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ABSTRACT: Further structure−activity relationship (SAR) studies on the recently identified pyrido[1,2-a]benzimidazole (PBI)
antimalarials have led to the identification of potent, metabolically stable compounds with improved in vivo oral efficacy in the
P. berghei mouse model and additional activity against parasite liver and gametocyte stages, making them potential candidates for
preclinical development. Inhibition of hemozoin formation possibly contributes to the mechanism of action.

■ INTRODUCTION

Malaria, a parasitic disease caused by parasites of the Plasmodium
genus, remains a global public health concern due to its mor-
bidity and mortality, with approximately 214 million new clinical
cases and about 438 000 deaths reported in 2015.1Mammalian
infection is initiated by the bite of Plasmodium-infected female
Anopheles mosquitoes. An asymptomatic but obligatory devel-
opmental phase in the liver ensues, leading to the release of
newly formed parasites into the bloodstream, where they infect

red blood cells and cause disease symptoms.2 Transmission
of the parasite to the mosquito vector occurs when the latter
ingests circulating gametocytes, initiating the sexual stage of the
parasite’s life cycle. Chemotherapy represents one of the most
effective control measures to mitigate the malaria burden, with the
World Health Organization (WHO) presently recommending
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the use of artemisinin combination therapies (ACT) for treat-
ment of uncomplicated malaria. However, there is compelling
evidence from Southeast Asia describing the emergence and
spread of ACT tolerance, which is characterized by reduced
clearance rates of Plasmodium falciparum parasites.3,4 This
underscores the urgent need to expand the antimalarial drug
arsenal by exploring and developing new compound classes,
preferably with a combination of novel modes of action,
multistage activity, good safety profile, and efficacy at low doses.
The benzimidazole motif is a recognized privileged scaffold

in medicinal chemistry due to its capacity to interact with
numerous biological systems,5 leading to a wide variety of
biological activities, including antimalarial activity.6−9 Pyrido-
[1,2-a]benzimidazoles (PBIs), previously investigated for
antibacterial, antifungal, antiviral, and antitumor activities,10

were recently shown to be a novel antimalarial chemotype.11

The lead compound from the previous studies, 8 (Figure 1),

showed high antiplasmodial activity in vitro (IC50(PfNF54) =
0.11 μM; IC50(PfK1) = 0.12 μM) and promising oral efficacy
(96% at 4 × 50 mg/kg p.o.) in vivo in the rodent P. berghei
model. However, pharmacokinetic (PK) studies indicated
saturation in oral absorption at low doses, presumably due to
poor dissolution or solubility, which may be a factor in limiting
oral efficacy. Herein, we describe further structure−activity
relationship (SAR) investigations (SAR1−4) around the scaffold

of compound 8 (Figure 2), partly to explore the potential for
generating derivatives with an improved PK profile but also to
explore the effect on activity of changes around parts of the
scaffold not previously investigated, with the goal of improving
oral activity in the mouse model to confirm if this series has
potential for further development.
The SAR studies can be broken down according to Figure 2:

• SAR1replacement of the alkylamino side chain with
various alkyl, cycloalkyl, and heterocyclic moieties
containing water-solubilizing H-bonding groups, encom-
passing hydroxypyrrolidine, azetidinol, hydroxypiperi-
dine, piperazine or sulfonamide substituents;

• SAR2introduction of small hydrophobic substituents at
the C-2 position to favor non-coplanar conformations of
the C-3 aryl, lowering the crystal packing energies and
consequently improving aqueous solubility;12

• SAR3replacement of the 4-trifluoromethylphenyl
(4-CF3Ph) at the C-3 position with substituted or
unsubstituted phenyl rings and with saturated systems or
cycloalkyl groups and introduction of water-solubilizing
H-bonding groups including ester, sulfinyl, sulfone, and
sulfoxide substituents on the C-3 phenyl ring;

• SAR4introduction of substituents on the previously11

unexplored left aromatic ring, including replacement with
the less lipophilic pyridyl ring.

The in vitro antiplasmodial activities of synthesized derivatives
against chloroquine-sensitive (CQS) and multidrug resistant
P. falciparum strains as well as in vivo efficacy in P. berghei-infected
mice are reported. Additionally, we present metabolic stability,
killing kinetics, and gametocytocidal and liver stage activity data
on a subset of the compounds. Some mechanistic studies were
done, focusing on the potential for inhibition of hemozoin (Hz)
formation, on the hypothesis that the ability of PBIs to adopt flat
conformations would allow for π−π stacking interactions with
ferriprotoporphyrin IX (Fe(III)PPIX), a toxic byproduct of host
hemoglobin degradation, thus leading to inhibition of Hz crystal
formation and consequent parasite death.

■ RESULTS AND DISCUSSION
Chemistry. The synthesis of target PBI derivatives

was relatively straightforward using published procedures
(Scheme 1).11

Figure 1. Original lead compound 8, with activity against
chloroquine-sensitive (PfNF54) and chloroquine/multidrug-resistant
(PfK1) P. falciparum strains.11

Figure 2. SAR explorations around lead compound 8.
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Biology: In Vitro Antiplasmodial Activity and Cyto-
toxicity. All compounds were evaluated for in vitro
antiplasmodial activity against the CQS PfNF54 strain; those
with submicromolar activity (34/62 compounds) were further
tested against the multidrug resistant PfK1 strain and for
mammalian cytotoxicity against Chinese hamster ovary (CHO)
cell lines. The results are summarized in Tables 1−3. In general,
activity of the compounds were 0.02−0.95 μM and 0.02−1.07 μM
against PfNF54 and PfK1, respectively, with 28/34 exhibiting
submicromolar potency against both strains.
With regard to SAR, the following observations were made.
(1) For SAR1, with variation in the aminoalkyl side chain,

with heterocyclic, cyclic, and alkyl substituents containing
H-bonding groups (9−38; Table 1):

• The only improvement in vitro was found in replacement of
the N-ethyl in 8 with a 3-hydroxy pyrrolidine (11), showing
∼3× reduction in IC50 relative to 8, with better selectivity.

