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SUMMARY

Janus kinases (JAKs) are a family of cytoplasmatic
tyrosine kinases that are attractive targets for the
development of anti-inflammatory drugs given their
roles in cytokine signaling. One question regarding
JAKs and their inhibitors that remains under inten-
sive debate is whether JAK inhibitors should be iso-
form selective. Since JAK3 functions are restricted to
immune cells, an isoform-selective inhibitor for JAK3
could be especially valuable to achieve clinically
more useful and precise effects. However, the high
degree of structural conservation makes isoform-se-
lective targeting a challenging task. Here, we present
picomolar inhibitors with unprecedented kinome-
wide selectivity for JAK3. Selectivity was achieved
by concurrent covalent reversible targeting of a
JAKS3-specific cysteine residue and a ligand-induced
binding pocket. We confirmed that in vitro activity
and selectivity translate well into the cellular environ-
ment and suggest that our inhibitors are powerful
tools to elucidate JAK3-specific functions.

INTRODUCTION

While the other isoforms of the Janus kinase family (JAK1, JAK2,
and TYK2) have a broad spectrum of functions in different
tissues, JAK3 plays a specific role in the development of im-
mune-competent cells (Ghoreschi et al., 2009). The key function
of JAKS3 in the immune system is further supported by the fact
that loss-of-function mutations of JAK3 cause severe combined
immunodeficiency syndrome (SCID). Therefore, JAK3-selective
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inhibitors are considered as promising candidates for immuno-
suppressive and anti-inflammatory therapies (Pesu et al,
2005). However, the sufficiency of specific JAK3 inhibition for
efficient immunosuppression is heavily debated. The cause of
the controversy rests on the invariable co-localization of JAK3
and JAK1 on common vy chain (yc) cytokine receptor dimers,
suggesting that dual JAK1 and JAKS3 inhibition is required for
efficient suppression of cytokine signaling (Haan et al., 2011;
Thorarensen et al., 2014). To resolve this enigma, highly JAK3-
selective chemical probes are required. To date, only a few
compounds with appropriate isoform selectivity for JAK3 have
been reported. The current gold standard for investigating
JAK-dependent signaling is the selective pan-JAK inhibitor tofa-
citinib (1, Figure 1) (Knapp et al., 2013). Although initially claimed
as JAKS specific (Flanagan et al., 2010), further studies demon-
strated the poor selectivity of 1 within the JAK family (Thoma
et al., 2014). Due to the immense structural conservation among
the JAKs, isoform selectivity remains a challenging task. Thoma
et al. (2011) developed reversible maleinimide-derived inhibitors
with reasonable JAKS3 selectivity (>120 fold), which have been
utilized with limited success to probe the JAK1/3 dependency
issue (Haan et al., 2011). Very recently, Goedken et al. (2015)
and Tan et al. (2015) reported irreversible JAK3 inhibitors
showing good isoform selectivity but also potent off-target activ-
ity in the remaining kinome. Merck patented several irreversible
acrylamide-based inhibitors (Ahearn et al., 2013), and recently
Smith et al. (2016) utilized an inhibitor from this structural class
for comprehensive investigation of the time dependency of
JAK1/3 signaling in T cells. Although high JAK3 isoform selec-
tivity was demonstrated, kinome-wide selectivity was not par-
ticularly investigated. Furthermore, the collective consequences
of JAKS inhibition in an exclusively irreversible covalent manner
are still unclarified and may not be favorable for all purposes.
An alternative to classical Michael acceptors are covalent
reversible cyano-acrylamide-based inhibitors. This principle
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Figure 1. Structures of Tofacitinib 1, Lead Compound 2, and Novel
JAKS3 Inhibitors 3-8
See also Tables S1, S2, S3, and S6.

was successfully applied by London et al. (2014) to obtain JAK3
inhibitors with reasonable in vitro activity and isoform selectivity,
but without a proven cellular activity and kinome-wide selec-
tivity. The present study reports a novel class of covalent revers-
ible JAK3 inhibitors providing both high isoform and kinome
selectivity as well as potent cellular activity and selectivity.

RESULTS AND DISCUSSION

Identification of Covalent Reversible JAK3 Inhibitors

4 and 5

In our quest for a highly selective JAK3 probe, we aimed to
exploit a non-catalytic cysteine (C909), which is not present in
the other JAK family members. C909 is situated in the solvent-
exposed front part of the ATP binding site, where the other
isoforms possess a serine residue (Chrencik et al., 2010). The
nucleophilic nature of the cysteine thiol group can be utilized to
covalently trap inhibitors bearing an electrophilic group (Singh
et al., 2010). Besides JAKS, only ten human kinases feature a
cysteine at an equivalent position (Liu et al., 2013).

Based on modeling studies, we identified compound 2 (Fig-
ure 1) with a half maximal inhibitory concentration (ICsq) of
63 nM as a reasonable starting point for the development of
covalent JAK3 inhibitors targeting C909. We substituted the
imidazole C2 atom with suitable linker moieties bearing an elec-
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trophilic warhead. Initial efforts focused on para- and meta-
substituted phenyl linkers and simple acrylamides as Michael
acceptors. This strategy provided limited success since all
compounds (6-8, Figure 1) in this series exhibited decreased
inhibitory activity compared with 2 (Table S1). Switching the
linker from phenyl to a 2,5-disubstituted furyl moiety furnished
more promising results. Compound 3 (Figure 1) bearing a clas-
sical acrylamide Michael acceptor demonstrated a slightly
higher inhibitory activity (ICso = 51 nM) than template 2. However,
the increase in activity was not substantial enough to assume
covalent binding. Accordingly, the initial design strategy was
revised in two ways. First, the reactivity of the Michael acceptor
was tuned by introducing an additional nitrile group at the aC
atom. Cyano-acrylamides were postulated as covalent revers-
ible Michael acceptors, since the covalent bond formation can
be reversed under physiological conditions (Serafimova et al.,
2012). As a second feature, an additional methyl group was intro-
duced at position 2 of the cyclohexyl moiety to mimic the chiral
side chain of 1 more appropriately. Both modifications were
well tolerated and yielded highly potent compounds 4 and 5
(Figure 1) with IC5q values of 9 nM and 17 nM, respectively, which
are close to the lower detection limit of our ELISA.

Compounds 4 and 5 Demonstrate High JAK Isoform

and Kinome Selectivity

This 4- to 7-fold increase in JAKS inhibitory activity compared
with 2 prompted us to determine the JAK isoform selectivity for
compounds 1, 3, 4, and 5 in a commercial assay (Kinase
HotSpot, Reaction Biology Corp.). As previously observed
(Gehringer et al., 2014), this assay format is more sensitive and
therefore provides comparatively lower ICsq values than the pre-
viously applied ELISA (Table S1). The selectivity profiles of 1 and
the classical amide-derived Michael acceptor 3 are significantly
different from cyano-acrylamides 4 and 5. While 3 and 1 were
reasonably potent (ICso = 22 nM and 292 pM, respectively)
but unselective within the JAK family, both 4 and 5 exhibited
JAKS ICsq values in the picomolar range (127 pM and 154 pM,
respectively), even lower than the reference compound 1, and
demonstrated 400-, 2,700- and 3,600-fold or 400-, 1,700-, and
5,800-fold selectivity over JAK1, JAK2, and TYK2, respectively
(Table S1). We screened 4 and 5 against a panel of 410 kinases
(Kinase 410-Profiler, ProQinase) at concentrations of 100 nM
and 500 nM. Both compounds had no relevant effect on the ac-
tivity of any tested kinases except JAK3 at a concentration of
100 nM. At 500 nM, compound 4 moderately inhibited 11 other
kinases besides JAK3 with residual activities below 50%, while
compound 5 revealed only one off-target (Table S2). The some-
what better selectivity profile of 5 can be attributed to the addi-
tional exocyclic methyl group, which is supposed to be also
the key driver for the exceptional kinome selectivity of 1 (Chren-
cik et al., 2010). It is noteworthy that both compounds show no
significant activity against the other ten kinases carrying a
cysteine at the equivalent position. To verify these results in a
cellular setting, we used a bioluminescence resonance energy
transfer (BRET) assays in HelLa cells expressing the NanoLuc
fused tyrosine kinases BTK, BLK, and TEC, which all harbor a
cysteine at the same position. We detected no measurable inter-
action of 4 with TEC or BTK, and only BLK interacted weakly at
micromolar concentrations (Figures S1D-S1F). Thus, 4 and 5
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Figure 2. Co-crystal Structures of JAK3
and Compounds 4 and 5

(A) 4 non-covalently bound to JAK3 (PDB: 5LWM).

(B) 5 non-covalently bound to JAK3 (PDB: 5LWN).

(C) 5 covalently bound to JAK3 (PDB: 5LWN).

(D) 2F, — F. omitted electron density map of
4-JAKS.

(E) 2F, — F. omitted electron density map of
5-JAK3.

(F) Dose-dependent BRET experiment showing
displacement of the fluorescent tracer in NanoLuc
tagged JAKS in Hela cells.

(G) Residence time experiment using BRET. HelLa
cells expressing NanoLuc JAK3 were equilibrated
with 1 uM of 4, washed out, and treated with high
concentrations of tracer. Displacement of 4 was
monitored by BRET. BRET levels of full occupancy
control were reached after approx. 1 hr.

Data shown are means + SD of quadruplicates. See
also Figures S1, S2, and Table S4.
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represent two excellent tool compounds that compare favorably
with other JAK3 inhibitors published in the current peer-reviewed
literature (Table S6). We also determined binding kinetics of 4 on
all JAK isoforms (Proteros Reporter Displacement Assay, Pro-
teros Biostructures). While 4 rapidly diffuses from JAK1, JAK2,
and TYK2 with residence times below 1.4 min (lower detection
limit), a prolonged residence time of 50 min on JAK3 was
observed (Table S3). We used BRET to reveal the binding
characteristics of 4 in living cells. In dose-response experiments,
we observed efficient displacement of the fluorescent tracer at
around 100 nM (Figure 2F), demonstrating on-target activity
and good cellular activity of 4. In washout experiments we also
determined the dissociation behavior of 4 and observed re-
covery of the BRET ratio after about 1 hr in agreement with the
binding kinetic experiments described above (Figure 2G). This
combination of inhibitory and kinetic JAKS selectivity reinforced
our assumption of covalent reversible binding of 4 and 5.

