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ABSTRACT: Phosphatidylinositol 4-kinase Il (PI4KB) is indispensable for the replication of various positive-sense single
stranded RNA viruses, which hijack this cellular enzyme to remodel intracellular membranes of infected cells to set up the
functional replication machinery. Therefore, the inhibition of this PI4K isoform leads to the arrest of viral replication. Here, we
report on the synthesis of novel PI4KB inhibitors, which were rationally designed based on two distinct structural types of
inhibitors that bind in the ATP binding side of PI4KB. These “hybrids” not only excel in outstanding inhibitory activity but also
show high selectivity to PI4KB compared to other kinases. Thus, these compounds exert selective nanomolar or even subnano-
molar activity against PI4KB as well as profound antiviral effect against hepatitis C virus, human rhinovirus, and coxsackievirus
B3. Our crystallographic analysis unveiled the exact position of the side chains and explains their extensive contribution to the

inhibitory activity.

B INTRODUCTION

Positive-sense single stranded RNA (+RNA) viruses replicate
at specialized compartments termed replication factories or
membranous webs.! These membrane-derived compart-
ments are specifically enriched in the phosphatidylinositol
4-phosphate (PI4P) lipid.”> Humans have four kinases that
synthesize PI4P, two typical lipid kinases, PI4KA and PI4KB
(also known as PI4K Illa and PI4K IIIf), and two type II
(or atypical) kinases, PI4K2A and PI4K2B (also known as
PI4K Ila and PI4K T18).>* In 2009, Berger and colleagues used
siRNA screen to identify essential host factors for the
replication of hepatitis C virus (HCV) and found PI4KA to
be an essential host factor for HCV.® Since then PI4KB has also
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been reported to be an essential host factor for a plethora
of +RNA viruses including SARS coronavirus, kobuvirus, polio-
virus, coxsackievirus B3, and human rhinovirus. Surprisingly,
so far PI4K2A or PI4K2B have never been reported as a viral
cofactor. These enzymes are palmitoylated and can behave as
integral transmembrane proteins; thus, it might be too difficult
for a virus to manipulate them.

Now it is generally accepted that most +RNA viruses hijack
PI4K kinase to produce PI4P-enriched membranes.” Viruses have
evolved different strategies of PI4K hijacking. The aforementioned
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Figure 1. Structures of PI4KB inhibitors.
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Figure 2. Design of new series of PI4KB inhibitors. (A) Overlay of the crystal structure of PI4KB with 1 (yellow) and the docking model of the
preferred conformation of 3 (magenta) unveils two sites of possible modifications. The red region can easily accommodate a large aromatic
substituent. The blue region appears open for further optimization of the aromatic part of the molecule. (B—D) Docking poses of derivatives 4, 5,

and 8, respectively. The figure was prepared using PyMOL.

HCV uses its NSSA protein to directly hijack PI4KA."’ Many
picornaviruses use their nonstructural 3A protein to hijack
PI4KB. For instance, the 3A protein from the poliovirus, cox-
sackievirus, rhinovirus, or Aichi virus binds to the Golgi residing
ACBD3 (acyl-CoA binding domain containing 3) protein, a
known binding partner of the PI4KB.*'"'* However, picor-
naviruses have also evolved additional means of PI4KB hijacking
that are ACBD3 independent.”*™"

PI4Ks are considered a potential pharmacological target
because of their importance in the life cycle of various +RNA
viruses. The discovery of their importance for +RNA viruses
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aroused big interest in PI4Ks in the scientific community.
During the last two years crystal structures of P4KB, PI4K2A,
and PI4K2B have become available,'*™"” providing critical infor-
mation for structure aided inhibitor design. The last missing
piece is the structure of PI4KA perhaps due to difficulties in
the expression of the recombinant protein.”’ So far only a study
that used experiment guided homology modeling is available.”!

In the past few years, both academia and pharma invested sub-
stantial amounts of time in developing small molecule inhibitors
targeting PI4KA and PI4KB. One of the first compounds, 1
(PIK93), has attracted attention because of its selectivity toward
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PI4KB;**** however, 1 has also notable activity toward PI3
kinases.”* Later it was used as a starting point for developing
isoform specific inhibitors. A compound resembling 1 was
reported to inhibit PI4KA with ICs, = 450 nM but the
selectivity was rather poor (ICs, = 8000 nM for PI4KB).*®
Recently, very potent inhibitors of PI4KA were reported, ICs, =
~1 nM for the best compound; however, the selectivity was
not optimal (ICg, = 250 nM for PI4KB).”® Perhaps the best
inhibitor of PI4KA was reported by GlaxoSmithKline, which
had an ICs, of 5 nM against PI4KA and negligible activity
against PI4KB.”” We and others have also reported PI4KB
inhibitors with varying degrees of potency and specificity”* >
with best compounds having an ICg, between 10 and 20 nM.
Important questions regarding the drugability of these enzymes
remain as knockout of these enzymes is detrimental to the
animals.”””” However, upregulated PI4K activity is needed for a
successful viral infection. Total long time inhibition of either
PI4KA or PI4KB might be toxic, but a short time dose (few
days or a week) that would inhibit the enzymes only partially
might be well tolerated and still fatal for the virus. This is
especially the case for PI4KB because PI4K2A can take over
many of its roles at the Golgi.”"*> Further studies are needed
to decide whether PI4KB is a valid pharmacological target,
and these studies will need very potent and extremely specific
inhibitors.

In this study, we present the design and synthesis of novel
PI4KB inhibitors that exert high inhibitory potency and out-
standing selectivity in comparison to related lipid kinases.
Furthermore, our prototypical compounds show absolutely no
significant inhibition of any other kinases at 1 uM concen-
tration in kinome-wide screen (Figure 3).

B RESULTS AND DISCUSION

Design of Inhibitors. Generally, specific PI4KB inhibitors
targeting the ATP binding site can be divided into two
structural groups. First, several compounds derived from 1
exert both significant affinity and high selectivity toward this
enzyme. Second, derivatives with a bicyclic central core related
to 2 (T-00127-HEV1)*® were also identified as potent and
selective inhibitors of PI4KB.

Structural studies reported by us and Burke et a proved
that both these types of compounds bind in a similar manner in
the ATP binding site and their structures can be easily overlaid
and, in principle, merged. This observation, together with
subsequent docking studies, led to the design of this second
generation of PI4KB inhibitor. These newly designed inhibitors
combine features of both these aforementioned compounds
into a single molecule. Originally, these compounds were
designed based on simple fusion of 1 and our compound 3
(MI14) (Figures 1 and 2), which exerted a unique selectivity
profile in our previous studies.”® Subsequently, we tried to
optimize the side chains on both combinatorial and rational
bases.

Our previous crystal structures revealed a lateral pocket,
which is occupied by the amino side-chain of the molecule
(Figure 24, in red). Evidently, this pocket can be accom-
modated by significantly more bulky substituent than the
(2-acetamidoethyl)amino side-chain employed in our original
study.

Therefore, we investigated the effect of several related
aromatic moieties that gave the best results in our docking
experiments (Table 1 and Figure 2). Interestingly, our docking
results suggest that compounds with various amino side-chains
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Table 1. Correlation of the Inhibitory Potencies of the

Derivatives with Modified “Amino Side Chain” with the
Results Obtained from the Docking Experiments Using
AutoDock Vina Software
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can exploit different sites of the binding canyon. In particular,
the derivatives bearing the (2-acetamidoethyl)amino side-chain,
for example, 3, and compounds with pyridine attached at
position 3 tend to form an interaction with Asn600 whereas the
analogs attached at position 4 bind to Tyr385 on the opposite
side of the cleft.

Due to the significant effect on selectivity, the aromatic side
chain (Figure 24, in blue) was more difficult to target by means
of rational design, and therefore this part of the molecule was
elaborated by a combinatorial approach.

Inhibition of Phosphatidylinositol 4-Kinases. Initially
we have focused our attention on the PI4KB potency and
selectivity toward specific PI4K isoforms. The enzymatic
activity was determined using a luminescent ADP-Glo kinase
assay.”

First, we determined the inhibitory activity of derivatives with
the optimized “amine side-chain” of the molecule, and it
was encouraging to see similar trends in both the activity pre-
dicted by our docking experiments performed in AutoDock
Vina software®® and the observed inhibition constants in
enzymatic assay. The data obtained for derivatives with
3-(N,N-dimethylsulfamoyl)phenyl “aromatic side-chain” are
summarized in the Table 1. This part of the study shows that
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Table 2. continued
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the position of the nitrogen atom on the phenyl ring can
significantly contribute to the efficiency of the inhibition, which
significantly correlated with results obtained by the docking
experiments. Thus, the derivative connected to the central
core at position 4 of the pyridine ring (compound 4) exerted
significantly higher potency in comparison with its counterparts
attached at position 2 or 3, compounds 6 and S, respectively.
Subsequently, we also tried to optimize the substituent on the
pyrimidine ring. Since there is significant space next to the
pyrimidine core, we gradually introduced methyl and ethyl
group at the position 2 of the pyrimidine of the side chain,
which seemed to fit the best into this cavity of the enzyme
based on the docking experiments. Derivative 8 exerted sig-
nificantly elevated inhibitory activity in comparison to 3 with
retention of excellent selectivity toward PI4KB with respect to
the most similar isoenzyme, PI4KA.

Therefore, this motive was used in our subsequent studies
focused on the “aromatic side-chain” of the molecule. Here, we
focused primarily on the additional effect of introducing the
substituent vicinal to the sulfonamide moiety and character of
the sulfonamide moiety itself (both based on the 1/3 hybrid
design) (Table 2, compounds 8 and 9).

The installation of the sulfonamide moiety equivalent to 1
presented immediate success in enhancing the inhibitory
activity, and compound 10 exerted significant activity while
still retaining the excellent selectivity. This series (Table 2,
series A) gave a number of interesting compounds with single
digit nanomolar inhibitory activity and showed that the
substitution of the sulfonamide moiety has a significant impact
on the selectivity toward PI4KB as well. The most active
compounds of the series were derivatives 10, 17, and 22, which
all exerted low nanomolar activity against PI4KB with out-
standing selectivity. All these compounds shared the same
sulfonamide substituent, a free hydroxy group.

Series B of this study was mostly driven by our curiosity.
Besides the derivatives with the optimized “amino side-chain”,
we prepared derivatives with the original 2-acetamidoethylami-
no substituent as well in order to see how substantial is the
impact of the more eflicient but less flexible pyridine side-chain.
To our surprise, some of the analogs within the series provided
extremely high inhibitory activity against PI4KB with an
outstanding PI4KB/PI4KA selectivity ratio with the most active
compound being derivative 25, which exerts subnanomolar
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activity against PI4KB (ICs, = 0.98 nM) with PI4KA ICy, =
48 000 nM.

Antiviral Screening. The obtained compounds were also
screened against selected +RNA viruses: human rhinovirus 1
(HRV1), coxsackie virus B3 (CVB3), hepatitis C virus (HCV,
1b and 2a genotypes), and Middle East respiratory syndrome
coronavirus (MERS-CoV).

For clarity, we present only the results for the compounds that
had an IC, lower than 20 nM in the enzymatic assays (Table 2,
additional data can be found in Supporting Information, Tables 2
and 3).

Antiviral screening unveiled a significant difference in activity
of the A and B series (Table 3). Generally, the members of the

Table 3
HRV1 CVB3 HCV 1b HCV 2a HelLa
ECy, ECq, ECy, ECy, CCsy
compd series  (nM) (nM) (nM) (nM) (nM)
8 A 62 1100 393 8689 15354
10 A 75 58 29 14402 18333
11 A 69 56 9196 26540 5757
12 A <10 83 1025 25988 25729
14 A <10 151 350 8506 5558
15 A <10 <20 416 27940 9144
16 A <10 138 954 >44444 61931
17 A <10 17 20 20400 8399
18 A <10 12 667 20147 6853
22 A <10 476 <20 9439 17850
25 B 655 38 1033 >44444 89223
31 B 990 5310 2681 35923 445413
32 B 716 1320 594 >44444 84176
33 B 5421 5000 1826 >44444 131179
35 B 6756 1661 3418 >44444 >50000

A series exerted extremely high activity against HRV1, which in
most cases reached the detection limit of the assay (ECg, lower
than 100 nM for all presented compounds). Furthermore, most
of the members of this series exerted significant inhibitory effect
toward CVB3 and HCV 1b. It is noteworthy, that derivatives
10, 17, and 22, which were the most active members of this
series in the enzymatic assay, also exerted steady nanomolar
activities in these three antiviral assays. Notably, the effect on
HCV 2a is rather negligible, which is consistent with genotype
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dependent insensitivity of HCV to knockdown of PI4KB.*
In this respect, the inactivity can be regarded as proof of selec-
tivity toward PI4KB, as HCV 2a is significantly more susceptible
to inhibition of PI4KA.

In contrast, the compounds from series B exerted signifi-
cantly lower nominal activity in cell-based assays. However,
their toxicities were shifted in a similar fashion suggesting
that the compounds suffered from limited permeation through
the cell membranes and therefore cannot reach the side of the
action. However, compound 28§, the derivative exerting the
highest activity in the enzymatic assay, was potent enough
to inhibit the sensitive viruses at the submicromolar or low
micromolar level.

None of the compounds exerted significant antiviral effect
against MERS-CoV, which seems to be in contrast with the
reported implication of PI4KB in the replication of pathogenic
coronaviruses such as severe acute respiratory syndrome
coronavirus (SARS—COV).6

Inhibition of Other Kinases by Compound 10. Kinome-
wide profiling of compound 10 was performed by Carna Bio-
sciences, Inc. This screen unveiled a striking selectivity toward
PI4KB since activity of 318 tested protein kinases was not
inhibited at 1 uM concentration of compound 10 to more than
to 50% of the control (Figure 3A). Additionally, this compound

was also screened against a panel of lipid kinases (PI4KA,
PI4K2A, PI3Ka, PI3Kf, PI3KS, PI3Ky), and none of these
lipid kinases was inhibited with an ICs, lower than 10 yuM
(Figure 3B).

Chemistry. Synthesis of the target compounds started by
the preparation of iodinated imidazo[1,2-b]pyridazine deriva-
tives with the appropriate amine side chain (Scheme 1).

First, we substituted the original aminoethylacetamide side
chain with positional isomers of pyridinylmethanamine by means
of nucleophilic aromatic substitution (EtOH, DIPEA, 70 °C) of
halogenated imidazo[1,2-b]pyridazine derivatives (Scheme 1)
in moderate to quantitative yields. In consideration of the
enzymatic binding site, the simple pyridine moiety was replaced
by either 2-methyl or 2-ethylpyridine, which achieved better
scores in our docking studies and filled up the cavity of PI4KB
with higher efficiency than unsubstituted the pyridines (see
above). Both 2-methyl and 2-ethylpyridinylmethanamines were
prepared from 2-chloroisonicotinonitrile in two steps following
the procedure of Ceccarelli et al.*’

This series of iodo derivatives served as a modular toolbox
for further exploration of SAR focused on the aromatic side
chain. Initially, we selected the aryl moiety that displayed
the best biological activity among our first series of PI4KB
inhibitors, the 3-(N,N-dimethylsulfamoyl)phenyl. Within this
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Figure 3. Graphical representation of the kinome-wide profiling of compound 10. The tested kinases are depicted in yellow. Only PI4KB was

significantly inhibited at 1 yuM concentration.
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Scheme 1. Preparation of Iodinated Precursors 37—42 by
Selective Nucleophilic Displacement of One Chlorine atom“
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“Reagents and conditions: (a) R—H, DIPEA, EtOH, heating.

Scheme 2. Preparation of Derivatives 4—8 Utilizing Cross-

Coupling”
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part of the study, we also prepared derivatives with various
other aromatic substituents identified as potentially interesting
in our previous work. The majority of these derivatives were
prepared by simple Suzuki cross-coupling of six iododerivatives
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with the appropriate boronic acid or its pinacol ester
(Scheme 2); the results are summarized in the Supporting
Information.

Derivatives 9 and 43 (Scheme 3) prepared by the Suzuki
coupling procedure were chlorosulfonylated (0 °C, CH,CL,) to

Scheme 3. Synthesis of Derivatives 9 and 43 by Cross-
Coupling Reactions with Corresponding Boronic Acids®
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9 4 © 90%
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43 42 © 99%
SN

“Reagents and conditions: (a) Ar—B(OH),, Pd(PPh;), K,CO;,
dioxane/H,0 (4:1), 95 °C, 16 h.

provide derivatives 44 and 45 in quantitative yield. Crude
derivatives 44 and 45 were treated with various primary and
secondary, cyclic, or acyclic amines (DIPEA, CH,Cl, rt)
providing p-methoxysulfoamides in moderate to good yields.
Results are summarized in Scheme 4.