• Introduction of the same side chain present in chloro-
quine (16, 17) resulted in a significant drop in activity
and poor selectivity.

(2) For SAR2, with introduction of −Me or −F substituents
at C-2 (66−69; Table 3):

• Retaining the N-ethyl ethylenediamine side chain of 8
and introducing a C-2 Me (66) or F (67) resulted in a

significant loss in activity, with a 10−50× increase in
PfNF54 IC50.

• Activity of the 2-Me and 2-F derivatives was improved by
introduction of the 3-hydroxypyrrolidinyl side chain
(68, 69), consistent with the previous observations from
SAR1 (see 11; Table 1), with the 2-F analogue (69) now
showing comparable activity to 8 with significantly better
selectivity.

(3) For SAR3, with replacement of the 4-CF3Ph in 8 with
unsubstituted and substituted phenyl rings and cycloalkyl
groups (39−53; Table 2):

• Varying the position of the −CF3 group from the para
(8) to the meta-position (40) had only a slight effect on
activity. The unsubstituted phenyl and a range of ortho
(43), meta (44), para (41, 42, 46, 50), and disubstituted
derivatives (45) all retained significant activity (PfNF54
IC50 < 1 μM), with only 50 showing a significant
improvement in selectivity.

• Substitution with a para −COOMe (47), −SMe (48), or
−SOMe (49) significantly lowered activity, as did
replacing the 4-CF3Ph with a −CF3 (51).

• Cycloalkyl groups at C-3, including cyclohexyl (52) and
cyclopentyl (53), were well tolerated but showed no
improvement in selectivity.

Scheme 1. Synthesis of Pyrido[1,2-a]benzimidazole Derivativesa

aReagents and conditions. (a) For R2 = Me: MeI, K2CO3, MeCN, 50 °C, 2 h (2a, 52%). For R2 = F: Selectfluor, MeCN, microwave (150 W), 82 °C,
10 min (2b, 66%). (b) Ethyl cyanoacetate, DMF, microwave, 110 °C, 15−45 min; (c) NH4OAc, 150 °C, 1 h; (d) POCl3, 130 °C, 2 h; (e) mCPBA,
DCM, 0 °C, 1.5 h; (f) amine, Et3N, THF, 80 °C, microwave, 20 min. R1 as defined in Tables 1 and 3.
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Table 1. In Vitro Antiplasmodial Evaluation of Pyrido[1,2-a]benzimidazoles 8−38 (SAR1)
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(4) For SAR4, with substitution on the benzimidazole
(54−65; Table 3):

• Substitution at C-7, C-8, or C-9 with Cl or Br, including
multiple substitutions, was well tolerated, providing in
some cases a significant improvement in activity (54, 56,
59, and 60) and selectivity (54, 59, and 60).

• Replacing the phenyl with a pyridyl (64, 65) had either
no effect or lowered antiplasmodial activity, depending
on the position of the ring nitrogen, and was accom-
panied by poor selectivity.

• Replacing the N-ethyl ethylenediamine side chain in some
of the more active compounds (59, 60) with various
cycloalkylamino side chains did not give any improvement
in activity and generally lowered selectivity (61−63),
consistent with the previous observations in SAR1.

Physicochemical Properties (Table 4). From the range of
analogues evaluated the following observations can be made:

• Permeability generally ranged from moderate to high at
pH 6.5, indicative that permeability is unlikely to be a
limiting factor in the oral absorption of these compounds
from the gastrointestinal tract.

• Some improvement in solubility was achieved through
introduction of a 2-F (67, 69), although the correspond-
ing 2-Me derivatives (66, 68) were poorly soluble,
despite the anticipation that distortion in the planarity of
resulting from C-2 substitution would reduce the crystal
packing energy, thus helping dissolution in water.

• Introduction of water solubilizing groups like sulfone
(50) did improve solubility, but this proved detrimental
to permeability.

• Replacement of the 4-CF3Ph with a saturated ring (52)
resulted in a slight improvement in solubility but at the
expense of reduced microsomal stability.

Table 1. continued

aMean from n values of ≥2 independent experiments with multidrug resistant (K1) and CQ-sensitive (NF54) strains of P. falciparum. bChloroquine
(CQ) and artesunate (AS) were used as reference drugs in all experiments. Against PfNF54 and PfK1, our laboratory standard IC50 values for CQ
and AS are 0.016 μM/0.194 μM and 0.004 μM/0.003 μM (mean from ≥10 independent assays). cCHO = Chinese hamster ovarian cells. SI =
selectivity index = [IC50(CHO)/IC50(PfNF54)].
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• Predicted lipophilicity was relatively high (log P > 3 for
most compounds). For SAR1 and SAR3 analogues,
increased lipophilicity was associated with better perme-
ability while lower lipophilicity was associated with

better solubility, except for 17 with high log P but
good solubility. There was no apparent relationship
between lipophilicity and metabolic stability for this
series of compounds, suggesting that structural changes

Table 2. In Vitro Antiplasmodial Evaluation of Pyrido[1,2-a]benzimidazoles 39−53 (SAR3)

aMean from n values of ≥2 independent experiments with multidrug resistant (K1) and CQ-sensitive (NF54) strains of P. falciparum. bChloroquine
(CQ) and artesunate (AS) were used as reference drugs in all experiments. Against PfNF54 and PfK1, our laboratory standard IC50 values for CQ
and AS are 0.016 μM/0.194 μM and 0.004 μM/0.003 μM (mean from ≥10 independent assays). cCHO = Chinese hamster ovarian cells. SI =
selectivity index = [IC50(CHO)/IC50(PfNF54)].
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Table 3. In Vitro Antiplasmodial Evaluation of Pyrido[1,2-a]benzimidazoles 54−69 (SAR2)

aMean from n values of ≥2 independent experiments with multidrug resistant (K1) and CQ-sensitive (NF54) strains of P. falciparum. bChloroquine
(CQ) and artesunate (AS) were used as reference drugs in all experiments. Against PfNF54 and PfK1, our laboratory standard IC50 values for CQ
and AS are 0.016 μM/0.194 μM and 0.004 μM/0.003 μM (mean from ≥10 independent assays). cCHO = Chinese hamster ovarian cells. SI =
selectivity index = [IC50(CHO)/IC50(PfNF54)].
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Table 4. Physicochemical Properties and in Vitro Microsomal Stability of Selected Pyrido[1,2-a]benzimidazoles
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had a greater contribution to these properties than
lipophilicity.