JAKS3 Co-crystal Structures of 4 and 5 Confirm Covalent
Reversible Binding and Reveal a New Binding Pocket
High resolution crystal structures of 4 and 5 in complex with JAK3
were determined (Figure 2). Both compounds showed the ex-
pected orientation of the hinge binding motif featuring the typical
bidentate hydrogen bonding pattern. While the complex of JAK3
with 4 only revealed the non-covalent binding mode, the structure
in complex with 5 displayed the coexistence of the non-cova-
lently and the covalently bound inhibitor 5 (Figures 2A-2C). The

sity maps after refinement (Figure S2),

considering only the reversible, the irre-

versible, or both binding modes, and
confirmed by electrospray ionization mass spectrometry (ESI-
MS) (Figure S2). Although three JAK3 crystal structures with irre-
versible inhibitors have recently been published (PDB: 4QPS,
4716, 4V0G), the structural model presented here is the first
one depicting the interaction of a covalent reversible inhibitor
with JAKS3 as highlighted by electron density maps that clearly
distinguish between covalent and non-covalent binding modes
(Figures 2D and 2E). To the best of our knowledge, the simulta-
neous presence of both binding modes has not been observed
for any cyanoacrylamide-derived inhibitor before. Therefore,
our structure further validates the concept of covalent reversible
enzyme inhibition with Michael acceptors. Furthermore, we
observed a yet unprecedented binding pocket formed by R911,
D912, and R953. This unique feature is induced by interactions
of the nitrile moieties of 4 and 5 with R911, thereby generating a
distinct cavity in the protein surface (Figure 3B). Structural com-
parison with other JAKS structures reveals that the side chain of
R911 is dramatically reoriented and forms a hydrogen bond with
the inhibitors nitrile and nitrogen. The guanidine moiety of R953 is
flipped approximately 180° toward the nitrile group of 4 and
thereby forms the ceiling of this arginine pocket (Figures 3A and
3B). Alignment of the other 16 available JAK3 crystal structures
revealed that the orientation of the aforementioned arginine res-
idues is conserved in those structures, confirming the induction
of the arginine pocket to be a unique feature of our inhibitor class
(Figure 3C). To assess the contribution of this cavity to the
outstanding selectivity of 4 and 5, we aligned the amino acid
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(B) Protein surface of 5 bound to JAK3 (PDB: 5LWN). N-terminal lobes are omitted for clarity and heteroatoms of the residues of R911, D912, and R953 are
colored. Comparison of (A) and (B) shows the rearrangement of these amino acid side chains upon formation of the arginine pocket.

(C) Alignment of 16 JAKS crystal structures with 4-JAK3. Residues of R911, D912, and R953 are shown as sticks (4-JAK3, PDB: 5LWM) or as lines (other
structures, PDB: 3LXK, 4QT1, 4QPS, 4RIO, 4ZEP, 416Q, 3Z2C6, 4HVD, 4HVG, 4HVH, 4HVI, 3PJC, 3LXL, 1YVJ, 4V0G, 4Z16). The deviating conformation of these
side chains is unique to our structure, while it is relatively conserved among the other JAK3 structures.

(D and E) BRET experiments measuring residence time of 4 in HeLa cells expressing the NanoLuc mutant JAK3 R953A (D) or the NanoLuc double mutant JAK3
R911A/R953A (E). BRET traces of vehicle-treated cells are shown as filled black spheres (D) and diamonds (E), traces of inhibitor-treated cells are shown in red,
and no tracer control is shown as empty squares. Washout experiments show that both mutants retain slow binding kinetics of 4.

Data shown are mean + SD of quadruplicates. See also Figure S1, Tables S4, and S5.

sequence of the arginine pocket in JAK3 with the corresponding
regions of kinases carrying a reactive cysteine at an equivalent
position (Table S5). While the R953 (JAK3 numbering) is mainly
conserved, JAK3-D912 is replaced by an asparagine, glutamate,
or lysine in five of the ten other kinases. Interestingly, an arginine
residue at position 911 is unique to JAK3. In most of the other
kinases, this position is occupied by a bulkier and less flexible
leucine residue incapable of forming polar interactions. In
contrast, the amino acids forming the arginine pocket are mainly
conserved in the JAK family (Table S5) except for JAK1, possess-
ing a lysine residue instead of R911 and a glutamate instead of
D912. Based on these observations, we assume that the interac-
tion of JAK83 R911 with the nitrile substituent of compounds 4 and
5 constitutes a second key feature for inhibitor selectivity and po-
tency. BRET experiments using the JAK3 mutant R953A, as well
as the double mutant R911A/R953A, showed similar affinity of 4
(Figures S1A-S1C), suggesting that the induction of the arginine
cavity did not significantly affect inhibitor potency. Moreover, the
inhibitor dissociating rates of 4in the two JAK mutants R953A and
R911A/R953A were comparable with the ones observed in the
wild-type protein (Figures 3D and 3E). However, the induced
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pocket as well as the hydrogen bonds formed with 4 and 5 in
combination with the covalent cysteine targeting represent a
unique dual selectivity filter of these inhibitors outside the JAK
family (Muller et al., 2015).

Compounds 4 and 5 Selectively Inhibit JAK3 Signaling in
Human CD4* T Cells

To assess the functional selectivity of 4 and 5, we used functional
human CD4* T cells that were stimulated with cytokines acti-
vating the JAK/STAT pathway. First, we stimulated the T cells
possessing the . receptor using interleukin (IL)-2. Consecutive
activation of JAK3 and JAK1 and subsequent STAT5 phosphor-
ylation allowed comparison of 4 and 5 with the clinically estab-
lished pan-JAK inhibitor 1. Compounds 4 and 5 abrogated v,
cytokine signaling even at 50 nM or 100 nM, respectively, while
a higher concentration (300 nM) of 1 was necessary to
completely block STAT5 phosphorylation (Figure 4A). A similar
result was observed when stimulating T cells with IL-4, where
all three compounds completely block the JAK1/JAK3-mediated
STAT6 phosphorylation at 300 nM (Figure 4B). As reported
earlier (Ghoreschi et al., 2011), STAT3 phosphorylation via
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' STAT5 (A), STAT6 (B), STAT3 (C), or STAT1 (D) was
4 4 . " .
1 determined by phospho-specific Abs and immuno-
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5 5
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c D JAK1/3 interplay with particular regard
ns_ IL-6 (50 ng/ml) ns_ IFN-a (1000 U/mli) to their respective roles in cytokine
[nM] 0 0 50 100 300 1000  JAKi [nM] 0 0 50 100 300 1000 JAKi  signaling and the resultant clinically
relevant immunosuppressive effects.
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Chemical Synthesis
pSTAT3 —— ———— — pSTAT1 Synthetic schemes and detailed synthetic proced-
4 4 ures are described in the Supplemental Experi-
i mental Procedures.
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Actin e S SN T - — Actin ——— ---. substrate-coated 96-well plates with ATP and

JAK1, JAK2, and TYK2, triggered by stimulation with IL-6, is
inhibited by 1 in a dose-dependent manner at concentrations
>300 nM. In sharp contrast, 4 and 5 did not affect STAT3 acti-
vation at doses up to 1,000 nM (Figure 4C), confirming the selec-
tivity toward JAKS in functional cells. The selectivity difference
between our compounds and 1 was even more pronounced
when T cells were stimulated with interferon (IFN)-o.. While 1
clearly inhibits IFN-a-mediated JAK1/TYK2 signaling at concen-
trations >100 nM, compounds 4 and 5 did not influence pSTAT1
levels at concentrations up to 1,000 nM (Figure 4D). These
results demonstrate that the JAK3 selectivity of 4 and 5 observed
in enzyme assays are maintained in a cellular context.

SIGNIFICANCE

In this study, a new class of covalent reversible JAK3 inhib-
itors was developed. Crystallographic data confirmed a
reversible covalent binding mode as well as a previously
unseen binding cavity induced by a nitrile-arginine interac-
tion. The combination of both structural features paved the
way for a new generation of JAK3-selective inhibitors. With
compounds 4 and 5, we provide JAKS3 inhibitors with pico-
molar affinities and outstanding selectivity within the JAK
family and against the whole kinome. Moreover, it was
demonstrated that activity and selectivity translate well in
a cellular environment. These compounds are thus suitable
to serve as chemical probes to elucidate the effect of selec-
tive JAK3 inhibition. They might be used for studying the

recombinant JAK3 kinase domain (amino acids

781-1124). The degree of phosphorylation was
determined by detection via monoclonal anti-pTyr-HRP-conjugated anti-
bodies, followed by a color reaction. See the Supplemental Experimental Pro-
cedures for details and Bauer et al. (2014).

Protein Expression, Purification, Crystallization, and Structure
Determination

Recombinant JAK3 kinase domain with a tobacco etch virus (TEV)-cleavable
His tag was expressed in Sf9 cells. The cells were lysed and protein was
initially purified by Ni-affinity chromatography. Protein was incubated over-
night with the inhibitors and TEV protease. The cleaved protein was further
purified by reverse Ni-affinity and size exclusion chromatography. JAK3-inhib-
itor complexes were crystallized using sitting-drop vapor diffusion. The
obtained crystals were cryoprotected and diffraction data were collected at
Diamond Light Source. More details on the procedures and crystallographic
data refinement are described in the Supplemental Experimental Procedures.

BRET Experiments

Dose-response experiments were conducted in HelLa cells expressing
NanoLuc JAK3 or the studied mutants using Promega tracer 5. Binding
kinetic experiments in living cells after compound washout were conducted
using the same constructs and tracers as described in Robers et al. (2015).
A detailed description is provided in the Supplemental Experimental
Procedures.

CD4"* T Cell Cytokine Stimulation Assays

T cells were purified from peripheral blood mononuclear cells from human do-
nors. Equal numbers of cells were incubated for 1 hr with JAK inhibitors or
DMSO control and stimulated with cytokines for 30 min. The cells were lysed,
and the proteins were separated via PAGE and transferred to a polyvinylidene
fluoride membrane. The proteins of interest were blotted with specific anti-
bodies and visualized with an infrared imaging system. A detailed description
can be found in the Supplemental Experimental Procedures.
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ACCESSION NUMBERS

The accession number for compound 4 co-crystallized with JAK3 is PDB:
5LWM. The accession number for compound 5 co-crystallized with JAKS is
PDB: 5LWN.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
two figures, and six tables and can be found with this article online at http://
dx.doi.org/10.1016/j.chembiol.2016.10.008.
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Figure S1, related to Figure 2 and 3. Additional cellular assays data for compound 4 (A)
nBRET assay data measured on wild type JAK3. (B) nBRET assay data measured on the
JAK3 mutant R953A. (C) nBRET data measured on the JAK3 double mutant R953A/R911A.
(D) nBRET assay data measured on the tyrosine kinase TEC (TEC receptor tyrosine kinase).
(E) nBRET assay data measured on the tyrosine kinase BLK (B lymphocyte kinase). (F)
nBRET assay data measured on the tyrosine kinase BTK (Brutons tyrosine kinase). The
figures D-E show dose response data with compound 4, the negative control (DMSO) as well
as displacement by the tracer parental compound (*) and the tracer alone (x). All experiments
show average data of four experiments as well as the standard deviation for each data point.
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Figure S2, related to Figure 2. Additional data on the binding mode of 5 to JAK3. (A)
ESI-TOF-MS spectra of JAK3 treated overnight with compound 5 at three-fold excess at 4 °C.
The covalent binding mode of the inhibitor is evident by the mass shift of the protein. (B)
FoFc difference density maps showing either positive (green) (additional density not
accounted for by the model) as well as negative (red) electron density (surplus density created
by incorrectly placed atoms of the model) investigating the covalent as well as non-covalent
binding modes of compound 5.



Table S1, related to Figure 1 and 4. Initial JAK3 inhibition ELISAs and JAK isoform
selectivity assays at the isolated enzymes.