Binding Mode of Novel Inhibitors—Structural Anal-
ysis. We used protein crystallography to gain insight into the
binding mode of our new inhibitors. PI4KB contains
unstructured regions that impede crystalhzanon Thus, we
adopted the strategy introduced by Burke et al.:'® we removed
the disordered loops and crystallized PI4KB together with
Rab1l (wt or Q70L mutant) (Figure 4, Supporting Information,
Figure S1). Using this strategy, we were able to obtain five crystal
structures with members of series B (compounds 23, 24, 2§, 33,
and 35) (Table 4). Generally, our crystallographic analysis was
in very good agreement with our docking studies. It revealed
that the binding mode of the ligand can be severely influenced
by the sulfonamide substituent. Although water molecules
probably play an important role in the interaction of both
“amino side-chain” and “aromatic side-chain”, we did not model
the water molecules due to limited resolution of our crystal
structures. In particular, the position of the “amino side-
chain”, although quite remote from the “aromatic side chain”,
differs significantly depending on the sulfonamide moiety
attached. Thus, the (2-acetamidoethyl)amino side-chain
can directly form hydrogen bonds with Asn61S (ligand 25,
Figure 4D), Tyr385 (ligand 33, Figure 4E), or even Ala616
(ligand 35, Figure 4F). However, it seems to be clear that
the interaction with these residues can be mediated also
through a water bridge, which seems to be the case for com-
pounds 23 and 24 (Figure 4B,C, respectively). In addition, the
sulfonamide moiety can form hydrogen bonds with Gly675 or
Asn676 as is obvious from the crystal structures containing

DOI: 10.1021/acs.jmedchem.6b01465
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Scheme 4. Preparation of Sulfonamide Derivatives 10—36"
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"O 13 A 94%| 26 B 60%
5% / 0 o
NN 14 A 90% | 27 B 75%
e’{u/\/o\ 15 A 93% | 28 B 78%
N
- —NQ 16 A 75% | 29 B 73%
y
17 A 85% | 30 B 68%
OH
NN
N 18 A 92%| 31 B 77%
$ -
rlu 19 A 84% | 32 B 70%
"OV 20 A T1%| 33 B 62%
OH
ﬁNA 21 A 76% | 34 B 79%
H
;{NJ/\/OH 22 A 63%| 35 B 66%
H
“ém/\/ﬁ\ 36 B 61%

“Reagents and conditions: (a) chlorosulfonic acid, rt, 16 h, quant.; (b) amine (X—H), DIPEA, CH,CL,, rt, 16 h.

derivatives 24 and 33 (Figure 4C,E, respectively). In contrast,
the interaction with these two residues can be also provided
through water molecules as might be the case for compound
25 (Figure 4D). An interesting difference was observed
for structurally related compounds 23 (Figure 4B) and 3§
(Figure 4F). Compound 23 forms the interaction with
Lys584 through hydrogen bonding with the oxygen bonded
on the sulfur atom whereas the hydroxyl group on the rear
of the sulfonamide side-chain provides the interaction with
the same residue in the case of compound 35. Therefore,
it seems that the exact ligand’s position and the efficiency
of its interaction with the kinase is highly dependent on
the sulfonamide substituent and can be fine-tuned by care-
ful selection of this moiety. We also hypothesize that this
effect is responsible for the fluctuation in the results observed
for these diverse sulfonamide moieties in both series we pre-

pared.
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B CONCLUSION

We rationally designed and prepared a series of novel PI4KB
inhibitors. These compounds were designed by merging two
structural patterns of known PI4KB inhibitors, 3, which excels
in high selectivity toward this target, and 1, which is a highly
active inhibitor of PI4KB with limited selectivity. This design
approach proved to be highly effective, and we have obtained
numerous compounds with excellent inhibitory activity and
maintained selectivity toward the title enzyme. The most active
compound, derivative 25, exerts subnanomolar activity in the
enzymatic assay and excellent selectivity in comparison to other
PI4Ks. To the best of our knowledge, this compound possesses
the highest inhibitory activity ever reported for PI4KB with
outstanding selectivity vs PI4KA (SI = 50 000), Unfortunately,
this compound did not meet our expectations in cell-based
antiviral assays, probably due to lower cell permeability. There-
fore, we selected compound 10, which has single digit nanomolar
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Figure 4. Structural analysis of newly the prepared inhibitors. (A) Structure of the whole crystallized complex of PI4KB with Rab11. (B—F) Binding
modes of inhibitors 23, 24, 25, 33, and 35. The figure was prepared using PyMOL.

activity in the enzymatic assay, significant selectivity in com-
parison to the other PI4Ks, and consistent antiviral response in
cell-based assays for kinome-wide profiling. This compound did
not inhibit any other protein or lipid kinases at the 1 uM level
and proved to be an extremely selective inhibitor of PI4KB
(Figure 3).

In addition, our crystallographic analysis showed the proper
positioning of the (2-acetamidoethyl)amino side chain for the
first time (Figure 4), which may explain the differences in
activities of the two discussed series. This side chain interacts
with residue Asn600 in the hinge region rather than with
residue Tyr38S in the opposite side of the binding canyon,
which is probably exploited by the different types of amino side
chain, for example, pyridine based ones.

In conclusion, we have clearly demonstrated that this rational
approach can be utilized to enhance activity and selectivity of
novel PI4KB inhibitors, which exert antiviral activities against
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various +RNA viruses such as human rhinoviruses, enter-
oviruses, and flaviviruses (namely, HCV). Surprisingly, the
compounds exert no inhibition of Middle East respiratory
syndrome coronavirus (MERS-CoV), despite the possible
1mp11cat10n of PI4KB in coronavirus replication reported previ-
ously.” However, the reported compounds can serve as potential
broad spectrum antiviral agents and also as highly specific tools
for chemical biology.

B EXPERIMENTAL METHODS

Synthesis of Novel Inhibitors. General Chemical Procedures.
Melting points were determined on a Biichi melting point B-540
apparatus. Microwave syntheses were carried out in a CEM Dicover
instrument with a single-mode cavity and focused microwave heating
(microwave power supply 0—300 W, 1 W increments, sealed vessel
mode, pressure range 0—20 bar). NMR spectra were measured on a
Bruker Avance I1-600 or Bruker Avance II-500 instruments (600.1
or 500.0 MHz for 'H and 1509 or 1257 MHz for C) in
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Table 4. Statistics of Crystallographic Data Collection and Refinement

crystal
PDB code

space group

cell dimensions

X-ray source
wavelength, A
resolution, A

no. of unique
reflns

I/o(1)
I/o(I) =2 at
resolution, A

Rieans %
data
completeness, %

multiplicity
Ryono %
Rf(eer %

rms bond angle
deviation, deg

PI4KIIIB/wtRabl1 + 25

SFBL
P2,2,2,

a=49.5A,b=1049 A,

c=1880 A
BESSY ID 14-1
0.9796

47.01-3.37 (349-3.37)

14419 (1382)

14.11 (1.71)
343

113
99.54 (97.19)

3.85

24.28 (35.68)
26.88 (34.96)
0.004

PI4KIII3/wtRabl1l + 33

SFBQ
P2,.2,2,

a=488A,b=1012 A,

c=1885A
BESSY ID 14-1
0.9796

48.85-3.79 (3.92-3.78)

9508 (865)

833 (1.45)
3.85

21.1
96.34 (91.53)

5.40

25.18 (35.94)
30.44 (38.12)
0.003

PI4KIIS/Q70L-Rabl1 + 24  PI4KINB/Q70L-Rabll + 23 PI4KIIIS/Q70L-Rabll + 35

SFBR
P2,2,2,

a=493 A b=1039 A,

c=187.6 A
BESSY ID 14-1
0.9796

47.65-3.28 (3.40—3.28)

15037 (1135)

12.75 (1.35)
3.32

12.8
97.42 (76.48)

6.33

22.61 (35.26)
26.38 (38.44)
0.004

091

0%/95%

SFBV
P2,2,2,

a=485A,b=102.8 A,

c=1861A
BESSY ID 14-1
0.9796

46.97—3.28 (340-3.28)

14745 (1381)

7.63 (0.95)
3.45

23.0
99.01 (95.11)

344

23.71 (39.66)
28.14 (43.98)
0.012

1.54

0%/96%

SFBW
P2,2,2,

a=491A,b=1041A4,

c=1876 A
BESSY ID 14-1
0.9796

47.47-3.48 (3.61-348)

12696 (1166)

6.77 (0.87)
3.67

19.1
98.32 (93.65)

427

24.62 (40.30)
28.31 (42.35)
0.005

1.15

0%/96%

rms bond anﬁle 1.01 0.89
deviation,

Ramachandran 0%/96% 0%/97%
(outliers/
favored)

hexadeuterodimethyl sulfoxide and referenced to the solvent signal (&
2.50 and 39.70, respectively). Mass spectra were measured on a LTQ
Orbitrap XL (Thermo Fischer Scientific) using electrospray ionization
(ESI) and a GCT Premier (Waters) using EL. The elemental analyses
were obtained on a PerkinElmer CHN Analyzer 2400, Series II Sys
(PerkinElmer) and X-ray fluorescence spectrometer SPECTRO iQ II
(SPECTRO Analytical Instruments, Germany). Column chromatog-
raphy and thin-layer chromatography (TLC) were performed using
silica gel 60 (Fluka) and Silufol silica gel 60 F,g, foils (Merck),
respectively. Solvents were evaporated at 2 kPa and bath temperature
30—60 °C. The compounds were dried at 13 Pa and S0 °C. All
prepared compounds had >95% purity.

General Procedure A. Introduction of the N-Substituent to
Position 7. 6,8-Dichloro-3-iodo-2-methylimidazo[1,2-b]pyridazine
(prepared as described previously™) (150 mg, 0.47 mmol) was
dissolved in EtOH (S mL) and DIPEA (0.25 mL, 1.41 mmol) together
with an appropriate amine (2 equiv). The reaction mixture was then
stirred at 75 °C for 12 h (or until consumption of the starting
material). The reaction mixture was subsequently evaporated, the
residue was chromatographed (silica gel, S0 g) using an appropriate
mobile phase, and the solid was recrystallized providing derivatives
37-42.

General Procedure B. Preparation of Derivatives 4—9 and 43 via
Suzuki Coupling Reaction. Iodo derivatives 37—42 were suspended in
1,4-dioxane (8 mL, ~0.4 mmol) followed by the addition of the
appropriate boronic acid/pinacol ester (1.0S equiv), and a solution of
1 M Na,CO;(aq) (2 mL) was added. The reaction mixture was
degassed three times, Pd(dppf)Cl, (S mol %) was added quickly, and
the mixture was degassed once more, heated to 90 °C, and stirred until
the completion of the reaction (3 h to overnight). After cooling to rt,
the mixture was diluted with water/brine (1:1), and the aqueous phase
was extracted with CH,Cl, (3 X SO mL). The combined organic
phases were dried over Na,SO,, concentrated in vacuo, and purified
by flash column chromatography providing compounds 4—9 and 43.
Derivatives 4—8 were prepared as their HCI salts in order to enhance
solubility in aqueous medium for the evaluation of biological activity.

General Procedure C. Preparation of Sulfonamide Derivatives
10—36. Sulfonyl chloride derivative 44 or 45 was dissolved in anhy-
drous CH,Cl,, and DIPEA (1.5 equiv) was added followed by the
addition of the appropriate amine derivative (1.5 equiv) (except for
compounds when the sulfonyl chloride was added to the solution of
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amine (excess) and DIPEA in CH,Cl,). The reaction mixture was
stirred at rt until completion of the reaction (monitored by TLC). The
reaction mixture was purified by flash column chromatography, and
analytically pure samples were obtained after recrystallization.
4-(((6-Chloro-3-(3-(N,N-dimethylsulfamoyl)phenyl)-2-
methylimidazo[1,2-b]pyridazin-8-yllamino)methyl)pyridin-1-ium
Chloride Hydrochloride (4). Prepared according to general procedure
B. Mobile phase EtOAc/EtOH (10—20%). Recrystallized from EtOH/
CHCL,,. Yield: 154 mg (86%) as an off-white solid; mp 211.6—212.8 °C.
"H NMR (400 MHz, DMSO-d;) § (ppm): 8.66 (t, Jnp-ci = 64 Hz,
1 H, NH), 8.52 (m, 2 H, H-2"), 807 (td, J,_4 = ,_¢ = 1.6 Hz, J,_¢ =
0.5 Hz, 1 H, H-2), 7.99 (dt, J,_s = 7.6 Hz, J,_, = Ju_¢ = 1.6 Hz, 1 H,
H-4), 7.81 (td, Js_4 = Js_¢ = 7.6 Hz, J;_, = 0.5 Hz, 1 H, H-5), 7.76
(dt, Jo_s = 7.6 Hz, Js_4 = Jo_» = 1.6 Hz, 1 H, H-6), 7.36 (m, 2 H, H-3"),
620 (s, 1 H, H-7'), 4.64 (bs, 2 H, CH,-NH), 2.69 (s, 6 H, N(CH,),),
2.51 (s, 3 H, 2’-CH,). °C NMR (125 MHz, DMSO-d;) & (ppm):
149.89 (C-2"), 147.33 (C-4"), 147.13 (C-6"), 143.15 (C-8'), 141.32
(C-3'), 138.92 (C-2), 134.93 (C-1), 133.22 (C-4), 131.57 (C-9'),
129.83 (C-5), 129.63 (C-3), 127.74 (C-2), 126.62 (C-6), 123.41
(C-3"), 12225 (C-3"), 9229 (C-7'), 44.17 (NH-CH,), 37.87
(N(CH,),), 14.66 (2’-CH;). HRMS: calcd for [M + HJ, 457.12080;
found, 457.12086. HCI salt: mp 230.2 (decomp). Anal.
(CyH,,CLNG0,S8-0.66H,0) C, H, N.
3-(((6-Chloro-3-(3-(N,N-dimethylsulfamoyl)phenyl)-2-
methylimidazo[1,2-b]pyridazin-8-yllamino)methyl)pyridin-1-ium
Chloride Hydrochloride (5). Prepared according to general procedure
B. Mobile phase: EtOAc/EtOH (10—20%). Recrystallized from EtOH.
Yield 148 mg (80%) as an off-white solid; mp 193.0—194.4 °C. 'H
NMR (400 MHz, DMSO-dg) & (ppm): 8.66 (t, Jnp—cmz = 6.3 Hz, 1 H,
NH), 8.65 (d, J,»4» = 2.2 Hz, 1 H, H-2"), 8.47 (dd, Js.s = 4.8 Hz,
Jerar = 1.7 Hz, 1 H, H-6"), 8.06 (t, J,_4 = J,_¢ = 1.8 Hz, 1 H, H-2),
7.98 (dt, J,_s = 7.5 Hz, J,_, = J,_¢ = 1.6 Hz, 1 H, H-4), 7.74—7.82
(m, 3H, H-4", H-S, H-6), 7.37 (dd, J5».c = 4.8 Hz, Jg.4,» = 7.8 Hz, 1 H,
H-5"), 6.32 (s, 1 H, H-7'), 463 (bs, 2 H, CH,-NH), 2.68 (s, 6 H,
N(CH,),), 2.50 (s, 3 H, 2’-CH,). *C NMR (125 MHz, DMSO-d;) §
(ppm): 149.00 (C-2"), 148.60 (C-6"), 147.15 (C-6'), 142.97 (C-8'),
138.84 (C-2'), 135.15 (C-4"), 134.92 (C-1), 13321 (C-4), 131.60
(C9'), 129.81 (C-5), 129.64 (C-3), 127.73 (C-2), 126.60 (C-6),
123.78 (C-5"), 123.78 (C-5"), 123.37 (C-3'), 92.15 (C-7'), 42.79
(NH-CH,), 37.87 (N(CH,;),), 14.65 (2’-CH;). HRMS: calcd for
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[M + HJ, 457.12080; found, 457.12084. HCI salt: mp 170 °C
(decomp). Anal. (C,,H,;Cl;N0,5-0.5H,0) C, H, N.
2-(((6-Chloro-3-(3-(N,N-dimethylsulfamoyl)phenyl)-2-
methylimidazo[1,2-b]pyridazin-8-yllamino)methyl)pyridin-1-ium
Chloride Hydrochloride (6). Prepared according to general procedure
B. Mobile phase: EtOAc/EtOH (10—15%). Recrystallized from
MeOH/CHCI,. Yield: 142 mg (80%) as an off-white solid; mp
203.6-204.6 °C. 'H NMR (400 MHz, DMSO-dy) 6 (ppm): 8.56
(ddd, Js.s» = 4.9 Hz, J4» = 1.8 Hz, J¢5» = 0.9 Hz, 1 H, H-6"), 8.48 (t,
Jnt—cu2 = 6.2 Hz, 1 H,NH), 8.07 (td, J,_, = J,_¢ = 1.6 Hz, J,_¢ = 0.5
Hz, 1 H, H-2),7.99 (dt, J,_s = 7.6 Hz, J,_, = J,_¢ = 1.6 Hz, 1 H, H-4),
7.75—7.83 (m, 3 H, H-4", H-5, H-6), 7.38 (dm, J;».4 = 7.8 Hz, 1 H, H-
3"), 7.31 (ddd, Jy.s = 4.9 Hz, Jr4» = 7.5 Hz, J¢3» = 1.1 Hz, 1 H, H-
5"), 621 (s, 1 H, H-7"), 4.68 (bs, 2 H, CH,-NH), 2.69 (s, 6 H,
N(CH,),), 2.50 (s, 3 H, 2’-CH,). *C NMR (125 MHz, DMSO-d;) §
(ppm): 157.23 (C-2"), 149.23 (C-6"), 147.11 (C-6'), 143.21 (C-8'),
138.90 (C-2'), 137.23 (C-4"), 134.93 (C-1), 133.20 (C-4), 131.62
(C9'), 129.83 (C-5), 129.65 (C-3), 127.71 (C-2), 126.60 (C-6),
123.36 (C-3'), 122.71 (C-5”), 121.50 (C-3"), 92.35 (C-7),
4723 (NH-CH,), 37.88 (N(CH,;),), 14.69 (2’-CH;). HRMS: calcd
for [M + HJ, 457.12080; found, 457.12092. HCI salt: foam. Anal.
(C4H;3CLNg0,8:0.5H,0) C, H, N.
4-(((6-Chloro-3-(3-(N,N-dimethylsulfamoyl)phenyl)-2-
methylimidazo[1,2-b]pyridazin-8-yl)Jamino)methyl)-2-methylpyri-
din-1-ium Chloride Hydrochloride (7). Prepared according to general
procedure B. Mobile phase: EtOAc/EtOH (10—20%). Yield: 143 mg
(80%) as an off-white foam. 'H NMR (400 MHz, DMSO-d;) &
(ppm): 8.62 (t, Jnn—cma = 6.0 Hz, 1 H, NH), 8.37 (d, J¢.s» = 5.0 Hz, 1
H, H-6"), 8.07 (m, 1 H, H-2), 7.98 (dm, J,_s = 7.5 Hz, 1 H, H-4), 7.81
(m, 1 H, H-S), 7.76 (dm, Js_s = 7.9 Hz, 1 H, H-6), 7.22 (bs, 1 H, H-
3"),7.15(dd, Jy¢ = 5.0 Hz, J5r3 = 1.5 Hz, 1 H, H-5"), 6.17 (s, 1 H,
H-7"), 4.59 (bs, 2 H, CH,-NH), 2.69 (s, 6 H, N(CH;),), 2.51 (s, 3 H,
2'-CH,), 2.43 (s, 3 H, 2”-CH;). *C NMR (125 MHz, DMSO-d;) &
(ppm): 158.13 (C-2"), 149.24 (C-6"), 147.55 (C-4"), 147.13 (C-6'),
143.17 (C-8'), 138.90 (C-2"), 134.93 (C-1), 133.21 (C-4), 131.58 (C-
9'), 129.84 (C-5), 129.64 (C-3), 127.74 (C-2), 126.62 (C-6), 123.40
(C-3"), 121.30 (C-3"), 92.19 (C-7'), 44.23 (NH-CH,), 37.88
(N(CH,),), 2425 (2"-CH;), 14.68 (2'-CH;). HRMS: caled for
[M + HJ], 471.13645; found, 471.13651. HCI salt: mp 216.6 °C
(decomp). Anal. (C,,H,;Cl;N,0,S-0.5H,0). C, H, N.
3-(6-Chloro-8-(((2-ethylpyridin-4-yl)methyl)amino)-2-
methylimidazo[1,2-b]pyridazin-3-yl)-N,N-dimethylbenzenesulfona-
mide Hydrochloride (8). Prepared according to general procedure B.
Mobile phase: EtOAc/EtOH (10—20%). Yield: 143 mg (83%) as an
off-white foam (CH,CL,). '"H NMR (400 MHz, DMSO-d;) & (ppm):
8.62 (t, Jnu_cuz = 6.5 Hz, 1 H, NH), 8.41 (dd, J¢.s» = 5.1 Hz, Jgr.3r =
0.6 Hz, 1 H, H-6"), 8.07 (td, J,_y = J,_¢ = 1.8 Hz, J,_s = 0.4 Hz, 1 H,
H-2), 7.99 (dm, J,_s = 7.6 Hz, 1 H, H-4), 7.81 (m, 1 H, H-5), 7.76
(dm, Js_s = 7.8 Hz, 1 H, H-6), 7.25 (bs, 1 H, H-3"), 7.16 (dd, Js.¢» =
5.1 Hz, Jo 5 = 1.5 Hz, 1 H, H-5"), 6.19 (s, 1 H, H-7"), 4.60 (bs, 2 H,
CH,-NH), 2.72 (q, Jemp.cus = 7-6 Hz, 2 H, CH,CHj,), 2.69 (s, 6 H,
N(CHs3),), 2.51 (s, 3 H, 2’-CH,), 1.20 (t, Jeus.cus = 7.6 Hz, 3 H,
CH,CH;). *C NMR (125 MHz, DMSO-dy) & (ppm): 163.01 (C-2"),
149.25 (C-6"), 147.61 (C-4"), 147.12 (C-6"), 143.18 (C-8'), 138.99
(C-2'), 134.94 (C-1), 13321 (C-4), 131.57 (C-9'), 129.83 (C-5),
129.64 (C-3), 127.73 (C-2), 126.61 (C-6), 123.39 (C-3'), 120.40
(C-37), 119.55 (C-5"), 9220 (C-7'), 44.31 (NH-CH,), 37.87
(N(CH,),), 30.73 (CH,CH;), 14.67 (2'-CH,), 13.91(CH,CH,).
HRMS: caled for [M + HJ, 485.15210; found, 485.15208. HCI salt:
mp 193.4—196.1 °C, Anal. (C,;H,;C,N0,5:0.33H,0) C, H, N.
6-Chloro-N-((2-ethylpyridin-4-yl)methyl)-3-(4-methoxyphenyl)-2-
methylimidazo[1,2-b]pyridazin-8-amine (9). Prepared according to
general procedure B. Mobile phase (EtOAc/EtOH 0—10%). Yield:
0.987 g (90%) as an off-white solid; mp 168.8—169.1 °C. '"H NMR
(400 MHz, DMSO-dg) 6 (ppm): 8.51 (t, Jyn_cm = 6.2 Hz, 1 H, NH),
8.40 (d, J¢.s» = 5.1 Hz, 1 H, H-6"), 7.55 (m, 2 H, H-2'), 7.24 (bs, 1 H,
H-3"), 7.16 (dd, Jss» = S.1 Hz, Jo3 = 1.4 Hz,1H, H-5"), 7.08 (m,
2 H, H-3'), 6.10 (s, 1H, H-7), 4.58 (bs, 2 H, CH,-NH), 3.82 (s, 3 H,
4'-OCH,); 2.71 (q, Jemp.cus = 7.7 Hz, 2 H, CH,CH;), 242 (s, 3 H,
2-CH;), 120 (t, 3 H, Joms.cmo = 7.7 Hz, CH,CH;). ®C NMR
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(125 MHz, DMSO-dg) & (ppm): 162.99 (C-2"), 159.04 (C-4'), 149.24
(C-6"), 147.84 (C-4"), 146.84 (C-6), 143.03 (C-8), 1387.48 (C-2),
130.75 (C-9), 130.71 (C-2'), 125.10 (C-3), 120.74 (C-1'), 120.41
(C-3"), 119.56 (C-5"), 114.14 (C-3’), 91.48 (C-7), 55.38 (4'-O—
CH,), 4429 (NH-CH,), 30.73 (CH,—CH,;), 14.53 (2-CHj;), 13.93
(CH,—CHj,). Anal. (C,,H,,CIN;0-0.5EtOH) C, H, N. HRMS: calcd
for [M + H], 408.15856; found, 408.15868.

