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ABSTRACT: Structure-activity relationship studies involving N-aryl-3-trifluoromethyl
pyrido[1,2-a] benzimidazoles (PBI) identified several compounds possessing potent in vitro
activities against the asexual blood, liver and gametocyte stages of the Plasmodium parasite with
no cross-resistance to chloroquine. Frontrunner lead compounds with good in vitro absorption,
distribution, metabolism and excretion (ADME) profiles were subjected to in vivo proof-of-
concept studies in NMRI mice harboring the rodent P. berghei infection. This led to the
identification of compounds 10 and 49, effecting 98% and 99.93% reduction in parasitemia with
mean survival days of 12 and 14, respectively, at an oral dose of 4x50 mg/kg. In vivo
pharmacokinetics studies on 10 revealed slow absorption, low volume of distribution and low
clearance profiles. Furthermore, this series displayed low propensity to inhibit the human ether-
a-go-go-related gene (hERG) potassium ion channel whose inhibition is associated with

cardiotoxicity.
INTRODUCTION

Drug resistance is a perennial threat to the control of malaria, a disease concentrated mainly in
the tropical and sub-tropical regions of the world, with disproportionate endemicity in Africa.

Malaria is transmitted by parasites of the Plasmodium genus with five species known to infect
2
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humans: P. falciparum, P. malariae, P. vivax, P. ovale and P. knowlesi, with infections by P.
falciparum and P. vivax being the most virulent and widespread.?® Human malaria infection is
initiated when a female anopheles mosquito deposits sporozoites during a blood meal. These
sporozoites migrate to the liver where they undergo further development into schizonts which
produce merozoites that enter the systemic circulation where they infect red blood cells and cause
the typical symptoms of malaria.® A subset of the liver stage parasites, however, remain dormant
in a form known as hypnozoites in the case of malaria caused by P. ovale and P. vivax parasites.
These hypnozoites can be re-activated in future to initiate blood stage infections.> On the other
hand, some of the asexual blood stage parasites transform into male and female gametocytes
which are taken up by a mosquito during a blood meal, fuse within the midgut of the mosquito to
form a zygote which later differentiates into sporozoites. The sporozoites are introduced into

humans during a mosquito bite, thus completing the life cycle of the parasite.’

The socio-economic and public health impact of malaria is startling: hundreds of thousands of
lives are lost annually, in addition to major indirect losses in terms of productivity and human
capacity development, as assessed by disability- and quality-adjusted life years (DALYS and
QALYS, respectively). Thus, malaria seems to perpetuate cycles of poverty in countries where it
is rife.2 Chemotherapy remains a fundamental component of malaria control, in addition to public
health approaches that focus on vector control and vaccine development.®*3 Unfortunately, the
decreased efficacy of even the most promising antimalarial agents in some regions threatens a
reversal of gains in the malaria elimination agenda.'*® Furthermore, the treatment, control and
eradication of malaria hinges on targeting all the life cycle stages of Plasmodium; a profile that
most standard antimalarial drugs lack. For example, primaquine is the only antimalarial drug with

good activity against late stage gametocytes'’ and, together with tafenoquine, is effective in
3
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preventing relapse due to Plasmodium vivax malaria infections. Unfortunately, the two drugs are
beset by toxicity concerns in patients with Glucose-6-phosphate dehydrogenase (G6PD) enzyme
deficiency.*® The above described scenarios, therefore, warrant sustained efforts in the discovery
and development of new antimalarial drugs as suitable alternatives to currently existing ones and

having transmission-blocking potential.

The tricyclic pyridobenzimidazole (PBI) scaffold has emerged as an important medicinal
chemistry substructure with several pharmacological and biological activities reported including
antifungal, antibacterial, antiviral and antitumour.'®2! Our group has previously reported on the
antimalarial properties of PBI derivatives following medicinal chemistry iterations based on
phenotypic whole cell screening hits against the human parasite P. falciparum.?? Although the
mechanism of the antimalarial action of these compounds remain unresolved, targeting the
hemoglobin degradation pathway has been proposed based on structural congruences the PBIs
share with canonical inhibitors of this process such as the aminoquinoline antimalarials. In the
present work antiplasmodium structure-activity relationship (SAR) studies focusing on N-aryl
substitutions on a 3-trifluoromethyl PBI nucleus was evaluated (Figure 1). In line with most drug
discovery programs, analogues from this study were also profiled for their inhibition of the human
ether-a-go-go-related gene (hERG)-encoded potassium ion channels to understand cardiotoxicity
risks that may be associated with this series. Herein, we report the identification of potent, multi-
stage active analogues with an attractive hERG potassium ion channel inhibition profile along
with good in vivo efficacy in a murine model of malaria. The pharmacokinetics profile of a
representative lead compound 10 following oral and intravenous administration in mice is also

reported.
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2 (CN, H, CONH, COOMe]

24 Figure 1. SAR strategy around the 3-trifluoromethyl PBI scaffold.

30 RESULTS AND DISCUSSION

Chemistry: Target compounds were prepared as previously described (Scheme 1).% Briefly,
36 compounds devoid of substitution on the left-hand side were synthesized from commercially-
38 sourced 2-benzimidazole acetonitrile (I1a). For other targets, the corresponding substituted
40 diamino benzene starting material (I) was condensed with ethyl-2-cyanoacetate to form the
equally substituted benzimidazole acetonitrile derivative (Ilb and llc). Subsequently, the
45 benzimidazole acetonitrile and ethyl 4,4,4-trifluoro-3-oxobutanoate were condensed in the
47 presence of ammonium acetate to provide the tricyclic hydroxyl intermediate (I11), which is
converted to the penultimate chloro intermediate (1) using phosphoryl trichloride (POCIs).
52 Finally, amination of 1V using the relevant amine either in the presence of triethylamine in a

54 microwave reactor or the palladium-catalyzed Buchwald-Hartwig aromatic amination reaction
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using a suitable ligand and base were employed to give the final compounds V: 1, 3-7, 10-15, 21-
30, 32-38, 40-53,57-61 and 2, 8, 9, 16-20, 31, 39, 54-56, respectively. Oxidation of the chloro
intermediate 1'VVa using concentrated sulfuric acid produced the amide-containing intermediate
Vla, which was subsequently aminated as in reaction iv to furnish the target compounds 58-60.
On the other hand, the use of the starting material 11d, containing a methyl ester group (R) instead

of a nitrile, afforded the target compound 61.

Scheme 1. General scheme for synthesis of the PBI compounds.