JAK3 ICso [nM]°
Compd. | ICso [nM]* JAK1 JAK2 JAK3 TYK2
1 3.5+0.6 0.496 22 0.292 8.9
2 63+9 - - - -
3 51+6 19 113 22 78
4 9+1 52 346 0.127 459
5 17+1 64 270 0.154 898
6 470 + 36 - - - -
7 548 + 39 - - - -
8 226 +31 - - - -

“ICso values are calculated from the results of a ELISA (Bauer et al., 2014). Data represent
the average + SEM (n = 3) for 2-8 and average + SD (n = 18) for 1. °ICsy values were
calculated from the results of a radiometric assay. Data were obtained as 5-dose singlicate
ICso value with 10-fold serial dilution starting at 1 puM. [ATP] = 10 uM. Tofacitinib citrate (1)
was purchased from Shanghai BOC Chemical Co., Ltd.

Table S2, related to Figure 1. Kinome selectivity of 4 and 5, see additional excel file.

Table S3, related to Figure 1. Kinetic profiling of Compound 4

Kinase Kb Kon Koff residence time
[uM] [1/s 1/M]“ [1/s]* [min]?®
JAK1 6.97E-02 n.a. n.a. <14
JAK2 2.42E-01 n.a. n.a. <14
JAK3 1.34E-03 2.47E+05 3.30E-04 50
TYK2 3.60E-01 n.a. n.a. <l.4

“n.a. = below detection limit; °< 1.4 = lower detection limit; Data was obtained from a
commercial displacement assay. Displacement of a reporter probe was measured time
dependent for different concentrations of the tested compound. Detailed methodology are
described in the Supplemental Experimental Procedures.



Table S4, related to Figures 2 and 3. Xray data collection and refinement

4-JAK3

5-JAK3

Data collection
Space group
Cell dimensions
a, b, c(A)
a6 v(°)
Resolution (A)
Rmerge
I /ol
Completeness (%)
Redundancy

Refinement

PDB-ID:

Resolution (A)

No. reflections

Rwork / Riree

No. atoms
Protein
Compounds (4 or 5)
Water and solvents

B factors (A?)
Protein
Compounds (4 or 5)
Water and solvents

r.m.s. deviations
Bond lengths (A)
Bond angles (°)

P2

42.0,62.5,51.3

90.0, 92.9, 90.0
39.60-1.55 (1.63-1.55)*
0.073 (0.722)

11.3(2.7)

99.7 (99.4)

5.9 (5.6)

5LWM

39.60-1.55 (1.63-1.55)*
38,357 (5,553)
0.163/0.204

2,333
32
247

27
25
37

1.6
0.016

P2

42.0,62.3,51.1
90.0, 92.6, 90.0
62.57-1.60 (1.69-1.60)
0.082 (0.680)

9.9 (2.2)

100.0 (100.0)

6.0 (6.0)

5LWN

62.57-1.60 (1.69-1.60)
35,006 (5,106)

0.166/ 0.209

2,352
66
228

30
24
38

1.6
0.016

*Values in parentheses are for highest-resolution shell.



Table S5, related to Figure 3. Amino acid setup involved in formation of the arginine-pocket
Kinases with equivalent cysteine to Cys909 in JAK3

UNIPROT begin ATP reactive

Kinase Entry # binding site  cysteine Arginine-pocket residues
JAK3 P52333 Leu828 Cys909 Arg911 Asp912 Arg953
MAP2K7 (MKK7) 014733 Met126 Cys202 Glu204 Lys205 Pro246
TEC® P42680 Leu376 Cys449 Leud51 Asp452 Arg493
TXK* P42681 le277 Cys350 Leu352 Asn353 Argd94
ITK Q08881 lle369 Cys402 Serd444 Aspd45 Arg486
BTK Q06187 Leud07 Cys481 Leud83 Asn484 Arg925
BMX P51813 Leud23 Cys496 Leu498 Asn499 Arg540
BLK* P51451 Leu246 Cys319 Leu321 Asp322 Arg362
HER2 (ERBB2) P04626 Leu726 Cys805 Leu807 Asp808 Arg849
EGFR P0O0533 Leu718 Cys797 Leu799 Asp800 Arg841
HER4 (ERBB4) Q15303 Leu724 Cys803 Leu805 Glu806 Arg847

JAK-Family
JAK1 P23458 Leu881 Ser963 Lys965 Glu966 Arg1007
JAK2 060674 Leu855 Ser936 Arg938 Asp939 Arg980
JAK3 P52333 Leu828 Cys909 Arg911 Asp912 Arg953
TYK2 P29597 Leu903 Ser985 Arg987 Asp988 Argl027

The reactive cysteine is usually located around 70 positions in C-terminal direction from the begin of the ATP-binding site. Arg911 and Asp912
positions follow 2 and 3 amino acids later. The position of Arg953 is usually situated around 40 positions later.

“for these kinases no PDB structure was available (february 2016)



Table S6, related to Figure 1. Comparison of 4 and 5 with other literature known JAK inhibitors

JAK3

Selectivity

entry Compound 1Cso Selectivity over over Kinom
[M] JAK1/JAK2 TYK? Selectivity
410 kinases tested
@ 100 nM
Compound 410/ 2724 fold 3614 fold no off targets
1 4and5 0.127 412 /1747 fold 5820 fold @ 500 nM
(Forster et al.) respectively respectively 11 or 1 off target
for 4 or 5, respectively
NIBRSO_A’Q 40 kinases tested
2 Novartis 1.5 105 / 94 fold 1400 fold PKC and GSK3p
(Thoma et al., 2011) ICs0<1pM
3 WYVI%/;/l;rl]GSO 0.9 36/ 14 fold 35 fold >100-fold selectivity against a panel of 27
(Thoma et al., 2014) . non-JAK kinases (data not shown)
442 Kinases tested
Kd's (< 1 pM)
12 nM DCAMKL3
460 nM LCK
CP-690,550 550 nM LTK
4 Pfizer 8 1.5/0.8 fold 22 fold 170 M PKN1
(Davis et al., 2011) 470 nM ROCK1
420 nM ROCK2
600 nM RSK3
549 nM RSK4
240 nM SNARK
120 nM TNK1
48 kinases tested
Compound 3q % inhibition @ 1 UM
5 Roche 0.3 12 /3 fold n.d. AMPK 67%
(Soth et al., 2013) AurA 78%
FGFR1 63%
MARK1 67%
Cmpd 2
6 AbbVie 7 1600 /700 fold | > 7000 fold n.d.
(Goedken et al., 2015)
78 kinases tested
trFRET binding assay
8 kinases I1Cs0 < 10 pM
BTK 1.25 pM
Cmpd 3 FGFRL  3.1pM
7 AbbVie 3 2000/500 fold | > 7000 fold GRK5 9.4 UM
(Goedken et al., 2015) JAK3 0.002 uM
LTK 5.6 UM
MAP4K2 7.4 uM
RET 7.8 uM
STK33 7.1 uM




Cmpd 4
(Goedken et al., 2015)
(patented by Cytopia)

20

> 2500 / 2400
fold

300 fold

78 kinases tested
trFRET binding assay
19 kinases 1Cso < 1-10 pM
7 kinases ICso < 1 uM

BTK 0.64 pM
FLT10.55 uM
FYN 0.66 pM
JAK3 0.3 uM
KDR 0.55 pM
SRC 0.98 pM
STK16 1.0 uM

Cmpd 9
Gray Laboratory
(Tan et al., 2015)

4.8

190/ 220 fold

> 2000 fold

456 kinases tested
@ 1pM residual activity against:

FLT3 0.6 %
TTK 1.4%
BLK 1.6 %
TXK 3.4%
FAK 4%

CAMKK2 4.2 %
GAK 54 %
LTK 59%
ERBB4 6%

SGK 6.8 %
ARKS5 9.6 %
PDGFRB 9.6 %
TNK 9.9%

10

Cmpd 45
Gray Laboratory
(Tan et al., 2015)

>70/> 100 fold

> 800 fold

456 Kinases tested
@ 100 nM residual activity against:

AURKA 27%
FLT3 10 %

11

JAKSi
(Smith et al., 2016)
(patented by Merck)

0.43

3500/ 20 000
fold

> 20 000
fold

Three Cys909-equivalent-kinases tested
1300 fold over EGFR
600 fold over ITK
50 fold over BTK

12

Compound 31
(London et al., 2014)

49

> 200 fold

> 200 fold

Nine Cys909-equivalent kinases tested:
BLK 0.022 uM
BMX 2.41 yM
BTK 1.64 uM
EGFR > 10 uM
ERB-B2 2.05 uM
ERB-B4 0.044 uM
ITK 0.221 uyM
TEC 6.93 uM
TXK 1.67 uM




Supplemental Experimental Procedures

JAK3 ELISA

Initial JAK3 ICso determination of the synthesized inhibitors was performed as described
previously by (Bauer et al., 2014). In this ELISA-based kinase activity assay, a 96-well assay
plate is coated with an artificial polypeptide serving as kinase substrate that contains tyrosine
residues being phosphorylated by JAK3 in presence of ATP. For the kinase reaction, the
recombinant active human JAK3 protein fragment (aa 781 to 1124) is incubated with different
concentrations of the inhibitor candidate and an appropriate amount of ATP (twice the Km
value). As a consequence, the polypeptidic kinase substrate is phosphorylated as a function of
inhibitory potency of the test compound. Phosphorylated tyrosine residues are detected via a
monoclonal phopho-tyrosine HRP- conjugated antibody and quantification of phosphorylation
degree is perfomed by comparing the phosphorylation achieved in absence (positive control)

and presence of inhibitor candidate.

CD4" T Cell Experiments

CD4" T cells were purified from peripheral blood mononuclear cells from human donors by
magnetic cell separation technology (Miltenyi Biotec), activated with plate-bound anti-CD3
(clone UCHT1) and anti-CD28 (clone CD28.2) antibodies (each 5 pg/ml, Biolegend) in X-
VIVO 15 medium (Lonza) for 3 days and expanded with rhIL-2 for another 6 days. After
expansion T cells were washed and rested in fresh medium overnight. Equal numbers of T
cells were incubated with the indicated concentrations of the JAK inhibitors 1, 4 or 5 in
DMSO or DMSO alone (control) for 1 hour and then stimulated with either rhIL-2 (50 ng/ml;
Proleukin, Novartis), rhIL-6 (50 ng/ml; Peprotech), rhIL-4 (50 ng/ml, Peprotech) or IFN-a
(1000 U/ml, Roche) for 30 min. After stimulation, cells were lysed in Triton X-100 lysis
buffer containing protease and phosphatase inhibitors. Equal amounts of total protein were
separated by PAGE, transferred to PVDF membrane, and blotted with Abs recognizing actin
(Merck Millipore), specific phospho-STAT antibodies (anti-phospho-StatS Tyr694, anti-
phospho-Stat3 Tyr705, both Cell Signaling) and IRDye-labelled secondary antibodies
(680RD, 800CW, both LI-COR Biosciences) for detection. Specific bands were visualized
using an Odyssey infrared imaging system (LI-COR Biosciences).

Protein production, crystallization and structure determination.