Metabolic Stability in Liver Microsomes (Table 4). The
most active compounds in the in vitro antiplasmodial assay
were assessed for metabolic stability in mouse and human
liver microsomes (MLMs and HLMs, respectively). Most com-
pounds showed no significant interspecies difference in
microsomal stability, and the following trends were observed:

• Introduction of a piperidinyl (20, 26) or CQ-like side
chain (17) led to a significant decrease in microsomal
stability, with the exception of 36, where the piperidinyl
ring was directly linked to the PBI scaffold.

• 2-Methyl substitution (SAR2) was not detrimental to
microsomal stability (66), but surprisingly the 2-F
analogue (67) was significantly less stable.

• Variation in the substitution on the C-3 aryl (SAR3) had
a significant effect on stability, with the dichloro
derivative (45) showing significantly poorer stability
compared to 8.

• The more active compounds with halogen substitution
on the benzimidazole (SAR4; 54, 57, 59, 60) did not show
any significant difference in microsomal stability relative to
8.

In Vivo Efficacy in the Mouse P. bergheiModel (Table 5).
Compounds with good antiplasmodial activity, reasonable
solubility, and high microsomal stability were assessed for
in vivo efficacy in P. berghei-infected mice, dosing orally at
4 × 50 mg/kg. If mice were cured, lower doses were evaluated
(4 × 30 mg/kg, 4 × 10 mg/kg, and 4 × 3 mg/kg). Parasitemia
reduction in P. berghei in vivo efficacy testing helped to
efficiently prioritize compounds in the knowledge that those
with good efficacy must have exposure. PK was followed up in
detail on those that were most interesting. In summary, the
following observations were made.

• Compound 44, less active than 8 in vitro but with slightly
superior microsomal stability, showed slightly better
in vivo efficacy compared to 8, with a single cure at
4 × 50 mg/kg.

• Compound 57, with comparable in vitro activity and
microsomal stability to 8, was not curative at 4 × 50 mg/kg.

• Compounds 59 and 60, with significantly better in vitro
activity and comparable microsomal stability to 8, were
completely curative at 4 × 50 mg/kg, 59 proving better
at 4 × 30 mg/kg. At lower doses (4 × 10 mg/kg and
4 × 3 mg/kg), the mice were not cured (MSD of 16−18)
although parasitemia was still reduced by >99%.

Pharmacokinetic Studies (Table 6). Studies were
performed in mice dosed orally (p.o.) at 10 mg/kg and
intravenously (iv) at 2.5 mg/kg with compounds 59 and 60
(Figure 3). Since the elimination phase was not captured in the
standard 24 h sampling period and noncompartmental analysis
could not provide reliable parameter estimates, both iv and oral
data were interpreted with nonlinear mixed-effects modeling
where a two-compartment disposition model was used, with
first-order absorption and elimination; bioavailability was
assumed 100% for the iv dose and estimated for the oral
formulation. Between-mouse variability was included in the
absorption rate constant, plasma clearance, and oral bioavail-
ability. The PK parameters from the model were used to derive
the exposure metrics in Table 6.
Both 59 and 60 were slowly absorbed when dosed orally

(Tmax of ≥10 h) and were slowly eliminated (i.e., CL < 30 mL
min−1 kg−1). Considered in relation to the previous PK studies
on 8,11 which showed broadly similar pharmacokinetics to 59
and 60, it would appear that the significant improvement in
efficacy of 59 and 60 in P. berghei-infected mice is likely to be
due more to their better inherent antimalarial activity than
improved pharmacokinetics.

Gametocytocidal and Liver Stage Activity (Table 7).
The potential of this compound class to act as dual- or triple-
action antimalarials was determined by evaluating their game-
tocytocidal potency13 and liver stage activity. Compound 8
and a range of 17 new analogues were tested against early
(EG; >90% stage II/III) and late (LG; >95% stage IV/V) game-
tocytes. The potential for inhibition of liver stage Plasmodium
infection was assessed using a model with a P. berghei infected
human hepatoma cell line (HuH 7).14 Compounds 54 and 59,

Table 4. continued

aReference 26. (3-[2-(Trifluoromethyl)pyridin-5-yl]-5-[4-(methylsulfonyl)phenyl]pyridin-2-amine. bPredicted from ChemBioDraw Ultra, version
14.0. cLow permeability, log Papp < −6.5; moderate permeability (mod), log Papp from −6.5 to −5.5; high permeability, log Papp > −5.5.
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Table 5. In Vivo Oral Efficacy of Selected Pyrido[1,2-a]benzimidazoles in P. berghei-Infected Mice

aTest compounds were formulated in 90/10 Tween 80/ethanol (v/v), diluted 10 times with water, and administered orally once per day on 4
consecutive days (4, 24, 48, and 72 h after infection). bMSD = mean survival time in days. cUsed the HCl salt.11 dMice with <40% parasitemia
reduction were euthanized on day 4 in order to prevent death otherwise occurring at day 6. eData from Le Manach et al., 2014.27

