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Malaria eradication is a global health priority, but current therapies are not always suitable
for providing a radical cure. Artemisinin has paved the way for the current malaria treatment,
the so-called Artemisinin-based Combination Therapy (ACT). However, with the detection of
resistance to ACT, innovative compounds active against multiple parasite species and at multi-
ple life stages are needed. GlaxoSmithKline has recently disclosed the results of a phenotypic
screening of an internal library, publishing a collection of 400 antimalarial chemotypes, termed
the “Malaria Box”. After analysis of the-datasetdata set, we have carried out a medicinal chem-
istry campaign in order to define the-Strueture-Aetivity Relatienshipsstructure—activity rela-
tionships for one of the released compounds, which embodies a benzothiophene-2-carboxam-
ide core.-35Thirty-five compounds were prepared, and a description of the structural features
responsible for the in vitro activity against different strains of P. falciparum-P—faleiparem, the
toxicity, and the metabolic stability is herein reported.



Chlorine and benzyl proved to be the most effective substituent; lipophilic
small groups are well tolerated, whereas polar substituents led to a sharp
decrease of potency

Small substituents, mostly of lipophilic character, are
well tolerated

The benzo[b]thiophene core is critical in conferring the antimalarial
activity; other heterostructures (benzofuran, indole, benzothiazole)

% 5 25 The 2,6-dimethylmorpholine seems to be
impair the GE[IVIIV

irreplaceable in order to obtain good activity.

Abstract Graphic

Chlorine and benzyl proved to be the most effective substituent; lipophilic
small groups are well tolerated, whereas polar substituents led to a sharp
decrease of potency

Small substituents, mostly of lipophilic character, are
well tolerated

The benzo[b]thiophene core is critical in conferring the antimalarial
activity; other heterostructures (benzofuran, indole, benzothiazole)

% 5 25 The 2,6-dimethylmorpholine seems to be
impair the GE[IVIIV

irreplaceable in order to obtain good activity.

TOC Graphic

SI File: jm6b01685 si 001.pdf
SI File: jm6b01685 si 002.csv

Introduction
Malaria is an infectious disease caused by the unicellular parasite Plasmodium-Plasmediam, that is transmitted
by the females of certain species of mosquitoes of the Anopheles Anepheles-genus.! Among the spe01es of plasmodia
that may infect humans, P. vivax-P—vivax-and P. falciparum-P—faleiparsm are responsible for the majority of malaria
infections that are often fatal.2 Once in the human body, the parasites rapidly multiply in the liver and then in the red
blood cells, leading, after 7-—10 days, to the onset of the typical malaria symptoms such as fever, headache, chills, and
vomiting. 34 If not treated, the hyperparasitemia may cause massive intravascular hemolysis, mualti-erganmultiorgan
failure, and eventually death. Over the years, malaria has become a major healthcare challenge, especially in devel-
oping countries.> Even more disturbing is the fact that among the hundreds of millions people infected with malaria,
children under the age of 5 years and expectant mothers account for the majority of cases.6
Desplte the recent encouraging developments, no effective vaccines are available yet; therefore, chemotherapy
still remains the only means to fight the infection.” Artemisinin-CembinationTherapiescombination therapies (ACTs)
represent the current pillar of-the-malaria treatment.8 After isolation of artemisinin from Artemisia annua Axtemisia-
-annaa-by Chinese researchers, 910 a discovery awarded with-the 2015 Nobel Prize for Medicine,!! ACTs have been
used to cure millions of patients in the last decades. However, as for other tropical neglected infections, for which
the first-line therapeutic options are relatively limited, drug resistance represents a persistent threat and patients with
resistance to artemisinin and its-ee-administeredcoadministered drugs are regularly isolated, especially in Asia.l2 In
light of these facts, the search for innovative ways to target the parasite is a crucial aim at pursuing the policies of com-
plete malaria eradication in the coming years. 13.14 A major obstacle for drug discovery in the field of many infectious
diseases is the lack of adequate resources because of the limited commercial revenues. In spite of this fact, at least
in the case of malaria and tuberculosis, some pharmaceutical companies, in collaboration with international agencies
such as Medicine for Malaria Venture (MMV), have explored new models of collaboration with academia, encourag-
ing open innovation platforms and making their chemical and biological tools available to academic institutions.!5 In
2010 GlaxoSmithKline released the structures 04353313533 chemical probes that were confirmed to inhibit P. falci-
parum-Pfaleiparam growth by at least 80% at 2-#MuM concentration. !¢ This work was further refined by clustering the
molecules according to their structural similarities and cherry-picking 47 hit compounds based on their antimalarial ac-
tivity, physicochemical properties, and dissimilarity to known antimalarial structures.!” The final “Open Access Malaria
Box” was thus assembled and delivered by MMV, with the overarching aim of catalyzing research-tewardstoward the
discovery of new efficacious small molecules suitable for clinical development.!® Among the released hits, five were



subsequently explored in—=house by GSK, whereas the malaria community was openly invited to optimize the other
chemical series. Due to our interest in novel antimalarial chemotypes, 19 2! we decided to pursue a medicinal chem-
istry campaign on one of the compounds of the malaria box, namely, (3-chlorobenzo[b]thiophen-2-yl)(2,6-dimethyl-
morpholino)methanone (77, Figure 1 ).

Figure 1. Structure of compound 77 .

Structure of compound 77

We focused our attention on this compound for several reasons. First, its baseline anti-PlasmediamPlasmodium
activity was significantly higher than the average (Pf3d7 XCso = 88 nM). Second, the molecule was amenable for
chemical manipulation at various positions. The compound modifications could lead to a modulation and, perhaps, an
improvement of potency and other pharmacokinetic characteristics. Moreover, the benzothiophene scaffold is found in
many marketed drugs (raloxifene, zileuton, sertaconazole)?? which suggests its usefulness for developing novel phar-
maceuticals. Finally, when this work was about to be finalized, additional biological information about compound 77
werewas disclosed by a comprehensive werkreport coordinated by van Voorhis et al.23 In this paper, compounds be-
longing to the Malaria Box were-furtherslyfurther explored with regard to their biological activity, PK characteristics,
and metabolomic and chemogenomic profile. 77 was found to have a similar drug-—drug chemogenomic profile. It has
been found that the drug-—drug chemogenomic profile of compound 77 was similar to that of the artemisinin sensitivity
cluster. This result provided an additional rationale for further investigation of compound 77, although the molecular
mechanism of its action could not be revealed.23 In this publication, we report the rational design, synthesis, and bio-
logical antimalarial evaluation of a series of derivatives structurally related to compound 77, leading to the description
of SAR and to the characterization of the pharmacophore for this molecule. For the most active compounds, we also
investigated their predicted metabolic properties and their putative molecular mechanism of action through a target
fishing approach.

Results and-disensstenDiscussion
Chemistry

The 3-chlorobenzo[b]thiophene-2-carbonyl chloride core was easily prepared through the synthetic protocol re-
ported by Krubsack and Higa,24 and Brabander?> starting from commercially available cinnamic acid that was refluxed
with thionyl chloride and pyridine in chlorobenzene to give intermediates 6—10 (Scheme 1 ). Subsequent synthesis
of amide derivatives was carried out refluxing the acyl chloride and the suitable amine in dioxane, to give the final
compounds 11-25 (see Table 1 ).

Scheme 1. #+5alb

Py
\_/
4
o
juny
o)
=
\ 7/
NG~
(e e]
i
\ /
OD/Q
A- "o

1,R=H 6,R=H 11-21,R=H
2,R=6-Cl 7,R=6-Cl 22, R =6-Cl
3,R=6-F 8, R=6-F 23,R=6-F
4,R = 6-Me 9, R = 6-Me 24,R = 6-Me
5 R=6,7-Cl 10, R = 6,7-Cl 25,R=6,7-Cl

“Reagents and conditions: (a) SOCl,, Pyr, DMF, or Chlorobenzene, 130 °C (16-—62%); (b) RNH, dioxane, reflux (23-—71%).

’For complete structures, see Table 1 .
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“Reagents and conditions: (a) anhydrous DMF, K>COs , 0 °C to rt (68-=80%); (b) for comp 33:-: +-BuONa anhydrous THF (91%); (c) NaH, R3-X,
anhydrous DMEF, rt to 60 °C -3 h (35-—=58%); (d) benzyl bromide, K»CO3 , KI, CH3CN, MW, 120 °C, 10-mimatesmin x 3 times (43%); (¢) LiOH,
MeOH/H,O/THEF, 18 h, 1t (91-=97%); (f) TBTU, EDC-HCI, Et;N, DMF, rt, }-=3 h (13-=73%).

erFor complete structures, see Table 1 .

