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ABSTRACT

Chronic Myeloid Leukemia (CML) is a myeloproliferative disease caused by ber-abll, a
constitutively active tyrosine kinase fusion gene responsible for an abnormal proliferation of
leukemic stem cells (LSCs). Inhibition of BCR-ABLI kinase activity offers long term relief to CML
patients. However, for a proportion of them, BCR-ABLI1 inhibition will become ineffective at
treating the disease and CML will progress to blast crisis (BC) CML with poor prognosis. BC-CML
is often associated with excessive phosphorylated eukaryotic translation initiation factor 4E (elF4E)
which renders LSCs capable of proliferating via self-renewal, oblivious to BCR-ABLI1 inhibition. /n
vivo, elF4E is exclusively phosphorylated on Ser209 by MNK1/2. Consequently, a selective inhibitor
of MNK1/2 should reduce the level of phosphorylated eIF4E and re-sensitize LSCs to BCR-ABLI1
inhibition, thus hindering the proliferation of BC LSCs. We report herein the structure activity
relationships and pharmacokinetic properties of a selective MNK1/2 inhibitor clinical candidate,
compound 48 (ETC-206), which in combination with dasatinib prevents BC CML LSC self-renewal

in vitro, and enhances dasatinib antitumor activity in vivo.
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Introduction

Messenger RNA (mRNA) translation is a highly regulated process pervasive to many biological
processes in which, eukaryotic translation initiation factor 4E (eIF4E), a cap dependent translation
factor plays a crucial role. e[F4E, one of the five MAP kinase interacting serine/threonine kinases 1
and 2 (MNK1/2) substrates,’ is phosphorylated in vivo only by MNK1/2 on Ser209 and accordingly,
phospho-elF4E is not detected in Mnk1/2 knock out mice.” Overexpression of phosphorylated eI[F4AE
has been linked to inflammation,”> CNS disorders® and malignancies such as glioblastoma,” breast
cancer,'""? pancreatic ductal adenocarcinoma,'*"'* and leukemias.'>'® Abnormally high mRNA
translation of oncogenic transcripts is thought to fuel the growth of cancers, including chronic
myeloid leukemia (CML), where tumorigenic pathways are activated through eIFAE overexpression

17-22

and/or phosphorylation. Specifically, blast crisis chronic myeloid leukemia (BC CML) is a dire
stage of CML, where patients are no longer responsive to treatment with BCR-ABLI1 kinase
inhibitors® such as imatinib, dasatinib or nilotinib,”**’ that in most cases ensure long term survival to
patients in chronic phase (CP) CML. BC CML patients have high levels of nuclear p-catenin,'®'”*°
MNK1/2, eIF4E and phosphorylated eIF4E*"*® that are believed to promote not only resistance to
treatment with BCR-ABLI1 inhibitors, but also stimulate a proliferation of leukemic stems cells
(LSCs)'®* via self-renewal.”® Lim et al*® have shown that phospho-mimetic elF4E (eI[F4E-209D)
elicits LSC self-renewal ability whereas the un-phosphorylatable e[F4E (eIF4E-209A) does not.
They have, along with others, also shown that inhibition of B-catenin impairs the ability of primary

16,26

BC CML cells to self-renew to form colonies = and that the tumorigenic MNK/eIF4E/B-catenin

axis plays an important role in BC CML as well as in other cancers.”**!-
The current best and only option to cure BC CML is an allogenic bone marrow transplantation,

(only beneficial to a small proportion of patients®) and consequently, long-term treatment of patients

with BC CML remains an unmet medical need.
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Pharmacologic and knock-down inhibition of e[F4E phosphorylation by MNK1/2 prevents B-catenin

283132 and suppresses the ability of LSCs to self-renew,”® indicating that selective MNK1/2

activation
kinase inhibition by a small molecule could be an avenue to treat patients with BC CML. In addition,
selective MNK1/2 kinase inhibition may be associated with minimal adverse effects as Mnk knock-
out mice” are viable, healthy and have normal haematopoiesis.

Several inhibitors of MNK1/2 kinases have recently been reviewed,**** notably CGP57380°%>* and
cercosporamide.” Both cercosporamide and CGP57380 lack kinase selectivity and the latter is a
weak MNK1/2 inhibitor with potency in the low micromolar range. Theodosia et al. have revealed
MNK inhibitors with anti-proliferative activity against AML cell lines.***! Likewise, merestinib, a
non-selective MEK inhibitor was also shown to inhibit MNK1/2 in AML progenitors with anti-
leukemic effects.*” The effectiveness of pharmacologic co-inhibition of MNKs and mTORC] against
BC CML cells was recently published.**** Han et al.** have disclosed potent MNK 1/2 inhibitors but
revealed no disease relevant biological data. Recently, two MNK inhibitors BAY 1143269 and
eFT508 have progressed to clinical trial. BAY 1143269***” a predominantly MNK1 inhibitor was
administered in a phase I clinical study to patients with advanced solid tumors.*® eFT508 a potent
and selective MNK1/2 inhibitor is in phase II for the treatment of lymphoma, colorectal cancer, triple
negative breast cancer and hepatocellular carcinoma.**™!

To date there is little efficacy data and very few publications supporting the use of small molecule
MNK inhibitors to treat BC CML. We have recently published our discovery efforts to generate a
dual MNK and BCR-ABLI1 inhibitor for the treatment of BC CML** with a single agent and we
report herein a complementary approach with the design, synthesis and structure activity
relationships of very selective MNK1/2 inhibitors. These compounds intentionally lack BCR-ABL1

inhibitory activity, and therefore can potentially be combined with the appropriate tyrosine kinase

inhibitor for the treatment of BC CML patients. Starting from fragments, small molecule inhibitors
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of MNK1/2 were optimized and a nominated preclinical development candidate was tested in a K562

mouse xenograft model.

Chemistry
The compounds described herein fall into 3 classes following the 3 central bicyclic rings explored,

imidazopyrazine, imidazopyridazine or imidazopyridine.

Imidazopyrazines

Compounds 4 and 5, as shown in Scheme 1, were prepared in 3 steps starting from commercially
available 6-bromoimidazo[ 1,2-a]pyrazine 1, which was submitted to a copper mediated amination
leading to 6-amide imidazopyrazines 2a,b. The amide derivatives were brominated using NBS to
give 3-bromo-6-amide imidazopyrazines 3a,b, which were subjected to a Suzuki cross coupling
reaction to afford 4 and 5 respectively. Compound 8 was prepared in two successive Suzuki coupling

steps, as depicted in Scheme 1, with 66% overall yield.

Scheme 1. Synthesis of N-(3-(4-hydroxyphenyl)imidazo[ 1,2-a]pyrazinyl)-6 amides 4 and 5, and 6-

phenyl 8°

“Reagents and conditions: (i) acetamide or benzamide, N,N-dimethylethylenediamine, K,COs;, Cul,
Toluene, 90 °C, 12 h; (ii)) NBS, CH,Cl,, 1 h; (iii) (4-hydroxyphenyl)boronic acid, Na,CO;, Pd(OAc),,
P(PPh;),, 1,4-dioxane, 90 °C, 12 h; (iv) (4-hydroxyphenyl)boronic acid, Na,CO;, Pd(PPh;),, 1,4-dioxane, 90

°C, 12 h; (v) phenylboronic acid, Pd(dppf),Cl,, Cs,CO3;, DMF, H,0, 140 °C, 30 min.
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1

2

3 Imidazopyrazine analogs 19-33, shown in Scheme 2, were prepared in a similar manner from 1.
4

5 Beginning with a Suzuki coupling to introduce a para-benzoyl ester at the imidazopyrazine 6-

6

; position to give 9, which was halogenated at C-3 with either NBS or NIS to afford compounds 10
?O and 11. The esters were hydrolyzed to carboxylic acids 12 and 13 that, in turn were converted to
:; amides 14-18. Arylation at C-3 using a second Suzuki cross coupling afforded 19-25 and 27-33.
13

14 Carboxylic acid 25 was converted into a protected hydroxamic acid intermediate, which was treated
15

16 with an aqueous solution of hydrochloric acid to afford 26.

17

18

19

20 Scheme 2. Synthesis of imidazopyrazine analogs 19-33¢

21

22 _ AN

23 Y 0 D W g N/} i QY

25 B s on B

26

27

28 19: R' = NH, R2= 4-OH

20: R' = N-Methyl piperazine ~ R? = 4-OH

AN

29 ) N4\(/N N N/ 21: R" = N-Methyl piperazine R2=H
30 (iv) X N\/X W) = 22: R' = N-Methyl piperazine  R? = 2-OH
31 o. X O. 23: R' = N-Methyl piperazine  R? = 3-OH
R - 24: R' = N-Methyl piperazine  R? = 4-Me

32 R’ 14-18

19-33 25: R' = N-Methyl piperazine ~ R? = 4-CO,H ] vivi
26: R' = N-Methyl piperazine  R?= CONH(OH) =—

33 14: R" = NH, X=Br 27: R' = N-Methyl piperazine  R? = 4-CN
34 15: R" = N-Methyl piperazine X = Br 28: R' = N-Methyl piperizine ~ R?=4-Cl

16: R" = N-Methyl piperazine X =1 29: R' = N-Methyl piperizine ~ R? = 4-CF
35 17: R" = Morpholine, X=Br 30: R' = N-Methyl piperizine ~ R? = 4-CHF,
36 18: R = Morpholine, X=1 31: R' = N-Methyl piperizine ~ R? = 4-CONH,

32: R' = Morpholine R? = 4-OH

37 33: Ry = Morpholine R?=4-CN
38
39 “Reagents and conditions: (i) (4-(ethoxycarbonyl)phenyl)boronic acid, Pd(dppf),Cl,, Cs,COs, toluene, 90 °C,
40
41 12 h; (ii) NBS, MeOH, CCl, or NIS, DMF; (iii) LiOH, H,0, THF, CH;0H; (iv) R'R' NH, HATU, NMM,
42
43 DMF; (v) arylboronic acid, Pd(PPh;),, K;PO4, Na,CO;, H,0, 1,4-dioxane, 90 °C, 12 h; (vi) DIPEA, HOBt,
44
22 EDCI*HCI, O-(tetrahydro-2 H-pyran-2-yl)hydroxylamine, CH,Cl,, DMF, rt, 12 h; (vii) 1M aq. HCI, CH;CN,
47
48 MeOH, rt, 4 h.
49
50
51 S .. . . :
52 Compounds 36 and 37 were synthesized in 3 steps comprising a Suzuki coupling, ester hydrolysis
53
54 and amide formation as depicted in Scheme 3.
55
56
57
58 6
59
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Scheme 3. Synthesis of imidazopyrazine analogs 36 and 37¢

STyl

7a:R'=OH R!

1= 2
34a: R'= OH 36a: R'=OH R
7b:R'=C

- 36: R'= OH, R?= NAc
34b: R"=CN 36b: R1=CN 37:R' = CN, R2= CHN(Me),

“Reagents and conditions: (i) (4-(ethoxycarbonyl)phenyl)boronic acid, Pd(PPh;),, Na,COs, H,O, DMF, 90 °C,
12 h for 34a, 2 h for 34b; (i) LiOH, THF, CH;0H, rt, 5 h for 35a and 12 h for 35b; (iii) 1-(piperazin-1-

yl)ethan-1-one or N, N-dimethylpiperidin-4-amine, HATU, NMM, DMF, rt, 3 h.

Imidazopyridazines

As illustrated in Scheme 4, compounds 39 and 40 were both prepared in one step from 38.
Compound 42 was synthesized in two steps starting with a Suzuki cross coupling between 38 and 4-
boronobenzoic acid to give 41, which was converted to amide 42. Compound 45 was also prepared
in 2 steps from commercially available acid 43, which was converted to amide 44 followed by a

Suzuki cross coupling reaction to give 45.

Scheme 4. Synthesis of imidazopyridazine analogs 39, 40, 42 and 45°

= /
NN
s N/ -~ Cc” N (,V)
N HOOC
o 38 42 CN
[ CcN M CN

R 39:R'=MeN
40:R'=0

N
A~ =N Z N
Y W S ) St
=~ N — N
o N Br ° & © 45
43 N “ N
@ t
/

OH Q

“Reagents and conditions: (i) (4-(4-methylpiperazine-1-carbonyl)phenyl)boronic acid, Pd(PPhs),, Toluene,
EtOH, K,CO;, 140 °C, microwave reactor, 30 min; or morpholino(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)phenyl)methanone, Pd(dppf),Cl,, DMF, H,0, Cs,COs, microwave reactor, 140 °C, 30 min; (ii) 4-

boronobenzoic acid, Pd(dppf),Cl,, DMF, H,0; Cs,CO;, 90 °C, 18 h; (iii) tert-butyl piperazine-1-carboxylate,
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HATU, NMM, DMF, rt, 18 h; (iv) TFA, CH,Cl,, rt; (v) N,N-dimethylpiperidin-4-amine, HATU, NMM,
DMF; (vi) (4-cyanophenyl)boronic acid, K,CO;, Pd(PPh;),, 1,4-dioxane, H,O, 90 °C, 6 h.
Imidazopyridines

The preparation of 47 and 48 is depicted in Scheme 5.

Scheme 5. Synthesis of imidazopyridine 47 and 48°

ﬁé < é
n N
g N 7/ (i) o
N
© [R]

47:R=NCH;
48:R=0

“Reagents and conditions: (i) (4-methylpiperazin-1-yl)(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yDphenyl)methanone, (A-Phos),PdCl,, NaHCO;, DMF, H,0, 90 °C, 1 h; or morpholino(4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanone, Pd(PPh;),, K3PO,, 1,4-dioxane, H,0, 90 °C, 19 h.

RESULTS AND DISCUSSION

Fragment inhibitors of MNK1 published by Oyarzabal et al.”® offered a diversity of scaffolds among
which, a few imidazopyridazine analogs displayed high ligand efficiencies ranging from 0.32-0.52
kcal/mol per heavy atom. We found the imidazopyridazine scaffold to be an attractive starting point
to generate novel inhibitors of MNK1/2 with drug-like properties, suitable for proof of concept in
man. Accordingly, we gave it the highest priority.

Docking studies suggested that interactions with MNK1/2 could be improved by varying the bicyclic
core and by modifying the substituents at C-3 and at C-6, whose alterations would considerably
widened the SAR scope. Bicyclic cores were only selected, if modeling proposed a binding mode to
the kinases similar to that of the imidazopyridazine. All these taken together suggested a need for a
structure-activity-relationships (SAR) exploration of bicyclic analogs bearing substituents at both C-

3, C-6. Accordingly, our strategy was to divide this scaffold into 3 parts as outlined in Figure 1,
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where each part was investigated and the best of each was combined to give an optimized MNK1/2
inhibitor.

Figure 1. SAR exploration strategy

1
z N
XY= . -
J@Tﬁ/g = C-6 substituents C-3 substituents
R2 X2 R1 (RZ) (R1)

Modeling: We relied on molecular modeling to understand how our bicyclic-derived inhibitors
interact with MNK1/2 and to guide optimization of their potency. A common structural feature in
both MNK kinases is the DFD** motif, in which an aspartic acid Asp193 and Asp228 for MNK1 and
MNK2 respectively, replaces the glycine of the DFG motif that is more common to kinases. A DFD-
out structure of MNK1 (2HW6)°’ is available while MNK2 has been crystalized in both the DFD-in
(2HW7)*® and DFD-out (2AC3)™ conformations. To validate our modeling, we searched the PDB
for a co-crystal structure with inhibitors having the same scaffold. We found a structure [4YMIJ] of
TRK kinase in the DFG-out conformation with a 4-(imidazo-pyridazin-3-yl)-benzonitrile inhibitor.®
This compound has the same core as some of our inhibitors and docking studies supported that it
bind similarly to the TRK and MNK kinases. Consequently, we used the MNK DFD-out
conformation in our modeling studies. The ATP binding site of MNK 1 and MNK2 share high
sequence homology”’ and modeling indicates that the compounds bind similarly to both kinases.
Specifically, the bicyclic core acceptor nitrogen (N-1) hydrogen bonds with the amide backbone of
the kinase hinge residues Leul27 in MNK1 and Met162 in MNK2. The C-3 substituents reside in the
hydrophobic pocket formed by residues Phel24, Val63, Leul08 and Cys190 in MNK1 and the
homologous residues Phel59, Val98, Leul43 and Cys225 in MNK2. The substituents at the core 6-
position occupy the phosphate binding pocket close to the ATP ribose binding pocket. A major part
of the inhibitor is buried inside the protein except for the substituents at the 6-position, which interact
with the glycine-rich P-loop and the loop connecting the hinge region and helix aD of the C-terminal

lobe. Compounds were docked into MNK1 and MNK?2 using the automated docking program Glide
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2017-3 release™ using standard settings, and showed that top ranked poses had the same binding
mode as when manually modeled. The compounds described in this manuscript interact mostly with
the same amino acid residues in both MNK1 and MNK2. Furthermore, they inhibit both MNK1 and
MNK?2 with similar potency (less than 2 fold difference in all cases). In light of the similarities of the
amino acids engaged in compound binding to MNK1/2 and the similarity between the inhibitory
activities of the compounds against both MNK 1 and MNK2, we will only discuss the modeling of

inhibitors bound to MNK2.

The inhibitory activity of all compounds against MNK1/2 was assessed in a biochemical assay’> with
ATP at Km concentration of 1.2 mM and 250 uM for MNK1 and MNK2 assays respectively.
Compounds with a potency of 1 uM or lower against either MNK1 or MNK?2, were assayed in a
HeLa cell line™ for their ability to inhibit the phosphorylation of eIF4E by MNK 1/2. This functional
assay relies on a sandwich immunoassay to quantify phosphorylated e[F4E. In both enzymatic and
cell based assays, each compound was tested in a dose dependent manner, in duplicate, using 8-
points from a 3-fold serial dilution. ICsy values were determined by non-linear regression using

GraphPad prism and the values reported are the average of at least two experiments.