Recombinant triple-mutated JAK3 (aa 812-1103, D949A/C1040S/C1048S) containing an N-

terminal TEV-cleavable His-tag was expressed in Sf9 cells. The cells were harvested after 48-



52 hours after postinfection with 10 ml/L virus, and were resuspended in 50 mM Tris, pH 8.0,
500 mM NaCl, 5% glycerol, 1 mM TCEP and 5 mM imidazole. Cells were lysed by
sonication, and the protein was initially purified by Ni-affinity chromatography. The eluted
protein was incubated overnight at 4 °C with the compounds at 3-fold molar excess in a
presence of TEV protease and an addition of 1 mM TCEP. The cleaved protein was subjected
to a reverse Ni-affinity purification, and was purified further by size exclusion
chromatography in a buffer containing 20 mM Tris, pH 8.0, 250 mM NaCl, 10 mM DTT and
10% glycerol. The protein was concentrated to 15 mg/ml, and N-phenylurea was added to
0.26%. Mass spectrometry analyses showed that there was a mixture of unmodified JAK3 and
covalent adduct of JAK3-inhibitor complex, and this could likely be due to high concentration
of reducing agent throughout the purification. JAK3-inhibitor complex at 11-13 mg/ml was
crystallized using sitting drop vapour diffusion at 4 °C and the condition containing 18-25%
PEG 3350, 0.1-0.2 M MgCl; and 0.1 M MES, pH 5.5-6.1. Crystals were cryoprotected in the
reservoir solution supplemented with 22% ethylene glycol. Diffraction data collected at
Diamond Light Source were processed with MOSFLM (Powell et al., 2013) and subsequently
scaled with Scala (Evans, 2006). Structures were determined using Phaser (McCoy et al.,
2007) and the published coordinates of JAK3 (Goedken et al., 2015). Model building
alternated with structure refinement was performed in COOT (Emsley et al., 2010) and
Refmac (Murshudov et al., 2011), respectively. The final models were verified for their
geometric correctness with MOLPROBITY (Chen et al., 2010). The data collection and

refinement statistics are summarized in Supplementary Table S4.
Proteros Reporter Displacement Assay

The assay is based on the displacement of a reporter probe by a test compound. Close
proximity of the probe and the targeted kinase result in emission of an optical signal. Binding
of a competitive test compound to the kinase (displacement of the reporter probe) results in a
diminished assay signal. The displacement of the reporter probe is measured over time for
eighteen different compound concentrations in two-fold dilution steps starting from 9.8 uM.
The measured signal for the lowest compound concentration represents full probe binding
while the signal of highest compound concentration represents full probe displacement. For
K4 determination the calculated percentages of probe displacement are plotted against
compound concentration for the last time point, at which the system reached equilibrium. An

ICso-like value, corresponding to 50% probe displacement, is determined by standard fitting



algorithms. According to the Cheng-Prusoff-equation the K4 value is calculated as

Ka=0.5 x IC50.

To determine the kinetic constants (kon, Kofr and residence time 1) reporter displacement was
plotted against time for each concentration and fitted to a mono-exponential decay equation
(probe binding = B + A x exp(-kobs X t)). The exponential coefficients represent the apparent
association rate kobs. These association rates were plotted against the compound concentration
in a secondary plot. Following the equation Kobs = Kofr + kon X [cmpd] the kon values were
determined as the slope of the curve after linear fitting. Off rates are then calculated as
koft = Ka X kon and residence time as t© = 1/kofr. For these secondary plots only data was used
from compound concentrations at which the apparent association rate kops could clearly be
determined. Examplpes and more details on this method is provided in the reference by

(Neumann et al., 2011).

Cell transfection, treatments, and BRET measurements in living cells

The BRET methodology relies on the emission of an optical signal dependent of the spatial
proximity of the luciferase-conjugated target protein and a fluorescent-labelled tracer
molecule. The displacement of the tracer by a competitive inhibitor therefore diminishes the

apparent BRET signal (Machleidt et al., 2015).

Full-length JAK3 and BTK ORFs were subloned into pFC-32K Nluc-CMV Neo (Promega) to
generate a C-terminal placement of NanoLuc and BLK and TEC kinase ORFs were subcloned
into pFN-31K Nluc-CMV Neo (Promega) to generate an N-terminal placement of
NanoLuc. To lower intracellular expression levels of the reporter fusion, each
NanoLuc/kinase fusion construct was diluted into Transfection Carrier DNA (Promega) at a
mass ratio of 1:10 (mass/mass), prior to forming FuGENE HD complexes according to the
manufacturer’s protocol (Promega). DNA:FuGENE complexes were formed at a ratio of 1:3
(ng DNA/uL FuGENE). 1 part of the transfection complexes was then mixed with 20 parts
(v/v) of HeLa cells (ATCC) suspended at a density of 2 x 10° /mL in DMEM (Gibco) + 10%
FBS (GE Healthcare), seeded into T75 flasks and allowed to express for 20 h. Cells were
then trypsinized, resuspended in Opti-MEM without phenol red (Life Technologies) and
reseeded into white 96-well plates (Corning 4600) at a density of 2 x 10* cells per well. For
target engagement, NanoBRET Kinase Tracer-05 (Promega) was added to the cells at 1 uM
prior to test compound addition. Serially-diluted test compounds were then added to the cells
and allowed to equilibrate for 2 hr at 37°C / 5% CO2 prior to BRET measurements. For real-

time analysis of compound dissociation, the transfected cells were first treated in 15 mL



conical tubes (Corning) with a near-saturating dose (1 [IM) of compound for 2 hr in Opti-
MEM (Life Technologies). Cells were centrifuged and washed to remove unbound
compound prior to immediate addition of NanoBRET Kinase Tracer-05 at 1 [IM. To measure
BRET in live cells, Intracellular TE Nano-Glo Substrate/Inhibitor (Promega) was added
according to the manufacturer’s protocol, and filtered luminescence was measured at a single
timepoint or in real-time via repeat measurements on a GloMax Discover luminometer
equipped with 450 nm BP filter (donor) and 610 nm LP filter (acceptor), using 0.5 s
integration time. Milli-BRET units (mBU) are the BRET values x 1000. Competitive
displacement data were then graphed with GraphPad Prism software using a 3-parameter

curve fit with the following equation:
Y = Bottom + (Top - Bottom)/(1 + 10"((X - LogICso)))

Further details on tracer based BRET assays included examples of tracer structures are

provided in (Robers et al., 2015).



Chemical Synthesis

General: Reagents, starting materials and solvents were of commercial quality and were used
without further purification unless otherwise stated. TLC analysis was carried out on Merck
60 Fs4 silica gel plates and visualized under UV light at 254 nm and 365 nm. Preparative
column chromatography was carried out on Grace Davison Davisil LC60A 20-45 micron or
Merck Geduran Si60 63-200 micron silica using a Interchim PuriFlash 430 automated flash
chromatography system. The purity of final compounds was determined via RP-HPLC on a
Hewlett Packard 1090 Series II LC with a Phenomenex Luna C8 column (150 x 4.6 mm,
5 um) and detection was performed by a UV DAD at 254 nm and 230 nm wavelength.
Elution was carried out with the following gradient: 0.01 M KH>POs, pH 2.30 (solvent A),
MeOH (solvent B), 40 % B to 85 % B in 8 min, 85 % B for 5 min, 85 % to 40 % B in 1 min,
40 % B for 2 min, stop time 16 min, flow 1.5 ml/min. NMR spectra were recorded on a
Bruker Avance 200 or Bruker Avance 400 NMR spectrometer. Chemical shifts are reported in
ppm relative to TMS and the spectra were calibrated against the residual proton peak of the
used deuterated solvent. Standard mass spectra were obtained either as ESI-MS (pos. and/or
neg. mode) from a Advion DCMS interface, (settings as follows: ESI voltage 3,50 kV,
capillary voltage 187 V, source voltage 44 V, capillary temperature 250 °C, desolvation gas
temperature 250 °C, gas flow 5 I/min) or as FAB-MS (pos. and/or neg. mode) measured by
the mass spectrometry department, Institute of Organic Chemistry, Eberhard-Karls-University
Tuebingen. HRMS for final compounds was performed on an Sciex TripleTof 5600+ mass
spectrometer with an Duospray source, coupled to a 1290 UHPLC from Agilent equipped
with an PAL-HTS Autosampler from CTC. Preliminary chromatographic separation was
performed on a Phenomenex Kinetex C18 2.8 100x3mm 100A coreshell technology column
using the following gradient: H>O with 0.1 % formic acid (solvent A), Acetonitrile with 0.1%
formic acid (solvent B) 0-lmin 5% B, 1-10min 5 to 100 % B, 5-15 100 % B. Flow
0.5 ml/min, column temperature 20°C. Mass analysis was run in ESI+ Mode, settings were as
follows: curtain gas 30 psi, nebulizer gas 40 psi, drying gas 50 psi, source temperature
400 °C, 1ion source floating voltage +5500 V. Analysis was run as information dependent
acquisition, i.e. every cycle consisted of a TOF survey scan from 100 to 2000 m/z and
subsequent fragmentation scans were triggered automatically by acquisition software. To
ensure MSMS spectra generation of synthesized compounds, IDA was supplied with a

inclusion list containing the respective [M+H]" m/z ratios. Collision energy was set to 27 V.



Synthetic Procedures

Preparation of Starting Materials and Reagents

Hydroxymethyl benzaldehydes

HO ~o HO
_0

9a 9b

3-(hydroxymethyl)benzaldehyde (9a). Isophthalic aldehyde (1.0 g, 7.46 mmol) was
suspendend in 5 ml THF and 10 ml EtOH and the suspension was cooled with an ice/water
bath. NaBH4 granules (100 mg, 2.64 mmol) were added in several portions (dissolves slowly)
and the reaction was monitored by TLC (PE/EA 1:1). About 15 min after complete addition
starting material was consumed and the reaction was quenched by addition of 5 ml HClyq
(10 %). The mixture was diluted with water and extracted with EA (3x20 ml). The combined
extracts were washed two times with brine, dried over Na>SO4 and evaporated to yield
925 mg (91 %) of 9a as yellowish oil. '"H NMR (200 MHz, CDCls) § 9.90 (s, 1H), 7.79 (s,
1H), 7.71 (d, J= 7.5 Hz, 1H), 7.57 (d, J = 7.5 Hz, 1H), 7.44 (t, ] = 7.5 Hz, 1H), 4.69 (s, 2H),
3.30 (s, 1H). C NMR (50 MHz, CDCls) § 192.7, 142.2, 136.4, 133.0, 129.2, 129.0, 127.8,
64.1

4-(hydroxymethyl)benzaldehyde (9b) was prepared from terephthalic aldehyde following the
same procedure as for 9a, but afforded flash purification (PE/EA 20-80 %). Yield 653 mg
(64 %) of 9b as white solid. '"H NMR (200 MHz, CDCls) & 9.85 (s, 1H), 7.80 (d, J = 7.9 Hz,
2H), 7.47 (d, J = 7.8 Hz, 2H), 4.83 (s, 2H), 2.39 (s, 1H). 1*C NMR (50 MHz, CDCls) § 191.9,
147.8, 135.6, 130.0, 127.0, 64.7

Horner-Wadsworth-Emmons-Reagents

HWE-reagents were obtained from the alkyl chlorides under Arbuzov conditions following a
protocol of (Zhang et al., 2009).