The final compounds 54—71, 73 , and intermediate 75 were obtained employing a conventional amide coupling pro-
tocol (SehemeSchemes 2 and 3), reacting the proper carboxylic acids with the suitable amines in the presence of 1-ethyl-
3-(3-dimethylamineprepyl(dimethylamino)propyl)carbodiimide (EDC) and 2-(HH1H -Benzetriazelebenzotriazole-1-
y1)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU) as coupling agents and triethylamine as the base. In the case
of compounds 50, 51, and 73, either the carboxylate ester 39, 40 or the carboxylic acid 72 precursors were commercially
available, whereas for the majority of the derivatives reported the synthesis of the carboxylic acid core was carried out
from commercially available precursors. The benzofuran-2-carboxylic acid intermediate 32 was obtained according to
a previously reported protocol,2¢ reacting salicylaldehyde with methylchloroacetate in DMF and K>COs3, to obtain the
corresponding methyl ester, subsequently cleaved through basic hydrolysis. Following a similar procedure, but using
methyl thiosalicylate in the place of salicylaldehyde, the ethyl 3-hydroxybenzo[b]thiophene-2-carboxylate precursor
33 was obtained. However, it was not possible to hydrolyze 33, also in harsh conditions, likely because of the formation
of a-psende-eyelepseudocycle between the 2-carboxylic moiety and the vicinal 3-hydroxyl. Indeed, when the hydroxyl
group was masked either with a methyl or with a substituted benzyl group (intermediates 34—38) or protected with a



methoxymethyl group (intermediate 74), the corresponding carboxylic acid derivatives (45—49) were easily obtained
in the-abevepreviously reported conditions. After coupling with 2,6-dimethylmorpholine, MOM derivative 75 was
deprotected with conc HCl to give the final derivative 76+.

Scheme 3. 4
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a Reagents and conditions: (a) MOMCI, anhydrous DCM, then DIPEA at 0 °C to rt, 2 h (86%); (b) 1. LiOH, MeOH/H>O/THF, 18 h, rt
(91%); 2. TBTU, EDC-HCI, EtzN, DMF, rt, }==3 h (41%); (c) HCI-6N6 N, MeOH, 1 h rt (82%).

The benzo[b]thiophene-2-carboxylic acid was obtained reacting o-nitrobenzaldehyde with ethyl-2-mercaptoac-
etate in DMF and K>COs as the base to yield the ethyl ester 28, that was hydrolyzed in basic conditions to afford the
corresponding acid 42. Following a similar procedure, but using 2-fluoropropiophenone in place of o-nitrobenzalde-
hyde, the ethyl ester intermediate 29 was obtained and hydrolyzed to give the precursor 43. All of the ester hydrolyses
were carried out reacting the suitable ester in a mixture of THF/MeOH/H,0 with LiOH at room temperature.

In this work, a total of 35 compounds were prepared and tested for their capability to inhibit the growth of P. falci-
parum-P—faleiparamusing the pLDH assay. The compounds were tested both against the CQ susceptible (D10) and CQ
resistant (W2) strains, in order to evaluate their susceptibility to cross resistance. Among the 35 derivatives, 9 showed
a remarkable potency in the low-aMnanomolar range and therefore were further evaluated for their toxicity agalnst
a Human Mierovasetlar Endothelial- Celthuman microvascular endothelial cell line, and their metabolic stability in
human liver microsomes. Rational modifications of the main structure led to a variable range of activities and allowed
us to construct a plausible SAR for this series of benzo[b]thiophene-2-carboxamides, that could eventually inspire the
design of improved analogues. In addition, an attempt to identify the actual molecular target of these derivatives was
made through a “target fishing” approach.

We identified four portions of hit compound 77 that were amenable for chemical modifications: (a) the carbox-
amide substituent, (b) the substituent a position C-3, (c) the phenyl portion of the benzo[b]thiophene core, and (d) the
benzo[b]thiophene ring.

Table 1. Antiparasitic and-eytetoxie-activityCytotoxic Activity of compeundsCompounds 11-25, 54-71, 73 ; and 76—
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<
1m s H (Po/ a 3,73 3749 18461 19564 4043
“
12 S H Co( cl 3,73 645464  2685+542 15446 nd®
x\N -
3 S H \?ﬁ al 3,71 49094893 147494203 nd nd
14 S \'Q) cl 269  >15000 >15000 nd nd
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H
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H
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N
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IThe data reported are the means of 3 different experiments + SD maderun in duplicate;. *indicates the point of attachment.

“Calculated with molinspiration sotware (http://www.molinspiration.com/services/faq.htmb);.-

’Indicates the concentration to inhibit the growth of half of parasitic population;.
¢CQ-susceptible strain;.-

dCQ -resistant strain;.

‘Human Mierovaseular-Endethelial-Cells;microvascular endothelial cells.

/Calculated in-HumanEiver Mieresemeshuman liver microsomes and expressed in minutes;.

2Not determined;.-
for complete set of data on different strains see-refereneeref 23. *indieates-the-peint-of attachment—

Substituents at the 2-earbexamidenitregerCarboxamide Nitrogen
Modifications at this position were carried out in order to answer the following structural questions: (a)eanCan the

morpholine be substituted by other heteroaliphatic structures? (b) Are the methyl groups important for the activity? (c)
Can an aromatic group be located at this position, in order to make the nitrogen a hydrogen bond donor (HBD)? First,
we deemed it relevant to establish which configuration was the most favorable for the two methyl groups of the mor-
pholine. Indeed, in the work that has inspired our research, it was not specified whether the cis or trans stereoisomer
is more active. Compounds 11 and 12 were then prepared and, although both did show-the-activity, the cis stereoiso-
mer was found to be about 20 times more potent than the corresponding frans analogue (11, ICsopio = 37.1 nM vs 12,
ICsop10 = 646 nM). Thus, the cis configuration was maintained in all of the other analogues bringing a 2,6-dimethyl-
morpholine in their structure (see the following paragraphs). Next, the obvious step was to investigate the impact
of the dimethyl pattern on the overall activity. Surprisingly, removal of the dimethyl substitution on the morpholine
ring (14, ICsop1o==15000> 15000 nM), as well as on the piperidine (15, ICsop10-=>456600> 15000 nM), led to a
complete loss of activity. The same was observed when a linear aliphatic amine such as diethylamine (20, ICsopio—
=>15000> 15000 nM) was used in place of a cycloaliphatic one. We then investigated whether the substitution of the
oxygen with a nitrogen atom, that could serve as a hydrogen bond donor, could play a role in the interactions with
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the target binding site and affect the activity. Substituting the 2,6-dimethylmorpholine core with a 3,5-dimethylpiper-
azine (13, ICsop10 = 4909 nM) led to a drastic reduction-efin the antiparasitic activity, that was restored to some extent
when 3,5-dimethylpiperidine was used as the substituent (21, ICsop1o = 100 nM). Finally, we investigated whether the
2-carboxamide could have a hydrogen bond donor property to better interact with the target binding site. Therefore,
compounds 16—19, bearing either cycloaliphatic or aromatic/heteroaromatic rings as substituents, were synthesized
and tested. In particular, the 4-aminopyridyl derivative was prepared due to its recurrent presence-beth-in both some
marketed antimalarial compounds and preclinical candidates. Unfortunately, all of these modifications only led to the
loss of activity (16—19, ICsop1o-==+5000> 15000 nM). Finally, some representative compounds, namely, 11, 19 , and
23, were evaluated with regard to their stability in RPMI 1640, that is, the medium used for the antiplasmodial assays.
Indeed, by virtue of the 3-chloro substitution, these compounds might behave as vinylogue acid chlorides, which are
very reactive and may decompose or unselectively interact with every protein and generate a false positive. However,
the resulting compounds-resultedwere unmodified at the test conditions also after 24 h (Supporting Information, S19).

From this first round of modifications, we can conclude that the 2,6-dimethylmorpholine moiety is crucial for
conferring high antimalarial activity. Attempts to substitute the ring with other structures, as well as to remove the
dimethyl group, all led to a loss/decrease of activity. The only exception, especially considering the difference in the
activity with compound 13, is represented by the 3,5-dimethylpiperidine derivative 21, that has an activity similar to
that of the hit compound 77. It can-be-then be speculated that, in order to maintain the activity, hydrogen bond donor
groups cannot be introduced in place of the morpholine oxygen.
Substitutions at the-phenyl-pertionPhenyl Portion of the-benzeBenzo[b]thiophene-eereCore

After exploring the best substituent for the amide, and maintaining the chlorine atom at position C-3 as for the hit
compound, we investigated whether adding small functional groups at the phenyl portion of the benzo[b]thiophene scaf-
fold might affect the activity and the pharmacokinetic parameters. Electron withdrawing groups (EWGs) of different
size, and an electron donor group (EDG) such as the methyl, were introduced at position C-6 of the benzo[b]thiophene
scaffold. In addition, a dichloro substitution pattern was investigated as well. Small-sizesized substituents, regardless
of their EDG or EWG nature, were found to properly maintain strong antimalarial activity (23, ICsop1o = 74 nM; 24,
ICsop1o = 86 nM). At the same position, a chlorine is still well tolerated, although decreasing the activity by 5-fold
compared to the fluorine atom (22, ICsop10 = 407 nM), whereas the dichloro substitution led to a considerable drop in
the activity (25, ICsop1o = 2223 nM). Thereforethisthe structural portion of-thethis molecule is amenable for various
modifications, which can affect the activity and other pharmacological properties.
Substituents at-pesitierPosition C-3

