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Plasmodium PIK & PKG Inhibitors
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Synopsis: One of the most potent compounds in cellular assays, 28, which also showed the
strongest dual inhibition of PI4K and PKG sits in the ATP-binding site of a PfPI4K homology
model. This strategy is sustainable because: 1) It paves a way for less costly and more
environmentally-friendly target-based optimization of the imidazopyridazine series; 2)

Targeting two kinases could give rise to antimalarials with less propensity for resistance.

ABSTRACT: Recent studies on 3,6-diphenylated imidazopyridazines have demonstrated
impressive in vitro activity and in vivo efficacy in mouse models of malaria infection. Herein,
we report the synthesis and antiplasmodium evaluation of a new series of amidated analogues
and demonstrate that these compounds potently inhibit Plasmodium phosphatidylinositol-4-
kinase (P14K) type IIIf while moderately inhibiting cyclic guanidine monophosphate (cGMP)-
dependent protein kinase (PKG) activity in vitro. Using in silico docking, we predict key
binding interactions for these analogues within the adenosine triphosphate (ATP)-binding site
of PI4K and PKG, paving the way for structure-based optimization of imidazopyridazines
targeting both Plasmodium PI4K and PKG. While several derivatives showed low nanomolar
antiplasmodium activity (ICso < 100 nM), parent compounds 1 and 2 as well as the piperazine
analogue 28 resulted in the strongest dual PI4K and PKG inhibition. The compounds also

demonstrated transmission-blocking potential, evident from their potent inhibition of early-



and late-stage gametocytes. Finally, the current compounds generally showed improved

aqueous solubility and reduced hERG (human ether-a-go-go-related gene) channel inhibition.

KEYWORDS: antiplasmodium, antimalarial, imidazopyridazines, malaria,

phosphatidylinositol-4-kinase (P14K), cGMP-dependent protein kinase (PKG)

There were 228 million malaria cases and 405,000 associated deaths in 2018 according
to estimates by the World Health Organization (WHO).! Of all malaria cases and deaths, 93
and 94% respectively occurred in the WHO African region. Children under the age of 5 years
are particularly prone to infection, illness and death accounting for 67% of all malaria deaths
reported in 2018 globally. There are currently five species of protozoan parasites of the genus
Plasmodium known to infect humans via the bites of infected female Anopheles mosquitoes.
These include P. falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi with the first two
being the deadliest.

Malaria control efforts have been undermined by the emergence of widespread resistance
to once effective treatment options such as chloroquine and sulfadoxine-pyrimethamine.?-
Even more concerning, in the Greater Mekong sub-region, 5 countries including Cambodia,
Lao People’s Democratic Republic, Myanmar, Thailand and Vietnam have reported emerging
resistance to artemisinins, the main ingredients in currently recommended artemisinin
combination therapies (ACTs). Worryingly, the failure rate of ACT-based treatments such as
dihydroartemisinin — piperaquine for P. falciparum malaria infections in the North-Eastern part
of Thailand has been found to be as high as 93%. Recently, the Pfkelch13 R561H mutation was
identified in 19 of 257 (7.4%) patients in Rwanda which could drive artemisinin resistance
potentially compromising the continued success of antimalarial chemotherapy in Africa.®

Therefore, there is a critical need to direct more research efforts into new, structurally diverse



and affordable antimalarial drugs with novel modes of action in an effort to circumvent the
threat of resistance to first line treatment options.

The imidazopyridazine scaffold has been associated with a myriad of pharmacological
properties,”'* while its antimalarial potential has also been explored.''"'* Antiplasmodium
imidazopyridazine compounds have also been previously reported to independently target
PI4K'* and PKG" (Figure 1). These enzymes are essential to multiple stages of the parasite
life cycle and have emerged as promising antimalarial drug targets.!*!%-!8 In addition to asexual
blood-stage activity, Plasmodium PI4K and PKG inhibitors have shown the potential to block
transmission and offer liver stage protection. The 2-aminopyridine drug candidate
MMV390048, the first Plasmodium kinase inhibitor to enter clinical development for the

treatment of malaria, targets Plasmodium PI4K."°

Figure 1. A) Plasmodium PI4K inhibitor (KAI715),'* B) Plasmodium PKG inhibitor.!?

High-throughput screening of a BioFocus DPI SoftFocus kinase library identified the
3,6-diarylated congener with potent in vitro antiplasmodium activity and good in vivo
antimalarial efficacy.’ The optimization of the identified hit compounds through a
phenotypically-driven medicinal chemistry campaign revealed, among others, the lead
compound 1 (Figure 2). This compound was characterized by sub-optimal solubility (< 5 uM
at pH 6.5) and a serious hERG liability (ICso = 0.9 uM) raising concerns around potential

cardiotoxicity. Subsequent analogues showed improved in vivo antimalarial efficacy (for



example, 2 in figure 2) although sub-optimal solubility and hERG inhibition liabilities
remained an issue.

More recently, we have reported a different set of imidazopyridazine analogues which
were designed to detune hERG activity and improve aqueous solubility.?! These include
compounds 3 (which retained poor solubility and a hERG inhibition risk despite having potent
antiplasmodium activity) and 4 (with excellent solubility and reduced hERG inhibition
although in vitro antiplasmodium potency was compromised) (Figure 2). When the selectivity
index values (hERG ICso/Pf ICs0) are considered, the compromised in vitro antiplasmodium

activity for compounds 3 and 4 still makes them poor candidates for further progression.
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Figure 2. Previously explored antimalarial imidazopyridazine analogues. 2MSD, mean survival days; PInh,

inhibition.



To improve solubility in new analogues, we appended the amide functionality to the two
phenyl rings attached to the imidazopyridazine core-scaffold (see analogues 5 — 30 in schemes
1 and 2). While all the final target compounds contained an amide bond, which is water
solubilizing in its own right, some of these [6 — 10, 14 — 16 (Scheme 1), 19 — 21, 23, 27, 28 and
30 (Scheme 2)] were designed to possess additional water solubilizing groups on the amide
substituents. While introducing structural changes on the right-hand side phenyl ring, we fixed
a 3-methylsulfinylphenyl group on the left-hand side of the core-scaffold. When related
changes were made on the left-hand side phenyl ring, a 4-methylsulfinylphenyl group was fixed
on the right-hand side of the core-scaffold. This substitution pattern on the two phenyl rings
was motivated by earlier studies which have found these two positions optimal for
antiplasmodium potency.?*?? It was further reasoned that since sulfoxide groups are stronger
hydrogen bond acceptors than sulfones,?® sulfoxide substitution could further encourage water
solubility. For comparison purposes, a sulfone version of 11, compound 18, was also generated.

The mechanism of action of antimalarial imidazopyridazines reported from our
laboratories has, to date, not been elucidated. Given the reported inhibition of Plasmodium
PI4K and PKG by related compounds based on the same scaffold, these kinases were explored
as potential targets for this series. In this regard, in vitro kinase inhibition assays using
recombinantly expressed P. vivax PI4K (PvPI4K) and P. falciparum PKG (PfPKG) were

carried out on selected compounds, including previously published compounds 1 and 2.