O O 0]

EtO~p EtO~p
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diethyl (2-amino-2-oxoethyl)phosphonate (10a). Chloroacetamide (2.81 g, 30 mmol) and
15 ml triethyl phosphite were combined in a 25 ml round bottomed flask und heated to 150 °C
oil bath temperature overnight. The excess triethyl phosphite was removed under reduced

pressure and the residue was poured in 100 ml cold Et;O. The suspension was stirred for



5 min, then the precipitate was collected by filtration, washed with Et,O and dried in vacuo.
3.67 g (63 %) of the product 10a was obtained as pale yellowish crystalline solid. 'H NMR
(200 MHz, DMSO) & 7.38 (br s, 1H), 7.03 (br s, 1H), 4.02 (dq, J = 14.1, 7.1 Hz, 4H), 2.80 (d,
J=21.4Hz, 2H), 1.22 (t, J= 7.1 Hz, 6H) '*C NMR (50 MHz, DMSO) & 166.0 (d, ] = 5.5 Hz),
61.6 (d,J=6.1 Hz),34.5(d,J=131.3 Hz), 16.2 (d,J= 6.1 Hz)

2-chloro-N,N-dimethylacetamide was prepared via Schotten-Baumann procedure reported
from Kem K et al.(Kem et al., 1981) A biphasic mixture of 50 ml DCM and 50 ml NaOH,q
(20 %wt) was cooled to -10 °C internal temperature. Dimethylamine-HCI (4.89 g, 60 mmol)
was added in one portion, followed by the dropwise addition of chloroacetyl chloride (5.65 g,
50 mmol) to the vigorously stirred mixture in a rate that the temperature kept below 0 °C.
After complete addition, stirring was continued for 20 min. Then the phases were separated
and the aqueous phase was extracted with DCM (3x20 ml). The combined organic phases
were washed with HCI (10 %) and brine. After drying over Na;SO4 and evaporation of the
solvent 4,52 g (72 %) of the crude dimethylacetamide was obtained as brownish oil. The
product was used in the next step without further purification. 'H NMR (200 MHz, CDCl3) §
4.05 (s, 2H), 3.06 (s, 3H), 2.94 (s, 3H). '*C NMR (50 MHz, CDCI3) § 166.5, 41.2, 37.6, 36.0

diethyl  (2-(dimethylamino)-2-oxoethyl)phosphonate (10b) The crude 2-chloro-N,N-
dimethylacetamide (4.39 g, 36 mmol) from the previous step and 7.2 ml triethyl phosphite
were combined in a 25 ml round bottomed flask und heated to 150 °C oil bath temperature
overnight. The mixture was subjected to a short-path vacuum distillation and the first 0.5-
1.0 ml were discarded to remove excess triethyl phosphite. The main fraction was collected
from 125-135 °C at 0.25 mbar yielding 7.38 g (92 %) of 10b as colorless oil. 'H NMR (200
MHz, CDCI3) 6 4.12 (dq, J = 14.4, 7.0 Hz, 4H), 3.12 — 2.88 (m, 8H), 1.28 (td, /= 7.0, 0.5 Hz,
6H). *C NMR (50 MHz, CDCls) § 164.9 (d, J = 5.4 Hz), 62.6 (d, J = 6.5 Hz), 38.6, 35.8, 33.4
(d,J=133.5Hz), 16.4 (d, /= 6.4 Hz).



Preparation of 1,6-dihydroimidazo[4,5-d]pyrrolo[2,3-b]pyridine intermediates and 2

R =H or (1S,2R)-Me

4-chloro-5-nitro-1-tosyl-1H-pyrrolo[2,3-b]pyridine and (1S,2R)-2-methylcyclohexan-1-amine
hydrochloride were synthesized according to known procedures (Gehringer et al., 2014;
Knupp and Frahm, 1984).

Nucleophilic aromatic substitution of cyclohexyl-side chains

N-cyclohexyl-5-nitro-1-tosyl-1H-pyrrolo[2,3-b] pyridin-4-amine (11a). To a stirred suspension
of 4-chloro-5-nitro-1-tosyl-1H-pyrrolo[2,3-b]pyridine(Gehringer et al., 2014) (1407 mg,
4 mmol) in iPrOH (16 ml) was added cyclohexylamine (1190 mg, 12 mmol). The mixture was
heated to reflux for 90 min and was then poured on sat. NH4Cl / ice. The precipitate was
filtered off, washed with water and dried in vacou, yielding 1537 mg (93 %) of 11a as yellow
solid which was carried on to the next step without further purification. 'H NMR (200 MHz,
CDClI3) 6 9.20 — 8.95 (m, 2H), 8.05 (d, J = 8.4 Hz, 2H), 7.57 (d, /= 4.1 Hz, 1H), 7.29 (d, J =



8.4 Hz, 2H), 6.69 (d, J = 4.1 Hz, 1H), 3.94 (m, 1H), 2.38 (s, 3H), 2.19 — 1.99 (m, 2H), 1.93 —
1.58 (m, 3H), 1.57 — 1.31 (m, SH) '3C NMR (50 MHz, CDCl3) § 146.41, 145.9, 144.9, 134.9,
129.8, 128.6, 126.6, 123.6, 107.6, 106.7, 52.9, 33.5, 25.4, 24.4, 21.8 DC-MS (ESI) m/z: 415.4
[M+H]" HPLC tre = 9.439 min

N-((1S,2R)-2-methylcyclohexyl)-5-nitro-1-tosyl-1H-pyrrolo[2,3-b] pyridin-4-amine (11b).
Following the same procedure as with 11a but using (1S5,2R)-2-methylcyclohexan-1-amine
hydrochloride(Knupp and Frahm, 1984) (1.1 equiv) instead of cyclohexylamine and DIPEA
as additional base (2.3 equiv). Same precipitation workup afforded 11b as yellow solid. Yield:
83 % at 3 mmol scale. "H NMR (200 MHz, CDCl3) § 9.31 (br d, J = 8.3 Hz, 1H), 9.10 (s, 1H),
8.06 (d, J = 8.1 Hz, 2H), 7.57 (d, J = 4.1 Hz, 1H), 7.30 (d, J = 8.1 Hz, 2H), 6.72 (d, J = 4.1
Hz, 1H), 4.26 — 4.08 (m, 1H), 2.39 (s, 3H), 2.09 — 1.83 (m, 2H), 1.78 — 1.59 (m, 3H), 1.57 —
1.32 (m, 4H), 0.96 (d, J = 6.9 Hz, 3H). 3C NMR (50 MHz, CDCIs) § 148.9, 146.5, 145.9,
145.6, 134.9, 129.8, 128.6, 126.8, 123.5, 107.7, 106.8, 54.9, 34.4, 30.2, 29.5, 23.7, 21.8, 21.6,
17.1 DC-MS (ESI) m/z: 451.2 [M+Na]" HPLC tret = 9.442 min

Reduction to vicinal aryl diamines
HN i HN™ :
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N*-cyclohexyl-1-tosyl-1H-pyrrolo[2,3-b]pyridine-4,5-diamine ~ (12a). The crude 11a
(1500 mg, 3.6 mmol) was dissolved in MeOH / EtOAc (1:4, ca. 80 ml) and the solution was
transferred to a glass-lined hydrogenation reactor. Raney Nickel (ca. 0,3 g as suspension in
water, washed with MeOH) was added and hydrogen was bubbled through the magnetically
stirred mixture. The reactor was purged with hydrogen, sealed and the pressure was adjusted
to 0,5 MPa. The reactor was placed in a water bath at 45 °C and stirring was continued
overnight. At this point TLC indicated full conversion. The catalyst was filtered off over
celite and was washed several times with MeOH and EtOAc. The filtrate was evaporated to
yield 1380 mg (99 %) of 12a as greyish to purple foam. '"H NMR (200 MHz, CDCls) & 7.99
(d, J=8.1 Hz, 2H), 7.82 (s, 1H), 7.44 (d, /= 4.1 Hz, 1H), 7.21 (d, J= 8.1 Hz, 2H), 6.53 (d, J
=4.1 Hz, 1H), 4.75 (br s, 1H), 3.77 — 3.57 (m, 1H), 2.96 (br s, 2H), 2.33 (s, 3H), 2.11 — 1.95
(m, 2H), 1.86 — 1.57 (m, 3H), 1.45 — 1.10 (m, 5H) 3C NMR (50 MHz, CDCl5) § 145.8, 144.8,



141.0, 137.1, 135.7, 129.6, 128.0, 123.1, 122.3, 108.0, 105.0, 52.5, 34.4, 25.7, 2.9, 21.7 DC-
MS (EST) m/z: 385.4 [M+H]" HPLC tret = 5.895 min

N*-((18,2R)-2-methylcyclohexyl)-1-tosyl-1H-pyrrolo[2,3-b] pyridine-4,5-diamine (12b) was
obtained from crude 11b following the same procedure as with 12a. Yield: 99 % at 3 mmol
scale, obtained as purple foam. '"H NMR (400 MHz, CDCls) & 8.00 (d, J = 8.2 Hz, 2H), 7.83
(s, 1H), 7.43 (d, J = 4.1 Hz, 1H), 7.21 (d, J = 8.2 Hz, 2H), 6.55 (d, J = 4.2 Hz, 1H), 5.05 (bs,
1H), 3.99 — 3.86 (m, 1H), 2.92 (bs, 2H), 2.33 (s, 3H), 2.03 — 1.94 (m, 1H), 1.76 — 1.67 (m,
1H), 1.64 — 1.49 (m, 4H), 1.47 — 1.31 (m, 3H), 0.91 (d, J = 7.0 Hz, 3H). 1*C NMR (100 MHz,
CDCls) & 146.2, 144.7, 141.8, 137.9, 135.9, 129.5, 128.1, 123.0, 122.3, 108.2, 105.0, 54.0,
34.0, 30.1, 30.0, 23.0, 22.6, 21.7, 15.8 DC-MS (ESI) m/z: 399.2 [M+H]" HPLC tw =
5.986 min

These aryl diamines seem to be sensitive to air oxygen, since the product solution darkens
rapidly upon air contact during filtration and the yields of subsequent reactions decrease if the

diamine is stored over longer time periods at ambient temperature.

Imidazole ring closure reactions
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Aryl substituted imidazole closure reactions were conducted according to a procedure

reported by (Beaulieu et al., 2003).

