H),

8.58 (brd,J=4.10 Hz, 1 H), 12.30 (br s, 1 H). MS ES+ 312 m/z [M+H]"

4-(3-Chlorophenyl)-2-methyl-1H-pyrrolo[2,3-b]pyridine (11)
1-(Benzenesulfonyl)-4-chloro-2-methyl-pyrrolo[2,3-b]pyridine (740 mg, 2.4 mmol),
bis(pinacolato)diboron (796 mg, 3.1 mmol) and potassium acetate (710 mg, 7.2 mmol) were
taken up in 1,4-dioxane (10 mL) and the reaction was put under nitrogen atmosphere. 2-
Dicyclohexylphosphino-2’,6’-dimethoxybiphenyl (59 mg, 0.14 mmol) and palladium(II) acetate
(16 mg, 0.07 mmol) were added and the resulting mixture was stirred at 100 °C for 16 h. LCMS
showed ~50% conversion to product and some de-chlorinated starting material. More
bis(pinacolato)diboron (400 mg, 1.5 mmol), 2-dicyclohexylphosphino-2’,6'-dimethoxybiphenyl

(59 mg, 0.14 mmol) and palladium(II) acetate (16 mg, 0.07 mmol) were added and the resulting
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mixture was stirred at 100 °C for 5 h. When cooled to room temperature the mixture was filtered,
concentrated and purified on a silica gel column eluted with 0-50% ethyl acetate in n-heptane to
give 890 mg of 1-(benzenesulfonyl)-2-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)pyrrolo[2,3-b]pyridine (MS (ES+) 399 m/z [M+H]"). A portion of this material (150 mg, 0.38
mmol), 1-bromo-3-chloro-benzene (72 mg, 0.38 mmol), potassium carbonate (156 g, 1.13 mmol)
and bis(di-tert-butyl(4-dimethylaminophenyl)phosphine)dichloropalladium(II) (13 mg, 0.02
mmol) were dissolved in acetonitrile (2 mL) and water (1 mL). The mixture was heated in a
microwave reactor at 120 °C for 40 min. After cooling lithium hydroxide monohydrate (95 mg,
23 mmol) was added and the mixture was heated in a microwave reactor at 100 °C for 1 h. The
phases were separated, and the organic phase was filtered and purified by preparative HPLC to
give 3 mg (3%) of the title compound over several steps from 1-(benzenesulfonyl)-4-chloro-2-
methyl-pyrrolo[2,3-b]pyridine. '"H NMR (500 MHz, Methanol-ds) § ppm 2.49 (s, 3 H), 6.34 (s, 1
H), 7.14 (d,J =5.04 Hz, 1 H), 7.43 - 7.48 (m, 1 H), 7.49 - 7.54 (m, 1 H), 7.68 (d, J = 7.57 Hz, 1

H), 7.73 (s, 1 H), 8.14 (d, J = 5.04 Hz, 1 H). MS (ES+) 243 m/z [M+H]"

4-(3-Chlorophenyl)-1H-pyrrolo[2,3-b]pyridine-2-carbonitrile (12)
4-(3-Chlorophenyl)-1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid (500 mg, 1.8 mmol) was taken
up in thionyl chloride (3 mL, 41 mmol) and the resulting mixture was stirred at 80 °C for 15 min.
The mixture was concentrated, and the resulting residue was dissolved in tetrahydrofuran (5 mL)
and then slowly added to aqueous ammonia (10 mL, 25%) at 0 °C. The cooling bath was
removed, and the resulting mixture was stirred at room temperature for 30 min. The mixture was
concentrated under reduced pressure to remove ammonia and tetrahydrofuran to give a yellow

aqueous suspension. Ethyl acetate (5 mL) was added and the mixture was stirred at room
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temperature for 10 min. The resulting precipitate was collected by suction filtration, washed with
ethyl acetate, pentane and dried to give 300 mg of 9 as a yellow solid. This material was taken up
in phosphorous oxychloride (1 mL, 11 mmol) and the resulting mixture was stirred at 100 °C for
1.5 h. When cooled to room temperature ice was added followed by saturated aqueous sodium
bicarbonate and aqueous ammonia (25%). The formed precipitate was collected by suction
filtration, washed with water and dried. The solid was suspended in dichloromethane (5 mL) and
the precipitate was collected by suction filtration, washed with dichloromethane and dried. The
solid was purified by preparative RP-HPLC, ammonia buffer to give 10 mg (1%) the title
compound as a solid. 'H NMR (400MHz, DMSO-ds) & ppm 8.53 (d, J = 4.5 Hz, 1 H), 7.82 -
7.78 (m, 1 H), 7.78 - 7.73 (m, 1 H), 7.62 - 7.55 (m, 2 H), 7.51 (s, 1 H), 7.36 (d, J = 4.5 Hz, 1 H).