C-6 substituent variation. A quick probing of bicyclic scaffolds led to the imidazopyrazine

derivatives is shown in Table 1. The acetamide of 4 was replaced by a benzamide as in 5 which
resulted in potency loss. The inhibitory activity towards MNK1/2 was restored by reversing the
benzamide in 5 resulting in 19. The primary amide function was removed to yield compound 8,
which was slightly less potent than compound 19, suggesting that the amide of 19 contributes to

potency.

10
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Table 1. SAR of MNK1 and MNK2 inhibitor analogs 4, 5, 8 and 19

1Cso (LM)
# R, MNKI1“ MNK2‘ HeLa’
4 AcNH 0.789 0515  >2.5
5 PhCONH 3.35 1.08 na
8 Ph 0.528  0.415  0.819
19 4-PhCONH,  0.310  0.193 1.08

“ In vitro assay were compounds’ ability to inhibit MNK1 or MNK?2 phosphorylation of a peptide
substrate is determined as ICsg values from the average of at least 2 measures. In an in vitro assay
using HeLa cell line where compounds ability to inhibit MNK1/2 phosphorylation of eIF4E on

Ser209 and ICsgs were determined as the average of at least 2 measures. na: not available.

Figure 2. Compound 4 (Table 1) modeled into the MNK2 DFD-out X-ray structure (2AC3). The
binding site residues of MNK2 are shown in thin tube representation with grey carbon atoms. 4 is
shown in thick tube with green carbon. Hydrogen bonds between MNK2 and 4 are shown with
yellow dashed lines, -7 interactions with magenta dashed lines and aromatic hydrogen bond with

blue dashed line.
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Modeling of 4 (Table 1) into the ATP site of MNK2 show that the imidazole N-1 hydrogen bond
acceptor forms a hydrogen bond to the kinase hinge (Figure 2), very similar to that established by the
N-1 of the adenine base of ATP. This is the backbone NH hydrogen bond donor of residues Leul27
in MNK1 and Met162 in MNK2. This hydrogen bond is stable during the Molecular Dynamics (MD)
simulations (Supporting Information, MD file compound 4). The 2-position of the imidazopyrazine
is pointing towards the oxygen of the backbone carbonyl of Glu160 and the 8-position is pointing
towards the oxygen of the backbone carbonyl of Met162.

Interactions between the aromatic hydrogen at the 2- and 8-positions and the backbone carbonyls are
expected to be favorable to inhibitor binding™ to the kinases. When either the 2- or 8-position is
substituted all activity is lost (Supporting Information Table S1).

The phenyl in the 3-position has extensive hydrophobic interactions with the kinase. It is sandwiched
between the gatekeeper residue Phel59 and the DFD-motive residue Phe227 and engages in Van der
Waals contacts with the side chains of Val98, Alalll, Leul43, Cys225 and Leu212. The hydroxyl of
4 (Table 1) forms a stable hydrogen bond per MD simulations, with the backbone carbonyl of
Asp226 from the DFD motif. The acetamide is solvent exposed on one side and binds in a largely
hydrophobic area, where it interacts with the side chains of Leu90, Leu212 and Phe227. During the
MD simulations, the nitrogen or carbonyl of the amide (4, 5) periodically hydrogen bonds with the
backbone NH or sidechain of Ser166 either directly or water mediated. However these interactions
are not stable during the MD simulations and probably do not contribute much to the binding
affinity.

The substitution of the methyl of acetamide (4) for a phenyl (5) led to a drop in potency, possibly due
to a steric clash between the phenyl and Leu212 of the glycine-rich loop. Removing the amide linker
favors a better interaction between the phenyl directly connected to C-6 (8, 19) and residues Leu90,
Leu212 and Phe227. Furthermore, the backbone NH of Ser166 is pointing towards the face of the

phenyl resulting in an attractive electrostatic interaction between the negative © cloud of the phenyl

12
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and the partial positive charge of the NH donor (Figure 3). These observations are in favor of the
improvement in potency observed when a phenyl occupies the C-6 position. The amide of 19
marginally improved potency relatively to 8, probably due to a hydrogen bond between the carbonyl
and the side chain hydroxyl of Ser166. Both compounds 8 and 19 inhibit e[F4E phosphorylation in
cells with similar potencies and 19, exhibited a good permeability and favorable in vitro ADME
properties as shown in Table 2.

Table 2. Profile of Hit Compound 19

*Average of at least two determinations except

Assay/Property Value®

MW. "Distributi fficient bet 1-
molecular weight (g/mol) 330.35 [stribution coctticient beween

octanol and aqueous phosphate buffer at pH 7.4.

LogD7.4)° 2.03
PAMPA (10" cm/s)° 27 “Parallel Artificial Membrane Permeability
A t pH 7.4. “Half life in h
HLM/MLM T, (min)® 60/46 ssay at pH 7.4. "Half life in human and mouse

liver microsomes. ¢ ICso for Cyp 3A4 and 2D6
Cyp 3A4/2D6 ICso (uM)°  >20/>20 v s0Tor Lyp

inhibition.

The primary amide of 19 was replaced by larger amides to yield N-methyl-piperazine benzamide 20
and morpholine benzamide 32 (Table 3), both equipotent with 19, but with improved permeability
and solubility. The inhibitory activities of 19, 20, 32 and 36 showed that the substituents represented
by the R' equal to O, NCH3, NAc (Table 3) had a moderate impact on inhibitory potency towards
MNK1/2. Modeling (Figure 3) shows that the phenyl at 6-position makes Van der Waals contacts
with the side chains of Leu90, Leu212, Ser166 B-carbon and Gly165 a-carbon. In addition, to the
favorable interaction between the NH of Ser166 and the phenyl at C-6 described above, the
piperazine substituent makes Van der Waals contacts with the methylenes of Glu92 and Glu209.
However, these residues are on the edge of the binding site and are solvated. Any interaction

between the piperazine basic nitrogen and either acid is not likely to contribute much to the binding
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affinity. The methyl piperazine benzamide 20 and morpholine benzamide 32 amides appear to be the
best overall C-6 substituents.

C-3 substituent variation. We next kept the methyl piperazine benzamide, our best solubilizing
group, constant at C-6, and explored derivatization at C-3. Moieties such as pyridine derivatives,
pyrimidine, bicyclic heterocycle, carbonyl bridged heterocycles failed to improve potencies relative
to a phenyl substituent (Supporting Information Table S2). These observations are in agreement with
modeling studies, that support the hydrophobic nature of the binding site occupied by the phenyl at
C-3. Consequently, our SAR investigations were then narrowed to only substituting the para position
of phenyl at C-3. Removing the hydroxyl (21) or moving it to the ortho (22) or meta (23) positions
resulted in a 5 to 30 fold loss in potency. The following para substituents illustrate how this part of
the binding pocket can accommodate both hydrophobic and hydrophilic groups. The OH was
replaced by CHj3 (24), COOH (25), CONHOH (26), CN (27), C1 (28), CF3 (29), CHF; (30) and
CONHj; (31) and led to derivatives that inhibit MNK1 and MNK2 with similar potencies as
compared to 20.

The hydroxamic acid derivative 26 showed a substantial improvement in potency relative to 20, but
26 as well as the primary amide (31) and acid (25), all had poor permeability and consequently
lacked cell-based activity. The carboxylic acid was replaced by a tetrazole (Supporting Information
Table S3) to give an equipotent compound, but with a bad permeability and practically no cell
activity. The benzonitrile 27, with a LogD of 1.67 (Table 3) is less lipophilic than analogs of similar
potency (28, 29, 30) and displayed excellent solubility and permeability properties. Accordingly, the
benzonitrile group was selected as the preferred substituent at C-3. At this stage, the improved
compounds, exemplified by 27 and 33, exhibited an imidazopyrazine with a benzonitrile at C-3 and

methylpiperazine or morpholine benzamide at C-6.
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Table 3. SAR of imidazopyrazine derivatives 20-33, 36, 37 and their physicochemical properties

NZ =N
(6] J \
! -\
R
[R} :

ICso (M) PAMPA  Solubility
# R, R, LogD7.4
MNKI° MNK2* HeLa’ (10°cm/s)  (pg/mL)

20 NCH; 4-OH 0.284 0.140 0.189 2.25 34.7 114
21 NCH; H 2.68 1.43 1.92 na na na

22 NCH; 2-OH 9.50 5.17 na na na na

23 NCH; 3-OH 1.30 0.742 1.33 2.31 33.2 116
24 NCH; 4-CH; 0.600 0.410 1.21 na na na

25 NCH; 4-COH 0.700 0.355 >2.5 -1.37 0.10 >22
26 NCH; 4-CONH(OH) 0.060 0.031 >2.5 na na na

27 NCH; 4-CN 0.499 0.502 0.440 1.67 102 >125
28 NCH; 4-Cl 0.331 0.217 0.759 2.96 71.3 118
29 NCH; 4-CF; 0.574 0.389 1.99 2.95 87.4 90.4
30 NCH; 4-CHF, 0.369 0.336 1.63 2.55 76.2 66.9
31 NCH; 4-CONH, 0.294 0.187 >2.5 0.98 1.78 126
32 0] 4-OH 0.125 0.113 0.130 221 50.2 11.5
33 0) 4-CN 0.570 0.454 0.748 1.77 43.1 11.1
36 NCOCH; 4-OH 0.224 0.160 >2.5 1.68 2.82 144
37  CHN(CHs;), 4-CN 0.238 0.143 0.640 0.73 64.7 >45

“ In vitro 1Csy against MNK1 and MNK2; Average of at least two determinations. b eIF4E
phosphorylation inhibition measured using HeLa cell line, average of at least two determinations. na:

not available.

MNK?2 X-ray structures were examined to understand why the para position of the C-3 phenyl
tolerates both hydrophobic and hydrophilic groups. Figure 2 represents 4 docked into MNK2 and

shows that the para position is surrounded by hydrophobic residues Val98, side chain methylenes of
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Lys113, Phe227 and Phe159. Consequently, compounds with small hydrophobic para substituents
like Me (24), CI (28), CF; (29) and CHF; (30) have more hydrophobic interactions with the kinase
than compound 21 the unsubstituted analog. On the other hand, compounds with more polar
substituents such as 4-OH (20), 4-CO,H (25), 4-CONHOH (26), 4-CN (27) and 4-CONH, (31) also
have good inhibitory activity that could be the result of hydrogen bonding to the backbone carbonyl
of Asp226 for hydrogen bond donating substituents (Figure 2) or with the basic side chain of Lys113

for acidic or hydrogen bond accepting groups as shown in Figure 3.

yLeu 133
Lys113

Lem/&‘/

Figure 3. Compound 27 modeled into MNK2 DFD-out X-ray structure (2AC3). The binding site

residues of MNK2 are shown in thin tube representation with grey carbon atoms. 27 is shown in
thick tube drawing with green carbons. Hydrogen bonds between MNK?2 and 27 are shown with
yellow dashed lines, n-7 interactions with magenta dashed lines and aromatic hydrogen bond with

blue dashed line.
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Modeling studies showed that the cyano group of 27 forms a hydrogen bond with Lys113 and during
an MD simulation (Supporting Information, MD file compound 27), this hydrogen bond was present
for 60% of the time. The increased potency of 26 could be the result of two hydrogen bond
interactions between the NH and OH of the hydroxamic acid group to Asp226 and Lys113,

respectively.

Table 4. Microsomal stability, Cyp inhibition, permeability and plasma protein binding properties of

selected compounds

HLM/MLM® RLM/DLM"  Cyp 3A4/2D6  Caco-2 Caco-2  Human PPB’ Mouse PPB
" T}/, (min) T, (min) 1Cso (LM) Papp A-B°  Efflux ratio (%) (%)
27 41/37 na >20/>20 6.87 5.6 98.4 87.1
33 >60/>60 na >20/>20 17.9 1.73 na na
37 >60/>60 na >20/>20 1.14 7.57 na na
39 17/23 na >20/>20 14.6 4.84 99.9 95.9
40 53/>60 >60/>60 >20/>20 38.5 0.64 99.9 94.5
42 >60/42 na 5.6/na 1.13 29.9 na na
45 47/>60 na na 3.00 13.27 na na
47 20/11 na 3.9/>20 5.43 4.84 99.7 90.33
48 48/56 >60/>60 >20/>20 30.50 1.42 99.7 84.2

* HLM/MLM: metabolic stability measured in human and mouse liver microsomes. ® RLM/DLM:
metabolic stability determined in rat and dog liver microsomes. ¢ Papp in 10° cm/s; 4 pPB: plasma

protein binding; na: not available.

C-6 substituent variation. We reexamined the suitability of benzamide moieties at C-6 to verify that
the SAR established with the C-3 phenol derivatives holds true for the C-3 benzonitrile analogs.
Accordingly, two benzonitrile derivatives, morpholino (33) and N, N-dimethylamino piperidinyl (37)
were generated. 27 and 33 are equipotent towards MNK1/2 inhibition, just as the phenolic
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derivatives 20 and 32 are. Analogs 27, 33 and 37, were all of similar potency towards MNK1
inhibition, but for MNK2, 37 is 3 and 4 fold more potent than 27 and 33 respectively.

Compounds 27, 33 and 37 were found to have favorable ADME properties as shown in Table 4.
They were administered orally to mice, and 27 with a bioavailability of 48%, was the fastest
absorbed, with a C,,,x and AUC was 4-6 time higher than those of 33 and 37 (Supporting Information
Table S4). Compound 27 achieves an excellent selectivity and inhibits only 4 kinases at more than
50% out of 104 kinases when tested at a concentration of 10 uM (Supporting Information Table S5).
Overall, 27, combines excellent physicochemical properties (Table 3) with good in vitro and in vivo
ADME properties, excellent PK properties and kinase selectivity profile. Thus, compound 27 was

selected as the lead compound for the lead optimization phase.

Multi-parameter Lead Optimization

Increasing potency: swapping cores. Alteration at C-3 and C-6 of the imidazopyrazine core
produced 27 with an inhibitory potency of 0.5 uM against MNK1 and MNK2, in both enzymatic and
in cellular assays. At this stage, the core is the only part of the scaffold that was not modified and we

thought that its alterations could modulate potency and/or ADME properties as done by others.***2

Accordingly, in addition to imidazopyrazine, six bicyclic rings were investigated (Table 5 and
Supporting Information Table S6). Modeling studies have shown that their binding mode to MNK1/2
remain similar to that of imidazopyrazine analogs, and all derived analogs have in common the N-1
binding to hinge Ser166, the CN hydrogen bonding to Lys223, and exhibited previously described

hydrophopic interactions for phenyl groups at both C-3 and C-6.
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Table 5. Influence of the bicyclic core on potency: from imidazopyrazine to imidazopyridazine and

imidazopyridine
K17 =N
< N_/ NZEN NN NN,
. szé k)\:/\Nr ; . /QNr / E/CNr :N
N i azine iuJ:diuu idine
® o
R
1Cs0 (UM) PAMPA Solubility
# X' X? R LogD7.4
MNK1¢  MNK2*  HeLa’® (107 cmy/s) (ug/mL)
27¢ N CH NCH; 0.499 0.502 0.440 102 1.67 >125
39 CH N NCH, 0.020 0.025 0.326 25.0 2.82 86.0
40 CH N 0 0.023 0.041 0.421 30.0 2.10 1.80
2 CH N NH 0.016 0.026 0.220 45.8 2.00 115
45 CH N  CHN(CH;),  0.009 0.011 0.431 75.3 2.19 148
47 CH CH NCH, 0.084 0.072 0.229 81.9 2.48 137
48 CH CH 0 0.064 0.086 0.321 74.4 2.61 55.4

“ In vitro ICsy against MNK1 and MNK2. b eIFAE phosphorylation inhibition measured using HeLa
cell line. €27 was shown to illustrate the bicycle ring influence on potency in one table. ICss are the

average of at least two determinations.

Briefly, in comparison to the imidazopyrazine 27, [1,2-a]pyrimidine and 1H-imidazo[4,5-c]pyridine
analog (Supporting Information Table S6) was less potent, and 1H-benzo[d]imidazole derivative
(Supporting Information Table S6) was equipotent to 27. In contrast, the pyrazolo[1,5-a]pyrimidine
analog was 10 fold more potent than 27 (Supporting Information Table S6), and compounds from
pyrazolo[1,5-a]pyrimidine series unveiled similar SAR, physico-chemical and PK properties as
imidazopyridazine analogs. Therefore, we focused on the imidazopyrazine, imidazopyridazine and
imidazopyridine cores, and derived analogs as shown in Table 5.

Similarly, imidazopyridazine analogs 39, 40 and 42 are more potent than imidazopyrazine analogs 27
and 33. This trend is also observed when the imidazopyrazine core is replaced by an imidazopyridine
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with an improvement in potency, of 6-9 fold for MNK1 and of 5-7 fold for MNK2, seen when
comparing imidazopyrazines 27, 33 to imidazopyridines 47, 48.

In HeLa cells, inhibitory data of e[F4E phosphorylation shown in Table 5 are clustered between 0.22
and 0.44 uM. This inhibition is often weaker by 3 to 47 fold in whole cell as compared to cell free
assays, probably due to permeability issues (39, 40, 42), nonspecific binding or a combination of
both. Highly permeable compounds (27, 47, 48) exhibit a smaller potency difference between
enzymatic and cellular data, and 27, the most permeable compound, is equally potent in both assays.
Compound 45 is 47-fold less potent in cellular assays despite a good PAMPA permeability.

However, 45 has a high Caco-2 efflux ratio of 13 (Table 4) that could explain the loss of potency.