RESULTS AND DISCUSSION
Chemistry

Analogues 5 — 18 were synthesized according to Scheme 1. The target compounds 5 —
17 were realised following scheme 1A while compound 18 was obtained using scheme 1B.

The dihalogenated precursor 1a was synthesised according to a previously described method.?!



Two sequential Suzuki-Miyaura coupling reactions on this intermediate delivered the benzoic
acid intermediate 3a in moderate yield (59%).2° The target compounds 5 and 7 — 17 were then
obtained in poor to good yields (5 — 69%) using an n-propylphosphonic anhydride (T3P)-
mediated acid amine coupling in presence of N,N-Diisopropylethylamine (DIPEA).>* The
sulfone target compound 18 was synthesized from a different chloro-substituted intermediate
4a (Scheme 1B). A previously described literature procedure was used to synthesize
intermediate 4a.2! A Suzuki-Miyaura cross coupling reaction on this intermediate gave a
phenylated intermediate 5a in 63% yield. This was followed by a regioselective electrophilic
aromatic iodination?® and a subsequent Suzuki-Miyaura coupling to deliver a benzoic acid
intermediate 7a in 41% yield. Finally, a T3P-promoted acid amine coupling in presence of
DIPEA delivered the amide target compound 18 in poor yield (17%). Compound 6 required an
extra step — it was uniquely obtained following a boc-deprotection of its amide intermediate

6i 25

Scheme 1. General Synthetic Approach for Analogues 5 — 18*
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12 h, 53%; (ii) 3-methylsulfinylphenylboronic acid, Pd(PPh3),Cl,, 1 M aq K,COs, DMF, 100 °C, 16 h, 59%; (iii)



appropriate amine, 50% T3P in DMF (for 5, 6i and 7 —12), 50% T3P in ethyl acetate (for 13 —17), DIPEA, DMF
(for 5, 6i, 7— 10 and 13 — 17), DCM (for 11 and 12), 50 °C (for 5, 6i, 7 — 10 and 13 — 17), rt (for 11 and 12), 3 -
16 h, 5 — 69%; (iv) 3-methylsulfonylphenylboronic acid, Pd(PPh;3).Cl,, 1 M aq K,COs, DMF, 100 °C, 19 h, 63%j;
(v) N-iodosuccinimide (NIS), DMF, 35 °C, 6 d, 87%; (vi) 4-carboxyphenylboronic acid, Pd(PPh3),Cl, 1 M aq
K,CO3, DMF, 80 °C, 15 h, 41%; (vii) methylamine hydrochloride, 50% T3P in ethyl acetate, DIPEA, DMF, 50

°C, 3 h, 17%; (viii) trifluoroacetic acid, DCM, rt, 15 min.

The second set of analogues, 19 — 30, were synthesized following a straightforward
synthetic approach shown in scheme 2. Two Suzuki-Miyaura cross coupling reactions were
sequentially carried out to give the key benzoic acid intermediate 3b. This intermediate was
then amidated in presence of T3P and DIPEA to furnish the amide intermediate and target
compounds 19, 20, 21i, 22 — 27, 28i, 29 and 30 in poor to good yields (4 — 67%). The target
compounds 21 and 28 were obtained from their boc-protected precursors via boc-deprotection

facilitated by HCL

Scheme 2. General Synthetic Approach for Analogues 19 — 30*
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80 °C, 14 h, 77%; (ii) 3-carboxyphenylboronic acid, Pd(PPh3),Cl,, 1 M aq K,COs, 1,4-dioxane, 100 °C, 15 h,
68%; (iii) appropriate amine, 50% T3P in ethyl acetate, DIPEA, DMF (for 19, 20, 21i, 26, 27 and 28i), 1,4-dioxane
(for 22 — 25, 29 and 30), 50 °C (for 19, 20, 21i, 26, 27 and 28i), 30 °C (for 22 — 25,29 and 30), 1 —21 h, 4 — 67%;

(iv) 4 M HCl in 1,4-dioxane, DCM, rt, 20% (28) and 30% (21).



In vitro Asexual Blood Stage Antiplasmodium Activity and Solubility Profiling.

The initial phase of our SAR studies focused on introducing amide functionalities at the
para position of the phenyl ring on the right-hand side of the core scaffold while fixing a
sulfoxide group at the meta position of the phenyl ring on the left-hand side (SAR1, analogues
5-17, Table 1). In addition to uncovering important structure-activity relationships, this set of
modifications identified compounds with a combination of good antiplasmodium activity and
solubility. Furthermore, all compounds tested on both the NF54 and K1 strains of P. falciparum
did not show significant differences between potencies across the two strains. (Table S1 in the
supporting information). All chiral compounds were evaluated as racemic and diastereomeric
mixtures as no chiral separation was performed during the synthesis.

Compared to analogue 5 (ICso = 0.317 uM), the piperazine analogue 6 (ICso = 0.103 uM)
was found to be 3-fold more potent, indicating the importance of a hydrogen bond donor in the
six-membered ring. Hydroxylation of the piperidine ring also appears favourable towards
antiplasmodium potency (cf., 5 and 8). Analogues 8 (ICso = 0.106 uM), 9 (ICso = 0.055 pM)
and 10 (ICso = 0.097 uM) were shown to be roughly equipotent, suggesting hydroxylated 4-6
membered rings are tolerated in this position. The sulfone analogue of 9, previously reported
by Le Manach et al.,?> was also found to be highly potent (ICso = 0.018 uM) suggesting only a

single hydrogen bond acceptor in this position is required for antiplasmodium activity.



Table 1. In vitro Activity Against Asexual Blood Stage P. falciparum NF54, PvPI4K and PfPKG and Solubility