MS ES+ m/z 254 [M+H]".

5-[4-(3-Chlorophenyl)-1H-pyrrolo|2,3-b]pyridin-2-yljoxazole (13)

n-Butyllithium (2.8 mL, 2.5 M in hexanes, 7.0 mmol) was added slowly to a solution of
diisopropylamine (1 mL, 7.1 mmol) in 2-methyltetrahydrofuran (15 mL) at 0 °C. The resulting
mixture was stirred at 0 °C for 5 min and was then cooled to -78 °C. A solution of 1-
(benzenesulfonyl)-4-chloro-pyrrolo[2,3-b]pyridine (1.5 g, 5.1 mmol) in 2-methyltetrahydrofuran
(10 mL) was added dropwise. The resulting mixture was stirred at -78 °C for 20 min and then the
mixture was allowed to reach room temperature. The mixture was stirred at room temperature for
10 min to give a suspension and then cooled to -78 °C again. N, N-Dimethylformamide (1.2 mL,
16 mmol) was added dropwise and the resulting mixture was stirred on the thawing cooling bath
for 30 min and then at room temperature for 30 min. Saturated aqueous ammonium chloride (12

mL) was added and the phases were separated. The aqueous phase was extracted with ethyl
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acetate (2 x 10 mL) and the combined organic phases were washed with hydrochloric acid (20
mL, 0.5 M) followed by brine (15 mL). The solution was dried over sodium sulfate, filtered and
concentrated to give the intermediate 1-(benzenesulfonyl)-4-chloro-pyrrolo[2,3-b]pyridine-2-
carbaldehyde as an orange gum, which was used without any further purification. This material,
(3-chlorophenyl)boronic acid (205 mg, 1.3 mmol), bis(triphenylphosphine)dichloropalladium(II)
(38 mg, 0.06 mmol) and potassium carbonate (452 mg, 3.3 mmol) were taken up in 1,4-dioxane
(5 mL) and water (1 mL) and the resulting mixture was stirred at 90 °C for 2 h. The reaction was
cooled to room temperature and brine (5 mL) was added. The mixture was extracted with ethyl
acetate (2 x 5 mL). The combined organic phases were concentrated and purified on a silica gel
column eluted with 0-40% ethyl acetate in n-heptane to give 200 mg of the intermediate 1-
(benzenesulfonyl)-4-(3-chlorophenyl)pyrrolo[2,3-b]pyridine-2-carbaldehyde as a yellow solid.
This material, potassium carbonate (70 mg, 0.50 mmol) and p-toluenesulfonylmethyl isocyanide
(98 mg, 0.50 mmol) were taken up in absolute ethanol (10 mL) and the resulting mixture was
stirred at 70 °C for 15 min. Methanol (5 mL) was added to dissolve the starting material and the
resulting mixture was stirred at 70 °C for 1 h. Lithium hydroxide monohydrate (63 mg, 1.5
mmol) and water (1 mL) were added and the mixture was stirred at 70 °C for 1.5 h. The reaction
was cooled to room temperature and concentrated. The resulting residue was taken up in ethyl
acetate (10 mL) and water (5 mL). The phases were separated, and the aqueous phase was
extracted with ethyl acetate (2 x 10 mL). The combined organic phases were washed with
saturated aqueous sodium bicarbonate followed by brine. The solution was dried over sodium
sulfate, filtered and concentrated. The crude product was recrystallized from methanol to give 45
mg (3%) of the title compound over several steps from 1-(benzenesulfonyl)-4-chloro-

pyrrolo[2,3-b]pyridine. 'H NMR (400MHz, DMSO-ds) & ppm 6.94 (d, J=2.0 Hz, 1 H), 7.28 (d,
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J=5.0Hz, 1 H), 7.64 - 7.54 (m, 2 H), 7.73 (s, 1 H), 7.82 - 7.75 (m, 2 H), 8.35 (d, /= 4.8 Hz, 1

H), 8.53 (s, 1 H), 12.61 (s, 1 H). MS ES+ m/z 296 [M+H]".

