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Abstract

Based on the structure of a previously identified hit, Gamhepathiopine 1, which showed
promising antiplasmodial activity, but poor microsomal stability, several strategies were
investigated to improve the metabolic stability of the compounds. This included the
introduction of fluorine or deuterium atoms, as well as carbocyclic groups. Among the new
compounds, the 2-aminocyclobutyl derivative 5g demonstrated enhanced microsomal
stability compared to compound 1, while retaining antiplasmodial activity against erythrocytic
and hepatic stages of Plasmodium, without significant cytotoxicity against primary

hepatocytes.
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1. Introduction

Malaria is a potentially life-threatening disease caused by the Plasmodium parasite, which is
transmitted to humans through the bites of infected Anopheles mosquitoes. Among the
species that can infect humans, Plasmodium falciparum is responsible for the majority of
malaria cases and deaths, especially in sub-Saharan Africa. In 2021, an estimated 247 million
cases of malaria and 619,000 deaths occurred worldwide, with the highest burden in children
under the age of five.[1] Over the past 20 years, tremendous progress has been made in the
diagnosis (rapid diagnostic test (RDT), microscopy-based analysis, thick and thin layer blood
smear analysis...),[2] prevention (vector control,[3] vaccines[4]) and effective treatment of
malaria.[5] However, despite the availability of several effective drugs for malaria treatment,
the emergence and spread of drug-resistant strains of the parasite,[6,7] as well as the high
cost, limited efficacy, and potential side effects of some existing drugs, highlight the need for
the discovery and development of new antimalarial compounds, particularly those active

against multiple stages of parasite development.

In this context, Gamhepathiopine (Fig. 1) has been identified as a hit compound, with potent
antiplasmodial activity against both the sexual and asexual stages of Plasmodium
falciparum.[8,9] However, the evaluation of the in vivo activity of this compound is limited by
its low aqueous solubility and high metabolism by cytochromes P450. In order to improve
these parameters, while maintaining or enhancing its antiplasmodial activity, extensive
structure-activity relationship (SAR) studies have been carried out, based on the structure of
Gamhepathiopine 1 [9-14]. Previous studies have shown a preference for a p-tolyl group at
R: and a hydrogen at position 7 (Figure 1).[9] Some improvements in the antiplasmodial
activity against the hepatic stage of P. berghei were achieved by introducing aminoalkyl chains
at position 4 of the thienopyrimidine core. Additionally, the introduction of diamines at this
position increased the hydrosolubility and the microsomal stability of the compounds. [10,14]
However, it was observed that this led to increased cytotoxicity against mammalian cells,
resulting in a low selectivity index. This strategy has therefore not been explored further, and
a carbonyl group at position 4 appears to be the best compromise between antiplasmodial
activity and safety. In position 2, short and bulky aminoakyl moieties are needed, while long
aminoalkyl chains decrease activity and aqueous solubility. To complete the SAR and enhance
the microsomal stability of this series of compounds, we present the synthesis and biological
activity of new 2-aminosubstituted thienopyrimidone derivatives. Specifically, the

introduction of cyclic amines, fluoroalkyl chains and ionizable functions were studied. We also
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considered the modulation of position 3 of the pyrimidine moiety with alkyl or aryl groups

(Figure 1).

* Amines improve the activity against the hepatic
stage of P. berghei

« Diamines increase hydrosolubility and
microsomal stability

« Phenyl is necessary « Substitution increases cytotoxicity
* Para substitution by CH3 Ayl ‘
or Cl increases activity * Alkyl or aryl groups
o) + Short and bulky alkylamines o /
are needed (NH-iPr, NH-tBu)
S NH Me i \ « Long side-chain alkylamines ;. s
M ‘ Me Previous This N
e N /)\ )< — decrease activity and — Me Q | Y
N N Me SAR 7 hydrosolubility. work N N7 2
H « Substitution - h
Gamhepathiopine at position 7 is / Rs
not tolerated * Cyclic amines 4

« Fluoro-alkylamino groups|
« lonisable groups

Figure 1. Gamhepathiopine structure and previous SAR studies.

2. Results and Discussion

2.1. Chemistry

All 2-aminosubsituted derivatives were prepared according to Scheme 1. Methyl 3-amino-5-
(p-tolyl)thiophene-2-carboxylate 2[9] reacted with ethoxycarbonyl isothiocyanate in
dimethylformamide (DMF) to yield intermediate 3. The latter reacted with a set of primary and
secondary amines in presence of EDCl and triethylamine to afford the corresponding guanidine
derivatives 4. The targeted compounds 5a-p were obtained through final cyclization at 170°C
and subsequently purified by chromatography, with yields ranging from 35% to 79%. For
compounds containing an additional nitrogen (azetidine or pyrrolidine moiety),
thienopyrimidones 50 and 5p, protected by a Boc group, were synthesized. Final acidic
deprotection led to compounds 6a-b, isolated as their corresponding hydrochloric salts. The
structures of all final compounds were confirmed with different spectral analyses, such as H-
NMR, 3C-NMR, mass spectroscopy and high-resolution mass spectrometry. It should be noted
that in the case of the insertion of a 3-aminopropyldimethylamine (compound 5e) or a 3-
aminoazetidine (compound 6a), the *H NMR spectrum of these two compounds suggested the
presence of an exocyclic double bond. Indeed, the signal around 10 ppm, which is attributed
to the NH in position 3, and which is present in the spectra of all other analogues has
disappeared. Furthermore, the presence of a triplet at 3.95 ppm for compound 5e and a
quintuplet at 4.95 ppm for compound 6a was observed; these signals were attributed to the
methylene in the alpha position of the guanidine function, suggesting the absence of a

neighbouring NH in these two compounds. In contrast, for all other compounds, this
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methylene consistently displayed a multiplicity compatible with the presence of an exocyclic

NH.
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Scheme 1. Synthesis of 2-aminosubstituted thienopyrimidones 5 and 6. Reagents and conditions: (/)
SCNCO,Et, DMF, 30°C, 2 h; (ii) R,NH,, NEts, EDCI.HCI, DMF, RT, 18 h; (iii) 170°C and 2 h; (iv) 1,4-
dioxane/HCl 37% 4:1 v:v, RT.

Then, we turned our attention to the preparation of 3-substituted derivatives (Scheme 2).
Initially, the direct alkylation of gamhepathiopine 1 was studied, using 1.1 equivalents of
sodium hydride and benzyl bromide as alkylating agent, in dry THF. Under these conditions,
only traces of several mono-benzylated compounds were detected by LC-MS analysis, even
after 6 days of reaction. Due to the low reactivity of the starting material and the lack of
selectivity in alkylation, an alternative approach using an aza-Wittig reaction was explored,
starting from compound 2. Thus, the reaction between triphenylphosphine and 2 in the
presence of hexachloroethane in dry acetonitrile at 0°C afforded the corresponding
iminophosphorane 7 in 65% yield, after recrystallization in ethanol. Carbodiimides 8 were then
prepared by reacting compound 7 with three different isocyanates in dichloromethane at
room temperature. An aryl (phenyl), a linear (ethyl) and a ramified alkyl (isopropyl) isocyanate
were chosen to introduce diversity at position 3 of the final thienopyrimidones 10a-c.
Depending on the nature of the isocyanate substituent, adjustments to the operating
conditions were applied. Phenylisocyanate reacted smoothly at 0°C, resulting in complete
conversion of 7 after 15 hours (followed by HPLC), whereas ethyl- and isopropylisocyanate
proved to be less reactive under these conditions. With ethylisocyanate, total conversion was
achieved after 48 hours at 35°C, while the isopropyl derivative required 48 hours at 65°C.
Carbodiimides 8a-c were not isolated and reacted directly with tert-butylamine to generate
substituted guanidine derivatives 9a-c. The latter were cyclized in the presence of sodium
ethylate in ethanol to afford the corresponding 3-substituted thienopyrimidones 10a-c in 3-

step overall yields of 45% to 59%, after recrystallization.
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Scheme 2. Synthesis of 3-substituted thienopyrimidones 10. Reagents and conditions: (/) PPhs, C,Clg, dry
ACN, 0°C, and 2 h 30; (ii) R,NCO, DCM, 0°C, 15 h for 8a, DCM, 35°C, 48h for 8b, THF, reflux, and 48 h for
8c; (iii) tBUNH,, DCM, RT; (iv) EtONa, EtOH, RT.

2.2. Biological evaluation
2.2.1. Blood-stage Antiplasmodial Activity and Cytotoxic Activity against HepG2 Human Cells

All newly synthesized 2-aminosubstituted and 3-substituted thieno[3,2-d]pyrimidines were
screened for their activity against asexual erythrocytic stage parasites of a multidrug-resistant
P. falciparum K1 strain (In order to investigate the impact of the substitution of position 3 in
this series of compounds, compounds 10a-c were evaluated on the erythrocytic stage of P.
falciparum. Compounds 10a and 10b were inactive (ECso > 12.5 uM). On the other hand, 10c
showed very low activity on P. falciparum compared to Gamhepathiopine 1 (ECsy of 4.2 uM vs.
0.2 uM). Furthermore, this substitution led to an increase in the cytotoxicity of the compounds,
particularly for compound 10b, which exhibited a CCs, value of 6.3 uM against the HepG2 cell
line. Hence, the presence of an NH group at position 3 appears to be essential for the
antiplasmodial activity of this series of compounds and was consistently maintained in all other

synthesized derivatives.