To rationalize the impact of N-7 on potency we examined the structural models which revealed that
the imidazopyrazine N-7 (Fig 2 and 3) is not involved in any hydrogen bond in any of the docked
complexes studied. On the contrary, it resides in a hydrophobic environment and has Van der Waals
interactions with Gly165 alpha carbon and Leu90 side chain as visualized in Figures 2 and 3. This
may account for part of the approximately 5 to 10 fold gain in potency observed when this N-7
nitrogen is replaced by a CH (compare 33 to 48). Indeed, our previous modeling studies® have also
shown the important contribution of hydrophobic interactions to the potency of the compounds.

It may be surprising that compounds with an imidazopyridazine scaffold were also substantially
more potent than the imidazopyrazine analogs as both cores have two nitrogen atoms with a lone pair
that can be solvated. The N-5 of the imidazopyridazine is also surrounded by hydrophobic residues
(Leu90 and Leu212). We believe that the difference in exposure of the lone pairs plays a determining
role in the influence of the core on potency. In the imidazopyrazines the lone pair is shielded by the
C-6 phenyl where as in the imidazopyridazines the lone pair is shielded by both the C-3 and C-6
phenyls. This impacted both the interaction between the ligand and protein as well as the solvation

energy.
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Figure 4. A single water molecule was placed
in front of the imidazopyrazine N-7 (A) and

imidazopyridazine N-5 (B). The complexes

were minimized using DFT-B3LYP 6-31G**.

DFT calculations indicate that the desolvation penalty for the imidazopyrazine N-7 may be much
higher than that of the imidazopyridazine N-5 and it costs 10.8 kJ/mol more to remove the water
from the imidazopyrazine complex in Figure 4.

In contrast to the benzamide minor influence on binding in imidazopyrazine series, the 4-N, N-
dimethylamino piperidine 45 in the imidazopyridazine series, is substantially more potent than
piperazine and morpholine benzamide analogs 39 and 40 respectively.

The piperidine-dimethylamine (45) in Figure 5 is sandwiched between hydrophobic residues Gly91,
Leul68, Phe227 while the base may interact with the acids Glu92 and Glu209. Figure 5 shows the
interactions of the dimethylamino piperidine group 45 with Glu209 and Phe227 of MNK2. In the
MD simulations the basic nitrogen interacts with the side chain of Glu209 during most of the
simulation. However, when bound to MNKZ2, this part of the inhibitor is solvent exposed and solvent
effects are likely to shield the contributions of any electrostatic interactions and they may not

contribute much to the binding affinity.
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Figure 5. Compound 45 docked into MNK2 catalytic site. MNK2 is shown as an electrostatic
surface. The inhibitors are shown in stick with green carbon and a transparent green surface.

We speculate that the N, N-dimethylamino piperidine interacts better with Phe227 and Glu209 than
the N-methyl piperazine. During the MD simulations (Supporting Information, MD file compound
45), the interactions with these residues were stable for 45 while they were only observed during

50% of the simulations for 20.

ADME and PK

Modulation of ADME Properties: correcting issues related to N-alkylated benzamides.

A selection of compounds, shown in Table 4, were evaluated in vitro to assess their metabolic
stability, Cyp inhibition and protein binding properties. It appears that substituting the
imidazopyrazine core effectively led to more potent derivatives 39 and 47 (Table 5), but with an
increased metabolic liability (Table 4). Methylpiperazine 39 and 47 are unstable in human and mouse
liver microsomes, and this is most likely attributable to N-demethylation. To address that issue
morpholine 40, piperazine 42, and N, N-dimethylamino piperidine 45 derivatives were generated and
were found to be metabolically stable. Unfortunately, both piperazine 42 and dimethylamino

piperidine 45 derivatives were subject to a high efflux ratio (Table 4) which might negatively impact
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their PK properties. Morpholine derivatives 40 and 48 showed low metabolic liability in mouse, rat,
dog and human microsomes, low Cyp 3A4 and 2D6 inhibition and they exhibited a higher cell
permeability as per the Caco-2 assay (Table 4) compared to the basic piperazine and piperidine

analogs.

Parmacokinetic Properties. In spite of the high efflux ratio of 45, it was orally administered to mice
at 5 mg/kg and gave a poor systemic exposure with a Cp,x of 69 ng/mL and an AUC.i,r of 347
ng.h/ml. In contrast, 40 and 48 exhibited higher exposure and substantially improved PK properties
relative to the lead 27 when comparing AUC and C,,,« values (Table 6). Indeed, compared to 27,
compounds 40 and 48 exhibited several characteristics favorable to good exposure including lower
basicity, higher Caco-2 permeability and a lower Caco-2 efflux ratio.

Table 6. Mouse pharmacokinetics data for 40 and 48.

“F (%) calculated after iv and PO

# 40 48
Dose (mg/kg) 1 5 1 5 administration at 1 mg/kg and 5 mg/kg
Route of respectively of 40 and 48. Formulations,
Co (ng/mL)
Conax (ng/mL) PO: 0.5%MC + 0.1%TWS80 + sterile MQ
Trnax (h) water, iv: 10%NMP + 40%PEG300 +
T (h) .

sterile MQ water, 10%Cremophor +

CL* (L/h/kg)
AUC (last) 10%DMA + sterile MQ water.
F (%)

Kinase selectivity. Compounds 40 and 48, were tested against a panel of 104 kinases together with
representative MNK inhibitors such as CGP57380,%* cercosporamide® and AST-487.7% % These
known MNK inhibitors are often used in biological studies but their selectivity profiles were not

readily available. CGP57380 is a multikinase inhibitor® as it was found to inhibit ABLI (E255K),
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ABLI1 (WT), MEK1, MEK2, MNK1, MNK2 and RET at more than 99% (Supporting Information,

Table S5).

Table 7. Kinase selectivity profile of 40 and 48 screened against a panel of 104 kinases at 1 uM.

oNOYTULT D WN =

10 Compounds 40 48

15 TREEspots

8

2

22
Number of >65% (DRAK1; FLT3; KIT; MNK2;

. (MEK; MNK2)
Kinases PDGFRA; PDGFRB; PHKG2; SRPK3)

inhibited* 3 1
27 >90%

(FLT3; MNK2; PDGFRB) (MNK2)

*Competition assay with a proprietary ligand to determine compounds binding affinity against a
panel of 104 kinases.

35 Table 7 shows that 40 and 48 are selective and specifically, imidazopyridine 48 inhibits only 2

37 kinases at >65%, 6 kinases fewer than imidazopyridazine 40. The bicyclic core of 48 had an

39 unexpected influence on its kinase selectivity and the difference in the torsion between the bicyclic
41 ring and the phenyl at C-3 could be a plausible explanation of why 48 is more selective than 40.
There is a 29° versus 42° torsion variation in DFT-B3LYP 6-31** minimized structures. The more

coplanar 40 probably has a shape that allows it to fit better to a greater number of kinases.

50 Cell-based anti-proliferative activity. The antiproliferative effects of 40 and 48 were assessed in
52 vitro, using CellTiter-Glo viability assay against 25 hematological cancer cell lines including the
54 K562 cell line that overexpresses eIF4E (K562 o/e eIF4E)*® (Supporting information, Table S7). The

ICsos were in general in the micromolar range similar to published data.*******® Compound 40
58 24
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appears to be more potent than 48 with submicromolar ICs, especially against GK-5, DOHH2, AHH-
1 and P3HR-1 cell lines. We speculate that the superior activity of 40 against these cell lines could be
the result of the combination of its potency and off-target inhibition of kinases such as PDGFRA and
FLT3, against which 40 gave an inhibitory potency of 0.25 and 0.88 uM respectively. MNK1/2
inhibitors that show strong anti-proliferative effects in vitro have been known to often inhibit other
kinases.”*

In contrast, 40 and 48 alone or in combination with imatinib or dasatinib were both able to suppress
the ability of leukemic stem cells from BC CML patient to form colony (data to be published
elsewhere). This was previously described for non-selective MNK1/2 inhibitors AST-487,

CGP57380 and cercosporamide and it was shown that imatinib and dasatinib alone do not inhibit the

self-renewal activity of LSCs.*®

Selection of compound 48 as a preclinical candidate. A comparison of the two optimized
compounds 40 and 48 shows that 40 is the most potent in the enzymatic assay, but that potency did
not carry over to elF4E phosphorylation inhibition in HeLa cells, where 48 is slightly more potent.
Compound 48 has a greater solubility, permeability and an excellent kinase selectivity. In maximum
tolerated dose studies, oral administration of 48, showed no weight loss and no clinical adverse
effects in healthy mice up to the tested dose of 200 mg/kg.

To avoid any ambiguities in interpreting efficacy studies, a compound which inhibits fewer kinases
will be preferred for investigating the impact of the inhibition of MNK1/2 on biological processes. In

light of these data, compound 48 was ranked higher and was selected as the preclinical candidate.

In vivo efficacy. We have reported that dual specific MNK1/2 and BCR-ABLI1 inhibitors potently
inhibited the proliferation of five BC CML lines in vitro and these inhibitors elicited a dose

dependent anti-tumor activity in an in vivo mouse xenograft model.”> As MNK1/2 and BCR-ABL1

25

ACS Paragon Plus Environment



Page 27 of 75

oNOYTULT D WN =

Journal of Medicinal Chemistry

inhibitory activities were combined into one molecule, it was challenging to distinguish the
contribution of MNK1/2 inhibition in the observed biological response. Now, we have shown that
selective MNK1/2 inhibitors 40 and 48 are much less anti-proliferative against the five BC CML cell

lines (Supporting information Table S7). However, there are emerging data®”

that support that
MNK1/2 inhibition effect in vivo could be greatly enhanced by the tumor micro-environment or the
stroma without which, the amplitude of MNK1/2 inhibitors anti-proliferative effect on BC CML cell
lines in in vitro cellular assays could appear to be much weaker. Accordingly, compound 48 was
selected for further evaluation in vivo in a mouse xenograft model. The antitumor effect of
compound 48 was then assessed in a K562 e/o eIF4E mouse xenograft model after oral
administration at 25, 50 or 100 mg/kg alone or in combination with a 2.5 mg/kg fixed dose of
dasatinib throughout the study (Figure 6).

Figure 6A shows that the treatment was well tolerated and the weight loss observed with the vehicle

or compound 48 administered alone is due to the burden of the tumor growth on mice.

6A 6B
30 = == Vehicle (0.5% MC+0.1% TW 80) 1500 9 o venicle
=#~ Dasatinib 2.5 mg/kg = Dasatinib 2.5 mg/kg
cpd 48 - 25 mg/kg cpd 48 - 25 mg/kg
20 o =% cpd 48 -50mg/kg 1250 9 . cpd 48- 50 moikg
@ cpd 48 - 100 mg/kg -+ cpd 48 - 100 mg/kg
Dasatinib +cpd 48 - 25 mg/kg Dasatinib + cpd 48 - 25 mg/kg
10 < =* Dasatinib +cpd 48 - 50 mg/kg 1000 <4 -e- Dasatinib + cpd 48 - 50 mg/kg P
«# Dasatinib +cpd 48 - 100 mg/kg -

Dasatinib +cpd 48 - 100 mg/kg
/,
750 4

pratiesly

-10 < 500 4

Group Mean Tumor Volume (mm® + SEM)

250 4
po, qd x 14 (Vehicle, cpd 48); 5d On_2d Off x 2

_ (Dasatinib); combined Dasatinib and cpd 48

I

-30 T T T T 1 ) 0 —
0 3 6 9 12 15 0 3 6 9 12 15
Days

Group body weight change (%Mean + SEM)
o
|}

Figure 6. Antitumor efficacy of 48 after oral administration alone or in combination with dasatinib
to K562 o/e eIF4E SCID mouse xenograft model with eight mice per group. A: Mouse body weights
expressed as (mean £SEM). B: Tumor growth rates expressed as volumes (mean £SEM).

26

ACS Paragon Plus Environment




oNOYTULT D WN =

Journal of Medicinal Chemistry Page 28 of 75

Dasatinib at 2.5 mg/kg elicited a tumor growth inhibition (TGI) of 88% (Figure 6B) with one tumor
free animal. In contrast, 48 alone only yields a maximum TGI of 23% at the highest administered
dose of 100 mg/kg which did not impede tumor growth, and was similar to the non-treated animals.
Combining 48 with 2.5 mg/kg of dasatinib not only increased tumor growth inhibition in a dose
dependent manner but, more importantly led to 2, 5 and 8 out of 8 tumor free animals at 25, 50 and
100 mg/kg respectively (Supporting Information, Table S8). The combination of 48 and dasatinib
inhibited tumor growth at all tested doses and no weight loss was recorded (Figure 6A). Both the
combination of 48 and dasatinib and on the other hand, the dual MNK1/2 and BCR-ABLI1
inhibitors,” prevented tumor growth in the same mouse xenograft model. The combination study
clearly showed, that a selective MNK1/2 inhibitor plays a role in TGI by enhancing the anti-tumor

effect of dasatinib.

Biomarker study. Western blot analysis of tumor samples excised from mice administered with 2.5
mg/kg of dasatinib and 100 mg/kg of 48 (Supporting information Figure S1), revealed, a maximum
reduction in phosphorylated CRKL, a BCR-ABLI substrate, from 4 to 8 hours post-dose. The
reduction of phosphorylated elF4e was significant after 1 hour post-dose and was sustained at 4 and
8 hours post-dose. These observations are consistent with the tumor growth inhibition induced by the
combination of 48 and dasatinib and shows that both MNK1/2 and BCR-ABLI kinases are inhibited

in vivo.

Conclusion

Starting from bicyclic fragment hits, selective and potent MNK1/2 inhibitors were designed and
synthesized. Substituents at both C-3 and C-6 and the bicyclic moiety were optimized. The
imidazopyridazine and imidazopyridine derivatives which required a non-basic benzamide for

optimal PK properties, also showed that these cores were equally effective at increasing potency for
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MNK1/2 inhibition and at modulating kinase selectivity profiles. Imidazopyridine derivative 48
displayed excellent kinase selectivity and significantly enhanced the anti-tumor activity of dasatinib
in a BC CML mouse xenograft model. This is in agreement with our previous anti-tumor data
obtained with single compound dual MNK/BCR-ABL1 inhibitors for which, the impact of MNK
inhibition could not be clearly established. Biomarker studies show that the combination effectively
reduced the ability of both MNK1/2 and BCR-ABLI1 kinases to phosphorylate their substrates elF4E
and CRKL respectively. A treatment of patients resistant to dasatinib with a combination of MNK1/2
inhibitor and dasatinib should overcome the MNK-elF4E-axis mediated resistance and restore
sensitivity to dasatanib treatment. In addition, the combination might require a lower dose of
dasatinib to achieve efficacy, alleviating dasatinib toxicity. This combination therapy with MNK1/2
inhibitors could be extended not only to other BCR-ABL1 inhibitors current or future, but also to
other therapies using kinase inhibitors that have become ineffective due to an overexpression of
phosphorylated elF4E.

Compound 48 is currently in phase 1 clinical trial where its benefit to BC CML patients treated with

dasatinib is being evaluated.

EXPERIMENTAL SECTION

Molecular Modeling.

The apo DFG-out MNK 1 and MNK2 X-ray structure PDB entries 2HW6™ and 2AC3>* respectively,
were downloaded from the Protein Data Bank’® and prepared with the protein preparation wizard in
Maestro 2017-3 release™ using standard settings. This included the addition of hydrogen atoms, bond
assignments, removal of water molecules further than 5A from the ligand, protonation state
assignment, optimization of the hydrogen bond network and restrained minimization using the

OPLS3 force field.”" The missing loops were added to the 2AC3 structure, these were adopted from a
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previously published model.”> The inhibitors were built using Maestro and minimized using
MacroModel 2017-3 release® before being manually docked into the MNK2 ATP-binding site. The
inhibitor-protein complex was finally minimized using Macromodel. All residues more than 9A from
the ligand were constrained before the complex was subjected to 500 steps of Polak-Ribiere
Conjugate—Gradient72 minimization using the OPLS3 force field”! and the GB/SA continuum
solvation method.”®

The protein complexes were then subjected to 250 ns of unconstrained molecular dynamics
simulation using Desmond 4.8.°® The system for MD was build using the System Builder in
Desmond. The protein-inhibitor complex was placed in an orthorhombic box with a 10 A buffer in an
orientation that minimized total box volume. The SPC explicit solvent model using water as solvent
was employed. The system was neutralized by adding Na+ ions and the NaCl salt concentration was
set to 0.15M. Under an NPT ensemble class with T =300 K, P=1.01325 bar, with the system relaxed
MD simulations were carried out for 250 ns. Analysis of secondary structure, RMSF, and ligand-
protein interactions were performed using the Simulation Interactions Diagram tool in Desmond
(Supporting Information, MD files for compounds 4, 27 and 45). The binding orientation and ligand-
protein interactions shown in Figures 2, 3 and 5 are representative of the interactions observed during
the MD simulation.

The model systems in Figure 4 were built in Maestro and minimized using DFT-B3LYP, 6-31G**
basis set in Jaguar 2017-3 release™. The water interaction energy was calculated by subtracting the

gas phase energy of the free water and inhibitor from the energy of the complex.

General Chemistry

Reagents were purchased from commercial sources and were used as received.
"H NMR spectra were recorded on a Bruker AVANCE 400 spectrometer at 400 MHz or Bruker

AVANCE 300 spectrometer at 300 MHz with the solvent as reference. Samples were prepared as
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solutions in a deuterated solvent and referenced to the appropriate internal nondeuterated solvent
peak. The following abbreviations were used to explain the multiplicities: s = singlet, d =doublet, t =
triplet, q = quartet, quint = quintet, m = multiplet, pent = pentet, hex = hexet, b = broad. *C NMR
spectra were recorded at 100 and 125 MHz using an internal deuterium lock.