" m
llla: X,Y,Z=H; R=CN

X llib: X, Z=Cl, Y=H; R=CN

H,Y, Z=

H Ilic: X= Cl; R=CN
Y. N R —_— N7y Ilid: X,Y,Z=H; R=COOMe
»— i
z N

lla: X,Y,Z=H; R=CN
lib: X, Z=Cl, Y=H; R=CN
llc: X=H, Y, Z=Cl; R=CN

lid: X,Y,Z=H; R=COOMe

X
Y NH, Va: X,Y,Z=H; R=CN
Vb: X, Z=Cl, Y=H; R=CN
z NH, NTD N N Ve: X=H, Y, Z=Cl; R=CN
—> P Vd: X,Y,Z=H; R=COOMe
| Ve: X,Y,Z=H; R=CONH,
R
R=C v

IVa: X,Y,Z=H; N
IVb: X, Z=Cl, Y=H; R=CN
IVe: X=H, Y, Z=Cl; R=CN

IVd: X,Y,Z=H; R=COOMe

Reagents and conditions: (i) Ethyl cyanoacetate, DMF, 160 °C, 2 h, 61-76%; (ii) Ethyl 4,4,4-trifluoro-3-
oxobutanoate, NH4OAc, 145 °C, 2h, 27-66% ; (iii) POClIs, (20eq), 130 °C, 3h, 63-94%; (iv) Relevant amine (RNHy>),

EtsN, microwave, 80 °C, 150 W, 20-60 min (9-86%) or the appropriate amine, Pdx(dba)s BINAP or Brettphos,
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K2COs or Cs,COs, toluene or 1,4-dioxane or tert-butanol, 100-120 °C, 12-16 h (6-54% ); (v) concentrated sulfuric

acid, 85 °C, 2h, 89%. X, Y, Z and R are as described in Tables 1-3.

Biology: Antiplasmodium activity against Asexual Blood Stage parasites. With the aim of
defining the structure-activity relationship pattern around the PBI scaffold, synthesized analogues

were first tested for their in vitro activity against the drug-susceptible P. falciparum NF54 strain.

SARL1 Targets: Structural modifications at SAR1 (Figure 1) produced compounds that may be
classified broadly into either N-linked (n=0; aniline-type) or N-methylene-linked (n=1;
benzylamine-type) series (Figure 1). In the first series, the side group moiety comprises a phenyl
ring directly linked to the PBI central core by a nitrogen. The electronic and lipophilic features
of substitutions around the aromatic ring appeared to influence the antiplasmodium activity
observed. For instance, unlike hydrophilic substituents, lipophilic groups on the aromatic side
chains favored antiplasmodium activity. Active analogues in the low [3 (ICs0=1.16 pM), 4 (ICso
=1.01 uM), 10 (ICs0=0.17 pM) and 13 (ICso = 1.59 puM)] to moderate [1 (ICs0 = 2.14 pM) and
5 (ICso = 2.26 puM)] micromolar range were identified (Table 1). The most active derivative in
the series was 10 (ICso = 0.17 uM), which had a trifluoromethoxy (-OCF3) substituent that

combines both lipophilic and electron-withdrawing properties.
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Table 1. Antiplasmodium potency of SAR1 Targets against chloroquine-susceptible (PfNF54)

and resistant (PfK1) strains of P. falciparum.

oNOYTULT D WN =

R
O

N

N
Z

CF;

CN

aAntiplasmodium

Compound activity Resistance
R
Number ICs0 (UM) Index
PfNF54 PfK1
1 v~ 2.14
2 Hiv—()on 2.36
3 ﬁ'N—@—opr 1.16
4 i)~ 101
5 HN—( -ome  2.26
6 I-?N—@—NMez 5.62
! I:"N_Q_Q:Hme b>10
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4Antiplasmodium

Compound activity Resistance
R
Number ICs0 (UM) Index
PINF54  PIKL
s (o]
8 X, >236
9 HN— psome 32,32
10 W~ p-ock, 017 0.15 0.8
11 ”"'@ 0.39 0.23 0.58
OCF,
12 “”‘@ 0.87 0.62 0.71
F,CO
13 N~ )—coome 159
14 v~ >2.83
H‘N—<: :}—\
15 221
-
16 ! >2.82
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4Antiplasmodium

Compound activity Resistance
R
Number ICs0 (ULM) Index
PfNF54 PfK1
F
H Gy 2%
S
18 H“N’(‘,:‘)\ >2.82
N=
19 '7'"_<h:’> >2.69
—N
20 S\ 4.42
==-NH
21 ()., 2.98
==-NH
22 ) 1.27 0.89 0.7
/
23 N >2.72
===NH
24 —) 6.11
==-NH
25 \—Q—OMe 3.18

10
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4Antiplasmodium

Compound activity Resistance
R
Number ICs0 (ULM) Index
PNF54 PfK1
NH
26 —(p-oor 092 0.84 0.91
--=NH
27 \()-some 1258
NH
28 > )—some  >2.68
HN N
29 = 2.60
Y
30 e 1.16 1.64 1.41
N
31 N >2.72
32 ey >2.72
N

33 ”"f_@_OH 8.74
34 “"{_@_ 1.49

11
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4Antiplasmodium

activit
Compound Y Resistance
R
Number ICs0 (LM) Index
PfNF54 PfK1

v

HN o
35 \_< H >2.36
NHMe

’

HN o
36 \—< >_Q >2.28
NMe,

37 “”\_Q_SOZNHZ 10.20
38 “”'\_©_< 2.40

==NH N=
4.
39 — :,} 80
40 ---N.  NH 10.03

aValues are a mean of n>2 [*H]-hypoxanthine incorporation assays. ICso values generally differed
less than 2-fold; those that varied above 3-fold were excluded from the analysis. > ICsg value is
above the highest concentration used in the assay. Chloroquine and artesunate were used as
controls whose established standard I1Csp values from n>10 determinations in our lab are 0.016

UM (PfNF54); 0.194 pM (PfK1) and 0.004 uM (PfNF54); 0.003 puM (PfK1), respectively.

12
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Introduction of a methylene linker (n = 1; Figure 1) into the side group to extend the SAR from
aniline-type to benzylamine-type series afforded analogues with antiplasmodium activities in the
low micromolar range: 22 (ICso = 1.27 puM), 26 (ICs0=0.92 pM) and 34 (ICso = 1.49 uM) [Table
1]. As with the aniline-type series, lipophilic electron-withdrawing groups were equally favored

in this series.

Isosteric replacement of the phenyl ring with various heteroaromatic groups produced diverse
compounds including pyridyl (17, 30, 31, 32), pyrimidyl (16, 19, 39), pyrazinyl (29 and 20), and
thiazolyl (18) analogues (Table 1). Among them, only the pyridyl ring in the benzylamine series
produced an active compound 30 (ICso = 1.16 puM). Interestingly, there seems to be a stringent
requirement with regards to the positioning of the nitrogen on the pyridyl moiety, with only the
2 (ortho)-position (30; ICsp = 1.16 uM) permitted for potency, while the 3 (meta)- and 4 (para)-
positions produced compounds with lower activities, as observed for compounds 32 and 31,
respectively. On the other hand, replacement of the bulky aromatic side groups with the more
polar, heterocyclic groups like piperazine was detrimental to activity, as seen with compound 40

(ICso = 10.03 uM) [Table 1].