5-(6-Chloro-8-(((2-ethylpyridin-4-yl)methyl)amino)-2-
methylimidazo[1,2-b]pyridazin-3-yl)-N-(2-hydroxyethyl)-2-methox-
ybenzenesulfonamide (10). Prepared according to general procedure
C. Mobile phase: EtOAc/EtOH 0-20%. Yield 264 mg (66%);
yellowish foam. '"H NMR (400 MHz, DMSO-d¢) § (ppm): 8.54 (t,
Jnt-cm = 6.4 Hz, 1 H, NH-CH2), 8.40 (d, Jo.s» = 5.1 Hz, 1 H, H-
6"),7.97 (d, Jo_s = 2.3 Hz, 1 HH-6), 7.88 (dd, J,_; = 8.6 Hz,J,_¢ = 2.3
Hz, 1 H, H-4), 7.40 (d, J;_, = 8.6 Hz, 1 H, H-3), 7.24 (bs, 1 H, H-3"),
7.18 (t, Jnu—cmecus = 59 Hz, 1 H, NH-CH,CH,), 7.16 (dm, ;¢ =
S.1Hz, 1 H,H-5"),6.15 (s, 1 H, H-7"), 467 (t, Jou_cm» = 5.7 Hz, 1 H,
CH,O0H), 4.59 (bs, 2 H, CH,-NH), 3.97 (s, 3 H, OCH,), 2.88 (m, 2
H, CH,CH,NH), 2.72 (q, Jcrp-cu3 = 744 Hz, 2 H, CH,CHj;), 2.44 (s, 3
H, 2’-CHj,), 1.20 (t, 3 H, Jeus.cmp = 7.4 Hz, CH,CH,;). 3C NMR (125
MHz, DMSO-dg) 6 (ppm): 163.02 (C-2"), 15590 (C-2), 149.26
(C-6"), 147.71 (C-4"), 147.04 (C-6'), 143.10 (C-8'), 137.97 (C-2'),
135.02 (C-4), 131.10 (C-9'), 129.84 (C-6), 12821 (C-5), 123.72
(C-3"), 12043 (C-1), (C-6), 120.40 (C-3"), 119.56 (C-5"), 113.56
(C-3), 91.87 (C-7'), 60.05 (CH,—OH), 56.58 (O—CHj;), 45.40
(CH,—CH,—NH), 44.30 (CH,—NH-8'), 30.74 (CH,—CH,), 14.51
(2’-CH;), 13.93 (CH,CH,). Anal. (C,,H,,CIN,0,S.H,0) C, H, N.
HRMS: calcd for [M + HJ, 531.15758; found, 531.15762.

N-(4-Aminocyclohexyl)-5-(6-chloro-8-(((2-ethylpyridin-4-yl)-
methyl)amino)-2-methylimidazo[1,2-b]pyridazin-3-yl)-2-methoxy-
benzenesulfonamide (11). Prepared according to general procedure
C. Mobile phase: EtOAc/EtOH 10—30%. Yield: 87 mg (50%); mp
136.6—138.8 °C. 'H NMR (400 MHz, DMSO-d;) & (ppm): 8.57 (bs,
1 H, NH-8'), 8.40 (dd, J¢.s» = 5.1 Hz, J¢5» = 0.6 Hz, 1 H, H-6"), 7.97
(d, Jo_4 = 2.3 Hz, 1 H, H-6), 7.85 (dd, J,_¢ = 2.3 Hz, J,_; = 8.5 Hz, 1
H, H-4), 7.24 (bs,1 H, H-3"), 7.15 (dd, J5.¢» = 5.1 Hz, J5».3» = 1.6 Hz,
1 H, H-5"), 6.15 (s, 1 H, H-7"), 4.59 (s, 2 H, NH-CH,), 4.59 (s, 2 H,
CH,-NH), 3.96 (s, 3 H, OCH,), 2.95 (m, 2 H, CH-NH), 2.71 (q,
Jeme.cus = 7.6 Hz, 2 H, CH,CHj,), 243 (s, 3 H, 2'-CH3;), 2.38 (m, 1 H,
CH-NH,), 1.56—1.67 (m, 4 H, CH,*-CH-NH, CH,*-CH-NH,), 1.18—
127 (m, 5§ H, CH,>-CH-NH, CH’-CH,), 0.91 (m, 2 H, CH,*-CH-
NH,). C NMR (125 MHz, DMSO-d¢) § (ppm): 163.02 (C-2"),
155.92 (C-2), 149.28 (C-6"), 147.72 (C-4"), 147.05 (C-6'), 143.11
(C-8"), 137.92 (C-2’), 134.88 (C-4), 131.10 (C-9'), 129.76 (C-6),
129.67 (C-5), 123.82 (C-3’), 120.40 (C-1), 119.57 (C-5"), 119.57
(C-5"), 11327 (C-3), 91.84 (C-7'), 56.39 (O—CH,), 52.61 (CH-
NH), 49.53 (CH-NH,), 44.30 (NH-CH,), 35.24 (CH,—CH-NH,),
32.14 (CH-CH-NH), 30.76 (CH,—CH,), 14.48 (2'-CH,), 13.96
(CH,—CHj,). Anal. (C,3H;,CIN,0,5-0.5H,0) C, H, N. HRMS: calcd
for [M + HJ, 584.22051; found 584.22052.

6-Chloro-N-((2-ethylpyridin-4-yl)methyl)-3-(4-methoxy-3-
(morpholinosulfonyl)phenyl)-2-methylimidazo[1,2-b]pyridazin-8-
amine (12). Prepared according to general procedure C. Mobile
phase: EtOAc/EtOH (10—20%). Yield: 103 mg (87%); mp 173.9—
175.2 °C. 'H NMR (400 MHz, DMSO-d) 6 (ppm): 8.59 (t, Jny—ci2
= 6.2 Hz, 1 H, NH-8'), 8.40 (dd, J¢.s» = 5.1 Hz, J;» = 0.6 Hz, 1 H,
H-6"), 8.00 (d, J,.¢ = 2.3 Hz, 1 H, H-2"), 791 (dd, Js.s = 8.7 Hz,
Jo =23 Hz, 1 H H-6'),7.43 (d, Jg.¢ = 8.7 Hz, 1 H, H-5'), 7.24 (bs,
1 H, H-3"), 7.16 (d4, J¢-x» = 5.1 Hz, Jo3» = 1.4 Hz, 1 H, H-5"), 6.15
(s, 1 H, H-7), 4.59 (bs, 2 H, 8-NH-CH,), 3.96 (s, 3 H, 4-OCH,), 3.61
(m, 4 H, CH,—0), 3.11 (m, 4 H, CH,—N), 2.71 (q, Jcma.cus = 8.1 Hz,
2 H, CH,—CH,), 2.45 (s, 3 H, 2-CH3;), 1.19 (t, Jom.cus = 8.1 Hz, 3 H,
CH,CH,). *C NMR (125 MHz, DMSO-d;) § (ppm): 162.99 (C-2"),
156.40 (C-4'), 149.21 (C-6"), 147.87 (C-4"), 147.09 (C-6), 143.15
(C-8), 138.02 (C-2), 135.67 (C-6"), 131.55 (C-2'), 131.18 (C-9),
124.86 (C-1), 123.52 (C-3), 120.65 (C-S), 119.62 (C-5"), 113.82
(C-s'), 91.90 (C-7), 66.08 (CH,—0), 56.55 (4-O—CH,), 46.10
(CH,—N), 44.33 (8-NH-CH,), 30.74 (CH,—CH;), 14.48 (2-CH,),
13.97 (CH,—CH;). Anal. (C,¢H,,CIN:O,S-0.5EtOH) C, H, N.
HRMS: calcd for [M + H], 557.17327; found 557.17323.
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6-Chloro-N-((2-ethylpyridin-4-yl)methyl)-3-(4-methoxy-3-(piperi-
din-1-ylsulfonyl)phenyl)-2-methylimidazo[1,2-b]pyridazin-8-amine
(13). Prepared according to general procedure C. Mobile phase:
EtOAc/EtOH (5—10%). Yield: 108 mg (94%) as an off-white foam.
"H NMR (400 MHz, DMSO-dg) 6 (ppm): 8.59 (t, Jnyi—cmz = 6.3 Hz, 1
H, NH-8), 8.40 (dd, J¢».s» = 5.1 Hz, Jg»3» = 0.6 Hz, 1 H, H-6"), 7.98
(d, Jy.¢ =2.3Hz, 1 H,H-2'), 7.88 (dd, J¢.5 = 8.6 Hz, J¢.,, = 2.3 Hz, 1
H, H-6'),7.40 (d, J5.¢ = 8.6 Hz, 1 H, H-5'), 7.25 (bs, 1 H, H-3"), 7.16
(dd, Jy».g» = 5.1 Hz, Jgn3» = 1.5 Hz, 1 H, H-5"), 6.15 (bs, 2 H, H-7),
3.94 (s, 3 H, 4-OCHj,), 3.12 (m, 4 H, NH-1"), 2.71 (q, Jem.cus = 7.6
Hz, 2 H, CH,—CH,;), 2.45 (s, 3 H, 2-CH;), 1.51 (m, 4 H, H-2"), 1.44
(m, 2 H, H-3"), 1.19 (t, Jemp.cus = 7.6 Hz, 3 H, CH,CH,). *C NMR
(125 MHz, DMSO-ds) & (ppm): 162.94 (C-2"), 15630 (C-4'),
149.14 (C-6"), 147.99 (C-4"), 143.15 (C-8), 137.98 (C-2), 135.27
(C-6'), 131.33 (C-2'), 131.15 (C-9), 125.87 (C-1), 123.61 (C-3),
120.53 (C-5), 120.51 (C-3"), 119.65 (C-5"), 113.69 (C-5'), 91.88
(C-7), 56.49 (4'-0—CH,), 46.68 (C-1"), 44.32 (8-NH—CH,), 30.70
(CH,—CH,), 2548 (C-2"), 2339 (C-3"), 14.55 (2-CH,), 13.97
(CH,—CHj;). Anal. (C,,H;,CIN;O5S) C, H, N. HRMS: calcd for
[M + H], 555.19396, found 555.19399.
5-(6-Chloro-8-(((2-ethylpyridin-4-yl)methyl)amino)-2-
methylimidazo[1,2-bjpyridazin-3-yl)-N-(2-(dimethylamino)ethyl)-2-
methoxybenzenesulfonamide (14). Prepared according to general
procedure C. Mobile phase: EtOAc/EtOH (20—50%). Yield: 109 mg
(90%); mp 193.6—195.7 °C. 'H NMR (400 MHz, DMSO-dy) §
(ppm): 8.59 (t, Jnp—cuz = 6.5 Hz, 1 H, NH-8"), 840 (dd, Jg».s» =
5.0 Hz, 1 H, H-6"), 7.98 (d, Jo_4 = 2.3 Hz, 1 H, H-6), 7.88 (dd, J,_; =
8.7 Hz, J,_¢ = 2.3 Hz, 1 H, H-4), 7.41 (d, J;_,= 8.7 Hz, 1 H, H-3), 7.35
(bs, 1 H, SO,—NH), 7.24 (bs, 1 H, H-3"), 7.15 (dd, Js»¢ = 5.0 Hg,
Jgr3n = 1.2 Hz, 1 H,H-5"), 6.15 (s, 1 H, H-7"), 4.59 (bs, 2 H, 8”-NH-
CH,) 3.98 (s, 3 H, 2-OCH,), 3.02 (m, 2 H, H-1"), 2.71 (q, Jema.cus =
7.6 Hz, 2 H, CH,-CH,), 2.58 (bs, 2 H, H-2'), 2.44 (s, 3 H, 2”-CHj,),
229 (s, 6 H, N-(CH3;),), 1.19 (t, Jema.cus = 7.6 Hz, 3 H, CH,CHj,).
BBC NMR (125 MHz, DMSO-dg) § (ppm): 163.03 (C-2"), 155.95
(C-2), 149.30 (C-6"), 147.76 (C-4"), 147.07 (C-6"), 143.13 (C-8"),
138.01 (C-2"), 13524 (C-4), 131.13 (C-9"), 129.95 (C-6), 127.86
(C-1), 123.73 (C-3"), 120.48 (C-5), 120.43 (C-3"), 119.59 (C-5"),
113.38 (C-3), 91.86 (C-7"), 57.33 (C-2'), 56.65 (2-O—CHj;), 44.30
(8”-NH—-CH,), 44.13 (N-(CH,),), 30.79 (CH,—CHj;), 14.54 (2"-
CH;), 13.99 (CH,—CH;). Anal. (C,¢H;,CIN,0,S) C, H, N. HRMS:
caled for [M + HJ, 558.20486, found 558.20493.
5-(6-Chloro-8-(((2-ethylpyridin-4-yl)methyl)amino)-2-
methylimidazo[1,2-b]pyridazin-3-yl)-2-methoxy-N-(2-
methoxyethyl)benzenesulfonamide (15). Prepared according to
general procedure C. Mobile phase: EtOAc/EtOH (5—15%). Yield:
110 mg (93%), yellowish foam. '"H NMR (400 MHz, DMSO-dy) &
(ppm): 8.58 (t, Jnp—cmz = 64 Hz, 1 H, NH-8"), 8.40 (dd, Jgr.s» =
5.1 Hz,Jg»3» = 0.6 Hz, 1 H, H-6"), 7.97 (d, Js_, = 2.3 Hz, 1 H, H-6),
7.86 (dd, J,_; = 8.7 Hz, J,_¢ = 2.3 Hz, 1 H, H-4), 7.39 (t, Jau1=
6.0 Hz, 1 H,NH-1"), 7.38 (d, J;_, = 8.7 Hz, 1 H, H-3), 7.24 (bs, 1 H,
H-3"),7.16 (dd, J¢».¢» = 5.1 Hz, J3»3» = 1.6 Hz, 1 H, H-5"), 6.14 (s, 1
H, H-7"), 4.59 (bs, 2 H, 8”"-NH-CH,) 3.97 (s, 3 H, 2-OCH,), 3.29
(t Jo.1r = 5.9 Hz, 2 H, H-2'), 3.12 (s, 3 H, 2’-OCHj,), 3.02 (q, J1» =
Juau = 60 Hz, 2 H, H-1'), 2.71 (q, Jomp.cus = 7.7 Hz, 2 H, CH,-
CH,), 244 (s, 3 H, 2"-CH,), 1.19 (t, Jempcms = 7.7 Hz, 3 H,
CH,CH,). *C NMR (125 MHz, DMSO-d;) & (ppm): 163.00 (C-2"),
155.99 (C-2), 149.23 (C-6"), 147.86 (C-4"), 147.07 (C-6"), 143.12
(C-8"), 137.98 (C-2"), 135.00 (C-4), 131.12 (C-9"), 129.78 (C-6),
128.59 (C-1), 123.80 (C-3"), 120.45 (C-3"), 120.39 (C-5), 119.61
(C-5"), 113.30 (C-3), 91.85 (C-7"), 70.75 (C-2), 58.01 (2’-O—CHj,),
56.57 (2-O—CHj), 44.32 (8”-NH—CH,), 42.52 (C-1"), 30.75 (CH,—
CH,), 14.52 (2"-CH,), 13.97 (CH,—CH,;). Anal. (C,sH,,CIN,O,S-
0.33EtOAc) C, H, N. HRMS: calcd for [M + HJ, 545.17323, found
545.17324.
3-(3-((1H-Pyrazol-1-yl)sulfonyl)-4-methoxyphenyl)-6-chloro-N-
((2-ethylpyridin-4-yl)methyl)-2-methylimidazo[1,2-b]pyridazin-8-
amine (16). Prepared according to general procedure C. Mobile
phase: EtOAc/EtOH (5—15%). Yield: 86 mg (75%); mp 214.4—216.0
°C. 'H NMR (400 MHz, DMSO-ds) 6 (ppm): 8.58 (t, Jxu_ct =
6.3 Hz, 1 H, NH-8), 8.49 (dd, Js»374» = 2.8 Hz, Ji».3» = 0.6 Hz, 1 H,