LC MS analyses were performed on a Agilent 1200 series with PDA detector and Ion Trap Mass
detector; Waters Acquity UPLC with PDA, ELSD and Quattro micro mass detector; Waters Acquity
UPLC with PDA and 3100 mass detector; Agilent 1100 and 1200 series with PDA detector and
Single Quadrapole Mass detector; Shimadzu 2020 with PDA detector and Single Quadrapole Mass
detector. Electrospray-ionization time-of-flight high-resolution mass spectrometry (ESI-TOF-
HRMS) was conducted on an Agilent 6210 ESI-TOF (Agilent Technologies). MS (ESI) were
recorded on an Agilent 6120 Quadrupole LC/MS System.

Reverse phase HPLC analyses were performed on a Waters Alliance HPLC system with a PDA
detector, Waters Acquity UPLC system with a PDA detector; Varian prostar system with PDA
detector. The following columns were used: Waters Acquity BEH;C18;100x2.1mm, 1.7u; Waters X-
Bridge;C18;250x4.6mm, 5u; Waters X-Bridge C8;250x4.6mm, 5u; Waters X-Bridge;
C18;100x4.6mm, 3.5p; Phenomenex Luna, C18, 100x4.6 mm, 5u; Phenomenex Luna, C18, 250x4.6
mm, 5u. Purifications by preparative HPLC were performed on a Waters 2545 Binary Gradient prep
system with 2767 Auto sampler, Gilson GX-281 with UV detector, Shimadzu Prominence UFLC
with diode array; Shimadzu Prominence with UV detector; Varian Prostar with PDA detector. All
reagents and solvents were commercial grade and were used as received unless noted otherwise.
Flash chromatography was performed using a Teledyne Isco RF200 or on a Biotage SP1 combiflash
purification, both systems using using prepacked silica gel columns. Thin-layer chromatography
(TLC) was performed using EMD TLC silica-gel 60F»s4 plates. Visualization of TLC plates was
performed using UV light (254 nm). Melting points were determined by the capillary method on a

Stuart SMP30 apparatus and are uncorrected.
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The purity values for all biologically tested compounds were found to be greater than or equal to

95% determined from HPLC analyses.

General Synthetic Procedures

General procedure A (Aromatic halogenation). A solution of bicyclic derivative (N-(imidazo[ 1,2-
a]pyrazin-6-yl)acetamide) and N-bromosuccinimide or N-iodosuccinimide (1-4 eq) in an organic
solvent (CH3CN, DMF, CH,Cl,) (2 mL/mmol) was stirred at room temperature for 1 h then was
filtered through a short pad of celite. The filtrate was diluted with CH,Cl, and the resulting solution
was washed with water, dried over Na,SOy, filtered and concentrated under reduced pressure to
afford the reaction crude product that was either used unpurified or purified as described.

General procedure B (Suzuki coupling using Pd(PPh;)4): To a slurry of the halide derivative,
boronic acid (2 eq) and a base (2 eq K3PO4, Na,CO;) in a mixture of 1,4-dioxane (10 mL/mmol) and
H,0 (2 mL/mmol) was added Pd(PPh3),4 (0.2 eq). The reaction mixture was heated at 90 °C for 12 h
under argon atmosphere, then cooled and filtered through a short pad of celite. The filtrate was
concentrated to dryness under reduced pressure and the residue was purified as described in each
case.

General procedure C (ester hydrolysis): To a solution of carboxylic ester in a mixture of THF (4
mL/mmol) and CH3;OH (1.28 mL/mmol) were added LiOH (8 eq) and water (1.28 mL/mmol). The
reaction mixture was stirred for 5 h at room temperature, then, concentrated to a smaller volume,
diluted with water (2.56 mL/mmol) and acidified with an aqueous solution of HCI till pH 3. The

precipitate was isolated by filtration and dried to afford the desired product.

General procedure D (amide coupling): To a solution of carboxylic acid derivative in DMF (2.8
mL/mmol), were added sequentially N-methyl-morpholine (2 eq), HATU (1.5 eq) and the amine (1.5

eq). The reaction mixture was stirred at room temperature for 3 h under nitrogen atmosphere. The
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reaction mixture was diluted with water (2 mL/mmol). At this stage, if the product precipitated it was
isolated by filtration, or if it stayed in solution and the aqueous phase was extracted with an organic
solvent. The combined extracts were dried over Na,SOy, filtered and concentrated. The residue was

purified as described.

Synthesis
N-(3-(4-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-yl)acetamide (4)

Step 1: N-(imidazo|[1,2-a]pyrazin-6-yl)acetamide (2a). To a slurry of 6-bromoimidazo[1,2-
a]pyrazine (1.00 g, 5.00 mmol), acetamide (380 mg, 6.50 mmol) and K,CO; (1.38 g, 10.0 mmol) in
toluene (30 mL), were added Cul (47 mg, 0.05 mmol) and N, N-dimethylethylenediamine (44 mg,
0.50 mmol). The resulting mixture was heated at 90 °C for 12 h under an inert atmosphere. The
reaction mixture was filtered through a short pad of celite and the filtrate was concentrated under
reduced pressure. The residue was purified by flash column chromatography (silica gel, eluent n-
hexane/EtOAc 50:50) to afford N-(imidazo[ 1,2-a]pyrazin-6-yl)acetamide (500 mg, 56%). 'H NMR
(400 MHz, DMSO-dg) & (ppm): 10.55 (s, 1H), 9.24 (s, 1H), 8.91 (s, 1H), 8.23 (s, 1H), 7.76 (s, 1H),
2.10 (s, 3H); MS (ESI) m/z 177 [CsHsN,O+H]".

Step 2: N-(3-bromoimidazo [1, 2-a] pyrazin-6-yl)acetamide (3a). A solution of N-(imidazo[1,2-
a]pyrazin-6-yl)acetamide (1.00 g, 5.00 mmol) and N-bromosuccinimide (900 mg, 5.1 mmol) in
CH,CI; (10 mL) was stirred at room temperature for 1 h, then was filtered through a short pad of
celite. The filtrate was diluted with CH,Cl, and the resulting solution was washed with water, dried
over Na,SQy, filtered and concentrated under reduced pressure to afford N-(3-bromoimidazo[1,2-
a]pyrazin-6-yl)acetamide (700 mg, 53%). 'H NMR (400 MHz, CDCl3) & (ppm): 9.15 (s, 1H), 8.83 (s,
1H), 7.90 (bs, 1H), 7.79 (s, 1H), 2.28 (s, 3H); MS (ESI) m/z 255 [CsH;BrN,0]".

Step 3: N-(3-(4-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-yl)acetamide (4). To a slurry of N-(3-
bromoimidazo[1,2-a]pyrazin-6-yl)acetamide (600 mg, 2.35 mmol), (4-hydroxyphenyl)boronic acid
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(290 mg, 2.82 mmol) and Na,CO; (620 mg, 5.80 mmol) in a mixture of H,O (2.00 mL) and DMF (20
mL), were successively added Pd(OAc); (26 mg, 0.11 mmol) and a solution of triphenylphosphine
(120 mg, 0.47 mmol) in 1,4-dioxane. The reaction mixture was stirred at 90 °C for 12 h under argon,
then filtered through a short pad of celite. The filtrate was concentrated under reduced pressure and
the residue was purified by column chromatography (silica gel, eluent n-hexane/EtOAc 25:75) to
afford N-(3-(4-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-yl)acetamide (70 mg, 11%, AUC HPLC
95.1%). '"H NMR (400 MHz, DMSO-dq) & (ppm): 10.61 (s, 1H), 9.90 (s, 1H), 9.23 (s, 1H), 8.95 (s,
1H), 7.86 (s, 1H), 7.46 (d, J = 8.8 Hz, 2H), 6.96 (d, J = 8.4 Hz, 2H), 2.08 (s, 3H). °C NMR (100
MHz, DMSO-ds) & (ppm): 159.07, 154.65, 142.03, 136.38, 127.44, 126.63, 125.10, 114.48, 112.90,

112.44, 55.56, 28.35; MS (ESI) m/z 269.1 [C14H2N4O,+H]'.

N-(3-(4-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-yl)benzamide (5)

Step 1: N-(imidazo[1,2-a|pyrazin-6-yl)benzamide (2b). To a solution of 6-bromoimidazo[1,2-
a]pyrazine (500 mg, 2.52 mmol), benzamide (305 mg, 2.51 mmol) and K,CO3 (500 mg, 1.37 mmol)
in toluene (20 mL), were added Cul (23 mg, 0.12 mmol) and N,N-dimethylethylenediamine (8 mg,
0.09 mmol). The resulting mixture was heated at 110 °C for 2 h, and the reaction mixture was filtered
through a short pad of celite. The filtrate was concentrated and purified by flash column
chromatography (silica gel, eluent n-hexane/EtOAc 50:50) to afford N-(imidazo[1,2-a]pyrazin-6-
yl)benzamide (200 mg, 33%) as an off white solid. 'H NMR (400 MHz, CDCl;) & (ppm): 9.43 (s,
1H), 8.90 (s, 1H), 8.52 (s, 1H), 7.95 (d, /= 7.2 Hz, 2H), 7.82 (d, /= 7.2 Hz, 2H), 7.45 (t, /= 7.2 Hz,
3H); MS (ESI) m/z 239 [C13HoN4O +H]".

Step 2: N-(3-bromoimidazo[1,2-a]pyrazin-6-yl)benzamide (3b). A solution of N-(imidazo[1,2-
a]pyrazin-6-yl)benzamide (200 mg, 0.84 mmol) and N-bromosuccinimide (148 mg, 0.83 mmol) in
CHCI; (9.00 mL) was stirred at room temperature for 5 min and the reaction mixture was filtered

through a short pad of celite. The filtrate was diluted with CH,Cl, and washed with water. The
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organic phase was dried and concentrated under reduced pressure. The residue was purified by flash
column chromatography (silica gel, eluent n-hexane/EtOAc 80:20) to afford N-(3-bromoimidazo[1,2-

a]pyrazin-6-yl)benzamide (100 mg, 37%) as a yellow solid. "H NMR (400 MHz, CDCl3) & (ppm):

oNOYTULT D WN =

? 9.38 (s, 1H), 9.86 (s, 1H), 8.59 (s, 1H), 7.97 (d, /= 7.2 Hz, 2H), 7.82 (d, /= 8.0 Hz, 1H), 7.55 (t, J =
2.4 Hz, 3H); MS (ESI) m/z 317 [C3HoBrN,O+H]".

14 Step 3: N-(3-(4-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-yl)benzamide (5). To a mixture of N-
16 (3-bromoimidazo[ 1,2-a]pyrazin-6-yl)benzamide (100 mg, 0.13 mmol), (4-hydroxyphenyl)boronic
18 acid (52 mg, 0.37 mmol), Na,COs3 (83 mg, 0.78 mmol) and H,O (1.0 mL) in DMF (5.0 mL), were

20 added Pd(OAc); (3 mg, 0.01 mmol) and triphenylphosphine (16 mg, 0.06 mmol) in 1,4-dioxane. The
reaction mixture was heated at 90 °C for 2 h under argon and was filtered through a short pad of
celite. The filtrate was concentrated under reduced pressure and the residue was purified by flash

27 column chromatography (silica gel, eluent n-hexane/EtOAc 25:75) to afford N-(3-(4-

29 hydroxyphenyl)imidazo[1,2-a]pyrazin-6-yl)benzamide (5 mg, 5%, AUC HPLC 98.4%) as an off

31 white solid. '"H NMR (400 MHz, DMSO-ds) & (ppm): 10.98 (s, 1H), 9.42 (s, 1H), 9.04 (s, 1H), 8.02
33 (d, J=7.2 Hz, 2H), 7.91 (s, 1H), 7.61-7.48 (m, 5H), 6.99 (d, J = 8.4 Hz, 2H); MS (ESI) m/z 331

[C19H14N4O,+H]".

40 4-(6-bromoimidazo[1,2-a]pyrazin-3-yl)phenol (7a)

The title compound was prepared in a similar fashion as described in general procedure B starting
from 3-bromo-6-iodoimidazo [1, 2-a]pyrazine (15 g, 4.63 mmol) and 4-hydroxyphenylboronic acid
47 (6.4 g, 4.64 mmol). The residue was purified by column chromatography (silica gel, eluent n-

49 hexane/EtOAc 50:50) to afford 4-(6-bromoimidazo[1,2-a]pyrazin-3-yl)phenol (10.0 g, 77%) as

51 yellow solid. "H NMR (400 MHz, DMSO-d;) & (ppm): 9.92 (s, 1H), 8.98 (s, 1H), 8.62 (s, 1H), 7.98

53 (s, 1H), 7.52 (d, J = 8.4 Hz, 2H), 6.93 (d, J = 8.4 Hz, 2H); MS (ESI) , m/z 290 [C,HgBrN;0]".
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4-(6-phenylimidazo[1,2-a]pyrazin-3-yl)phenol (8)

A mixture of 4-(6-bromoimidazo[1,2-a]pyrazin-3-yl)phenol (93 mg, 0.32 mmol), Cs,CO; (203
mg, 0.64 mmol), phenylboronic acid (59 mg, 0.48 mmol) and PdCl,(dppf) (47 mg, 0.064 mmol), in a
mixture of DMF (2.5 mL) and H,O (0.5 mL) was heated in microwave reactor at 140 °C for 30 min.
The reaction mixture was concentrated to dryness under reduced pressure. The residue was purified
by flash column chromatography (silica gel, DCM/methanol 10:1) to afford 4-(6-phenylimidazo][1,2-
alpyrazin-3-yl)phenol (61 mg, 66%, AUC HPLC 99.6%) as a yellow solid; mp: 249.7-251.3 °C; 'H
NMR (400 MHz, MeOD-d,) & (ppm): 9.08 (d, /= 1.2 Hz, 1H), 8.65 (d,J=1.2 Hz, 1H), 7.92 (d, J =
7.3 Hz, 2H), 7.83 (s, 1H), 7.54 (d, J = 8.6 Hz, 2H), 7.46 (t, J = 7.4 Hz, 2H), 7.43-7.36 (m 1H), 7.02
(d, J = 8.6 Hz, 2H), 4.56 (s, 1H); °C NMR (100 MHz, MeOD-d,) & (ppm): 160.01, 143.47, 141.59,
141.35, 137.80, 134.78, 130.99, 129.99, 129.90, 129.87, 127.64, 119.58, 117.53, 114.37; MS (ESI)
m/z 288.20 [CsH3N;0 + H]".
(4-(3-bromoimidazo[1,2-a]pyrazin-6-yl)phenyl)(4-methylpiperazin-1-
yl)methanone (15)

Step 1: Ethyl 4-(imidazo [1, 2-a]pyrazin-6-yl)benzoate (9). To a solution of 6-bromoimidazo [1,
2-a] pyrazine (30 g, 151 mmol) in toluene (400 mL) were sequentially added Cs,COs (123 g, 378
mmol), 4-(ethoxycarbonyl)phenylboronic acid (35.2 g, 181 mmol) and PdCl,(dppf) (3.70 g, 4.50
mmol). The reaction mixture was stirred at 90 °C for 12 h under argon then, was filtered through
celite. The filtrate was concentrated under reduced pressure and the residue was purified the by flash
column chromatography (silica gel, eluent n-hexane/EtOAc 70:30) to afford ethyl 4-(imidazo [1, 2-
a]pyrazin-6-yl)benzoate (16 g, 39%) as yellow solid. "H NMR (400 MHz, DMSO-dg) & (ppm): 9.35
(s, 1H), 9.17 (s, 1H), 8.15 (d, J= 8.4 Hz, 2H), 8.03 (d, J = 8.4 Hz, 2H), 7.88 (s, 1H), 7.79 (s, 1H),
4.32 (q,J = 6.8 Hz, 2H), 1.44 (t, J = 7.2 Hz, 3H); MS (ESI) m/z 268 [CsH3N;0, +H]".

Step 2: Ethyl 4-(3-bromoimidazo [1, 2-a]pyrazin-6-yl)benzoate (10). To a solution of ethyl 4-

(imidazo [1, 2-a]pyrazin-6-yl)benzoate (16.0 g, 59.8 mmol) in a mixture of CCl4 (200 mL) and
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CH;O0H (50 mL) was added N-bromosuccinamide (12.7 g, 71.8 mmol). The reaction mixture was
stirred at room temperature for 30 min, then filtered through celite. The filtrate was concentrated
under reduced pressure and, the residue was suspended in water and extracted with CH,Cl,. The
organic phase was concentrated under reduced pressure to afford ethyl 4-(3-bromoimidazo [1, 2-
a]pyrazin-6-yl)benzoate (18.0 g, 87%) as a yellow solid. "H NMR (400 MHz, DMSO-ds) & (ppm):
9.17 (s, 1H), 8.78 (s, 1H), 8.28 (d, J = 8.4 Hz, 2H), 8.09 (d, J = 8.0 Hz, 2H), 7.94 (s, 1H), 4.34 (q, J =
7.2 Hz, 2H), 1.35 (t, J = 7.2 Hz, 3H); MS (ESI) m/z 345 [C}sH;,BrN;0,]"

Step 3: 4-(3-bromoimidazo|[1,2-a]pyrazin-6-yl)benzoic acid (12). To a solution of ethyl 4-(3-
bromoimidazo [1, 2-a]pyrazin-6-yl)benzoate (27.0 g, 77.9 mmol) in a mixture of THF (300 mL) and
CH;0H (100 mL) were added LiOH (26.0 g, 623 mmol) and water (100 mL). The reaction mixture
was stirred for 5 h at room temperature, then concentrated under reduced pressure. The residue was
diluted with water (200 mL), and was acidified with an aqueous solution of HCI till pH 3. The
precipitate was isolated by filtration and dried to afford 4-(3-bromoimidazo[1,2-a]pyrazin-6-
yl)benzoic acid (14.0 g, 56%) as a white solid. '"H NMR (400 MHz, CDCl3) & (ppm): 9.17 (s, 1H),
8.68 (s, 1H), 8.25 (d, J = 8.4 Hz 2H), 8.09 (d, J = 8.0 Hz, 2H), 7.99 (s, 1H); MS (ESI) m/z 316
[C13HsBIN;O,]".