The 3-chlorobenzothiophene scaffold has -been- seldom been used in medicinal chemistry, possibly due to
the difficulties in its preparation. The chlorine atom at C-3 might affect the electronic characteristics of the main
benzo[b]thiophene, and also those of the amide moiety. To explore the effect of various substituents, we decided to
introduce at C-3 a wide range of functional groups, differing in size;-and electronic and physicochemical properties.
Removing the chlorine atom produced a compound that was found to be 50-fold less active than the parent derivative
(54, ICsop10 = 1823 nM). As expected, the same results were obtained when cycloaliphatic moieties other than the
2,6-dimethylmorpholine core were used to modify the carboxamide portion (56, ICsop10 =3+889310893 nM; 55, 57,
58, ICsop1o==156800> 15000 nM). Substitution with polar groups, having a hydrogen bond donor/acceptor nature,
led to a sharp decrease, or even loss of activity (69, ICsopio = 8761 nM; 76, ICsop10-==15860> 15000 nM). On the
other hand, apolar substituents at the same position, such as the methyl (71, ICsop1o = 226 nM), methoxy (62, ICsop1o
=429 nM), or ethyl (59, ICsop10 = 682 nM) were able to maintain a remarkable activity, only 4-fold lower than that
of compound 71. Therefore, it might be speculated that, at the position-betrg-ebjeet-of the described modifications,
the lipophilicity of the substituent, rather than its EWG/EDG properties, plays an important role in conferring good
overall activity. Thus, we evaluated next how the size of the substituent at C-3 could modulate the compound activity.
A benzyl moiety was used to functionalize the amino and hydroxyl group of compounds 69 and 76, to yield derivatives
70 and 63, respectively. Although derivative 69 is more active than 76, the corresponding benzyl derivative was
found to be 70-fold less active than the benzyloxy counterpart (63, ICsopio = 38 nM vs 70, ICsopio = 2615 nM).
Indeed, compound 63 can be considered the most active derivative of the series,-beirgwith the activity being toward
both the chloroquine susceptible and resistant strain-esin the same range of the hit compound 11. Moreover, with
this compound we have moved from the 3-chlorobenzothiophene scaffold that could be unselectively reactive, as
mentioned above. Modifications of the benzyl appendage were attempted as well, in particular, by adding a lipophilic
EWG such as the chlorine, a more polar EDG such as the methoxy, and a disubstitution such as the 3,4-difluoro



moiety (64, ICsopio = 186 nM; 65, ICsopio = 146 nM; 66, ICsopio = 141 nM). All of these derivatives maintained
activity against both the susceptible and resistant strain of P. falciparum-P—faleiparam, although they were 6- to 7-fold
less active than the unsubstituted parent compound 63. In summary, at position C-3, along with the phenyl portion of
the benzo[b]thiophene-abeve-deseribeddescribed earlier, we have noticed the highest freedom for substitution. Polar
groups were not found to be suitable substituents, whereas lipophilic functional groups, especially the bulky ones,
supported the highest activity. In particular, the presence of polar functionalities (69, 70 , and 76) strongly hampers
the activity of these derivatives. Thus, it can be speculated that the target binding site is predominantly hydrophobic
and lacks hydrogen bonding groups.

Modification of the-benzeBenzo[b]thiophene-eereCore

The final part of our SAR assessment was dedicated to-explereexploring the possibility of substituting the
benzo[b]thiophene core with similar heterocycles, maintaining the same pattern of substitution at the C-2. The
sulfur atom, although present in several drugs, might be oxidized in the biological systems, and this may represent a
limitation for further development of these derivatives. Therefore, the benzo[b]thiophene scaffold was substituted by
a benzofuran, an indole, and a benzothiazole. As reported in Table 1 , benzofuran and indole analogues (60, 61, 68,
69, 1Csop10==15000> 15000 nM) failed to show any-elaehint of activity, when compared to the benzo[b]thiophene
counterpart; the benzothiazole 73, that still maintains a sulfur atom at the same position as the hit compound, showed
only-a-negligible activity (ICsopio-—==> 9788 nM). It can be then hypothesized that the sulfur atom, by virtue of its
size and physical characteristicsiis crucial in conferring the desired antiparasitic activity.

The most active derivatives (11, 12, 21, 24, 63—66, 71) were tested against HMEC-1 cells to gain information
about their general toxicity. All of them proved to be reasonably safe, the selectivity index spanning from 250 to 5000.
Target-fishing-experimentsFishing Experiments

Next, we attempted to find a putative target for the compound derivatives. Finding the target could help in fur-
ther optimization of analogues with improved drug-like characteristics. An extended study sponsored by Medicine for
Malaria Venture reported a close analogue of the hit compound 11 as inhibitor of P. falciparum-P—faleiparam choline
kinase.2? Although this compound inhibits-Cheline Kinasecholine kinase quite efficiently (ICso PfCK = 6.3-pMuM),
its inhibitory activity toward the parasite is considerably higher (ECso Pf3d7 = 0.3-pMuM), suggesting that choline
kinase is not the main target for this series of derivatives. In another work, Tate and colleagues have reported molecules
based on a benzo[b]thiophene-2-carboxylic scaffold as potent inhibitors of the P. falciparum-P—fedeiparumN-N-myris-
toyltransferases (PNMT). 2829 However, the SAR for our molecules (see above) does not match that described by Tate
et al., making it unlikely that PANMT would be the target for our compounds. Finally, in the recent paperreperted-
by Van Voorhis et al.-abeve-mentioned;23 a mechanism-of-action screening was successfully carried out for a number
of compounds of the Malaria Box, but only a generic set of information was retrieved for 77. In an attempt to-find-

-entdetermine the putative target for this series, we have performed an in silico target fishing study.30 We performed
a 2D similarity search (cutoff at 70%) using 11 as query in ChEMBL database?! to verify if similar compounds have
been tested against some specific targets that can be somehow related to P. falciparum-P—faletparas proteins. From this
similarity search, we obtained 116 resulting hits. The results were analyzed in order to cluster compounds according
to chemical classes and to rule out those molecules showing results only on whole cell assays, with no specific target
annotated. For each surviving hit and its target, we tried to find a corresponding protein in P. falciparum-P—faleiparam
proteome. To this end, we queried the proteome of P. falciparum-P—faleiparars 3d7 available in PlasmoDB32 with the
protein sequences belonging to the targets of the ChEMBL hits by using BLASTP3* 33 The hit compounds a and b
(Table S1) became the most promising in terms of the putative target identity. Compound a was tested as a potential
antimicrobial agent targeting ClpB,34 whereas hit b was first developed as an antiproliferative agent and evaluated
for DNA binding propensities and-tepeisemerasestopoisomerase I/II inhibition as part of its mechanism of action.35
Analyzing the activity of these derivatives on the annotated target, we found that only compound a had some hint of
activity, whereas compound b was inactive. It must also be noticed that phosphatidylinositol 4-kinase (P14K) was one
of the putative targets obtained from the study. Although the benzo[b]thiophenes were known to inhibit choline kinase,
we decided against evaluating our derivatives toward this protein, due to a low sequence similarity between PI4K and
choline kinase catalytic domains (N1261- -M1559, 21.5% of identity, Figure S5). This preliminary result prompted us
to investigate mere-in-detatlsmore detail the similarity between compounds 11 and a, also because the molecular target
under consideration plays a crucial role in the microbial life cycle.

ClpB is a member of the Hsp100/ClpB family of AAA+ ATPases that, in bacteria, yeast, and plants, is involved
in supporting survival of bacteria, yeast, and plants under stress conditions by mediating ATP-dependent protein dis-



aggregation. 3637 Two isoforms of this ATPase were identified in P. falciparum-P—faleiparam, PfClpB1 and PfClpB2,
the latter usually known as Plasmodium Hsp101.38 PfClpB1 is located in the apicoplast and it has been suggested to
have a protective role against protein misfolding and aggregation, whereas PfClpB2 is crucial in Plasmodium-Plas—
mediam infectivity as it participates in the export of Plasmodium-Plasmedias proteins to the erythrocyte cytosol.3?
In addition, the ClpB system is highly conserved among bacteria, yeast, and plants but it is absent in humans;; there-
fore, both PfClpB isoforms are regarded as potential new targets for malaria treatment.40 Although none of the two
PfClpB proteins has been yet crystallized, two bacterial forms of ClpB, one from E. coli-E—eeli(PDB4EHS )4
and another from 7. thermophilus F—thermephitas-(PDB1QVR ),2 have been solved bound to ADP and an
ATP derivative, respectively. The ATP binding sites are strongly conserved among different AAA+ ATPases, and in
particular among ClpBs from different species,?” so the binding site residues are well conserved between bacterial and
Plasmodium-Plasmediar ClpB (Figure S1). In particular, the Walker A motif in the ATP binding site is identical in
EE. coli—eeliClpB and PICIpB1. Compound 11 appears to dock well in the bacterial ClpB ATP binding site and
in the binding site of a homology model of PfClpB2, that has a lower degree of similarity with E. coli- E—eeli-than
PfCIpB1. The rates of ATP hydrolysis catalyzed by E. coli-E—el-ClpB in the absence and presence of compounds
11, 63, and 71 were measured (Figure S1). The assay reactions were initiated by adding ClpB to the assay buffer that
included ATP and the compound. This procedure mimics the in vivo conditions, where the compounds would compete
with ATP for binding to ClpB. We did not detect any inhibition of the ClpB ATPase over a broad range the compound
concentrations (Figure S1). Since ClpB uses energy from ATP to produce its biological effects, it is unlikely that the
compounds would bind to the ATP site without inhibiting the ATPase, and still have an effect on the biological activity.
To further verify the lack of inhibition, ClpB was preincubated with 63 and the reaction was started by adding ATP in
order to provide the compound with a competitive advantage over the nucleotide. However, no inhibition of the ClpB
ATPase was observed in this case either, effectively ruling out the possibility that ClpB is the molecular target of this
series of compounds.