Figure 3. Systemic exposure of 59 and 60 following single intravenous and oral dose administration to healthy mice (n = 3).
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with good in vitro blood stage activity, also showed comparable
activity against both EG and LG, while others (8, 42, 52)
showed a degree of stage-specific potency for LG gametocytes,
indicated by a > 2-fold change in IC50.
Initial screening at 1 μM, 5 μM, and 10 μM on liver stage

infection and cell confluence using luciferase-expressing
parasites and a luminescence-based method15 established the
nontoxicity of the test compounds, with no significant effect
on cell proliferation. Compounds 26, 66, and 69 led to the
strongest decrease in infection at the lowest concentration
tested (1 μM), and a subsequent dose−response analysis
confirmed their activity. Compound 69, which also had good
blood stage activity (PfK1 IC50 = 0.17 μM), was the most
potent inhibitor in the P. berghei liver stage assay (IC50 =
1.42 μM), significantly more active than primaquine (PMQ)
(IC50 = 8.42 μM), albeit less active than atovaquone (IC50 =
1.1 nM).16 It should be noted that PMQ’s activity in vivo is
dependent on its oxidation to active metabolites17 and, as such,
the compound’s IC50 in vitro does not necessarily represent its
in vivo potency. Compounds 26 (IC50 = 3.31 μM) and 66
(IC50 = 2.85 μM) also showed a degree of activity in the in vitro
liver stage assay, in addition to their blood stage activity.
Speed of Action. There was a suspicion from the previous

studies on 8 in the P. berghei mouse model that the compounds
might be inherently slow acting. To investigate this further, a
cross section of nine compounds were run through a
[3H]hypoxanthine incorporation assay designed to assess
their killing speed at 24, 48, and 72 h.18 The IC50 values of
pyrimethamine, 11, and 69 were respectively 6-, 18-, and
22- fold higher at 24 h compared to 72 h (Figure 4), indicating
that these compounds were slow acting; it may be noteworthy
that 11 and 69 have the 3-hydoxypyrrolidinyl side chain.
However, 8, 20, 17, and 44 appeared to be faster acting
(IC50(24 h)/IC50(72 h) < 1.5), comparable to CQ and AS,
while 9, 54, and 59 could be classified as neither fast nor slow,
with IC50(24 h)/IC50(72 h) = 1.5−2. Overall, albeit based on
the relatively few compounds tested, it appears that there was
neither a bias for any particular killing speed nor significant
correlation between speed of action and the previously quoted
in vitro efficacy against PfNF54.
Mechanistic Studies. Due to their structural likeness

to CQ, which includes a planar heterocyclic moiety, a halo
substitution, and a basic amine side group, the mechanistic

potential of these compounds to inhibit Hz formation
was investigated by measuring their ability to inhibit in vitro
β-hematin (βH) formation. Although a number of these
derivatives were able to inhibit βH formation (IC50 < 100 μM)
in a detergent-mediated Nonidet P-40 (NP-40) assay
(Supporting Information Table S1), there was only a weak,
albeit statistically significant, linear correlation with whole-cell
activity against PfNF54 (Figure 5). It is possible that the
cell-free βH inhibition assay does not mirror the cellular Hz
inhibitory activity or that there is only weak drug−heme complex
formation due to poor binding to free heme molecules or that
Hz inhibition is not the sole target of this class of compounds.
To confirm if these compounds were bona fide inhibitors

of Hz formation, a cellular fractionation assay was used to
determine free heme and Hz signatures when synchronized ring
stage parasites were treated with increasing doses; for true
inhibitors there is a dose-dependent increase in toxic free heme
and corresponding decreases in Hz.19 Of the cross section of
compounds studied, 8, 9, 54, and 45 were βH inhibitors in
the NP-40 assay (BHIAIC50 < 45 μM) while the inactive 69
(BHIAIC50 = 120 μM) represented a negative control.
No significant changes in toxic free heme or Hz levels
with increasing drug concentrations were observed for 69
(Figure 6), while 8 and 45 showed significant concentration-
dependent increases in free heme and corresponding decreases
in Hz compared to the untreated control, with the free
heme and parasite survival curves crossing close to the IC50

values of the compounds (Figure 6), a trend not shown by 9 or
54 despite their potency in the NP-40 assay (Supporting
Information Figure S1). In silico simulations of vacuolar
accumulation of these compounds showed that they are likely
to accumulate poorly within the digestive vacuole compared
to standard Hz inhibitors (Supporting Information Table S1).
Taken together, these studies suggest that inhibition of Hz
formation is one but perhaps not the sole or primary target
of this class of compounds; their flat conformation possibly
allows for weak heme−drug complex formation through only
π−π interactions as was recently reported for certain benzamide
analogues.20 This would be unlike halofantrine and quinine,
for instance, which reportedly require hydrogen bonding and
coordination to Fe(III)PPIX in addition to π−π interac-
tions.21,22 The lack of βH inhibition by 69 could be ascribed to

Table 6. Pharmacokinetic Parameters for 59 and 60 in Mice

aFor intravenous dosing (n = 3 mice), compounds were formulated in a solution of dimethylacetamide, polyethylene glycol, and propylene glycol/
ethanol mixture 4:1 at a ratio 1:3:6. bFor oral dosing (n = 3 mice), compounds were formulated as suspension in 100% HPMC. cPK exposure
parameters derived from the population parameters of the pharmacometric model.
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Table 7. In Vitro Activity against PfNF54 Gametocytes and P. berghei Liver Stagef
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disrupted planarity (from the 2-F substitution) which
potentially minimizes π−π interaction.
This leaves the intriguing prospect that the PBIs could act,

at least in part, through an as yet unidentified mechanism.
Among the diverse activities reported for other pyrido[1,2-
a]benzimidazoles is the inhibition of the pore-forming protein
perforin in mammalian cells by 1-amino-2,4-dicyanopyrido[1,2-
a]benzimidazoles.23 This is interesting as the P. falciparum
proteome harbors perforin-like proteins (PLPs) known to be
involved in permeabilizing the erythrocyte membrane during
egress of either gametocytes or merozoites.24 A hydroxy deriv-
ative 2-ethyl-1-hydroxy-3-methylpyrido[1,2-a]benzimidazole-4-
carbonitrile (GNF7686) with potent in vitro activity against
Trypanosoma cruzi, was also recently shown to act through
inhibition of cytochrome b (a component of cytochrome bc1
or complex III)25 and a well-established antimalarial target.