Step 4: (4-(3-bromoimidazo[1,2-a]pyrazin-6-yl)phenyl)(4-methylpiperazin-1-yl)methanone
(15). N-methylmorpholine (4.8 mL, 44.0 mmol), HATU (12.5 g, 33 mmol) and N-methylpiperazine
(3.6 mL, 33 mmol) were added to a solution of 4-(3-bromoimidazo[1,2-a]pyrazin-6-yl)benzoic acid
(7.0 g, 22 mmol) in DMF (70 mL). The resulting reaction mixture was stirred at room temperature
for 10 h. The reaction mixture was diluted with water and the precipitate was isolated by filtration to
afford (4-(3-bromoimidazo[1,2-a]pyrazin-6-yl)phenyl)(4-methylpiperazin-1-yl)methanone (6.0 g,
68%) as a yellow solid. 'H NMR (400 MHz, CDCls) & (ppm): 9.15 (d, J= 1.2 Hz, 1H), 8.44-8.43 (d,
J=1.2Hz, 1H), 8.05 (d, J= 8.0 Hz, 2H), 7.83 (s, 1H), 7.57 (d, J = 8.0 Hz, 2H), 3.85 (bs, 2H), 3.51

(bs, 2H), 2.53 (bs, 2H), 2.41 (bs, 2H), 2.35 (s, 3H); MS (ESI) m/z 400 [C,sH,sBrNsO ]".
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(4-(3-iodoimidazo[1,2-a]pyrazin-6-yl)phenyl)(4-methylpiperazin-1-yl)methanone
(16)

Step 1. Ethyl 4-(3-iodoimidazo[1,2-a]pyrazin-6-yl)benzoate (11). To a solution of ethyl 4-
(imidazo [1, 2-a]pyrazin-6-yl)benzoate (8.00 g, 29.9 mmol) in DMF (200 mL), was added N-
iodosuccinimide (8.10 g, 36.0 mmol) and the mixture was heated at 60 °C for 2 h, then poured into
ice water. The precipitate was isolated by filtration and dried to afford ethyl 4-(3-iodoimidazo[ 1,2-
a]pyrazin-6-yl)benzoate (11 g, 94%) as a yellow solid. 'H NMR (400 MHz, DMSO-d) & (ppm): 9.13
(s, 1H), 8.80 (s, 1H), 8.29 (d, J= 8.4 Hz, 2H), 8.07 (d, J = 8.4 Hz, 2H), 8.00 (s, 1H), 4.374.31 (m,
2H), 1.34 (t,J = 7.2 Hz, 3H); MS (ESI) m/z 393 [C5H2IN;0,]".

Step 2: 4-(3-iodoimidazo|1,2-a]pyrazin-6-yl)benzoic acid (13). A solution of ethyl 4-(3-
iodoimidazo[ 1,2-a]pyrazin-6-yl)benzoate (11 g, 30.5 mmol) and LiOH*H,O (5.00 g, 121 mmol) in
THF/CH30H/H,0 (200/50/50 mL) was stirred at room temperature for 12 h. The reaction mixture
was concentrated under reduced pressure to a smaller volume. The residue was diluted with water
(20 mL) and acidified with an aqueous solution of HCI till pH 2. The precipitate was isolated by
filtration and was dried to afford 4-(3-iodoimidazo[1,2-a]pyrazin-6-yl)benzoic acid (8.00 g, 72%) as
an off white solid. '"H NMR (400 MHz, DMSO-de) & (ppm): 9.12 (s, 1H), 8.78 (s, 1H), 8.26 (d, J =
8.4 Hz, 2H), 8.06 (d, J = 8.4 Hz, 2H), 8.05 (s, 1H); MS (ESI) m/z 366 [C3H3IN;0,+H]".

Step 3: (4-(3-iodoimidazo[1,2-a]pyrazin-6-yl)phenyl)(4-methylpiperazin-1-yl)methanone
(16). N-methylmorpholine (12 mL, 109.1 mmol), HATU (26.6 g, 77.84 mmol) and N-
methylpiperazine (8.6 mL, 77.5 mmol) were added sequentially to a solution of 4-(3-
iodoimidazo[ 1,2-a]pyrazin-6-yl)benzoic acid (19.0 g, 52.03 mmol) in DMF (170 mL). The resulting
mixture was stirred under nitrogen at room temperature for 3 h and diluted with water (200 mL). The
precipitate was isolated by filtration and was dried to afford (4(4-(3-iodoimidazo[1,2-a]pyrazin-6-

1)phenyl)(4-methylpiperazin-1-yl)methanone (16.0 g, 70%) as an off-white solid. "H NMR (400
yl)pheny ylpip y g
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MHz, CDCL) 8 (ppm): 9.15 (d, J= 1.2 Hz, 1H), 8.44 (d, J= 1.2 Hz, 1H), 8.05 (d, J = 8.0 Hz, 2H),
7.83 (s, 1H), 7.57 (d, J = 8.0 Hz, 2H), 3.85 (bs, 2H), 3.51 (bs, 2H), 2.53 (bs, 2H), 2.41 (bs, 2H), 2.35
(s, 3H). °C NMR (100 MHz, DMSO-d) & (ppm): 169.14, 162.81, 142.88, 142.85, 142.75, 138.95,
137.45, 136.47, 127.99, 126.81, 116.56, 70.28, 54.98, 46.01, 36.26, 31.25; MS (ESI) m/z 447

[C1sHsINsO T

4-(3-(4-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-yl)benzamide (19)

Step 1: 4-(3-bromoimidazo[1,2-a]pyrazin-6-yl)benzamide (14). The title compound was prepared
in a similar fashion as described in general procedure D starting from 4-(3-bromoimidazo[ 1,2-
a]pyrazin-6-yl)benzoic acid (0.5 g, 1.57 mmol) and a 7N solution of amonia in THF (0.7 mL, 4.9
mmol). The residue was purified by flash column chromatography (silica gel, eluent CH,Cl,/CH;0OH
90:10) to afford 4-(3-bromoimidazo[1,2-a]pyrazin-6-yl)benzamide (0.2 g, 40%). 'H NMR (400 MHz,
DMSO-ds) 6 (ppm): 9.16 (s, 1H), 8.80 (s, 1H), 8.08 (d, J = 8.0 Hz, 2H), 7.88 (s, 1H), 7.56 (d, J = 8.4
Hz, 2H); MS (ESI) m/z 317 [C13HoBrN,O]".

Step 2: 4-(3-(4-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-yl)benzamide (19). The title
compound was prepared in a similar fashion as described in general procedure B starting from 4-(3-
bromoimidazo[1,2-a]pyrazin-6-yl)benzamide (0.5 g, 1.58 mmol) and 4-hydroxyphenylboronic acid
(0.44, 3.16 mmol) as starting materials. The reaction crude product was purified by flash column
chromatography (silica gel, eluent CH,CIl,/CH3OH 85:15) and by preparative HPLC to afford 4-(3-
(4-hydroxyphenyl)imidazo[ 1,2-a]pyrazin-6-yl)benzamide (100 mg, 19%, AUC HPLC 98%) as an
off-white solid. "H NMR (400 MHz, DMSO-d;) & (ppm): 9.20 (s, 1H), 8.85 (s, 1H), 8.12 (d, /= 8.0
Hz, 2H), 7.97 (d, J= 8.4 Hz, 2H), 7.92 (s, 1H), 7.56 (d, J = 8.4 Hz, 2H), 7.40 (bs, 1H), 6.91 (d, J =
8.4 Hz, 2H). >C NMR (100 MHz, DMSO-d5) & (ppm): 166.90, 159.05, 142.21, 139.15, 138.45,
136.99, 133.74, 133.31, 128.86, 127.38, 127.35, 125.34, 116.15, 115.98, 113.30; MS (ESI) m/z 331
[C19H14N4O,+H]".
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NP NN
N Y, N /
X RB(OH),
o Br KsPOs, PA(PPh)s

[N] 15 1,4- 1 a-dioxanel H0 H,0 20-25
Y

Compounds 20-24 were prepared in a similar fashion as described in general procedure B to

afford the desired product after purification by flash column chromatography through silica gel.

Table 8: Purification eluent, yield and purity for compounds 20-24

Compound # R Purification eluent Amount (yield, purity)
20 4-OH CH,Cl,/CH;30H 95:5 30 mg (19%, >99%)
21 H n-hexane/EtOAc 60:40 60 mg (25%, >99%)
22 2-OH CH,Cl,/CH3;0H 98:2 15 mg (15%, 96.8%)
23 3-OH CH,Cl,/CH;30H 95:5 60 mg (9%, 98.5%)
24 4-CH3; n-hexane/EtOAc 30:70 50 mg (50%, >99%

(4-(3-(4-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-yl)phenyl)(4-methylpiperazin-1-
yl)methanone (20). 'H NMR (400 MHz, CDCl3) & (ppm): 9.21 (s, 1H), 8.54 (s, 1H), 7.96 (d, J =
8.4 Hz, 2H), 7.83 (s, 1H), 7.54 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 7.06 (d, J = 8.8 Hz, 2H),
3.86 (bs, 2H), 3.51 (bs, 2H), 2.53 (bs, 2H), 2.41 (bs, 2H), 2.35 (s, 3H). >*C NMR (100 MHz, DMSO-
ds) & (ppm): 168.07, 157.49, 142.24, 139.20, 137.14, 136.86, 135.10, 133.86, 128.95, 127.04, 126.83,
125.62, 117.39, 115.63, 113.09, 53.86, 46.44, 44.90, 40.70, 37.41; MS (ESI) m/z 414
[Cr4H23N50,+H]".

(4-methylpiperazin-1-yl)(4-(3-phenylimidazo[1,2-a]pyrazin-6-
yl)phenyl)methanone (21). mp: 222.9-223.9 °C, '"H NMR (400 MHz, CDCl3) & (ppm): 9.25 (s,

J=12Hz, 1H), 8.44 (s, 1H), 8.06 (d, J = 8.0 Hz, 2H), 7.83 (s, 1 H), 7.58-7.56 (m, 4H), 7.50 (d, 3H)
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3.85 (bs, 4H), 3.51 (bs, 4H), 2.41 (bs, 3H). >C NMR (100 MHz, DMSO-d,) & (ppm): 169.14,
143.46, 140.70, 138.47, 137.84, 136.26, 135.80, 129.92, 129.21, 128.35, 128.05, 127.90, 127.78,

126.75, 116.11, 114.40, 54.85, 47.58, 46.01, 41.92; MS (ESI) m/z 398 [Co4H23NsO + H]".
(4-(3-(2-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-yl)phenyl)(4-methylpiperazin-1-
yDmethanone (22). '"H NMR (400 MHz, DMSO-dg) & (ppm) 9.24 (s, 1H), 9.09 (s, 1H), 8.85 (s,
1H), 8.14 (d, J = 8.8 Hz, 2H), 7.99 (s, 1H), 7.62-7.56 (q, J = 8.4 Hz, 4H), 6.99 (d, 2H), 3.84 (bs, 4H),
3.15 (s, 4H), 2.31 (s, 3H). °*C NMR (100 MHz, DMSO-ds) & (ppm): 169.14, 155.58, 142.83, 140.41,

138.01, 137.27, 136.14, 136.06, 131.86, 131.15, 128.01, 126.45, 126.31, 120.15, 116.87, 116.55,

114.914, 54.78, 47.55, 47.93, 45.93, 41.92. ; MS (ESI) m/z 414 [C24HxNsO+H] "
(4-(3-(3-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-yl)phenyl)(4-methylpiperazin-1-
yl)methanone (23). 'H NMR (400 MHz, CD;OD) & (ppm): 9.15 (s, 1H), 8.74 (s, 1H), 8.06 (d, J =

8.0 Hz, 2H), 7.83 (s, 1H), 7.58-7.56 (m, 3H), 7.50 (d, 3H) 3.85 (bs, 4H), 3.51 (bs, 4H), 2.31 (s, 3H);

MS (ESI) m/z 414 [C24H23Ns50,+H] .

(4-methylpiperazin-1-yl)(4-(3-p-tolylimidazo[1,2-a]pyrazin-6-
yl)phenyl)methanone (24). 'H NMR (400 MHz, DMSO-d) & (ppm): 9.25 (s, 1H), 8.10 (s, 1H),
7.93-7.91 (d, J = 8.4 Hz, 2H), 7.83 (s, 1H), 7.51-7.47 (m, 4H), 7.41-7.40 (d, J = 8.8 Hz, 2H), 7.25
(s, 1H), 3.85 (bs, 1H), 3.50 (s, 4H), 2.55 (bs, 2H), 2.32 (s, 3H), 2.25 (s, 3H). >*C NMR (100 MHz,
DMSO-dy) o (ppm): 169.13, 143.41, 140.58, 138.81, 138.36, 137.86, 136.24, 135.48, 130.46, 128.31,

127.90, 127.83, 126.71, 125.12, 114.32, 54.84, 47.54, 46.03, 41.95, 21.40; MS (ESI) m/z 411.5

[C2sHasNsO + H]

4-(6-(4-(4-methylpiperazine-1-carbonyl)phenyl)imidazo[1,2-a]pyrazin-3-

yDbenzoic acid (25).
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Step 1: Ethyl 4-(6-(4-(4-methylpiperazine-1-carbonyl)phenyl)imidazo[1,2-a]pyrazin-3-
yl)benzoate. The title compound was prepared in a similar fashion as described in general procedure
B starting from (4-(3-bromoimidazol[ 1,2-a]pyrazin-6-yl)phenyl)(4-methylpiperazin-1-yl)methanone
(1.00 g, 2.5 mmol) and 4-(ethoxycarbonyl)phenylboronic acid (970 mg, 5.0 mmol). The reaction
crude product was purified by flash column chromatography (silica gel, eluent CHCl;/MeOH 94:6)
to afford ethyl 4-(6-(4-(4-methylpiperazine-1-carbonyl)phenyl)imidazo[ 1,2-a]pyrazin-3-yl)benzoate
(600 mg, 55%) as an off-white solid. '"H NMR (400 MHz, CD;0D) & (ppm) 9.28-9.27 (d, J= 1.2 Hz,
1H), 8.64-8.64 (d, J= 1.2 Hz, 1H), 8.29-8.27 (d, J = 8.0 Hz, 2H), 7.99-7.98 (d, J = 2.0 Hz, 2H),
7.96 (s, 1H), 7.74-7.72 (d, J = 8.4 Hz, 2H), 7.55-7.53 (d, /= 8.4 Hz, 2H), 4.48-4.43 (q, J = 7.2 Hz,
2H), 3.84 (bs, 2H), 3.50 (bs, 2H), 2.53 (bs, 2H), 2.39 (bs, 2H), 2.35 (s, 3H), 1.47-1.44 (t, /= 7.2 Hz,
3H); MS (ESI) m/z 470 [C27H»7NsO5 + H]'.

Step 2: 4-(6-(4-(4-methylpiperazine-1-carbonyl)phenyl)imidazo[1,2-a]pyrazin-3-yl)benzoic
acid (25). The title compound was prepared in a similar fashion as described in general procedure C
starting from ethyl 4-(6-(4-(4-methylpiperazine-1-carbonyl)phenyl)imidazo[1,2-a]pyrazin-3-
yl)benzoate (600 mg, 1.28 mmol) to afford the 4-(6-(4-(4-methylpiperazine-1-
carbonyl)phenyl)imidazo[ 1,2-a]pyrazin-3-yl)benzoic acid as a solid (450 mg, 80%, AUC HPLC
97.1%). '"H NMR (400 MHz, DMSO-de) & (ppm): 9.28 (s, 1H), 9.01 (s, 1H), 8.17-8.11 (m, 5H),
7.94-7.92 (d, J= 8.0 Hz, 2H), 7.50-7.48 (d, J = 8.0 Hz, 2H), 3.61 (bs, 4H), 2.32 (bs, 4H), 2.19 (s,
3H). *C NMR (100 MHz, DMSO-ds) & (ppm): 169.23, 167.36, 143.57, 141.09, 138.71, 137.93,
136.65, 135.91, 132.26, 130.95, 130.75, 128.21, 127.97, 126.97, 126.89, 114.83, 53.746, 42.02,

12.67; MS (ESI) m/z 440 [C25sH23NsO3+H "

N-Hydroxy-4-(6-(4-(4-methylpiperazine-1-carbonyl)phenyl)imidazo[1,2-

a|pyrazin-3-yl)benzamide (26).
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Step 1: 4-(6-(4-(4-methylpiperazine-1-carbonyl)phenyl)imidazo[1,2-a]pyrazin-3-yl)-/V-
((tetrahydro-2H-pyran-2-yl)oxy)benzamide. To a solution of 4-(6-(4-(4-methylpiperazine-1-
carbonyl)phenyl)imidazo[ 1,2-a]pyrazin-3-yl)benzoic acid (50 mg, 0.113 mmol) in a mixture of
CH,Cl, (3 mL) and DMF (1 mL) was added sequentially DIPEA (83 pL, 0.48 mmol), HOBt (32 mg,
0.24 mmol), EDCI*HCI (45 mg, 0.24 mmol) and O-(tetrahydro-2H-pyran-2-yl)hydroxylamine (26
mg, 0.23 mmol). The reaction mixture was stirred at room temperature under inert atmosphere for 12
h, then diluted with H,O (3 mL) and extracted with CH,Cl, (3x10 mL). The combined organic layer
was dried over Na,SOy, filtered and was concentrated under reduced pressure. The crude residue was
purified by flash column chromatography to afford 4-(6-(4-(4-methylpiperazine-1-
carbonyl)phenyl)imidazo[ 1,2-a]pyrazin-3-yl)-N-((tetrahydro-2 H-pyran-2-yl)oxy)benzamide (44.6
mg, 73%, AUC HPLC 94.5%) as a white solid. 'H NMR (600 MHz, DMSO-d) & (ppm): 11.81 (bs,
1H), 9.30 (s, 1H), 9.00 (s, 1H), 8.19 (s, 1H), 8.16 (d, J= 12 Hz, 2H), 7.99 (dd, J = 10.6, 8.3 Hz, 4H),
7.51 (d, J= 12 Hz, 2H), 5.08-5.04 (m, 1H), 4.13—4.06 (m, 1H), 3.70-3.53 (m, 3H), 3.45-3.25 (m,
2H), 2.43-2.27 (m, 4H), 2.22 (s, 3H), 1.79-1.73 (m, 3H), 1.63-1.53 (m, 3H); *C NMR (125 MHz,
DMSO-ds) 6 (ppm): 169.1, 164.0, 143.5, 141.0, 138.6, 137.7, 136.3, 132.4, 131.1, 128.7, 128.1,
127.8, 127.0, 126.8, 114.6, 101.5, 61.8, 54.9, 46.0, 28.3, 25.1, 18.7; MS (ESI) m/z 541 [C30H32NeO4
+H]".