[4-(3-Chlorophenyl)-1H-pyrrolo|2,3-b]pyridin-2-ylmethanol (14)
4-(3-Chlorophenyl)-1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid (200 mg, 0.73 mmol) was
dissolved in dichloromethane (15 mL). Lithium aluminium hydride (111 mg, 2.9 mmol) was
added to the solution and the mixture was stirred for 1 h. The reaction was cooled to 0 °C and
quenched with water (0.1 mL) followed by aqueous sodium hydroxide (15%) (0.1 mL) and water
(0.3 mL). After stirring for 1 h at room temperature, the mixture was filtered and the solid was
rinsed with ether. The combined organic phases were concentrated and purified by preparative
RP-HPLC, ammonia buffer to give 12 mg (2%) of the title compound over several steps from
ethyl 1-(benzenesulfonyl)-4-chloro-pyrrolo[2,3-b]pyridine-2-carboxylate. 'H NMR (500 MHz,
DMSO-ds) 6 ppm 4.64 (s, 2 H), 5.33 (brs, 1 H), 6.47 (s, 1 H), 7.18 (d, J/ = 5.04 Hz, 1 H), 7.51 -
7.56 (m, 1 H), 7.56 - 7.63 (m, 1 H), 7.73 (d,J = 7.57 Hz, 1 H), 7.76 (s, 1 H), 8.23 (d,J =4.73

Hz, 1 H), 11.77 (br s, 1 H). MS ES+ m/z 259 [M+H]".

4-(1H-Pyrrolo|2,3-b]pyridin-4-yl)-2,3-dihydro-1,4-benzoxazine (15)
4-Chloro-1H-pyrrolo[2,3-b]pyridine (100 mg, 0.66 mmol), 3,4-dihydro-2H-1,4-benzoxazine
(177 mg, 1.3 mmol), (2-dicyclohexylphosphino-2',4’,6'-triisopropyl-1,1'-biphenyl)[2-(2-
aminophenyl)phenyl)]palladium(Il) chloride (25 mg, 0.033 mmol) and sodium zer#-butoxide
(126 mg, 1.3 mmol) were taken up in 1,4-dioxane (2 mL) and the resulting mixture was stirred at
100 °C for 16 h in a sealed tube. The reaction was cooled to room temperature and brine (2 mL)

and ethyl acetate (3 mL) were added. The phases were separated, and the aqueous phase was
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extracted with ethyl acetate (3 mL). The combined organic phases were concentrated and
purified by preparative RP-HPLC, ammonia buffer to give 37 mg (23%) of the title compound as
a white solid. '"H NMR (500MHz, DMSO-ds) § ppm 3.97 - 3.88 (m, 2 H), 4.29 - 4.18 (m, 2 H),
6.20 (dd,J=1.6,3.2 Hz, 1 H), 6.78 - 6.73 (m, 1 H), 6.80 (d, /J=5.4 Hz, 1 H), 6.87 - 6.82 (m, 1
H), 6.94 - 6.88 (m, 2 H), 7.34 (t, J=2.8 Hz, 1 H), 8.08 (d,/=5.4 Hz, 1 H), 11.60 (br. s., 1 H).

MS (ES+) m/z 252 [M+H]".