Z2al

6\,N /
3

N

R1
RZ
% PVPI4K % PfPKG
P.fNF54  Solubility inh. inh.
1 2 ’
Code R R ICso, pM2® pME @01pM @10 pM
(SD)! (SD)*
o~
5 SOMe el 0.317 70 83 (1) 80.7 (0.1)
Y
6 SOMe N\ 0.103 200 95.4 (0.7) 58.0 (0.2)
o \\/NH
Foad
7 SOMe S N\/\\\/0 0.162 75
o
8 SOMe N 0.106 170 96.0 (0.2) 31 (3)
° OH
~
OH
9 SOMe g NQw 0.055 200
Vv
10 SOMe N 0.097 200 95.5 (0.8) 25.2(0.9)
o Q\OH
J.pl\'
11 SOMe NHMe 0.067 195
(o]
.N‘"'
12 SOMe O}NMez 0.146 200
~ Y
13 SOMe N/\/ 0.141 95 (3) 49 (6)
o H
i OMe
14 SOMe )\NN 0.144 200¢ 93 (3) 12.7 (0.1)
o H
o0 OH
15 SOMe N/\/ 0.371 94.7 (0.8) 29.8 (0.1)
o H
OH
16 SOMe '}’“\ g\/ 0.290 80¢ 91 (1) 64.2 (0.1)
o/ N
o »
17 SOMe )\N 0.209 200° 88.4 (0.6) 46 (5)
o H
Y
18 SO:Me NHMe 0.019 5¢ 99.8 (0.6) 75 (4)
o
SN
19 OJ\H/\,OH SOMe 0.069 145 97 (2) 63 (2)
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20 OJ\N/\,OMe SOMe 0.198 200°¢ 97.4(0.9) 46 (2)
W
21 o)\n/\/NHM" SOMe 0.088 <5 93.5(0.7)  90.7 (0.02)
W
e
22 OJ\H/\% SOMe 0.094 200 95(2) 64 (6)
OH
VW
23 /{/ SOMe 0.201 95 (6) 42 (1)
>y
24 OJ\N/A SOMe 0.284 200°¢ 94 (3) 60 (3)
H
25 OJ\NMeZ SOMe 0.131 98.0 (0) 46 (5)
WA
26 SOMe 0.012 <5 99 (1) 52(15)
O “NHMe
27 OJ\N/\ SOMe 0.016 200 99.7 (0.1) 473 (8)
o
28 OJ\N/H SOMe 0.024 30 98.6 (0.4) 95 (6)
K/NH
29 OJ‘O SOMe 0.012 200¢ 99.2 (0.7) 78.1 (0.6)
. OMe
30 O4LN ,O/ SOMe 6.00 <5e¢ 78.4(0.9) 3(3)
H
3b SOMe 8.87 <5
Ao

@Mean from n > 2 independent experiments (Individual ICsg values differed by < 2-fold); Compounds 5, 7 — 12,
14, 17 and 18 were tested for in vitro asexual blood stage antiplasmodium activity using a modified [*H]-
hypoxanthine incorporation assay while a parasite lactate dehydrogenase assay was employed for compounds 6,
13,15, 16, 19 — 30 and 3b.

bArtesunate [ICso = 4.0 nM (NF54)] and chloroquine [ICso = 16 nM (NF54)] were used as reference drugs.

j

CAll values except those marked with a footnote citation “/” were determined using an HPLC-based miniaturized
shake flask method at pH 6.5.

4 Percentage enzyme inhibition in the presence of 10 pM ATP, mean of n = 2 independent experiments each
carried out in triplicate; SD, standard deviation.

Blank cells = data not available.

fDetermined using kinetic (turbidimetric) solubility assay at pH 7.4.
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In addition to tertiary amides with cyclic substituents (5 — 10) discussed thus far, the SAR
was further expanded upon by exploring secondary amides with open chain (11 and 13 — 16)
and cyclic (17) substituents. Apart from a mono-N-methylated analogue 11, which exhibited
strong antiplasmodium potency (ICso = 0.067 uM), the secondary amides were generally
relatively less potent (ICso =0.141 - 0.371 uM). When the amide nitrogen in 11 was methylated
to 12, the antiplasmodium potency was reduced by 2-fold, suggesting the secondary amide acts
as a hydrogen bond donor. Interestingly, the sulfone analogue of 11, 18 (ICso = 0.019 pM) was
highly potent with superior activity to all the secondary amides explored.

Furthermore, compared to the poorly soluble lead compound 1 (< 5 uM), all sulfoxide-
substituted analogues, where the solubility was determined (5 — 12, 14, 16 and 17), showed
substantial improvements in solubility (70 — 200 uM) (Table 1). Conversely, while analogue
11 displayed excellent solubility (195 uM), its sulfone analogue 18 was poorly soluble (5 uM).
The superior solubility of the sulfoxide analogue 11 is expected since sulfoxides are stronger
hydrogen bond acceptors than sulfones.?? This finding is in agreement with previously
published solubility profiles comparing sulfone and sulfoxide derivatives of
imidazopyridazines.?!??

We further decided to expand the SAR by generating analogues with an amide
functionality at the meta position of the left-hand side phenyl ring while fixing a 4-
methylsulfinylphenyl group on the imidazole portion of the core scaffold (SAR2, 19 — 30,
Table 1). Compared to SAR1, modifications in this SAR set were generally well tolerated with
most analogues exhibiting nanomolar antiplasmodium activity (ICso = 0.012 — 0.094 puM).
There are also important changes in antiplasmodium activity accompanying structural changes
worth mentioning. An O-methylation from 19 (ICso = 0.069 uM) to 20 (ICso = 0.198 uM)
resulted in a near 3-fold reduction in antiplasmodium activity. Compound 19 was also found

to be equipotent to its previously reported®® sulfone congener suggesting that only a single

12



hydrogen bond acceptor in the sulfoxide is necessary for antiplasmodium activity. Compound
23 (IC50=10.201 uM), which is an ethylated version of 19, also exhibited a near 3-fold reduction
in antiplasmodium potency. The N,N-dimethylated analogue 25 (ICso = 0.131 uM) was 11-fold
less active than its corresponding N-monomethylated form 26 (ICso = 0.012 uM), mirroring the
trend observed for the analogues 11 and 12 (SAR1). Interestingly, analogues whose amide
nitrogen belongs to a six-membered ring such as 27 (ICso = 0.016 uM), 28 (ICso = 0.024 uM)
and 29 (ICso = 0.012 uM) were nearly equipotent indicating both polar and non-polar groups
are tolerated at position 4 on these rings. In previous studies,?® the sulfone forms of the
piperazine (28) and piperidine (29) analogues have also been shown to be highly potent,
another example demonstrating sulfones and sulfoxides to be equipotent in this position.
Lastly, amidation with 4-methoxycyclohexylamine to give compound 30 (ICso = 6.00 uM)
caused a complete loss of potency. The free carboxylic acid 3b (ICso = 8.87 uM) was also
highly inactive suggesting a negatively charged group in this position is detrimental to
antiplasmodium activity. Compared to the previously reported®® lead compound 1, most
compounds in SAR2 displayed an improvement in aqueous solubility. In this regard,
compounds 19, 20, 22, 24, and 27 — 29 were found to be 6 — 40-fold more soluble than 1.
Selected analogues were also evaluated for their potential cardiotoxicity risk by testing
their inhibition of the hERG channel stably expressed in the Chinese Hamster Ovarian (CHO)
cell line (Table S2 in the supporting information). Apart from analogue 5, which weakly
inhibited the hERG channel (ICso = 9 pM), the remainder, 7 — 12, 21 and 26 — 28, displayed <
50% inhibition at 10 uM (the highest inhibitor concentration tested), with all compounds
demonstrating wide safety margins. In addition, this series displayed low in vitro cytotoxicity,
with all analogues tested exhibiting good selectivity indexes (CHO ICso/P. f NF54 ICso = 275