Step 2: N-Hydroxy-4-(6-(4-(4-methylpiperazine-1-carbonyl)phenyl)imidazo[1,2-a]pyrazin-3-
yl)benzamide (26). To a solution of 4-(6-(4-(4-methylpiperazine-1-carbonyl)phenyl)imidazo[1,2-
a]pyrazin-3-yl)-N-((tetrahydro-2 H-pyran-2-yl)oxy)benzamide (10 mg, 0.018 mmol) in a mixture of
CH3;CN/MeOH (1:1, 0.6 mL) was added a 1M aqueous solution of HCI (110 pL, 0.11 mmol) at room
temperature. The reaction mixture was stirred for 4 hours and was concentrated in vacuo. The residue
was diluted with hexane then dried over Na,SQy, filtered and concentrated to dryness under reduced
pressure to yield the N-hydroxy-4-(6-(4-(4-methylpiperazine-1-carbonyl)phenyl)imidazo[1,2-
a]pyrazin-3-yl)benzamide as a hydrochloride salt (5.3 mg, 63%, AUC HPLC >99%), light yellow
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solid. "H NMR (600 MHz, DMSO-dj) & (ppm): 11.39 (bs, 1H), 9.35 (s, 1H), 9.04 (s, 1H), 8.26 (s,
1H), 8.20 (d, J = 8.4 Hz, 2H), 8.00 (d, J = 7.8 Hz, 2H), 7.95 (d, J = 8.4 Hz, 2H), 7.59 (d, J = 8.4 Hz,
2H), 4.39-3.60 (m, 6H), 3.05-3.15 (m, 2H), 2.77 (s, 3H); *C NMR (125 MHz, DMSO-d;)  (ppm):
168.8, 163.3, 142.5, 139.6, 138.4, 137.5, 134.7, 134.5, 132.6, 129.7, 127.8, 127.7, 127.6, 126.7,

126.4, 114.4, 51.8, 41.9; MS (ESI) m/z 457 [CosHx4NgO; + H.

4-(6-(4-(4-methylpiperazine-1-carbonyl)phenyl)imidazo|[1,2-a]pyrazin-3-
yl)benzonitrile (27). The title compound was prepared in a similar fashion as described in
general procedure B starting from (4-(3-bromoimidazo[ 1,2-a]pyrazin-6-yl)phenyl)(4-
methylpiperazin-1-yl)methanone (200 mg, 0.50 mmol) and 4-cyanophenylboronic acid (110 mg,
0.75 mmol). The reaction crude product was purified by flash column chromatography (silica gel,
eluent CH,Cl,/MeOH 95:5 to 90:10) to afford 4-(6-(4-(4-methylpiperazine-1-
carbonyl)phenyl)imidazo|[1,2-a]pyrazin-3-yl)benzonitrile (154.7 mg, 73%, AUC HPLC >99%) as a
yellow solid, mp: 223.9-225.1 °C. "H NMR (300 MHz, DMSO-d) & (ppm): 9.31 (s, 1H), 9.04 (s,
1H), 8.25 (s, 1H), 8.16 (d, J= 8.1 Hz, 2H), 8.11-8.04 (m, 4H), 7.51 (d, J = 8.1 Hz, 2H), 3.63 (bs,
2H), 3.46-3.20 (m, 2H), 2.32 (bs, 4H), 2.20 (s, 3H). >C NMR (100 MHz, DMSO-dy) & (ppm):
168.04, 142.47, 140.18, 137.77, 136.63, 136.07, 135.32, 132.61, 131.74, 127.76, 126.79, 125.80,

125.21, 118.08, 113.92, 110.09, 53.743, 46.44, 44.93, 40.87; MS (ESI) m/z 423 [C2sH2oNsO + H]".

(4-(3-(4-chlorophenyl)imidazo[1,2-a]pyrazin-6-yl)phenyl)(4-methylpiperazin-1-
yD)methanone (28). The title compound was prepared in a similar fashion as described in general
procedure B starting from (4-(3-iodoimidazo[1,2-a]pyrazin-6-yl)phenyl)(4-methylpiperazin-1-
yl)methanone (150 mg, 0.34 mmol) and 4-chlorophenylboronic acid (79 mg, 0.50 mmol). The

reaction crude product was purified by flash column chromatography (silica gel, eluent
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CH,Cl1,/MeOH 95:5 to 90:10) to afford (4-(3-(4-chlorophenyl)imidazo[ 1,2-a]pyrazin-6-yl)phenyl)(4-
methylpiperazin-1-yl)methanone (128.4 mg, 66%, AUC HPLC >99%) as a yellow solid, mp: 208.0—
208.5 °C. "H NMR (400 MHz, CDCls) & (ppm): 9.24 (d, J = 1.4 Hz, 1H), 8.54 (d, J= 1.4 Hz, 1H),
7.95 (d, J = 8.4 Hz, 2H), 7.89 (s, 1H), 7.60-7.55 (m, 4H), 7.52 (d, J = 8.4 Hz, 2H), 3.82 (bs, 2H),
3.49 (s, 2H), 2.50-2.33 (m, 7H); >C NMR (100 MHz, CDCl3) & (ppm) 169.78, 143.84, 140.70,
139.63, 137.76, 136.14, 135.34, 135.33, 129.98, 129.36, 127.84, 126.45, 126.41, 126.24, 112.54,

55.27, 54.79, 46.03; MS (ESI) m/z 432 [C4H»CINsO + H]'.

(4-methylpiperazin-1-yl)(4-(3-(4-(trifluoromethyl)phenyl)imidazo|[1,2-a]pyrazin-
6-yl)phenyl)methanone (29). The title compound was prepared in a similar fashion as
described in general procedure B starting from (4-(3-iodoimidazo[ 1,2-a]pyrazin-6-yl)phenyl)(4-
methylpiperazin-1-yl)methanone (200 mg, 0.45 mmol) and 4-(trifluoromethyl)phenylboronic acid
(101 mg, 0.54 mmol). The reaction crude product was purified by column chromatography (silica
gel, eluent CH,Cl,/MeOH 95:5 to 90:10) to afford (4-methylpiperazin-1-yl)(4-(3-(4-
(trifluoromethyl)phenyl)imidazo[ 1,2-a]pyrazin-6-yl)phenyl)methanone (150 mg, 72%, AUC HPLC
97%) as a yellow solid, mp: 190.5-191.5 °C. 'H NMR (400 MHz, MeOD-d,) 6 (ppm): 9.18 (s, 1H),
8.91 (s, IH), 8.11 (d, J = 8.20 Hz, 2H), 8.08 (s, 1H), 8.00 (d, J = 8.2 Hz, 2H), 7.94 (d, /= 8.2 Hz,
2H), 7.54 (d, J = 8.3 Hz, 2H), 3.81 (bs, 2H), 3.54 (bs, 2H), 2.55-2.47 (m, 4H), 2.36 (s, 3H); °C
NMR (100 MHz, MeOD-d,) & (ppm) 172.00, 143.96, 142.16, 140.93, 139.31, 136.90, 136.43, 132.89
(q, /=13 Hz), 131.85 (q, J=32.4 Hz), 129.77, 128.75, 128.19, 127.90, 127.57, 125.52 (q, J = 269.6

Hz), 115.24, 45.99; MS (ESI) m/z 466 [C,sHF3NsO + H] .

(4-(3-(4-(difluoromethyl)phenyl)imidazo[1,2-a]pyrazin-6-yl)phenyl)(4-

methylpiperazin-1-yl)methanone (30). The title compound was prepared in a similar fashion
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as described in general procedure B starting from (4-(3-bromoimidazo[ 1,2-a]pyrazin-6-yl)phenyl)(4-
methylpiperazin-1-yl)methanone (200 mg ,0.5 mmol) and 2-(4-(difluoromethyl)phenyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (317 mg, 1.25 mmol). The reaction crude product was purified by
flash column chromatography (silica gel, eluent CHCl;/MeOH 96.5:3.5%) and by preparative HPLC
to give (4-(3-(4-(difluoromethyl)phenyl)imidazo[1,2-a]pyrazin-6-yl)phenyl)(4-methylpiperazin-1-
yl)methanone (50 mg, 23%, AUC HPLC >99%) as an off-white solid; mp: 73—-86 °C. 'H NMR (400
MHz, CDCls) & (ppm): 9.26 (s, 1 H), 8.60 (s, 1H), 7.96-7.94 (m, 3H), 7.77-7.71 (m, 4H), 7.52 (d, J =
8.0 Hz, 2H), 6.76 (t, /= 5.6 Hz, 1H), 3.82 (bs, 2H), 3.47 (bs, 2H), 2.51 (bs, 2H), 2.34 (bs, 2H), 2.33
(s, 3H). °C NMR (100 MHz, DMSO-ds) & (ppm): 169.13, 143.50, 140.93, 138.64, 137.75, 136.37,
136.31, 134.40 (t, J=22.33, CF,H), 130.62, 128.66, 127.86, 127.28, 127.22, 127.16, 126.92, 126.81,
117.55, 115.20, 114.65, 112.86, 55.00, 47.59, 46.03, 41.93; MS (ESI) m/z 448.46 [C,5H»3F2NsO +

H]".

4-(6-(4-(4-methylpiperazine-1-carbonyl)phenyl)imidazo[1,2-a]pyrazin-3-
yl)benzamide (31). The title compound was prepared in a similar fashion as described in general
procedure B starting from (4-(3-iodoimidazo[1,2-a]pyrazin-6-yl)phenyl)(4-methylpiperazin-1-
yl)methanone and 4-carbamoylphenylboronic acid (110.6 mg, 0.671 mmol). The reaction crude
product was purified by flash column chromatography (silica gel, eluent CH,Cl,/MeOH 90:10) to
afford 4-(6-(4-(4-methylpiperazine-1-carbonyl)phenyl)imidazo[ 1,2-a]pyrazin-3-yl)benzamide (189
mg, 96%, AUC HPLC 96%) as a light brown solid. 'H NMR (400 MHz, DMSO-dy) & (ppm): 9.29
(d,J=12Hz 1H), 9.01 (d, /= 1.2 Hz, 1H), 8.18-8.09 (m, 6H), 7.95 (d, J = 8.4 Hz, 2H), 7.52-7.50

(m, 3H), 3.63-3.31 (m, 4H), 2.35 (bs, 4H), 2.22 (s, 3H); MS (ESI) m/z 441 [C»sH4NsO, + H]".
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(4-(3-(4-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-
yD)phenyl)(morpholino)methanone (32).

Step 1: (4-(3-bromoimidazo[1,2-a]pyrazin-6-yl)phenyl)(morpholino)methanone (17). To a
solution of 4-(3-bromoimidazo [1, 2-a]pyrazin-6-yl)benzoic acid (8.00 g, 25.14 mmol) in DMF (70
mL), were sequentially added N-methyl-morpholine (5.5 mL, 50.28 mmol), HATU (14.4 g, 37.71
mmol) and morpholine (3.32 mL, 37.71 mmol). The reaction mixture was stirred at room
temperature for 3 h under nitrogen, then diluted with water (50 mL). The precipitate was isolated by
filtration and dried to afford (4-(3-bromoimidazo[1,2-a]pyrazin-6-yl)phenyl)(morpholino)methanone
(6.40 g, 66%) as an off-white solid. 'H NMR (400 MHz, CDCl5) & (ppm): 9.15 (d, J= 1.2 Hz, 1H),
8.44 (d,J=1.2 Hz, 1H), 8.05 (d, /= 8.0 Hz, 2H), 7.83 (s, 1H), 7.57 (d, J = 8.0 Hz, 2H), 3.85 (bs,
2H), 3.51 (bs, 2H), 2.53 (bs, 2H), 2.41 (bs, 2H); MS (ESI) m/z 387 [C17HsBIN,O; +H] "

Step 2: (4-(3-(4-hydroxyphenyl)imidazo|[1,2-a]pyrazin-6-yl)phenyl)(morpholino)methanone
(32). The title compound was prepared in a similar fashion as described in general procedure B
starting from (4-(3-bromoimidazo[ 1,2-a]pyrazin-6-yl)phenyl)(morpholino)methanone and 4-
hydroxyphenylboronic acid. The reaction crude product was purified by flash column
chromatography (silica gel, eluent CH,CIl,/CH3;OH 95:5) to afford (4-(3-(4-
hydroxyphenyl)imidazo[ 1,2-a]pyrazin-6-yl)phenyl)(morpholino)methanone (150 mg, 32%, AUC
HPLC 97.6%) as an off-white solid. '"H NMR (400 MHz, CD;0D) & (ppm): 9.88 (s, 1H), 9.21 (s,
1H), 8.83 (s, 1H), 8.11 (d, J= 8.0 Hz, 2H), 7.94 (s, 1H), 7.61 (d, J = 8.4 Hz, 2H), 7.51 (d, /= 8.4 Hz,
2H), 6.97 (d, J = 8.4 Hz, 2H), 3.60 (bs, 8H). >C NMR (100 MHz, DMSO-d;s) & (ppm): 168.20,
157.48, 142.25, 139.21, 137.12, 136.97, 134.74, 133.87, 128.95, 127.04, 126.97, 126.87, 125.62,

117.40, 115.63, 113.12, 65.49, 47.14, 41.49; MS (ESI) m/z 401 [Co3HaoN,05+H] ",

4-(6-(4-(morpholine-4-carbonyl)phenyl)imidazo[1,2-a]pyrazin-3-yl)benzonitrile

(33).
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Step 1: (4-(3-iodoimidazo[1,2-a]pyrazin-6-yl)phenyl)(morpholino)methanone (18). N-methyl-
morpholine (3.0 mL, 7.5 mmol), HATU (7.5 g, 27 mmol) and morpholine (1.26 g, 14.85 mmol) were
added sequentially to a solution of 4-(3-iodoimidazo[ 1,2-a]pyrazin-6-yl)benzoic acid (5.0 g, 3.25
mmol) in DMF (10 mL) and the resulting mixture was stirred at room temperature for 3 h under
nitrogen. The reaction mixture was diluted with water (50 mL) and the precipitate was isolated by
filtration and dried to afford (4-(3-iodoimidazo[1,2-a]pyrazin-6-yl)phenyl)(morpholino)methanone
(2.0 g, 65%) as an off-white solid. "H NMR (400 MHz, CDCl3) & (ppm): 9.10 (s, 1H), 8.50 (s, 1H),
8.10 (d, 2H), 7.90 (s, 1H), 7.60 (d, 2H), 3.4-3.9 (m, 8H). *C NMR (100 MHz, DMSO-ds) & (ppm):
169.23, 142.84, 142.74, 138.90, 137.54, 136.09, 130.28, 128.12, 126.78, 116.57, 70.31, 66.57, 48.13,
42.55; MS (ESI) m/z 434 [C17H;5IN4O, +H]".

Step 2: 4-(6-(4-(morpholine-4-carbonyl)phenyl)imidazo[1,2-a]pyrazin-3-yl)benzonitrile (33).
The title compound was prepared in a similar fashion as described in general procedure B starting
from (4-(3-iodoimidazol[1,2-a]pyrazin-6-yl)phenyl)(morpholino)methanone (200 mg, 0.52 mmol)
and 4-cyanophenylboronic acid. The reaction crude product was purified by flash column
chromatography (silica gel, eluent DCM/MeOH 95:5) to afford 4-(6-(4-(morpholine-4-
carbonyl)phenyl)imidazo[ 1,2-a]pyrazin-3-yl)benzonitrile (100 mg, 53%, AUC HPLC 95%) as a
yellow solid; mp: 238.2-239.5 °C. 'H NMR (400 MHz, CDs0D) & (ppm): 9.17 (d, J= 0.7 Hz, 1H),
8.55(d, J=1.0 Hz, 1H), 7.95-7.86 (m, 3H), 7.80 (d, J = 8.3 Hz, 2H), 7.72 (d, J = 8.3 Hz, 2H), 7.43
(d, J = 8.2 Hz, 2H), 3.88-3.22 (m, 8H). >C NMR (100 MHz, DMSO-ds) & (ppm): 169.24, 143.55,
141.25, 138.81, 137.80, 137.15, 136.02, 133.68, 132.81, 128.82, 128.01, 126.86, 126.28, 119.16,

115.01, 111.16, 66.554, 48.15, 42.53; MS (ESI) m/z 410 [C24H,oN50, + H]".