4-(2-phenylpyrrolidin-1-yl)-1H-pyrrolo[2,3-b]pyridine (16)
4-Chloro-1H-pyrrolo[2,3-b]pyridine (100 mg, 0.66 mmol) and 2-phenylpyrrolidine (289 mg, 2.0
mmol) were dissolved in N-methyl-2-pyrrolidone (1 mL) The mixture was heated in a
microwave reactor at 210 °C for 1 h. After cooling the mixture was diluted with methanol,
filtered and purified by preparative RP-HPLC, ammonia buffer to give 60 mg (33%) of the title
compound. '"H NMR (500 MHz, DMSO-dc) & ppm 1.80 - 1.88 (m, 1 H), 1.88 - 1.96 (m, 1 H),
1.96 -2.04 (m, 1 H), 2.35-2.46 (m, 1 H), 3.76 - 3.86 (m, 1 H), 4.06 (brt, J=7.25 Hz, 1 H), 5.19
(brd,J=6.62 Hz, 1 H), 5.87 (d,J=5.36 Hz, 1 H), 6.42 (br s, 1 H), 7.00 (br s, 1 H), 7.17 - 7.22
(m, 1 H), 7.22-7.27 (m, 2 H), 7.27 - 7.36 (m, 2 H), 7.67 (d, J=5.67 Hz, 1 H), 11.13 (brs, 1 H).

MS (ES+) m/z 264 [M+H]".

2-(1H-Pyrrolo|2,3-b]pyridin-4-yl)-3,4-dihydro-1H-isoquinoline (17)
4-Chloro-1H-pyrrolo[2,3-b]pyridine (100 mg, 0.66 mmol) and 1,2,3,4-tetrahydroisoquinoline
(0.25 mL, 2.0 mmol) were taken up in N-methyl-2-pyrrolidone (1 mL) and heated in a
microwave reactor at 200 °C for 1 h. The reaction was cooled to room temperature and diluted

with methanol (1 mL). The mixture was left standing at room temperature for 1 h. The resulting
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precipitate was collected by suction filtration, washed with methanol and dried to give the crude
product as a white solid. Recrystallized from 2-propanol to give 27 mg (17%) of the title
compound as a white solid. "H NMR (400MHz, DMSO-ds) & ppm 2.99 (t,J= 5.8 Hz, 2 H), 3.80
(t,J=5.8 Hz, 2 H), 4.63 (s, 2 H), 6.45 (d, /J=5.5Hz, 1 H), 6.58 (d,J=3.5Hz, 1 H), 7.24 - 7.16
(m, 4 H), 7.29 - 7.24 (m, 1 H), 7.93 (d, /= 5.5 Hz, 1 H), 11.37 (br. s., 1 H). MS (ES+) m/z 250

[M+H]".

2-Phenyl-4-(1H-pyrrolo[2,3-b]pyridin-4-yl)morpholine (18)
4-Chloro-1H-pyrrolo[2,3-b]pyridine (107 mg, 0.70 mmol), 2-phenylmorpholine (149 mg, 0.91
mmol) and N, N-diisopropylethylamine (0.18 mL, 1.0 mmol) were taken up in N-methyl-2-
pyrrolidone (0.6 mL) and the resulting mixture was heated in a microwave reactor at 220 °C for
1 h. The reaction was cooled to room temperature and diluted with methanol (1 mL). The
resulting mixture was filtered and purified by preparative RP-HPLC, ammonia buffer to give 97
mg (50%) of the title compound as a light-yellow solid. "H NMR (500 MHz, DMSO-ds) § ppm
2.80-2.89 (m, 1 H), 3.07 (td, J = 11.98, 3.15 Hz, 1 H), 3.83 - 3.97 (m, 3 H), 4.12 (dd, J = 11.35,
2.21 Hz, 1 H), 4.69 - 4.81 (m, 1 H), 6.47 (d,J =5.36 Hz, 1 H), 6.51 (d, J = 2.84 Hz, 1 H), 7.26
(br.s., 1H),7.29-736 (m, 1 H), 7.38 (t,J = 7.41 Hz, 2 H), 7.48 (d, J = 7.25 Hz, 2 H), 7.96 (d,

J=5.67Hz, 1 H), 11.45 (br. s., 1 H). MS (ES+) m/z 280 [M+H]".