The introduction of a methyl substituent on the nitrogen bridging the PBI core and the aromatic
appendage (R, Figure 1) led to a decrease in activity, as illustrated by compound 23 (ICs0 >2.72
KUM), which bears a tertiary nitrogen, compared to its analogue 30 (ICso=1.16 uM), in which this
nitrogen is secondary. This observation may suggest unfavorable steric interaction in the case of
a tertiary nitrogen or the importance of hydrogen-bonding interactions, in the case of a secondary
nitrogen, as in 30, for suitable interactions with the target to take place, leading to the observed

biological activity.

13
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SAR2 Analogues: Target compounds in this subset were generated by modifications on the left-

hand side (LHS) of the PBI core, as shown in Table 2. Following this modification, there was a

general trend towards retention of, or improvement in, potency. For instance, 44 (ICso=1.42 uM)

is approximately equipotent to 30 (ICso = 1.16 uM; Table 1), while 43 (ICso = 0.44 uM) and 45

(ICso = 0.40 puM) are two to four-fold as potent as their corresponding analogues lacking the

dichloro modification, 26 (ICsp = 0.84 uM; Table 1) and 34 (ICso = 1.49 uM; Table 1),

respectively. Similarly, a nearly 5-fold improvement in potency was observed with 42 (ICsp =

0.26 uM; Table 2), the dichloro substituted analogue of 22 (ICso = 1.28 uM; Table 1).

Table 2. Antiplasmodium potency of SAR2 Targets against chloroquine-susceptible (P/NF54)

and resistant (PfK1) strains of P. falciparum.

Y X R
<3
NTS
NT NP ek,
CN
“In vitro activity
Compound Resistance
X Y Z R ICso (LM)
Number Index
P/NF54
HN
a1 a H a "TCL o031 0.68
HN
42 H o a "0 o 0.64

14
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“In vitro activity

Compound Resistance
Y Z R ICs0 (LM)
Number Index
PNF54  PfKI
HN
43 a a "L, 044
44 ct ¢ "™ hZ 1.42
45 ca c ") 040
46 Cl  Cl v p-ocr °>197
47 clocl W) 044 023 0.52
S
48 clc WYy 03I 0.14 0.45
F
49 c ol "“_@ 0.17 0.14 0.82
- F
50 cl ol “"_@ 0.19 0.15 0.79
51 cl o cl - w81
52 Cl Ol "L Chsome 534 561 1.05
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“In vitro activity

Compound Resistance
Y Z R ICs0 (uM)
Number Index
PANF54  PfKI
53 ca a e 4.97
00
54 Cl Cl w 5.64
:\©\CN
OugP
55 Cl C1 w 6.73 5.85 0.87
:\©\OCF3
0,,0
56 Cl  Cl w2 >6
. Ns

3Values are a mean of n>2 [*H]-hypoxanthine incorporation assays. 1Cso values generally differed less than
2-fold; those that varied above 3-fold were excluded from the analysis. > ICs value is above the highest
concentration used in the assay. Chloroquine and artesunate were used as controls whose established standard
ICso values from n>10 determinations in our lab are 0.016 uM (PfNF54); 0.194 uM (PfK1) and 0.004 pM

(PfNF54); 0.003 uM (PfK1), respectively.

Page 16 of 48

Further SAR iterations within this series revealed that the phenyl ring at SAR1 (R1, Figure 1)

could be replaced with smaller heteroaromatic systems, such as furanyl 47 (ICso = 0.44 puM) and

thiophene 48 (ICso = 0.31 pM) with retention of activity when accompanied by dichloro

modifications at SAR2 (Y, Z = CI, Table 2). However, replacement of the bulky aromatic side

groups with more polar, heterocyclic groups like piperazine, resulted in diminished activity, as

16
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seen with 51 (ICsp = 8.11 uM). Poor antiplasmodium activity was observed among analogues in
which the methylene linker (n = 1, SAR1, Figure 1) is substituted by the more polar sulfonyl
group (-SO2-), as observed with 55 (ICs0= 6.73 M) vs 43 (ICso = 0.44 uM), respectively (Table

2).

When comparing the position of the chloro groups on the LHS of the scaffold, the 3,5- dichloro
analogue 41 (ICsp = 0.21 puM) and the 4,5-dichloro compound 42 (ICso = 0.26 pM) were
equipotent, indicating a negligible impact of regio-isomerism on this portion of the scaffold. On
the contrary, regio-isomerism appears to be more important in the side groups at SAR1. For
example, moving the position of the substituents on the aromatic side group between the ortho,
meta and para positions resulted in 50 (meta, 1Cso = 0.19 uM) and 49 (ortho, I1Cso = 0.17 uM)

being equipotent, and about twice as potent as analogue 42 (para, ICso = 0.44 uM) [Table 2].

SAR3 Targets: To explore effects on antiplasmodium activity by initiating structural changes
around SARS3, analogues of previously active targets were prepared in which the nitrile at this
position was replaced with other small groups, resulting in compounds 57 (H; 1Cso = 4.24 uM),
58, (CONHz; ICs0 > 6 uM), 59 (CONHz, ICs0 = 5.16 pM), 60 (CONHg, ICs0 >10 pM) and 61
(COOMe, ICso = 5.52 uM) [Table 3]. The loss of antiplasmodium potency of these compounds
compared with that of compounds 10, 22, 26 and 30, suggests that a nitrile group at this site is

required for activity.

17
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Table 3. Antiplasmodium potency of SAR3 Targets against chloroquine-susceptible (P/NF54)

and resistant (PfK1) strains of P. falciparum.

N CF;
R4
“In vitro activity
Compound Resistance
Ry R ICs0 (uM)
Number Index
P/NF54 PK1
57 H =N )—ocrs 4.24 3.36 0.79
F b
58 —CONH; N{-I_Q_ >6
7.59 1.47
OCF
59 [-conm, o 5.16
60 E_CONHz \_/ >10 >10

NH N
61 F-coome "'”_Q_OCF3 5.52

@Values are a mean of n>3 determinations. ICso Values generally differed less than 2-fold; those that varied above 3-
fold were excluded from the analysis. > ICso value is above the highest concentration used in the assay. Chloroquine
and artesunate were used as controls whose established standard ICso values from n>10 determinations in our lab are

0.016 puM (PfNF54); 0.194 uM (PfK1) and 0.004 uM (PfNF54); 0.003 uM (PfK1), respectively.