While the related hydroxy intermediates from our studies did
not show significant antiplasmodial activity (unpublished data),
this potential target warrants further investigation as a possible
mode of action and encourages further testing for potential
activity against kinetoplastids, including Leishmania donovani.

■ CONCLUSIONS

Further SAR studies, aided by physicochemical evaluation and
microsomal stability studies, on the antimalarial activity of
pyrido[1,2-a]benzimidazoles have led to a number of com-
pounds with improved in vitro activity against P. falciparum,
with substitution on the benzimidazole phenyl being a key
factor in improving in vitro activity. Among the most active
compounds in vitro, 59 and 60 showed significantly better
in vivo activity in the mouse P. berghei model. The most active
compounds also showed good activity against gametocytes,
indicative of potential as dual-acting antimalarials. Other analo-
gues have shown activity against the liver stage of P. berghei.
There is no conclusive evidence for their mode of action,
although inhibition of Hz formation is identified as a potential
contributory factor.

■ 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.
1H NMR spectra were recorded on a Varian Mercury spectrometer at
300 MHz or a Varian Unity spectrometer at 400 MHz. 13C NMR
spectra were recorded at 75 MHz on a Varian Mercury spectrometer
or at 100 MHz on Varian Unity spectrometer. Chemical shifts (δ) are
given in ppm downfield from TMS as the internal standard. Coupling
constants, J, are recorded in hertz (Hz). High-resolution mass spectra
were recorded on a VG70 SEQ micromass spectrometer. Melting
points were determined by differential scanning calorimetry (DSC)
using TA Q200/Q2000 DSC from TA Instruments. Analytical thin-
layer chromatography (TLC) was performed on aluminum-backed
silica gel 60 F254 (70−230 mesh) plates. Column chromatography was
performed with Merck silica gel 60 (70−230 mesh). Purity was
determined by HPLC, and all compounds were confirmed to have
>95% purity. The data that are not shown below are supplied in the
Supporting Information.

General Procedure for the Synthesis of Compound 4. A
mixture of the substituted diaminobenzene 3 (10 equiv) and ethyl
cyanoacetate (2.0 equiv) in DMF (1 mL) was heated in a microwave
reactor at 110 °C for 15−45 min. The reaction mixture was then
diluted with ethyl acetate (20 mL) and washed with water (3 × 15 mL).
The organic phase was separated, dried over MgSO4, filtered and solvent
removed under reduced pressure and purified through column
chromatography using MeOH/DCM as eluent to afford compound 4.

Table 7. continued

aLG (late stage IV/V gametocytes) data were generated using the ATP assay. bData generated using the luciferase reporter assay. cEG = early
gametocytes (stage II/III). LG = late stage IV/V gametocytes. dData generated in parallel assays with the luciferase reporter assay, stage preference =
EG/LG IC50.

eData adopted from ref 16. fMB = methylene blue. PMQ = primaquine. ATQ = atovaquone.

Figure 4. Change in activity of compounds at different assay durations
relative to 72 h assay.

Figure 5. Linear correlation between the inverse of the βH and
parasite growth IC50 values for PfNF54. Measurements of βH and
parasite growth inhibitions were both done in triplicates.
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2-(4-Chloro-1H-benzo[d]imidazol-2-yl)acetonitrile 4b. Yellow
solid (49%). Rf = 0.5 (65% EtOAc−hexane). Mp 190−192 °C.
1H NMR (400 MHz, DMSO-d6) δ 7.21 (m, 3H), 5.20 (br s, 1H), 3.89
(s, 2H). 13C NMR (100 MHz, DMSO-d6) δ 146.3, 140.0, 136.1, 127.3,
125.7, 123.8, 121.9, 116.8, 116.4. MS: LC−MS (ESI)+, found m/z
191.2 [M+]:193.4 [M + 2]+ (3:1) (calculated for C9H6ClN3, 191.62).
2-(3H-Imidazo[4,5-b]pyridin-2-yl)acetonitrile 4i. Brown solid

(97%). Rf = 0.3 (10% MeOH−DCM). Mp 172−174 °C. 1H NMR
(400 MHz, DMSO-d6) δ 13.17 (br s, 1H), 8.34 (m, 1H), 7.99
(m, 1H), 7.24 (m, 1H), 4.45 (s, 2H). 13C NMR (100 MHz, DMSO-d6)
δ 147.6, 144.2 (2C), 127.2, 118.5 (2C), 116.6, 19.2. MS: LC−MS
(ESI)+, found m/z 159.2 [M + H]+, (calculated for C8H6N4, 158.16).
General Procedure for the Synthesis of Compound 5.

A mixture of benzimidazole acetonitrile 4 (1.0 equiv), NH4OAc
(2.0 equiv), and the appropriate β-keto ester 2 (1.2 equiv) was heated
to reflux at 150 °C for 1 h and then allowed to cool to 100 °C. MeCN
(10 mL) was added and the resulting mixture stirred for 15 min,
allowed to cool to room temperature, and then cooled on ice. The
cold mixture was filtered and the residue washed with cold MeCN
(4 × 10 mL), dried in vacuo, and used in the next step without further
purification.
3-(3,4-Dichlorophenyl)-1-hydroxybenzo[4,5]imidazo[1,2-a]-

pyridine-4-carbonitrile 5i. Silver tan powder (75%). Rf = 0.7 (70%
EtOAc−hexane). Mp 249−251 °C. 1H NMR (400 MHz, DMSO-d6)
δ 13.80 (br s, 1H), 8.61 (d, J = 8.1 Hz, 1H), 7.90 (d, J = 2.1 Hz, 1H),
7.82 (d, J = 8.1 Hz, 1H), 7.64 (dd, J = 8.3, 2.2 Hz, 1H), 7.58 (m, 2H),
7.41 (t, J = 8.2 Hz, 1H), 6.10 (s, 1H). 13C NMR (100 MHz, DMSO-
d6) δ 158.5, 150.2, 147.9, 137.9, 132.8, 132.5 (2C), 131.9, 131.3, 130.5,
129.0, 128.1, 127.3, 123.1, 117.0, 116.7, 112.2, 105.0. MS: LC−MS
(ESI)+, found m/z 354.1 [M + H]+:356.2 [M + H + 2]+ (3:1)
(calculated for C18H9Cl2N3O, 353.01).
7,8-Dichloro-1-hydroxy-3-(4-(trifluoromethyl)phenyl)benzo[4,5]-