Then, we focused on the influence of modulating position 2 of the thienopyrimidone scaffold.
Initially, the introduction of a methylamine group in position 2 was considered in view of the
activity of different series of thieno([3,2-d]pyrimidine analogues proposed by Gonzalez Cabrera
et al., which showed strong activity on several strains of P. falciparum. [15,16] However, in our
hands, the 2-aminomethyl analogue 5a was found to be inactive. This result demonstrates
that, despite the structural similarity with other reported antiplasmodial compounds,

Gamhepathiopine derivatives do not appear to share the same mechanism of action.
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Then, as gamhepathiopine 1 was highly metabolized in the presence of female mouse
microsomes (half-life, t;;, = 11 min) and the tert-butyl group at position 2 proved to be highly
sensitive to oxidation, the introduction of more stable groups was considered in order to
decrease metabolism at this position. In drug design, a common strategy involves replacing
chemical groups that are substrates of cytochromes with bioisosteres called metabolic
blockers, such as fluorine or deuterium atoms. Deuterium, a heavy and non-radioactive
isotope of hydrogen, has been officially recognized in medicinal chemistry since 2017,
following the FDA approval of the first deuterated drug (Deutetrabenazine), for the treatment
of Huntington's disease. [17] Deuterium is mainly used for its kinetic isotope effect. It
expresses twice the mass of hydrogen; therefore, the carbon-deuterium bond is more stable
and resistant to oxidative processes that may occur during phase | reactions of metabolism.
Additionally, deuterium exhibits steric and electronic properties similar to hydrogen.[18] This
alternative isostere effectively limits oxidation and improves the pharmacokinetic properties
of compounds, such as their half-life and clearance. On the other hand, the introduction of a
fluorine atom or fluorinated groups is a widely employed approach to address metabolic
stability liabilities. Fluorine possesses a Van der Walls radius similar close to hydrogen (1.47 A
vs. 1.20 A), and the strength of the carbon-fluorine bond exceeds that of the carbon-hydrogen
bond.[19] Consequently, phase | oxidation reactions are more difficult, without significantly
altering the structure of the compound. Therefore, to enhance the metabolic stability of
gamhepathiopine, introduction of a fluorine or deuterium atom(s) at position 2 was
considered. Thus, the deuterated analogues (5b and 5c), respective bioisosteres of compounds
11[9] and 1, as well as the fluorinated derivative 5d were synthesized and evaluated. While
the monotrifluoromethyl analogue of 1 was inactive (compound 5d), the deuterated
compounds 5b and 5¢ showed similar activity to the reference compounds 1 and 11 on Pf. K1
(ECso = 0.2 and 0.12 uM vs. 0.2 uM). Moreover, their cytotoxicity on HepG2 was acceptable
(CCso> 10 uM). Thus, the selectivity index of 5c is higher than that of its isotopic analogue 1 (SI
=149 vs. 128).

Then, a second strategy was explored to increase the metabolic stability of the compounds. It
is well-known that the lipophilicity of a drug has a strong impact on various pharmacokinetic
parameters, including its biotransformation.[17] The introduction of a linear or a cyclic
alkylamine substituent at position 2 was explored in order to reduce their LogD, increase their
aqueous solubility and potentially enhance their metabolic stability. This approach has been
successfully employed in this series by introducing a diaminoalkyl chain at position 4, resulting

in an 100-fold improvement in aqueous solubility at pH 7.4, and a 6-fold enhancement in
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microsomal stability, compared to compound 1.[14] Thus, compounds bearing a diamine
(compound 5e), a 4-aminoazetidine (compound 6a) and a 3-aminopyrolidine group
(compound 6b) at position 2 were synthesized and evaluated. These compounds exhibited
calculated LogD; 4 values lower than compound 1 (between -0.4 and 1.55, vs. 3.73 for 1).[20]
However, these modifications resulted in a loss of antiplasmodial activity (ECso > 9 uM). These
results suggest that the presence of a polar group at position 2 is unfavourable and that this
substituent occupies a hydrophobic pocket within the target. In addition, these modifications
led to some cytotoxicity against HepG2 cells. For example, compound 6a showed high

cytotoxicity, with a CCsp around 1 pM.

Finally, as the tert-butyl group at position 2 was previously identified as a sensitive site for
oxidation, the substitution of this substituent with a cyclic group was explored. Indeed, it has
been postulated that the reduction in the number of available conformations in a cyclic
template could potentially attenuate the rate of metabolism, compared to the acyclic
form.[21] A series of cycloalkylamines (compounds 5f to 5i) and cyclic amines (compounds 5j
to 5n) were introduced at position 2. Compounds with an aminocyclopropyl (5f),
aminocyclobutyl (5g) and aminocyclopentyl moiety (5h) showed an activity on Pf. K1 in the
micromolar range (ICs, between 0.9 and 1.9 uM), only slightly lower than compound 1.
Compound 5g displayed a moderate selectivity index (SI = 12.7), whereas the two other
compounds showed some cytotoxicity against HepG2, particularly compound 5f displaying a
CCso of 4 uM. The introduction of an aminocyclohexyl group (5i) resulted in a loss of activity,
suggesting that the size of this substituent is too large to interact with the target and a 5-

member ring is the maximum tolerated size.

The introduction of tertiary cyclic amines (compound 5j to 5n) was then studied, and the
influence of steric hindrance caused by the ring size was evaluated on the antiparasitic activity.
Compound 5j bearing an azetidinyl group could not be tested, due to its lack of solubility in
DMSO. A pyrrolidinyl group (compound 5k) was tolerated in position 2, giving a moderately
active compound (ICsy = 1.4 uM). Interestingly, the presence of an exocyclic NH group is not
necessary for activity against the erythrocytic stage of P. falciparum. Finally, as observed with
compound 5i, introduction of a 6-membered cycle was not tolerated, compounds 51 to 5n were

inactive.
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Table 1), resistant to chloroquine, pyrimethamine and sulfadoxine. All derivatives were
compared to Gamhepathiopine 1. Chloroquine and doxycycline were included as reference

drugs.

In order to investigate the impact of the substitution of position 3 in this series of compounds,
compounds 10a-c were evaluated on the erythrocytic stage of P. falciparum. Compounds 10a
and 10b were inactive (EC5p > 12.5 uM). On the other hand, 10c showed very low activity on P.
falciparum compared to Gamhepathiopine 1 (ECsy of 4.2 uM vs. 0.2 uM). Furthermore, this
substitution led to an increase in the cytotoxicity of the compounds, particularly for compound
10b, which exhibited a CCs, value of 6.3 uM against the HepG2 cell line. Hence, the presence
of an NH group at position 3 appears to be essential for the antiplasmodial activity of this series

of compounds and was consistently maintained in all other synthesized derivatives.

Then, we focused on the influence of modulating position 2 of the thienopyrimidone scaffold.
Initially, the introduction of a methylamine group in position 2 was considered in view of the
activity of different series of thieno([3,2-d]pyrimidine analogues proposed by Gonzalez Cabrera
et al., which showed strong activity on several strains of P. falciparum. [15,16] However, in our
hands, the 2-aminomethyl analogue 5a was found to be inactive. This result demonstrates
that, despite the structural similarity with other reported antiplasmodial compounds,

Gamhepathiopine derivatives do not appear to share the same mechanism of action.

Then, as gamhepathiopine 1 was highly metabolized in the presence of female mouse
microsomes (half-life, t;, = 11 min) and the tert-butyl group at position 2 proved to be highly
sensitive to oxidation, the introduction of more stable groups was considered in order to
decrease metabolism at this position. In drug design, a common strategy involves replacing
chemical groups that are substrates of cytochromes with bioisosteres called metabolic
blockers, such as fluorine or deuterium atoms. Deuterium, a heavy and non-radioactive
isotope of hydrogen, has been officially recognized in medicinal chemistry since 2017,
following the FDA approval of the first deuterated drug (Deutetrabenazine), for the treatment
of Huntington's disease. [17] Deuterium is mainly used for its kinetic isotope effect. It
expresses twice the mass of hydrogen; therefore, the carbon-deuterium bond is more stable
and resistant to oxidative processes that may occur during phase | reactions of metabolism.
Additionally, deuterium exhibits steric and electronic properties similar to hydrogen.[18] This
alternative isostere effectively limits oxidation and improves the pharmacokinetic properties
of compounds, such as their half-life and clearance. On the other hand, the introduction of a

fluorine atom or fluorinated groups is a widely employed approach to address metabolic
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stability liabilities. Fluorine possesses a Van der Walls radius similar close to hydrogen (1.47 A
vs. 1.20 A), and the strength of the carbon-fluorine bond exceeds that of the carbon-hydrogen
bond.[19] Consequently, phase | oxidation reactions are more difficult, without significantly
altering the structure of the compound. Therefore, to enhance the metabolic stability of
gamhepathiopine, introduction of a fluorine or deuterium atom(s) at position 2 was
considered. Thus, the deuterated analogues (5b and 5c), respective bioisosteres of compounds
11[9] and 1, as well as the fluorinated derivative 5d were synthesized and evaluated. While
the monotrifluoromethyl analogue of 1 was inactive (compound 5d), the deuterated
compounds 5b and 5¢ showed similar activity to the reference compounds 1 and 11 on Pf. K1
(ECso = 0.2 and 0.12 uM vs. 0.2 uM). Moreover, their cytotoxicity on HepG2 was acceptable
(CCso > 10 uM). Thus, the selectivity index of 5¢ is higher than that of its isotopic analogue 1 (Sl
=149 vs. 128).