H-5"” or H-3"), 842 (dd, J¢.s = S.1 Hz, Jg.3 = 0.5 Hz, 1 H, H-6'),
8.13 (d, J,.¢» = 2.3 Hz, 1 H, H-2"), 8.02 (dd, J.s» = 8.7 Hz, Jgr,» = 2.3
Hz, 1 H, H-6"),7.86 (dd, J»3».4» = 1.6 Hz, Jg»3» = 0.6 Hz, 1 H, H-§"
or H-3"), 741 (d, J¢.¢= 8.7 Hz, 1 H, NH-5"),7.28 (bs, 1 H, H-3'),
7.19 (dd, Jy.¢ = 5.1 Hz, Jy 3 = 1.2 Hz, 1 H, H-5'), 6.60 (dd, J,» 3 » =
1.6 Hz, J,».37s» = 2.8 Hz, 1 H, H-4"),6.18 (s, 1 H, H-7), 461 (bs, 2 H,
8-NH-CH,),3.83 (s, 3 H, 4”-OCHj,), 2.73 (q, Jomua.cus = 7.6 Hz, 2H,
CH,-CH,), 245 (s, 3 H, 2-CH;), 1.21 (t, Jems.cus = 7.6 Hz, 3 H,
CH,CH,). *C NMR (125 MHz, DMSO-d;) & (ppm): 162.80 (C-2'),
156.57 (C-4"), 148.92 (C-6'), 147.13 (C-6), 145.47 (C-5" or C-3"),
143.11 (C-8), 138.34 (C-2), 137.79 (C-6"), 133.93 (C-3" or C-5"),
131.28 (C-9), 130.41 (C-2"), 124.26 (C-3”), 12291 (C-3), 121.13
(C-17), 120.56 (C-3'), 119.68 (C-5'), 114.28 (C-5"), 108.39 (C-4"),
92.04 (C-7), 56.89 (4”-O—CH,), 44.33 (8-NH—CH,), 30.55 (CH,—
CH,), 14.50 (2-CH,), 13.87 (CH,—CHj;). Anal. (C,sH,,CIN,O,S-
0.33EtOAc) C, H, N. HRMS: calcd for [M + HJ, 538.14226, found
538.14227.
1-((5-(6-Chloro-8-(((2-ethylpyridin-4-yl)methyl)amino)-2-
methylimidazo[1,2-b]pyridazin-3-yl)-2-methoxyphenyl)sulfonyl)-
piperidin-4-ol (17). Prepared according to general procedure C.
Mobile phase: EtOAc/EtOH (20—50%). Yield: 103 mg (85%); mp
196.8—197.2 °C. 'H NMR (400 MHz, DMSO-d) 6 (ppm): 8.55
(t, Jnu—cmz = 6.3 Hz, 1 H, NH-8"), 8.40 (dd, Js».s» = S.1 Hz, Jgr3» =
0.7 Hz, 1 H,H-6"),7.99 (d, J¢.» = 2.3 Hz, 1 H,H-6'), 7.89 (dd, ], 5 =
8.7 Hz, Jy ¢ = 2.3 Hz, 1 H, H-4'), 741 (d, ]y, = 8.7 Hz, 1 H, H-3'),
7.24 (bs, 1 H, H-3"), 7.15 (dd, Js».¢» = 5.1 Hz, Jg»3» = 1.4 Hz, 1 H, H-
5", 6.15 (s, 1 H, H-7"), 4.59 (bs, 2 H, 8-NH-CH,), 3.94 (s, 3 H, 2'-
OCH,;), 3.58 (m, 1 H, H-4), 3.39—3.44 (m, 2 H, H-2a), 2.91-2.97 (m,
2 H, H-2b), 2.72 (q, Jema.cus = 76 Hz, 2H, CH,-CHj), 2.45 (s, 3 H,
2"-CH,), 1.71-1.76 (m, 2 H, H-3a), 1.35—1.42 (m, 2 H, H-3b), 1.20
(t, Jemrcus = 7.6 Hz, 3 H, CH,CH;). >*C NMR (125 MHz, DMSO-
dg) 6 (ppm): 163.00 (C-2"), 156.24 (C-2'), 149.25 (C-6"), 147.67
(C-4"), 147.00 (C-6"), 143.11 (C-8”), 137.93 (C-2"), 135.24 (C-4"),
131.26 (C-6'), 131.11 (C-9”), 125.99 (C-1'), 123.56 (C-3"), 120.52
(C-5"), 120.37 (C-3"), 119.54 (C-5"), 113.69(C-3’), 91.84 (C-7"),
64.73 (C-4), 56.47 (2'-O—CH,), 4431 (NH—CH,), 43.38 (C-2),
33.84 (C-3), 30.73 (CH,—CH,), 14.49 (2"-CHj,), 13.90 (CH,—CH,).
Anal. (C,,H;,CIN,0,S-0.SEtOH) C, H, N. HRMS: calcd for [M + HJ,
571.18888; found 571.18891.
N-Allyl-5-(6-chloro-8-(((2-ethylpyridin-4-yl)methyl)amino)-2-
methylimidazo[1,2-b]pyridazin-3-yl)-2-methoxybenzenesulfona-
mide (18). Prepared according to general procedure C. Mobile phase:
EtOAc/EtOH (5—10%). Yield: 108 mg (92%); mp 170.0—171.0 °C.
"H NMR (400 MHz, DMSO-dg) 5 (ppm): 8.54 (t, Jny—cmz = 6.4 Hz, 1
H, NH-8'), 8.40 (dd, J5.s» = 5.2 Hz, 1 H, H-6"), 7.97 (d, Js_4 = 2.1 Hz,
1 H, H-6), 7.85 (dd, J,_; = 8.7 Hz, J,_¢ = 2.1 Hz, 1 H, SO,—NH), 7.37
(d, J5_4= 8.7 Hz, 1 H, H-3), 7.24 (bs, 1 H, H-3"), 7.16 (dd, Jsr.c» = 5.2
Hz, Js5 = 14 Hz, 1 H, H-5"), 6.14 (s, 1 H, H-7'), 5.69 (m, 1 H,
CH=CH,), 5.12 (dq, Je"-cu = 171 Hz, J; = = 1.7 Hz, 1 H,
CH=CH"™), 498 (dq, Joy“_cy = 103 Hz, J; =% = 1.7 Hz,  H,
CH=CH®), 4.60 (bs, 2 H, 8’-NH-CH,), 3.97 (s, 3 H, 2-OCH,), 3.53
(m, 2 H, SO,—NH-CH,), 2.71 (q, Jem.cus = 7-6 Hz, 2 H, CH,-CH,),
2.44 (s, 3 H, 2/-CH;), 1.19 (t, Jems.cus = 7.6 Hz, 3 H, CH,CH,;). *C
NMR (125 MHz, DMSO-d;) 6 (ppm): 163.00 (C-2"), 155.97 (C-2),
149.23 (C-6"), 147.72 (C-4"), 147.03 (C-6"), 143.09 (C-8'), 137.94
(C-2'), 13497 (C-4), 13471 (CH=CH,), 131.09 (C-9’), 129.90
(C-6), 128.72 (C-1), 123.77 (C-3'), 120.39 (C-3"), 120.35 (C-S),
119.55 (C-5"), 116.33 (CH=CH,), 11327 (C-3), 91.83 (C-7),
56.50 (2-O—CH,), 4537 (SO,NH-CH,), 4434 (8'-NH-CH,),
30.72 (2"-CH,—CH,), 1446 (2/-CH,), 13.90 (CH,—CH,). Anal.
(Cy3sH,,CIN40;S-0.33EtOAc) C, H, N. HRMS: calcd for [M + HJ,
527.16266; found 527.16272.
5-(6-Chloro-8-(((2-ethylpyridin-4-yl)methyl)amino)-2-
methylimidazo[1,2-blpyridazin-3-yl)-2-methoxy-N,N-dimethylben-
zenesulfonamide (19). Prepared according to general procedure C.
Mobile phase: EtOAc/EtOH (5—10%). Yield: 103 mg (84%); mp
164.3—-166.2 °C. 'H NMR (400 MHz, DMSO-dy) 6 (ppm): 8.59
(t, Jnt—cmz = 64 Hz, 1 H, NH-8'), 8.40 (dd, J¢5» = 5.0 Hz, 1 H,
H-6"),7.99 (d, Js_4 = 2.3 Hz, 1 H, H-6),7.90 (dd, J,_¢ =23 Hz, ], s =
8.7 Hz, 1 H, H-4), 743 (d, J;_4= 8.7 Hz, 1 H, H-3), 7.24 (bs, 1 H,
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H-3"), 7.16 (dd, Jys» = 5.0 Hz, Jo3 = 1.4 Hz, 1 H, H-5"), 6.1§
(s, 1 H, H-7’), 4.59 (bs, 2 H, 8'-NH-CH,), 3.96 (s, 3 H, 2-OCH,),
2.77 (s, 6 H, N-(CH,),), 2.71 (q, Jem.cus = 7.9 Hz, 2 H, CH,-CH;),
245 (s, 3 H, 2-CH,), 1.20 (t, Jompcuz = 7.9 Hz, 3 H, CH,CH,).
BC NMR (125 MHz, DMSO-dg) 6 (ppm): 163.01 (C-2"), 156.34
(C-2), 14927 (C-6"), 147.81 (C-4"), 147.07 (C-6"), 143.15 (C-8'),
137.99 (C-2'), 135.37 (C-4), 13148 (C-6), 131.15 (C-9), 125.37
(C-1), 123.60 (C-3'), 120.57 (C-S), 120.45 (C-3"), 119.61 (C-5"),
113.71(C-3), 91.90 (C-7"), 56.53 (2-O—CH,;), 44.29 (NH-CH,),
37.57 (N-(CHj,),, 30.77 (CH,—CH,), 14.54 (2-CHj,), 13.99 (CH,—
CH,). Anal. (C,,H,,CIN0;S0.6EtOAc) C, H, N. HRMS: calcd for
[M + H], 515.16266; found, 515.16271.
(1-((5-(6-Chloro-8-(((2-ethylpyridin-4-yl)methyl)amino)-2-
methylimidazo[1,2-b]pyridazin-3-yl)-2-methoxyphenyl)sulfonyl)-
piperidin-4-yl)methanol (20). Prepared according to general
procedure C. Mobile phase: EtOAc/EtOH (10—15%). Yield: 95 mg
(71%); mp 203.3—204.5 °C. 'H NMR (500 MHz, DMSO-dy) §
(ppm): 8.57 (t, Jna—cmz = 6:3 Hz, 1 H, NH), 8.41 (dd, J4.s» = 5.0 Hz,
Jer3» = 0.6 Hz, 1 H, H-6"), 7.99 (d, Joy = 2.3 Hz, 1 H, H-6"), 7.88
(dd, Jy5 = 8.6 Hz, Jy  =2.3 Hz, 1 H, H-4'), 741 (d, J;.» = 8.6 Hz, 1
H, H-3'), 7.25 (bs, 1 H, H-3"), 7.16 (dd, Js».¢» = 5.0 Hz, Jv3» = 1.4
Hz, 1 H, H-5"), 6.15 (s, 1 H, H-7"), 4.59 (bs, 2 H, NH-CH,), 4.49
(t, Jon—cm = 5.1 Hz, 1 H, CH,—OH), 3.94 (s, 3 H, O—CHj,), 3.72
(dm, Jyew= 12.3 Hz, 2 H, H-2a), 3.22 (m, 2 H, CH,0H), 2.72 (q,
Jem.cns = 7.5 Hz, 2 H, CH,—CHj,), 2.59 (m, 2 H, H-2b), 2.45 (s, 3 H,
2"-CH,), 1.69 (dm, Jyem = 13.5 Hz, 2 H, H-3a), 1.42 (m, 2 H, H-4),
1.20 (t, Jemo.cus = 7.5 Hz, 3 H, CH,—CHj;), 1.10 (m, 2 H, H-3b). *C
NMR (125 MHz, DMSO-d) & (ppm): 162.97 (C-2"), 156.27 (C-2'),
149.19 (C-6"), 147.85 (C-4"), 147.03 (C-6"), 143.13 (C-8"), 137.96
(C-2"),135.24 (C-6'), 131.24 (C-6'), 131.112 (C-9”), 126.04 (C-1"),
123.60 (C-3"), 120.50 (C-5'), 119.60 (C-5"), 113.69 (C-3’), 91.86
(C-7"), 65.56 (C—CH, OH), 56.48 (O—CHj,), 45.90 (C-2), 44.31
(CH,NH), 37.81 (C-4), 30.71 (CH,—CHj,), 28.62 (C-3), 14.53 (2’
CH,), 13.94 (CH,—CHj,). Anal. (C,,H,,CIN,0,S0.5H,0) C, H, N.
HRMS: calcd for [M + H], 585.20453; found, 585.20456.
5-(6-Chloro-8-(((2-ethylpyridin-4-yl)methyl)amino)-2-
methylimidazo[1,2-b]pyridazin-3-yl)-N-cyclopropyl-2-methoxyben-
zenesulfonamide (21). Prepared according to general procedure C.
Mobile phase: EtOAc/EtOH (40—65% + 1% TEA). Yield: 117 mg
(76%); mp 189.8—191.4 °C. 'H NMR (500 MHz, DMSO-dg) &
(ppm): 8.56 (t, Jns—cmz = 6.3 Hz, 1 H, NH), 8.40 (dd, J5.5» = 5.1 Hz,
Jer3» = 0.7 Hz, 1 H, H-6"), 8.01 (d, J4_, = 2.3 Hz, 1 H, H-6), 7.89 (dd,
Jo—¢ =2.3Hz, J,_; = 8.6 Hz, 1 H,H-4), 7.73 (d, Jounu = 2.6 Hz, 1 H,
CH-NH), 7.40 (d, J,_, = 8.6 Hz, 1 H, H-3), 7.24 (bs, 1 H, H-3"), 7.16
(dd, J¢» = 5.1 Hz, Jo3 = 1.6 Hz, 1 H, H-5"), 6.15 (s, 1 H, H-7'),
4.59 (bs, 2 H, NH-CH,), 3.97 (s, 3 H, O—CHj;), 2.72 (q, Jom-cm3 =
7.6 Hz, 2 H, CH,—CHj,), 245 (s, 3 H, 2’-CH;), 2.16 (m, 1 H,
CHY"), 1.20 (t, Jems.cus = 7.6 Hz, 3 H, CH,—CHj;), 0.44—0.46 (m,
4 H, CH,”%r), 3C NMR (125 MHz, DMSO-dg) & (ppm): 163.02
(C-2"), 156.04 (C-2), 149.28 (C-6"), 147.71 (C-4"), 147.05 (C-6'),
143.11 (C-8'), 137.95 (C-2’), 13521 (C-4), 131.11 (C-9’), 130.57
(C-6), 127.77 (C-1), 123.76 (C-3'), 12043 (C-S), 120.40 (C-3"),
119.57 (C-5"), 113.33 (C-3), 91.83 (C-7'), 56.53 (O—CH,), 44.30
(CH,NH), 30.75 (CH,—CH,), 24.24 (CHYYr), 14.49 (2'-CH,),
13.95 (CH,—CHj,), 5.29 (CH,%%"). Anal. (C,sH,,CIN4O,5-0.5H,0)
C, H, N. HRMS: calcd for [M + HJ, 527.16266; found, 527.16268.
5-(6-Chloro-8-(((2-ethylpyridin-4-yl)methyl)amino)-2-
methylimidazo[1,2-b]pyridazin-3-yl)-N-(1-hydroxybutan-2-yl)-2-
methoxybenzenesulfonamide (22). Prepared according to general
procedure C. Mobile phase: EtOAc/EtOH (10—20%). Yield: 102 mg
(63%); mp 181.8—183.7 °C. 'H NMR (500 MHz, DMSO-dy) §
(ppm): 8.55 (t, Jnp—cmz = 6.7 Hz, 1 H, NH), 8.40 (dd, Js».» = 5.1 He,
Jsr3» = 0.7 Hz, 1 H, H-6"), 7.98 (d, Js_s = 2.3 Hz, 1 H, H-6), 7.87 (dd,
Jue¢=2.3Hz,],_y=88Hz, 1 H,H4),7.37 (d,]J,_, = 8.8 Hz, l H, H-
3),7.24 (bs, 1 H, H-3"), 7.15 (dd, Js».¢» = 5.1 Hz, Jo» 3» = 1.5 Hz, 1 H,
H-5"), 7.12 (d, Jxua = 7.7 Hz, 1 H, SO,NH), 6.14 (s, 1 H, H-7"),
4.56—4.61 (m, 3 H, I'—0OH, 8"-NH,), 3.96 (s, 2 H, O—CH,), 3.31
(m, 1 H, H-1a), 2.99 (m, 1 H, H-2"), 2.71 (q, Jem.cu3 = 7.5 Hz, 2 H,
CH,-CH,), 1.52 + 1.29 (m, 2 H, 2’-CH,-CH,), 1.20 (t, Jeip.cus =
7.5 Hz, 3 H, CH,—CH,;), 0.71 (t, Jous.cie = 7.4 Hz, 3 H, CH,—CH,).
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BC NMR (125 MHz, DMSO-dg) 6 (ppm): 163.03 (C-2"), 155.90
(C-2), 149.28 (C-6"), 147.73 (C-4"), 147.04 (C-6"), 143.10 (C-8"),
137.93 (C-2"), 134.86 (C-4), 131.10 (C-9”), 129.74 (C-6), 129.25
(C-1), 123.81 (C-3"), 12040 (C-5), 120.23 (C-S), 119.57 (C-5"),
113.17 (C-3), 91.83 (C-7"), 63.18 (C-1"), 57.04 (C-2’), 56.39 (2-O—
CH,), 4431 (CH,—NH), 30.76 (CH,CH,), 14.54 (2"-CH,),
13.95 (CH,—CH,), 9.89 (2/- CH,—CH,). Anal. (C,H,,CIN,O,S-
0.SEtOAc) C, H, N. HRMS: calcd for [M + H], 559.18888; found,
559.18889.
N-(2-((6-Chloro-3-(3-(N-(2-hydroxyethyl)sulfamoyl)-4-methoxy-
phenyl)-2-methylimidazo[1,2-b]pyridazin-8-yl)Jamino)ethyl)-
acetamide (23). Prepared according to general procedure C. Mobile
phase: EtOAc/EtOH (10—20%). Recrystallized from EtOH. Yield:
111 mg (75%) as an off white solid; mp 208.9—210.6 °C. 'H NMR
(500 MHz, DMSO-dg) § ppm: 8.0S (t, 1 H, NH—CO), 7.97 (d, J,».¢» =
2.2 Hz, 1 H, H-2"), 7.86—7.90 (m, 2 H, H-6", 8"-NH), 7.40 (d, Js.¢: =
8.9 Hz, 1 H, H-5"), 7.17 (bs, 1 H, SO,—NH), 6.30 (s, 1 H, H-7’), 4.67
(t, Jom1» = 5.6 Hz 1 H, OH), 3.97 (s, 3 H, 4"-O—CH,), 3.35-3.41
(m,4H,H-2,1"),3.26 (m,2 H, H-1),2.88 (m, 2 H, 2"), 2.42 (s, 3 H,
2'-CH;), 1.81 (s, 3 H, CO-CHj;). '*C NMR (125 MHz, DMSO-d) 6
(ppm): 169.95 (C=0), 155.86 (C-4"), 147.25 (C-6'), 143.34 (C-8'),
137.72 (C-2'), 135.00 (C-6"), 131.18 (C-9’), 129.81 (C-2"), 128.19
(C-3"), 123.56 (C-3), 120.52 (C-1"), 113.34 (C-5"), 91.19 (C-7'),
60.06 (C-1"), 56.58 (4"-O—CHs;), 41.79 (C-2), 37.85 (C-1), 22.80
(CO-CH,;), 14.50 (2'-CHj;). Anal. (C,0H,5CINO4S-0.33H,0) C, H,
N. HRMS: calcd for [M + Na], 519.11879; found, 519.11905.
N-(2-((3-(3-(N-(4-Aminocyclohexyl)sulfamoyl)-4-methoxyphen-
yl)-6-chloro-2-methylimidazo[1,2-b]pyridazin-8-yl)amino)ethyl)-
acetamide (24). Prepared according to general procedure C. Mobile
phase: EtOAc/EtOH/H,O (3:2:0.5 + TEA 1%). Yield: 115 mg (64%)
as an off white foam. "H NMR (500 MHz, DMSO-d,) & (ppm): 8.10
(t, Jaia = 5.6 Hz, 1 H, NH—CO), 7.98 (d, J,»¢» = 2.3 Hz, 1 H, H-2"),
7.88 (m, 1 H, 8'-NH), 7.86 (dd, Js,» = 2.3 Hz, J¢.» = 8.6 Hz, 1 H,
H-6"), 7.48 (m, 1 H, SO,NH), 7.38 (d, J;-c» = 8.6 Hz, 1 H, H-5"),
3.97 (s, 3 H, 4”-0—CHj,), 3.37 (bs, 2 H, H-2), 3.26 (m, 2 H, H-1),
3.00 (m, 1 H,H-1"),2.81 (m, 1 H, H-4"), 2.41 (s, 3 H, 2’-CH;), 1.86
(m, 2 H, H-3"a), 1.81 (s, 3 H, CO-CH,), 1.70 (m, 2 H, H-2a"),
1.20—1.33 (m, 4 H, H-3b”, H-2b"). 3C NMR (125 MHz, DMSO-d,)
5 (ppm): 169.98 (C=0), 155.84 (C-4"), 147.26 (C-6'), 143.34 (C-
8'), 137.69 (C-2'), 134.94 (C-6"), 131.17 (C-9’), 129.67 (C-2"),
129.59 (C-3"), 123.62 (C-3'), 120.44 (C-1"), 113.33 (C-5"), 91.19
(C-7"), 56.43 (4”-O-CHj), 51.70 (C-1"), 48.49 (C-4"), 41.79 (C-2),
37.86 (C-1), 31.13 (C-3"),29.82 (C-2"), 22.80 (CO-CHj,), 14.48 (2'-
CH,). Anal. (C,,H;;CIN,0,S.H,0) C, H, N. HRMS: calcd for [M +
HJ, 550.19978; found, 550.19980.
N-(2-((6-Chloro-3-(4-methoxy-3-(morpholinosulfonyl)phenyl)-2-
methylimidazo[1,2-b]pyridazin-8-yl)amino)ethyl)acetamide (25).
Prepared according to general procedure C. Mobile phase: EtOAc/
EtOH (10—20%). Recrystallized from EtOH. Yield: 106 mg (77%) as
an off white solid; mp 200.0—202.7 °C. "H NMR (500 MHz, DMSO-
dg) 5 (ppm): 8.04 (t, Jnu—co = 5.6 Hz, 1 H, NH—CO), 7.99 (d, J,».¢» =
2.3 Hz, 1 H, H-2"), 7.92 (dd, J,» = 2.3 Hz, J¢»s» = 8.7 Hz, 1 H, H-
6"),7.90 (t, Jxus = 6.0 Hz, 1 H, 8'-NH), 7.44 (d, Js.c» = 8.7 Hz, 1 H,
H-5"), 6.30 (s, 1 H, H-7"), 3.97 (s, 3 H, 4"-O—CH,), 3.62 (m, 4 H,
CH,0), 3.37 (bs, 2 H, H-2), 3.26 (m, 2 H, H-1), 3.13 (m, 4 H, CH,—
N), 2.43 (s, 3 H, 2’-CHj,), 1.80 (s, 3 H, CO-CH;). *C NMR (125
MHz, DMSO-d;) & (ppm): 169.93 (C—0), 156.32 (C-4"), 147.2§
(C-6"), 143.36 (C-8'), 137.73 (C-2'), 135.61 (C-6"), 131.46 (C-2"),
124.89 (C-3"), 123.33 (C-3’), 120.70 (C-1”), 113.81 (C-5"), 91.21
(C-7"), 66.05 (CH,0), 56.54 (4”-O-CH,;), 46.06 (CH,N), 41.79
(C-2), 37.84 (C-1), 22.79 (CO-CH;), 14.49 (2'-CH,). Anal.
(Cy,H,,CINGO;S-0.5H,0) C, H, N. HRMS: calcd for [M + Na],
545.13444; found, 545.13446.
N-(2-((6-Chloro-3-(4-methoxy-3-(piperidin-1-ylsulfonyl)phenyl)-
2-methylimidazo[1,2-bjpyridazin-8-yl)Jamino)ethyl)acetamide (26).
Prepared according to general procedure C. Mobile phase: EtOAc/
EtOH (5—20%). Yield: 99 mg (60%) as an off white foam. '"H NMR
(500 MHz, DMSO-dg) 5 ppm: 8.04 (t, Jyu.1 = 5.6 Hz, 1 H, NH—CO),
7.98 (d, J,»¢» = 2.3 Hz, 1 H, H-2"), 7.87—7.90 (m, 2 H, 8'-NH, H-6"),
741 (d, Jg.s» = 8.8 Hz, 1 H, H-5"), 6.30 (s, 1 H, H-7'), 3.95 (s, 3 H,
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4"-0—CH,), 3.36 (m, 2 H, H-2), 3.26 (m, 2 H, H-1), 3.11-3.14 (m, 4
H, H-2"), 242 (s, 3 H, 2’-CHj,), 1.80 (s, 3 H, CO-CHj,), 1.50—1.55
(m, 4 H, H-3"), 1.43—1.48 (m, 2 H, H-4"). 3C NMR (125 MHz,
DMSO-dg) § (ppm): 169.95 (C=0), 156.23 (C-4"), 147.22 (C-6'),
143.36 (C-8'), 137.69 (C-2'), 13521 (C-6"), 131.24 (C-2"), 131.19
(C-9), 125.89 (C-3"), 123.42 (C-3’), 120.59 (C-1"), 113.67 (C-5"),
91.19 (C-7'), 56.48 (4"-O-CH,), 46.64 (C-2"), 41.78 (C-2), 37.84
(C-1),25.45(C-3"),23.37 (C-4"), 22.79 (CO-CH;), 14.48 (2'-CH,).
Anal. (C,;H,,CIN,0,S-0.5EtOH) C, H, N. HRMS: calcd for [M + HJ,
521.17323; found, 521.17316.
N-(2-((6-Chloro-3-(3-(N-(2-(dimethylamino)ethyl)sulfamoyl)-4-
methoxyphenyl)-2-methylimidazo[1,2-b]pyridazin-8-yl)amino)-
ethyl)acetamide (27). Prepared according to general procedure C.
Mobile phase: EtOAc/EtOH/H,0 (3:2:0.5 + TEA 1%). Triturated
with diethyl ether. Yield: 125 mg (75%) as an off white solid; mp
222.0-223.7 °C. 'H NMR (500 MHz, DMSO-d,) § (ppm): 8.10 (t,
Jama = 5.3 Hz, 1 H, NH—-CO), 8.01 (d, J,»4 = 2.3 Hz, 1 H, H-2"),
7.88—7.92 (m, 2 H, H-6", 8-NH), 7.79 (t, Jxu: = 6.0 Hz, 1 H,
SO,NH), 7.73 (d, Js.¢ = 8.9 Hz, 1 H, H-5"), 6.31 (s, 1 H, H-7'), 4.01
(s, 3 H, 4"-0—CH,;), 3.37 (bs, 2 H, H-2), 3.26 (m, 2 H, H-1), 3.22
(m, 2 H,H-1"), 3.15 (m, 2 H, H-2"), 2.75 (s, 6 H, N(CH,),), 2.42 (s,
3 H, 2'-CH;), 1.81 (s, 3 H, CO-CH;). *C NMR (125 MHz, DMSO-
ds) 8 (ppm): 169.97 (C=0), 155.89 (C-4"), 147.26 (C-6'), 143.34
(C-8"), 137.79 (C-2'), 135.42 (C-9"), 130.02 (C-2"), 127.30 (C-3"),
123.45 (C-3'), 120.64 (C-1"), 113.52 (C-5"), 91.22 (C-7'), 56.73
(47-0-CH,), 56.16 (C-2"), 42.55 (N(CH,),), 41.79 (C-2), 37.96
(C-1"), 37.83 (C-1), 22.80 (CO-CH,), 14.53 (2'-CH,). Anal.
(C,H4CIN,0,S) C, H, N. HRMS: calcd for [M + H], 524.18413;
found, 524.18416.
N-(2-((6-Chloro-3-(4-methoxy-3-(N-(2-methoxyethyl)sulfamoyl)-
phenyl)-2-methylimidazo[1,2-b]pyridazin-8-yl)amino)ethyl)-
acetamide (28). Prepared according to general procedure C. Mobile
phase: EtOAc/EtOH (10—20%). Recrystallized from EtOH. Yield:
130 mg (78%) as an off white solid; mp 181.4—183.7 °C. 'H NMR
(500 MHz, DMSO-d) 6 ppm: 8.04 (t, Jxr.1 = 5.6 Hz, 1 H, NH—CO),
7.96 (t, Jy ¢ = 2.3 Hz, 1 H, H-2"), 7.88 (t, Jyu, = 6.0 Hz, 1 H,