imidazo[1,2-a]pyridine-4-carbonitrile 5t. Brownish solid (74%). Rf =

0.3 (70% EtOAc−hexane). Mp 305−307 °C. 1H NMR (600 MHz,
DMSO-d6) δ 8.63 (s, 1H), 7.90 (d, J = 8.2 Hz, 2H), 7.83 (d, J =
8.1 Hz, 2H), 7.72 (s, 1H), 6.02 (s, 1H). 13C NMR (150 MHz,
DMSO-d6) δ 158.5, 151.8, 150.0, 141.7, 130.0, 129.6 (2C), 129.1, 128.1
(2C), 126.0, 125.9, 125.4, 124.0, 123.6, 117.2 (2C), 114.1, 104.2. MS:
LC−MS (ESI)+, found m/z 422.1 [M + H]+:424.3 [M + H + 2]+:426.4
[M + H + 4]+ (9:3:1) (calculated for C19H8Cl2F3N3O, 421.00).

General Procedure for the Synthesis of Compound 6. A
mixture of compound 5 (1.0 equiv) and POCl3 (20 equiv) was heated
to reflux at 130 °C for 2 h. Excess POCl3 was removed under reduced
pressure and ice-cold water (20 mL) added to the residue, with stirring
to yield a precipitate. The mixture was neutralized with saturated
NaHCO3 and filtered. The resultant solid was washed with ice-cold
water (4 × 15 mL), dried in vacuo, and used without further
purification.

1-Chloro-3-(3,4-dichlorophenyl)benzo[4,5]imidazo[1,2-a]-
pyridine-4-carbonitrile 6i. Yellow solid (98%). Rf = 0.6 (30% EtOAc−
hexane). Mp 260−262 °C. 1H NMR (400 MHz, DMSO-d6) δ 8.72
(d, J = 8.1 Hz, 1H), 8.09 (s, 1H), 8.03 (d, J = 2.1 Hz, 1H), 7.90 (d, J =
8.1 Hz, 1H), 7.83 (dd, J = 8.3, 2.2 Hz, 1H), 7.73 (t, J = 2.1 Hz, 1H),
7.62 (d, J = 2.1 Hz, 1H), 7.44 (t, J = 8.2 Hz, 1H). 13C NMR
(100 MHz, DMSO-d6) δ 159.5, 152.2, 148.5, 136.7, 132.7, 132.1 (2C),
131.7, 131.2, 130.1, 129.5, 128.8, 127.5, 123.9, 118.1, 116.5, 113.2,
106.0. MS: LC−MS (ESI)+, found m/z 372.4 [M + H]+:374.3 [M + H +
2]+:376.4 [M + H + 4]+ (9:3:1) (calculated for C18H8Cl3N3, 370.98).

1,7,8-Trichloro-3-(4-(trifluoromethyl)phenyl)benzo[4,5]imidazo-
[1,2-a]pyridine-4-carbonitrile 6t. Brownish solid (97%). Rf = 0.8 (70%
EtOAc−hexane). Mp 253−255 °C. 1H NMR (600 MHz, DMSO-d6) δ
8.86 (s, 1H), 8.34 (s, 1H), 8.03 (m, 4H), 7.70 (s, 1H). 13C NMR
(150 MHz, DMSO-d6) δ 149.5, 149.4, 144.3, 139.1, 135.4, 134.7, 130.9,
130.4, 130.2, 128.9, 126.4 (2C), 125.2, 125.1, 123.4, 121.2, 117.5, 115.0,
113.6. MS: LC−MS (ESI)+, found m/z 440 [M + H]+:442.6 [M + H +
2]+:444 [M + H + 4]+ (9:3:1) (calculated for C19H7Cl3F3N3, 438.97).

Figure 6. Heme species/fractions in synchronized drug-treated and control PfNF54 parasites. Plots a and b respectively show free heme and
hemozoin represented in terms of iron (Fe) measured in fg/cell with asterisks indicating statistical significance relative to control ((∗) p < 0.05; (∗∗)
p < 0.01, and (∗∗∗) p < 0.001). Parasite survival (blue) overlaid against free heme Fe (red) plots show an unambiguous trend of increasing level of
free heme corresponding with parasite death only in hemozoin inhibitors (c, right-hand column of graphs).
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General Procedure for the Synthesis of Compounds 8−69.
Amine (2.0 equiv) was added to a stirred mixture of 6/7a,b (1.0 equiv)
and triethylamine (2.0 equiv) in THF (10 mL). The mixture was
irradiated in microwave reactor at 80 °C for 20 min, filtered hot, and
allowed to cool. The solvent was removed in vacuo, and the residue
was washed with a minimum amount of ice-cold ethanol. The resulting
solid was recrystallized from acetone or ethanol to afford the target
compound.
1 - ( ( 2 - ( 3 -Hyd roxypy r ro l i d in -1 - y l ) e thy l )amino ) -3 - ( 4 -