Then, a second strategy was explored to increase the metabolic stability of the compounds. It
is well-known that the lipophilicity of a drug has a strong impact on various pharmacokinetic
parameters, including its biotransformation.[17] The introduction of a linear or a cyclic
alkylamine substituent at position 2 was explored in order to reduce their LogD, increase their
aqueous solubility and potentially enhance their metabolic stability. This approach has been
successfully employed in this series by introducing a diaminoalkyl chain at position 4, resulting
in an 100-fold improvement in aqueous solubility at pH 7.4, and a 6-fold enhancement in
microsomal stability, compared to compound 1.[14] Thus, compounds bearing a diamine
(compound 5e), a 4-aminoazetidine (compound 6a) and a 3-aminopyrolidine group
(compound 6b) at position 2 were synthesized and evaluated. These compounds exhibited
calculated LogD; 4 values lower than compound 1 (between -0.4 and 1.55, vs. 3.73 for 1).[20]
However, these modifications resulted in a loss of antiplasmodial activity (ECso > 9 uM). These
results suggest that the presence of a polar group at position 2 is unfavourable and that this
substituent occupies a hydrophobic pocket within the target. In addition, these modifications
led to some cytotoxicity against HepG2 cells. For example, compound 6a showed high

cytotoxicity, with a CCsp around 1 pM.

Finally, as the tert-butyl group at position 2 was previously identified as a sensitive site for
oxidation, the substitution of this substituent with a cyclic group was explored. Indeed, it has
been postulated that the reduction in the number of available conformations in a cyclic
template could potentially attenuate the rate of metabolism, compared to the acyclic
form.[21] A series of cycloalkylamines (compounds 5f to 5i) and cyclic amines (compounds 5j

to 5n) were introduced at position 2. Compounds with an aminocyclopropyl (5f),

9
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aminocyclobutyl (5g) and aminocyclopentyl moiety (5h) showed an activity on Pf. K1 in the
micromolar range (ICso between 0.9 and 1.9 uM), only slightly lower than compound 1.
Compound 5g displayed a moderate selectivity index (SI = 12.7), whereas the two other
compounds showed some cytotoxicity against HepG2, particularly compound 5f displaying a
CCso of 4 uM. The introduction of an aminocyclohexyl group (5i) resulted in a loss of activity,
suggesting that the size of this substituent is too large to interact with the target and a 5-

member ring is the maximum tolerated size.

The introduction of tertiary cyclic amines (compound 5j to 5n) was then studied, and the
influence of steric hindrance caused by the ring size was evaluated on the antiparasitic activity.
Compound 5j bearing an azetidinyl group could not be tested, due to its lack of solubility in
DMSO. A pyrrolidinyl group (compound 5k) was tolerated in position 2, giving a moderately
active compound (ICso = 1.4 uM). Interestingly, the presence of an exocyclic NH group is not
necessary for activity against the erythrocytic stage of P. falciparum. Finally, as observed with
compound 5i, introduction of a 6-membered cycle was not tolerated, compounds 5l to 5n were

inactive.

Table 1. In vitro antiplasmodial activity (ECso) of thienopyrimidones on the erythrocytic stage of a K1 P.
falciparum strain and corresponding cytotoxicity (CCso) on the human HepG2 cell line.

(0]
S n-R2
Me N\ | IR
N’)\‘R1
Compound R; R, P. falciparum K1 HepG2 Slc
ECso (LM)? CCso (UM)P
1 (Gamhepathiopine) | NHtBu H 0.2 +0.02[9] 25.6+3.1[9] | 128
11[9] NHiPr H 0.8 0.5[9] 49.4+10[9) |62
5a NHCH; H >25 >6.2 -
5b NHCH(CDs), H 0.2 £0.07 >10 > 50
5c NHC(CD3)3 H 0.1+£0.07 179+5.3 149
5d NHC(CF3)(CHs), | H >10 23.9+1.4 >10
Se N=(CH,)3)N(CHs), | H 9.8+3.1 41+1.8 0.42
5f /\ H
Ax 0.9£0.1 40+0.1 4.4
H
5g H
f\N/D 11402 14.0+2.38 12.7
H
g D
AN 1.4£0.2 >7.8 >5.6
H
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“CH
6a° NH H
+ +
;&NL 17.9£0.1 13£0.1 0.1
6be NH H
,{NQ >31.25 13.2+2.1 <04
H
10a NHtBu Ph >12.5 >3.1 -
10b NHtBu Et >12.5 6.3 <05
10c NHtBu iPr 42+0.9 >3.9 >0.9
Chloroquine 0.8+0.1[10] 30[9] 37.5
Doxycycline 5.0[9] 20[9] 4

3 ECso: half-maximal effective concentration. The values are mean + SD of three independent experiments.
b CCsp: half-maximal cytotoxic concentration. The values are mean + SD of three independent experiments.

¢ Selectivity index (SI) was calculated according to the following formula: Sl = CCso (HepG2)/ECsp.

4 NT: not tested due to low solubility in DMSO.
¢ |solated as a trifluoroacetate salt.

2.2.2. Hepatic-stage Antiplasmodial Activity and Cytotoxicity against Primary Simian

Hepatocytes

Then, seven compounds with an EC5, below 1.5 uM on the erythrocytic stage of P. falciparum

were selected for further studies. Thus, thienopyrimidines were evaluated for their ability to

inhibit hepatic infection caused by the rodent malaria parasite P. berghei in simian

hepatocytes. Their cytotoxicity was also determined on primary simian hepatocytes. The

results are presented in Table .

Table 2. In vitro activity (ECso) against the hepatic stage of P. berghei parasites and cytotoxicity (CCs)
against primary simian hepatocytes of selected thieno[3,2-d]pyrimidones.

Compound

P. berghei
ECso (0M)?

Primary simian
hepatocytes
CCso (uM)P
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313
314
315
316

317
318

319
320
321
322
323
324
325
326
327

328
329

330
331
332
333
334
335
336
337
338
339
340
341
342

1 (Gamhepathiopine) 24.3 +1.6[10] >200[10]
11 55.6+10.4 > 200
5b 159+23 >100
5¢ 13.7+1.3 > 100
5f 55+0.8 > 100
5g 11.2+1.2 > 100
5h 10.5+1.3 >100
5k > 100 > 200

3 ECsp: half-maximal effective concentration. The values are mean + SD of three independent experiments.
b CCsp: half-maximal cytotoxic concentration. The values are mean + SD of three independent experiments.

Except compounds 11 and 5k, all other compounds showed higher activity against the hepatic
stage of P. berghei than Gamhepathiopine 1. Thus, the activity of deuterated analogues of 1
and 11, namely compound 5b and 5¢, was increased by a factor of 1.5 to 4, indicating than the
introduction of deuterium atoms is favourable for activity. Interestingly, the introduction of a
3- to 5-membered carbocycle at position 2 increased the activity against the hepatic stage.
Among this series, compound 5f with an aminocyclopropyl substituent, showed the highest
activity, with an ECsq of 5.56 uM. Finally, while the presence of a NH group was not necessary
to maintain erythrocytic activity, its removal was deleterious for the hepatic activity. These
results suggest that this compound may have a different mechanism of action than compound
1. Lastly, none of the selected compounds showed cytotoxicity against simian hepatocytes at

the highest dose tested (ECso > 100 uM).

2.2.3. Characterization of Drug-like Properties of Compounds 5b-c and 5f-h

Deuterated compounds 5b and 5c, as well as 3-, 4- and 5-membered aminocarbocyclic
derivatives 5f, 5g and 5g were selected to assess their stability in the presence of female mouse
microsomes. Results are reported in Table 3. Deuterated analogues (compounds 5b and 5c,
respectively) showed weak microsomal stability, similar to the reference compounds 1 and 11
(Ty/2 close to 10 minutes). Thus, this strategy to increase the metabolic stability of the
thienopyrimidones proved to be inefficient for this series of compounds. However, the
rigidification of the alkyl substituent by a carbocycle increased the metabolic stability by a
factor of 1.5 to 3.8, compared to Gamhepathiopine 1. Notably, compounds 5g and 5h showed
half-lives of 29 and 38 minutes, respectively. Consequently, the intrinsic clearance of these
two compounds decreased (Cli,; > 58 puL/min/mg vs. Cl,; > 240 for compound 1). Considering
both the antiplasmodial activities, cytotoxicity and microsomal stability, compound 5g was

selected for further characterizations. Indeed, the aminocyclobutyl derivative was preferred

12



343
344
345

346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362

363

364

365
366

because it displayed a better activity against the erythrocytic stage of P. falciparum and lower
cytotoxicity on HepG2 compared to the aminocyclopentyl-substituted derivative (ECs = 1.1

UM and CCsy = 14.0 uM vs. ECs = 1.4 uM and CCsy > 7.8 uM).

Since the in-vivo activity of Gamhepathiopine 1 was studied in its hydrochloride salt form,[8]
compound 5g was converted into this form after treatment with a hydrochloric acid solution
in dioxane. The activity of the hydrochloride salt of 5g was first evaluated toward both the
erythrocytic and hepatic parasite stages, along with its potential cytotoxicity against the HepG2
cell line and primary simian hepatocytes. As expected, no significant differences were found
(data not shown). However, the introduction of an aminocyclobutyl moiety decreased the
aqueous solubility of the thienopyrimidone (1.4 uM vs. 7.9 uM for the reference compound),
even if 5g.HCI was less hydrophobic than compound 1.HCI, as indicated by its lower LogD; .,
(3.16 vs. 4.10). Permeability at different pH was then further evaluated to test the ability of
thieno[3,2-d]pyrimidinones to cross membrane barriers to be readily distributed. While no
value could be measured at pH 6.0 because compound 5g precipitated in these conditions, this
compound diffused at pH 5.0 and 7.4, with an effective permeability coefficient of 180.5 and
43.4 nm/s, respectively, better values than those obtained with the reference compound 1
(Table 4). Finally, the affinity for hERG potassium channels was determined to assess the
cardiac toxicity of these thienopyrimidinones. Gamhepathiopine 1.HCI, previously studied, did
not show affinity for hERG channels. Similarly, its aminocyclobutyl analog 5g.HCI did not cause

significant inhibition of these channels (IC5; > 100 uM, Table 5).

