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AD, Alzheimer’'s diseaseCDKs, cyclin-dependent kinase§€K1, casein kinase 1CLKSs,
cdc2-like kinasesSCM GC (cyclin-dependent kinase [CDK], mitogen-activapedtein kinase
[MAPK], glycogen synthase kinase [GSK3], CDC-liken&se [CLK]); CML, chronic
myelocytic leukemiaDAD, diode array detectoDEPC, diethyl pyrocarbonateDMEM,
Dulbecco’s modified Eagle’s mediurCM, dichloromethaneDM SO, dimethylsulfoxide;
DS, Down syndromeDTT, dithiothreitol;DYRKSs, dual-specificity tyrosine phosphorylation
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regulated kinase$:BS, fetal bovine serumGSH, glutathione;GSK-3, glycogen synthase
kinase-3;GST, glutathione-S-transferaséPTG, isopropyl$-D-thiogalactopyranosidd;.C,
Liquid chromatography; MAP Kkinases, mitogen-activated protein kinased\FTs,
neurofibrillary tangles;MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxygnyl)-2-
(4-sulfophenyl)-B-tetrazolium; PBS, phosphate-buffered salin€§AR, structure activity
relationship; SRp, serine/arginine-rich proteinsfLC, Thin-layer chromatographyTM S,
tetramethylsilane.

ABSTRACT

3,6-Disubstituted imidazo[1,2-b]pyridazine derivas were synthesized to identify new
inhibitors of various eukaryotic kinases, includimgammalian and protozoan kinases.
Among the imidazo[1,2-b]pyridazines tested as lenashibitors, several derivatives were
selective for DYRKs and CLKs, with Kg<100 nM. The characterization of the kinome of
several parasites, suchRlesmodiumandLeishmaniahas pointed out profound divergences
between protein kinases of the parasites and thibee host. This led us to investigate the
activities of the prepared compounds against llasiér kinases. 3,6-Disubstituted
imidazo[1,2-b]pyridazines showed potent inhibitiaxf Plasmodium falciparumCLK1

(PfCLK1). Compound20a was found to be the most selective product ag@&hstl (ICso =

82 nM), CLK4 (IGo = 44 nM), DYRK1A (IGo = 50 nM), andPfCLK1 (ICso = 32 nM). The

compounds were also tested againsishmania amazonensiSeveral compounds showed
anti-leishmanial activity at rather high (10 pM)ncentration, but were not toxic at 1 uM or

10 uM, as judged by viability assays carried outgis neuroblastoma cell line.
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1. Introduction

Reversible protein phosphorylation is the most camnpost-translational modification
occurring in many fundamental cellular processeschsas differentiation, division,
proliferation, apoptosis, and signal transductic@chanisms. Due to their strong involvement
in essentially all physiological processes, dysfiamal phosphorylation can generate many
human diseases, such as cancer [1], inflammatiatg-immune and neurodegenerative
diseases, and parasite infections. Among the hikimame described by Manning et al. [2] in
2002, the CMGC group, which comprises nine kinasuilies, has been extremely well-
studied as a group of therapeutic targets. Cde2-kinases (CLKs) and dual-specificity
tyrosine-phosphorylation-regulated kinases (DYRI&sp families of conserved groups of
dual-specificity kinases belonging to the CMGC groincluding CDKs (cyclin-dependent
kinases), MAP kinases (mitogen-activated proteinages), GSK-3 (glycogen synthase
kinase), and CLKs (Cdc2-like kinases). These twuilfas of kinases auto-phosphorylate at
tyrosine residues in their activation loop, but legively phosphorylate serine/threonine
residues. The CLK family consists of four isoforr@:K1, CLK2, CLK3, and CLK4. CLKs
phosphorylate serine/arginine-rich splicing progeifSRp), which are implicated in the
regulation of alternative splicing [3]. CLK1 is ialwved in Alzheimer's disease (AD) [4]
(splicing of microtubule-associated protein Tau-prie@NA). The DYRK family comprises
five isoforms, DYRK1A, DYRK1B, DYRK2, DYRK3, and DRK4. The human DYRK1A
gene is located on chromosome 21 in the “Down symeér (DS) critical region,” and
overexpression of DYRK1A in DS has been associatigll neurodegenerative disease [5].
DYRK1A and DYRK1B are also implicated in diversgég of cancers [6,7]. Orthologs of
mammalian CLKs and DYRKs are also found in unidaliyparasites, such agishmania
TrypanosomaCryptosporidium Giardia, Toxoplasma,and Plasmodium Deregulation and
dysfunction of CLKs and DYRKs have been linked éveyal diseases, which make these
kinases attractive potential therapeutic targets.

In the present paper, we describe potent and sede€@LK and DYRK inhibitors. We
optimized the C-3 position of disubstituted imidgza-b]pyridazines as CLK and DYRK
kinase inhibitors. Our interest in this scaffold bsesed on the fact that imidazo[1,2-
b]pyridazines are frequently described as kinabéitors. Imidazo[1,2-b]pyridazines have
been reported to be inhibitors of CDK2 [8], Pim,[{Kp [10-12], VEGFR2 [13], and Syk
[14] (Figure 1). We have identified more than 2Qepés issued since 2007 that describe
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imidazo[1,2-b]pyridazines as kinase inhibitors, thest advanced product being Ponatinib
[15], which in 2012 was launched on the market 8C&-ABL inhibitor in the treatment of
chronic myelocytic leukemia (CML). The MRC (Medidaésearch Council) technology team
has describedPfPK7 [16] andPfCDPK1 [17,18] inhibitors as being potential antiarél
agents. More recently, diarylimidazo[1,2-b]pyridaes have been identified and evaluated for
antiplasmodial activity [19] (Figure 1).

(Figurel)
Alzheimer’s disease (AD) is a neurodegenerativeatie responsible for the most common
form of dementia. It is characterized by extradeHaccumulation of amyloid plaque A
and intracellular deposition of neurofibrillary glas (NFTs). NFTs mainly result from the
aggregation of hyperphosphorylated microtubule-@ased Tau protein. Aberrant
hyperphosphorylation of Tau induces decreased muioude binding, causing loss of function
and aggregation. CLK1 [4] and DYRK1A [20] have beshown to be involved in
neurodegenerative disease, particularly AD. ManyKCGind DYRK inhibitors have been
described over the last few years, including haeniifGO03 [21] and Indy [22], leucettines
[23,24], quinazolines [25-27], KH-CB19 [3], merio§ [28], meridianins [29],
imidazopyridazines [30], and most recently, fure-tlieno[3,2-d]pyrimidin-4-amines [31]
derived from harmine. We describe the synthesatexiy and biological evaluation of a new
series of disubstituted imidazo[1,2-b]pyridazinaibitors of CLKs and DYRKSs. The aim of
this work is first to identify new mixed inhibitorsf DYRK1A and CLKs, which could be
further evaluated in cell and animal AD models.e&@d objective is to identify inhibitors of
orthologous parasitic kinases which could be use&futhe treatment ot.eishmaniaand