->2381) (Table S2 in the supporting information).
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In vitro Transmission Blocking Activity against P. falciparum Gametocytes and
Gametes. Compounds from SAR1 and SAR2, 13-18, 20, 22, 24, 28 and 29, were screened for
activity against in vitro cultured early- and late-stage P. falciparum NF54 gametocytes.
Compounds were initially investigated for their % inhibition of early- and late-stage
gametocytes at two concentrations (5 and 1 uM) (Table S3 in the supporting information).
Compounds that exhibited good activity (> 70% inhibition at 5 uM and > 50% inhibition at 1
pM) in these dual-point assays were then prioritized for full ICso determination. The SAR1
analogue, compound 18, was the only compound with ICso values in the nM range against both
early-stage (ICso = 558.7 + 73 nM) and late-stage (ICso = 157.7 + 4.8 nM) gametocytes (Table
2). SAR2 analogues overall delivered more potent gametocytocidal compounds: 22 and 28,
were active at sub-micromolar concentrations against both early- and late-stage gametocytes
while compound 29 was potent at < 100 nM against both gametocyte stages (early-stage
gametocytes [Cso = 22.8 + 7.3 nM, and late-stage gametocytes [Cso=42.3 = 3.5 nM, Table 2).
The transmission-blocking potential of compounds active against late-stage gametocytes (ICsos
<1 uM) was confirmed by evaluating their activity against male gametes. 18, 22, 28 and 29

were all able to significantly (> 90% inhibition) prevent male gamete exflagellation (Table 2).
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Table 2. Sexual Stage In vitro Activity Against P. falciparum NF54

7

DS
N

N

-

N/
s

R1
RZ
P.fEGICso, uM  P.fLGICso, uM % P. f gamete
1 2 y 9
Code R R (SEM)¥ (SEM)* inh. @ 2 pM®
g
18 SO:Me 0.559 (0.073) 0.158 (0.0048) 90.3
o NHMe
SV
20 OJ\N/\,OMe SOMe 1.22 (0.20)
H
SN
22 OJ\H/\& SOMe 0.57 (0.05) 0.78 (0.04) 93.6
SN
24 OA\N/A SOMe 1.00 (0.11)
H
28 OJ\N/H SOMe 0.39 (0.18) 0.12 (0.03) 96.8
k/NH
VW
29 OJ\ SOMe 0.0228 (0.0073)  0.0423 (0.0035) 100.0

2 ICsp of early-stage gametocytes (EG) and late-stage gametocytes (LG), mean of n = 3 independent experiments

each carried out in triplicate; SEM, standard error of the mean.

bPercentage male gamete exflagellation inhibition at 2 pM, n=1.

Blank cells = data not available.

In vitro Plasmodium PI4K and PKG Inhibition. Analogues from both SAR1 and 2

were screened in vitro for inhibition of recombinant PvPI4K (PVX 098050) and PfPKG

(PF3D7_1436600) (Table 1). PvPI4K and PfPI4K (PF3D7_0509800) kinase domains share

96% sequence identity and their ATP-binding sites are completely conserved making PVPI4K

a suitable surrogate for PfPI4K. All analogues tested exhibited potent inhibition of PVPI4K

with 19/22 analogues showing > 90% inhibition at a concentration of 0.1 pM, providing a

possible explanation for the potent antiplasmodium activity generally observed for this series.

Several analogues also showed weak to moderate activity against PfPKG.
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Of the SARI1 analogues tested, 18, the compound with the most potent antiplasmodium
activity (ICso = 0.019 uM), also displayed the highest potency against PVPI4K (99.8%
inhibition at 0.1 pM inhibitor concentration). All SAR2 analogues, other than 30, displayed >
90% PVPI4K inhibition when tested at 0.1 pM. While analogue 30 displayed less potent whole
cell activity than the others, it still exhibited 78.4% PVPI4K inhibition at 0.1 uM suggesting
that other factors may be contributing to the observed poor whole cell activity. In addition to
potent PVPI4K activity, 21 and 28 also exhibited moderate activity against PFPKG (90.7% and
95% inhibition respectively when tested at 10 uM) as was observed for compounds 1 and 2
(Figure 1).

Plasmodium PI4K and PKG In silico Docking Studies. The 3,6-substituted
imidazopyridazine scaffold is a well-established kinase ATP-binding site hinge binding
moiety. It has been co-crystallised in complex with numerous kinases [protein data base (PDB)
codes 4TXC, 4YMJ, 4YNE, 3BQR, 2PMN, 6S11] with the 1-N accepting a H-bond from a
hinge backbone amide.?®2® The imidazopyridazine scaffold has been observed to bind in two
different orientations with the 3- and 6- substituents interacting with either the ribose pocket
or the catalytic subsite.

There is no high-resolution structure of Plasmodium PI4K available, so a PfPI4K
homology model, built using a high-resolution human PI4KIIIB structure (4DOL)* as a
template, was used for docking studies.’® In contrast, the Plasmodium PKG structure is well-
characterised.’! For PfPKG, only the apo structure (PDB code 5DYK) has been deposited in
the PDB but six PVPKG structures, including several structures with inhibitors bound within
the ATP-binding site, are available.!”3! Both PfPKG and PvPKG have identical ATP-binding
sites, so a high-resolution inhibitor-bound PVPKG structure (SEZR) was selected as a more

suitable structure for modelling these compounds.
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Figure 3. 2D schematic showing the general binding orientation of the 3,6-diarylated imidazopyridazine core
within the ATP-binding site of PfPI4K and PvPKG. The conserved hinge-binding valine residue and the catalytic

Lysine and Aspartate residues are shown in blue (PfPI4K/PVPKG).

In both kinases, the imidazopyridazine core was predicted to accept a H-bond from a
backbone amide of the hinge with the 3-position substituent interacting with the conserved
catalytic Lys and Asp residues and the 6-position substituent interacting with the ribose pocket
(Figure 3). Many compounds in this series contained a chiral sulfoxide moiety at either the
SARI position (5-17) or the SAR2 position (22 — 30, 3b) while only racemates were
synthesised and evaluated. For the purposes of docking, every enantiomer/diastereomer of each
compound was docked into both models. The (S)-sulfoxide was found to be greatly favored
over the (R)-sulfoxide in the SARI and less so in the SAR2 position on both PfPI4K and
PVPKG. In the SARI position, the (S)-sulfoxide is better positioned to accept more ribose
pocket H-bonds, while in the SAR2 position, the (S)-sulfoxide is better configured to accept
H-bonds from both the catalytic Lys and the backbone of the catalytic acid but with only a

slight binding advantage over the (R)-enantiomer at this locus.
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The potent PI4K inhibitor 10, docks into the PI4K homology model with the 1-N
accepting a H-bond from the backbone amide of Val1357 (Figure 4A). The 3-phenyl group sits
in a hydrophobic pocket while its carboxamide carbonyl accepts a H-bond from the catalytic
Lys1308. The azetidinol group donates an H-bond to the catalytic Asp1430. In the ribose
pocket, the meta sulfoxide accepts hydrogen bonds from both Ser1365 and the backbone amide
of Lys1369. In addition to strong H-bonds in these three kinase subsites, the three aromatic
systems can form aromatic n-stacking interactions with Phe827 and Tyr1356, accounting for
the particularly high potency of this series against PI4K.