4-(2,3-Dihydropyrrolo[2,3-b]pyridin-1-yl)-1H-pyrrolo[2,3-b]pyridine (19)
4-Chloro-1H-pyrrolo[2,3-b]pyridine (78 mg, 0.51 mmol), 2,3-dihydro-1H-pyrrolo[2,3-b]pyridine
(74 mg, 0.61 mmol), (2-dicyclohexylphosphino-2',4',6'-triisopropyl-1,1'-biphenyl)[2-(2-

aminophenyl)phenyl)]palladium(II) chloride (2.0 mg, 2.6 pmol) and lithium
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bis(trimethylsilyl)amide (1.21 mL, 1.06 M in hexanes, 1.3 mmol) were dissolved in 2-
methyltetrahydrofuran (5 mL), The mixture was heated in a microwave reactor at 100 °C for 1 h.
After cooling the mixture was concentrated. The residue was dissolved in methanol, filtered and
purified by preparative RP-HPLC, ammonia buffer to give 8 mg (7%) of the title compound. 'H
NMR (500 MHz, DMSO-ds) 6 ppm 3.21 (t,J = 8.35 Hz, 2 H), 4.48 (t, J = 8.35 Hz, 2 H), 6.65
(dd, J =3.47,1.58 Hz, 1 H), 6.80 (dd, J = 7.09, 5.20 Hz, 1 H), 7.28 - 7.33 (m, 1 H), 7.56 (dd, J

=7.25,1.26 Hz, 1 H), 7.97 - 8.06 (m, 3 H), 11.50 (br s, 1 H). MS (ES+) m/z 237 [M+H]".

N-Ethyl-4-(2-phenylpyrrolidin-1-yl)-1H-pyrrolo[2,3-b]pyridine-2-carboxamide (20)

Ethyl 1-(benzenesulfonyl)-4-chloro-pyrrolo[2,3-b]pyridine-2-carboxylate (700 mg, 1.9 mmol)
and 2-phenylpyrrolidine (706 mg, 4.8 mmol) were dissolved in N-methyl-2-pyrrolidone (2 mL)
and the resulting mixture was heated in a microwave reactor at 160 °C for 1 h. After being
cooled to room temperature, the mixture was diluted with ethyl acetate and water. The phases
were separated, and the aqueous phase was extracted twice with ethyl acetate. The combined
organic phases were concentrated and the crude product was recrystallized from ethyl acetate to
give 350 mg (53%) of ethyl 4-(2-phenylpyrrolidin-1-yl)-1H-pyrrolo[2,3-b]pyridine-2-
carboxylate. "H NMR (500 MHz, DMSO-ds) § ppm 1.29 (t,J = 7.09 Hz, 3 H), 1.82 - 1.90 (m, 1
H), 1.90 - 1.98 (m, 1 H), 1.98 - 2.07 (m, 1 H), 2.37 - 2.47 (m, 1 H), 3.86 (br. s., 1 H), 4.13 (br. s.,
1 H),4.26 (q,J = 6.94 Hz, 2 H), 5.19 (br. s., 1 H), 5.89 (br. s., 1 H), 7.17 - 7.27 (m, 4 H), 7.28 -
7.33 (m, 2 H), 7.81 (d, J = 5.36 Hz, 1 H), 12.02 (br. s., 1 H). MS (ES+) m/z 336 [M+H]". A
portion of this material (215 mg, 0.64 mmol) was suspended in methanol (10 mL),
tetrahydrofuran (5 mL) and water (2 mL) and lithium hydroxide monohydrate (108 mg, 2.6