Conclusions

In this work, we have taken advantage of an initiative by GSK to investigate benzo[b]thiophene-2-carboxamides
as antimalarial agents. The in-depth SAR investigation that we have carried out has revealed the important structural
features underlying the pharmacological activity of these derivatives. Also, an attempt to discover the putative molec-
ular target of this series was undertaken through a target-fishing approach.

The backbone structure (see Table 1) allows only for a surprisingly limited number of substitutions that preserve
the antimalarial activity. Even small backbone modifications at specific sites lead to a complete loss of antimalarial
potency.

Five of the prepared compounds maintained an activity similar to and apparently slightly better than the
parent compound 77, providing useful information to drive the development of next-generation derivatives. The
benzo[b]thiophene core is crucial for conferring a high potency, while other bicyclic heterostructures such as indole
and benzofuran were found to be detrimental for the activity. With regard to the carboxamide at the C-2, the
2,6-dimethylmorpholine appendage not only appears to be the best substituent to provide high potency, but-italso
appears to be the only one that confers-a-measurable activity. Position C-3 can be adorned with various substituents,
to modulate activity and other pharmacological properties;; however, hydrogen-containing functional groups are
detrimental-ferto the potency. Also, small functional groups at the benzyl portion of the benzothiophene scaffold are
well tolerated, suggesting a way to modify these derivatives in the future. In spite of our attempts to identify the
mechanism of action of these compounds, their molecular target(s) remain unknown. Recent literature has provided
information on the importance of further-pursaing-exploration of the Malaria Box derivatives, and this work sets the
stage for further exploration of molecules structurally related to 77.

Experimental-seetienSection

Chemistry

General-informationlnformation. All the reagents were purchased from Sigma-Aldrich, Alfa-Aesar, and Enamine at
reagent purity and, unless otherwise noted, were used without any further purification. Dry solvents used in the re-
actions were obtained by distillation of technical grade materials over appropriate dehydrating agents. MCRs were
performed using CEM Microwave Synthesizer-Discover model. Reactions were monitored by thin layer chromatog-
raphy on silica gel-coated-alamimtamaluminum foils (silica gel on Al foils, SUPELCO Analytical, Sigma-Aldrich)
at both 254 and 365 nm wavelengths. WheaWhere indicated, intermediates and final products were purified through
silica gel flash chromatography (silica gel, 0.046-—0.063 mm), using appropriate solvent mixtures.
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TH-INMR and 3CG-INMR spectra were recorded on a BRUKER AVANCE spectrometer at 300, 400, and 100 MHz,
respectively, with TMS as internal standard. 'H-NMR spectra are reported in this order: multiplicity and number of
protons. Standard abbreviation indicating the multiplicity was used as follows: s = singlet, d = doublet, dd = doublet
of doublets, t = triplet, q = quadruplet, m = multiplet, and br = broad signal. HPLC/MS experiments were performed
with (HPLG:) Agilent 1100 series, equipped with a Waters Symmetry C18, 3.5-mum, 4.6 mm-x* 75 mm column and
(MS:) Applied Biosystem/MDS SCIEX, with API 150EX ion source. HRMS experiments were performed with LTQ
ORBITRAP XL THERMO. All of the target compounds were tested as 95% purity samples or higher (by HPLC/MS).
Biology: -parasite-growthParasite Growth and-druag-suseeptibility-assayDrug Susceptibility Assay. The CQ sensitive
(D10) and-the-CQ resistant (W2) strains of P. falciparum-P—faleipararm were sustained in vitro as described by Trager
and Jensen.®3 Parasites were maintained at 5% hematocrit (human type A-positive red blood cells) in RPMI 1640
(EuroClone, Celbio) medium with the addition of 1% AlbuMax (Invitrogen, Milan, Italy), 0.01% hypoxanthine, 20
mM HEPES, and 2 mM glutamine. All cultures were maintained at 37 °C in a standard gas mixture consisting of 1%
02, 5%CO0z, and 94% N,. Compounds were dissolved in DMSO and then diluted with medium to achieve the required
concentrations (final DMSO concentration <1%, which is nontoxic to the parasite). Drugs were placed in 96 well
flat-bottom microplates (COSTAR) and serial dilutions made. Asynchronous cultures with parasitemia of }——1.5%
and 1% final hematocrit were aliquoted into the plates and incubated for 72 h at 37 °C. Parasite growth was determined
spectrophotometrically (ODgs0) by measuring the activity of the parasite lactate dehydrogenase (pLDH), according
to a modified version of Makler'sMakler’s method in control and drug-treated cultures.#4 Antiplasmodial activity is
expressed as the 50% inhibitory concentrations (ICso). Each ICsp value is the mean + standard deviation of at least
three separate experiments performed in duplicate.

Cytotoxicity-assayAssay. The long-term human microvascular endothelial cell line (HMEC-1) immortalized by SV 40
large T-antigen38antigen 38 was maintained in MCDB 131 medium (Invitrogen, Milan, Italy) supplemented with 10%
fetal calf serum (HyClone, Celbio, Milan, Italy), 10 ng/mlmL of epidermal growth factor (Chemicon), 1 lgiaimL of
hydrocortisone, 2 mM glutamine, 100 UAslmL of penicillin, 100 lgisimL of streptomycin, and 20 mM Hepes buffer
(EuroClone). Unless stated otherwise all reagents were from Sigma Italia, Milan, Italy. For the cytotoxicity assays,
cells were treated with serial dilutions of test compounds for 72 h and cell proliferation evaluated using the MTT assay
already described-3333 The results are expressed as IC50, which is the dose of compound necessary to inhibit cell
growth by 50%. Each IC50 value is the mean and standard deviation of at least three separate experiments performed
in duplicate.