Table 3. Microsomal stability in presence of female mouse liver microsomes of selected compounds.

Microsomal stability
Compound
T1/2 (min) Clint (uL/min/mg)
1 10[8] 240[14]
11 11 214
5b 11 214
5c 8.5 209
5f 15 136
58 29 78
5h 38 58

Table 4. Physicochemical profile, permeability in the PAMPA gastrointestinal assay and hERG affinity of
selected thieno[3,2-d]pyrimidines.

Pe (nm/s)c
- hERG ICs,
Cpd Solubility? (uM) CHI Log D® pH
(rM)
5.0 6.0 7.4
1.HCl 7.9+0.8[13] 4.10[14] 0[13] 0[13] 4.6 +7.2[13] >100
5g.HCI 1.4+09 3.16 180.5+61.8 NDd 43.6+17.8 >100
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382
383
384
385
386
387
388
389
390
391
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393

394
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3 Solubility was determined in phosphate-buffered saline. Values are the mean = SD of three independent
experiments.

b CHI: Chromatographic hydrophobicity index at pH = 7.4.

¢ Determined using a parallel artificial membrane permeability of gastrointestinal tract (PAMPA-GIT) assay.

4 Not determined due to a too low solubility of the tested compound.

3. Conclusions

In conclusion, this study aimed to explore different substitutions at positions 2 and 3 of the
thienopyrimidinone scaffold, to improve the understanding of the antiplasmodial SAR of this
compound series and to enhance its metabolic stability. While substitutions at position 3 led
to inactive compounds, indicating the essential role of an NH group at this position, several
modifications at position 2 were found to be tolerated. The introduction of deuterated
moieties did not alter activity against the erythrocytic stage of P. falciparum and has even
slightly increased activity against the liver stage of P. berghei, resulting in active compounds
5b and 5c¢, with favourable selectivity indices. On the other hand, the introduction of a fluorine
atom had a detrimental effect, while the introduction of cyclic groups, such as
aminocyclopropyl, aminocyclobutyl, and aminocyclopentyl moieties, resulted in compounds
5f, 5g, and 5h with activity against P. falciparum K1 in the micromolar range. The stability of
the compounds in the presence of microsomes revealed that deuterated analogues did not
exhibit improved metabolic stability, while the introduction of carbocycles increased the
metabolic stability, compared to Gamhepathiopine 1. Notably, compound 5g displayed a 3-
fold increased half-life compared to 1, a promising activity against both the erythrocytic and
hepatic stages of Plasmodium, and no affinity for hERG cardiac channels. Further studies and
evaluations are warranted to explore its potential as a candidate for antiparasitic drug

development.

4. Experimental part
4.1. Chemistry
4.1.1. Material and Methods

Commercial reagents and solvents were used without further purification. The synthesized
products were purified by chromatography on silica gel (40—63 um) or by preparative HPLC on
an apparatus equipped with a Delta Pack C18 radial compression column (100 mm x 40 mm,
15 um, 100 A) at a wavelength of 214 nm, at a flow rate of 28 mL/min with a variable elution
gradient from X % A (H,0 + 0.1% TFA) to X + 30% B (ACN + 0.1% TFA) in 30 min. The purest

fractions are pooled, freeze-dried, and lyophilized to give the final compounds. LC/MS analyses
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were recorded on a Quattro microTMESI triple quadrupole mass spectrometer (ESI+
electrospray ionization mode) or on a Micromass ZQ spectrometer (ESI+ electrospray
ionization mode), coupled to an Alliance HPLC system (Waters, Milford, CT, USA) equipped
with a Chromolith High Resolution RP-18e column (25 x 4.6mm), with the samples being
previously separated using a gradient from 100% (H,0 + 0.1% HCO,H) to 100% (ACN + 0.1%
HCO,H) in 3 min at a flow rate of 3 mL/min and with UV detection at 214 nm. UPLC/MS analyses
were recorded with an Acquity H-Class UPLC system, coupled to a Waters SQ Detector-2 mass
spectrometer (Waters, Milford, CT, USA). Chromatographic separation was carried out under
the same conditions as above using a Waters Acquity UPLC BEC C18 column (100 x 2.1 mm, 1.5
pum). High-resolution mass spectrometry (HRMS) analyses were performed with a time-of-
flight (TOF) spectrometer coupled to a positive electrospray ionization (ESI) source. The
elemental analysis was realized with a Elementar Vario Micro Cube. The NMR spectra were
recorded on a Briiker 400, 500, or 600 spectrometers. Chemical shifts are expressed in parts
per million (ppm) relative to the residual signal of the deuterated solvent used (CDCl;, DMSO-
ds, MeOH-d3, ACN-ds), and the coupling constants J are expressed in Hertz. The multiplicities
are designated as singlet (s), broad singlet (bs) doublet (d), doublet of doublet (dd), triplet (t),
quadruplet (q), quintuplet (qgt), sextuplet (st), or multiplet (m). Compounds 1, 2 and 11 were
synthesized according to the previous reported procedure and its physical characteristics

agreed with the published data.[9]

4.1.2. General Procedure for the Synthesis of 2-Substituted-thieno[3,2-d]pyrimidines 5a-

p.

To a solution of aminothiophene 2 in DMF was added ethoxycarbonyle isothiocyanate (1 eq.).
The solution was stirring at 30°C for 2h. During this reaction, the thiourea carbamate
intermediate 3 was formed and was not isolated. Then, triethylamine (3 eq.), the appropriate
amine (2 eq.) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, hydrochloride (EDCI, HCI)
(1.2 eq.) were added. The reaction mixture was stirred overnight at room temperature to
generate the guanidine intermediate 4. The solution was then heated under reflux (170°C) for
1 to 2h. The solvent was removed under reduced pressure and the crude was purified by the

appropriate method.

4.1.2.1. 2-Methylamino-6-(p-tolyl)thieno[3,2-d]pyrimidin-4(3H)-one (5a). Following the
general procedure, using 2 (500 mg, 2.022 mmol), ethoxycarbonyle isothiocyanate (265 mg,
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2.022 mmol, 0.24 mL), triethylamine (614 mg, 6.065 mmol, 0.84 mL), methylamine (314 mg,
4.044 mmol, 0.35 mL), EDCI.HCI (465 mg, 2.426 mmol). After addition of water in the reaction
mixture, the obtained precipitate was filtered and washed with Et,0. The desired compound
was obtained as a green powder (422 mg, 77%). *H NMR (500 MHz, DMSO-dg): & 7.67 (d, 2H,
CH,,, J = 8.1 Hz), 7.35 (s, 1H H-thiophene), 7.27 (d, 2H, CH,,, J = 8.0 Hz), 7.03 (s, 2H, NH), 3.36
(s, 3H, CHsN), 2.34 (s, 3H, CHs); 3C NMR (500 MHz, DMSO-d): 6 158.7, 157.4, 155.0, 150.4,
139.1, 130.3, 129.8, 125.8, 118.9, 110.1, 28.2, 20.9; LC/MS: tr-LC/MS = 1.18 min, [M+H]* =
272.0; HR-MS (ESI) C14H14N30S calculated: 272.0852 [M+H]*, found: 272.0860.

4.1.2.2. 2-(Isopropylamino-dg)-6-(p-tolyl)thieno[3,2-d]pyrimidin-4(3H)-one (5b). Following the
general procedure, using 2 (400 mg, 1.617 mmol), ethoxycarbonyle isothiocyanate (212 mg,
1.617 mmol, 0.19 mL), triethylamine (491 mg, 4.852 mmol, 0.67 mL), isopropylamine-ds (211
mg, 3.235 mmol, 0.28 mL), EDCLHCI (372 mg, 1.941 mmol). After addition of water in the
reaction mixture, the obtained precipitate was filtered, washed with Et,0 and recrystallized
with ACN. The desired compound was obtained as an off-white powder (323 mg, 65%). 'H NMR
(500 MHz, DMSO-dg): 6 10.60 (s, 1H, NH), 7.66 (d, 2H, CH,, J = 8.1 Hz), 7.47 (s, 1H, H-
thiophene), 7.27 (d, 2H, CH,,, J = 8.0 Hz), 6.11 (d, 1H, NHCH, J = 7.6 Hz), 3.99 (d, 1H, CHNH, J =
7.5 Hz), 2.33 (s, 3H, CHs-tolyl); 13C NMR (500 MHz, DMSO-dq): & 160.5, 157.6, 152.7, 150.2,
139.0, 130.3, 129.7, 125.7, 119.7, 111.0 41.8, 20.8; LC/MS: tr-LC/MS = 1.60 min, [M+H]* =
306.2; HR-MS (ESI) Cy6H1,DgN30S calculated: 306.1542 [M+H]*, found: 306.1557.