8'-NH), 7.86 (dd, Js,» = 2.3 Hz, Jes» = 8.7 Hz, 1 H, H-6"), 7.39
(d, Js»¢» = 8.7 Hz, 1 H, H-5"), 630 (s, 1 H, H-7), 3.97 (s, 3 H, 4"-O—
CHj,), 3.36 (bs, 2 H, H-2), 3.30 (t, J,»,» = 5.9 Hz, 2 H, H-2"), 3.26
(m, 2 H, H-1), 3.12 (s, 3H, 2”-0—CHy), 3.02 (q, 2 H, H-1"), 2.41 (s,
3 H, 2’-CH;), 1.80 (s, 3 H, CO-CH;). *C NMR (125 MHz, DMSO-
ds) 8 (ppm): 169.95 (C=0), 155.93 (C-4"), 147.24 (C-6'), 143.34
(C-8'), 137.70 (C-2’), 134.95 (C-6"), 131.17 (C-9'), 129.71 (C-2"),
128.58 (C-3"), 123.62 (C-3'), 12045 (C-1”), 113.29 (C-5"), 91.18
(c-7), 70.72 (C-2"), 57.99 (2”-O-CH;), 56.55 (4"-O—CHj,),
4249 (C-1"), 41.78 (C-2), 37.85 (C-1), 22.80 (CO-CH,), 14.46
(2’-CHj,). Anal. (C,;H,,CIN40,S-0.25H,0) C, H, N.HRMS: calcd for
[M + Na], 533.13444; found, 533.13446.
N-(2-((3-(3-((1H-Pyrazol-1-yl)sulfonyl)-4-methoxyphenyl)-6-
chloro-2-methylimidazo[1,2-b]pyridazin-8-yl)amino)ethyl)-
acetamide (29). Prepared according to general procedure C. Mobile
phase: EtOAc/EtOH (10—20%). Recrystallized from EtOH. Yield:
115 mg (73%) as an off white solid; mp 211.0—212.9 °C. '"H NMR
(500 MHz, DMSO-d,) 6 (ppm): 8.50 (dd, J3» 54 = 2.8 Hz, J3.5» = 0.6
Hz, 1 H, H-3" or 5”), 8.12 (d, J,-4 = 2.3 Hz, 1 H, H-2"), 8.02 (dd,
Jorar = 23 Hz, Jos = 8.7 Hz, 1 H, H-6"), 7.93 (tJxi2 = 59 Hz, 1 H,
8'-NH), 7.87 (dd, J5» s»4» = 1.5 Hz, Jyn.s» = 0.6 Hz, 1 H, H-5" or 3"),
741 (d, Jyg = 8.7 Hz, 1 H, H-5"), 6.60 (dd, J».sn3» = 2.8 Hz,
Jyrsns» = 1.5 Hz, 1 H, H-4"), 6.33 (s, 1 H, H-7'), 3.83 (5, 3 H, 4"-O—
CH,), 3.36 (bs, 2 H, H-2), 3.27 (m, 2 H, H-1), 2.43 (s, 3 H, 2'-CH,),
1.81 (s, 3 H, CO-CH;). *C NMR (125 MHz, DMSO-dg) & (ppm):
169.95 (C=0), 156.54 (C-4"), 147.35 (C-6"), 145.50 (C-5" or 3"),
143.35 (C-8'), 138.07 (C-2'), 137.78 (C-6"), 133.98 (C-3" or 5"),
131.35 (C-9'), 130.37 (C-2"), 124.23 (C-3"), 122.75 (C-3’), 121.20
(C-17), 114.27 (C-5"), 108.41 (C-4"), 91.40 (C-7'), 56.90 (4"-O-
CH;), 41.80 (C-2), 37.84 (C-1), 22.80 (CO-CH,;), 14.49 (2'-CH,).
Anal. (C,H,,CIN,0,S-0.33EtOH) C, H, N. HRMS: calcd for
[M + HJ, 504.12153; found, 504.12155.
N-(2-((6-Chloro-3-(3-((4-(hydroxymethyl)piperidin-1-yl)sulfonyl)-
4-methoxyphenyl)-2-methylimidazo[1,2-b]pyridazin-8-yl)amino)-
ethyl)acetamide (30). Prepared according to general procedure C.
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Mobile phase: EtOAc/EtOH (10—20%). Recrystallized from EtOH.
Yield: 110 mg (68%) as an off-white solid; mp 215.8—217.5 °C. 'H
NMR (500 MHz, DMSO-dy) 6 (ppm): 8.04 (t, Jxyi_co = 5.6 Hz, 1 H,
NH-CO), 7.98 (d, J,».¢ = 2.3 Hz, 1 H, H-2"), 7.87—7.90 (m, 2 H, §'-
NH, H-6"), 742 (d, Js.» = 8.8 Hz, 1 H, H-5"), 6.30 (s, 1 H, H-7"),
4.72 (d, Jou4» = 4.1 Hz, 1 H, OH), 3.95 (s, 3 H, 4"-O—CHj), 3.58 (m,
1 H, H-4"), 3.35—3.44 (m, 4 H, H-2"a, 2), 3.26 (m, 2 H, H-1), 2.94
(m, 2 H, H-2"b), 242 (s, 3 H, 2’-CH,), 1.80 (s, 3 H, CO-CHy,),
1.71-1.77 (m, 2 H, H-3"a), 1.35—1.43 (m, 2 H, H-3"b). *C NMR
(125 MHz, DMSO-ds) & (ppm): 169.94 (C—0), 156.21(C-4"),
147.22 (C-6'), 143.36 (C-8'), 137.69 (C-2’), 13524 (C-6"), 131.12
(C-2"), 125.94 (C-3"), 123.41 (C-3'), 120.60 (C-1"), 113.69 (C-5"),
91.19 (C-7'), 64.75 (H-4"), 56.48 (4"-O-CHj;), 43.41 (C-2"), 41.78
(C-2), 37.84 (C-1), 33.86 (C-3"), 22.79 (CO-CHj,), 14.48 (2'-CH,).
Anal. (C,,H;,CIN,O,S.H,0) C, H, N. HRMS: calcd for [M + Na],
559.15009; found, $59.15002.
N-(2-((3-(3-(N-Allylsulfamoyl)-4-methoxyphenyl)-6-chloro-2-
methylimidazo[1,2-b]pyridazin-8-yl)amino)ethyl)acetamide (31).
Prepared according to general procedure C. Mobile phase: EtOAc/
EtOH (0—20%). Yield: 112 mg (77%) as an off white solid; mp
193.8—194.2 °C. 'H NMR (500 MHz, DMSO-d,) § (ppm): 8.04 (t,
Jnm-co = 5.6 Hz, 1 H, NH—CO), 7.95 (d, ],».¢» = 2.3 Hz, 1 H, H-2"),
7.88 (t, 1 H, 8’-NH), 7.86 (dd, Js-s» = 8.7 Hz, Jgr,» = 2.3 Hz, 1 H,
H-6"), 7.60 (t, Jxg—cu» = 5.6 Hz, 1 H, SO,—NH), 7.38 (d, oo =
8.7 Hz, 1 H, H-5"), 6.30 (s, 1 H, H-7'), 5.69 (m, 1 H, CH=CH,),
513 (dd, Jggm = 1.7 Hz, Jyry = 17.1 Hz, 1 H, CH™), 498 (dd,
Jaem = 1.7 Hz, Jycy = 10.3 Hz, 1 H, CH®), 3.95 (s, 3 H, O—CH,),
3.53 (m, 1 H, SO,—~NH-CH,), 3.26 (m, 2 H, H-1), 241 (s, 3 H,
2'-CH,), 1.80 (s, 3 H, CO-CH;). *C NMR (125 MHz, DMSO-dy) §
(ppm): 169.93 (C-0), 15591 (C-4"), 147.23 (C-6’), 143.34 (C-8),
137.68 (C-2'), 134.97 (C-6"), 134.76 (CH=CH,), 131.16 (C-2"),
128.68 (C-3"), 123.61 (C-3'), 12042 (C-1"), 116.35 (CH=CH,),
113.28 (C-5"), 91.17 (C-7'), 56.51 (O-CHj;), 45.37 (SO,NH-CH,),
41.78 (C-2), 37.84 (C-1), 22.79 (CO-CHj;), 14.45 (2'-CH;). Anal.
(CyH,5CINGO,S:0.33EtOAc) C, H, N. HRMS: calcd for [M + HJ,
493.14193; found, 493.14188.
N-(2-((6-Chloro-3-(3-(N,N-dimethylsulfamoyl)-4-methoxyphen-
yl)-2-methylimidazo[1,2-b]pyridazin-8-yl)Jamino)ethyl)acetamide
(32). Prepared according to general procedure C. Mobile phase:
EtOAc/EtOH (5—10%). Recrystallized from EtOH. Yield: 110 mg
(70%) as an off white solid; mp 226.9—229.0 °C. 'H NMR (500 MHz,
DMSO-dg) 6 (ppm): 8.04 (t, Jyi.1 = 6.0 Hz, 1 H, NH—-CO), 7.99 (d,
Jo¢ = 2.3 Hz, 1 H,H-2"), 7.87—7.91 (m, 2 H, H-6", 8'-NH), 7.43 (d,
1 H, H-5"),6.30 (s, 1 H, H-7"), 3.96 (s, 3 H, 4"-O—CHj,), 3.36 (bs, 2
H, H-2), 3.26 (m, 2 H, H-1), 2.78 (s, 6 H, N-(CHj,),), 2.43 (s, 3 H, 2'-
CH,), 1.80 (s, 3 H, CO-CH,). *C NMR (125 MHz, DMSO-dy) &
(ppm): 169.97 (C—0), 156.28 (C-4"), 147.24 (C-6'), 143.37 (C-8'),
137.73 (C-2'), 135.31 (C-6"), 131.42 (C-2"), 131.21 (C-9’), 125.39
(C-3"), 123.42 (C-3"), 120.65 (C-1"), 113.68 (C-5"), 91.22 (C-7'),
56.51 (4"-O-CH3;), 41.79 (C-2), 37.85 (C-1), 37.85 (N(CHs;),), 22.80
(CO-CHj,), 14.48 (2'-CHj;). Anal. (C,,H,;CIN4O,S) C, H, N. HRMS:
caled for [M + H], 481.14193; found, 481.14194.
N-(2-((6-Chloro-3-(3-((4-(hydroxymethyl)piperidin-1-yl)sulfonyl)-
4-methoxyphenyl)-2-methylimidazo[1,2-b]pyridazin-8-yl)amino)-
ethyl)acetamide (33). Prepared according to general procedure C.
Mobile phase: EtOAc/EtOH (10—20%). Yield: 89 mg (62%) as an off
white solid; mp 202.5—207.3 °C. '"H NMR (500 MHz, DMSO-d;) &
(ppm): 8.04 (t, Jyr. = 5.6 Hz, 1 H, NH—CO), 7.99 (d, J,».¢-= 2.3 Hg,
1 H, H-2"), 7.87—7.90 (m, 2 H, H-6", 8-NH), 7.41 (d, 1 H, H-5"),
630 (s, 1 H, H-7"), 3.95 (s, 3 H, 4”-0—CH,), 3.73 (dm, Jgpy =
12.5 Hz, 2 H, H-2a"”), 3.37 (m, 2 H, H-2), 3.27 (m, 2 H, H-1), 3.23
(m, 2 H, CH,0H), 2.60 (m, 2 H, H-2b"), 2.43 (s, 3 H, 2'-CH;), 1.80
(s, 3 H, CO-CH;), 1.70 (dm, Jggy = 13.0 Hz, 2 H, H-3a”), 1.43 (m,
1 H, H-4"), 1.11 (m, 2 H, H-3b”). *C NMR (125 MHz, DMSO-d,)
§ (ppm): 17022 (C—0), 15649 (C-4"), 147.49 (C-6'), 143.36
(C-8'), 137.97 (C-2’), 13547 (C-9'), 131.45 (C-2"), 126.30 (C-3"),
123.70 (C-3’), 120.85 (C-1”), 113.94 (C-5"), 9147 (C-7'), 65.82
(CH,OH), 56.74 (4"-O-CHj;), 46.17 (C-2"), 42.06 (C-2), 38.13
(C-1),38.09 (C-4"),28.89 (C-3"), 23.07 (CO-CH,), 14.77 (2’-CH,).
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Anal. (C,,H,;,CIN4O4S-0.5H,0) C, H, N. HRMS: calcd for [M + Na],
573.16574; found, 573.16524.
N-(2-((6-Chloro-3-(3-(N-cyclopropylsulfamoyl)-4-methoxyphen-
yl)-2-methylimidazo[1,2-b]pyridazin-8-yl)Jamino)ethyl)acetamide
(34). Prepared according to general procedure C. Mobile phase:
EtOAc/EtOH (10—20%). Recrystallized from EtOH. Yield: 126 mg
(79%) as an off white solid; mp 213.0—215.9 °C. 'H NMR (500 MHz,
DMSO-dy) § ppm: 8.04 (t, Jyn.1 = 5.7 Hz, 1 H, NH—CO), 8.00 (d,
Jrr = 2.3 Hz, 1 H, H-2"), 7.87—7.90 (m, 2 H, H-6", 8"-NH), 7.72 (d,
Jnt—cu = 2.5 Hz, 1 H, SO,—NH), 7.40 (d, Js».c = 8.8 Hz, 1 H, H-5"),
6.30 (s, 1 H, H-7’), 3.97 (s, 3 H, 4”-O—CH,), 3.37 (bs, 2 H, H-2),
326 (m, 2 H, H-1), 2.42 (s, 3 H, 2’-CH;), 2.16 (m, 1 H, CH"), 1.81
(s, 3 H, CO-CHj;), 0,44—0.47 (m, 4 H, CH,”""). 3C NMR (125
MHz, DMSO-dg) & (ppm): 169.94 (C=0), 155.99 (C-4"), 147.24
(C-6'), 143.34 (C-8"), 137.69 (C-2'), 135.17 (C-6"), 131.18 (C-9'),
130.53 (C-2"), 127.76 (C-3"), 123.60 (C-3'), 120.51 (C-1"), 113.31
(C-5"), 91.19 (C-7'), 56.53 (4”-O—CH,;), 41.79 (C-2), 37.85 (C-1),
24.24 (CHY¥), 22.79 (CO-CH,;), 1446 (2'-CH;), 529 (CH,"™).
Anal. (C,,H,;CIN;0,S-0.5H,0) C, H, N. HRMS: calcd for [M + H],
493.14193; found, 493.14185.
N-(2-((6-Chloro-3-(3-(N-(1-hydroxybutan-2-yl)sulfamoyl)-4-me-
thoxyphenyl)-2-methylimidazo[1,2-b]pyridazin-8-yl)Jamino)ethyl)-
acetamide (35). Prepared according to general procedure C. Mobile
phase: EtOAc/EtOH (5—20%). Recrystallized from EtOH. Yield:
110 mg (66%) as an off white solid; mp 200.1-201.6 °C. 'H NMR
(500 MHz, DMSO-d) § ppm: 8.05 (t, Jyi.1 = 5.7 Hz, 1 H, NH—CO),
7.98 (d, J,».¢» = 2.4 Hz, 1 H, H-2"), 7.85—7.89 (m, 2 H, H-6", 8'-NH),
7.37 (d, J¢.s» = 8.8 Hz, 1 H, H-5"), 7.12 (d, Jyy_cu = 7.7 Hz, 1 H,
NH-CH), 6.30 (s, 1 H, H-7'), 459 (t, Jou_cz = S-S Hz, 1 H,
CH,OH), 3.96 (s, 3 H, 4’-0—CHj), 3.36 (m, 2 H, H-2), 3.30 (m, 2
H, CH,*_OH), 3.26 (m, 2 H, H-1), 3.18 (m, 2 H, CH,"_OH), 2.99
(m, 1 H, NH-CH), 2.41 (s, 3 H, 2’-CHj,), 1.80 (s, 3 H, CO-CH,),
1.53 + 1.29(m, 2 H, CH,CH,), 0.72 (t, Jeus.cma = 74 Hz, 3 H,
CH,CH,). ®C NMR (125 MHz, DMSO-dg) § (ppm): 169.95 (C=
0), 155.84 (C-4"), 147.23 (C-6'), 143.33 (C-8'), 137.67 (C-2'),
134.82 (C-6"), 131.16 (C-9’), 129.69 (C-2"), 129.24 (C-3"), 123.64
(C-3'), 120.30 (C-1"), 113.15 (C-5"), 91.16 (C-7"), 63.17 (CH,OH),
§7.03 (NH-CH), 56.38 (4"-0-CH,), 41.79 (C-2), 37.86 (C-1), 24.02
(CH;-CH,), 22.80 (CO—CHjy), 14.50 (2'-CH;), 9.88 (CH,CH,).
Anal. (C,,H,,CIN4O,S-0.5H,0) C, H, N. HRMS: calcd for [M + Na),
547.15009; found, 547.14934.
N-(2-((6-Chloro-3-(4-methoxy-3-(N-methyl-N-(2-(methylamino)-
ethyl)sulfamoyl)phenyl)-2-methylimidazo[1,2-b]pyridazin-8-yl)-
amino)ethyl)acetamide (36). Prepared according to general proce-
dure C. Mobile phase: EtOAc/EtOH/H,0 (3:2:025 + TEA 1%).
Triturated with DEE. Yield: 102 mg (61%) as an off-white solid; mp
179.3—181.1 °C. '"H NMR (500 MHz, DMSO-dg) § ppm: 8.73 (bs,
2 H, NH,), 8.08 (t, Jyu.1 = 5.6 Hz, 1 H, NH—CO), 8.03 (d, J,..¢» =
2.3 Hz, 1 H, H-2"), 793 (dd, Jgp» = 2.3 Hz, Jos» = 8.7 Hz, 1 H,
H-6"), 7.90 (t, Jxua = 6.2 Hz, 1 H, 8'-NH), 7.46 (d, J;. = 8.7 Hz,
1 H, H-5"), 6.32 (s, 1 H, H-7"), 3.99 (s, 3 H, 4’-0—CHj,), 3.45 (m,
2 H, CH;N—CH,), 3.36 (m, 2 H, H-2), 3.26 (m, 2 H, H-1), 3.12 (m,
2 H, N—CH,), 2.82 (s, 3 H, N—CH,), 2.59 (s, 3 H, NH-CH;), 22.43
(s, 3 H, 2’-CH;), 1.80 (s, 3 H, CO-CH;). *C NMR (125 MHz,
DMSO-dy) § (ppm): 169.97 (C=0), 156.08 (C-4"), 147.27 (C-6'),
143.36 (C-8'), 137.78 (C-2'), 135.69 (C-6"), 131.39 (C-2"), 131.23 (C-
9'), 125.54 (C-3"), 123.32 (C-3), 120.78 (C-1"), 113.82 (C-5"), 91.24
(C-7"), 56.65 (4”-O-CH;), 46.39 (CH,N-CH,), 46.16 (N—CH,), 41.80
(C-2), 37.82 (C-1), 3537 (CH,NH-CH;), 32.80 (NH-CH;), 22.80
(CO-CH;), 14.51 (2'-CH;). Anal. (Cp,H;,CIN,0,S.H,0) C, H, N.
HRMS: calcd for [M + HJ, 524.18413; found, 524.18420.
6-Chloro-3-iodo-2-methyl-N-(pyridin-4-ylmethyl)imidazo[1,2-b]-
pyridazin-8-amine (37). Prepared according to general procedure A.
Mobile phase: EtOAc/MeOH (10—20%). Recrystallization from
EtOH. Yield: 121 g (86%); mp 136.2—137.4 °C. 'H NMR (400
MHz, DMSO-dy) § (ppm): 8.58 (t, Jn_cmz = 6-3 Hz, 1 H, NH), 8.50
(m, 2 H, H2), 7.33 (m, 2 H, H-3'), 6.17 (s, 1 H, H-7), 4.60 (d,
Jnu-cme = 6.3 Hz, 2 H, CH,-NH), 2.37 (s, 3 H, 2-CH,). *C NMR
(125 MHz, DMSO-d) 5 (ppm): 149.88 (C-2'), 147.46 (C-6), 147.25
(C-4'), 143.99 (C-2), 142.86 (C-8), 134.18 (C-9), 122.21 (C-3'),
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92.36 (C-7), 72.00 (C-3), 44.19 (NH-CH,), 14.87 (2-CH,). Anal
(CsHsClING.H,0) C, H, N. HRMS: calcd for [M + HJ, 506.08149;
found, 506.08148.
6-Chloro-3-iodo-2-methyl-N-(pyridin-3-ylmethyl)imidazo[1,2-b]-
pyridazin-8-amine (38). Prepared according to general procedure A.
Mobile phase: EtOAc/MeOH (10—20%). Recrystallization from
EtOAc. Yield: 1.15 g (95%); mp 154.1-155.3 °C. '"H NMR (400
MHz, DMSO-dg) & (ppm): 8.61 (dd, J,.4 = 23 Hz, J,.5 = 0.8 Hz, 1
H, H-2), 8.56 (t, Jnu_cm = 6.2 Hz, 1 H, NH), 8.46 (dd, J¢.s = 4.8 Hz,
Jow = 1.7Hz, 1 H,H-6'),7.76 (ddd, J,.s = 7.9 Hz, ], = 1.7 Hz, ], »
=23 Hz, 1 H,H-4"), 7.35 (ddd, Jy., = 7.9 Hz, Jg.¢ = 4.8 Hz, ¢, =
0.8 Hz, 1 H, H-5'), 6.29 (s, 1 H, H-7), 4.60 (d, Jxg_cm2 = 6.2 Hz, 2 H,
CH,-NH), 2.36 (s, 3 H, 2-CH,). *C NMR (125 MHz, DMSO-d;) &
(ppm): 149.27 (C-2’), 148.89 (C-6'), 147.79 (C-6), 144.21 (C-2),
142.98 (C-8), 13541 (C-4'), 134.50 (C-9), 134.05 (C-3’), 124.07
(C-5), 92.52 (C-7), 72.22 (C-3), 43.12 (NH-CH,), 15.14 (2-CH,).
Anal. (C;H,;CIIN;.0.5EtOAc) C, H, N. HRMS: calcd for [M + H],
399.98204; found, 399.98217.
6-Chloro-3-iodo-2-methyl-N-(pyridin-2-ylmethyl)imidazo[1,2-b]-
pyridazin-8-amine (39). Prepared according to general procedure A.
Mobile phase: EtOAc/MeOH (10—15%). Recrystallization from
MeOH. Yield: 1.13 g (97%); mp 159.6—161.2 °C. 'H NMR (400
MHz, DMSO-d) & (ppm): 8.54 (ddd, Js.s = 4.8 Hz, J¢, = 1.8 Hz,
Jo.3 = 0.9 Hz, 1 H, H-6'), 8.40 (t, Jnu_ci2 = 6.2 Hz, 1 H, NH), 7.76
(td, Jy.g = Jy3 =77 Hz, Jy.¢ = 1.8 Hz, 1 H, H-4'), 7.34 (dm, J;., =
7.7 Hz, 1 H, H-3'), 7.29 (ddd, Js.¢ = 4.8 Hz, J5., = 7.7 Hz, Jo.5 = 1.0
Hz, 1 H, H-5'), 6.19 (s, 1 H, H-7), 4.64 (bs, 2 H, CH,-NH), 2.37 (s, 3
H, 2-CH;). *C NMR (125 MHz, DMSO-d,) 6 (ppm): 157.14 (C-2'),
149.21 (C-6'), 147.43 (C-6), 143.96 (C-2), 142.92 (C-8), 137.21 (C-
4'), 13423 (C-9), 122.70 (C-S'), 121.47 (C-3'), 92.44 (C-7), 7191 (C-
3), 4721 (NH-CH,), 14.88 (2-CH,). Anal. (C,3H,,CIIN;.0.66MeOH)
C, H, N. HRMS: calcd for [M + H], 399.98204; found, 399.98223.
6-Chloro-3-iodo-2-methyl-N-((2-methylpyridin-4-yl)methyl)-
imidazo[1,2-blpyridazin-8-amine (40). Prepared according to general
procedure A. Mobile phase: EtOAc/MeOH, yellowish solid. Yield:
1221 g (65%) as an off-white solid; mp 155.8—158.2 °C. 'H NMR
(400 MHz, DMSO-d) & (ppm): 8.54 (t, Jxu—cim = 64 Hz, 1 H, NH),
8.36 (dd, Jo.s = 5.1 Hz, J¢5 = 0.6 Hz, 1 H, H-6'), 7.18 (dd, Jy.¢ =
1.8 Hz, J3.¢ = 0.6 Hz, 1 H, H-3'), 7.11 (dd, Jy.3 = 1.8 Hz, Jy.¢ = 5.1
Hz, 1 H, H-5'), 6.14 (s, 1 H, H-7), 4.55 (d, Jxy_cmp = 64 Hz, 2 H,
CH,-NH), 2.42 (s, 3 H, 2’-CH,), 2.37 (s, 3 H, 2-CH;). *C NMR
(125 MHz, DMSO-dy) & (ppm): 158.11 (C-2'), 149.22 (C-6'), 147.46
(C-6, 4), 143.96 (C-2), 142.88 (C-8), 134.19 (C-9), 121.25 (C-3"),
119.33 (C-5'), 92.28 (C-7), 71.97 (C-3), 44.24 (NH-CH,), 24.23 (2'-
CH,), 14.87 (2-CH;). Anal. (CH,;CIIN;.0.17EtOH) C, H, N.
HRMS: calcd for [M + HJ, 413.99769; found, 413.99776.
6-Chloro-N-((2-ethylpyridin-4-yl)methyl)-3-iodo-2-
methylimidazo[1,2-b]pyridazin-8-amine (41). Prepared according to
general procedure A. Mobile phase petrolether/EtOAc (60—90%).
Yield: 1.205 g (85%) as yellowish solid; mp 144.2—145.3 °C. "TH NMR
(400 MHz, DMSO-dg) 6 (ppm): 8.54 (t, Jn_ci2 = 6.1 Hz, 1 H, NH),
8.39 (d, J¢.g = 5.0 Hz, 1 H, H-6'), 7.21 (s, 1 H, H-3'), 7.13 (d, Jo.¢ =
5.0 Hz, 1 H, H-5'), 6.16 (s, 1 H, H-7), 4.57 (bs, 2 H, CH,-NH), 2.70
(9, Jemo.cus = 744 Hz, 2 H, CH,CH,), 2.37 (s, 3 H, 2-CH,), 1.18 (t,
Jems.cme = 74 Hz, 3 H, CH,CH,). 3C NMR (125 MHz, DMSO-d) §
(ppm): 162.99 (C-2), 149.19 (C-6'), 147.71 (C-6), 144.01 (C-2),
142.92 (C-8), 134.22 (C-9), 12042 (C-3’), 119.60 (C-S’'), 92.32
(C-7), 72.02 (C-3), 4435 (NH-CH,), 30.70 (CH,—CH,), 14.90
(2-CHj;), 13.95 (CH,—CH,;). Anal. (C;sH,sCIIN;) C, H, N. HRMS:
caled for [M + H], 506.08149; found, 506.08148.
N-(2-((6-Chloro-3-iodo-2-methylimidazo[1,2-b]pyridazin-8-yl)-
amino)ethyl)acetamide (42). Prepared according to general proce-
dure A. Mobile phase: EtOAc/acetone/EtOH/water (20:3:1.6:0.4).
Yellowish solid. Recrystallization from hot MeOH/CHCI;. Yield:
0.465 g (90%). '"H NMR (500 MHz, DMSO-dg) 6 (ppm): 8.03 (t,
T = 5.6 Hz, 1H, NH-CO), 7.87 (t, Jyu» = 6.0 Hz, 1H, 8-NH),
6.30 (s, 1H, H-7"), 3.33 (bs, 2H, H-2), 3.23 (m, 2H, H-1), 2.34 (s, 3H,
2'-CH,), 1.79 (s, 3H, COCH,). *C NMR (125 MHz, DMSO-d;) &
(ppm): 170.0 (C=O0), 147.7 (C-6'), 143.7 (C-2'), 143.1 (C-8'),
134.3 (C-9'), 91.7 (C-7'), 71.7 (C-3'), 41.9 (C-2), 37.8 (C-1), 22.8
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(COCH,;), 149 (2'-CH;). HRMS: caled. for [M + HJ: 393.99261,
found 393.9925S. Anal. (C;;H,;CIIN;O) C, H, N.