18
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Compounds with potent activity against the chloroquine-susceptible (CQS) PfNF54 parasite
strain (ICso = 1uM) were also evaluated against the chloroquine-resistant (CQR) PfK1 strain.
Cross-resistance of these selected compounds with chloroquine was assessed by determining the
fold change in the ICso between the drug-sensitive and drug-resistant strains, expressed as the
resistance index (RI), calculated as the ratio of ICsoPfK1 to ICso0PfNF54. Generally, activity trends
were maintained across the two parasite strains (Tables 1-3). These results suggest that these
compounds are unlikely to demonstrate cross-resistance with chloroquine (RI=12.1), as indicated
by a less than 2-fold ICso potency shift between the CQS and CQR parasite strains among the

compounds.

Inhibition of B- hematin (BH) formation. Besides the ability to adopt a planar conformation,
PBIs also have a rich electron density and protonatable nitrogen centers — features notably shared
by aminoquinolines like CQ. This flat conformation, as demonstrated in CQ, is essential in
facilitating pi-pi interactions with heme molecules leading to inhibition of hemozoin (Hz)
formation in P. falciparum.?* The library of compounds generated in this study were evaluated
for their ability to inhibit formation of beta-hematin (synthetic Hz) in an in vitro set up designed

to mimic the conditions of P. falciparum digestive vacuole (DV), the site of action of CQ.%°

Most of the compounds displayed weak B-hematin inhibition (BHI) activity (ICso > 100 uM)
(Table S1, Supporting Information). Only five compounds, 15 (ICso =50 uM); 44 (ICs0 =59 uM);
46 (1Cs0 = 32 uM); 53 (ICs0 = 32 uM) and 55 (ICso = 78 uM) demonstrated BHI activity in the
desired range (ICso < 100 uM), with 46 and 53 displaying the greatest potencies (ICso = 32 uM).

In contrast, chloroquine, used as a positive control, displayed a BHI 1Csg of 18 uM.

19
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The dichloro substitution on the LHS improved the BHI potency 53 (ICso = 32 uM) of the
previously inactive 28 (ICso > 100 puM) analogue, a pattern also observed for 44 (ICso = 59 pM)
vs 30 (ICso > 100 uM). A sulfonyl linker between the nitrogen attached to the PBI core and the
aromatic portion of the side chain in the stead of a methylene group was detrimental to the
potential to disrupt BH formation, as observed in the case of 56 (ICso> 100 uM) vs 44 (ICso =59
pM). In addition, the chiral compound 53 (ICso = 32 pM) was more potent than its achiral
analogue 52 (ICso > 100 pM), suggesting the role of the methyl substitution in offering additional

beneficial interactions or facilitating suitable compound orientation for BHI.

There was no correlation between the antiplasmodium activity and the ability of this series to
inhibit BH formation (R? = 0.04, p-value = 0.19). Whereas the planar architecture of these
compounds would be expected to impart BHI capabilities, as previous observed with analogous
compounds,?>? it appears that the structural diversity pursued in this study introduced features
that distorted the ability for appropriate binding to heme, leading to low BHI activities for most
compounds. Nonetheless, owing to the presence of protonatable centers on these molecules, it is
conceivable that intracellular DV accumulation might occur to sufficient concentrations that lead
to inhibition of Hz formation. On the other hand, it is possible that these compounds elicit
antiplasmodium activity via another mechanism independent from Hz inhibition. In fact,
inhibition of -1, 6-glucan synthase in fungi,?’ the Iytic activity of pore-forming perforin?® and

cytochrome b in trypanosomes?® by other PBI derivatives has previously been reported.

Plasmodium life cycle activity profiling of frontrunner compounds. To assess the ability of
these compounds to potentially block malaria transmission as well as offer chemoprotection, the

compounds displaying the highest potency against the parasite’s asexual blood stages, were
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evaluated for their activity against the liver stages of the rodent P. berghei parasite and against P.
falciparum gametocyte stage. With reference to the liver stage activity profile, all tested
compounds (Table 4) demonstrated in vitro sub-micromolar potency (ICso = 0.06 - 0.89 UM)
which was greater than that observed for primaquine (ICso = 6.25 pM), the control drug used in
this assay. Among the compounds, 47, 49 and 50 demonstrated especially high activity with 1Cso
potencies of less than 100 nM. This is the first report of the liver stage activity of this series which
indicates their prospects as antimalarial chemoprophylactic drug discovery leads. With
tafenoquine having received US FDA approval only recently, primaquine is presently the only
clinical compound widely used for radical cure of P. vivax and P. ovale-induced malaria.*°
However, despite the low in vitro activity observed with primaquine, the drug displays potent in
vivo activity, which is attributed to its biotransformation to the active metabolite.>* An accurate
extrapolation of the in vivo potency of these compounds is therefore not possible based on direct
comparisons with primaquine but will, rather, require animal experimentation in a model

recapitulating the liver stage infection.
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Table 4. 2Liver and gametocyte stage activity of selected compounds.

P/NF54 Gametocyte activity

Pbh 1Cs0 Fold
Compound Fi
inal
Number Liver stage ICso Change
(LM) Late Stage ICso EGLG/
(M) (
LG:EG)®
10 0.11 3.32
22 0.89
26 0.48
41 0.74 3.0/0.3
42 0.69
43 0.19 0.21
44 2.48
45 0.60 0.2/6.0
47 0.06 2.00
48 0.14 1.67
49 0.05 0.37
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50 0.07 0.27 1.2/0.5
Primaquine 6.25
Methylene blue 0.9
DHA 14

@Values are the average of n>3 determinations. 1Cso values generally differed less than 2-fold; those
that varied above 3-fold were excluded from the analysis. PEG: Early stage gametocyte; LG: Late
stage gametocyte. Final late stage 1Cso represents the lowest of each value obtained for the luciferase
reporter or ATP bioluminescence assay.

Based on the asexual blood stage activity observed for the compound library generated in this
study, selected compounds were prioritized for the evaluation of their gametocytocidal potential.
Ten analogues were subsequently tested against late stage gametocytes (>95% stage 1V/V). Six
compounds (41, 42, 43, 45, 49 and 50) showed sub-micromolar 1Cso values (Table 4) with 43
(ICs0 = 0.21 pM) the most potent, followed by 50 (1Cso = 0.27 uM), 49 (ICso = 0.37 uM), 45 (ICso
= 0.60 uM), 42 (ICso = 0.69 uM) and 41 (ICso = 0.74 uM). None of the compounds, except 45
displayed increased activity towards the early stage gametocytes when compared to the late stages
(Table 4). This is the first report of the gametocytocidal activity of this series, thereby reflecting

the pan-active potential of the N-aryl-3-trifluoromethyl pyrido[1,2-a] benzimidazole scaffold.