1-(4-(4-(3-(4-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-yl)benzoyl)piperazin-1-

ylDethanone (36).
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Step 1: Ethyl 4-(3-(4-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-yl)benzoate (34a). The title
compound was prepared in a similar fashion as described in general procedure B starting from 4-(6-
bromoimidazo[1,2-a]pyrazin-3-yl)phenol (3.00 g, 10.3 mmol) and 4-(ethoxycarbonyl)phenylboronic
acid (2.20 g, 11.3 mmol). The residue was purified by flash column chromatography (silica gel,
eluent CH,Cl,/CH30H 97:3) to afford ethyl 4-(3-(4-hydroxyphenyl)imidazo[ 1,2-a]pyrazin-6-
yl)benzoate (600 mg, 16%) as a yellow solid. "H NMR (400 MHz, DMSO-de) & (ppm): 9.87 (s, 1H),
9.22 (s, 1H), 8.89 (s, 1H), 7.95 (s, 1H), 7.80 (s, 1H), 7.73 (s, 1H), 7.61 (d, J = 8.0 Hz, 4H), 6.98 (d, J
= 8.0 Hz, 2H), 4.34 (q, /= 7.2 Hz, 2H), 1.35 (t, /= 7.2 Hz, 3H); MS (ESI), m/z 360.3
[C21H7N;05+H] "

Step 2: 4-(3-(4-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-yl)benzoic acid (35a). The title
compound was prepared in a similar fashion as described in general procedure C starting from ethyl
4-(3-(4-hydroxyphenyl)imidazo[ 1,2-a]pyrazin-6-yl)benzoate (600 mg, 1.60 mmol) to afford 4-(3-(4-
hydroxyphenyl)imidazo[ 1,2-a]pyrazin-6-yl)benzoic acid (100 mg, 20%) as a light yellow solid. 'H
NMR (400 MHz, DMSO-ds) 6 (ppm): 9.91 (s, 1H), 9.23 (s, 1H), 8.89 (s, 1H), 7.97 (s, 1H), 7.78 (s,
1H), 7.73 (d, J= 8.0 Hz, 2H), 7.61 (d, J = 8.0 Hz, 2H), 6.98 (d, J = 8.0 Hz, 2H); MS (ESI), m/z 332.3
[C1oH;3N;05+H]".

Step 3: 1-(4-(4-(3-(4-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-yl)benzoyl)piperazin-1-
yDethanone (36). The title compound was prepared in a similar fashion as described in general
procedure D starting from 4-(3-(4-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-yl)benzoic acid (200 mg,
0.60 mmol) and 1-(piperazin-1-yl)ethanone (92 mg, 0.71 mmol). The precipitate was isolated by
filtration and dried to afford 1-(4-(4-(3-(4-hydroxyphenyl)imidazo[1,2-a]pyrazin-6-
yl)benzoyl)piperazin-1-yl)ethanone (103 mg, 38%, AUC HPLC 95.5%) as a yellow solid; mp:
199.9-200.7 °C; '"H NMR (400 MHz, CDCl3) & (ppm): 9.90 (s, 1H), 9.20 (s, 1H), 8.85 (s, 1H), 8.13
(d, J=8.0 Hz, 2H), 7.90 (s, 1H), 7.60 (d, J = 8.0 Hz, 2H), 7.52 (d, J = 8.0 Hz, 2H), 6.98 (d, /= 6.0

Hz, 2H), 3.40-3.70 (m, 8H), 2.10 (s, 3H). *C NMR (100 MHz, DMSO-d) 8 (ppm): 168.36, 167.89,
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157.49, 142.25, 139.22, 137.10, 137.02, 134.85, 133.88, 128.95, 127.05, 126.96, 125.63, 117.39,

115.63, 113.14, 44.87, 41.29, 40.11, 20.64; MS (ESI) m/z 442 [C,5H3NsO; +H] .

4-(6-(4-(4-(dimethylamino)piperidine-1-carbonyl)phenyl)imidazo[1,2-a]pyrazin-
3-yl)benzonitrile (37).

Step 1: 4-(6-bromoimidazo|[1,2-a]pyrazin-3-yl)benzonitrile (7b). To a solution of 3-bromo-6-
iodoimidazo [1, 2-a]pyrazine (6.0 g, 18.6 mmol), 4-cyanophenylboronic acid (3.67 g, 27.9 mmol), in
1,4-dioxane (100 mL), were successively added an aqueous solution of Na,CO; (4.0 g, 37.2 mmol)
and Pd(PPhs),4 (1.42 g, 13 mmol). The reaction mixture was heated at 90 °C for 3 h then, filtered
through a short pad of celite. The filtrate was concentrated under reduced pressure, and the residue
was purified by flash column chromatography (silica gel, eluent n-hexane/EtOAc 50:50) to afford 4-
(6-bromoimidazo[ 1,2-a]pyrazin-3-yl)benzonitrile (3.6 g, 67%) as a yellow solid which was used in
next step without further purification. "H NMR (400 MHz, DMSO-d) & (ppm): 9.10 (s, 1H), 8.89 (s,
1H), 8.38 (s, 1H), 8.10-7.92 (m, 4H); MS (ESI), m/z 299.13 [C13H,BrN4]".

Step 2: ethyl 4-(3-(4-cyanophenyl)imidazo[1,2-a]pyrazin-6-yl)benzoate (34b). A mixture of 4-
(6-bromoimidazol[1,2-a]pyrazin-3-yl)benzonitrile (5.00 g, 16.7 mmol), 4-
(ethoxycarbonyl)phenylboronic acid (4.90 g, 25.2 mmol), Na,CO; (4.40 g, 41.5 mmol) and
Pd(PPhs)4 (386 mg, 0.33 mmol) in H,O (5.00 mL) and DMF (100 mL) was heated at 90 °C for 2 h.
The reaction mixture was diluted with water. The precipitate was isolated by filtration and dried
under vacuum to afford ethyl 4-(3-(4-cyanophenyl)imidazo[ 1,2-a]pyrazin-6-yl)benzoate (2.80 g,
46%) as an off-white solid. '"H NMR (400 MHz, DMSO-ds) & (ppm): 9.28 (s, 1H), 9.07 (s, 1H), 8.25
(s, 1H), 8.22 (d, J = 6.0 Hz, 2H), 8.08-8.02 (m, 6H), 4.38—4.33 (m, 2H), 1.36 (t, /= 7.2 Hz, 3H); MS
(ESI) m/z 369 [CaH 6N4Ox+H]".

Step 3: 4-(3-(4-cyanophenyl)imidazo[1,2-a]pyrazin-6-yl)benzoic acid (35b). A mixture of ethyl
4-(3-(4-cyanophenyl)imidazo[ 1,2-a]pyrazin-6-yl)benzoate (2.80 g, 7.61 mmol) and LiOH*H,O (1.25
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g, 30.5 mmol) in THF/CH3;OH/H,0 (50 mL/20 ml/20 mL) was stirred at room temperature for 12 h.
The reaction mixture was concentrated under reduced pressure. The residue was diluted with water
(20 mL) and an aqueous solution of HCI till pH 2. The precipitate was isolated by filtration and dried
to afford 4-(3-(4-cyanophenyl)imidazo[1,2-a]pyrazin-6-yl)benzoic acid (2.00 g, 80%) as an off-white
solid. "H NMR (400 MHz, DMSO-ds) & (ppm): 9.30 (s, 1H), 9.08 (s, 1H), 8.22 (d, J = 9.6 Hz, 3H),
8.06-8.02 (m, 6H); MS (ESI) m/z 341 [Cy0H,N4O,+H]".

Step 4: 4-(6-(4-(4-(dimethylamino)piperidine-1-carbonyl)phenyl)imidazo[1,2-a]pyrazin-3-
yl)benzonitrile (37). The title compound was prepared in a similar fashion as described in general
procedure B starting from 4-(3-(4-cyanophenyl)imidazo[1,2-a]pyrazin-6-yl)benzoic acid (180 mg,
0.52 mmol) and N, N-dimethyl-4-aminopiperidine (1.5 eq). The reaction crude product was purified
by flash column chromatography (silica gel, eluent CH,Cl,/CH3OH 96:4) to afford 4-(6-(4-(4-
(dimethylamino)piperidine-1-carbonyl)phenyl)imidazo[ 1,2-a]pyrazin-3-yl)benzonitrile (65 mg, 22%,
AUC HPLC 96%) as an off-white solid, mp: 177.2—178.5 °C; 'H NMR (400 MHz, DMSO) ¢ (ppm):
9.31(d,J=1.1Hz, 1H),9.04 (d, J = 1.1 Hz, 1H), 8.24 (s, 1H), 8.15 (d, J = 8.2 Hz, 2H), 8.10-8.00
(m, 4H), 7.50 (d, J = 8.2 Hz, 2H), 4.46 (bs, 1H), 3.65 (bs, 1H), 3.20-2.75 (m, 2H), 2.45-2.30 (m,

1H), 2.33 (s, 6H), 1.95-1.60 (m, 2H), 1.50—1.30 (m, 2H); MS (ESI) m/z 451.20 [Co7H,sN¢O + H]".

4-(6-(4-(4-methylpiperazine-1-carbonyl)phenyl)imidazo[1,2-b]pyridazin-3-
yl)benzonitrile (39).

The title compound was prepared in a similar fashion as described in general procedure B starting
from 4-(6-chloroimidazo[ 1,2-b]pyridazin-3-yl)benzonitrile (200 mg, 0.785 mmol) and (4-(4-
methylpiperazine-1-carbonyl)phenyl)boronic acid HCI salt (268 mg, 0.942 mmol). The residue was
purified by flash column chromatography (silica gel, eluent CH,Cl,/MeOH 95:5 to 90:10) to afford
4-(6-(4-(4-methylpiperazine-1-carbonyl)phenyl)imidazol[ 1,2-b]pyridazin-3-yl)benzonitrile (91.2 mg,
43%, AUC HPLC 99%) as a yellow solid. "H NMR (400 MHz, CDCl3) & (ppm): 8.30 (d, J = 8.6 Hz,
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2H), 8.23-8.21 (m, 2H), 8.06 (d, J = 8.4 Hz, 2H), 7.81 (d, J = 8.6 Hz, 2H), 7.66-7.61 (m, 3H), 7.31
(bs, 1H), 3.97-3.74 (m, 4H), 2.84 (bs, 4H), 2.56 (s, 3H); °C NMR (100 MHz, CDCl3) & (ppm):
169.57, 165.35, 151.41, 140.15, 137.01, 136.67, 134.25, 132.82, 132.60, 128.12, 127.49, 127.05,

126.70, 126.54, 118.75, 116.71, 111.15, 53.78, 44.43; MS (ESI) m/z 423 [C,sH»,N¢O + H]".

4-(6-(4-(morpholine-4-carbonyl)phenyl)imidazo[1,2-b]|pyridazin-3-yl)benzonitrile
(40). To a solution of 4-(6-chloroimidazo[ 1,2-b]pyridazin-3-yl)benzonitrile (150 mg, 0.59 mmol) in
DMF (2.5 mL) and water (0.5 mL) under inert atmosphere were added Cs,CO; (384 mg, 1.18 mmol),
morpholino(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanone (279 mg, 0.88 mmol)
and PdCl,(dppf) (86 mg, 0.118 mmol). The resulting mixture was heated in a microwave reactor at
140 °C for 30 min, then diluted with H>O (10 mL) and extracted with DCM (3x15 mL). The
combined organic layer was dried over Na,SOy, filtered and concentrated under reduced pressure.
The crude residue was purified by flash column chromatography (silica gel, eluent CH,Cl,/MeOH
95:5 to0 90:10) to afford 4-(6-(4-(morpholine-4-carbonyl)phenyl)imidazo[1,2-b]pyridazin-3-
yl)benzonitrile (72.1 mg, 35%, AUC HPLC 96%) as a yellow solid; mp: 263-266 °C; IR (neat) v cm’
1:3096.85 (C-H), 2213.41 (C=N), 1627.03 (C=0). "H NMR (400 MHz, CDCl3) & (ppm): 8.31-8.25
(m, 4H), 8.06-8.05 (m, 2H), 7.82-7.81 (m, 2H), 7.70-7.61 (m, 3H), 3.78-3.53 (m, 8H); °C NMR
(100 MHz, CDCl3) & (ppm): 169.39, 151.86, 137.43, 136.45, 133.24, 132.63, 132.52, 128.14, 128.08,
127.47,127.26, 126.86, 126.30, 118.66, 117.32, 111.39, 66.87, 48.21, 42.67; MS (ESI) m/z 410
[Co4H9N5O, + H]+. Anal. Calculated for C,4H9N50,0.75(H,0): C, 68.15; H, 4.89; N, 16.56. Found:

C, 68.05; H, 4.63; N, 16.41.

4-(6-(4-(piperazine-1-carbonyl)phenyl)imidazo[1,2-b]pyridazin-3-yl)benzonitrile

42).
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Step 1: 4-(3-(4-cyanophenyl)imidazo|[1,2-b]pyridazin-6-yl)benzoic acid (41). To a solution of
4-(6-chloroimidazo[ 1,2-b]pyridazin-3-yl)benzonitrile (484 mg, 1.9 mmol) in DMF (20 mL) and
water (4 mL) under an inert atmosphere were added Cs,COs (1.24 g, 3.8 mmol), 4-boronobenzoic
acid (473 mg, 2.85 mmol) and Pd(dppf),Cl, (278 mg, 0.38 mmol). The resulting mixture was heated
at 90 °C for 18 h, and then diluted with water (20 mL) and extracted with DCM (3 x 40 mL). The
combined organic layer was dried over Na,SOy, filtered and concentrated under reduced pressure.
The residue was purified by flash column chromatography (silica gel, eluent CH,Cl,/MeOH 95:5 to
90:10) to afford 4-(3-(4-cyanophenyl)imidazo[1,2-b]pyridazin-6-yl)benzoic acid (310 mg, 48%) as a
brown solid, mp: 260.1-261.3 °C. 'H NMR (400 MHz, DMSO-ds) & (ppm): 8.54 (s, 1H), 8.51 (d, J =
8.6 Hz, 2H), 8.40 (d, J=9.6 Hz, 1H), 8.26 (d, J = 8.4 Hz, 2H), 8.13 (d, /= 8.4 Hz, 2H), 8.03 (d, J =
8.6 Hz, 2H), 8.02 (d, J= 9.6 Hz, 1H); °C NMR (100 MHz, DMSO-d;) & (ppm): 167.53, 151.29,
140.69, 138.86, 136.06, 133.37, 133.25, 130.47, 127.70, 127.19, 126.81, 126.48, 119.37, 117.53,
110.05. MS (ESI) m/z 341 [CyoH2N,0, + H]".

Step 2: 4-(6-(4-(piperazine-1-carbonyl)phenyl)imidazo|[1,2-b]pyridazin-3-yl)benzonitrile (42).
The title compound was prepared in a similar fashion as described in general procedure D starting
from 4-(3-(4-cyanophenyl)imidazo[ 1,2-b]pyridazin-6-yl)benzoic acid (764 mg, 1.57 mmol) and ter¢-
butyl piperazine-1-carboxylate (347 mg, 2.36 mmol) to afford the reaction crude product. MS (ESI)
m/z 509 [Co9HsN6O + H]+. The crude product was carried forth to the next step without further
purification.

To a solution of fert-butyl 4-(4-(3-(4-cyanophenyl)imidazo[ 1,2-b]pyridazin-6-yl)benzoyl)piperazine-
1-carboxylate (~1.57 mmol) in DCM (1 mL) was added TFA (1 mL). The resulting mixture was
stirred at room temperature for 18 h and concentrated under reduced pressure. The residue was
purified by flash column chromatography to afford 4-(6-(4-(piperazine-1-
carbonyl)phenyl)imidazo[1,2-b]pyridazin-3-yl)benzonitrile (200 mg, 31% over 2 steps, AUC HPLC

98%) as a yellow solid. "H NMR (400 MHz, MeOD-d,) & (ppm): 8.45 (d, J = 8.6 Hz, 2H), 8.34 (s,
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1H), 8.26-8.22 (m, 3H), 7.95 (d, J= 9.6 Hz, 1H), 7.89 (d, J = 8.6 Hz, 2H), 7.71 (d, J = 8.4 Hz, 2H),
3.87 (bs, 4H), 3.27 (bs, 4H); *C NMR (100 MHz, MeOD-d,) & (ppm): 171.80, 152.88, 138.46,
137.54, 135.28, 134.19, 133.64, 129.23, 129.11, 128.72, 128.27, 127.85, 127.14, 119.70, 118.58,

112.00, 44.56; MS (ESI) m/z 409 [C4H,0NsO + H]".

4-(6-(4-(4-(dimethylamino)piperidine-1-carbonyl)phenyl)imidazo|[1,2-
b]pyridazin-3-yl)benzonitrile (45).

Step 1: (4-(3-bromoimidazo[1,2-b]pyridazin-6-yl)phenyl)(4-(dimethylamino)piperidin-1-
yl)methanone (44). To a solution of 4-(3-bromoimidazo[ 1,2-b]pyridazin-6-yl)benzoic acid (500 mg,
1.57 mmol) in DMF (5 mL) was added NMM (317 mg, 3.14 mmol) followed by HATU (754.7 mg,
2.35 mmol) and the solution was stirred for 30 min at room temperature prior to the addition of N, N-
dimethylpiperidin-4-amine (221 mg, 1.72 mmol) and the mixture was stirred for an additional 16 h.
The reaction mixture was diluted with EtOAc¢ and washed with water and brine. The organic layer
was dried over anhydrous Na;SQOy, filtered and concentrated under reduced pressure. The crude
residue was purified by flash column chromatography (silica gel, eluent CH,Cl,/MeOH 95:5) to
afford (4-(3-bromoimidazo[1,2-b]pyridazin-6-yl)phenyl)(4-(dimethylamino)piperidin-1-
yl)methanone (350 mg, 52%) as an off-white solid. MS (ESI) m/z 429 [C2H,,BrNsO+H]".