In addition to PI4K inhibition, this 3,6-diarylated imidazopyridazine series displays weak
to moderate inhibition of PKG. As observed in PI4K, analogue 10 accepts a hinge H-bond from
the backbone amide of Val614 (Figure 4B). The 3-phenyl group sits in a similar hydrophobic
pocket to that of PI4K, with the carboxamide carbonyl accepting a H-bond from the catalytic
Lys563 and the backbone amide of the conserved catalytic Asp675. Unlike PI4K, PKG has a
deeper so-called protein kinase back pocket (similar to the “affinity” pocket in lipid kinases)*?
which is accessible due to the presence of the small gatekeeper residue Thr611.33 The azetidinol
group extends into this back pocket participating in H-bonding with Glu582 and Lys563. The
meta sulfoxide substituent in the 6-position phenyl does not interact favourably with the base
of the ribose pocket of PKG due to the presence of two acids on either side of the pocket
(Glu618 and Glu661), but instead forms a H-bond with the backbone amide of Arg542 in the
P-loop. This, together with the lack of aromatic n-stacking interactions observed in PI4K,
provides an explanation for the poor PKG inhibition observed for 10 (25.2% inhibition at 10

uM).
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Figure 4. Analogue (S)-10 (green) docked in the ATP-binding site of A) PfPI4K homology model and B) PvPKG

(PDB code SEZR). Hydrogen bonds are shown in yellow.

Compound 28 is the strongest PKG inhibitor in this series (95% inhibition at 10 uM). It
docks into PKG with the common hinge interaction and the para sulfoxide accepts H-bonds
from both the catalytic Lys563 and the backbone amide of the catalytic Asp675 (Figure 5A).
In the ribose pocket, the basic piperazine amide fits between the acids Glu661 and Asp675,
donating a H-bond to Asn662. Substituting this basic piperazine with the morpholine of 27
replaces a basic charged N with a neutral acceptor O. Positioning this O between two acids is
highly unfavourable and explains the loss of PKG activity observed for 27 (Figure 5A). In
contrast to PKG, 27 and 28 are both strong inhibitors of PI4K. Both these compounds accept
the same hinge H-bond and the same H-bond between the sulfoxide O and the catalytic
Lys1308 in PI4K (Figure 5B). In the ribose pocket, the meta carboxamide in both compounds
forms a H-bond with Ser1365. The PI4K ribose pocket is more solvent accessible than in PKG,
thus tolerating both a basic piperazine and a neutral morpholine on the solvent edge. The
morpholine is also capable of forming a H-bond with a solvent exposed Lys825 while the

piperazine is free to interact with the solvent.
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Figure 5. Analogue (S)-27 (orange) and (S)-28 (green) docked in the ATP-binding site of A) PVPKG (PDB code

5EZR) and B) PfPI4K homology model. Hydrogen bonds are shown in yellow.

Off-Target Human Kinase Inhibition. To investigate the risk of off-target human
kinase inhibition, a representative set of compounds was screened in vitro for inhibition of
human PI4KIIIB (HUPI4KIIIP), the most closely related human orthologue of Plasmodium

PI4K (Table 3).

Table 3: Comparison of in vitro Inhibition of PvPI4K and HUPI4KIIIp

% PvPI4K inh. % HuUPI4KIII inh.

1 2
Compound R R @ 0.1 uM (SD)" @1 pM (SD)"
6 SOMe 95.4(0.7) 5403)
8 SOMe 96.0 (0.2) 50 (3)
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Table 3: Comparison of in vitro Inhibition of PvPI4K and HUPI4KIIIp “continued”

2NN
N 3
R1
RZ
% PVPI4K inh. % HUPI4KIIIp inh.
1 2
Compound R R @ 0.1 pM (SD)" @ 1 uM (SD)?
5
10 SOMe N 95.5 (0.8) 32(2)
o Q*OH
3
18 SO:Me 99.8 (0.6) 92.96 (0.05
o7~ NHMe (0.05)
YW\
21 o)\u’\/NHme SOMe 93.5 (0.7) 41(2)
SN
24 OJ\N/A SOMe 94 (3) 75.5 (0.7)
H
SN
26 SOMe 99 (1 86.4 (0.4
OJ\NHMe ) (0.4)
27 OJ\N’\ SOMe 99.7 (0.1) 82.5(0.2)
K/o
28 OJ\N SOMe 98.6 (0.4) 90.5 (0.1)
@
SV
2 PN

»O SOMe 99.2 (0.7) 95.5 (0.2)

MPercentage enzyme inhibition in the presence of 10 puM ATP, mean of n = 2 independent experiments; SD,

standard deviation.

Blank cells = data not available.

All 10 compounds displayed more potent activity against PvPI4K than HUPI4KIIIp,

showing higher percentage PVPI4K inhibition at 0.1 uM inhibitor concentration than

HUPI4KIIIP inhibition at 1 uM inhibitor concentration. Despite this, all 10 analogues showed

moderate to potent inhibition of HUPI4KIIIPB at 1 pM. Therefore, the HUPI4KIIIP off-target

activity is likely to be a hurdle for this series and will have to be addressed before the series

can be taken forward. Of the 10 compounds in this subset, 8, 10 and 21 were the most selective

for PVPI4K, displaying < 50% HUPI4KIIIB inhibition at 1 uM concentration. Chemically, 6, 8
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and 10 have tertiary amides and lack a H-bond donor at this position. This amide is often a
donor in the kinase catalytic site. Further investigations will need to be conducted to establish
whether a lack of this donor confers selectivity against HUPI4KIIIB. In the case of 21, a bulky
basic group might clash with Q606 in the ribose pocket of HUPI4KIIIB. A clash with
HuPI4KIIIp residue Q606 may serve as a design strategy to achieve the desired selectivity over
HuPI4KIIIp.?

Toxicity as a result of host kinase off-target inhibition is a risk when designing kinase
inhibitors against a pathogen. In the case of PfPI4K vs HUPI4KIIIB, there are a few subtle
structural differences?® which may be exploited to achieve effective species selectivity.
Therefore, it is likely possible to improve kinase selectivity between species with structure-
based modelling against the most relevant host off-targets in parallel with the pathogen on-
targets. While PI4KIIIp is likely to be a key off-target for this series, it will also be essential to
determine selectivity relative to other human phosphoinositide and protein kinases going

forward.

CONCLUSION

Our study identified new amidated analogues with a combination of good
antiplasmodium potency and aqueous solubility. In this regard, analogues 9 — 11, 19, 22, 27
and 29 were found to possess nanomolar antiplasmodium potency (ICso = 0.012 — 0.097 uM)
and high solubility (145 — 200 pM). Additionally, we have shown that this series potently
inhibits Plasmodium PI4K, at least as a major target. Interestingly, several compounds also
inhibited Plasmodium PKG, presenting an opportunity to develop dual PI4K and PKG
inhibitors based on the imidazopyridazine scaffold. While multi-kinase inhibitors are often
seen in a negative light due to the perception that they are more likely to show activity against

human kinase-off-targets, they offer potential advantages including improved efficacy across
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the parasite life cycle and reduced propensity for resistance. Our study has also revealed the
potential of this series to target multiple stages of parasite development as exemplified by the
potent inhibition of early- and late-stage gametocytes by some analogues. To some extent, like
multi-kinase inhibition, this property has potential to render this compound class refractory to

the development of resistance while ensuring efficacy.