N-(2-((6-Chloro-3-(4-methoxyphenyl)-2-methylimidazo[1,2-b]-
pyridazin-8-yl)Jamino)ethyl)acetamide (43). Prepared according to
general procedure B. Mobile phase: EtOAc/EtOH (10—20%). Yield:
484 mg (99%) as an off-white solid; mp 210.9—212.0 °C. '"H NMR
(500 MHz, DMSO-dg) 5 (ppm): 8.04 (t, Jxyy = 5.6, 1 H, 1-NH),
7.82 (t, Jyua = 6.0, 1 H, 2-NH), 7.53—7.56 (m, 2 H, H-2"), 7.07—7.10
(m, 2 H, H-3"), 6.26 (s, 1 H, H-7'), 3.82 (s, 3 H, O—CH,), 3.34 (m, 2
H, H-2), 326 (m, 2 H, H-1), 2.39 (s, 3 H, 2’- CH,), 1.80 (s, 3 H,
CO-CH;). BC NMR (125 MHz, DMSO-ds) & (ppm): 169.96
(C=0), 159.02 (C-4"), 147.06 (C-6'), 143.29 (C-8'), 137.23 (C-2"),
130.84 (C-9'), 130.72 (C-2"), 124.96 (C-3’), 120.84 (C-1"), 114.15
(C-3"), 90.85 (C-7), 5541 (O—CH,), 41.74 (C-2), 37.88 (C-1),
22.80 (CO—CH,;), 14.52 (2'-CH,). Anal. (C;3H,,CIN;0,.0.25H,0)
C, H, N. HRMS: calcd for [M + H], 374.13783; found, 374.13784.