Plasmodiumnfections.
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2. Resultsand discussion
2.1. Chemistry
A large group of disubstituted imidazo[1,2-b]pyadses was synthesized, following routes
A, B, or C, as depicted in Scheme 1. The synths&tseédegy developed provides access to a
broad family of disubstituted imidazo[1,2-b]pyridiags. 6-Chloroimidazo[1,2-b]pyridazirie
was obtained by the cyclisation of 3-amino-6-chpyridazine and chloroacetaldehyde at
reflux in butanol [8], followed by bromination by-bromosuccinimide in CHGJ which
yielded4. A Suzuki cross-coupling reaction at the C-3 posiand nucleophilic substitution
[32] at C-6 yielded the desired compounds. The ataming can also be introduced by direct
arylation on 6-chloroimidazo[1,2-b]pyridazine [3@pute B). An alternative is to introduce
the amine at C-6 and then carry out the Suzukitimaor direct arylation. This route C
synthesis allows the introduction of more sensity@ups. (Scheme 1l)indoles were
introducedvia route A at position C-3 by a Suzuki reaction, mffldH protection by Boc.
Nucleophilic substitution at position C-6 was theanried out from §-2-amino-1-butanol in
EtOH. Methoxy and sulfonyl groups were obtainechhgleophilic substitution, starting from
5-6. Pyridines were then introduced at the C-3 pasit®Chloro-3-(3-pyridyl)imidazo[1,2-
b]pyridazine6e was prepared using route A in a 66% yield. (Schémd&he carbamat&4
was synthesized using route C, the ethyl carbarfeiteg introduced od by a Buchwald
reaction, which affordeda. Bromination of7a yielded8a, which eventually ledo 14 after a
Suzuki coupling reaction (Scheme Zhe acetanilide derivativés was prepared by reacting

6h with 3-aminoacetanilide under Buchwald conditioBsl{eme 3).
(Scheme 2 and 3)

Several pyrimidines were obtained through CH-aigtaof 6-chloroimidazo[1,2-b]pyridazine
1, using the the S-methyl derivativ28. (Scheme 4). Oxidation of the S-methyl group
provided a mixture of the corresponding sulfone anfoxide. Indirect amination of the
sulfones 10d and 21g was performed by 2,4-dimethoxybenzylamine followsg acidic
removal of the dimethoxybenzyl protective groupmifarly, the oxidation step was also
achieved withl1o bearing the aminobutanol group and wifle substituted by OCkFinally,
indirect amination of the pyrimidine yieldddr and?21i.
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(Scheme 4)

3-Formylphenyl was linked with an excellent yieD%o) on position 3 08. Imine 20a was
the main product obtained from aldehy@® and R)-2-amino-1-butanol (Scheme 7). An
alternative route to imines presented in schemave @ccess to acid and imine derivatives in
three steps, starting from 6-chloro-3-bromoimidaza{b]pyridazine. We used the same
procedure for a C-6 position for compourids, but we used route A for chlorinén) and
methoxy @1j) groups. Amide synthesis was the last one we tisetbmplete substituent
optimization. The four possible stereoisom8&11x), SR11y), RR20c) and R§20d) were
prepared (Scheme 5). Several oximes suchlasvere synthesized from an aldehyde in the

presence of hydroxylamine and sodium acetate imanet.

(Schemes 5)
2.2.Evaluation against kinases.

Our studies originated from testing the biologiaativity of productA (Figure 1). Among
several others, this compound was prepared initheoaidentifying new DYRK and CLK
inhibitors. We therefore decided to analyze thracstire-activity relationship (SAR) of this
class of molecules, particularly by introducingaaomatic ring at the C-3 position. Leucettine
L41 was used as a reference compound in the eiauat DYRK/CLK inhibitors. In the
context of this article, I§3values obtained with mammalian kinases were inraecwe with
those reported in a previous paper [24fol@lues of Leucettine L41 on unicellular parasite

DYRK/CLK homologs are shown in table 13, which éklad in the supplementary material

The indole series revealed a slight inhibition prefce for CLKs and DYRKs (Table 1). Two
derivatives displaying an kgof less than 0.1 pM, were obtained, with substingion the
indole C-5 position (0.092 pM fo22b against CLK4 and 0.098 pM fotla against
LADYRK1B). With the substituted indole in position Z2{11b), activity is increased for
CLKs/DYRKSs, but a bromine atom in compoufidic decreased the activity (Table 1). The
introduction of a 3-pyridyl group at the 3-positited to rather potent inhibitors of CLKs as
soon as an amino-alcohol was in position 6 (0.08Bfpr 11d against CLK4 and 0.090 puM
for 12 against CLK4). (Table 2).

The optimization was pursued by introducing antetyde and a trifluromethylphenyl group.
Comparing the various C-6 substituen®;Z-amino-1-butanolle (ICso CLK1 = 0.12 uM)
appeared to be the most active (Table 3). 4-Tnilowethylbenzene derivativd®a, 21c, and

6
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11f synthesized using route B displayed decreaseditgcéind elongation of the ring, further

decreasing the activity, but increasing selectitatyards CLK1 and CLK4. (Table 3).
(Table3)

The trifluoromethyl group was replaced in the sgmosition by chlorine, the most active
compound against CLKs and DYRKS, is substitutechimyno alcohol (compountilh, table
4). In order to increase activity and selectivilyards mammalian kinases, the C-6 position

was modulated with heterocyclic aromatic and hetgriic aliphatic amine substitutions.
(Table4)

N-(3-Aminophenyl)acetamide derivatively) and 2-piperazin-1-ylethanol derivativa6]f
displayed good inhibitory activity against CLK1 §fCvalues of 86 nM and 84 nM,
respectively). Compountb also inhibitedPfCLK1 (ICso =78 nM) (Table 4).

Converting the aminel(i) to an acetamidellk) led to increased activity toward CLKs and
DYRKs as well as toward CDK1. Compoufik inhibited CLK1, CLK2, CLK4, DYRK1A,
DYRK1B, DYRK2, and CDK1, with IGyvalues of less than 100 nM (Table 5).

Compoundllm was more active than compouhti on CLK1, CLK2, CLK4, DYRK1A, and
DYRK2 (Table 6).

In general, compared to phenyl, the pyrimidineseness active. Pyrimidine appeared not to
be the most efficient aryl substitution. Compodic (Table 6) was 10-fold more active than
11q the product (Table 7) on CLK1 and DYRK1A (Table 7).

(Tables5, 6, and 7)
The formyl-containing derivativélu showed good inhibitory activity against CLK1 (4
CLK4 (41 nM), DYRK1A (79 nM), DYRK1B (53 nM), and ¥RK2 (63 nM). Next, chlorine
was replaced by fluorine to compare inhibitory \ates and to observe the increased
reactivity of fluorine over chlorine in nucleopluilsubstitution. Comparison of compouris
and 6m (Table 8) revealed decreased inhibitory activitypingt CDK5, DYRK1A, and
DYRK2 for the fluorine derivative, but its inhibitp activity was maintained for CLKs and
CK1.
Derivative20a selectively inhibited CLK1, CLK4, and DYRK1A withlaw ICs,. Among all

the compounds tested0a seems to be the most potent; we therefore symduebsis isomer
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(S)-2-amino-1-butanol via route C. Compoutis revealed activity, particularly against the
CLK and DYRK families, but it also inhibited CDKhd CDK2

The Sisomer of amino alcohdllw was more active than isomerZR4) against CLK1 and
CLK4, but less active against DYRK1A. Compou2@h also inhibitedPfCLK1 (32 nM),

whereas compountiiw was 10-fold less active.