Inhibition of ClpB. E. coli-E—eelClpB was produced as previously described.> Protein concentration was determined
spectrophotometrically and reported in monomer units. To determine the rate of ATP hydrolysis, the samples were
incubated in the assay buffer (100 mM Tris/HCI pH 8, 1 mM DTT, 1 mM EDTA, 10 mM MgCl) at 37 °C. The com-
pounds 11, 63, and 71 were dissolved in DMSO and then diluted in the assay buffer to the final concentration. The
corresponding amounts of DMSO added to the buffer were used as controls. The reaction was initiated by adding ClpB
to the buffer containing the compound and 4 mM ATP or by adding ATP to the buffer containing ClpB and the com-
pound. The concentration of inorganic phosphate generated from ATP by ClpB was measured as described before.46
Stability-stadiesStudies in HLM for-eempeundsCompounds 11, 63 , and 71 . Stability of selected compounds in the
presence of HLM was assessed by incubation of a 1#MuM concentration for 60 min in the presence of HLM (1
mg protein mI===1), at 37 °C, in the presence of a NADPH-regenerating system (2 mM NADP+, 10 mM glucose-6-
phosphate, 0.4 U mL-1 glucose-6-phosphate dehydrogenase, 5 mM Mg€ER2MgCl; ) in 100 mM PBS buffer solution
pH 7.4. The reaction mixtures were preheated (37 °C) for 5 min before adding the parent compound. At fixed time
points (# = 0z, 15,305, 60:min), aliquots of samples were withdrawn, deproteinized with two volumes of acetonitrile,
centrifuged (956009000 g, 4 °C, 10 min), and the supernatant analyzed by injection in HPLC-MS/MS system. The
chromatographic separation was performed employing a gradient elution starting from 70% water + 0.1% formic acid
(solvent A):30% methanol (solvent B) to 90%B:10%A in 10 min; 90%B:10%A was kept for further 5 min; then back to
70%A:30%B and further 5—min of reconditioning time. HPLC-MS analysis employed a Thermo Quantum Access Max
TSQ triple quadrupole mass spectrometer (Thermo, USA) equipped with a H-ESI (Heated-ElectroSpray Ionization)
interface and coupled to an Accela UHPLC system (Thermo, USA) constituted of a quaternary pump, a degasser, and
a thermostated autosampler. Compounds were analyzed in positive ion mode using both total ion monitoring mode,
over a mass range from 50 to 500 amu, and single ion monitoring mode. Data were acquired and analyzed employing
Thermo Excalibur 1.4 software (Thermo, USA).
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Target-fishingFishing. Similarity search has been conducted using the similarity search method implemented in the
ChEMBL database,3! with a cutoff for minimum similarity at 70%. In the attempt to find some analogies between
the ChEMBL-eempeundscompound target and plasmodium proteome, we use the blastp tool available in PlasmoDB,
restricting our research to-PlasmediamPlasmodium falciparum-Faleipararm 3d7 proteome only and applying default
parameters. Multiple sequence alignment between PICIpB1, PICIpB2, E. coli-E—e}-ClpB, and 7. th—. ClpB were
performed with BLASTp. Docking studies were performed using Glide software. 47-43-EE. coli-eel+ClpB structure
has been prepared using Protein Preparation Wizard and ligand using LigPrep, both from Schrodinger.4® ClpB2 com-
parative model has been built using Prime software from Schrodinger. The heteromultimer model methodology was
chosen. For the N-terminal domain we took advantage of the available crystal structure of PfClpB2 N-terminal portion
410D (residues 10-—=156). For the remaining part of the protein we used as templates 7th1QVR and E. coli-E-eel-
4CIU ClpB. Final alignment is equal to blast alignment reported in Figure S1. The final model was submitted to a
long refinement procedure to reduce the steric clashes. The ionization state of the final model has been checked with
Protein Preparation Wizard. It should be noted that one of the loop regions presents a quite high degree of uncertainty
due to very low similarity between query and template.
General -precedureProcedure for the-synthesisSynthesis of-eempeunrdsCompounds 610 . Freshly distilled thionyl
chloride (2-egequiv) and pyridine (0.1-egequiv) were added to a solution of the suitable cinnamic acid (1-eqequiv) in
anhydrous chlorobenzene (0.5 mL/mmol) and the stirred reaction mixture was heated at 130 °C for 2-heursh. Residual
thionyl chloride was distilled and the crude was treated with hexane at reflux to afford the respective acyl chloride as
pale yellow needles that were collected and used for the following reaction without further purification. Analytical
data for compounds 6—9 matched the data already published. 24.50.51
General-precedureProcedure for the-synthesisSynthesis of-eempeundsCompounds 11-25 . A mixture of the suitable
3-chlorobenzothiophene-2-carbonyl chloride (1-egequiv) and the proper amine (1-egequiv) was refluxed in anhydrous
dioxane until consumption of the reacting agents according to TLC. The reaction mixture is then poured in ice water
and the organic layers were extracted with ethyl acetate (3 x 10 mL), washed with brine, dried over anhydrous Na,SO4
, and evaporated under reduced pressure. The oil obtained was purified through flash column chromatography eluting
with dichloromethane/methanol, to give the title compounds. Yields, purification methods, and other analytical data
are reported in the-supperting-infermationSupporting Information.
Ethyl-benzeBenzo[b]thiophene-2-carboxylate (28). To a solution of 2-nitrobenzaldehyde 26 (2.0 g, 3.0 mmol) in an-
hydrous DMF (20 mL), K»COs (2.2 g, 16 mmol) and ethyl thioglycolate (142-gEpL, 13 mmol) were added at 0 °C.
The reaction mixture was kept at the same temperature for 30-minutesmin, and then was allowed to react at room tem-
perature until consumption of the limiting reagent according to the TLC. The mixture is then poured in ice water and
the precipitate obtained is collected, dried, and used in the next reaction step without further purification. Yield 68%.
Following a similar procedure, but using 1-(2-fluorophenyl)propan-1-one 27 in place of 2-nitrobenzaldehyde,
ethyl 3-ethylbenzo[b]thiophene-2-carboxylate (29) was prepared in 80% yield. Analytical data for compounds 28, 29
matched the data already published. 52.53
Ethyl-benzefuranBenzofuran-2-carboxylate (32). To a solution of salicylaldehyde 30 (857-g#EpL, 8.2 mmol) in anhy-
drous DMF (15 mL), ethyl bromoacetate (907-gEuL, 2.4 mmol) and K>COs (2.21 g, 160 mmol) were added, and the
mixture was stirred at 130 °C until consumption of the limiting reagent according to the TLC. The reaction mixture
is then poured in ice water and the organic layers were extracted with ethyl acetate (3 x 10 mL), washed with brine,
dried over anhydrous Na,SOs , and evaporated under reduced pressure. The oil obtained was purified through flash
column chromatography eluting with dichloromethane/methanol (99:1), to give the title compound as a white solid in
70% yield. Analytical data for compound 32 matched the data already published.>*
Ethyl 3-hydrexybenzeHydroxybenzo[b]thiophene-2-carboxylate (33). Methyl 2-mercaptobenzoate 31 (1.5 g, 8.92
mmol), ethyl bromoacetate (789-tkpL, 8.92 mmol), and sodium tert-butoxide (2.68 g, 17.83 mmol) were dissolved in
anhydrous THF and reacted at room temperature for 2-heussh. After completion, the reaction mixture is poured in ice
water and the organic layers were extracted with ethyl acetate (3 x 10 mL), washed with brine, dried over anhydrous
NaSO;4 , and evaporated under reduced pressure. The crude obtained was purified through flash column chromatog-
raphy eluting with petroleum ether/ethyl acetate (9:1), to give the title compound as a yellowish solid in 91% yield.
Analytical data for compounds 33 matched the data already published.5>
General-precedureProcedure for the-alledationAlkylation of-eempeundCompound 33 | To a suspension of NaH (2
-eqequiv) in anhydrous DMF, compound 33 (1-egequiv) is added at room temperature under nitrogen atmosphere. Af-
ter 10 minutesmin the suitable alkyl halide (2-egequiv), solubilized in anhydrous DMF, is added dropwise and the
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reaction mixture is stirred at 60 °C for a period spanning from 1 to 3-keursh. After consumption of the limiting reagent
monitored through TLC, the mixture is poured in ice water and extracted with ethyl acetate (3 X 5 mL), and the organic
layers are washed with brine, dried over anhydrous Na;SO4 , and evaporated under reduced pressure. The crude is
purlﬁed through flash column chromatography eluting with petroleum ether/ethyl acetate (95:5), to give compounds
34-38 in good overall yields. Yields, purification methods, and other analytical data are reported in the-supperting
-infermationSupporting Information. Analytical data for compound 35 matched the data already published.>¢
Methyl 3-(benzylaminoBenzylamino)benzo[b]thiophene-2-carboxylate (41). Ethyl 3-aminobenzo[b]thiophene-2-car-
boxylate 40 (30 mg, 0.135 mmol), benzyl bromide (7.7 mg, 0.045 mmol), K,CO3 (37 mg, 0.270 mmol), and KI (1 mg,
0.045 mmol) were dissolved in acetonitrile GmE3 mL), put in a microwave flask, and heated in a microwave oven at
120 °C for 10 minutesfor-two-timesmin twice, and then at 140 °C for 10 -minutesfermin once. After quenching with
brine (5 mL), the mixture was extracted with ethyl acetate (3 X 5 mL), and the combined organic layers were dried
over anhydrous Na,SO4 and evaporated under reduced pressure. The crude material was then purified through flash
chromatography eluting with petroleum ether/ethyl acetate 95:5 to give the title compound 41 as a yellow solid in 83%
yield. 'H NMR (400 MHz, CDCl3): 6 3.88 (s, 3H); 4.95 (s, 2H); 7.2+-—=7.43 (m, 8H); 7.72 (s, 1H); 7.84 (bs, 1H); 8.00
(s, 1H). LRMS (ESI) calcd for C17HisNO»S ([M-H}) 296.08; found 296.3.
General-procedureProcedure for the-esterhydroelysisEster Hydrolysis: -synthesisSynthesis of-eempeundsCompounds
42-53 . Esters 28, 29, 32—41 (l-egequiv), and LiOH-H,0O (4-egequiv) were dissolved in a solution of THF/MeOH/H,O
(3/1/1, 1 slmL/mmol) and stirred overnight at room temperature. The reaction mixture is then evaporated in vacuo,
and the crude is taken up with H>O, acidified with HCI-4N1 N, and extracted with ethyl acetate, that is-esin turn
washed with brine and dried over anhydrous Na;SO4. After-the-evaporation of the solvent the crude materials were
used in the next reaction step without any additional purification. Yields and essential analytical data are reported in
the-supperting-informationSupporting Information. Analytical data for compounds 42—46, 50—53 matched the data
already published. 56— 63
General -preeedureProcedure for the—syn%he&'}sSynthesis of-amidesAmides 54-71, 73, 75 . To a solution of the ap-
propriate carboxylic acid (1 equiv) in anhydrous dichloromethane or dlmethylformamlde (DMF) (4 mL/mmol) at
room temperature were added anhydrous hydroxybenzotriazole (HOBt, 1 equiv) and 1-ethyl-3-(3-dimethylamine—
-prepyl(dimethylamino)propyl)carbodiimide hydrochloride (EDC-HCI, 1 equiv) under nitrogen atmosphere. After stir-
ring for 10 min, the appropriate substituted amine (1 equiv) and triethylamine (3 equiv) were added, and the reaction
mixture was stirred at room temperature until disappearance of the starting material (usually 2 to 6-heursh). After this
time water (5 mL) was added, and the mixture was extracted with EtOAc (3 x 10 mL), and the organic layers were
separated, washed with brine, dried over anhydrous Na;SOys, filtered, and concentrated under reduced pressure. The
residue was purified by flash chromatography eluting petroleum ether/ethyl acetate (8:2) to obtain the title compounds
in yields ranging from 13% to 73%.
3-(Methoxymethoxy)benzo|b]thiophene-2-carboxylic-aeidAcid (74). To a solution of 33 (0.15 g, 0.63 mmol) in anhy-
drous dichloromethane (5 mL), chloromethyl methyl ether (72-gEpL, 0.95 mmol) is added dropwise through a dropping
funnel at room temperature. After cooling at °C, DIPEA (165-EpL, 0.95 mmol) is added, and the reaction mixture
is allowed to stir at room temperature until consumption of the starting material (2-heush). The reaction is quenched
with NH4Cl, and the organic layers washed with water (3 x 5 mL), treated with brine, dried over anhydrous Na;SOs,
and concentrated under reduced pressure. The oil obtained, without further purification, was-hydrelysedhydrolyzed
according to the procedure-abevereported earlier to give the acid 74 as a white powder in 86% overall yield. 1H NMR
(300 MHz, CDCl3): 6 3.68 (s, 3H); 5.49 (s, 2H); 7.44-=7.56 (m, 2H); 7.81 (d, /= 8 Hz, 1H); 7.98 (d, /= 8 Hz, 1H).
LRMS (ESI) caled for C11H1004S ([M-——H}) 237.03; found 237.3.
(2,6-Dimethylmorpholino)(3-hydroxybenzo[b]thiophen-2-yl)methanone (76). To a solution of compound 75 (0.028 g,
0.083 mmol) in anhydrous methanol, HCI-6N6 N is added over a 20 minutesmin period. After reacting for 1-henrh
at room temperature, the solvent is evaporated and the residue taken up with saturated NaHCOj3 aq. solution (8 mL),
extracted with ethyl acetate (3 x 5 mL), and the organic layers were-separated, washed with brine, dried over anhy-
drous Na»SO4, and concentrated under reduced pressure. The residue was purified by flash chromatography eluting
petroleum ether/ethyl acetate (8:2) to obtain the title compounds in 82% yield as a white solid. 'H NMR (300 MHz,
CDCl3): 6 1.12-=1.30 (m, 6H); 2.76-—2.82 (m, 2H); 3.60-=3.75 (m, 2H); 4.52-—4.65 (m, 2H); 7.35-—7.50 (m, 2H);
7.82(d,J=6Hz, 1H); 7.99 (d,/=8 Hz, 1H). 6 17.8, 38.8, 71.6, 122.4, 122.9, 125.7, 128.5, 132.6, 135.9, 138.4, 141.2,
162.0. HRMS (ESI) caled for C1sHi7NOsS ([M + H]*) 292.0929; found 292.1002.
Supporting Information
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References