5-(6-Chloro-8-(((2-ethylpyridin-4-yl)methyl)amino)-2-
methylimidazo[1,2-b]pyridazin-3-yl)-2-methoxybenzenesulfony!
Chloride (44). Compoud 9 (270 mg, 0.662 mmol) was dissolved in
dry CH,Cl, (S mL); cooled ice/brine mixture and chlorosulfonic acid
(4 mL, in excess) was added slowly. The reaction mixture was stirred
in an ice bath for another 30 min and then allowed to warm to RT
after which it was stirred another 4 h. The reaction mixture was poured
carefully onto ice, pH was adjusted to 7 with saturated NaHCO;
solution, and the mixture was extracted with CH,Cl,, 3X. Combined
organic phases were dried over sodium sulfate and evaporated, and the
crude product was used without further purification since no starting
material was detected (TLC, satisfied purity of '"H NMR). Analytical
sample was obtained after the flash column chromatography.

Mobile phase: EtOAc/EtOH. Yield 10—15% as a off-white solid; mp
258 °C (decomp). '"H NMR (400 MHz, DMSO-ds) § (ppm): 8.47
(dm, J¢.s» = 5.2 Hz, 1 H, H-6"), 8.14 (d, J5_4 = 2.3 Hz, 1 H, H-6), 8.01
(dd, J,_¢ = 2.3 Hz,J, , = 8.7 Hz, 1 H, H-4), 7.21 (d, J,_, = 8.7 Hz,
H-3), 7.09 (bs, 1 H, H-3"), 7.04 (dm, Js.c» = 5.2 Hz, 1 H, H-5"), 6.33
(m, 1 H, CH,—NH), 5.89 (s, 1 H, H-7"), 449 (d, 2 H, Jcponu = 6.1
Hz, 2 H, CH,-NH), 4.06 (s, 3 H, OCH,); 2.78 (q, Jesm.cms = 7.6 Hz, 2
H, CH,CH,), 2.46 (s, 3 H, 2/-CH,), 1.25 (t, Jeps.cm = 7.6 Hz, 3 H,
CH,CH,). "*C NMR (125 MHz, DMSO-dy) & (ppm): 164.42 (C-2"),
156.69 (C-2), 149.75 (C-6"), 147.95 (C-6), 145.69 (C-4"), 142.09
(C-8'), 138,95 (C-2), 137.78 (C-4), 131.91 (C-5), 131.27 (C-9'),
130.33 (C-6), 123.63 (C-3’), 121.08 (C-1), 120.19 (C-3"), 119.17
(C-5"), 113.54 (C-3), 93.16 (C-7'), 56.85 (O—CH,), 45.79
(NH-CH,), 31.30 (CH,—CH,), 14.51 (2’-CHj,), 13.88 (CH,—CH,).
Anal. (Cp,H,;CLN;0;S) C, H, N. HRMS: caled for [M + H],
506.08149; found, 506.08148.

5-(8-((2-Acetamidoethyl)amino)-6-chloro-2-methylimidazo[1,2-
blpyridazin-3-yl)-2-methoxybenzenesulfonyl Chloride (45). Chlor-
osulfonic acid (S mL, in excess) was cooled in the ice bath and vigo-
rously stirred while derivative 43 (333 mg, 0.8907 mmol) was added in
small portions. After the completion of the addition, the reaction
mixture was kept under a drying tube and stirred at rt overnight. Then
the reaction mixture was carefully poured onto ice and extracted with
CH,Cl, (100 mL, 2 X 50 mL). Organic layers were dried over sodium
sulfate and evaporated to provide brownish foam. Crude MI310 was
used in the next step without further purification. Analytical sample
was obtained by flash column chromatography.

Mobile phase EtOAc/EtOH (10-20%). 'H NMR (500 MHz,
DMSO-dy) & (ppm): 8.12 (d, Js_4 = 2.4, 1 H, H-6), 8.00 (dd, J,_¢ =
24,],3=89,1H,H+4),721(d, J;_, =89, 1 H, H-3),6.37 (bs, 1 H,
8'-NH), 6.07 (s, 1 H, H-7’), 5.99 (bs, 1 H, NH-CO), 4.06 (s, 3 H,
CO-CH,), 3.52 (m, 2 H, H-2"), 345 (m, 2 H, H-1"), 2.44 (s, 3 H,
2'- CH,), 1.95 (s, 3 H, CO—CHj,). *C NMR (125 MHz, DMSO-d;) 6
(ppm): 171.06 (C=0), 156.70 (C-2), 148.37 (C-6'), 142.30 (C-8'),
138.22 (C2'), 137.84 (C-4), 131.86 (C-1), 131.24 (C-9'), 130.31
(C-6), 12345 (C-3'), 120.92 (C-5), 113.54 (C-3"), 92.89 (C-7'), 56.86
(2-0—CHy), 42.66 (C-1"), 38.67 (C-2"), 2322 (CO—-CH,), 14.31
(2’-CH;). HRMS: caled for [M + HJ, 472.06076; found, 472.06079.

Protein Expression and Purification. PI4KB was expressed and
purified as before.”® Rab11 wt and Q70L mutant were expressed using
earlier established protocols.*”** Briefly, the proteins were expressed

115

in Escherichia coli BL21 Star. The bacteria were grown at 37 °C in
autoinduction media until OD reached one. Then the temperature was
lowered to 18 °C, and the bacteria were cultured for 16 additional
hours. The cells were harvested and lysed in lysis buffer (S0 mM Tris,
pH 8, 300 mM NaCl, 3 mM $ME, 20 mM imidazole, 10% glycerol)
using EmulsiFlex-C3 (Avestin) followed by nickel affinity chromatog-
raphy. The 6xHisTag or the 6xHis-GB1 solubility tags were removed
by TEV protease. Finally, the proteins were purified using size exclu-
sion chromatography (SEC) on Superdex200 (PI4KB) or Superdex75
(Rab11) columns in SEC buffer (10 mM Tris, pH 8, 200 mM NaCl],
0.5 mM TCEP). Purified proteins were concentrated to 10 mg/mL
and stored in —80 °C until needed.

Crystallographic Analysis. Diffraction quality crystals grew in
3—7 days in a vapor diffusion sitting drop. Data sets were collected at
the BESSY 14.1 MX beamline using Pilatus 6 M detector.* The
crystals diffracted to 3.3—3.8 A and belonged to the orthorhombic
spacegroup P2,2,2,. The diffraction data were indexed, integrated, and
scaled using XDSAPP.* The structures were solved by molecular
replacement using 1 bound PI4KB as a search model.'® Subsequently,
the structures were refined in Phenix*® and Coot" to excellent R0,
and Rg,. (given the resolution) and to good stereochemistry as
summarized in Table 4.

Enzymatic Assays. For the measurement enzymatic activity of the
lipid kinases (PI4Ks), we used ADP-Glo kinase assay (Promega) with
determination of ADP generated during the reaction as reported
previously.”® The activity of other protein and lipid kinases was
determined by Carna Biosciences, Inc. by standardized protocols.

Antiviral Activity Screening. The screening of anti-HCV and
anti-coxsackie activity was performed as reported previously.”®

For the analysis of anti-rhinovirus activity of the selected
compounds, HeLa cells were seeded in 96-well plates and incubated
with different concentrations (50, 10, 5, 1, 0.5, 0.1, 0.05, 0.01 uM) of
the indicated compound and infected (or mock infected) with
thinovirus 1A at a multiplicity of infection (MOI) of 0.1 pfu/cell.
All experiments were done in quadruplicate. After 3 days of incubation
at 33 °C, the virus-induced cytopathic effect (CPE) was determined
by cell viability assay (MTT assay, Sigma-Aldrich). To determine CCg
values, the MTT value(s) measured for cells treated with the respec-
tive compounds were normalized using the MTT values obtained for
untreated cells. The cytotoxic concentration 50% (CCs) (that is, the
concentration of a given compound that reduces the cell viability to
50%) was determined with the “Sigma Plot 8.0” software package
(Systat Software GmbH, Germany) by plotting the percentages of cell
viability (after 3 days of incubation at 33 °C) as a function of concen-
tration of the compound in the cell culture medium. To calculate
effective concentrations (ECs,) for specific compounds, the MTT
values of virus-infected and treated cells were compared to those
determined for treated cells (without virus infection). In other words,
the calculation of ECy, values was based on the (additional) virus-
specific cytopathology in infected cells in the presence of the respective
compound (at the indicated concentration) in the cell culture medium.

Docking. The 3D structures of the docked molecules were built
using ACD/ChemSketch 12.01,*® and the geometry was optimized
with MOPAC2016* using PM7 method. The necessary format
conversions were performed using OpenBabel.*® The preparation of
the pdbqt files was done by standard procedure using AutoDock Tools
1.5.6. The docking runs were performed in AutoDock Vina 1.1 using
the default scoring function. Since the position of several important
residues varies in the reported crystal structures, we decided to use
flexible docking into the structure with 1 in order to simulate flexibility
of the enzyme (pdb code 4DOL). Docking of the ligands into the
binding pocket was performed in 30 X 28 X 28 A? search space
centered at 7.7, 334.1, and 10.1 A and exhaustiveness 50.>® We set
Tyr385 and Lys549 as flexible residues that resulted in obtaining the
most reliable results of the docking.

DOI: 10.1021/acs.jmedchem.6b01465
J. Med. Chem. 2017, 60, 100—-118


http://dx.doi.org/10.1021/acs.jmedchem.6b01465

Journal of Medicinal Chemistry

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acs.jmedchem.6b01465.

Detailed SAR discussion, results of biochemical assays for
remaining compounds and supplementary figures (PDF)
Molecular formula strings and some data (CSV)

Accession Codes

The atomic coordinates and structure factors have been
deposited in the RCSB Protein Data Bank, www.pdb.org
(accession codes SFBL, SFBQ, SFBR, SFBV, and SEFBW).
Authors will release the atomic coordinates and experimental
data upon article publication.

B AUTHOR INFORMATION

Corresponding Authors
*E-mail: boura@uochb.cas.cz (E.B.). Phone: +420-220-183-465.
*E-mail: nencka@uochb.cas.cz (RN.). Phone: +420-220-183-265.

ORCID
Evzen Boura: 0000-0002-9652-4065
Radim Nencka: 0000-0001-6167-0380

Author Contributions
1LM. and D.C. contributed equally.

Notes

The authors declare the following competing financial interest(s):
The project was partially funded by a private company Gilead
Sciences, Inc.

B ACKNOWLEDGMENTS

The work of LM., D.Ch., P.P., M.D., and R.N. was supported by
Czech Science Foundation (Registration No. 15-09310S). The
work of D.C,, AB., and E.B. was supported by MarieCurie
FP7-PEOPLE-2012-CIG project number 333916. The work
was supported by Gilead Sciences, Inc. The project was also
supported by the Academy of Sciences of the Czech Republic
(RVO 61388963). The work of C.M. and J.Z. was supported by
the German Center for Infection Research (DZIF, TTU
Emerging Infections). We thank HZB for the allocation of
synchrotron radiation beamtime. We are grateful to the MX
14.1 and MX 14.2 scientists for their help and support during
data acquisition. We thank Lenka Klouckova for technical
assistance during protein purification. We are also grateful to
Michael Downey for critical reading of the manuscript.

B ABBREVIATIONS

CCR2, CC chemokine receptor 2; CCL2, CC chemokine
ligand 2; CCRS, CC chemokine receptor 5; TLC, thin layer
chromatography; PI4KB, phosphatidylinositol 4-kinase IIIf;
PI4KA, phosphatidylinositol 4-kinase IIla; PI4K2A, phospha-
tidylinositol 4-kinase Ila; HCV, hepatitis C virus; HRV, human
rhinovirus; CVB3, coxsackie 3B virus; ATP, adenosine
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DIPEA, diisopropylethylamine; MERS-CoV, Middle East
respiratory syndrome coronavirus; SARS-CoV, severe acute
respiratory syndrome coronavirus; ND, not determined

B REFERENCES

(1) Harak, C.; Lohmann, V. Ultrastructure of the Replication Sites of
Positive-strand RNA Viruses. Virology 2015, 479, 418—433.

(2) Dorobantu, C. M,; Albulescu, L.; Harak, C; Feng, Q.; van
Kampen, M,; Strating, J. R. P. M.; Gorbalenya, A. E.; Lohmann, V.; van

116

der Schaar, H. M,; van Kuppeveld, F. J. M. Modulation of the
HostLipid Landscape to Promote RNA Virus Replication: The
Picornavirus Encephalomyocarditis Virus Converges on the Pathway
Used by Hepatitis C Virus. PLoS Pathog. 2015, 11 (9), e100518S.

(3) Boura, E; Nencka, R. Phosphatidylinositol 4-kinases: Function,
Structure, and Inhibition. Exp. Cell Res. 2015, 337 (2), 136—145.

(4) Minogue, S.; Waugh, M. G. The Phosphatidylinositol 4-Kinases:
Don’t Call It a Comeback. Subcell. Biochem. 2012, 58, 1—24.

(5) Berger, K. L.; Cooper, J. D.; Heaton, N. S.; Yoon, R;; Oakland, T.
E; Jordan, T. X;; Mateu, G.; Grakoui, A.; Randall, G. Roles for
Endocytic Trafficking and Phosphatidylinositol 4-kinase III @ in
Hepatitis C Virus Replication. Proc. Natl. Acad. Sci. U. S. A. 2009, 106,
7577—7582.