METHODS
General Comments on Experimental Data.

All commercially available chemicals were purchased from either Sigma-Aldrich or
Combi-Blocks. All solvents were dried by appropriate techniques. Unless otherwise stated, all
solvents used were anhydrous. '"H-NMR and '*C-NMR spectra were acquired on either a
Bruker AV 400 ('H 400.0, '3C 100.6 MHz), Varian Mercury 300 (‘H 300.1, *C 75.5 MHz) or
Bruker Ascend™ 600 ("H 600.0, '3C 151 MHz) spectrometers. An Agilent LC-MS instrument
comprising an Agilent 1260® Infinity Binary Pump, Agilent 1260® Infinity Diode Array
Detector, Agilent 1290® Infinity Column Compartment, Agilent 1260® Infinity Autosampler,
Agilent 6120® Quadrupole MS, and Peak Scientific® Genius 1050 Nitrogen Generator, and
fitted with an X-bridge® (C18, 2.5 um, 3.0 mm (ID) x 50 mm length) column maintained at
either 35 or 40 °C was used to monitor the progress of reactions including percent purity
determinations. Analytical thin-layer chromatography (TLC) was performed on aluminum-
backed silica-gel 60 F2s4 (70—230 mesh) plates. Flash column chromatography was performed
with Merck silica-gel 60 (70—230 mesh). Chemical shifts (3) are given in ppm downfield from
tetramethylsilane (TMS) as the internal standard. Coupling constants, J, are recorded in hertz

(Hz). Target compounds were confirmed to have > 95% purity.
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General Procedure for Synthesis of Intermediates 2a and 7a. The halogenated
starting material (1a or 6a) (1.0 equiv), 4-carboxyphenylboronic acid (1.1 equiv) and
Pd(PPh3)2Cl2 (0.05 equiv) were dissolved in DMF (3 mL/mmol of halogenated starting
material). The resulting mixture was flushed with nitrogen for 30 min, after which a 1 M
aqueous solution of K2COs (1.05 equiv) was added to the reaction mixture. The reaction
mixture was heated to 80 °C and stirred for 12 (2a) and 15 (7a) hours. DMF in the reaction
mixture was removed in vacuo. The respective intermediate was purified using flash column
chromatography using 1% methanol/ethyl acetate acidified with drops of glacial acetic acid as
a mobile phase.

4-(6-Chloroimidazo[1,2-b]pyridazin-3-yl)benzoic acid (2a). Yellow solid (4.42 g, 85%);
Rt (CH30H : EtOAc 4 : 96) = 0.38; '"H-NMR &1 (600 MHz, DMSO-ds) 8.43 (s, 1H), 8.32 (d, J
=9.44 Hz, 1H), 8.23 (d, J = 8.83 Hz, 2H), 8.08 (d, J = 8.83 Hz, 2H), 7.46 (d, J = 9.45 Hz, 1H).
BC-NMR &c (151 MHz, DMSO-ds) 167.80, 147.02, 139.66, 135.22, 131.94, 131.28, 130.19
(20), 128.71, 127.44, 126.33 (2C), 119.66; LC-MS, APCI*: m/z [M + H]" = 273.87, calculated
exact mass = 273.0305, Purity = 93%, t: = 2.54 min.

4-(6-(3-(Methylsulfinyl)phenyl)imidazo[1,2-b]pyridazin-3-yl)benzoic acid (3a). The
general procedure for synthesis of intermediates 2a and 7a was followed with one modification
— the reaction was carried out at 100 °C and left to proceed for 16 hours. Yellow solid (3.56 g,
59%); Rt (CH30H : CH2Cl2 10 : 90) = 0.36; 'H-NMR 8n (600 MHz, DMSO-ds) 8.42 (t, J =
1.78 Hz, 1H), 8.38 — 8.27 (m, 3H), 8.18 (d, J = 8.69 Hz, 2H), 8.05 (d, J = 8.55 Hz, 2H), 7.96
(dt, J=8.84, 1.42 Hz, 1H), 7.87 (d, J = 9.48 Hz, 1H), 7.81 (t, J = 7.68 Hz, 1H), 2.86 (s, 3H);
BC-NMR &c (151 MHz, DMSO-ds) 169.65, 150.57, 148.14, 140.66, 139.63, 136.74, 134.20,
130.63, 129.86 (2C), 129.55, 128.79, 128.43, 126.95 (2), 125.60 (2C), 122.52, 116.17, 43.73;
LC-MS, APCI*: m/z [M + H]*" = 377.8, calculated exact mass = 377.0834, Purity = 95%, t: =

2.52 min.
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6-(3-(Methylsulfonyl)phenyl)imidazo[1,2-b]pyridazine (5a). A suspension of 6-
chloroimidazo[1,2-b]pyridazine (4a) (3.38 g, 21.9 mmol), 3-methylsulfonylphenylboronic acid
(4.84 g, 24.2 mmol), Pd(PPh3)2Cl2 (0.772 g, 1.1 mmol) in DMF (61 mL) was purged with
nitrogen for 20 min. A 1 M aqueous solution of K2CO3 (3.19 g, 23.1 mmol) was then added.
The resulting reaction mixture was left to stir at 100 °C for 19 h. Upon reaction completion,
DMF was removed in vacuo. The resulting residue was taken up in DCM (300 mL) and washed
with saturated NaHCO3 (aq) (200 mL x 3), H20 (200 mL x 3) and saturated NaCl (aq) (200
mL x 3). The organic layer was dried (MgSOs) after which the solvent was removed in vacuo.
The obtained residue was then subjected to column chromatography on silica (0 — 3%
CH30H/DCM) to deliver Sa as a yellow solid (2.62 g, 63%); m.p = 201.9 — 203.9 °C; Rs
(CH30H : CH2Cl2 4 : 96) = 0.54; '"H-NMR 8u (400 MHz, DMSO-ds) 8.54 (t, J = 1.88 Hz, 1H),
8.41 — 8.35 (m, 2H), 8.23 (d, J = 9.54 Hz, 1H), 8.07 (dt, J = 8.54, 2.69 Hz, 1H), 7.88 (d, J =
9.55 Hz, 1H), 7.85 — 7.81 (m, 2H), 3.29 (s, 3H); *C-NMR &c (101 MHz, DMSO-ds) 150.30,
142.14, 138.29, 136.60, 134.87, 132.39, 130.91, 128.73, 126.55, 125.53, 117.86, 116.81, 43.94;
LC-MS, APCI*: m/z [M + H]* = 273.9, calculated exact mass = 273.0572, Purity = 98%, t: =
2.69 min.