4.1.2.3. 2-(Tert-butylamino-d,)-6-(p-tolyl)thieno[3,2-d]pyrimidin-4(3H)-one (5¢c). Following the
general procedure, using 2 (250 mg, 1.011 mmol), ethoxycarbonyle isothiocyanate (133 mg,
1.011 mmol, 0.12 mL), triethylamine (307 mg, 3.033 mmol, 0.42 mL), tert-butylamine-d, (166
mg, 2.022 mmol, 0.18 mL), EDCLHCI (233 mg, 1.213 mmol). After addition of water in the
reaction mixture, the obtained precipitate was filtered, washed with Et,0 and recrystallized
with ACN. The desired compound was obtained as a white powder (200 mg, 61%). 'H NMR
(500 MHz, DMSO-dg): 6 10.46 (s, 1H, NH), 7.68 (d, 2H, CH,, J = 7.0 Hz), 7.46 (s, 1H, H-
thiophene), 7.26 (d, 2H, CH,,, J = 7.3 Hz), 6.07 (s, 1H, NH), 2.33 (s, 3H, CHs-tolyl); 13C NMR (500
MHz, DMSO-dg): 6 160.3, 157.6, 152.3, 150.2, 139.0, 130.3, 129.8, 125.8, 120.0, 111.0, 50.5,
20.9; LC/MS: tr-LC/MS = 1.80 min, [M+H]+ = 323.2; HR-MS (ESI) C;;H;,D4N50S calculated:
323.1887 [M+H]*, found: 323.1898.
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4.1.2.4. 2-(1,1,1-Trifluoro-2-methylpropan-2-yl)amino)-6-(p-tolyl)thieno[3,2-d]pyrimidin-
4(3H)-one (5d). Following the general procedure, using 2 (300 mg, 1.213 mmol),
ethoxycarbonyle isothiocyanate (164 mg, 1.213 mmol, 0.15 mL), triethylamine (368 mg, 3.639
mmol, 0.51 mL), 2,2,2-trifluoro-1,1-dimethyl-ethylamine (315 mg, 2.426 mmol, 0.28 mL),
EDCI.HCI (279 mg, 1.456 mmol). The crude was partitioned in water and DCM. Organic layer
was washed with brine, dried with MgSQ,, filtered and concentrated under reduce pressure.
The crude was purified by chromatography on silica gel (eluent: 99.5/0.5 DCM/MeOH to
97/03). The solid collected was recrystallized with EtOH to afford the desired compound as an
off-white solid (213 mg, 48%). 'H NMR (400 MHz, DMSO-d6): & 10.62 (s, 1H, NH), 7.69 (d, 2H,
CH.,, J = 8.2 Hz), 7.49 (s, 1H, H-thiophene), 7.28 (d, 2H, CH,,, J = 8.0 Hz), 6.56 (s, 1H, NH), 2.34
(s, 3H, CHs-tolyl), 1.68 (s, 6H, (CHs),); 3C NMR (400 MHz, DMSO-d): 6 159.4, 157.2, 151.6,
150.6, 139.2, 130.1, 129.8, 127.0 (q, 1Jcs = 285.9) Hz), 125.8, 120.0, 112.5, 56.8 (q, 2Jcs = 27.6
Hz), 21.0, 20.9; **F NMR (400 MHz, DMSO-d6): & -79.35; LC/MS: tr-LC/MS = 2.07 min, [M+H]*
=368.2; HR-MS (ESI) C;7H,;F3N;30S calculated: 368.1039 [M+H]*, found: 368.1037.

4.1.2.5. 2-((3-Dimethylamino)propyl)imino-6-(p-tolyl)-2,3-dihydrothieno[3,2-d]pyrimidin-
4(3H)-one (5e). Following the general procedure, using 2 (250 mg, 1.011 mmol),
ethoxycarbonyle isothiocyanate (133 mg, 1.011 mmol, 0.12 mL), triethylamine (307 mg, 3.033
mmol, 0.42 mL), 3-dimethylaminopropylamine (207 mg, 2.022 mmol, 0.26 mL), EDCI.HCI (233
mg, 1.213 mmol). After addition of water in the reaction mixture, the obtained precipitate was
filtered, washed with ACN. The desired compound was obtained off-white solid (206 mg, 60%)
; tH NMR (500 MHz, DMSO-dg): 6 7.66 (d, 2H, CH,,, J = 8.1 Hz), 7.34 (s, 1H, H-thiophene), 7.29-
7.26 (m, 4H, CH,, + NH), 3.96-3.93 (m, 2H, CH,N), 2.34 (s, 3H, CHs-tolyl), 2.27-2.24 (m, 2H,
CH;N), 2.17 (s, 6H, (CHs),), 1.81-1.76 (m, 2H, CH,); 3C NMR (500 MHz, DMSO-dg): & 158.9,
157.6, 155.1, 150.4, 139.1, 130.3, 129.8, 125.9, 119.0, 110.4, 55.1, 44.6, 39.3, 25.1, 20.9; HR-
MS (ESI) C45H,,N40S calculated: 343.1601 [M+H]*, found: 343.1594.

4.1.2.6. 2-(Cyclopropylamino)-6-(p-tolyl)-thieno[3,2-d]pyrimidin-4(3H)-one (5f). Following the
general procedure, using 2 (300 mg, 1.213 mmol), ethoxycarbonyle isothiocyanate (164 mg,
1.213 mmol, 0.15 mL), triethylamine (368 mg, 3.639 mmol, 0.51 mL), cyclopropylamine (139
mg, 2.426 mmol, 0.17 mL), EDCLHCI (279 mg, 1.456 mmol). After addition of water in the
reaction mixture, the obtained precipitate was filtered, washed with Et,0 to afford a green

powder (229 mg, 63%); *H NMR (500 MHz, DMSO-dg, T =373 K): 6 7.65 (d, 2H, CH,,, J = 7.8 Hz),
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7.39 (s, 1H, H-thiophene), 7.28 (d, 2H, CH,,, J = 7.6 Hz), 6.60 (s, 1H, NH), 2.76-2.75 (m, 1H, CH),
2.34 (s, 3H, CHs-tolyl), 0.77-0.76 (m,2H, CH,), 0.55-0.52 (m, 2H, CH,); 13C NMR (500 MHz,
DMSO-ds, T = 373 K): 6 159.4, 157.2, 154.0, 150.0, 138.5, 130.0, 129.2, 125.4, 119.0, 111.5,
22.9, 20.2, 6.2; UPLC/MS: t, = 2.76 min, [M+H]* = 298.1; HR-MS (ESI) C1sH1sN;0S calculated:
298.1009 [M+H]*, found: 298.1021.

4.1.2.7. 2-(Cyclobutylamino)-6-(p-tolyl)-thieno[3,2-d]pyrimidin-4(3H)-one (5g). Following the
general procedure, using 2 (300 mg, 1.213 mmol), ethoxycarbonyle isothiocyanate (164 mg,
1.213 mmol, 0.15 mL), triethylamine (368 mg, 3.639 mmol, 0.51 mL), cyclobutylamine (173
mg, 2.426 mmol, 0.21 mL), EDCLHCI (279 mg, 1.456 mmol). After addition of water in the
reaction mixture, the obtained precipitate was filtered, washed with Et,0 and recrystallized
with ACN. A white powder was obtained (150 mg, 40%); *H NMR (500 MHz, DMSO-dg): 6 10.72
(s, 1H, NH), 7.66 (d, 2H, CH,,, J = 8.0 Hz), 7.45 (s, 1H, H-thiophene), 7.26 (d, 2H, CH,,, J = 7.9 Hz),
6.58 (s, 1H, NH), 4.36-4.29 (m, 1H, CHNH), 2.33 (s, 3H, CHs-tolyl), 2.30-2.26 (m, 2H, CH,), 1.94-
1.86 (m, 2H, CH,), 1.70-1.62 (m, 2H, CH,); 3C NMR (500 MHz, DMSO-dg): 6 160.4, 157.7, 152.4,
150.3, 139.1, 130.3, 129.8, 125.8, 119.6, 111.3, 45.5, 30.6, 20.9, 14.7; LC/MS: t, = 1.65 min,
[M+H]* = 312.1; HR-MS (ESI) C;7H1gN50S calculated: 312.1165 [M+H]*, found: 312.1182.

4.1.2.8. 2-(Cyclopentylamino)-6-(p-tolyl)-thieno[3,2-d]pyrimidin-4(3H)-one (5h). Following the
general procedure, using 2 (300 mg, 1.213 mmol), ethoxycarbonyle isothiocyanate (164 mg,
1.213 mmol, 0.15 mL), triethylamine (368 mg, 3.639 mmol, 0.51 mL), cyclopentylamine (207
mg, 2.426 mmol, 0.24 mL), EDCLHCI (279 mg, 1.456 mmol). After addition of water in the
reaction mixture, the obtained precipitate was filtered and washed with Et,0. An off-white
powder was obtained (224 mg, 57%); *H NMR (400 MHz, DMSO-d¢): & 10.53 (s, 1H, NH), 7.67
(d, 2H, CH,,, J = 8.2 Hz), 7.47 (s, 1H, H-thiophene), 7.27 (d, 2H, CH,,, J = 8.2 Hz), 6.30 (d, 1H,
NHCH, J = 7.0 Hz), 4.15 (sx, 1H, CH, J = 6.6 Hz), 2.34 (s, 3H, CHs-tolyl), 1.98-1.90 (m, 2H, CH,),
1.70-1.52 (m, 4H, CH,), 1.48-1.41 (m, 2H, CH,); 13C NMR (400 MHz, DMSO-d¢): & 160.5, 157.5,
153.0, 150.2, 139.0, 130.2, 129.7, 125.7, 119.7, 111.0, 52.0, 32.5, 23.1, 20.8; LC/MS: t, = 1.75
min, [M+H]* = 326.1; HR-MS (ESI) C;5H,oN50S calculated: 326.1322 [M+H]*, found: 326.1334.