(5-(1-cyclohexyl-6-tosyl-1,6-dihydroimidazo[4,5-d]pyrrolo[2,3-b] pyridin-2-yl)furan-2-

yl)methanol (13c). A solution of 5-hydroxymethyl-2-furaldehyde (151 mg, 1.2 mmol) and 12a
(384 mg, 1.0 mmol) in DMF (10 ml) and water (350 ul) was stirred for about 10 min at
ambient temperature before KHSOs (triple salt) (430 mg, 0.7 mmol) was added as solid in one
portion. After stirring one hour at ambient temperature, TLC indicated total consumption of
starting material. The mixture was poured on half-saturated NaHCOs3 solution, the precipitate
was filtered off and was taken up in DCM. The organic phase was washed with brine once,

dried over Na;SO4 and evaporated under reduced pressure. The residue was purified by flash
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chromatography using gradient elution (petrol ether / (EtOAc+5% MeOH) 50 — 100%) to
yield 253 mg (52 %) of 13¢ as brownish foam. '"H NMR (200 MHz, CDCls) § 8.89 (s, 1H),
8.10 (d, J = 8.4 Hz, 2H), 7.83 (d, J = 4.1 Hz, 1H), 7.25 (d, J = 8.4 Hz, 2H), 6.92 (d, J = 4.1
Hz, 1H), 6.89 (d, J= 3.4 Hz, 1H), 6.44 (d, /= 3.4 Hz, 1H), 4.85 — 4.61 (m, 3H), 2.33 (s, 3H),
2.28 — 2.08 (m, 2H), 1.95 — 1.72 (m, 5H), 1.45 — 1.27 (m, 3H) '*C NMR (50 MHz, CDCl;) &
156.9, 145.3, 144.4, 143.6, 142.9, 138.3, 136.9, 135.4, 133.2, 129.7, 128.4, 124.8, 114.5,
109.8, 107.8, 104.7, 57.4, 57.3, 30.8, 25.8, 24.9, 21.7 DC-MS (ESI) m/z: 491.3 [M+H]"
HPLC tet = 8.112 min

(3-(1-cyclohexyl-6-tosyl-1,6-dihydroimidazo[4,5-d] pyrrolo[2,3-b] pyridin-2-
vl)phenyl)methanol (13a) was obtained from 264 mg 12a and 112 mg 9a following the same
procedure as described for 13¢ with a reaction time of one hour at ambient temperature. Crude
product afforded flash purification using gradient elution (petrol ether / (EtOAc+5% MeOH)
30 — 100%) to yield 247 mg (72 %) of 13a as brownish foam. 'H NMR (200 MHz, CDCls) &
8.93 (s, 1H), 8.11 (d, J = 8.3 Hz, 2H), 7.85 (d, J = 4.1 Hz, 1H), 7.62 (s, 1H), 7.53 — 7.39 (m,
3H), 7.26 (d, J= 8.3 Hz, 3H), 6.97 (d, /=4.1 Hz, 1H), 4.75 (s, 2H), 4.56 — 4.30 (m, 1H), 2.95
(bs, 1H), 2.40 — 2.12 (m, 5H), 2.04 — 1.72 (m, 5H), 1.46 — 1.29 (m, 3H). 1*C NMR (50 MHz,
CDCl) 6 153.9, 145.3, 142.9, 142.5, 138.2, 136.6, 135.4, 132.9, 130.3, 129.7, 128.9, 128.7,
128.4, 128.3, 128.1, 124.9, 107.8, 105.0, 64.5, 56.9, 31.1, 25.6, 24.9, 21.8 FAB-MS m/z:
501.2 [M+H]" HPLC tret = 8.333 min

(4-(1-cyclohexyl-6-tosyl-1,6-dihydroimidazo[4,5-d] pyrrolo[2,3-b] pyridin-2-
yl)phenyl)methanol (13b) was obtained from 384 mg 12a and 164 mg 9b following the above
described procedure for 13¢ with a reaction time of two hours at ambient temperature. Crude
product afforded flash purification using gradient elution (petrol ether / (EtOAc+5% MeOH)
50 — 100%) to yield 343 mg (69 %) of 13b as brownish foam. 'H NMR (200 MHz, CDCls) &
8.94 (s, 1H), 8.10 (d, J = 8.4 Hz, 2H), 7.83 (d, J = 4.1 Hz, 1H), 7.44 (q, J = 8.5 Hz, 4H), 7.25
(d, J=8.4 Hz, 2H), 6.97 (d, J=4.1 Hz, 1H), 4.77 (s, 2H), 4.40 (tt, J=12.1, 3.8 Hz, 1H), 3.76
(brs, 1H), 2.40 — 2.14 (m, 5H), 2.00 — 1.71 (m, 5H), 1.47 — 1.28 (m, 3H). *C NMR (50 MHz,
CDCl) 6 154.0, 145.3, 144.0, 142.9, 138.3, 137.0, 135.4, 133.0, 129.7, 129.5, 129.1, 128.4,
126.9, 124.7, 107.8, 105.1, 64.2, 56.8, 31.1, 25.6, 24.9, 21.7 DC-MS (ESI) m/z: 522.9
[M+Na]" HPLC tr; = 8.077 min

(5-(1-((1S,2R)-2-methylcyclohexyl)-6-tosyl-1,6-dihydroimidazo[4,5-d] pyrrolo[2,3-b] pyridin-
2-yl)furan-2-yl)methanol (13d) was obtained from 400 mg 12b and 152 mg 5-hydroxymethyl-

2-furaldehyde following the above described procedure for 13¢, but reaction was run



overnight at ambient temperature. Crude product afforded flash purification using gradient
elution (hexane / (EtOAc+10% iPrOH) 50 — 100%) to yield 162 mg (32 %) of 13d as
brownish foam. 'H NMR (400 MHz, CDCl3) & 8.88 (s, 1H), 8.10 (d, J = 8.1 Hz, 2H), 7.79 (d,
J=3.8 Hz, 1H), 7.25 (d, /= 8.1 Hz, 2H), 6.87 — 6.75 (m, 2H), 6.40 (d, /= 2.9 Hz, 1H), 4.81 —
4.72 (m, 1H), 4.68 (s, 2H), 2.53 — 2.42 (m, 1H), 2.33 (s, 3H), 2.14 (s, 1H), 1.86 (d, J=12.3
Hz, 1H), 1.70 (t, J = 18.6 Hz, 3H), 1.58 — 1.27 (m, 4H), 0.87 (d, J = 7.0 Hz, 3H). 1*C NMR
(100 MHz, CDCls) & 156.5, 145.3, 144.7, 143.7, 143.2, 138.4, 136.2, 135.5, 134.5, 129.7,
128.4, 124.8, 115.1, 109.3, 107.8, 103.6, 62.5, 57.4, 34.3, 32.0, 27.0, 25.4, 21.7, 19.5, 13.0
DC-MS (ESI) m/z: 505.3 [M+H]" HPLC tret = 7.955 min
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1-cyclohexyl-6-tosyl-1,6-dihydroimidazo[4,5-d] pyrrolo[2,3-b]pyridine (13e). 12a (38 mg,
0.1 mmol), triethyl orthoformate (45 mg, 0.3 mmol) and TsOH x H,O (2 mg, 0.01 mmol)
were dissolved in 1 ml toluene and heated to 70 °C heating block temperature for two hours.
TLC indicated full consumption of starting material and the mixture was poured on sat.
NaHCO3(q). The biphasic mixture was extracted with EtOAc (5x10 ml) and the combined
extracts were dried over Na;SO4 and evaporated to dryness. The residue was subjected to
flash purification using gradient elution (petrol ether / (EtOAc+5% MeOH) 50 — 100%) to
yield 29 mg (75 %) of 13e as brownish solid. "H NMR (400 MHz, CDCls) & 8.89 (s, 1H), 8.07
(d, J=8.2 Hz, 2H), 8.02 (s, 1H), 7.77 (d, /= 3.9 Hz, 1H), 7.22 (d, J = 8.2 Hz, 2H), 6.74 (d, J
= 3.9 Hz, 1H), 4.44 — 4.30 (m, 1H), 2.31 (s, 3H), 2.29 — 2.18 (m, 2H), 2.06 — 1.93 (m, 2H),
1.87 — 1.67 (m, 3H), 1.61 — 1.45 (m, 2H), 1.39 — 1.22 (m, 1H). 1*C NMR (100 MHz, CDCls) &
145.2, 142.9, 139.9, 138.5, 137.2, 135.5, 132.5, 129.6, 128.3, 125.2, 107.5, 101.7, 57.1, 33.5,
25.7,25.3,21.7 DC-MS (ESI) m/z: 417.2 [M+Na]" HPLC ty = 7.427 min



Preparation of tosylated aryl aldehydes (14a-d)
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Oxidation of benzylic alcohols 13a-d was performed using Dess-Martin-Periodinane, which
was prepared from 2-iodo-benzoic acid following the procedures of (Frigerio et al., 1999) and

(Ireland and Liu, 1993).

5-(1-cyclohexyl-6-tosyl-1,6-dihydroimidazo[4,5-d]pyrrolo[2,3-b] pyridin-2-yl)furan-2-
carbaldehyde (14c). To an ice-cooled solution of 13¢ (250 mg, 0.51 mmol) in dry DCM
(11 ml) was added Dess-Martin-Periodinane (259 mg, 0.61 mmol) as solid in one portion. The
stirred reaction mixture was allowed to reach ambient temperature slowly and after one hour
TLC indicated full conversion. The reaction was quenched with sat. NaHCO3 and the biphasic
mixture was extracted with DCM (5 x 20 ml). The combined organic extracts were dried over
NaxSOq4, evaporated and the residue purified by flash chromatography (gradient elution DCM
/ MeOH 1-5%) to yield 200 mg (80 %) of 14¢ as brownish foam. '"H NMR (200 MHz, CDCls)
09.77 (s, 1H), 8.93 (s, 1H), 8.12 (d, J = 8.5 Hz, 2H), 7.86 (d, J=4.1 Hz, 1H), 7.41 (d, J=3.7
Hz, 1H), 7.32 — 7.22 (m, 3H), 6.98 (d, J = 4.1 Hz, 1H), 5.10 — 4.88 (m, 1H), 2.43 — 2.20 (m,
5H), 2.11 — 1.84 (m, 5H), 1.63 — 1.43 (m, 3H) '*C NMR (50 MHz, CDCl3) § 177.4, 153.2,
149.7, 1454, 143.2, 142.6, 139.0, 137.4, 135.4, 133.8, 129.8, 128.4, 125.0, 122.0, 115.4,
107.8, 104.6, 57.9, 31.0, 26.0, 25.0, 21.8 DC-MS (ESI) m/z: 511.3 [M+Na]" HPLC ty =
8.520 min

3-(1-cyclohexyl-6-tosyl-1,6-dihydroimidazo[4,5-d]pyrrolo[2,3-b] pyridin-2-yl)benzaldehyde

(14a) was obtained from 240 mg 13a following the above described procedure for 14c with a
reaction time of one hour. Crude product afforded flash purification using gradient elution
(petrol ether / (EtOAc+5% MeOH) 30 — 80%) to yield 220 mg (92 %) of 14a as brownish
foam. '"H NMR (200 MHz, CDCl3) & 8.93 (s, 1H), 8.11 (d, J = 8.3 Hz, 2H), 7.85 (d, J = 4.1
Hz, 1H), 7.62 (s, 1H), 7.53 — 7.39 (m, 3H), 7.26 (d, J = 8.3 Hz, 3H), 6.97 (d, /= 4.1 Hz, 1H),
4.75 (s, 2H), 4.56 — 4.30 (m, 1H), 2.95 (bs, 1H), 2.40 — 2.12 (m, 5H), 2.04 — 1.72 (m, SH),
1.46 — 1.29 (m, 3H). *C NMR (50 MHz, CDCl3) § 153.9, 145.3, 142.9, 142.5, 138.2, 136.6,



135.4, 132.9, 130.3, 129.7, 128.9, 128.7, 128.4, 128.3, 128.1, 124.9, 107.8, 105.0, 64.5, 56.9,
31.1,25.6,24.9, 21.8 FAB-MS m/z: 499.2 [M+H]" HPLC t; = 8.751 min