(1) White, N. J.; Pukrittayakamee, S.; Hien, T. T.; Faiz, M. A.; Mokuolu, O. A.; Dondorp, A. M. Malaria. Lancet 2014,

723-73510.1016/S0140-6736(13)60024-0.

(2) de Koning-Ward, T. F.; Dixon, M. W. A; Tilley, L.; Gilson, P. R. Plasmodium Species: Master Renovators of Their
Host Cells. Nat. Rev. Microbiol. 2016, 494-50710.1038/nrmicro.2016.79.

(3) Autino, B.; Corbett, Y.; Castelli, F.; Taramelli, D. Pathogenesis of Malaria in Tissues and Blood. Mediterr. J.
Hematol. Infect. Dis. 2012, 4, ¢201206110.4084/mjhid.2012.061.

(4) Gazzinelli, R. T.; Kalantari, P.; Fitzgerald, K. A.; Golenbock, D. T. Innate Sensing of Malaria Parasites. Nat. Rev.
Immunol. 2014, 744-75710.1038/nri3742.

(5) World Health Organization . World Malaria Report | World Malaria- Repeort;
http://www.who.int/malaria/publications/world malaria report/en/ (accessed Sep 8, 2016).

(6) Autino, B.; Noris, A.; Russo, R.; Castelli, F. Epidemiology of Malaria in Endemic Areas. Mediterr. J. Hematol.
Infect. Dis 2012, 4, ¢201206010.4084/mjhid.2012.060.

(7) World Health Organization |. Tables of malaria vaccine  projects  globally;
http://www.who.int/immunization/research/development/Rainbow tables/en/ (accessed Sep 8, 2016).

(8) Gogtay;Ne——Kannan,—S——Thatte; U—M-—- Olhare; P Sinelair D—Artemisinin-Based--Combination-
“Therapy—forTreating Uncomplicated Plasmodivm Vivax-Malaria— -Cochrane Database-Syst— Rev— 2013, Ne— -
£Db008492.Gogtay, N.; Kannan, S.; Thatte, U. M.; Olliaro, P. L.; Sinclair, D. Artemisinin-Based Combination
Therapy for Treating Uncomplicated Plasmodium Vivax Malaria. Cochrane Database Syst. Rev. 2013,
CD00849210.1002/14651858.CD008492.pub3.

(9) Liu, J.-M.; Ni, M.-Y.; Fan, J.-F.; Tu, Y.-Y; Wu, Z.-H.; Wu, Y.-L.; Zhou, W.-S. Structure and reaction of arteannuin.
Chin. J. Chem. 1979, 129-143.

(10) Liao, F. Discovery of Artemisinin (Qinghaosu). Molecules 2009, /4, 5362-536610.3390/molecules14125362.
11) The Nobel Prize in Physiology or Medicine 2015 3
https://www.nobelprize.org/nobel prizes/medicine/laureates/2015/ (accessed Sep 8, 2016).

14


http://pubs.acs.org
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jmedchem.6b01685
http://www.who.int/malaria/publications/world_malaria_report/en/
http://www.who.int/immunization/research/development/Rainbow_tables/en/
https://www.nobelprize.org/nobel_prizes/medicine/laureates/2015/

(12) White, N. J. Antimalarial Drug Resistance. J. Clin. Invest. 2004, /75, 1084-109210.1172/JCI21682.

(13) Wells, T. N. C.; van Huijsduijnen, R. H.; Van Voorhis, W. C. Malaria Medicines: A Glass Half Full?. Nat. Rev.
Drug Discovery 2015, /4. 424-44210.1038/nrd4573.

(14) Burrows, J. N.; van Huijsduijnen, R. H.;wan:Mohrle, J. J.; Oeuvray, C.; Wells, T. N. Designing the next Generation
of Medicines for Malaria Control and Eradication. Malar. J. 2013, /2, 18710.1186/1475-2875-12-187.

(15) Wells, T. N. C.; Willis, P.; Burrows, J. N.; Hooft van Huijsduijnen, R. Open Data in Drug Discovery and
Development: Lessons from Malaria. Nat. Rev. Drug Discovery 2016, /5. 661-66210.1038/nrd.2016.154.

(16) Gamo, F.-J.; Sanz, L. M.; Vidal, J.; de Cozar, C.; Alvarez, E.; Lavandera, J.-L.; Vanderwall, D. E.; Green, D. V.
S.; Kumar, V.; Hasan, S.; Brown, J. R.; Peishoff, C. E.; Cardon, L. R.; Garcia-Bustos, J. F. Thousands of Chemical
Starting Points for Antimalarial Lead Identification. Nature 2010, 465, 305-31010.1038/nature09107.

(17) Calderon, F.; Barros, D.; Bueno, J. M.; Coteron, J. M.; Fernandez, E.; Gamo, F. J.; Lavandera, J. L.; Le0n,
M. L.; Macdonald, S. J. F.; Mallo, A.; Manzano, P.; Porras, E.; Fiandor, J. M.; Castro, J. An Invitation to Open
Innovation in Malaria Drug Discovery: 47 Quality Starting Points from the TCAMS. ACS Med. Chem. Lett. 2011, 2,
741-74610.1021/m1200135p.

(18) Spangenberg, T.; Burrows, J. N.; Kowalczyk, P.; McDonald, S.; Wells, T. N. C.; Willis, P. The Open
Access Malaria Box: A Drug Discovery Catalyst for Neglected Diseases. PLOS--ONEPLoS One 2013, &,
¢6290610.1371/journal.pone.0062906.

(19) Pieroni, M.; Girmay, S.; Sun, D.; Sahu, R.; Tekwani, B. L.; Tan, G. T. Synthesis and
Structure-Activity Relationships of Lansine Analogues as Antileishmanial Agents. ChemMedChem 2012, 7.
1895-190010.1002/cmdc.201200346.

(20) Stec, J.; Huang, Q.; Pieroni, M.; Kaiser, M.; Fomovska, A.; Mui, E.; Witola, W. H.; Bettis, S.; McLeod,
R.; Brun, R.; Kozikowski, A. P. Synthesis, Biological Evaluation, and Structure-Activity Relationships of N
-Benzoyl-2-Hydroxybenzamides as Agents Active against P. Falciparum (K1 Strain), Trypanosomes, and Leishmania.
J. Med. Chem. 2012, 55, 3088-310010.1021/jm2015183.

(21) Fomovska, A.; Huang, Q.; El Bissati, K.; Mui, E. J.; Witola, W. H.; Cheng, G.; Zhou, Y.; Sommerville, C.; Roberts,
C. W.; Bettis, S.; Prigge, S. T.; Afanador, G. A.; Hickman, M. R.; Lee, P. J.; Leed, S. E.; Auschwitz, J. M.; Pieroni, M.;
Stec, J.; Muench, S. P;; Rice, D. W.; Kozikowski, A. P.; McLeod, R. Novel N-Benzoyl-2-Hydroxybenzamide Disrupts
Unique Parasite Secretory Pathway. Antimicrob. Agents Chemother. 2012, 56, 2666-268210.1128/AAC.06450-11.
(22) Isloor, A. M.; Kalluraya, B.; Sridhar Pai, K. Synthesis, Characterization and Biological Activities of Some New
Benzo[b]thiophene Derivatives. Eur. J. Med. Chem. 2010, 45, 825-83010.1016/j.ejmech.2009.11.015.