4.1.2.9. 2-(Cyclohexylamino)-6-(p-tolyl)-thieno[3,2-d]pyrimidin-4(3H)-one (5h). Following the
general procedure, using 2 (300 mg, 1.213 mmol), ethoxycarbonyle isothiocyanate (164 mg,

1.213 mmol, 0.15 mL), triethylamine (368 mg, 3.639 mmol, 0.51 mL), cyclohexylamine (241
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mg, 2.426 mmol, 0.28 mL), EDCLHCI (279 mg, 1.456 mmol). After addition of water in the
reaction mixture, the obtained precipitate was filtered and washed with Et,0. The crude was
then purified by chromatography on silica (eluent: 98/02 DCM/MeOH to 95/05). The desired
compound was a white solid (326 mg, 79%); 'H NMR (400 MHz, DMSO-dg): 6 10.56 (s, 1H, NH),
7.67 (d, 2H, CH,,, J = 8.1 Hz), 7.48 (s, 1H, H-thiophene), 7.27 (d, 2H, CH,,, J = 8.0 Hz), 6.20 (d,
1H, NHCH, J = 6.9 Hz), 3.77-3.72 (m, 1H, CH), 2.34 (s, 3H, CHs-tolyl), 1.93-1.90 (m, 2H, CH,),
1.69-1.67 (m, 2H, CH,), 1.57-1.55 (m, 1H, CH;), 1.38-1.31 (m, 2H, CH;), 1.27-1.21 (m, 3H, CH,);
13C NMR (400 MHz, DMSO-dg): 6 160.5, 157.6, 152.6, 150.2, 139.0, 130.3, 129.7, 125.7, 119.7,
110.9, 48.6, 32.3, 25.2, 24.2, 20.8; UPLC/MS: t, = 3.66 min, [M+H]*= 340.1; HR-MS (ESI) CoH»,

N3OS calculated: 340.1478 [M+H]*, found: 340.1495.

4.1.2.10. 2-(Azetidin-1-yl)-6-(p-tolyl)-thieno[3,2-d]pyrimidin-4(3H)-one (5j). Following the
general procedure, using 2 (1 g, 4.044 mmol), ethoxycarbonyle isothiocyanate (0.530 g, 4.044
mmol, 0.48 mL), triethylamine (1.228 g, 12.13 mmol, 1.69 mL), azetidine (0.462 g, 8.087 mmol,
0.54 mL), EDCI.HCI (0.930 g, 4.852 mmol). After addition of water in the reaction mixture, the
obtained precipitate was filtered, washed with Et,0 and recrystallized with ACN. The desired
compound was obtained as a green powder (0.473 g, 39%); 'H NMR (500 MHz, DMSO-d¢, T =
373 K) 6 11.04 (s, 1H, NH), 7.63 (d, 2H, CH,,, = 8.2 Hz), 7.36 (s, 1H, H-thiophene), 7.28 (d, 2H,
CH.,, J = 7.9 Hz), 4.11-4.08 (m, 4H, CH;,N), 2.36 (s, 3H, CHs-tolyl), 2.34-2.28 (m, 2H, CH,); 3C
NMR (500 MHz, DMSO-ds, T = 373 K): 6 159.5, 157.9, 154.4, 150.0, 138.5, 130.1, 129.2, 125.4,
119.0, 111.2 50.3, 20.2, 15.4; LC/MS: t, = 1.19 min, [M+H]* = 298.0; HR-MS (ESI) C16H16N50S
calculated: 298.1 [M+H]*, found: 298.1.

4.1.2.12. 2-(Pyrrolidin-1-yl)-6-(p-tolyl)-thieno[3,2-d]pyrimidin-4(3H)-one (5k). Following the
general procedure, using 2 (1 g, 4.044 mmol), ethoxycarbonyle isothiocyanate (0.530 g, 4.044
mmol, 0.48 mL), triethylamine (1.228 g, 12.13 mmol, 1.69 mL), pyrrolidine (0.575 g, 8.087
mmol, 0.66 mL), EDCI.HCI (0.930 g, 4.852 mmol). After addition of water in the reaction
mixture, the obtained precipitate was filtered, washed with ACN. The desired compound was
obtained as a green powder (0.732 g, 58%); *H NMR (500 MHz, DMSO-dg): 6 10.60 (s, 1H, NH),
7.63 (d, 2H, CH,,, J = 8.2 Hz), 7.33 (s, 1H, H-thiophene), 7.28 (d, 2H, CH,,, J = 8.0 Hz), 3.53-3.50
(m, 4H, CH,NH), 2.36 (s, 3H, CHs-tolyl), 1.96-1.93 (m, 4H, CH,); 3C NMR (500 MHz, DMSO-dg):
6160.1, 158.1, 151.8, 149.9, 138.4, 130.1, 129.2, 125.3, 119.0, 110.2, 46.3, 24.2, 20.2; LC/MS:
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t, = 1.23 min, [M+H]* = 312.1; HR-MS (ESI) C;7H1gN50S calculated: 312.1171 [M+H]*, found:
312.1169.

4.1.2.13. 2-(Piperidin-1-yl)-6-(p-tolyl)-thieno[3,2-d]pyrimidin-4(3H)-one (5l). Following the
general procedure, using 2 (1 g, 4.044 mmol), ethoxycarbonyle isothiocyanate (0.530 g, 4.044
mmol, 0.48 mL), triethylamine (1.228 g, 12.13 mmol, 1.69 mL), piperidine (0.689 g, 8.087
mmol, 0.799 mL), EDCLHCI (0.930 g, 4.852 mmol). After addition of water in the reaction
mixture, the obtained precipitate was filtered, washed with Et,0 to afford a green powder
(0.743 g, 56%); 'H NMR (500 MHz, DMSO-ds, T = 373 K): § 10.91 (s, 1H, NH), 7.64 (d, 2H, CH,,,
J=8.0Hz), 7.35 (s, 1H, H-thiophene), 7.28 (d, 2H, CH,,, J = 8.0 Hz), 3.62-3.60 (m, 4H, CH,), 2.36
(s, 3H, CHs-tolyl), 1.64-1.32 (m, 2H, CH,), 1.59-1.56 (m, 4H, CH,); 3C NMR (500 MHz, DMSO-ds,
T =373 K): 6 159.8, 158.2, 153.3, 150.1, 138,5, 130.1, 129.2, 125.4, 119.2, 110.6, 45.6, 24.6,
23.4,20.2; LC/MS: t, = 1.77 min, [M+H]*= 326.1; HR-MS (ESI) C1gH,0N30S calculated: 326.1327
[M+H]*, found: 326.1324.

4.1.2.14. 2-Morpholino-6-(p-tolyl)-thieno[3,2-d]pyrimidin-4(3H)-one (5m). Following the
general procedure, using 2 (250 mg, 1.011 mmol), ethoxycarbonyle isothiocyanate (133 mg,
1.011 mmol, 0.12 mL), triethylamine (307 mg, 3.033 mmol, 0.42 mL), morpholine (176 mg,
2.022 mmol, 0.18 mL), EDCI.HCI (233 mg, 1.213 mmol). After addition of water in the reaction
mixture, the obtained precipitate was filtered, washed with Et,0. The desired compound was
obtained as a green powder (242 mg, 73%); *H NMR (500 MHz, DMSO-d¢, T = 373 K): 6 11.07
(s, 1H, NH), 7.65 (d, 2H, CH,,, J = 8.0 Hz), 7.38 (s, 1H, H-thiophene), 7.29 (d, 2H, CH,,, J = 8.0 Hz),
3.70-3.68 (m, 4H, CH,N), 3.61-3.60 (m, 4H, CH,0), 2.36 (s, 3H, CHs-tolyl); 13C NMR (500 MHz,
DMSO-dg, T = 373 K): 6 159.0, 158.2, 153.6, 150.3, 138.6, 130.0, 129.3, 125.4, 119.1, 111.6
65.2, 45.2, 20.3; LC/MS: t, = 1.39 min, [M+H]* = 328.2; HR-MS (ESI) C;;H13N50,S calculated:
328.1114 [M+H]*, found: 328.1119.

4.1.2.15. 2-(4-Methylpiperazin-1-yl)-6-(p-tolyl)-thieno[3,2-d]pyrimidin-4(3H)-one (5n).
Following the general procedure, using 2 (250 mg, 1.011 mmol), ethoxycarbonyle
isothiocyanate (133 mg, 1.011 mmol, 0.12 mL), triethylamine (307 mg, 3.033 mmol, 0.42 mL),
1-methylpiperazine (203 mg, 2.022 mmol, 0.22 mL), EDCI.HCI (233 mg, 1.213 mmol). After
addition of water in the reaction mixture, the obtained precipitate was filtered, washed with

Et,0. The desire compound was obtained as a yellow powder (210 mg, 61%); *H NMR (500
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MHz, DMSO-d): & 11.38 (s, 1H, NH), 7.67 (d, 2H, CH,,, J = 8.1 Hz), 7.48 (s, 1H, H-thiophene),
7.28 (d, 2H, CH,,, J = 7.9 Hz), 3.59-3.57 (m, 4H, CH,N), 2.37-2.35 (m, 4H, CH,NCH3), 2.34 (s, 3H,
CHs-tolyl), 2.20 (s, 3H, CH;N); 13C NMR (500 MHz, DMSO-dg): 6 159.9, 158.8, 153.8, 150.6,
139.2,130.2, 129.8, 125.9, 119.6, 111.5, 54.1, 45.7, 45.0, 20.9; UPLC/MS: t, = 2.21 min, [M+H]*
= 341.2; HR-MS (ESI) C1gH,:N,0S calculated: 341.1436 [M+H]*, found: 341.1438.