4-(1-cyclohexyl-6-tosyl-1,6-dihydroimidazo[4,5-d]pyrrolo[2,3-b] pyridin-2-yl)benzaldehyde
(14b) was obtained from 148 mg 13b following the above described procedure for 14¢ with a
reaction time of three hours. Crude product afforded flash purification using gradient elution
(petrol ether / (EtOAc+5% MeOH) 30 — 80%) to yield 118 mg (80 %) of 14b as brownish
foam. '"H NMR (200 MHz, CDCl3) § 10.10 (s, 1H), 8.94 (s, 1H), 8.17 — 7.95 (m, 4H), 7.84 (d,
J=4.0 Hz, 1H), 7.79 (d, J = 7.8 Hz, 2H), 7.24 (d, J = 7.8 Hz, 2H), 6.97 (d, J = 4.0 Hz, 1H),
4.53 —4.28 (m, 1H), 2.41 — 2.17 (m, 5H), 2.05 — 1.75 (m, 5H), 1.55 — 1.28 (m, 3H). °C NMR
(50 MHz, CDCls) 6 191.6, 152.5, 145.3, 142.9, 138.8, 137.3, 137.2 136.4, 135.3, 133.2,
130.3, 130.0, 129.7, 128.3, 124.9, 107.8, 104.9, 57.1, 31.1, 25.6, 24.8, 21.7 DC-MS (ESI)
m/z: 520.9 [M+H]" HPLC tret = 8.347 min

5-(1-((1S,2R)-2-methylcyclohexyl)-6-tosyl-1,6-dihydroimidazo[4,5-d] pyrrolo[2,3-b] pyridin-2-
vl)furan-2-carbaldehyde (14d) was obtained from 56 mg 13d following the above described
procedure for 14c¢ with a reaction time of 30 minutes. Crude product afforded flash
purification using gradient elution (petrol ether / (hexane / (EtOAc+10% iPrOH) 50 — 100%)
to yield 49 mg (88 %) of 14d as off-white foam. '"H NMR (400 MHz, CDCls) § 9.75 (s, 1H),
8.93 (s, 1H), 8.11 (d, J= 8.3 Hz, 2H), 7.84 (d, /= 4.0 Hz, 1H), 7.39 (d, /= 3.6 Hz, 1H), 7.27
(d, J= 8.3 Hz, 2H), 7.20 (d, J = 3.6 Hz, 1H), 6.88 (d, J = 4.0 Hz, 1H), 4.96 (dt, J = 13.0, 3.7
Hz, 1H), 2.73 — 2.61 (m, 1H), 2.35 (s, 3H), 2.30 — 2.15 (m, 1H), 1.98 — 1.85 (m, 2H), 1.85 —
1.73 (m, 2H), 1.63 — 1.50 (m, 2H), 1.46 — 1.35 (m, 1H), 1.04 (d, J = 7.2 Hz, 3H). 3*C NMR
(100 MHz, CDCls) & 177.5, 153.0, 149.8, 145.4, 143.4, 142.8, 139.0, 136.7, 135.5, 135.0,
129.7, 128.4, 125.0, 121.7, 116.1, 107.9, 103.4, 63.0, 34.5, 32.1, 27.1, 25.6, 21.7, 19.5, 13.0
DC-MS (ESI) m/z: 525.3 [M+Na]" HPLC trt = 8.188 min



Preparation of detosylated compounds 2 and 15a-d
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5-(I-cyclohexyl-1,6-dihydroimidazo[4,5-d] pyrrolo[2,3-b] pyridin-2-yl)furan-2-carbaldehyde
(15¢). To a stirred solution of 14¢ (200 mg, 0.41 mmol) in dry THF (9 ml) and dry MeOH
(3 ml) was added cesium carbonate (400 mg, 1.23 mmol) at ambient temperature. After four
hours at ambient temperature, the reaction was complete according to TLC. The reaction was
quenched with sat. NH4Cl, followed by extraction with EtOAc (5 x 15 ml). The combined
organic phases were dried over Na;SOs, evaporated and the residue purified by flash
chromatography (gradient elution DCM / MeOH 4-8%) to yield 69 mg (50 %) of 15¢ as
yellow solid. "H NMR (200 MHz, CDCls) § 12.05 (br s, 1H), 9.78 (s, 1H), 8.89 (s, 1H), 7.51
(d, J=3.4 Hz, 1H), 7.42 (d, J = 3.7 Hz, 1H), 7.30 (d, J = 3.7 Hz, 1H), 6.90 (d, J = 3.4 Hz,
1H), 5.17 — 4.94 (m, 1H), 2.63 — 2.36 (m, 2H), 2.18 — 1.79 (m, 5H), 1.69 — 1.43 (m, 3H). 1*C
NMR (50 MHz, CDCl3) 6 177.5, 153.1, 150.3, 145.1, 141.4, 136.8, 135.7, 134.4, 123.6,
122.0, 114.7, 105.2, 100.9, 57.8, 30.9, 26.0, 25.0 DC-MS (ESI) m/z: 357.2 [M+Na]” HPLC
tret = 6.991 min

3-(1-cyclohexyl-1,6-dihydroimidazo[4,5-d]pyrrolo[2,3-b]pyridin-2-yl)benzaldehyde (15a)
was obtained from 220 mg 14a following the above described procedure for 15c¢ with a
reaction time of three hours at ambient temperature. Crude product afforded flash purification
using gradient elution (DCM / MeOH 3 — 10%) to yield 120 mg (79 %) of 15a as beige solid.
'H NMR (200 MHz, CDCls) § 11.85 (br s, 1H), 10.13 (s, 1H), 8.91 (s, 1H), 8.21 (s, 1H), 8.07
(d,/J=7.6 Hz, 1H), 7.96 (d, J=7.6 Hz, 1H), 7.74 (t, J= 7.6 Hz, 1H), 7.52 (d, /= 3.5 Hz, 1H),
6.90 (d, J = 3.5 Hz, 1H), 4.57 — 4.34 (m, 1H), 2.53 (dd, J = 23.9, 12.3 Hz, 2H), 2.12 — 1.76
(m, 5H), 1.59 — 1.31 (m, 3H). *C NMR (50 MHz, CDCl3) & 191.6, 151.4, 144.6, 136.9,
136.2, 135.5, 135.3, 134.0, 132.4, 131.1, 130.7, 129.7, 123.5, 105.5, 101.1, 57.2, 31.1, 25.8,
24.9 FAB-MS m/z: 345.2 [M+H]" HPLC tyet = 6.152 min

4-(I-cyclohexyl-1,6-dihydroimidazo[4,5-d] pyrrolo[2,3-b] pyridin-2-yl)benzaldehyde (15b)
was obtained from 258 mg 14b following the above described procedure for 15¢ with a

reaction time of three hours at ambient temperature. Crude product afforded flash purification



using gradient elution (DCM / MeOH 3 — 10%) to yield 114 mg (64 %) of 15b as off-white
solid. "H NMR (200 MHz, DMSO) § 12.03 (br s, 1H), 10.15 (s, 1H), 8.68 (s, 1H), 8.12 (d, J =
7.8 Hz, 2H), 7.93 (d, J = 7.8 Hz, 2H), 7.61 — 7.50 (m, 1H), 6.84 — 6.76 (m, 1H), 4.55 —4.24
(m, 1H), 2.46 — 2.23 (m, 2H), 1.88 (dd, J = 35.2, 24.7 Hz, 5H), 1.52 — 1.22 (m, 3H). 1*C NMR
(50 MHz, DMSO) 6 192.5, 150.1, 144.2, 136.2, 136.2, 135.8, 134.7, 132.3, 130.1, 129.4,
123.8, 104.1, 100.0, 56.1, 30.3, 25.1, 24.3 DC-MS (ESI) m/z: 342.9 [M-H]" HPLC ty =
6.975 min

5-(1-((1S,2R)-2-methylcyclohexyl)-1,6-dihydroimidazo[4,5-d] pyrrolo[2,3-b]pyridin-2-
vl)furan-2-carbaldehyde (15d) To a solution of 14d (128 mg, 0.26 mmol) in 2.5 ml THF and
2.5 ml MeOH was added 2.5 ml 0.5 M NaOHq). The solution was heated to 50 °C water-bath
temperature and stirred for 5 hours. TLC indicated complete conversion and the reaction was
quenched with sat. NH4Cl followed by extractive workup with EtOAc (5x10 ml). The
combined organic phases were dried over Na;SO4 and evaporated. The residue was subjected
to flash purification with gradient elution (DCM / MeOH 4 — 10%) yielding 56 mg (63 %) of
15d as yellow solid. 'H NMR (400 MHz, CDCl3) § 12.42 (br s, 1H), 9.76 (s, 1H), 8.90 (s,
1H), 7.50 (d, J = 3.0 Hz, 1H), 7.39 (d, J = 3.6 Hz, 1H), 7.20 (d, /= 3.6 Hz, 1H), 6.80 (d, J =
3.0 Hz, 1H), 5.07 (dt, /= 13.0, 3.6 Hz, 1H), 2.84 — 2.71 (m, 1H), 2.44 — 2.25 (m, 1H), 1.99 —
1.88 (m, 2H), 1.87 — 1.76 (m, 2H), 1.65 — 1.53 (m, 2H), 1.50 — 1.37 (m, 1H), 1.09 (d, J=7.2
Hz, 3H). *C NMR (100 MHz, CDCls) & 177.6, 152.9, 150.5, 145.4, 141.5, 136.8, 135.7,
135.0, 123.6, 121.7, 115.6, 105.3, 99.6, 62.8, 34.4, 32.2, 27.2, 25.6, 19.6, 13.0 DC-MS (ESI)
m/z: 371.3 [M+Na]" HPLC trt = 6.828 min

1-cyclohexyl-1,6-dihydroimidazo[4,5-d]pyrrolo[2,3-b]pyridine (2) was obtained from 54 mg
13e following the above described procedure for 15¢ with a reaction time of three hours at
ambient temperature. Crude product afforded flash purification using gradient elution (DCM /
MeOH 3 — 10%) to yield 23 mg (70 %) of 2 as off-white solid. 'H NMR (200 MHz, CDCl3) &
11.93 (brs, 1H), 8.86 (s, 1H), 8.02 (s, 1H), 7.47 (d, J= 3.4 Hz, 1H), 6.69 (d, J=3.4 Hz, 1H),
4.52 (tt, J=11.4,3.7 Hz, 1H), 2.47 — 2.28 (m, 2H), 2.11 — 1.29 (m, 8H). 3*C NMR (50 MHz,
CDCL) o 144.6, 138.9, 136.1, 135.4, 133.2, 123.7, 105.0, 97.4, 57.0, 33.5, 25.8, 25.5 ESI-
HRMS [M+H]" calculated for Ci4Hi6Na: 241.1448, found 241.1450 HPLC tret = 4.566 min