3-lodo-6-(3-(methylsulfonyl)phenyl)imidazo[1,2-b]pyridazine (6a). 6-(3-
(methylsulfonyl)phenyl)imidazo[1,2-b]pyridazine (5a) (0.670 g, 2.5 mmol) was dissolved in
DMF (10 mL), and the mixture was stirred and flushed with nitrogen for 30 min. NIS (0.607
g, 2.7 mmol) was then added in one portion after which the reaction mixture was stirred at 35
°C for 6 days. DMF was then removed in vacuo. The obtained residue was taken up in 80 mL
DCM and washed with a saturated aqueous solution of sodium metabisulfite (Na2S205) (200
mL X 5) and H2O (400 mL x 1). The organic layer was dried over MgSOg4 after which DCM
was removed in vacuo to afford 6a as a yellow solid (0.855 g, 87%); m.p = 204.3 — 206.3 °C;

Rt (CH30H : CH2Cl2 4 : 96) = 0.68; '"H-NMR 81 (400 MHz, DMSO-ds) 8.65 (t, J = 1.89 Hz,
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1H), 8.48 (dt, J = 7.86, 1.83 Hz, 1H), 8.29 (d, J = 9.50 Hz, 1H), 8.13 (dt, J = 7.83, 1.85 Hz,
1H), 8.03 — 7.97 (m, 2H), 7.90 (t, J = 7.88 Hz, 1H), 3.34 (s, 3H); 3*C-NMR &c (101 MHz,
DMSO-de) 150.78, 142.41, 141.03 (2C), 136.51, 132.34, 130.89, 128.96, 126.60, 125.75,
117.07,72.70,43.97; LC-MS, APCI*: m/z [M + H]" =399.6, calculated exact mass = 398.9538,
Purity = 99.9%, t: = 2.45 min.

General Procedure for Synthesis of Amide Target Compounds 5, 6i and 7 — 18. A
mixture of an appropriate carboxylic acid intermediate (1.0 equiv), DIPEA (7.0 equiv) and
appropriate amine (3.0 equiv) in either DMF (85, 6i, 7 — 10 and 13 — 18) or DCM (11 and 12)
was cooled in ice water while magnetically stirring. A solution of propylphosphonic anhydride
solution (50% w/w in ethyl acetate for 13 — 18; 50% w/w in DMF for §, 6i and 7 - 12) (4.0
equiv) was added dropwise. The reaction mixture was then left to stir at either room
temperature (11 and 12) or 50 °C (5, 6i, 7 — 10 and 13 — 18) for 3 — 6 h. The reaction mixtures
for compounds 5, 6i and 7 — 12 were then diluted with DCM (25 mL). The resulting mixture
was then washed with water (10 mL x 2) and saturated aqueous solutions of NaHCO3 (10 mL
x 3) and NaCl (10 mL x 3). The organic layer was dried (Na2SO4) after which it was
concentrated in vacuo. Following the completion of reaction for compounds 13 — 18, the
solvent was removed in vacuo. The crude mixtures for compounds 5 and 7 — 18 were then
subjected to further purification by prep-TLC or column chromatography to deliver the title
compounds. The N-boc-protected amide intermediate 6i was used in the next deprotection step
without further purification.

(4-(6-(3-(Methylsulfinyl)phenyl)imidazo[1,2-b]pyridazin-3-yl)phenyl)(piperidin-1-
yl)methanone (5). Purified by prep-TLC (developed in 3% CH3OH/DCM). Bright yellow solid
(0.0468 g, 27.3%); Rt (CH30H : CH2Cl2 5 : 95) = 0.39; '"H-NMR &1 (400 MHz, CDCl3) 8.40
(s, 1H), 8.32 (s, 1H), 8.22 (m, 2H), 8.17 (d, J=8.11 Hz, 2H), 7.85 (m, 2H), 7.76 (t, J =7.7 Hz,

1H), 7.62 (d, J = 8.1 Hz, 2H), 3.77 (s, 2H), 3.50 (m, 2H), 2.84 (s, 3H), 1.81 — 1.58 (m, 6H);
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BC-NMR &c (151 MHz, Methanol-ds) 171.9, 152.3, 147.6, 141.1, 138.2, 136.8, 134.2, 131.5,
131.1, 131.0, 129.4, 128.4 (2C), 127.9 (2C), 127.0, 126.5, 123.4, 117.9, 50.2, 44.4, 43.7, 27.6,
26.8, 25.5; LC-MS, APCI": m/z [M + H]" = 445.1, calculated exact mass = 444.1620, purity =
99%, tr = 3.48 min.

6-Chloro-3-(4-(methylsulfinyl)phenyl)imidazo[1,2-b]pyridazine (2b). A suspension of 6-
chloro-3-iodoimidazo[1,2-b]pyridazine (1a) (1.0 equiv), 4-methylsulfinylphenylboronic acid
(1.1 equiv) and Pd(PPh3)2Cl2 (0.05 equiv) in DMF (3 mL/mmol of 1a) was purged with
nitrogen for 20 minutes. A 1 M aqueous solution of K2COs3 (1.05 equiv) was then added after
which the reaction mixture was heated to 80 °C and left to magnetically stir at that temperature
for 14 hours. The reaction mixture was diluted with DCM, washed with deionized water (8 x),
saturated aqueous solutions of NaHCOs3 (3 %), NH4Cl (3 %) and NaCl (1 x). After drying the
organic layer (MgSOs4), the solvent was removed in vacuo and the resulting residue subjected
to automated column chromatography on silica (0 — 3% CH30H/DCM) to give the chloro-
substituted derivative 2b. Yellow solid (0.587 g, 77%); '"H-NMR &u (300 MHz, CDCl3) 8.24
(d, J=28.2 Hz, 2H), 8.18 (s, 1H), 8.11 (d, J = 9.4 Hz, 1H), 7.82 (d, J= 8.0 Hz, 2H), 7.22 (d, J
= 8.8 Hz, 1H), 2.81 (s, 3H); LC-MS, APCI": m/z [M + H]" = 292.0, calculated exact mass =
291.0233, tr = 3.0 min.

3-(3-(4-(Methylsulfinyl)phenyl)imidazo[1,2-b] pyridazin-6-yl)benzoic acid (3b).
Compound 3b was synthesized according to the procedure described for synthesis of 2a and
7a with some minor modifications. The reaction was carried out at 100 °C for 15 h in 1,4-
dioxane. Yellow solid (1.263 g, 68%); Rt (CH3OH : CH2Cl2 10 : 90) = 0.15; "H-NMR &n (600
MHz, DMSO-ds) 8.62 (br s, 1H), 8.46 (d, J = 8.81 Hz, 2H), 8.40 (s, 1H), 8.31 (d, J =9.50 Hz,
1H), 8.25 (dt, J=7.81, 1.8 Hz, 1H), 8.08 (dt, J =7.69, 1.8 Hz, 1H), 7.92 (d, J = 9.51 Hz, 1H),
7.83 (d, J = 8.81 Hz, 2H), 7.63 (t, J = 7.66 Hz, 1H), 2.80 (s, 3H); 3C-NMR &c (151 MHz,

DMSO-de) 168.33, 151.63, 145.78, 140.13, 135.43, 134.91, 131.32, 131.19, 130.22 (3C),
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129.52, 128.17 (2C), 127.12 (2C), 127.04, 124.59, 116.96, 43.62; LC-MS, APCI": m/z [M +
H]" = 378.0, calculated exact mass = 377.0834, purity = 94%, t- = 2.74 min.