Step 2: 4-(6-(4-(4-(dimethylamino)piperidine-1-carbonyl)phenyl)imidazo[1,2-b]pyridazin-3-
yl)benzonitrile (45). To a mixture of (4-(3-bromoimidazo[1,2-b]pyridazin-6-yl)phenyl)(4-
(dimethylamino)piperidin-1-yl)methanone (350 mg, 0.817 mmol), 4-cyanophenylboronic acid (144
mg, 0.981 mmol), KsPO4 (346 mg, 1.63 mmol) in 1,4-dioxane (25 mL) and water (5 mL) was added
Pd(PPhs), (47 mg, 0.04 mmol). The reaction mixture was heated at 90 °C for 6 h under an argon
atmosphere, then diluted with water (200 mL). The precipitate was isolated by filtration, then
purified by flash column chromatography (silica gel, eluent CHCl3/MeOH 95:5) to afford 4-(6-(4-(4-
(dimethylamino)piperidine-1-carbonyl)phenyl)imidazo[ 1,2-b]pyridazin-3-yl)benzonitrile (150 mg,
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41%, AUC HPLC 98.9%) as a yellow solid mp: 123-127 °C; 'H NMR (400 MHz, CDCl;) & (ppm):
8.78 (d, J=8.7 Hz, 1H), 8.52 (s, 1H), 8.30 (d, /= 8.2 Hz, 2H), 8.23 (d, /=8.2 Hz, 2H), 7.76 (d, J =
7.7 Hz, 2H), 7.62 (d, J = 7.6 Hz, 2H), 7.41 (d, J = 7.4 Hz, 1H), 4.9 (bs, 1H), 3.9 (bs, 1H), 3.17 (bs,
1H), 2.91 (bs, 1H), 2.45 (bs, 1H), 2.38 (bs, 6H), 2.08 (bs, 1H), 1.95 (bs, 1H), 1.52 (bs, 2H). °C NMR
(100 MHz, DMSO-ds) & (ppm): 168.63, 151.47, 140.68, 138.52, 136.21, 135.96, 133.42, 133.24,
128.01, 127.74, 127.19, 126.84, 126.47, 119.37, 117.49, 110.06, 61.71, 46.77, 41.76, 28.80, 28.19;

MS (ESI) m/z 451.2 [Co7Ha6NgO + H].

4-(6-(4-(4-Methylpiperazine-1-carbonyl)phenyl)imidazo[1,2-a]pyridin-3-
yl)benzonitrile (47).

To a solution of 4-(6-bromoimidazo[ 1,2-a]pyridin-3-yl)benzonitrile (210 mg, 0.9 mmol), (4-
methylpiperazin-1-yl)(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanone (388 mg,
1.17 mmol), NaHCOs3 (228 mg, 2.71 mmol) in a mixture of DMF (11 mL) and water (2 mL) was
added (A-Phos),PdCl; (31 mg, 0.04 mmol). The reaction mixture was heated at 90 °C for 1 h under
argon, then diluted with water and extracted with EtOAc (3x). The organic phase was washed in turn
with water and brine, dried over anhydrous Na,SOy, filtered and concentrated under reduced
pressure. The residue was purified by preparative TLC to afford of 4-(6-(4-(4-methylpiperazine-1-
carbonyl)phenyl)imidazo[ 1,2-a]pyridin-3-yl)benzonitrile (130 mg, 45%, AUC HPLC 98.4%) as a
yellow solid; mp: 98-103 °C. "H NMR (400 MHz, CDCls) & (ppm): 8.50 (s, 1H), 7.85-7.79 (m, 4H),
7.74 (d, J = 8.0 Hz, 2H), 7.60-7.52 (m, 5H), 3.83 (bs, 2H), 3.50 (bs, 2H), 2.51 (bs, 2H), 2.37 (bs,
2H), 2.34 (s, 3H). °C NMR (75 MHz, CDCl3) & (ppm): 169.5, 146.3, 138.5, 135.6, 134.8, 133.8,
133.2, 128.1, 127.8, 127.2, 127.1, 125.6, 124.5, 120.6, 118.7, 118.4, 111.5, 55.3, 47.7, 46.0; MS

(ESI) m/z 422.30 [C26H23NsO + H]".
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4-(6-(4-(morpholine-4-carbonyl)phenyl)imidazo[1,2-a]pyridin-3-yl)benzonitrile
(48)

The title compound was prepared in a similar fashion as described in general procedure B starting
from 4-(6-bromoimidazo[1,2-a]pyridin-3-yl)benzonitrile (2.0 g, 6.70 mmol) and morpholino(4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanone (2.13 g, 6.71 mmol). The reaction
crude product was purified by flash column chromatography (silica gel, eluent CH,Cl,/MeOH 95:5)
to afford 4-(6-(4-(morpholine-4-carbonyl)phenyl)imidazo[ 1,2-a]pyridin-3-yl)benzonitrile (2.4 g,
88%, AUC HPLC 96.3 %) as a yellow solid; mp: 117-120 °C. IR (neat) v cm™: 3065.12 (C-H),
2219.20 (C=N), 1623.17(C=0); '"H NMR (400 MHz, DMSO-d;) & (ppm): 8.80 (s, 1H), 8.01-7.99
(m, 5H), 7.84-7.81 (m, 3H), 7.73 (d, J = 8.8 Hz, 1H), 7.53 (d, J = 8.4 Hz, 2H), 3.72 (bs, 8H); "°C
NMR (150 MHz, DMSO-dy) 6 (ppm): 168.72, 145.74, 137.84, 135.08, 134.92, 133.48, 133.17,
127,82, 127.70, 127.04, 125.74, 125.53, 124.42, 121.82, 118.82, 117.77, 109.79, 66.08; MS (ESI)
m/z 409.19 [C,5H,0N40,+ H]". Anal. Caled for CpsHyN40,°H,0: C, 70.41; H, 5.20; N, 13.14.

Found: C, 70.74; H, 5.15; N, 13.15.

Biology

MNKI1 and MNK2 protein expression, purification and activation, MNK1 and MNK2 enzymatic
assays, elFAE phosphorylation inhibition in HeLa cell-based Assay, cell growth inhibition using

K562 cell line (Glsp) were described by Cherian et al.>?

Kinase selectivity profiling using DiscoveRx proprietary binding assay was described by Karaman et
al 3!
Thermodynamic solubility determination assay was described by Duraiswamy et al.”

Cyp inhibition, microsomal metabolic stability, plasma protein binding, Caco-2 permeability and

LogD determination assays are described in Supporting Information.
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In vivo studies. All procedures used for animals studies including in vivo antitumor efficacy
studies and in vivo pharmacokinetics studies were approved by the BRC-IACUC Committee
(Approval No. 110622) in Singapore. Female Balb/C nude mice of approximately 8—10 weeks old

were purchased from Biolasco, Taiwan. CD-1 female mice were purchased from InVivos, Singapore.
Food and water were given ad libitum. General Protocol for in vivo Pharmacokinetic Studies were

described by Ho et al.”

In vivo PK studies for 48.

Compound preparation. Compound 48 was weighed and dissolved in 1/10 volumes of 100% DMA
solution and 1/10 volumes of 100% Cremophor”EL. The mixtures were vortexed and sonicated in
the ultrasonic bath for 30 min. The sterile milli Q water (8/10 volumes) was subsequently added and
mixed. The final concentration of DMA and Cremoph0r®EL in the compound dosing solution was
10% (v/v) each. The final concentration was 0.25 mg/ml for intravenous administration at 1 mg/kg.
Compound 48 was dissolved in a mixture of 0.5% methylcellulose and 0.1% Tween80 to a final
concentration of 0.625 mg/ml for oral administration at 5 mg/kg.

CD-1 female mice (6 to 8 week old) were weighed and those selected for dosing weighted 24 + 2 g.
Three mice were randomly grouped per time point. Mice were administered a single dose of 1 mg/kg
of 48 via tail vein injection or a single dose of 5 mg/kg of 48 via oral gavage. The volume of
injection for intravenous and oral administration was 4 ml/kg and 8 ml/kg respectively. Mice were
sacrificed using CO, gas at the predefined time points (pre-dose, post-dose at 5 or 10 min and 30
min, 1, 2, 4, 8, 16 and 24 h). Blood samples were taken from euthanized mice by cardiac puncture
and placed into tubes containing K3EDTA. Plasma was obtained by centrifugation of the blood
samples at 15,700 x g, 4 °C, for 2 minutes, and it was stored at -80 °C until analysis. Standard curves

of compound were prepared in blank mouse plasma matrices at the concentration ranging from 1 to
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1000 ng/ml. 10 pl of the internal standard, carbamazepine (50 ng/ml in the mixture of 50%
acetronitrile and 0.1% formic acid) and 250 pl of the extract solvent (70% acetronitrile and 0.1%
formic acid in milli Q water) were added into 50 pl of the standards and the PK plasma samples.
After extraction, the samples were centrifuged at 4500 x g for 20 min in a refrigerated centrifuge
(Eppendorf 5415R) at 4 °C. 70 pl of the supernatants were transferred to a fresh 96 well-plate.
Samples were analyzed using the UHPLC-1290 unit (Agilent Technologies, Singapore) coupled with
a triple stage quadrupole MS unit (ABI5500Qtrap, AB Sciex, Singapore). The samples were resolved
on a Kinetex C18 column (50 mm x 2.1 mm internal diameter; Phenomenex, USA) maintained at 25
°C. The mobile phase A consisted of 0.1% formic acid in de-ionised water and the mobile phase B
consisted of acetonitrile. The gradient program was 5% B to 95% B from 0.01 to 1.0 min,
maintaining 95% B from 1.0 min to 1.6 min, then switched back to 5% B from 1.65 to 2.5 min, with
a constant flow rate of 0.4 ml/min. The injection volume was 2 ul. The total eluent from the liquid
chromatography was injected directly into the ABIS500Qtrap mass spectrometer for analysis.
MS/MS detection was operated in electrospray ionization positive ion mode. The ion spray voltage
was 5.5 KV and the vaporization temperature was set to 550 °C. The curtain gas was set at 30
(arbitrary units). The flow rates of ion source gas 1 and 2 were set at 50 (arbitrary units/min).
Quantitation was carried out using the multiple reaction monitoring (MRM) of the transitions. The
MS parameters for 48 - MRM were m/z 490.04 — m/z 295.2; collision energy, 61V; declustering
potential, 120V and collision cell exit, 20V. The MS parameters for carbamazepine - MRM were m/z

237.1 — m/z 194.1; collision energy, 27V; DP, 100V and CXP; 26V.

Maximum Tolerated Dose (MTD) Determination. Female NOD-SCID mice (7-9 weeks
old) were randomly in groups of three mice. They received either vehicle or a single dose of 10, 50,
100 and 200 mg/kg of 48 via oral gavage daily for 7 consecutive days. The volume of used for oral

administration was 10 ml/kg. After a treatment that lasted 7 days, mice were observed for delayed
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clinical abnormality for another 7 days. Mice were sacrificed using CO, gas at the end of 14-day

MTD study.

Efficacy experiments: combination of 48 and Dasatinib.

In vivo antitumor efficacy studies. Dasatinib and 48 were weighed and dissolved in 0.5% MC

/0.1% TW80 solution. The mixtures were vortexed and sonicated in the ultrasonic bath for 30 min.
The final concentration of 48 dosing solution was 2.5, 5 and 10 mg/ml for oral dosing levels at 25, 50
and 100 mg/kg respectively. The final concentration of dasatinib was 0.25 mg/ml for an oral dosing
level at 2.5 mg/kg.

The chronic myeloid leukemic K562-elF4E cells were obtained from Dr Ong Sin Tiong, DUKE-
NUS. They were generated by retroviral batch transfection of K562 cells (CCL-243™ from the
American Tissue Type Collection) with the MSCV-IRES-GFP vector ENREF_76"° encoding full-
length murine e[F4E. The K562 transfected cells were FACS sorted for cells expressing high levels
of elF4E, which were used for xenograft studies. The K562-eIF4E cells were free of mycoplasma
contamination. They were cultured in the RPMI medium supplemented with 10% fetal bovine serum
(Life Technologies, Singapore) and antibiotic solution (100 units/mL penicillin and 100 pg/mL
streptomycin) at 37 °C under 5% COa.

The K562-eIF4E cells (107 cells/mouse) were subcutaneously implanted into the right flank of
female SCID mice. The volume of injection was 100 ul/mouse. After implantation, the tumor was
monitored twice a week using a digital caliper. The K562-eIF4E tumor volume was estimated
according to the following formula: Tumor volume (mm®) = (w” x 1)/2, where w = width and | =
length in mm.

When the tumors attained a volume between 75 to 196 mm®, mice were randomly distributed into
different groups of 8 mice per group. After randomization, mice bearing K562-eIF4E tumors

received vehicle (0.5% MC / 0.1% TW280) or 48 once daily for 14 days (qd x 14); or dasatinib for 2
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cycles of 5-days on and 2-days off schedule (5d On_2d Off x 2) via oral gavage. For combination

drugs treatment group, mice received dasatinib followed by 48 at 1 h post dasatinib dose. The

schedule used for combination drug treatment was the same as dasatinib monotherapy (5d On_2d Off

x 2) and 48 monotherapy (qd x 14). The volume of oral administration was 10 mL/kg. The dosing

levels for 48 were 25, 50 and 100 mg/kg. The dosing level of dasatinib was 2.5 mg/kg. The dosing

levels for dasatinib and 48 combination therapy were 2.5 mg/kg and 25, 50 or 100 mg/kg.

The endpoint used to measure the response of the K562-elF4E tumors after compound treatment was

tumor growth inhibition at day 14 and was expressed as %TGI and T/C ratio. The percentage of

tumor growth inhibition (%TGI) was calculated as follow: %TGI = (Cy,y , — Tyay o) (Caayn — Caay 1) X

100. Where Cg,, , = mean tumor volume of the vehicle control group at the indicated day a; T,y , =

mean tumor volume of the group treated with the test compound at the indicated day a; Cgay 1 = mean

tumor volume of the vehicle control group at Day 1. The T/C ratio was calculated as follows: T/C

ratio = Ty,y , /Chay

One-way ANOVA followed by Bonferroni Multiple Comparison Test was used to determine

statistically significant differences between:

e the tumor volumes of the vehicle control group and the tumor volumes of the dasatinib
monotherapy group, the 48 monotherapy group or the dasatinib and 48 combination therapy
group;

e the tumor volumes of the dasatinib monotherapy group and the tumor volumes of the dasatinib
and 48 combination therapy group;

e the tumor volumes of the 48 monotherapy group and the tumor volumes of the dasatinib and 48

combination therapy group. GraphPad Prism version 5.1 was used for all statistical analyses.

Western blot
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K562-eIF4E tumor mouse model was established with CB17 SCID mice. Single dose of 100 mg/kg
of 48 and 2.5 mg/kg of dasatinib was orally administered. The mice were sacrificed at the stated
timepoint (predose, 1 h, 4 h and 8 h after compound was administered) and the tumor was excised
and flash frozen in liquid nitrogen. The tumor was homogenized 3 times at 3000 rpm for 5 min in
RipaBuffer containing SDS, a cocktail of protease and phosphatase inhibitor (Santa Cruz
Biotechnology, Inc.) and stainless steel beads with a TOMY MS-100 homogenizer. The lysate was
clarified via 2 rounds of centrifugation at 13,200 rpm for 15 min at a temperature of 4 °C. The
lysates were quantitated with Quick Start Bradford Protein Assay (Bio-Rad) and denatured by
boiling with 2x Laemmli sample buffer supplemented with B-mercaptoethanol (Bio-Rad) for 10 min.
Equal amounts of protein were loaded and separated using the NuPAGE Novex 4-12 % gradient.
Bis-Tris Protein Gel (Life Technologies) and subsequently transferred to a nitrocellulose membrane.
Membrane was blocked for 1 h at room temperature in 5 % w/v BSA in PBST. Incubation with
primary antibody (anti-eIF4E abcam#130210, anti-eIF4E phospho-S209 abcam#4774, anti-pCRKL
cell signaling#3181, anti-CRKL cell signaling#3182, anti-GAPDH AM#4300) were performed
overnight at 4 °C followed by secondary antibody (ECL anti mouse IgG-HRP, GE Healthcare
#NA9310 or ECL-anti rabbit [lgG-HRP, GE Healthcare #NA9340) incubation for 1 h at room
temperature. ECL-Plus (Amersham #RPN2235) were used for Western blot detection using the

FluorChem R Imaging system (ProteinSimple) Chemiluminescent channel.

ASSOCIATED CONTENT
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and CRKL: Western blot analysis of tumor samples after treatment with a combination of 48
and dasatinib to monitor the phosphorylation of eIF4E and CRKL, MNK and BCR-ABL1
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BC, blast crisis; CP, chronic phase; LSC, leukemic stem cell; CML, chronic myeloid leukemia;
MNK, mitogen activated protein kinase interacting kinase; eIF4E, eukaryotic translation initiation

factor 4E; CYP, cytochrome P450, LSCs: Leukemic Stem Cells
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ABSTRACT. A fragment was optimized to give 48 (ETC-206), a potent and selective inhibitor of

MNK1/2 kinases. Compound 48 is a clinical candidate for the treatment of blast crisis leukemia that

enhances leukemic blast cells sensitivity to dasatinib treatment.
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IC_ MNKI (M): 0.789
IC_ MNK2 (uM): 0.515

IC50 Cell (uM):

>2.5

48 (ETC-206)

IC50 MNK1 (uM): 0.064
IC50 MNK2 (uM): 0.086
IC50 HeLa (uM): 0.321
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