(trifluoromethyl)phenyl)benzo[4,5]imidazo[1,2-a]pyridine-4-car-
bonitrile 11. Yellow solid (53%). Rf = 0.3 (8% MeOH−DCM). Mp
267−269 °C. 1H NMR (600 MHz, DMSO-d6) δ 8.39 (d, J = 8.4 Hz,
1H), 7.98 (d, J = 9.1 Hz, 2H), 7.98 (d, J = 9.1 Hz, 2H), 7.87 (d, J =
8.1 Hz, 1H), 7.58 (t, J = 8.1 Hz, 1H), 7.39 (t, J = 8.1 Hz, 1H), 6.28 (s,
1H), 4.80 (br s, 1H), 4.27 (m, 1H), 3.65 (t, J = 6.2 Hz, 2H), 2.90 (m,
2H), 2.84 (m, 2H), 2.58 (m, 2H), 2.07 (m, 1H), 1.64 (m, 1H). 13C
NMR (150 MHz, DMSO-d6) δ 150.6, 149.3, 149.0, 145.4, 141.8,
130.3, 130.0, 128.3, 126.4, 126.0, 125.4 (2C), 123.6 (2C), 121.2, 119.0,
117.6, 114.8, 90.7, 69.8, 62.8, 53.3, 52.5, 41.8, 34.9. LC−MS (ESI)+,
found m/z = 466.1 [M + H]+ (calculated for C25H22F3N5O, 465.48).
HPLC purity 99% (tR = 4.09 min).
1-((5-(Diethylamino)pentan-2-yl)amino)-3-(4-(trifluoromethyl)-

phenyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile 17. Yellow
solid (50%). Rf = 0.3 (10% MeOH−DCM). Mp 220−222 °C. 1H
NMR (400 MHz, DMSO-d6) δ 8.42 (d, J = 8.3 Hz, 1H), 7.96 (m, 4H),
7.85 (d, J = 8.0 Hz, 1H), 7.58 (t, J = 7.7 Hz, 1H), 7.39 (t, J = 7.3 Hz,
1H), 6.31 (s, 1H), 4.03 (m, 1H), 2.48 (m, 6H), 1.92 (m, 1H), 1.65 (m,
3H), 1.38 (d, J = 6.3 Hz, 3H), 0.91 (t, J = 7.0 Hz, 6H). 13C NMR
(100 MHz, DMSO-d6) δ 150.5, 149.6, 149.1(2C), 145.4, 142.0, 130.3,
130.0 (2C), 128.6, 126.3, 126.0 (2C), 123.1, 120.6, 118.8, 117.6, 115.8,
91.3, 52.1, 50.0, 46.6 (2C), 33.7, 23.5, 20.1 (2C), 11.5. LC−MS
(ESI)+, found m/z = 494.4 [M + H]+, (calculated for C28H30F3N5,
493.58). HPLC purity 98% (tR = 3.69 min).
1-((N-Methylpiperidin-4-yl)amino)-3-(4-(trifluoromethyl)phenyl)-

benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile 20. Yellow solid
(51%). Rf = 0.4 (10% MeOH−DCM). Mp 215−217 °C. 1H NMR
(400 MHz, DMSO) δ 8.41 (d, J = 8.3 Hz, 1H), 7.96 (s, 4H), 7.85
(d, J = 8.1 Hz, 1H), 7.58 (t, J = 7.7 Hz, 1H), 7.40 (t, J = 7.4 Hz, 1H),
6.34 (s, 1H), 3.83 (m, 1H), 2.84 (m, 2H), 2.24 (s, 3H), 2.17 (t, J =
10.6 Hz, 2H), 2.07 (m, 2H), 1.92 (t, J = 9.6 Hz, 2H). 13C NMR
(101 MHz, DMSO) δ 150.6, 149.6, 148.9, 145.4, 142.0, 141.9, 130.3,
130.2, 130.0, 128.7, 128.6, 126.4, 126.2, 126.1, 126.0, 120.7, 118.8,
117.7, 117.6, 116.1, 91.6, 54.4, 50.7, 46.3, 31.1. LC−MS (ESI)+, found
m/z = 450.2 [M + H]+ (calculated for C25H22F3N5, 449.48). HPLC
purity 99% (tR = 4.03 min).
3-(3,4-Dichlorophenyl)-1-((2-(ethylamino)ethyl)amino)benzo-

[4,5]imidazo[1,2-a]pyridine-4-carbonitrile 45. Yellow solid (29%).
Rf = 0.1 (5% MeOH/DCM). Mp 235−237 °C. 1H NMR (400 MHz,
DMSO-d6) δ 8.52 (d, J = 8.1 Hz, 1H), 7.96 (s, 1H), 7.83 (d, J =
8.3 Hz, 1H), 7.77 (d, J = 7.9 Hz, 1H), 7.71 (d, J = 8.0 Hz, 1H), 7.50
(t, J = 7.6 Hz, 1H), 7.30 (t, J = 7.5 Hz, 1H), 6.12 (s, 1H), 3.64 (t, J =
6.2 Hz, 2H), 3.07 (t, J = 5.6 Hz, 2H), 2.80 (q, J = 8.0 Hz, 2H), 1.13
(t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 150.0, 148.5,
145.4, 138.9, 132.5, 131.8, 131.1, 130.9, 129.3, 129.0 (2C), 125.7,
120.3, 118.5, 118.3 (2C), 115.4, 90.5, 47.2, 43.1 (2C), 14.3. LC−MS
(ESI)+, found m/z = 424.2 [M + H]+:426.5 [M + H + 2]+ (3:1)
(calculated for C22H19Cl2N5, 423.10). HPLC purity 99% (tR = 3.53 min).
9-Chloro-1-((2-(ethylamino)ethyl)amino)-3-(4-(trifluoromethyl)-

phenyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile 57. Yellow
solid (36%). Rf = 0.2 (6% MeOH−DCM). Mp 223−225 °C. 1H NMR
(400 MHz, DMSO-d6) δ 8.69 (d, J = 8.7 Hz, 1H), 7.90 (m, 4H), 7.44
(d, J = 7.4 Hz, 1H), 7.13 (t, J = 8.0 Hz, 1H), 5.83 (s, 1H), 3.58 (t, J =
6.2 Hz, 2H), 3.18 (t, J = 6.2 Hz, 2H), 2.94 (q, J = 7.2 Hz, 2H), 1.18
(t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 152.2, 151.9,
148.6, 143.5, 142.5, 131.5, 129.7, 129.4, 126.0, 125.8, 125.7,
124.2, 123.3, 120.3, 120.1, 119.5, 115.4 (C2), 72.8, 48.0, 44.4, 43.0,
12.9. LC−MS (ESI)+, found m/z = 458.3 [M + H]+:460.5 [M + H + 2]+

(3:1) (calculated for C23H19ClF3N5, 457.13). HPLC purity 98% (tR =
3.52 min).