(23) van Voorhis, W. C. V.; Adams, J. H.; Adelfio, R.; Ahyong, V.; Akabas, M. H.; Alano, P.; Alday, A.; Resto,
Y. A.; Alsibaee, A.; Alzualde, A.; Andrews, K. T.; Avery, S. V.; Avery, V. M.; Ayong, L.; Baker, M.; Baker, S.;
Mamoun, C. B.; Bhatia, S.; Bickle, Q.; Bounaadja, L.; Bowling, T.; Bosch, J.; Boucher, L. E.; Boyom, F. F.; Brea,
J.; Brennan, M.; Burton, A.; Caffrey, C. R.; Camarda, G.; Carrasquilla, M.; Carter, D.; Cassera, M. B.; Cheng, K.
C.-C.; Chindaudomsate, W.; Chubb, A.; Colon, B. L.; Colon-Lopez, D. D.; Corbett, Y.; Crowther, G. J.; Cowan, N;
D’Alessandro, S.; Dang, N. L.; Delves, M.; DeRisi, J. L.; Du, A. Y.; Duffy, S.; El-Sayed, S. A. E.-S.; Ferdig, M. T.;
Robledo, J. A. F.; Fidock, D. A.; Florent, I.; Fokou, P. V. T.; Galstian, A.; Gamo, F. J.; Gokool, S.; Gold, B.; Golub,
T.; Goldgof, G. M.; Guha, R.; Guiguemde, W. A.; Gural, N.; Guy, R. K.; Hansen, M. A. E.; Hanson, K. K.; Hemphill,
A.; van Huijsduijnen, R. H.;+an=Horii, T.; Horrocks, P.; Hughes, T. B.; Huston, C.; Igarashi, I.; Ingram-Sieber, K.;
Itoe, M. A.; Jadhav, A.; Jensen, A. N.; Jensen, L. T.; Jiang, R. H. Y.; Kaiser, A.; Keiser, J.; Ketas, T.; Kicka, S.;
Kim, S.; Kirk, K.; Kumar, V. P.; Kyle, D. E.; Lafuente, M. J.; Landfear, S.; Lee, N.; Lee, S.; Lehane, A. M.; Li, F.;
Little, D.; Liu, L.; Llinas, M.; Loza, M. L.; Lubar, A.; Lucantoni, L.; Lucet, I.; Maes, L.; Mancama, D.; Mansour, N.
R.; March, S.; McGowan, S.; Vera, I. M.; Meister, S.; Mercer, L.; Mestres, J.; Mfopa, A. N.; Misra, R. N.; Moon,
S.; Moore, J. P.; da Costa, F. M. R.;-da-Muller, J.; Muriana, A.; Hewitt, S. N.; Nare, B.; Nathan, C.; Narraidoo, N.;
Nawaratna, S.; Ojo, K. K.; Ortiz, D.; Panic, G.; Papadatos, G.; Parapini, S.; Patra, K.; Pham, N.; Prats, S.; Plouffe,
D. M.; Poulsen, S.-A.; Pradhan, A.; Quevedo, C.; Quinn, R. J.; Rice, C. A.; Rizk, M. A.; Ruecker, A.; Onge, R. S.;
Ferreira, R. S.; Samra, J.; Robinett, N. G.; Schlecht, U.; Schmitt, M.; Villela, F. S.; Silvestrini, F.; Sinden, R.; Smith,
D. A.; Soldati, T.; Spitzmuller, A.; Stamm, S. M.; Sullivan, D. J.; Sullivan, W.; Suresh, S.; Suzuki, B. M.; Suzuki, Y.;
Swamidass, S. J.; Taramelli, D.; Tchokouaha, L. R. Y.; Theron, A.; Thomas, D.; Tonissen, K. F.; Townson, S.; Tripathi,
A. K.; Trofimov, V.; Udenze, K. O.; Ullah, 1.; Vallieres, C.; Vigil, E.; Vinetz, J. M.; Vinh, P. V.; Vu, H.; Watanabe, N.;
Weatherby, K.; White, P. M.; Wilks, A. F.; Winzeler, E. A.; Wojcik, E.; Wree, M.; Wu, W.; Yokoyama, N.; Zollo, P. H.
A.; Abla, N.; Blasco, B.; Burrows, J.; Laleu, B.; Leroy, D.; Spangenberg, T.; Wells, T.; Willis, P. A. Open Source Drug

15



Discovery with the Malaria Box Compound Collection for Neglected Diseases and Beyond. PLoS Pathog. 2016,
¢100576310.1371/journal.ppat.1005763.

(24) Higa, T.; Krubsack, A. J. Oxidations by Thionyl Chloride. 8. A Convenient Synthesis of Benzo[b]thiophenes
from Carboxylic Acids and Ketones. J. Org. Chem. 1976, 3399-340310.1021/5000883a014.

(25) Wright, W. B.; Brabander, H. J. The Preparation of 3-Chlorobenzo[b] Thiophene Derivatives from Cinnamie
Acids. J. Heterocycl. Chem. 1971, 5, 711-71410.1002/jhet.5570080504.

(26) Katritzky, A. R.; Ji, Y.; Fang, Y.; Prakash, 1. Novel Syntheses of 2,3-Disubstituted Benzofurans. J. Org. Chem.
2001, 5613-561510.1021/j0010278p.

(27) Crowther, G. J.; Napuli, A. J.; Gilligan, J. H.; Gagaring, K.; Borboa, R.; Francek, C.; Chen, Z.; Dagostino, E. F;
Stockmyer, J. B.; Wang, Y.; Rodenbough, P. P.; Castaneda, L. J.; Leibly, D. J.; Bhandari, J.; Gelb, M. H.; Brinker, A.;
Engels, 1. H.; Taylor, J.; Chatterjee, A. K.; Fantauzzi, P.; Glynne, R. J.; Van Voorhis, W. C.; Kuhen, K. L. Identification
of Inhibitors for Putative Malaria Drug Targets among Novel Antimalarial Compounds. Mol. Biochem. Parasitol.
2011, 21-2910.1016/j.molbiopara.2010.08.005.

(28) Rackham, M. D.; Brannigan, J. A.; Rangachari, K.; Meister, S.; Wilkinson, A. J.; Holder, A. A.; Leatherbarrow,
R. J.; Tate, E. W. Design and Synthesis of High Affinity Inhibitors of Plasmodium Falciparum and Plasmodium Vivax
N-Myristoyltransferases Directed by Ligand Efficiency Dependent Lipophilicity (LELP). J. Med. Chem. 2014,
2773-278810.1021/jm500066b.

(29) Rackham, M. D.; Brannigan, J. A.; Moss, D. K.; Yu, Z.; Wilkinson, A. J.; Holder, A. A.; Tate, E. W,
Leatherbarrow, R. J. Discovery of Novel and Ligand-Efficient Inhibitors of Plasmodium Falciparum and Plasmodium
vivaxN-Myristoyltransferase. J. Med. Chem. 2013, 56, 371-37510.1021/jm301474t.

(30) Jenkins, J. L.; Bender, A.; Davies, J. W. In Silico Target Fishing: Predicting Biological Targets from Chemical
Structure. Drug Discovery Today: Technol. 2006, 5, 413-42110.1016/j.ddtec.2006.12.008.

31 The ChEMBL Bioactivity Database: an Update;
http://nar.oxfordjournals.org/content/early/2013/11/07/nar.gkt1031.full (accessed Sep 22, 2016).

(32) Aurrecoechea, C.; Brestelli, J.; Brunk, B. P.; Dommer, J.; Fischer, S.; Gajria, B.; Gao, X.; Gingle, A.; Grant,
G.; Harb, O. S.; Heiges, M.; Innamorato, F.; lodice, J.; Kissinger, J. C.; Kraemer, E.; Li, W.; Miller, J. A.; Nayak, V,;
Pennington, C.; Pinney, D. F.; Roos, D. S.; Ross, C.; Stoeckert, C. J.; Treatman, C.; Wang, H. PlasmoDB: A Functional
Genomic Database for Malaria Parasites. Nucleic Acids Res. 2009, 37, D539-54310.1093/nar/gkn814.

(33) Altschul, S. F.; Madden, T. L.; Schaffer, A. A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D. J. Gapped
BLAST and PSI-BLAST: A New Generation of Protein Database Search Programs. Nucleic Acids Res. 1997,
3389-340210.1093/nar/25.17.3389.

(34) Martin, 1.; Underhaug, J.; Celaya, G.; Moro, F.; Teigen, K.; Martinez, A.; Muga, A. Screening and
Evaluation of Small Organic Molecules as ClpB Inhibitors and Potential Antimicrobials. J. Med. Chem. 2013,
7177-718910.1021/jm400499k.

(35) Aleksic, M.; Bertosa, B.; Nhili, R.; Depauw, S.; Martin-Kleiner, 1.; David-Cordonnier, M.-H.; Tomic, S.; Kralj,
M.; Karminski-Zamola, G. Anilides and Quinolones with Nitrogen-Bearing Substituents from Benzothiophene and
Thienothiophene Series: Synthesis, Photochemical Synthesis, Cytostatic Evaluation, 3D-Derived QSAR Analysis and
DNA-Binding Properties. Eur. J. Med. Chem. 2014, 7/, 267-28110.1016/j.ejmech.2013.11.010.

(36) Zolkiewski, M.; Zhang, T.; Nagy, M. Aggregate Reactivation Mediated by the Hsp100 Chaperones. Arch.
Biochem. Biophys. 2012, 1-610.1016/j.abb.2012.01.012.

(37) Snider, J.; Thibault, G.; Houry, W. A. The AAA+ Superfamily of Functionally Diverse Proteins. Genome Biol.
2008, 9, 21610.1186/gb-2008-9-4-216.