(6) Yang, N; Ma, P.; Lang, J. S.; Zhang, Y. L,; Deng, J. J.; Ju, X. W,;
Zhang, G. Y,; Jiang, C. Y. Phosphatidylinositol 4-Kinase III# Is
Required for Severe Acute Respiratory Syndrome Coronavirus Spike-
mediated Cell Entry. J. Biol. Chem. 2012, 287, 8457—8467.

(7) van der Schaar, H. M,; van der Linden, L.; Lanke, K. H.; Strating,
J. R; Purstinger, G.; de Vries, E; de Haan, C. A,; Neyts, J.; van
Kuppeveld, F. J. Coxsackievirus Mutants that Can Bypass Host Factor
PI4KIIIA and the Need for High Levels of PI4P Lipids for Replication.
Cell Res. 2012, 22, 1576—1592.

(8) Greninger, A. L.; Knudsen, G. M.; Betegon, M.; Burlingame, A.
L.; Derisi, J. L. The 3A Protein from Multiple Picornaviruses Utilizes
the Golgi Adaptor Protein ACBD3 to Recruit PI4KIIIS. J. Virol. 2012,
86, 3605—3616.

(9) Altan-Bonnet, N.; Balla, T. Phosphatidylinositol 4-kinases:
Hostages Harnessed to Build Panviral Replication Platforms. Trends
Biochem. Sci. 2012, 37, 293—302.

(10) Reiss, S.; Rebhan, I1; Backes, P.; Romero-Brey, 1; Erfle, H;
Matula, P.; Kaderali, L.; Poenisch, M.; Blankenburg, H.; Hiet, M. S,;
Longerich, T.; Diehl, S.; Ramirez, F,; Balla, T.; Rohr, K; Kaul, A;
Buhler, S.; Pepperkok, R.; Lengauer, T.; Albrecht, M, Eils, R;
Schirmacher, P.; Lohmann, V.; Bartenschlager, R. Recruitment and
Activation of a Lipid Kinase by Hepatitis C Virus NSSA is Essential for
Integrity of the Membranous Replication Compartment. Cell Host
Microbe 2011, 9, 32—45.

(11) Sasaki, J.; Ishikawa, K; Arita, M,; Taniguchi, K. ACBD3-
mediated Recruitment of PI4KB to Picornavirus RNA Replication
Sites. EMBO J. 2012, 31, 754—766.

(12) Klima, M.; Toth, D. J.; Hexnerova, R.; Baumlova, A.; Chalupska,
D.; Tykvart, J.; Rezabkova, L.; Sengupta, N.; Man, P.; Dubankova, A,;
Humpolickova, J.; Nencka, R; Veverka, V. Balla, T.; Boura, E.
Structural Insights and In vitro Reconstitution of Membrane Targeting
and Activation of Human PI4KB by the ACBD3 Protein. Sci. Rep.
2016, 6, 23641.

(13) Dorobantu, C. M.; Ford-Siltz, L. A; Sittig, S. P.; Lanke, K. H;
Belov, G. A,; van Kuppeveld, F. J.; van der Schaar, H. M. GBF1- and
ACBD3-Independent Recruitment of PI4KIIIf to Replication Sites by
Rhinovirus 3A Proteins. J. Virol. 2015, 89, 1913—1918.

(14) Dorobantu, C. M.; van der Schaar, H. M; Ford, L. A,; Strating,
J. R; Ulferts, R; Fang, Y.,; Belov, G,; van Kuppeveld, F. J.; Sandri-
Goldin, R. M. Recruitment of PI4KIIIf to Coxsackievirus B3
Replication Organelles Is Independent of ACBD3, GBF1, and Arfl.
J. Virol. 2014, 88, 2725—2736.

(15) Dorobantu, C. M.; Albulescu, L.; Lyoo, H.; van Kampen, M.; De
Francesco, R.;; Lohmann, V.; Harak, C.; van der Schaar, H. M,
Strating, J. R.; Gorbalenya, A. E.; van Kuppeveld, F. J. Mutations in
Encephalomyocarditis Virus 3A Protein Uncouple the Dependency of
Genome Replication on Host Factors Phosphatidylinositol 4-Kinase
Iller and Oxysterol-Binding Protein. mSphere 2016, 1 (3), €00068-16.

(16) Burke, J. E.; Inglis, A. J.; Perisic, O.; Masson, G. R.; McLaughlin,
S. H.; Rutaganira, F.; Shokat, K. M.; Williams, R. L. Structures of
PI4KIIIB Complexes Show Simultaneous Recruitment of Rabll and
Its Effectors. Science 2014, 344, 1035—1038.

(17) Baumlova, A.; Chalupska, D.; Rozycki, B.; Jovic, M.; Wisniewski,
E.; Klima, M.; Dubankova, A.; Kloer, D. P.; Nencka, R;; Balla, T,
Boura, E. The Crystal Structure of the Phosphatidylinositol 4-kinase
Ila. EMBO Rep. 2014, 15, 1085—1092.

DOI: 10.1021/acs.jmedchem.6b01465
J. Med. Chem. 2017, 60, 100—-118


http://pubs.acs.org
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jmedchem.6b01465
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.6b01465/suppl_file/jm6b01465_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.6b01465/suppl_file/jm6b01465_si_002.csv
http://www.pdb.org
mailto:boura@uochb.cas.cz
mailto:nencka@uochb.cas.cz
http://orcid.org/0000-0002-9652-4065
http://orcid.org/0000-0001-6167-0380
http://dx.doi.org/10.1021/acs.jmedchem.6b01465

Journal of Medicinal Chemistry

(18) Eisenreichova, A.; Klima, M.; Boura, E. Crystal Structures of a
Yeast 14—3-3 Protein from Lachancea thermotolerans in the
Unliganded Form and Bound to a Human Lipid Kinase PI4KB-
derived Peptide Reveal High Evolutionary Conservation. Acta
Crystallogr., Sect. F: Struct. Biol. Commun. 2016, 72, 799—803.

(19) Klima, M; Baumlova, A; Chalupska, D.; Hrebabecky, H;
Dejmek, M.; Nencka, R; Boura, E. The High-resolution Crystal
Structure of Phosphatidylinositol 4-kinase IIf and the Crystal
Structure of Phosphatidylinositol 4-kinase Il Containing a Nucleo-
side Analogue Provide a Structural Basis for Isoform-specific Inhibitor
Design. Acta Crystallogr,, Sect. D: Biol. Crystallogr. 2015, 71, 1555—
1563.

(20) Taveneau, C.; Blondeau, K; Bressanelli S. Definition and
Expression in E. coli of Large Fragments from the Human Lipid
Kinase Phosphatidylinositol 4-kinase Type IIl, and Purification of a
1100-residue N-terminal Module. Protein Expression Purif. 2015, 114,
121-127.

(21) Harak, C.; Radujkovic, D.; Taveneau, C.; Reiss, S.; Klein, R;
Bressanelli, S.; Lohmann, V. Mapping of Functional Domains of the
Lipid Kinase Phosphatidylinositol 4-kinase Type IIla Involved in
Enzymatic Activity and Hepatitis C Virus Replication. J. Virol. 2014,
88, 9909—9926.

(22) Toth, B; Balla, A,; Ma, H.; Knight, Z. A.; Shokat, K. M.; Balla,
T. Phosphatidylinositol 4-kinase IIIf Regulates the Transport of
Ceramide between the Endoplasmic Reticulum and Golgi. J. Biol
Chem. 2006, 281, 36369—36377.

(23) Balla, A;; Tuymetova, G.; Toth, B.; Szentpetery, Z.; Zhao, X,
Knight, Z. A.; Shokat, K; Steinbach, P. J; Balla, T. Design of Drug-
resistant Alleles ofType-III Phosphatidylinositol 4-kinases Using
Mutagenesis and Molecular Modeling. Biochemistry 2008, 47, 1599—
1607.

(24) Knight, Z. A; Gonzalez, B.; Feldman, M. E.; Zunder, E. R;
Goldenberg, D. D.; Williams, O.; Loewith, R; Stokoe, D.; Balla, A,;
Toth, B.; Balla, T.; Weiss, W. A.; Williams, R. L.; Shokat, K. M. A
Pharmacological Map of the PI3-K family Defines a Role for p110« in
Insulin Signaling. Cell 2006, 125, 733—747.

(25) Vaillancourt, F. H.; Brault, M,; Pilote, L; Uyttersprot, N.;
Gaillard, E. T.; Stoltz, J. H.; Knight, B. L.; Pantages, L.; McFarland, M.;
Breitfelder, S.; Chiu, T. T.; Mahrouche, L.; Faucher, A. M.; Cartier, M.;
Cordingley, M. G.; Bethell, R. C; Jiang, H.; White, P. W.; Kukolj, G.
Evaluation of Phosphatidylinositol-4-kinase IIlo as a Hepatitis C Virus
Drug Target. J. Virol. 2012, 86, 11595—1607.

(26) Raubo, P.; Andrews, D. M.; McKelvie, J. C.; Robb, G. R.; Smith,
J. M.; Swarbrick, M. E.; Waring, M. J. Discovery of Potent, Selective
Small Molecule Inhibitors of Alpha-subtype of Type III Phosphatidy-
linositol-4-kinase (PI4KIlla). Bioorg. Med. Chem. Lett. 2015, 25,
3189-3193.

(27) Leivers, A. L.; Tallant, M.; Shotwell, J. B.; Dickerson, S.; Leivers,
M. R;; McDonald, O. B; Gobel, J.; Creech, K. L.; Strum, S. L.; Mathis,
A.; Rogers, S.; Moore, C. B,; Botyanszki, J. Discovery of Selective
Small Molecule Type III Phosphatidylinositol 4-kinase a (PI4KlIla)
Inhibitors as Anti Hepatitis C (HCV) Agents. J. Med. Chem. 2014, 57,
2091-2106.

(28) Mejdrova, L; Chalupska, D.; Kdgler, M.; Sala, M.; Platkové, P.;
Baumlovd, A.; Hiebabecky, H.; Prochazkova, E.; Dejmek, M.; Guillon,
R; Strunin, D.; Weber, J; Lee, G.; Birkus, G.; Mertlikova-Kaiserova,
H.; Boura, E,; Nencka, R. Highly Selective Phosphatidylinositol 4-
Kinase III # Inhibitors and Structural Insight into Their Mode of
Action. J. Med. Chem. 2015, 58, 3767—3793.

(29) van der Schaar, H. M.; Leyssen, P.; Thibaut, H. J.; de Palma, A;
van der Linden, L.; Lanke, K. H.; Lacroix, C.; Verbeken, E.; Conrath,
K; Macleod, A. M.; Mitchell, D. R;; Palmer, N. J; van de Poel, H,;
Andrews, M.; Neyts, J.; van Kuppeveld, F. J. A Novel, Broad-spectrum
Inhibitor of Enterovirus Replication that Targets Host Cell Factor
Phosphatidylinositol 4-kinase IIIf. Antimicrob. Agents Chemother. 2013,
57, 4971—4981.

(30) MacLeod, A. M.; Mitchell, D. R.; Palmer, N. J.; Van de Poél, H.
V.; Conrath, K; Andrews, M.; Leyssen, P.; Neyts, J. Identification of a

Series of Compounds with Potent Antiviral Activity for the Treatment
of Enterovirus Infections. ACS Med. Chem. Lett. 2013, 4, 58S.

(31) Rutaganira, F. U.; Fowler, M. L.; McPhail, J. A.; Gelman, M. A;;
Nguyen, K; Xiong, A.; Dornan, G. L,; Tavshanjian, B.; Glenn, J. S;
Shokat, K. M.; Burke, J. E. Design and Structural Characterization of
Potent and Selective Inhibitors of Phosphatidylinositol 4 Kinase IIIf. J.
Med. Chem. 2016, 59, 1830—1839.

(32) Sala, M.; Kogler, M.; Plackova, P.; Mejdrova, I.; Hrebabecky, H.;
Prochazkova, E.; Strunin, D.; Lee, G.; Birkus, G.; Weber, J,;
Mertlikova-Kaiserova, H.; Nencka, R. Purine Analogs as Phosphatidy-
linositol 4-kinase IIIf Inhibitors. Bioorg. Med. Chem. Lett. 2016, 26,
2706—2712.

(33) Bojjireddy, N.; Botyanszki, J; Hammond, G.; Creech, D.;
Peterson, R; Kemp, D. C; Snead, M.; Brown, R; Morrison, A;
Wilson, S.; Harrison, S.; Moore, C.; Balla, T. Pharmacological and
Genetic Targeting of pPI4KA Reveals Its Important Role in
Maintaining Plasma Membrane PtdIns4p and PtdIns(4,5)p2 levels. J.
Biol. Chem. 2014, 289, 6120—6132.

(34) Jovic, M.; Kean, M. J.; Szentpetery, Z.; Polevoy, G.; Gingras, A.
C,; Brill, J. A; Balla, T. Two Phosphatidylinositol 4-kinases Control
Lysosomal Delivery of the Gaucher Disease Enzyme, Beta-glucocer-
ebrosidase. Mol. Biol. Cell 2012, 23, 1533—154S.

(35) Jovi¢, M.; Kean, M. J.; Dubankova, A.; Boura, E.; Gingras, A. C.;
Brill, J. A; Balla, T. Endosomal Sorting of VAMP3 is Regulated by
PI4K2A. J. Cell Sci. 2014, 127 (17), 3745—3756.

(36) Arita, M; Kojima, H.; Nagano, T.; Okabe, T.; Wakita, T.;
Shimizu, H. Phosphatidylinositol 4-Kinase III# Is a Target of
Enviroxime-Like Compounds for Antipoliovirus Activity. J. Virol
2011, 85, 2364—2372.

(37) Tai, A. W,; Bojjireddy, N.; Balla, T. A Homogeneous and
Nonisotopic Assay for Phosphatidylinositol 4-kinases. Anal. Biochem.
2011, 417, 97—102.

(38) Trott, O.; Olson, A. J. Software News and Update AutoDock
Vina: Improving the Speed and Accuracy of Docking with a New
Scoring Function, Efficient Optimization, and Multithreading. J.
Comput. Chem. 2010, 31, 455—461.

(39) Borawski, J.; Troke, P.; Puyang, X. L.; Gibaja, V.; Zhao, S. C,;
Mickanin, C.; Leighton-Davies, J.; Wilson, C. J; Myer, V,;
CornellaTaracido, I; Baryza, J.; Tallarico, J.; Joberty, G.; Bantscheff,
M.; Schirle, M.; Bouwmeester, T.; Mathy, J. E.; Lin, K; Compton, T;
Labow, M.; Wiedmann, B.; Gaither, L. A. Class III Phosphatidylino-
sitol 4-Kinase o and f Are Novel Host Factor Regulators of Hepatitis
C Virus Replication. J. Virol. 2009, 83, 10058—10074.

(40) Ceccarelli, S. M.; Conte, A.; Kuehne, H.; Kuhn, B.; Neidhart,
W.; Obst, S. U,; Rudolph, M.; Obst Sander, U.; Sander, U. O. New
Aryl-quinoline Derivatives Are Fatty Acid Binding Protein Inhibitors,
Useful for Treating e.g. Lipodystrophy, Type 2 Diabetes, Dyslipidemia,
Atherosclerosis, Liver Diseases Involving Inflammation, Steatosis or
Fibrosis. U.S. Patent US2013116234-A1, 2013; International Patent
WO02013064465-A1, 2013.

(41) Rozycki, B.; Boura, E. Large, Dynamic, Multi-protein
Complexes: A Challenge for Structural Biology. J. Phys.: Condens.
Matter 2014, 26, 463103.

(42) Boura, E; Hurley, J. H. Structural Basis for Membrane
Targeting by the MVB12-associated Beta-prism Domain of the Human
ESCRT-I MVB12 Subunit. Proc. Natl. Acad. Sci. U. S. A. 2012, 109,
1901—-1906.

(43) Rezabkova, L.; Boura, E.; Herman, P.; Vecer, J.; Bourova, L.;
Sulc, M.; Svoboda, P.; Obsilova, V.; Obsil, T. 14—3-3 Protein Interacts
with and Affects the Structure of RGS Domain of Regulator of G
Protein Signaling 3 (RGS3). J. Struct. Biol. 2010, 170, 451—461.

(44) Mueller, U.; Darowski, N.; Fuchs, M. R;; Forster, R.; Hellmig,
M.; Paithankar, K. S.; Puhringer, S.; Steffien, M.; Zocher, G.; Weiss, M.
S. Facilities for Macromolecular Crystallography at the Helmholtz-
Zentrum Berlin. J. Synchrotron Radiat. 2012, 19, 442—449.

(45) Krug, M.; Weiss, M. S.; Heinemann, U.; Mueller, U. XDSAPP:
A Graphical User Interface for the Convenient Processing of
Diffraction Data Using XDS. J. Appl. Crystallogr. 2012, 45, 568—572.

DOI: 10.1021/acs.jmedchem.6b01465
J. Med. Chem. 2017, 60, 100—-118


http://dx.doi.org/10.1021/acs.jmedchem.6b01465

Journal of Medicinal Chemistry

(46) Adams, P. D.; Afonine, P. V.; Bunkoczi, G.; Chen, V. B.; Davis,
I. W,; Echols, N.; Headd, J. J; Hung, L. W.; Kapral, G. J.; Grosse-
Kunstleve, R. W.; McCoy, A. J.; Moriarty, N. W.; Oeffner, R;; Read, R.
J.; Richardson, D. C.; Richardson, J. S.; Terwilliger, T. C.; Zwart, P. H.
PHENIX: A Comprehensive Python-based System for Macro-
molecular Structure Solution. Acta Crystallogr., Sect. D: Biol. Crystallogr.
2010, 66, 213—221.

(47) Emsley, P.; Lohkamp, B.; Scott, W. G.; Cowtan, K. Features and
Development of Coot. Acta Crystallogr., Sect. D: Biol. Crystallogr. 2010,
66, 486—501.

(48) ACD/ChemSketch, version 12.01, Advanced Chemistry Develop-
ment, Inc., Toronto, On, Canada, www.acdlabs.com, 2014.

(49) Stewart, J. J. P.MOPAC2016; Stewart Computational Chem-
istry; Colorado Springs, CO, USA, http://openmopac.net/, 2016.

(50) O’Boyle, N.; Banck, M.; James, C.; Morley, C.; Vandermeersch,
T.; Hutchison, G. Open Babel: An open chemical toolbox. J. Cheminf.
2011, 3, 33.

118

DOI: 10.1021/acs.jmedchem.6b01465
J. Med. Chem. 2017, 60, 100—-118


http://www.acdlabs.com
http://openmopac.net/
http://dx.doi.org/10.1021/acs.jmedchem.6b01465