mmol) was added. The reaction mixture was stirred at 50 °C for 16 h and then concentrated. The
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resulting crude product was dissolved in water and concentrated hydrochloric acid was added to
acidify the solution. The formed precipitate was isolated by suction filtration and dried to give
190 mg (96%) of 4-(2-phenylpyrrolidin-1-yl)-1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid. 'H
NMR (500 MHz, DMSO-ds) 6 ppm 1.76 - 2.12 (m, 3 H), 2.35 - 2.47 (m, 1 H), 3.85 (br. s., 1 H),
4.11 (br. s., 1 H), 5.21 (br. s., 1 H), 5.90 (br. s., 1 H), 7.13 (br. s., 1 H), 7.18 - 7.26 (m, 3 H), 7.28
-7.34 (m, 2 H), 7.80 (d, J = 5.67 Hz, 1 H), 11.88 (br. s., 1 H), 12.69 (br. s., 1 H). MS (ES+) m/z
308 [M+H]". A portion of this material (120 mg, 0.39 mmol) was taken up in thionyl chloride (2
mL, 28 mmol) and the resulting mixture was stirred at 80 °C for 1 h. The reaction mixture was
concentrated, and the resulting residue was taken up in tetrahydrofuran (10 mL) and cooled to 0
°C. Ethylamine (6 mL, 1M in tetrahydrofuran, 6.0 mmol) was added and the mixture was stirred
at room temperature for 1 h. The formed precipitate was isolated by suction filtration and washed
with tetrahydrofuran and recrystallized from 2-propanol. Purification by preparative RP-HPLC,
ammonia buffer gave 48 mg (36%) of the title compound. '"H NMR (500 MHz, DMSO-ds) &
ppm 1.14 (t,J = 7.25 Hz, 3 H), 1.81 - 1.90 (m, 1 H), 1.93 - 2.10 (m, 2 H), 2.39 - 2.48 (m, 1 H),
3.25-3.31(m,2H),3.88-4.03 (m, 1 H),4.13-4.28 (m, 1 H), 5.04-5.17 (m, 1 H), 5.79 (d, J =
5.67Hz, 1 H),7.17-7.27 (m, 3 H), 7.27 - 7.37 (m, 3 H), 7.71 (d, J = 5.67 Hz, 1 H), 8.19 - 8.26

(m, 1 H), 11.52 (br. s., 1 H). MS (ES+) m/z 335 [M+H]".

N-ethyl-4-[2-(3-pyridyl)pyrrolidin-1-yl]-1H-pyrrolo[2,3-b]pyridine-2-carboxamide (21)
Ethyl 1-(benzenesulfonyl)-4-chloro-pyrrolo[2,3-b]pyridine-2-carboxylate (1 g, 2.7 mmol) and 3-
pyrrolidin-2-ylpyridine (1 g, 6.8 mmol) were dissolved in N-methyl-2-pyrrolidone (2 mL) and
the resulting mixture was heated in a microwave reactor at 160 °C for 3 h. After being cooled to

room temperature, the reaction mixture was diluted with water and ethyl acetate. The phases
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were separated, and the aqueous phase was extracted twice with ethyl acetate. The combined
organic phases were diluted with methanol and washed with brine, dried over sodium sulfate and
concentrated. The residue was passed through a silica gel column (0-10% methanol in
dichloromethane with 7 mM ammonia added) and evaporated. The resulting material was
suspended in tetrahydrofuran (15 mL) and water (5 mL) and lithium hydroxide monohydrate
(474 mg, 11 mmol), was added. The reaction mixture was stirred at 50 °C. After 90 min,
methanol (10 mL) was added and the stirring was continued at 50 °C for 16 h. The solvents were
evaporated, and the resulting crude product was dissolved in water. Concentrated hydrochloric
acid was added to acidify the solution and the mixture was kept at 5 °C for 3 h. The formed
precipitate was isolated by suction filtration, washed with water and dried to give 680 mg of 4-
[2-(3-pyridyl)pyrrolidin-1-yl]-1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid (MS (ES+) m/z 309
[M+H]"). A portion of this material (120 mg, 0.39 mmol) was taken up in thionyl chloride (2
mL, 27 mmol) and the reaction was stirred at 80 °C for 2.5 h. The mixture was concentrated, and
the resulting residue was dissolved in tetrahydrofuran (10 mL) and cooled to 0 °C. Ethylamine (6
mL, 1M in tetrahydrofuran, 6.0 mmol) was added and the mixture was stirred at room
temperature for 15 min. Dimethyl sulfoxide (1 mL) was added and the resulting mixture was
stirred at room temperature for 16 h. The formed precipitate was isolated by suction filtration,
washed with tetrahydrofuran and dried. The crude product was recrystallized from 2-propanol to
give 27 mg (16%) of the title compound over several steps from ethyl 1-(benzenesulfonyl)-4-
chloro-pyrrolo[2,3-b]pyridine-2-carboxylate. '"H-NMR (500 MHz, DMSO-ds) & ppm 1.14 (s, 3
H), 1.84 -2.13 (m, 3 H), 2.42 - 2.49 (m, 1 H), 3.24 - 3.31 (m, 2 H), 3.86 - 4.03 (m, 1 H), 4.17 -

430 (m, 1 H), 5.11 -5.28 (m, 1 H), 5.72 - 5.91 (m, 1 H), 7.28 - 7.38 (m, 2 H), 7.58 - 7. 66 (m, 1
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H), 7.70 - 7.77 (m, 1 H), 8.19 - 8.28 (m, 1 H), 8.39 - 8.46 (m, 1 H), 8.49 - 8.57 (m, 1 H), 11.26 -

11.90 (m, 1 H). MS (ES+) m/z 336 [M+H]".