Cumulatively, in view of the sub-micromolar potency of these compounds across the life cycle
stages, these PBI derivatives are promising leads towards the identification of pan-active agents

capable of preventing transmission and enabling chemoprevention. From the current antimalarial

23

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry Page 24 of 48

arsenal, over 90% of the drugs do not show potent activity towards late stage gametocytes and

only primaquine and atovaquone have liver stage activities.?®

ADME and cytotoxicity: To select compounds for in vivo evaluation, compounds with the most
potent in vitro asexual blood stage antiplasmodium activity were evaluated in terms of their
cytotoxicity profile in the Chinese Hamster Ovarian cell line (Table 5). Generally, good
selectivity indices (SI) were obtained in both the aniline-type and benzylamine-type series
without manipulations on the LHS. In both subsets, all the compounds had a SI above 30 except
for 34, having a methyl substituent, that showed lower selectivity (SI = 17). Compounds 10, 30
and 26 displayed the best safety profiles (SI > 100). Interestingly, it appears that introducing a
methylene bridge in the aromatic side chain of 10 (SI = 103) to give 26 (SI > 241) improves
selectivity. Within the benzylamine series, better selectivity was achieved with 26 (SI > 241),
which has the more lipophilic trifluoromethoxy substituent, compared to 22 (SI = 35) bearing a
fluoro substituent. On the other hand, the methyl-substituted analogue 34 displayed the least

attractive safety profile (SI = 17).

Notably, although the LHS modification whereby dichloro substitutions were performed
improved the potency of many of the compounds, it also increased the potential for inducing
cytotoxicity. Consequently, 22 (SI = 35), from which this modification is absent, displayed a
better safety profile than both 41 (SI = 5) and 42 (SI = 30), which have reduced selectivity,
whereas 34 (SI = 17) and 45 (SI = 15) have about the same selectivity profiles. Similarly, the
excellent safety profile of 30 (SI > 234) was completely lost when dichloro groups were

introduced at the LHS to give 44 (SI = 0.5).
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Regio-isomerism of the LHS seems to impact on the selectivity profiles of these compounds since
41 (SI = 5), with a 3,5 dichloro substitution pattern, is less selective than its 4, 5 dichloro-
substituted analogue 42 (SI = 30). In contrast, regio-isomerism with respect to the position of
substituents on the aromatic side group appears inconsequential to selectivity, as 42 (para-F, Sl
=30), 49 (ortho-F, SI = 25) and 50 (meta-F, SI = 37) displayed similar selectivity indices. Overall,
two out of the 14 compounds, 41 and 44, failed to meet our defined criteria for compounds with

good selectivity (S1 > 10).

In general, the compounds showed moderate to high metabolic stability as assessed in mouse and
human liver microsomes, MLM and HLM, respectively (Table 5). Compounds incorporating
heteroaromatic moieties tended to be more labile, as exemplified by 44, which had less than 75%
of compound remaining after the 30-minute incubation period in both HLM and MLM. Moreover,
these compounds seem to be more efficiently metabolized in mouse than human microsomes,
except for 10, which was equally stable in both species. Overall, compounds with the highest
microsomal stability in both species, with over 75% remaining after an incubation period of 30

minutes were 10, 49 and 50.
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in vitro
% rem. after ICso
Compound . 30min (tyemin) Selectivity
tructure
Code (LM) Index
MLM  HLM CHO PiNF54
>09 >09
10 Q\ 1758  0.17 103
N e, (>150)  (>150)
HN f N
30 Q: " i - >272 116 >234
4 CF3
22 Q: C, i - 45 128 35
4 CF;
26 Q@ i S 2 092 >241
34 Q)\);L@ i ; 25 149 17
Cl HN/\© 76 82
a1 °"QN; F 166 031 5
N Fy
Lo° (75)  (105)
c HNA@\F 102
42 ‘Q@ 72 13 044 30
7 ver, (>150)
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in vitro
% rem. after
i I1Cso
Compound . 30min (tyemin) Selectivity
Code tructure (UM) Index
MLM  HLM CHO PfNF54
(63)
. 82
HN” \Ej >99
43 Q ) 7 oens 502  0.44 11
N CF,
I (105)  (>150)
NP 31 72
44 Q N 075 142 05
N CF;
% (18) (63)
Cl
) HNA@CH; 69 91
45 S 6.06 0.4 15
N 3
L (56)  (>150)
cl HN o, 66 100
N/
47 ‘Q ;Q 484 044 10
MY ems (50) (>150)
Cl HN/\LS7
Y/
48 “Q S - - 848 031 27
N CF,4
CN
. A 84 97
49 -Q S © 430 017 25
T (119)  (>150)
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in vitro
% rem. after ICso
Compound . 30min (tyemin) Selectivity
tructure (
HUM) Index

Code

MLM HLM CHO PfNF54

¢l HN/\©/F 84 100
50 °“<:}:[;L 703 019 37

(119)  (>150)

MLM: Mouse Liver Microsomes; HLM: Human Liver Microsomes; CHO: Chinese Hamster Ovarian Cell lines;
%rem: Percent compound remaining after 30 minutes incubation; twumin: Projected half-life in minutes. SI:

selectivity index is the ratio of CHO ICsq: PFNF541Cs.

hERG inhibition profiling: Drugs that inhibit the hERG-encoded potassium ion channel can
cause perturbations in myocardial function and lead to potentially fatal cardiac arrhythmias
known as torsade de pointes.323 For this reason, drug discovery programs often profile lead
compounds against this target to establish any potential risk associated with the inhibition of this
protein. To understand the potential for cardiotoxicity risk arising from possible off-target
interactions with the hERG potassium ion channel, we profiled representative in vitro active
compounds (10, 47, 48, 49 and 50) in the hERG assay using the lonWorks patch-clamp
electrophysiology.®* Experimental procedures for this assay are described in Supporting

Information (Section F) with data for the tested compounds summarized in Table 6.

28

ACS Paragon Plus Environment



Page 29 of 48

oNOYTULT D WN =

Journal of Medicinal Chemistry

Table 6. hERG inhibition activity of selected compounds.

% inhibition (SD) at
Compound number Chemical structure Cso, uM
0.3 uM

10 ¢ }N \ 7.51 (2.85) >10
N’Q\c&

C
Cl HN/\LO7
Y/
47 °"QN S 6.82 (2.81) >10
N
Cl HN/\LS7
Y/
48 C'QN S 6.13 (5.14) >10
N
Cl
HN
49 Q :\© 5.49 (3.90) >10

50 ‘Q S C 6.53 (4.15) >10

2Compounds showed less than 40% inhibition at the highest tested concentration of 10 uM. All values

represent the mean of 3 results obtained from experiments performed as biological and technical triplicates.