Among all the products described here, compdlivdwas the most active against CLK1 (23
nM) and CLK4 (25 nM). DYRK1A was inhibited at 33 nby compoundlj. It is interesting
to observe the differences in activity of compouddle and20a (Table 9) All formamides

were found to be less active than the imine anasdtiable 10).

(Tables9 and 10)

2.3. Cytotoxicity

Because these derivatives are intended to be usdlei treatment of neurodegenerative

diseases, it is important that they not be cytao&il compounds were tested on the SH-

SY5Y human neuroblastoma cell-line in a cell-suaViassay. The results showed that no
compound was cytotoxic at 1uM and 10uM.

Since many kinases are involved in proliferation,may be estimated that the present
compounds are not potent inhibitors of other kisasead may therefore be considered rather
selective inhibitors of the kinases under studge(Supplementary Material, Table 12).

2.4. Antiparasitic activities

Finally, in respect to the tests on parasitic kisagthe compounds were assayed agéainst
amazonensis Several compounds were able to reduce parasitiéepation, but at the rather
high concentration of 10 uM (Table 11).

(Table 11)

3. Conclusion
In conclusion, based on the imidazo[1,2-b]pyridazscaffold, we have identified and
optimized novel CLK1 and DYRKI1A inhibitors, and laestablished a detailed SAR.
Investigation of aryl groups at the C-3 positiod les to the finding that the imine group is the
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most active substituent. A large number of subestitst were explored, compouriZfa
representing the most selective compound again®1Cand DYRKI1A, but also against
PfCLK1. Since parasite kinases have recently beemwrsito be potential targets for anti-
microbial chemotherapy, we also carried out enzigrassays with our compounds, using
recombinant or purified kinases from various pro&zincludingT. brucej T. cruzj T.
gondii, C. parvum G. lamblig L. donovaniandL. major. Furthermore, the compounds were
also assessed for anti-leishmanial activity, usigviability assay withLeishmania
amazonensisparasites and a phenotypic HCA with intra-macrophggprasites. Our
derivatives showed much less inhibitory activityaegt Leishmaniaand Trypanosoma
parasite kinases. Alternatively, the oxime derwedi2lj and 11v showed significant
inhibitory activity against mammalian CLK1 and DYRK. Moreover, cell-survival
evaluation showed no cytotoxicity, at least in aimelastoma cell line. Finally, several
compounds were found to be highly potent agailnstdonovanikinases. However, no
correlation was found between this enzymatic irtbilyi activity and the effect obeishmania
survival.In fine, the imidazo[1,2-b]pyridazine scaffold presentside potential for future use
in vivo evaluation. The co-crystal structure determinatdriilv with several kinases, as
previously described in the case of leucettine [24], should be undertaken. These results

will guide future design in this family of imidazbp-b]pyridazines
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4. Experimental
4.1. Buffers and chemicals
Buffer A 10 mM MgCp, 1 mM EGTA (MW 380.4), 1 mM dithiothreitol (DTTMW 154.2),
25 mMTris/HCI (MW 121.1) and 50 pg/mL heparin.
Buffer C 60 mM 3-glycerophosphate, 30 nvhitrophenylphosphate, 25 mM MOPS, 5 mM
EGTA, 15 mM MgC}, 1 mM DTT and 0.1 mM sodium vanadate.
All chemicals were purchased from Sigma, unlessretise stated; the protease inhibitor
cocktail was obtained from Roche.
4.2. Protein kinase assays
Kinase activities were assayed in buffer A or G@t°C at a final ATP concentration of 15
pmol/L. Blank values were subtracted and actividegressed in percent of maximal activity,
i.e., in the absence of inhibitors. Controls weaagied out with appropriate DMSO dilutions.
The GS-1, CKS, CDK7/9 tide, and RS peptide suletratere obtained from Proteogenix
(Oberhausbergen, France).
CDK1/cyclin B (M phase starfish oocytes, nativeRK2/cyclin A and_CDK5/p25 (human,

recombinant) were prepared as previously desci®&d Their kinase activity was assayed in
buffer A with 1 mg histone H1/mL, in the presendel® pmol/L [-33P] ATP (3,000
Ci/mmol; 10 mCi/mL) in a final volume of 30 pL. At 30 min incubation at 30 °C, the
reaction was stopped by harvesting onto P81 phagfintose supernatant (Whatman) using
a FilterMate harvester (Packard) and were washdddmhosphoric acid. Scintillation fluid
was added and the radioactivity measured in a Packaunter.

CDKS9/cyclin T(human, recombinant, expressed in insect cells) assayed as described for
CDK1/cyclin B, but using CDK7/9-tide (YSPTSPSYSPEMWSPTSPSKKKK) (8.1

pg/assay) as a substrate.

GSK-3(porcine brain, native) and PfGSKBIésmodium falciparuprecombinant, expressed
in E. coli as glutathione-S-transferase (GST) fusion protewes assayed as described for
CDK1 with 0.5 mg BSA /mL + 1 mM DTT and using a GSKspecific substrate (GS-1:
YRRAAVPPSPSLSRHSSPHQSpPEDEEE) (Sp stands for phoglatted serine) [33].

CK14/e (porcine brain, native) and LmCKLdishmania majgrrecombinant, expressed in
coli as HIS fusion proteins) was assayed as descrilvedD&1, but in buffer C, and using 25
UM CKS peptide (RRKHAAIGpSAYSITA), a CK1-specificlgstrate [33].

10
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DYRKI1A, 1B, 2, and ghuman recombinant, expressed i colias GST fusion proteins)

were purified by affinity chromatography on glutaiie-agarose and assayed as described for
CDKl/cyclin B with 0.5 mg BSA /mL + 1 mM DTT and ing Woodtide
(KKISGRLSPIMTEQ) (1.5pg/assay) as a substratesaloe of transcription factor FKHR.
CLK1, 2, 3, and 4mouse, recombinant, expressedeincoli as GST fusion proteins) were
assayed as described for CDK1/cyclin B with 0.5B%A /mL + 1 mM DTT and RS peptide
(GRSRSRSRSRSR) (1upg/assay) as a substrate.

Protozoan DYRKs and CLKsecombinant, expressed i coli) were assayed as described
for CDK1/cyclin B with 0.5 mg BSA /mL + 1 mM DTT @nWoodtide or RS peptide for
DYRKSs or CLKs isoforms.

4.3. Production and purification of the parasitin&ses

The parasitic kinase genes (Table 13) were optinfoe expression irk. coli, synthesized
and cloned in pGEX-6P-1 (GE Healthcare) with theetyl restriction enzymeBamHI and
Xhol for glutathione S-transferase (GST) fusion atNkerminus (GenScript).