Preparation of Michael acceptor bearing compounds
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Acrylamides 3 and 6-8 via Horner-Wadsworth-Emmons-reaction
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(E)-3-(5-(1-cyclohexyl-1,6-dihydroimidazo[4,5-d]pyrrolo[2,3-b] pyridin-2-yl)furan-2-yl)-N,N-
dimethylacrylamide (3). In an oven-dried schlenk tube LiCl (8 mg, 180 umol) was suspended
in dry MeCN (2ml) under argon atmosphere. Subsequently were added diethyl (2-
(dimethylamino)-2-oxoethyl)phosphonate (10b) (41 mg, 180 umol) and DBU (27 pl,
180 wmol). After stirring for 10 min at ambient temperature 15¢ (40 mg, 120 pmol) was
added as suspension in dry chloroform (500 pl). The reaction was complete after another
90 min at ambient temperature. Sat. NH4Cl was added, followed by extractive workup with
DCM (5 x 10 ml). The combined organic extracts were dried over Na;SOs, evaporated to
dryness and the residue purified by flash chromatography with gradient elution (DCM /
MeOH 4-10%) to yield 42 mg (88 %) of 3 as slightly yellowish solid. '"H NMR (200 MHz,
CDCl3) 6 11.92 (br s, 1H), 8.88 (s, 1H), 7.55 (d, J = 15.2 Hz, 1H), 7.49 (d, J = 3.5 Hz, 1H),
7.10 (d, J=3.6 Hz, 1H), 6.94 (d, /= 15.2 Hz, 1H), 6.86 (d, J = 3.5 Hz, 1H), 6.75 (d, J = 3.6
Hz, 1H), 5.09 — 4.84 (m, 1H), 3.12 (d, /= 17.1 Hz, 6H), 2.67 — 2.35 (m, 2H), 2.18 — 1.78 (m,



5H), 1.64 — 1.37 (m, 3H). *C NMR (50 MHz, CDCls) § 166.8, 153.5, 146.6, 145.4, 143.1,
136.9, 136.0, 134.4, 129.1, 123.7, 116.7, 115.7, 115.4, 105.4, 101.0, 57.2, 37.2, 35.9, 30.6,
25.7, 24.7 ESI-HRMS [M+H]" calculated for C23H25NsO,: 404.2081, found: 404.2078 HPLC
tret = 7.148 min (purity 98.4 %)

(E)-3-(3-(1-cyclohexyl-1,6-dihydroimidazo[4,5-d]pyrrolo[2,3-b] pyridin-2-
vl)phenyl)acrylamide (6) was obtained from 55 mg 15a and 22 mg 10a following the above
described procedure for 3 with a reaction time of two hours at ambient temperature. Crude
product afforded flash purification using gradient elution (DCM / MeOH 8 — 16%) to yield
22 mg (78 %) of 6 as off-white solid. 'H NMR (200 MHz, DMSO) & 11.97 (bs, 1H), 8.65 (s,
1H), 7.87 (s, 1H), 7.82 — 7.45 (m, 6H), 7.18 (s, 1H), 6.86 — 6.68 (m, 2H), 4.52 — 4.26 (m, 1H),
2.44 —2.22 (m, 2H), 2.07 — 1.64 (m, 5H), 1.53 — 1.25 (m, 3H). 3*C NMR (50 MHz, DMSO) §
166.5, 151.1, 144.5, 138.4, 135.8, 135.4, 134.8, 132.4, 131.6, 130.2, 129.4, 128.7, 128.5,
124.0, 123.5, 104.3, 100.0, 56.1, 30.3, 25.2, 24.3. ESI-HRMS [M+H]" calculated for
C23H23Ns0: 386.1975, found: 386.1973 HPLC tret = 6.341 min (purity 100 %)

(E)-3-(3-(1-cyclohexyl-1,6-dihydroimidazo[4,5-d[pyrrolo[2,3-b] pyridin-2-yl)phenyl)-N, N-
dimethylacrylamide (7) was obtained from 26 mg 15a and 25 mg 10b following the above
described procedure for 3 with a reaction time of two hours at ambient temperature. Crude
product afforded flash purification using gradient elution (DCM / MeOH 3 — 10%) to yield
23 mg (74 %) of 7 as off-white solid. "H NMR (200 MHz, CDCls) § 11.70 (br s, 1H), 8.89 (s,
1H), 7.89 (s, 1H), 7.81 — 7.43 (m, 5H), 7.00 (d, J = 15.5 Hz, 1H), 6.88 (d, J = 3.3 Hz, 1H),
4.61 —4.36 (m, 1H), 3.12 (d, /= 19.3 Hz, 6H), 2.62 — 2.35 (m, 2H), 2.08 — 1.71 (m, 5H), 1.62
—1.32 (m, 3H). *C NMR (50 MHz, CDCI3) & 166.5, 152.4, 144.5, 141.4, 136.3, 136.0, 135.4,
133.9, 131.8, 130.3, 129.6, 129.3, 128.6, 123.4, 119.0, 105.5, 101.1, 56.9, 37.6, 36.1, 31.1,
25.8, 24.9 ESI-HRMS [M+H]" calculated for C2sH27NsO: 414.2288, found: 414.2285 HPLC
tret = 6.636 min (purity 98.9 %)

(E)-3-(4-(1-cyclohexyl-1,6-dihydroimidazo[4,5-d]pyrrolo[2,3-b] pyridin-2-yl)phenyl)-N, N-

dimethylacrylamide (8) was obtained from 50 mg 15b and 49 mg 10b following the above
described procedure for 3 with a reaction time of four hours at ambient temperature. Crude
product afforded flash purification using gradient elution (DCM / MeOH 4 — 10%) to yield
42 mg (70 %) of 8 as white solid. 'H NMR (200 MHz, CDCl; + MeOD) § 8.77 (s, 1H), 7.80 —
7.59 (m, SH), 7.41 (d, J = 3.6 Hz, 1H), 6.99 (d, J = 15.5 Hz, 1H), 6.84 (d, J = 3.6 Hz, 1H),
447 (tt,J=12.3,4.3 Hz, 1H), 3.13 (d, J = 24.8 Hz, 6H), 2.63 — 2.40 (m, 2H), 2.06 — 1.74 (m,
5H), 1.55 — 1.30 (m, 3H). indole NH was exchanged by MeOD but residual peak was visible



with 0.2 protons. '*C NMR (50 MHz, CDCls + MeOD) § 167.2, 152.7, 144.9, 141.9, 137.2,
136.6, 135.7, 134.1, 132.3, 130.4, 128.5, 123.6, 119.2, 105.5, 101.2, 56.7, 37.4, 35.9, 30.7,
25.4, 24.5 ESI-HRMS [M+H]" calculated for CasHa7NsO: 414.2288, found: 414.2285 HPLC
tret = 6.938 min (purity 100 %)

Cyano acrylamides 4 and 5 via Knoevenagel reaction
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(E/Z)-2-cyano-3-(5-(1-cyclohexyl-1,6-dihydroimidazo[4,5-d]pyrrolo[2,3-b]pyridin-2-
vl)furan-2-yl)-N,N-dimethylacrylamide (4). N,N-Dimethyl-2-cyanoacetamide (18 mg,
162 pmol) and 15¢ (27 mg, 81 umol) were suspended in EtOH (4 ml) in a screw-cap reaction
tube. Piperidine (17 pl, 162 pmol) and acetic acid (10 pul, 162 umol) were added
subsequently. The reaction tube was sealed and the reaction was placed in a heating block at
80 °C. After one hour the reaction was cooled to ambient temperature, diluted with EtOAc
and poured on brine. The phases were separated and the aqueous phase was extracted with
EtOAc (4 x 10 ml). The combined organic phases were dried over Na;SOs, evaporated to
dryness and the residue purified by flash chromatography (gradient elution DCM / MeOH 4-
16%) to yield 32 mg (93 %) of 4 as yellow solid. "H NMR (400 MHz, DMSO) § 12.05 (br s,
1H), 8.72 — 8.63 (m, 1H), 7.78 (s, 1H), 7.56 (s, 1H), 7.49 (d, J= 3.5 Hz, 1H), 7.39 (d, /= 3.5
Hz, 1H), 6.86 — 6.78 (m, 1H), 4.99 — 4.86 (m, 1H), 3.21 — 2.87 (m, 6H), 2.42 — 2.27 (m, 2H),
2.02 (d, J=10.7 Hz, 2H), 1.95 — 1.84 (m, 2H), 1.80 — 1.70 (m, 1H), 1.66 — 1.42 (m, 3H). 1*C
NMR (100 MHz, DMSO) & 162.8, 149.5, 148.4, 144.6, 140.5, 136.3, 135.4, 135.1, 132.8,
124.1, 121.9, 116.3, 115.9, 104.1, 101.9, 100.3, 56.1, 30.4, 30.0, 24.9, 24.3 ESI-HRMS
[M+H]" calculated for C24H24N¢O2: 429.2034, found: 429.2045 HPLC trt = 6.172 min and
6.985 min (E/Z mixture, purity 100 %)

(E/Z)-2-cyano-N,N-dimethyl-3-(5-(1-((1S,2R)-2-methylcyclohexyl)- 1,6-dihydroimidazo[4,5-

d]pyrrolo[2,3-b] pyridin-2-yl)furan-2-yl)acrylamide (5). N,N-Dimethyl-2-cyanoacetamide
(12 mg, 108 umol) and 15d (27 mg, 72 umol) were suspended in iPrOH (2 ml) in a screw-cap
reaction tube. Piperidine was added as 1 M solution in iPrOH (14 pl, 14 pmol). The reaction



tube was sealed and the reaction was placed in a heating block at 60 °C. After six hours the
reaction was cooled to ambient temperature, diluted with EtOAc and poured on sat. NH4Cl.
The phases were separated and the aqueous phase was extracted with EtOAc (5x10 ml). The
combined organic phases were dried over Na;SOs4, evaporated to dryness and the residue
purified by flash chromatography with gradient elution (DCM / MeOH 4 - 12%) to yield
17 mg (53 %) of 5 as yellow solid. 'H NMR (400 MHz, DMSO) § 12.04 (br s, 1H), 8.66 (d, J
= 5.0 Hz, 1H), 7.76 (s) and 7.63 (s, 1H), 7.56 — 7.50 (m, 1H), 7.48 —7.42 and 7.29 — 7.22 (m,
1H), 7.14 (s, 1H), 6.80 (s, 1H), 5.09 — 4.87 (m, 1H), 3.18 — 2.82 (m, 6H), 2.49 — 2.37 (m, 1H),
2.17 — 1.77 (m, 4H), 1.68 — 1.39 (m, 4H), 0.87 — 0.76 (m, 3H). 1*C NMR (100 MHz, DMSO)
0 162.7, 161.4, 148.9, 148.7, 148.4, 148.3, 144.9, 140.7, 140.5, 136.2, 136.2, 135.6, 134.2,
134.1, 134.1, 134.0, 131.6, 124.0, 120.8, 119.6, 117.0, 116.9, 116.3, 115.8, 104.3, 104.2,
102.3, 98.9, 61.2, 61.1, 37.3, 34.3, 33.7, 33.6, 31.2, 31.1, 26.1, 26.0, 25.0, 24.9, 18.9 ESI-
HRMS [M+H]" calculated for C2sH26N6O2: 443.2190, found: 443.2207 HPLC tret = 5.885 min
and 6.538 min (E/Z mixture, purity 97.1 %)
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