N-(Oxetan-3-yl)-4-[2-(3-pyridyl)pyrrolidin-1-yl]-1H-pyrrolo[2,3-b]pyridine-2-carboxamide
(22)

4-[2-(3-Pyridyl)pyrrolidin-1-yl]-1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid (120 mg, 0.39
mmol) was taken up in thionyl chloride (2 mL, 27 mmol) and the resulting mixture was stirred at
80 °C for 3 h. The mixture was concentrated and the resulting residue was taken up in
tetrahydrofuran (10 mL) and cooled to 0 °C. A solution of oxetan-3-amine (0.14 mL, 2.0 mmol)
and N,N-diisopropylethylamine (0.34 mL, 2.0 mmol) in tetrahydrofuran (2 mL) was added and
the mixture was stirred at room temperature for 15 min. Dimethyl sulfoxide (1 mL) was added
and the resulting mixture was stirred at room temperature for 16 h. The mixture was
concentrated, and the resulting residue was diluted with ethyl acetate (10 mL) stirred at room
temperature for 15 min and then kept at 5 °C for 1 h. The resulting precipitate was filtered off,
washed with ethyl acetate and discarded. The filtrate was concentrated and purified by
preparative RP-HPLC, ammonia buffer to give 48 mg (27%) of the title compound over several
steps from ethyl 1-(benzenesulfonyl)-4-chloro-pyrrolo[2,3-b]pyridine-2-carboxylate. 'H-NMR
(500 MHz, DMSO-ds) 6 ppm 1.91 (brd,J =2.5Hz, 1 H), 1.99 - 2.16 (m, 2 H), 2.44 - 2.50 (m, 1
H),3.97 (brd, 1 H), 4.26 (brs, 1 H), 4.58 (q,J = 6.0 Hz, 2 H), 4.82 (t,J = 6.8 Hz, 2 H), 4.96 —
511 (m, 1 H),5.19 (brd,J=5.7Hz, 1 H), 5.80 (brd,J=5.4Hz, 1 H), 7.32 (dd, J =4.9,7.7
Hz, 1 H), 7.47 (brs, 1 H), 7.63 (d,J =7.7Hz, 1 H), 7.75 (d,J = 5.7 Hz, 1 H), 8.43 (dd, J = 1.6,
4.7Hz, 1 H),8.52(d,J=1.6 Hz, 1 H), 893 (brd,J=6.9 Hz, 1 H), 11.67 (brs, 1 H). MS (ES+)

m/z 364 [M+H]".
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N-ethyl-4-[2-(2-pyridyl)pyrrolidin-1-yl]-1H-pyrrolo[2,3-b]pyridine-2-carboxamide (23)
Ethyl 1-(benzenesulfonyl)-4-chloro-pyrrolo[2,3-b]pyridine-2-carboxylate (1.0 g, 2.7 mmol), 2-
pyrrolidin-2-ylpyridine (1.02 g, 6.8 mmol) and N,N-diisopropylethylamine (0.49 mL, 2.7 mmol)
were dissolved in N-methyl-2-pyrrolidone (2 mL). The mixture was heated in a microwave
reactor at 180 °C for 1 h. Water and ethyl acetate were added. The phases were separated and the
organic phase was washed with water, dried over magnesium sulfate and evaporated to give 800
mg of ethyl 4-[2-(2-pyridyl)pyrrolidin-1-yl]-1H-pyrrolo[2,3-b]pyridine-2-carboxylate (MS (ES+)
m/z 337 [M+H]"). A portion of this material (460 mg, 1.4 mmol) was taken up in tetrahydrofuran
(5 mL), methanol (10 mL) and water (5 mL) and lithium hydroxide monohydrate (230 mg, 5.5
mmol) was a