The plasmids were transformed into chemically caemteE. coli BL21(DE3), which were
grown overnight at 37°C in 2xYT medium containing0jug/mL ampicillin. These cultures
were used to inoculate 1 L volumes of 2xYT mediwonfaining 10Qug/mL ampicillin) in

5L flasks. The cultures were allowed to grow at’@7before the temperature was decreased
to 18 °C. At an optical density (OD600) of abou0,lprotein expression was induced
overnight at 18°C with 0.1 mM isopropgtD-thiogalactopyranoside (IPTG). The bacteria
were harvested by centrifugation and frozen at’@0

Cells were resuspended in lysis buffer (PBS pH 1%4,NP40, 1 mM DTT, 1 mM EDTA, 1
mM PMSF) in the presence of protease inhibitor taitkRoche), and lysozyme was added to
1 mg/mL and incubated for 1h at 4 °C with gentléaipn. Cells were then sonicated on ice
before MgC} (6 mM) and benzonase (Novagen, 25 U/mL) were addedegrade nucleic
acids and decrease sample viscosity. After cegaifon at 4 °C, the soluble fraction was
collected and proteins were bound to glutathion8H{zsepharose 4B beads (GE Healthcare).
Beads were washed three times with lysis buffer @mze with buffer C (25 mM MOPS pH
7.0, 60 mM-glycerophosphate, 15 mM p-nitrophenylphosphate,nid EGTA, 15 mM
MgCl,, 2 mM DTT, 1 mM sodium vanadate). Proteins wetgesl with elution buffer (buffer
C containing 30 mM reduced GSH, 15% glycerol, aHdgjusted to 8.5).

4.4. Cell culture conditions; cell-survival quaintgtion

11
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SH-SY5Y cells were grown in DMEM medium from Inagen (Cergy-Pontoise, France).
All media were supplemented with antibiotics (pdhicstreptomycin) from Lonza and 10%
volume of fetal calf serum from In vitrogen. Celere cultured at 37 °C with 5% G(Drug
treatments were carried out on exponentially grovadultures at the indicated concentrations.
Control experiments were also carried out, usingr@priate dilutions of DMSO (maximum
1% DMSO). Cell Titer 98 containing the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenylidzZetrazolium (MTS) reagent was purchased
from Promega (Madison, WI, USA). Cell viability wadetermined by measuring the
reduction of MTS as described [34].

4.5. Antileishmanial activity

4.5.1. Parasites

L. amazonensistrain LV79 (MPRO/BR/1972/M1841) expressing the hay fluorescent
reporter was propagated in Swiss nu/nu mice. Agatss were isolated from mouse lesions
and used for HCA. Promastigotes were differentidtedh lesion-derived amastigotes and
grown in M199 medium at 26 °C for use in dye regucassay to assess compound toxicity

on host cell-free parasites [35].
4.5.2. Viability assay on host cell-freeishmania

An enzymatic assay which incorporates a REDOX mic (resazurin), which fluoresces in
response to cellular metabolic reduction (resojunvas used to quantify the toxic effect of
selected compounds @n amazonensipromastigotes in axenic conditions. Compounds were

tested at three final concentrations (20, 4, aBdu®4) in quadruplicate.

Supporting infor mation,

1. Supplementary material 1. Experimental proceduoeshe synthesis of all compounds.
Table 12: cell survival after treatment by prepacethpounds. Table 13: Inhibition of
parasitic kinases by Leucettine L41. Table 14:. §lacakinase genes used for the
expression of tested kinases.

2. Supplementary material 2 and'BL NMR, **C NMR, and MS spectra.
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Table 11. Anti-leishmanial activity on promastigotes. A miniezed dye reduction assay
(resazurin-based assay) was used to estimate ifenkenicidal activity of each compound.
Three compound concentrations (20, 4, and 0.8 ubktewested in quadruplicate for three
days on promastigotes. Following subtraction of mhean background fluorescence value
from the medium controls, data were expressed apeof inhibition (PIl) as compared to
untreated parasite culture wells. The mean +/-dstahdeviation is shown for every tested

compound. Pl above 30% and 75% are highlighteaid &nd underlined, respectively.

Figure 1. The imidazo[1,2-b]pyridazine scaffold: select@abise inhibitorand initial hit A.

Scheme 1. General synthetic strategy, C3, C6-disubstitutediazo[1,2-b]pyridazines. Reagents and
conditions: (a) nBuOH, 18h, reflux, ii HO, NaOH; (b) NBS, CHGJ 8 h, 20 °C; (c) Boronic acid or
ester, Pd[P(6Hs)s]s, N&CO; (2 M), 1,4-dioxane, 100 °C; (d) 2-amino-1-butanb§0-180 °C; (e)
Pd(OAc), xantphosi-BuOK, H,O, 1,4-dioxane, 100 °C, 48 h; (f) NaOMe, MeOH, 48dflux; (g)
NaSMe, DMSO, r.t or 40 °C, 2 h; (h) Aryl/heterdanalide, Pd(OAGg), P(GHs)s, K,CO;, toluene,
110 °C; (i) KF, DMSO/toluene, 170 °C, 6 h.

Scheme 2. Reagents and conditions: (a) Ethyloxycarbamagaminoacetanilide, Pd(OAg)
xantphost-BuOK, H,0, 1,4-dioxane, 100 °C, 24 h, 27%; (b) NBS, CHCO0 °C, 4 h, 100%; (c) 3-
Chlorophenylboronic pinacol ester, PA[PE@HNa&CO; (2 M), 1,4-dioxane, 100 °C.
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Scheme 3. Reagents and conditions: (a) Acetic anhydride, DMEBEN, DCM, 20 °C, 2 h; (b)9-2-
Amino-1-butanol, 160 °C, 7 h; (b’§-2-Amino-1-butanol,180 °C, 7 h; (a’) Acetic anhigly, DMAP,
Et:N, DCM, r.t, 2 h.

Scheme 4. Reagents and conditianga) TMSBr, CHCN, 40 °C, 27 h; (b) 6-Chloro-imidazo[1,2-
b]pyridazine, Pd(OAg) PPh, K,CGQ;, toluene, 2 days, 110 °C, 38%; (@CPBA, DCM, r.t; (d)
MeONa, MeOH, 6 h, 80 °C; (epf-2-Amino-1-butanol, 170 °C, 4 h. (f) 2,4-Dimethdsenzylamine 3
Eq. 1,4-dioxane, 8 h, reflux; (g) TFA, DCM, 20 °C.