4.1.2.16. Tert-butyl 3-((4-ox0-6-(p-tolyl)-3,4-dihydrothieno[3,2-d]pyrimidin-2(1H)-
ylidene)amino)azetidine-1-carboxylate (50). Following the general procedure, using 2 (600 mg,
2.426 mmol), ethoxycarbonyle isothiocyanate (321 mg, 2.426 mmol, 0.29 mL), triethylamine
(736.5 mg, 7.278 mmol, 1.01 mL), tert-butyl 3-aminoazetidine-1-carboxylate (880 mg, 4.852
mmol, 0.80 mL), EDCI.HCI (558 mg, 2.911 mmol). After addition of water in the reaction
mixture, the obtained precipitate was filtered and purified by chromatography on alumina
(eluent: 99.5/0.5 DCM/MeOH to 95/05. The solid collected was a white solid (351 mg, 35%);
'H NMR (500 MHz, DMSO-d¢): & 7.67 (d, 2H, CH,,, J = 8.1 Hz), 7.35 (s, 1H, H-thiophene), 7.28
(d, 2H, CH,,, J = 7.9 Hz), 6.88 (s, 2H, NH), 4.94 (qt, 1H, CH, J = 7.4 Hz), 4.33-4.32 (s, 2H, CH,),
4.14 (t, 2H, CH,, J = 8.1 Hz), 2.34 (s, 3H, CHs-tolyl), 1.39 (s, 9H, (CHs)s); 3C NMR (400 MHz,
DMSO-dg): 6 158.7, 158.2, 156.0, 154.6, 150.7, 139.2, 130.2, 129.8, 125.9, 118.8, 111.5, 78.8,
55.0, 54.0, 53.4,44.7, 28.1, 20.9; LC/MS: t, = 3.48 min, [M+H]*=413.2; HR-MS (ESI) C,,H,sN,05S
calculated: 413.1642 [M+H]*, found: 413.1644.

4.1.2.17. (S) Tert-butyl  3-((4-oxo-6-(p-tolyl)-3,4-dihydrothieno[3,2-d]pyrimidin-2(1H)-
ylidene)amino)-pyrrolidine-1-carboxylate (5p). Following the general procedure, using 2 (331
mg, 1.34 mmol), ethoxycarbonyle isothiocyanate (176 mg, 1.34 mmol, 0.16 mL), triethylamine
(407 mg, 4.02 mmol, 0.56 mL), (S)-tert-butyl 3-aminopyrrolidine-1-carboxylate (500 mg, 2.68
mmol, 0.47 mL), EDCI.HCI (282 mg, 1.47 mmol). After addition of water in the reaction mixture,
the obtained precipitate was filtered and purified by chromatography on alumina (eluent:
99/01 DCM/MeOH to 96/04. The solid collected was a white solid (282 mg, 49%); *H NMR (400
MHz, DMSO-dg): & 10.67 (bs, 1H, NH), 7.68 (d, 2H, CH,,, J = 8.2 Hz), 7.51 (s, 1H, H-thiophéne),
7.27 (d, 2H, CH,,, J = 8.0 Hz), 6.66 (bs, 1H, NH), 4.38-4.32 (m, 1H, CH), 3.57-3.54 (m, 1H, CH,N),
3.34-3.33 (m, 2H, CH;,N), 3.20-3.16 (m, 1H, CH,N), 2.34 (s, CHs, 3H), 2.18-2.08 (m, 1H, CH), 1.92-
1.84 (m, 1H, CH), 1.40-1.39 (m, 9H, (CHs)s); 3C NMR (400 MHz, DMSO-d¢): 6 160.2, 157.7,
153.6, 153.0, 150.4, 139.1, 130.2, 129.8, 125.8, 119.7, 111.7, 78.5, 51.0 (d, / = 124.8 Hz), 50.4
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(d,J=176.2 Hz), 43.8 (d, J = 20.2 Hz), 30.6 (d, J = 104.1 Hz), 28.2, 20.9; LC/MS : t, = 1.87 min,
[M+H]* = 427.4; HR-MS (ESI) C,,H,;N,405S calculated: 427.1806 [M+H]*, found: 427.1798.

4.1.3. Synthesis of Compounds 6a and 6b

Compound 50 (0.80 mmol) or 5p (0.16 mmol) was dissolved in a 4/1 v/v solution of dioxane
and 37% aqueous HCIl. The reaction mixture was stirred at room temperature for 1h. The
reaction was concentrated under reduce pressure. The solid was dissolved in ACN and water

and freeze-dried. An off-white powder was obtained (quantitative yield).

4.1.3.1. 2-(Azetidin-3-ylamino)-6-(p-tolyl)thieno[3,2-d]pyrimidin-4(3H)-one dihydrochloride
(6a).H NMR (500 MHz, DMSO-d¢): 6 9.59-9.58 (m, 1H, NH), 9.05 (br, 1H, NH), 8.10 (br, 1H, NH),
7.73-7.72 (m, 2H, CHar), 7.50 (s, 1H, H-thiophene), 7.30-7.31 (m, 2H, CHar), 5.28-5.22 (m, 1H,
CH), 4.42-4.49 (m, 2H, CH2), 4.31-432 (m, 2H, CH2), 2.34 (s, 3H, CHs-tolyl). 3C NMR (400 MHz,
DMSO-dg): 6 157.2, 156.3, 152.8, 151.4, 139.6, 130.0, 129.8, 125.9, 116.1, 111.6, 49.6, 47.1,
20.9. LC/MS : t, = 1.23 min, [M+H]* = 313.0; HR-MS (ESI) C4¢H;7N,0S calculated: 313.1118
[M+H]*, found: 313.1116.

4.1.3.2. (S)-2-(pyrrolidin-3-ylamino)-6-(p-tolyl)thieno[3,2-d]pyrimidin-4(3H)-one
dihydrochloride (6b). 'H NMR (400 MHz, DMSO-dg): & 9.33-9.30 (m, 2H, NH), 7.68 (d, 2H, CH.,,
J=8.2 Hz), 7.54 (s, 1H, H-thiophene), 7.29 (d, 2H, CH,,, J = 7.9 Hz), 4.54-4.49 (m, 1H, CH), 3.50-
3.44 (m, 1H, CH,), 3.38-3.31 (m, 1H, CH,), 3.28-3.14 (m, 2H, CH,), 2.34 (s, 3H, CHs-tolyl), 2.31-
2.24 (m, 1H, CH,), 1.97-1.91 (m, 1H, CH,); 3C NMR (400 MHz, DMSO-d,): 6 157.3, 157.1, 152.7,
151.0, 139.4, 130.0, 129.9, 125.9, 118.6, 112.1, 50.1, 49.4, 43.7, 30.2, 20.9; LC/MS : t, = 1.23
min, [M+H]*= 327.3; HR-MS (ESI) C;7H,9N,4OS calculated: 327.1274 [M+H]*, found: 327.1283.

4.1.4. Synthesis of methyl 5-(p-tolyl)-3-((triphenylphosphoranylidene)amino)thiophene-
2-carboxylate 7.

A mixture of methyl 3-amino-5-(p-tolyl)thiophene-2-carboxylate 2 (1eq., 2 g, 8.087 mmol) in

anhydrous ACN (60 mL) was stirred at 0°C. Then, PPh;(2 eq., 3.214 g, 12.13 mmol) and C,Clg

(1.5 éq, 2.872 g, 12.13 mmol) were added. Then, Et;N (3eq., 2.455 g, 24.26 mmol) was added

dropwise at 0°C. The color of the reaction mixture quickly turned to be orange. After stirring

for 2h30 at 0°C, the solvent was removed under reduced pressure and the residue was
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recrystallized from EtOH to give compound 7 as an off-white powder (2.662 g, 65%); *H NMR
(500 MHz, DMSO-dg): 6 7.86-7.84 (m, 6H, CH,,), 7.67-7.58 (m, 9H, CH,,), 7.22 (d, 2H, CH,,, J =
8.2 Hz), 7.15 (d, 2H, CH,,, J = 7.9 Hz), 6.35 (s, 1H, H-thiophene), 3.73 (s, 3H, CH;0), 2.27 (s, 3H,
CHs-tolyl); 3C NMR (500 MHz, DMSO-dg): 6 162.5, 156.1, 145.2, 138.2, 132.3-132.2 (m), 130.3-
130.3 (m), 129.6, 128.9 (d, J = 11.9 Hz), 124.9, 120.0 (d, 3J = 9.4 Hz), 108.7 (d, J = 23.3 Hz), 50.5,
20.6; HR-MS (ESI) C3;H,7,NO,PS calculated: 508.1495 [M+H]*, found: 508.1497.

4.1.5. General Procedure for the Synthesis of 3-substituted thieno[3,2-d]pyrimidines
10a-c.

The appropriate isocyanate (1.5 to 3 eq.) under nitrogen atmosphere was added to a solution
of iminophosphorane 7 (1 eq.) in anhydrous DCM (0.500g/20mL). When the
iminophosphorane was consumed (HPLC monitored), the solvent was removed under reduced
pressure. The carbodiimide obtained was directly used without purification. Tert-butylamine
(1 to 3 eq.) was added to the solution of carbodiimide in anhydrous dichloromethane. After
complete consumption of the carbodiimide, the solvent was removed. The crude was
dissolved in anhydrous EtOH and several drops of EtONa (in EtOH) was added to the mixture.
The mixture was stirred at room temperature. After that, the solution was concentrated under

vacuum and the residual was purified by the appropriate purification method.