General Procedure for Synthesis of Amide Target Compounds 19, 20, 21i, 22 - 27,
28i, 29 and 30. A mixture of 3-(3-(4-(methylsulfinyl)phenyl)imidazo[1,2-b]pyridazin-6-
yl)benzoic acid (3b) (1.0 equiv), DIPEA (7.0 equiv) and appropriate amine (3.0 equiv) in either
DMF (19, 20, 21i, 26 — 27 and 28i) or 1,4-dioxane (22 — 25, 29 and 30) was cooled in ice water
while magnetically stirring. A solution of propylphosphonic anhydride solution (50% w/w in
ethyl acetate) (4.0 equiv) was added dropwise. The reaction mixture was then left to stir at
either 30 °C (22 — 25, 29 and 30) or 50 °C (19, 20, 21i, 26 — 27 and 28i) for 1 — 21 h. Following
the completion of reaction, the solvent was removed in vacuo. The crude mixtures were then
subjected to further purification by prep-TLC or column chromatography to deliver the title
compounds. The N-boc-protected amide intermediates 21i and 28i were used in the next
deprotection step without further purification.

N-(2-Hydroxyethyl)-3-(3-(4-(methylsulfinyl)phenyl)imidazo[1,2-b]pyridazin-6-
yl)benzamide (19). Purified by prep-TLC (developed in 0-10% CH3OH/DCM with a few drops
of 7 M aqueous ammonia). Yellow solid (0.0034 g, 4%); Rf (CH3OH : CH2Cl2 10 : 90) = 0.34;
"H-NMR &1 (300 MHz, DMSO-d¢) 8.67 (t, J = 5.53 Hz, 1H), 8.59 (t, J = 1.84 Hz, 1H), 8.50
(d, J=8.41 Hz, 2H), 8.44 (s, 1H), 8.40 (d, J = 9.54 Hz, 1H), 8.32 (dt, J = 7.80, 1.8 Hz, 1H),
8.07—-7.97 (m, 2H), 7.88 (d, J = 8.40 Hz, 2H), 7.71 (t, J = 7.76 Hz, 1H), 4.76 (t, J = 5.55 Hz,
1H), 3.58 (q, J = 5.95 Hz, 2H), 3.41 (q, J = 5.81 Hz, 2H), 2.83 (s, 3H); *C-NMR &c (151 MHz,
DMSO-des) 166.29, 151.39, 145.83, 140.14, 135.92, 135.59, 134.98, 131.13, 129.96, 129.77,
129.52 (2C), 127.19 (2C), 127.16, 127.08, 126.37, 124.64, 116.92, 60.24, 43.64, 42.78; LC-
MS, APCI": m/z [M + H]" = 421.1, calculated exact mass = 420.1256, purity = 96%, t: = 3.36

min.
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General Procedure for Synthesis of Compounds 21 and 28. Compounds 21 and 28
were synthesized following the procedure already described for the synthesis of compound 6
with a minor modification — these deprotection steps were carried out in the presence of 4 M
HCl in 1,4-dioxane, with DCM as the solvent.

(3-(3-(4-(Methylsulfinyl)phenyl)imidazo[ 1,2-b]pyridazin-6-yl)phenyl)(piperazin-1-
yl)methanone (28). Purified by prep-TLC (developed in 0-10% CH3OH/DCM with a few drops
of 7 M aqueous ammonia). Pale yellow solid (0.010 g, 20%); Ri (CH30H : CH2Cl2 3 : 97) =
0.12; 'H-NMR &1 (300 MHz, Methanol-d4) 8.21 (dt, J = 7.8, 1.6 Hz, 1H), 8.16 - 8.08 (m, 5H),
7.84 (d, J=9.5 Hz, 1H), 7.69 (t, J = 7.7 Hz, 1H), 7.61 (dt, J = 7.7, 1.5 Hz, 1H), 7.41 (d,J =
8.5 Hz, 2H), 3.98 - 3.46 (m, 4H), 3.12 - 2.76 (m, 4H), 2.56 (s, 3H); 3C-NMR &c (101 MHz,
Methanol-d4) 168.88, 161.22, 142.37, 139.58, 135.46, 135.26, 132.90, 128.48 (2C), 128.22
(2C), 127.68, 127.38, 127.12, 126.21, 125.73 (2C), 125.69, 124.52, 116.90, 54.63 (2C), 48.21
(2C); LC-MS, APCI": m/z [M + H]"=446.1, calculated exact mass =445.1572, purity = 99.9%,

tr=2.12 min.
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= Molecular formula strings (CSV).
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ABBREVIATIONS USED

cGMP, cyclic guanidine monophosphate; PKG, cyclic guanidine monophosphate (cGMP)-
dependent protein kinase; PI4K, phosphatidylinositol-4-kinase; ATP, adenosine triphosphate;
hERG, human ether-a-go-go-related gene; ICso, concentration of a drug that is required for
50% inhibition in vitro; P. falciparum, Plasmodium falciparum; P. f, Plasmodium falciparum;
Inh, inhibition; SI, selectivity index; CHO, Chinese hamster ovarian, WHO, World Health
Organization; ACT, artemisinin combination therapy; PDB, protein data base; Val, valine; Lys,
lysine; Asp, aspartic acid; Ser, serine; Phe, phenylalanine; Thr, threonine; Glu, glutamic acid;
Arg, arginine; P. berghei, Plasmodium berghei; MSD, mean survival days; DIPEA,
diisopropylethylamine; T3P, n-propylphosphonic anhydride; SAR, structure-activity
relationship; NIS, N-iodosuccinimide; DMF, N,N-dimethylformamide; rt, room temperature;
SD, standard deviation; ND, not determined; TLC, thin layer chromatography; HPLC, high
pressure liquid chromatography; LC-MS, liquid chromatography mass spectrometry; UV,
ultraviolet; ESI, electrospray ionisation; APCI, atmospheric pressure chemical ionization; 'H-
NMR, proton nuclear magnetic resonance; 3*C-NMR, carbon-13 nuclear magnetic resonance;
TMS, tetramethylsilane; DCM, dichloromethane; DMSO, dimethyl sulfoxide; DMSO-ds,
deuterated dimethyl sulfoxide; t:, retention time; Ry, retardation factor; m.p., melting point; on,
chemical shift in "TH-NMR spectrum; 8c, chemical shift in '*C-NMR spectrum; m/z, mass to

charge ratio; EG, early-stage gametocytes; LG, late-stage gametocytes.
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