Scheme 5. Reagents and conditions : (&) r (9-2-Amino-1-butanol, 8 h, 180 °C; (c) Ethyl
3-bromobenzoate, Pd(OA¢P(GHs)s, K.CO;3, toluene, 8 h, 110 °C, 10 %; (c) i: NaOH (1N),
THF/EtOH, ii: HCI (1N), HO, 28%; (d) 3-Formylphenylboronic acid, Pd[BE)s]4,
NaCO; (2 M), 1,4-dioxane, 12 h, 100 °C. (ep+-Amino-1-butanol 2.5 Eq., 3 days 20 to 60
°C. (f) (Sor R)-2-Amino-1-butanol, DCC/HOBt, BN, THF/DCM, 20 °C, 24 h. (g)]Jor R)-
2-Amino-1-butanol, DCC/HOBt, BN, THF/DCM, 20 °C, 24 h; (b)§ or R)-2-Amino-1-
butanol, 180 °C, 12 h; (H{F, DMSO/Toluene, 8 h, 180 °C; (JH,OH.HCI, NaOAc 1.1 Eq,
MeOH-H,O 10%, 20 °C, 16 h.
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Table 1. Kinase inhibition values : &2 in uM for indole derivatives. Leucettine L41 was

used as reference compouhd.

Cl

f\FN
\N/N /

NN
oS Y
] ;Nj/
H

=

_N
s ¢ H
ég, g

H

Br

Compd 6a 2la 22b 11a 11b 11c
CDK1 4.1 4.3 2.7 2.7 1.8 1.7
CDK2 59 >10 9.1 41 4.1 9.1
CDK5 6.7 51 4.2 3.1 1.2 8.3
CDK?9 5 3.1 2 2.8 1.1 0.22

CK1 2.8 1.2 1.2 5 21 10
CLK1 0.13 0.22 0.13 0.27 0.11 1.2
CLK2 1 0.71 0.22 2.2 0.38 1.9
CLK3 5.2 3.1 5.8 21 24 10
CLK4 0.12 0.18 0.092 0.21 0.12 1
DYRK1A 24 0.47 0.58 0.35 0.34 0.71
DYRK1B 1.2 1.2 1.4 0.96 0.22 21
DYRK?2 0.61 0.32 0.44 0.38 0.21 1.2
DYRK3 4.7 0.91 1.2 1.8 0.12 0.61
GSK-3 5.6 4.3 >10 2.7 2.3 10
LdDYRK1B 1.8 1.2 3.1 0.098 0.15 0.13
LIDYRK3 >10 9.2 >10 >10 10 10
LdDYRK4 >10 >10 >10 >10 10 10
TbhCLK1 >10 >10 >10 >10 10 10
TcCLK1 >10 >10 >10 >10 10 10
CpCLK1 1.2 2.7 4.2 3.1 10 10
GICLK 5.9 5.2 8.1 1.1 21 2.9
TgCLK 2.8 4.1 4.1 4.1 10 10
LmDYRK?2 4 5 >10 3.9 4.1 10
LmCLK >10 >10 >10 10 10 10
PfCLK1 1.6 1.3 0.9 2.2 2.2 10

#1Cs values were estimated from dose-response curekararshown in M. >10, less than

50% inhibition at 10 pM.

P Leucettine L41 [24] DYRK1A: 1§ = 0.040 pM; CLK1: I1Go = 0.090 uM (See also table

the table in supplementary material.



Table 2. Kinase inhibition values: I1&%in pM for pyridine derivatives.

Compd
6e 11d 12 13

CDK1 >10 3 2.3 >10
CDK2 71 3.4 3.2 >10
CDK5 4.7 1.7 1.4 >10
CDK9 >10 21 1.2 >10
CK1 4.1 5.1 1.2 >10
CLK1 0.89 0.19 0.18 >10
CLK2 4.1 0.71 0.59 >10
CLK3 42 3.9 3.3 >10
CLK4 0.4 0.059 0.09 >10
DYRK1A 13 0.87 0.39 >10
DYRK1B 20 0.51 0.13 >10
DYRK2 11 0.6 0.19 >10
DYRK3 16 0.95 0.32 >10
GSK-3 51 3 5.1 >10
LdDYRK1B >10 0.69 0.39 >10
LADYRK3 >10 >10 >10 >10
LdDYRK4 >10 >10 >10 >10
TbCLK1 >10 >10 >10 >10
TcCLK1 >10 >10 >10 >10
CpCLK1 >10 2.2 3.8 >10
GICLK >10 0.71 4.2 >10
TgCLK >10 4.9 5.2 >10
LmDYRK2 >10 5.7 6.5 >10
LmCLK >10 >10 >10 >10
PfCLK1 >10 3 1.3 >10

#1Cs values were estimated from dose-response cunekararshown in pM >10, less than
50% inhibition at 10 pM.



Table 9. Kinase inhibition valuesiCsg in M for imine and oxime derivatives.

/K\FN
X N /
R N
NN ,N~oH
NN )
Ho X
Sy % % v
N oH

— 7 .
H,,‘ N__ ~OH o \C H\N’/

OH

7
R Cl OMe Hl
OH
Compd 11w 20a 6n 21 11v
CDK1 0.59 5.3 >10 11 0.71
CDK2 1.2 5.9 >10 2.8 14
CDK5 0.59 >10 >10 1.8 1
CDK9 0.9 1.3 >10 2.2 2
CK1 2.7 0.19 0.12 0.25 2.1
CLK1 0.066 0.082 0.12 0.25 0.023
CLK2 0.16 0.16 0.13 0.059 0.052
CLK3 1.9 23 0.62 0.31 14
CLK4 0.042 0.044 >10 2.2 0.025
DYRK1A 0.12 0.05 0.078  0.033 0.11
DYRK1B 0.11 0.11 0.68 0.17 0.08
DYRK2 0.5 0.38 0.73 0.17 0.39
DYRK3 14 3.1 0.51 0.14 0.92
GSK-3 >10 3.2 >10 11 >10
LdDYRK1B 0.48 1 4.1 0.98 0.41
LdDYRK3 3.1 3.8 >10 6 3.3
LdADYRK4 >10 >10 >10 >10 >10
ThCLK1 >10 >10 >10 >10 >10
TcCLK1 >10 >10 >10 >10 >10
CpCLK1 1.8 0.46 2.2 15 1.2
GICLK 2.3 3 24 2.9 2
TgCLK 14 1.7 >10 6.3 0.73
LmDYRK?2 1.7 0.81 7.8 4.2 0.98
LmCLK >10 >10 >10 >10 >10
PfCLK1 0.37 0.032 0.83 11 0.31

% ICsp values were estimated from dose-response curwkaranshown in M. >10, less than
50% inhibition at 10 pM.