This series showed a promising hERG potassium ion channel inhibition profile as depicted by the
high 1Cso values (>10 uM) [Table 6]. The positive control drug used in the experiment, verapamil

hydrochloride, inhibited the target potently, with an ICso between 0.2 and 0.8 pM.
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In vivo efficacy against the blood stage of P. berghei infection: Compounds 10 and 49,
representing leads from the aniline and benzylamine series, respectively, and possessing good in
vitro ADME and cytotoxicity profiles, were selected for in vivo studies in a mouse model of
malaria. NMRI Mice infected intravenously with P. berghei parasites were treated 4 h, 24 h, 48
h and 72 h post-infection with 10 and 49 at a dose of 50 mg/kg (4 x 50 mg/kg). Compound vehicle
was administered to control mice. The in vivo efficacy was determined by comparing the
parasitemia in the infected but untreated control mice and that of the treated animals. Animals

were pronounced to have been cured if no parasitemia was detected 30 days after treatment.

Table 7. Physicochemical and oral in vivo efficacy of 10 and 49 in NMRI mice?

10 49

F

OCF,
9 ;
HN HN
cl
N N
= Z

=z N
N CF, CF3

CN
Mw. 436.3

cLogP: 5.34

CN
Mw. 453.2
cLogP: 5.73

;:ﬁt;e:'.:s A Sol: <5 uM
Dose (mg/kg) 4x50 4x50
Reduction in
98 99.9
parasitemia (%)
Mean survival days
12 14

(MSD)

aphysicochemical data was computed using Chemdraw version 16.0 with solubility determined as described

previously?®
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Our results showed that treatment with 10 and 49 led to 98% and 99.9% reduction in blood
parasitemia of the treated mice, respectively (Table 7). Furthermore, both treatments increased
animal survival relative to that of the control (MSD, 6 days), untreated group, with mean survival
times of 12 and 14 days for 10 and 49, respectively and 6 days for control mice. In comparison,
the reference drug used in the experiment, chloroquine, administered at a daily oral dose of
30mg/kg for four consecutive days (4 x 30 mg/kg) achieved 99.9% reduction in parasitemia and

resulted in a mean survival time of 21 days.

The modest improvements in the mice survival span achieved by 10 and 49 may possibly arise
from inadequate pharmacokinetic properties that may limit bioavailability as has been reported
previously for a related series of compounds??23 with solubility-limited absorption postulated to
result in decreased systemic exposure. For poorly soluble compounds, the absorption is largely
driven by lipophilicity. Consequently, the absorption at a low dose may comparable to that of a
moderate dose since, at higher doses, the compound could precipitate in the gastro intestinal tract
of the animal and is therefore not available for absorption. The presumed low exposure in the
systemic circulation could result in sub-optimal levels of the compound in vivo. Several factors
relating to drug disposition including binding to proteins or tissues and clearance could modify
in vivo outcomes. To investigate some of these possible scenarios, we performed pharmacokinetic

(PK) analysis on one of the lead compounds-10- to understand the in vivo disposition of the series.

In vivo pharmacokinetics analysis: The pharmacokinetic profile of 10 was studied in mice, as
a representative compound of the series. oral disposition of the representative compounds 10 was
studied in mice to enable investigation of the PK profile of this series. In this regard, C57B1/6

mice (n=3) were dosed orally at 20 mg/kg while in another set, the animals (n=2 mice) were dosed
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intra-venously at 2 mg/kg. Blood was sampled between 0-24 hours at the intervals shown in
Figure 2. Corresponding PK parameters were calculated using non-compartmental analysis and

are presented in Table 8.

2.5-
10.0- a.iv b. oral
2.0-
< 7.54 s
=
2 = 1.5-
9 504 3
. a 1.0
2 =
3 o
O 254 0.54
OC T T T T T T T OO L L] L] L] L] L] L]
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (h) Time (h)

Figure 2. Pharmacokinetics profile for 10 following a) intravenous (iv) and b) oral administration. Each data

point represents the mean from 2 (iv) and 3 (oral) mice with error bars indicating the standard deviation.

Compound 10 displayed a delayed absorption profile (Tmax= 5h) post oral administration. At the
oral dose of 20 mg/kg, the maximum concentration reached (Cmax= 1.1 M) is six-fold above the
in vitro ICsg value (0.17 uM), and concentrations in blood remain above the in vitro 1Cso for over
20 hours. This is consistent with the good in vivo efficacy observed with these compounds. [Table
8]. It should, however, be noted that the observed blood concentrations comprise both bound and
free compound with the free fraction being credited with biological activity. Subsequent
determination of the plasma protein binding profile for these compounds will be useful in

establishing the actual free compound plasma concentration.
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Table 8. Oral and intravenous mouse pharmacokinetics parameters for 10.

N cF,
cN
10
Parameter i.v. (2 mg/kg)? p.o. (20 mg/kg)®
Cmax (UM) - 1.1
Tmax (h) - 5
ty, (h) 11.4 7.86
Va (L/kg) 0.9 -
CL (mL/min/kg) 0.97 -
AUCo- 1167
4774
(uM/L.min)
Oral
bioavailability - 2
(%)

*For intravenous dosing (n=2 mice), compounds were formulated in a solution
of dimethylacetamide, polyethylene glycol and propylene glycol/ethanol
mixture 4:1 at a ratio 1:3:6. "For oral dosing (n=3 mice), compounds were

formulated as suspension in 100% HPMC.
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Taken together, the pharmacokinetics analysis of 10 suggests that this series displays delayed
absorption, low volume of distribution and low in vivo clearance. The meager bioavailability and
variability in absorption, a frequent profile amongst compounds with poor solubility, highlights
the need for optimizing this parameter towards improved PK and, potentially, oral efficacy.
Further investigations are required towards understanding the tissue localization and distribution
of these compounds. Based on the high in vitro metabolic stability, low in vivo clearance and time
above in vitro 1Cso concentrations, these compounds are promising towards achieving long-
duration of antimalarial action. Ongoing studies are also aimed at understanding the resistance
potential of this series through mutant generation.

Conclusion: In conclusion, structure-activity relationship studies were conducted around a PBI
scaffold leading to the generation of N-aryl-3-trifluoromethyl pyrido[1,2-a] benzimidazoles with
SAR trends as depicted in Figure 3. Compounds with not only sub-micromolar potency towards
drug-susceptible and multi-drug resistant strains of P. falciparum but also which maintained

potency across multiple stages of the Plasmodium parasite’s life cycle, were identified.