7,8-Dichloro-1-((2-(ethylamino)ethyl)amino)-3-(4-(trifluoromethyl)-
phenyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile 59. Yellow
solid (47%). Rf = 0.4 (8% MeOH−DCM). Mp 266−268 °C. 1H
NMR (600 MHz, DMSO-d6) δ 8.92 (s, 1H), 7.85 (d, J = 8.8 Hz, 2H),
7.84 (d, J = 8.4 Hz, 2H), 7.72 (s, 1H), 5.72 (s, 1H), 3.60 (t, J = 6.2 Hz,
2H), 3.23 (t, J = 6.2 Hz, 2H), 3.03 (q, J = 7.3 Hz, 2H), 1.24 (t, J =
7.3 Hz, 3H). 13C NMR (150 MHz, DMSO-d6) δ 154.1, 152.4, 148.1,
145.5, 143.8, 130.2, 129.6 (2C), 129.5, 129.3, 126.3, 125.6, 123.7,
120.3, 119.9, 117.6 (2C), 116.7, 91.6, 48.1, 44.7, 42.9, 12.2. LC−MS
(ESI)+, found m/z = 492.2 [M + H]+:494.4 [M + H + 2]+:496.5
[M + H + 4]+ (9:3:1) (calculated for C23H18Cl2F3N5, 491.09). HPLC
purity 98% (tR = 4.29 min).

7 ,9 -D i ch lo ro -1 - ( ( 2 - ( e thy l amino ) e thy l )amino ) -3 - ( 4 -
(trifluoromethyl)phenyl)benzo[4,5]imidazo[1,2-a]pyridine-4-car-
bonitrile 60. Yellow solid (42%). Rf = 0.3 (8% MeOH−DCM). Mp
277−279 °C. 1H NMR (600 MHz, DMSO-d6) δ 8.81 (d, J = 2.0 Hz,
1H), 7.86 (d, J = 8.4 Hz, 2H), 7.83 (d, J = 8.2 Hz, 2H), 7.43 (d, J =
2.0 Hz, 1H), 5.67 (s, 1H), 3.57 (t, J = 6.2 Hz, 2H), 3.26 (t, J = 6.2 Hz,
2H), 3.06 (q, J = 7.2 Hz, 2H), 1.24 (t, J = 7.2 Hz, 3H). 13C NMR
(150 MHz, DMSO-d6) δ 153.9, 152.9, 147.7, 144.0, 141.6, 132.2,
129.6 (2C), 129.2, 125.7, 125.6, 123.7 (2C), 123.1, 121.8, 120.8,
119.6, 115.6, 91.9, 48.1, 44.9, 42.7, 11.8. LC−MS (ESI)+, found m/z =
492.2 [M + H]+:494.4 [M + H + 2]+:496.5 [M + H + 4]+ (9:3:1)
(calculated for C23H18Cl2F3N5, 491.09). HPLC purity 99% (tR = 4.26 min).

6-((2-(Ethylamino)ethyl)amino)-8-(4-(trifluoromethyl)phenyl)-
imidazo[1,2-a:4,5-b′]dipyridine-9-carbonitrile 64. Yellow solid
(32%). Rf = 0.3 (10% MeOH−DCM). Mp 225−227 °C. 1H NMR
(400 MHz, DMSO-d6) δ 8.41 (dd, J = 4.8, 1.4 Hz, 1H), 8.26 (dd, J =
8.2, 1.4 Hz, 1H), 7.95 (m, 4H), 7.64 (dd, J = 8.2, 4.8 Hz, 1H), 6.33
(s, 1H), 3.67 (t, J = 6.0 Hz, 2H), 2.94 (t, J = 6.0 Hz, 2H), 2.65
(q, J = 7.1 Hz, 2H), 1.08 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz,
DMSO-d6) δ 152.3, 149.2, 149.0, 144.1, 141.9, 140.3, 137.8, 130.4,
130.0 (2C), 126.5, 126.0 (2C), 122.2 (3C), 117.3, 90.1, 47.4, 43.5,
42.7, 15.6. LC−MS (ESI)+, found m/z = 425.2 [M + H]+ (calculated
for C22H19F3N6, 424.43). HPLC purity 96% (tR = 3.25 min).

2-Fluoro-1-((2-(3-hydroxypyrrolidin-1-yl)ethyl)amino)-3-(4-
(trifluoromethyl)phenyl)benzo[4,5]imidazo[1,2-a]pyridine-4-car-
bonitrile 69. Yellow solid (44%). Rf = 0.3 (5% MeOH−DCM). Mp
265−267 °C. 1H NMR (400 MHz, DMSO-d6) δ 8.54 (d, J = 8.4 Hz,
1H), 7.96 (d, J = 8.0 Hz, 2H), 7.86 (d, J = 8.0 Hz, 2H), 7.82 (d, J =
8.2 Hz, 1H), 7.55 (t, J = 7.8 Hz, 1H), 7.34 (t, J = 7.8 Hz, 1H), 4.30
(m, 1H), 3.87 (m, 2H), 2.98 (m, 2H), 2.92 (m, 2H), 2.69 (m, 2H),
2.10 (m, 1H), 1.70 (m, 1H). 13C NMR (100 MHz, DMSO-d6)
δ 147.2, 145.6, 141.3, 141.0, 136.5, 133.0, 130.9, 130.1 (2C), 126.1, 125.8
(2C), 120.6, 118.7, 117.2, 117.1, 115.5, 69.8, 62.5, 55.4, 55.3, 52.4, 44.3,
44.2, 34.7. LC−MS (ESI)+, found m/z = 484.2 [M + H]+ (calcu-
lated for C25H21F4N5O, 483.17). HPLC purity 99% (tR = 3.51 min).
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