Table 3. Kinase inhibition values:

I&%in pM for halogens and GEerivatives

CFj3

=N

CF3

SN N NN
R Cl F OMe SMe H | Cl  OMe H | Cl  OMe H |
OH OH OH
Compd 6f 5a 21b 22c lle 10a 21c 11f 69 21d 11g
CDK1 7.5 >10 3.3 14 1.3 >10 5.1 1.7 >10 >10 >10
CDK2 45 >10 12 7.8 82 >10 5.1 5.3 >10 >10 >10
CDK5 4.7 >10 18 0.75 50 >10 >10 7.1 >10 >10 >10
CDK9 >10 >10 8.1 4 1.7 >10 >10 7.5 >10 >10 3.7
CK1 8.1 >10 10 5.9 >10 3.6 2.4 3.8 5.1 >10 >10
CLK1 0.58 2.8 0.79 0.33 0.12 2.7 11 0.18 0.59 0.51 0.79
CLK2 2.8 6.3 15 0.54 0.38 5.9 1.8 14 1.3 0.89 9.1
CLK3 >100 >10 12 12 39 8.8 >10 >10 >10 >10 >10
CLK4 0.57 15 0.61 0.23 0.17 2.1 0.98 0.18 0.32 0.22 104
DYRK1A 7.8 4.2 1.3 1 0.22 7.3 2.8 1.1 8.9 >10 >10
DYRK1B 0.82 >10 3.4 1.7 0.19 >10 3.6 11 7.1 >10 >10
DYRK?2 0.48 6.3 1.2 1.8 0.18 8.6 25 0.78 7.1 >10 >10
DYRK3 >10 >10 5.3 3 >100 >10 4.9 2.1 >10 >10 >10
GSK-3 >100 >10 22 12 91 >10 >10 >10 >10 >10 >10
LADYRK1B 2.1 >10 2.2 4.1 1.2 >10 3.1 0.42 >10 >10 >10
LADYRK3 >10 >10 >10 >10 >10 >10 >10 >10 >10 6.4 2.2
LdDYRK4 >10 >10 >10 >10 >10 >10 >10 >10 >10 >10 >10
ThCLK1 >10 >10 >10 >10 >10 >10 >10 >10 >10 >10 >10
TcCLK1 >10 >10 >10 >10 >10 >10 >10 >10 >10 >10 >10
CpCLK1 >10 >10 >10 3 2.3 >10 >10 >10 >10 >10 >10
GICLK >10 >10 >10 >10 >10 >10 >10 3.9 >10 >10 >10
TgCLK >10 >10 >10 2 >10 >10 >10 >10 >10 >10 >10
LmDYRK2 >10 >10 >10 7.1 >10 >10 7.8 >10 >10 >10 >10
LmCLK >10 >10 >10 >10 >10 >10 >10 >10 >10 >10 >10
PfCLK1 8 >10 >10 29 8.6 4.5 4.5 3.9 7 >10 >10

1Csp values were estimated from dose-response cureeararshown in uM. >10, less than
50% inhibition at 10 pM.



Table 4. Kinase inhibition values: 1§ in uM for chlorine derivatives.

ZN=
e
Cl
(o}
I et O oy
R Cl H ’(l) ] /\O)J\H,,, @\N HOJ/ ON
H
Compd 6h 11h 14 15 16 17
CDK1 6.7 1.1 >10 0.89 8.2 >10
CDK2 10 >10 >10 4 >10 >10
CDK5 6.8 0.61 >10 0.39 >10 >10
CDK9 4.8 0.22 >10 2.1 1 0.62
CK1 6.7 1.1 >10 >10 0.9 0.4
CLK1 0.23 0.048 0.63 0.086 0.084 1.8
CLK2 21 0.22 1.2 0.13 1.2 1.9
CLK3 >10 >10 >10 1.8 >10 >10
CLK4 0.15 0.043 0.52 0.1 0.51 0.8
DYRK1A 1.4 0.075 0.42 0.11 0.51 2.8
DYRK1B 1.7 0.051 1.1 0.18 0.52 3.6
DYRK2 1.3 0.05 1.6 0.11 0.44 3.2
DYRKS3 3 0.081 7.1 5.3 0.43 1.1
GSK-3 >10 >10 >10 >10 >10 >10
LADYRK1B 6.2 0.19 >10 0.59 1.8 >10
LdDYRK3 >10 >10 >10 >10 >10 >10
LADYRK4 >10 >10 >10 >10 >10 >10
TbhCLK1 >10 >10 >10 >10 >10 >10
TcCLK1 >10 >10 >10 >10 >10 >10
CpCLK1 51 6.1 >10 >10 >10 >10




GICLK >10 >10 >10 >10 >10 >10

TogCLK 7.1 >10 >10 >10 >10 >10
LmDYRK?2 8.3 >10 >10 0.5 8.9 >10
LmCLK >10 >10 >10 >10 >10 >10
PfCLK1 3.4 1.2 >10 0.078 1.2 4.1

%Csxo values were estimated from dose-response cundgs@nshown in uM. >10, less than
50% inhibition at 10 pM.



Table 5. Kinase inhibition values I§" in uM) for amino and acetamido derivatives.

S XN e
N / S / p:
N
R N~ R™ N7 NH, 5 \N/
Q
j .
N
cl N

AN AN s /ﬁ\ ) /U\N/H
9 ey . H| ﬁ QL
Compd 6i 11i 6] 11 11k 18 19
CDK1 >10 6.1 51 3.2 0.071 0.52 0.17
CDK?2 41 7.1 61 22 0.41 1.3 0.58
CDK5 29 3.8 71 17 0.19 11 0.22
CDK9 7.3 3.8 >10 3.4 0.8 35 2.1
CK1 >10 >10 >10 >10 1.8 >10 >10
CLK1 0.38 0.57 1 1.2 0.028 0.038 0.061
CLK2 19 1.4 3.9 3 0.028 0.18 0.03
CLK3 19 6.1 43 2.8 0.28 8.2 1.8
CLK4 0.12 0.44 0.54 13 0.027 0.04 0.065
DYRK 1A 9.4 25 14 11 0.039 0.19 0.063
DYRK 1B 9.1 1.8 28 13 0.038 0.13 0.032
DYRK?2 7 1.9 19 21 0.043 0.12 0.04
DYRK3 15 51 41 17 0.11 0.93 0.52
GSK-3 61 41 69 65 5.2 >10 5.2
LdDYRK 1B 8.9 2.8 >10 >10 0.11 2.2 0.69
LdADYRK3 >10 >10 >10 >10 1.1 >10 7
LdDYRK4 >10 >10 >10 >10 >10 >10 >10
TbCLK1 >10 >10 >10 >10 >10 >10 >10
TcCLK1 >10 >10 >10 >10 >10 >10 3.9
CpCLK1 >10 >10 >10 >10 3 >10 8.2
GICLK >10 >10 >10 >10 1.1 >10 4.4
TgCLK >10 >10 >10 >10 >10 >10 6.1
LmDYRK?2 >10 >10 >10 >10 3.3 3 3.2
LmCLK >10 >10 >10 >10 >10 >10 >10
PfCLK1 >10 >10 >10 >10 3.2 3.1 2.1

% ICsp values were estimated from dose-response curwearanshown in pM. >10, less than
50% inhibition at 10 pM.



Table 6. Kinase inhibition values I§" in uM for compound.1m, 11n and11o.