© sLlinker not necessary for activity (n=0, 1)

« Activity is lost with a sulfonyl linker

R:H > Me ? ______ R' e Aryl group with EWG (F, OCFs) as substituents favour activity;
e Heteroaryls such as 2- pyridyl, furanyl, pyranyl are tolerated;
e 3-and 4- pyridyl groups are incompatible with activity;

S'jiz e Pyrimidyl and pyrazinyl systems abrogated activity

Cl > H (better activity but
increases cytotoxicity)

l_,SARS

Replacement with hydrogen, ester and amide led to loss of activity

Figure 3. SAR trends summary
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Subsequent in vitro toxicity screening showed that the series has a favorable cytotoxicity profile
including against the myocardial hERG-encoded potassium ion channel. Prioritized leads 10 and
49 elicited potent antimalarial efficacy leading to 98% and 99.9% reduction in parasitemia in
mice accompanied by mean survival times of 12 and 14 days, respectively, when dosed orally at
4x50mg/kg. Pharmacokinetic analysis of 10 revealed that the series displays slow absorption, low
volume of distribution and low clearance profiles accompanied by low bioavailability. Further
physicochemical optimization is ongoing to pursue these compounds as potential antimalarial
leads with not only the potential to relieve clinical symptoms by targeting the asexual blood stages
of Plasmodium, but also to offer chemoprotection and block transmission by killing liver and

gametocyte forms of the parasite life cycle, respectively.

Experimental section: 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 spectra were recorded at 300 or 400 MHz and
13C NMR spectra at 100 or 151 MHz, on a Brucker Spectrometer. Analytical thin-layer
chromatography (TLC) was performed on aluminium-backed silica-gel 60 Fzss (70-230 mesh)
plates. Column chromatography was performed with Merck silica-gel 60 (70-230 mesh).
Chemical shifts () are given in ppm downfield from TMS as the internal standard. Coupling
constants, J, are recorded in Hertz (Hz). Purity was determined by HPLC and all compounds were
confirmed to have > 95% purity. The data that is not shown below is supplied in the Supporting

Information (Section A).
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Preparation of 1-hydroxy-3-(trifluoromethyl)benzo[4,5]imidazo[1,2-a]pyridine-4-

carbonitrile intermediate Illa:

Commercially sourced 2-(1H-benzo[d]imidazol-2-yl) acetonitrile Ila (1.0 equiv.), ethyl 4,4,4-
trifluoro-3-oxobutanoate (1.2 equiv.) and ammonium acetate (2 equiv.) were stirred at 145°C for
2 hours. Reaction mixture was cooled to 70°C, acetonitrile added while stirring for a further 10
minutes. After cooling to room temperature, the mixture was filtered, residue washed with

acetonitrile and the light-yellow product obtained in 66% yield.

IH NMR (400 MHz, DMSO) § 14.10 (bs, 1H), 8.60 (d, J = 8.2 Hz, 1H), 7.71 - 7.56 (m, 2H), 7.46
(ddd, J = 8.6, 6.8, 1.8 Hz, 1H), 6.43 (s, 1H); *C NMR (101 MHz, DMSO) & 158.05, 148.14,

138.59, 132.21, 127.46, 123.92, 123.48, 121.36, 116.71, 114.62, 112.24, 103.27, 64.56.
LC-MS APCI+: found m/z =278.1 [M+H]", (calcd for: C13HeF3N30:277.0).

Preparation of 1-chloro-3-(trifluoromethyl)benzo[4,5]imidazo[1,2-a]pyridine-4-

carbonitrile intermediate 1VVa:

Phosphoryl oxychloride (POClz; 20 equiv.) was added to I1-hydroxy-3-(trifluoromethyl)
benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile ITla (1 equiv.) and stirred at 130°C for 3 hours.
Excess POCIl; was removed under reduced pressure. On cooling to room temperature, ice cold
water was added with consistent stirring for 15 minutes. The mixture was neutralized using
sodium carbonate, the crude product filtered off, washed with water, dried at ambient conditions
and used subsequently without further purification. A resultant tan brown product was obtained

in 91% yield.
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IH NMR (300 MHz, DMSO) § 8.74 (d, J = 8.6 Hz, 1H), 8.08 (d, J = 8.3 Hz, 1H), 7.81 — 7.71 (m,
2H), 7.65 - 7.56 (m, 1H); 13C NMR (101 MHz, DMSO) § 158.10, 147.99, 138.63, 132.31, 127.83,

123.93, 123.57, 121.09, 116.77, 114.60, 112.19, 103.32, 64.50.
LC-MS APCI+: found m/z =296.0 (M + 1), (calcd for: C13HsCIF3N3:295.0).
General procedure for the amination step iv using microwave irradiation-Method A

The appropriate amine was added to a stirred mixture of the relevant chloro intermediate IV or
VlIa (1.015mmol, 1 equiv.), triethylamine (2.03mmol, 2 equiv.) and tetrahydrofuran (THF) (4mL)
and subjected to microwave irradiation at 150W, 80°C for 20-40 minutes. The cooled reaction
mixture was transferred to a round bottom flask and concentrated. A minimum amount of either
acetone or ethanol was added to precipitate the final product which was filtered off and dried.
Occasionally, recrystallization in ethanol or column chromatography was performed to improve

purity.

General procedure for the amination step iv using Buchwald-Hartwig conditions-Method

B

A mixture of the relevant chloro intermediate IV, the appropriate amine (1.2 equiv.),
Tris(dibenzylideneacetone) dipalladium(0), Pd2(dba)s (0.1 equiv.), 2,2'-Bis(diphenylphosphino)-
1,1'-binaphthyl (BINAP) (0.06 equiv.) or BrettPhos (0.04 equiv.) or RuPhos (0.1 equiv.),
Potassium carbonate, KoCOj3 or Caesium Carbonate, Cs2CO3 (3 equiv.) and toluene:tert-butanol
(1:1; 5ml) or 1,4-dioxane (5mL) were stirred in a sealed tube at 100-120°C for 4-17 hours. The
cooled reaction mixture was stirred in ethylacetate (50ml) and water (100ml) for 10-20 minutes.

The separated organic layer was washed with water (2x50ml), followed by saturated NaCl
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(2x50ml), dried over magnesium sulphate and filtered over celite. The organic fraction was
concentrated under reduced pressure and ethanol used to precipitate the crude product which was
filtered to furnish the final product. In some cases, compounds were purified by recrystallization

from ethanol or by column chromatography.

Representative final compounds:

1-((4-(trifluoromethoxy)phenyl)amino)-3-(trifluoromethyl)benzo[4,5]imidazo[1,2-
a]pyridine-4- carbonitrile 10:

(light green fluffy powder, 16% obtained from IVVa using Method A)

'"H NMR (400 MHz, DMSO) & 8.82 (d, J= 8.1 Hz, 1H), 7.69 (d, J= 8.0 Hz, 1H), 7.64 — 7.54 (m,
1H), 7.46 — 7.42 (m, 1H), 7.39 (d, J = 8.3 Hz, 2H), 7.20 (d, J = 8.4 Hz, 2H), 6.24 (s, 1H). 13C
NMR (151 MHz, DMSO) & 148.53, 144.88, 135.23, 133.74, 128.91, 127.21, 125.36, 123.71,

122.92, 122.71 (2C), 121.81, 121.58, 120.05, 119.68, 117.77 (2C), 115.20, 113.38, 95.93.
LC-MS APCI+: found m/z = 437.1 [M+H]", (calculated for: C20H10FsN40:436.1).