(38) Ngansop, F.; Li, H.; Zolkiewska, A.; Zolkiewski, M. Biochemical Characterization of the Apicoplast-Targeted
AAA+ ATPase ClpB from Plasmodium Falciparum. Biochem.  Biophys. Res. Commun. 2013,
191-19510.1016/j.bbrc.2013.08.064.

(39) Beck, J. R.; Muralidharan, V.; Oksman, A.; Goldberg, D. E. PTEX Component HSP101 Mediates Export of
Diverse Malaria Effectors into Host Erythrocytes. Nature 2014, 592-59510.1038/nature13574.

(40) AhYoung, A. P.; Koehl, A.; Cascio, D.; Egea, P. F. Structural Mapping of the ClpB ATPases of Plasmodium
Falciparum: Targeting Protein Folding and Secretion for Antimalarial Drug Design. Protein Sci. 2015,
1508-152010.1002/pro.2739.

16


http://nar.oxfordjournals.org/content/early/2013/11/07/nar.gkt1031.full

(41) Carroni, M.; Kummer, E.; Oguchi, Y.; Wendler, P.; Clare, D. K.; Sinning, I.; Kopp, J.; Mogk, A.; Bukau, B.; Saibil,

H. R. Head-to-Tail Interactions of the Coiled-Coil Domains Regulate ClpB Activity and Cooperation with Hsp70 in

Protein Disaggregation. eLife 2014, 3, ¢02481.

(42) Lee, S.; Sowa, M. E.; Watanabe, Y.; Sigler, P. B.; Chiu, W.; Yoshida, M.; Tsai, F. T. F. The Structure

of ClpB: A Molecular Chaperone That Rescues Proteins from an Aggregated State.  Cell 2003,

229-24010.1016/S0092-8674(03)00807-9.

(43) Trager, W.; Jensen, J. B. Human Malaria Parasites in Continuous Culture.  Science 1976,

673-67510.1126/science.781840.

(44) Makler, M. T.; Ries, J. M.; Williams, J. A.; Bancroft, J. E.; Piper, R. C.; Gibbins, B. L.; Hinrichs, D. J. Parasite

Lactate Dehydrogenase as an Assay for Plasmodium Falciparum Drug Sensitivity. Am. J. Trop. Med. Hyg. 1993,

739-741.

(45) Barnett, M. E.; Zolkiewska, A.; Zolkiewski, M. Structure and Activity of ClpB from Escherichia Coli. Role of

the Amino-and -Carboxyl-Terminal Domains. J. Biol. Chem. 2000, 37565-3757110.1074/jbc.M005211200.

(46) Zolkiewski, M. ClpB Cooperates with DnaK, Dnal, and GrpE in Suppressing Protein Aggregation. A Novel

Multi-Chaperone System from Escherichia Coli. J. Biol. Chem. 1999, 28083-2808610.1074/jbc.274.40.28083.

(47) Friesner, R. A.; Banks, J. L.; Murphy, R. B.; Halgren, T. A.; Klicic, J. J.; Mainz, D. T.; Repasky, M. P.;

Knoll, E. H.; Shelley, M.; Perry, J. K.; Shaw, D. E.; Francis, P.; Shenkin, P. S. Glide: A New Approach for Rapid,

Accurate Docking and Scoring. 1. Method and Assessment of Docking Accuracy. J. Med. Chem. 2004,

1739-174910.1021/jm0306430.

(48) Halgren, T. A.; Murphy, R. B.; Friesner, R. A.; Beard, H. S.; Frye, L. L.; Pollard, W. T.; Banks, J. L. Glide: A New

Approach for Rapid, Accurate Docking and Scoring. 2. Enrichment Factors in Database Screening. J. Med. Chem.

2004, 1750-175910.1021/jm030644s.

(49) Protein Preparation Wizard=; Schrodinger, LLC, New York, NY, 2011.

(50) Dogan KeruzajakKoruznjak, J.; Grdisa, M.; Slade, N.; Zamola, B.; Pavelic, K.; Karminski-Zamola, G. Novel

Derivatives of Benzo[b]thieno[2,3-C]quinolones: Synthesis, Photochemical Synthesis, and Antitumor Evaluation. J.

Med. Chem. 2003, 4516-452410.1021/jm0210966.

(51) Ghodasara, H. B.; Vaghasiya, R. G.; Gothaliya, V. K.; Shah, V. H. Synthesis, Characterization and Structure

Activity Relationship Studies of Benzo[b]thiophene Derivatives as Promising Class of Antimicrobial Agents. Lett.

Drug Des. Discovery 2014, 1/, 349-35410.2174/15701808113106660091.

(52) Guo, H.; Shao, H.; Yang, Z.; Xue, S.; Li, X.; Liu, Z.; He, X.; Jiang, J.; Zhang, Y.; Si, S.; Li, Z. Substituted

Benzothiophene or Benzofuran Derivatives as a Novel Class of Bone Morphogenetic Protein-2 Up-Regulators:

Synthesis, Structure—Activity Relationships, and Preventive Bone Loss Efficacies in Senescence Accelerated Mice

(SAMP6) and Ovariectomized Rats. J. Med. Chem. 2010, 1819-182910.1021/jm901685n.

(53) Shao, H.; Li, D.; Yang, Y.; Guo, H.-F.; Liu, Z.-Y.; Si, S.-Y.; Yang, Z.; Li, Z.-R. The Effect of Substituted Thiophene

and Benzothiophene Derivates on PPARy Expression and Glucose Metabolism. J. Enzyme Inhib. Med. Chem. 2010,
282-28910.3109/14756360903179369.

(54) Burgaz, E. V., Yilmaz, M.; Pckel, A. T.; Oktemer, A. Oxidative Cyclization of 3-Oxopropanenitriles

with A,B-Unsaturated Amides by manganese(Ill) Acetate. Regio- and Stereoselective Synthesis of

4-Cyano-2,3-Dihydrofuran-3-Carboxamides. Tetrahedron 2007, 63, 7229-723910.1016/j.tet.2007.04.088.

(55) Beck, J. R. Synthesis of Methyl 3-Hydroxybenzo[b]thiophene-2-Carboxylate Esters by Nitro Displacement. J.

Org. Chem. 1973, 4086-408710.1021/j000987a038.

(56) Moloney, G. P.; Angus, J. A.; Robertson, A. D.; Stoermer, M. J.; Robinson, M.; Lay, L.; Wright, C. E.; McRae,

K.; Christopoulos, A. Synthesis and Cannabinoid Activity of a Variety of 2,3-Substituted 1-Benzo[ B ]Thiophen

Derivatives and 2,3-Substituted Benzofuran: Novel Agonists for the CB ;| Receptor. Aust. J. Chem. 2008,

484-49910.1071/CHO07412.

(57) Royer, R.; Demerseman, P.; Lechartier, J.-P.; Cheutin, A. Benzo[b]thiophene. III. ! Synthesis of

Hydroxylated Diphenylalkanes from Anisyl Derivatives of Benzo[b]thiophene. J. Org. Chem. 1962,

3808-381410.1021/j001058a013.

(58) Pieroni, M.; Tipparaju, S. K.; Lun, S.; Song, Y.; Sturm, A. W.; Bishai, W. R.; Kozikowski, A. P. Pyrido[1,2-

a |Benzimidazole-Based Agents Active Against Tuberculosis (TB), Multidrug-Resistant (MDR) TB and Extensively

Drug-Resistant (XDR) TB. ChemMedChem 2011, 6, 334-34210.1002/cmdc.201000490.

17



(59) Sindac, J. A.; Barraza, S. J.; Dobry, C. J.; Xiang, J.; Blakely, P. K.; Irani, D. N.; Keep, R. F.; Miller, D. J.; Larsen,
S. D. Optimization of Novel Indole-2-Carboxamide Inhibitors of Neurotropic Alphavirus Replication. J. Med. Chem.
2013, 9222-924110.1021/jm401330r.

(60) Sleebs, B. E.; Levit, A.; Street, I. P.; Falk, H.; Hammonds, T.; Wong, A. C.; Charles, M. D.; Olson, M. F.; Baell,
J. B. Identification of 3-aminothieno[2,3-B]pyridine-2-Carboxamides and 4-aminobenzothieno[3,2-D]pyrimidines as
LIMKI Inhibitors. MedChemComm 2011, 2. 977-98110.1039/c1md00137;.

(61) McKinnon, D. M.; Duncan, K. A.; Millar, L. M. The Conversions of Isothiazolium Salts into Thiophenecarboxylic
Ester Derivatives. Can. J. Chem. 1984, 1580—-158410.1139/v84-271.

(62) Li, H.-S.; Liu, G. Copper/Silver-Mediated Cascade Reactions for the Construction of 2-Sulfonylbenzo[ B [Furans
from Trans——2-Hydroxycinnamic Acids and Sodium Sulfinates. J. Org. Chem. 2014, 79, 509-51610.1021/j04024478.
(63) Tabarrini, O.; Sabatini, S.; Massari, S.; Pieroni, M.; Franzblau, S. G.; Cecchetti, V.
6-Hydrogen-8-Methylquinolones Active Against Replicating and Non-Replicating Mycobacterium Tuberculosis.
Chem. Biol. Drug Des. 2012, 781-78610.1111/cbdd.12022.

18