=N NN f\FN
N e 4 A Xy % Y \N/Né
é D ¢ X
H (LH s H } s// (LH N\_ s

o J

[e]

Compd 11l 11m 11n
CDK1 0.51 0.27 0.8
CDK2 11 0.39 2.2
CDK5 0.82 0.89 0.59
CDK9 0.32 1.1 0.6
CK1 0.61 >10 0.088
CLK1 0.081 0.041 0.15
CLK2 0.18 0.047 0.52
CLK3 2.5 0.37 4.7
CLK4 0.1 0.048 0.042
DYRK1A 0.12 0.093 0.47
DYRK1B 0.09 0.14 0.41
DYRK2 0.12 0.082 0.6
DYRK3 1.3 2.1 1.7
GSK-3 >10 >10 >10
LdDYRK 1B 0.42 1.6 0.88
LADYRKS3 0.42 3.3 >10
LdDYRK4 >10 >10 >10
TbCLK1 >10 >10 >10
TcCLK1 >10 >10 >10

CpCLK 1 >10 41 3.3




GICLK >10 2.1 2.8

TogCLK >10 3.2 51
LmDYRK?2 2.2 2.2 5.2
LmCLK >10 >10 >10
PfCLK1 0.22 0.21 1.4

4Csxp values were estimated from dose-response cureeararshown in uM. >10, less than
50% inhibition at 10 pM.



Table 7. Kinase inhibition values I&” in uM for pyrimidine derivatives.

°© > N~
=N H’ -
\ ”/)\R Cl)H \ h/)\R
R SMe SOMe NH, SMe SOMe SOMe NH,
Compd 21e 21f 21i 110 11p 11q 11r
CDK1 >10 >10 7.9 2.8 >10 >10 4.1
CDK2 >10 >10 >10 4 >10 >10 5.1
CDK5 >10 >10 >10 2.2 >10 >10 51
CDK9 >10 >10 5.6 >10 >10 >10 2.2
CK1 >10 >10 1.6 >10 >10 >10 1.2
CLK1 1.2 5.5 1.2 0.81 0.91 0.51 0.25
CLK2 1.8 8.2 1.3 0.69 1.6 0.81 1.1
CLK3 >10 >10 >10 >10 >10 6.9 7.8
CLK4 0.38 1.8 0.31 0.31 0.29 0.2 0.13
DYRK1A 0.93 51 1.5 1.7 4.4 1.8 3.2
DYRK1B >10 >10 3.8 1.1 35 1.9 2.2
DYRK2 1.2 >10 1.4 >10 >10 10 0.4
DYRK3 7.9 >10 2.3 >10 >10 >10 0.32
GSK-3 >10 >10 >10 >10 >10 >10 4.1
LdDYRK1B >10 >10 >10 >10 >10 >10 6
LADYRKS3 >10 >10 >10 >10 >10 >10 >10

LdDYRK4 >10 >10 >10 >10 >10 >10 >10




TbCLK1 >10 >10 >10 >10 >10 >10 >10

TcCLK1 >10 >10 >10 >10 >10 >10 >10
CpCLK1 >10 >10 >10 >10 >10 >10 2.3
GICLK >10 >10 >10 >10 >10 >10 >10
TgCLK >10 >10 >10 >10 >10 >10 >10
LMDYRK2 >10 >10 >10 >10 >10 >10 3.7
LmCLK >10 >10 >10 >10 >10 >10 >10
PfCLK1 >10 >10 >10 >10 >10 >10 3.1

2 ICso values were estimated from dose-response cundgsr@anshown in uM >10, less than
50% inhibition at 10 pM.



Table 8. Kinase inhibition values: & in uM for aldehyde, acid and ester derivatives.

=N
o . ]
OH OH
0

H

/
Ao S

R Cl F Hl
OH
Compd 6m 5b 11u 11t 11s
CDK1 7.9 >10 0.76 >10 0.36
CDK?2 >10 >10 >10 >10 0.68
CDK5 0.82 >10 0.48 >10 1.1
CDK9 7.6 >10 0.58 >10 1.1
CK1 0.61 0.7 1.2 >10 0.82
CLK1 0.31 1.8 0.041 0.69 0.057
CLK2 1.6 3.9 0.22 1.2 0.032
CLK3 >10 >10 2.9 >10 0.82
CLK4 0.19 0.58 0.041 0.32 0.037
DYRK1A 0.65 3.1 0.079 1.6 0.057
DYRK 1B 2.1 4.1 0.053 1.2 0.037
DYRK?2 0.82 3 0.063 1.6 0.048
DYRK3 1.7 >10 0.46 6.6 0.11
GSK-3 >10 >10 5.9 >10 >10
LADYRK 1B 7.3 >10 0.43 21 0.13
LADYRK3 >10 >10 4.8 >10 13
LdDYRKA4 >10 >10 >10 >10 >10
ThCLK1 >10 >10 >10 >10 >10
TcCLK1 >10 >10 >10 >10 >10
CpCLK1 >10 >10 1 8.8 0.88
GICLK >10 >10 1.6 >10 0.75
TgCLK >10 >10 2.8 19 0.98
LmDYRK2 >10 >10 1.3 5.3 0.52
LmCLK >10 >10 >10 >10 >10
PfCLK1 2.4 >10 0.32 2.1 0.19




% 1Cs values were estimated from dose-response cuneesranshown in uM. >10, less than

50% inhibition at 10 pM.



Table 10. Kinase inhibition values: & in uM for amide derivatives.

cr @5
R \N/N / R \N/N Y
O O
H’N

SOH N_ ~OH
H \\\
N S N Y’

R cl H ! r% cl H ! r%
(|3H OH (|>H OH

60 11x 20d 6p 11y 20c
CDK1 6.1 5.4 >10 >10 >10 >10
CDK2 >10 4.7 >10 >10 >10 >10
CDK5 >10 6.1 >10 >10 >10 >10
CDK9 >10 >10 >10 >10 >10 >10
CK1 6.1 >10 >10 >10 >10 >10
CLK1 0.23 0.21 1.2 0.62 0.9 2.1
CLK2 1.4 0.61 2.2 1.9 1.1 1.9
CLK3 >10 4.1 4.1 >10 6.8 6.1
CLK4 0.22 0.17 1.2 0.61 0.68 1.8
DYRK1A 2.1 14 2.1 9 7.9 2.2
DYRK1B 1.2 1.2 3.6 7.2 1.8 4.6
DYRK?2 3.1 25 3.9 8.2 4.5 7.2
DYRK3 1.9 8.1 3.9 10 >10 10
GSK-3 >10 >10 >10 >10 >10 >10
LdDYRK1B 8 4.1 6.9 6.1 7.9 81
LADYRK3 8.5 >10 >10 >10 >10 >10
LdADYRK4 >10 >10 >10 >10 >10 >10
ThCLK1 >10 >10 >10 >10 >10 >10
TcCLK1 >10 >10 >10 >10 >10 >10
CpCLK1 >10 8.7 9.3 >10 >10 >10
GICLK >10 >10 >10 >10 >10 >10
TgCLK >10 >10 >10 >10 >10 >10
LmDYRK2 >10 >10 >10 >10 >10 >10
LmCLK >10 >10 >10 >10 >10 >10
PfCLK 1 3.9 49 0.59 6.9 4.2 0.81

?1Cso values were estimated from dose-response cureeararshown in uM. >10, less than
50% inhibition at 10 pM.