1-((5,6-dimethoxypyrimidin-4-yl)amino)-3-(trifluoromethyl)  benzo[4,5] imidazo[1,2-

a]pyridine-4- carbonitrile 16:

(17% from IVa using Method B)

'H NMR (300 MHz, DMSO) & 9.08 (d, J= 10.1 Hz, 1H), 8.36 (s, 1H), 7.69 (d, J = 8.7 Hz, 1H),
7.67 —7.59 (m, 1H), 7.52 — 7.43 (m, 1H), 7.40 (s, 1H), 4.00 (s, 3H), 3.80 (s, 3H). '3C NMR (101
MHz, DMSO) § 163.29, 162.70, 151.38, 147.54, 141.49, 135.42, 135.09, 128.73, 127.71(2C),

124.15, 123.12 (2C), 121.42, 118.52, 114.91, 100.05, 60.64, 54.00.
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LC-MS APCI+: found m/z = 415.1 [M+H]", (calculated for: C19H3F3Ns02:414.1).

1-(pyrazin-2-ylamino)-3-(trifluoromethyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile

20:

(23% from IVa using Method B)

"H NMR (400 MHz, DMSO) § 9.08 (d, J = 8.4 Hz, 1H), 8.54 (d, /= 1.4 Hz, 1H), 8.41 (dd, J =
2.7, 1.4 Hz, 1H), 8.25 (d, J=2.7 Hz, 1H), 7.69 (ddd, J=28.1, 1.2, 0.7 Hz, 1H), 7.63 (ddd, J=8.2,
7.3, 1.1 Hz, 1H), 7.57 (s, 1H), 7.47 (ddd, J = 8.5, 7.3, 1.3 Hz, 1H). 3*C NMR (101 MHz, DMSO)
5 161.20, 156.43, 149.86, 147.99, 147.30, 142.50 (2C), 138.59, 135.58, 128.83, 127.54, 123.16,

118.91, 118.58, 114.80, 112.86, 99.37.
LC-MS APCI+: found m/z = 355.1 [M+H]", (calculated for: Ci7HoF3Ng:354.1)

1-((4-(trifluoromethoxy)benzyl)amino)-3-(trifluoromethyl)benzo[4,5]imidazo|[1,2-

a]pyridine-4- carbonitrile 26:

(49% from IVa via Method A)

'H NMR (300 MHz, DMSO) § 8.71 (d, J = 8.4 Hz, 1H), 7.92 (d, J= 7.7 Hz, 1H), 7.72 — 7.60 (m,
3H), 7.49 (ddd, J= 8.4, 7.2, 1.2 Hz, 1H), 7.37 (dd, J = 8.8, 0.9 Hz, 2H), 6.31 (s, 1H), 4.95 (s, 2H).
13C NMR (101 MHz, DMSO) § 150.00, 148.48, 148.17, 137.28, 135.81, 133.84, 130.28, 129.51,

128.51, 127.00, 126.78, 124.13, 122.84, 121.48 (2C), 119.22, 115.75 (2C), 114.49, 86.73, 46.50.

LC-MS APCI+: found m/z = 451.1 [M+H]", (calculated for: C21H2FsN40:450.1).

7,8-dichloro-1-((4-fluorobenzyl)amino)-3-(trifluoromethyl)benzo[4,5]imidazo[1,2-

a]pyridine-4- carbonitrile 42:
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(22% from 1'VVc according to Method A)

'H NMR (300 MHz, DMSO-d6) 5 9.03 (s, 1H), 7.69 (s, 1H), 7.52 (dd, J = 8.6, 5.6 Hz, 2H), 7.43
(dd, J = 8.4, 5.6 Hz, 2H), 6.00 (s, 1H), 4.59 (s, 2H). 13C NMR (101 MHz, DMSO) & 162.97,
160.18, 154.24, 150.99, 145.67, 139.02, 135.82, 134.57, 130.64, 129.58, 125.88, 119.90, 117.50,

116.55, 115.63, 115.57, 115.18, 100.00, 88.62, 43.67.

LC-MS APCI+: found m/z = 453.0 [M+H]", (calculated for: C20H10Cl2F4N4:452.0).

7,8-dichloro-1-((2-fluorobenzyl)amino)-3-(trifluoromethyl)benzo[4,5]imidazo[1,2-

a]pyridine-4- carbonitrile 49:

(58% from IVc via Method A)

"H NMR (300 MHz, DMSO-ds) 8 9.00 (s, 1H), 7.94 (s, 1H), 7.59 (t, J= 7.5 Hz, 1H), 7.40 — 7.12
(m, 3H), 6.22 (s, 1H), 4.79 (s, 2H). *C NMR (101 MHz, DMSO) & 161.91, 159.49, 152.40,
150.75, 145.34, 136.58, 132.84, 131.42, 129.92, 129.22, 126.94, 127.87, 124.84, 121.78, 118.14,
117.37 (2C), 116.51, 115.46, 87.88.

LC-MS APCI+: found m/z = 453.0 [M+H]", (calculated for: C20H0C12F4N4:452.0).

In Vitro Antiplasmodium activity. Asexual Blood stage assay: Compounds were screened
against drug sensitive (NF54) and multidrug resistant (K1) strains of P. falciparum using the
modified [*H]-hypoxanthine incorporation assay or the parasite lactate dehydrogenase assay

(pLDH) as described in Supporting Information Section B.

Gametocyte Activity: PINF54 gametocytes were produced and late stage gametocytocidal 1Cso

determinations were performed using the luciferase reporter and ATP bioluminescence
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platforms?2. ICsos were generated with Graphpad Prism 6, for n=3 independent biological

replicates performed in technical triplicates, = S.E.M.

ASSOCIATED CONTENT:
Supporting Information Available: Additional details of the characterization of selected
compounds and the procedures used for the in vitro and in vivo antimalarial and ADME studies
as well as PK studies (PDF). This material is available free of charge via the Internet at

http://pubs.acs.org.

Molecular Formula Strings (CSV).
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ABBREVIATIONS USED: ADME, absorption, distribution, metabolism and excretion; hERG,
human ether-a-go-go-related gene; DMF, dimethyl formamide; CHO cells, Chinese hamster
ovarian cells; SAR, structure-activity relationships; CQ, chloroquine; MLM, mouse liver
microsome; HLM, human liver microsomes; p.o., oral administration; i.v., intraveneous
administration; PK, pharmacokinetics; MSD, mean survival days; NMR, nuclear magnetic
resonance; MS, mass spectrometry; POCls, phosphoryl oxychloride; DMSO, dimethyl sulfoxide;
Pdz(dba)z , Tris(dibenzylideneacetone) dipalladium(0); BINAP, 2,2'-Bis(diphenylphosphino)-

1,1'-binaphthyl; S, selectivity index.
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