Table 11. Anti-leishmanial activity on promastigotes. A minigzed dye reduction assay
(resazurin-based assay) was used to estimate iemignicidal activity of each compound
(PMID:11227767). Three compound concentrations @0and 0.8 pM) were tested in
guadruplicates for 3 days on promastigotes. Folignsubtraction of the mean background
fluorescence value from the medium controls dateevexpressed as Percent of Inhibition
(P1) as compared to untreated parasite cultureswéhe mean+/- standard deviation is shown
for every tested compound.

Cmpd 20 uM 4 uM 0.8 uM
Mean StDev MeanStDev Mean StDev
10a 22,4 2,8 -1.6 23 -0,7 20
1lla -13,1 7,8 3,1 27 -59 29
11b 74,3 3,1 283 22 -18 23
1lic 100,0 0,1 -47 0,9 54 11,2
11d 1,8 2,8 3,7 35 -70 3,6
1le 59,5 13,6 -48 80 -3,7 28
11f -16,3 5,8 -12,1 11 -35 15
11g 93,3 0,9 -8,3 59 4,6 4,7
11h -2,5 129 -235 20 -2,3 3,7
11i 12,0 6,4 6,8 20 -33 19
11] -37,0 3,4 5,0 24 -08 7,3
11k 2,9 7,3 208 14 -85 1,2
11l 86,5 3,7 -256 53 -76 1,1
11m -9,6 18,4 18,3 1,3 0,2 9,6
11n 21,5 4.7 351 2,6 3,5 1,8
110 39,6 7,5 249 15 -28 1,6
11p 15,2 52 14 38 55 11
11q 11,5 6,6 1,2 06 -49 1,3
11r 20,8 7,9 345 21 2,1 2,7
11s 84,7 3,8 -13,1 3,7 -95 23
11t 13,5 9,1 16,1 30 -81 25
11u -33,2 4,1 -4,3 4,0 0,0 7,3
11v 12,4 18,1 319 52 51 1,8
11w -17,0 23,0 266 38 -7,7 4,0
11x 9,4 6,5 3,2 31 -18 29
11y 98,8 0,1 -36,2 2,4 -10,7 1,3
12 -23,6 8,8 165 42 -25 26
13 3.4 2,9 -04 5,2 0,7 1,2
14 16,8 53 21,3 24 3,1 4,2
15 -11,9 0,9 -1,9 39 0,0 4.9
16 40,7 6,9 129 52 -56 53
17 99,8 0,1 16,5 164 -43 53
18 1,6 1,7 262 38 -13 8,1
19 17,8 3,5 325 51 52 52
20a -23,2 4,3 123 98 -1,3 28
20c 25,7 2,8 10,8 3,2 -95 51




20d

0,6 198 52 -12,35,3

2la -11,6 5,5 265 11 47 44
21b -9,0 2,8 128 19 29 51
21c 22,4 6,3 37 32 00 24
21d 37,2 6,8 165 6,1 06 456
2le 0,7 3,4 346 31 58 22
21f 13,7 5,8 16,7 09 -32 23
21i 4,2 8,7 62 88 -35 25
21 8,6 6,2 96 80 60 45
22b -24,2 4,2 269 39 27 7.8
22c -15,0 5,7 21 15 0,7 40

Roscovitine  -20,3 2,5 -3,8 43 -88 39

MRT2-08 19,2 4,3 o7 63 -87 10




Figure 1. Theimidazo[ 1,2-b]pyridazine scaffold: selected kinase inhibitors and initial hit A.
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Bendjeddou et al. imidazo[1,2-b]pyridazine kinagabitors

Scheme 1. General synthetic strategy, C3, C6-disubstituteidlazo[1,2-b]pyridazines. Reagents and
conditions: (a) nBuOH, 18h, reflux, ii HO, NaOH; (b) NBS, CHGJ 8 h, 20 °C; (c) boronic acid or
ester, Pd[P(EHs)3]s, N&CO; (2 M), 1,4-dioxane, 100 °C; (d) 2-amino-1-butand§0-180 °C; (e)
Pd(OAc), xantphosi-BuOK, HO, 1,4-dioxane, 100 °C, 48 h; (f) NaOMe, MeOH, 48dflux; (g)
NaSMe, DMSO, r.t or 40 °C, 2 h; (h) aryl/heteroarglide, Pd(OAG) P(GHs)s, K.CO;, toluene, 110
°C; (i) KF, DMSO/toluene, 170 °C, 6 h.
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Bendjeddou et al. imidazo[1,2-b]pyridazine kinaggbitors
ACCEPTED MANUSCRIPT




Scheme 2. Reagents and conditions: (a) Ethyloxycarbamaaminoacetanilide, Pd(OAg)
xantphost-BuOK, H0, 1,4-dioxane, 100 °C, 24 h, 27%; (b) NBS, C€0 °C, 4 h, 100%; (c) 3-
Chlorophenylboronic pinacol ester, Pd[P@HhNaCO; (2 M), 1,4-dioxane, 100 °C.
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Scheme 3. Reagents and conditions: (a) Acetic anhydride, DMBEN, DCM, 20 °C, 2 h; (b)9-2-
Amino-1-butanol, 160 °C, 7 h; (b’§-2-Amino-1-butanol,180 °C, 7 h; (a’) Acetic anhigly, DMAP,
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Scheme 4. Reagents and conditionga) TMSBr, CHCN, 40 °C, 27 h; (b) 6-Chloro-imidazo[1,2-
b]pyridazine, Pd(OAg) PPh, K,CG;, toluene, 2 days, 110 °C, 38%; (@CPBA, DCM, r.t; (d)
MeONa, MeOH, 6 h, 80 °C; (ep-2-Amino-1-butanol, 170 °C, 4 h. (f) 2,4-Dimethyizenzylamine,
1,4-dioxane, 8 h, reflux; (g) TFA, DCM, 20 °C.
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Scheme 5. Reagents and conditions : @)o( (S-2-Amino-1-butanol, 8 h, 180 °C; (c) Ethyl
3-bromobenzoate, Pd(OA¢P(GHs)s, KoCO;s, toluene, 8 h, 110 °C, 10 %; (c) i: NaOH (1N),
THF/EtOH, ii: HCI (1N), HO, 28%; (d) 3-Formylphenylboronic acid, Pd[RE)s]4,
NaCOs (2 M), 1,4-dioxane, 12 h, 100 °C. (ep-L-Amino-1-butanol 2.5 Eq., 3 days 20 to 60
°C. (f) (Sor R)-2-Amino-1-butanol, DCC/HOBt, BN, THF/DCM, 20 °C, 24 h. (g)]or R)-
2-Amino-1-butanol, DCC/HOBt, BN, THF/DCM, 20 °C, 24 h; (b)§ or R)-2-Amino-1-
butanol, 180 °C, 12 h; (K{F, DMSO/Toluene, 8 h, 180 °C; (NH,OH.HCI, NaOAc 1.1 Eq,
MeOH-H,O 10%, 20 °C, 16 h.
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Highlights

* A largevariety of imidazo[1,2-b]pyridazines were prepared.

* The prepared compounds were assayed against a panel of mammalian and protozoan
kinases.

» Severa molecules were found to be selective DY RK and CLK inhibitors.

» Degspite their potencies against the kinases studied, the compounds were not cytotoxic.