4.1.5.1. 2-(Tert-butylamino)-3-phenyl-6-(p-tolyl)thieno[3,2-d]pyrimidin-4(3H)-one  (10a).
Following the general procedure, using 7 (1eq., 600 mg, 1.182 mmol), phenyl isocyanate (1.5
eq., 211 mg, 1.773 mmol, 193 uL). Then, tert-butylamine (1 eq., 56 mg, 0.7634 mmol, 81 uL)
was added to the carbodiimide (1 eq., 266 mg, 0.7634 mmol). The crude product was purified
by recrystallization in DCM/EtOH. A white powder was obtained (125 mg, 45%); 'H NMR (500
MHz, DMSO-ds): & 7.73 (d, 2H, CH,,, J = 8.1 Hz), 7.64-7.62 (m, 2H, CH,,), 7.59-7.57 (m, 1H, CH,,),
7.56 (s, 1H, H-thiophene), 7.43-7.42 (m, 2H, CH,,), 7.29 (d, 2H, CH,,, J = 8.0 Hz), 4.11 (bs, 1H,
NH), 2.35 (s, 3H, CHs-tolyl), 1.33 (s, 9H, (CHs)3)); 13C NMR (500 MHz, DMSO-d): & 158.1, 157.2,
151.2, 150.9, 139.2, 134.8, 130.3, 130.1, 129.8, 129.7, 129.2, 125.8, 119.8, 115.5, 52.1, 28.4,
20.9; LC/MS: t, = 2.31 min, [M+H]* = 390.0; HR-MS (ESI) Cy3H,4N;0S calculated: 390.1640
[M+H]*, found: 390.1647.

4.1.5.2. 2-(Tert-butylamino)-3-ethyl-6-(p-tolyl)thieno[3,2-d]pyrimidin-4(3H)-one (10b).
Following the general procedure, using 7 (1eq., 500 mg, 0.985 mmol), isocyanatoethane (1.5
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eq., 105 mg, 1.478 mmol, 117 uL) and tert-butylamine (1 eq., 72 mg, 0.985 mmol, 104 pL). The
crude product was purified by chromatography on silica gel (eluent: 90/10 Hexane/EtOAc to
100% EtOAc). An off-white solid was obtained (166 mg, 49%); *H NMR (500 MHz, DMSO-dg): 6
7.68 (d, 2H, CH,,, J = 8.1 Hz), 7.42 (s, 1H, H-thiophene), 7.27 (d, 2H, CH,,, J = 8.0 Hz), 5.8(bs, 1H,
NH), 4.16 (g, 2H, CH,CHs, J = 7.0 Hz), 2.34 (s, 3H, CHs-tolyl), 1.49 (s, 9H, (CHs)3), 1.15 (t, 3H,
CH3CH,, (CHs)s, J = 7.0 Hz); 3C NMR (500 MHz, DMSO-dg): 6 157.6, 157.3, 151.0, 150.3, 139.0,
130.2, 129.7, 125.8, 119.6, 111.0, 52.2, 35.0, 28.7, 20.8, 12.5; LC/MS: t, = 2.32 min, [M+H]* =
342.1; HR-MS (ESI) C19H,4N30S calculated: 342.1640 [M+H]*, found: 342.1642.

4.1.5.3. 2-(Tert-butylamino)-3-isopropyl-6-(p-tolyl)thieno[3,2-d]pyrimidin-4(3H)-one (10c).
Following the general procedure, using 7 (1eq., 500 mg, 0.985 mmol), 2- isocyanatopropane (3
eq., 252 mg, 2.955 mmol, 290 uL) and tert-butylamine (3 eq., 216 mg, 2.955 mmol, 312 uL).
The crude product was purified by chromatography on silica gel (eluent: 90/10 Hexane/EtOAc
to 100% EtOAc) and with recrystallization in DCM/EtOH. Off-white crystals were obtained (207
mg, 59%); *H NMR (500 MHz, DMSO-d¢): 6 7.68 (d, 2H, CH,, J = 8.1 Hz), 7.43 (s, 1H, H-
thiophene), 7.27 (d, 2H, CH,,, J = 8.1 Hz), 5.69 (bs, 1H, NH), 4.92-4.89 (m, 1H, CH), 2.33 (s, 3H,
CHs-tolyl), 1.50-1.48 (m, 15H, (CH,), et (CHs)3); 3C NMR (500 MHz, DMSO-d¢): 6 158.4, 157.3,
151.6, 150.3, 139.0, 130.3, 129.8, 125.8, 119.5, 112.4, 52.4, 46.8, 28.8, 20.9, 19.8; LC/MS: t, =
2.47 min, [M+H]* = 356.2; HR-MS (ESI) C,oH,6N30S calculated: 356.1791 [M+H]*, found :
356.1795.

4.2. Biology

All the in vitro biological evaluation assays, including blood-stage and hepatic antiplasmodial
evaluation,[14] MTT cell viability assay on HepG2 cells,[13] chromatographic hydrophobicity
index (CHI) Log D, 4, microsomal stability and hERG inhibition assays[14] were performed as

previously reported.
4.2.1. Blood-Stage Antiplasmodial Evaluation

A K1 culture-adapted P. falciparum strain resistant to chloroquine, pyrimethamine, and
proguanil was used in an in vitro culture. It was maintained in a continuous culture, as
described previously by Trager and Jensen.[22] Cultures were maintained in fresh A+ human
erythrocytes at 2.5% hematocrit in a complete medium (RPMI 1640 with 25 mM HEPES, 25

mM NaHCO;, and 10% of A+ human serum) at 37°C under a reduced O, atmosphere (gas
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mixture: 10% O,, 5% CO,, and 85% N,). Parasitemia was maintained daily between 1 and 3%.
The P. falciparum drug susceptibility test was carried out by comparing quantities of DNA in
treated and control cultures of parasites in human erythrocytes, according to a SYBR Green |
fluorescence-based method[23] using a 96-well fluorescence plate reader. Compounds,
previously dissolved in DMSO (final concentration less than 0.5% v/v), were incubated in a total
assay volume of 200 pL (RPMI, 2% hematocrit and 0.4% parasitemia) for 72 h in a humidified
atmosphere (10% O, and 5% CO,) at 37°C, in 96-well flat bottom plates. Duplicate assays were
performed for each sample. After incubation, plates were frozen at 20°C for 24 h. Then, the
frozen plates were thawed for 1 h at 37°C. A total of 15 pL of each sample was transferred to
96-well flat-bottom non-sterile black plates (Greiner Bio-One, Kremsmunster, Austria) already
containing 15 pL of the SYBR Green | lysis buffer (2X SYBR Green |, 20 mM Tris base pH 7.5, 20
mM EDTA, 0.008% w/v saponin, 0.08% w/v Triton X-100). Negative control treated by solvents
(DMSO or H,0) and positive controls (chloroquine) were added to each set of experiments.
Plates were incubated for 15 min at 37°C and then read on a TECAN Infinite F-200
spectrophotometer with excitation and emission wavelengths at 485 and 535 nm, respectively.
The concentrations of compounds required to induce a 50% decrease in parasite growth (ECs

K1) were calculated from three independent experiments.
4.2.2. Cytotoxicity Evaluation

The HepG2 cell line was maintained at 37°C, 5% CO,, at 90% humidity in MEM supplemented
with 10% fetal bovine serum, 1% L-glutamine (200 mM), and penicillin (100
U/mL)/streptomycin (100 pg/mL) (complete RPMI medium). The cytotoxicity of the tested
molecules on the HepG2 (hepatocarcinoma cell line purchased from ATCC, ref HB-8065) cell
line was assessed according to the method of Mosmann[24] with slight modifications. Briefly,
5.103 cells in 100 pL of complete medium were inoculated into each well of 96-well plates and
incubated at 37°C in humidified 5% CO,. After 24 h incubation, 100 pL of medium with various
product concentrations dissolved in DMSO (final concentration less than 0.5% v/v) were added
and the plates were incubated for 72 h at 37°C. Triplicate assays were performed for each
sample. Each plate was then microscopically examined for possible precipitate formation
before the medium was aspirated from the wells. Next, 100 pL of MTT (3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) solution (0.5 mg/mL in medium without FBS)
was added to each well. Cells were incubated for 2 h at 37°C. After this time, the MTT solution
was removed and DMSO (100 pL) was added to dissolve the resulting blue formazan crystals.
Plates were shaken vigorously (700 rpm) for 10 min. The absorbance was measured at 570 nm

with 630 nm as the reference wavelength using a BIO-TEK ELx808 Absorbance Microplate
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Reader (LabX, Midland, ON, Canada). DMSO was used as blank and doxorubicin (purchased
from Sigma Aldrich) as positive control. Cell viability was calculated as a percentage of control
(cells incubated without compounds). The 50% cytotoxic concentration (CCsy) was determined
from the dose—response curve, using TableCurve software 2D v.5.0. CCs; values to represent

the mean value calculated from three independent experiments.
4.2.3. Hepatic-Stage Antiplasmodial Evaluation
4.2.2.1. Parasite Strains and Sporozoite Isolation

P. berghei sporozoites constitutively expressing green fluorescent protein (PbGFP, ANKA
strain)[25] were obtained by the dissection of salivary glands from infected Anopheles
stephensi mosquitoes bred and infected in the insectary facilities of UMR-S 1135 (CIMI, Paris,
France). Infected salivary glands were removed by hand dissection, crushed in a potter, and
filtered through a 40 um filter for sporozoite isolation (Cell Strainer, BD BioSciences, San Jose,

CA, USA). The sporozoites were counted using a disposable plastic microscope slide (KOVA).
4.2.2.2. Primary Hepatocyte Culture

Primary simian hepatocytes were isolated from liver segments collected from healthy Macaca
fascicularis from the facilities of the Centre d'Energie Atomique (CEA) (Fontenay-aux-Roses,
France). All hepatocytes were obtained using collagenase perfusion, as previously
described[26], and were immediately cryopreserved. One day before infection, the
cryopreserved hepatocytes were thawed at 37°C and were seeded into collagen-coated (5
pg/cm? rat tail collagen |, Invitrogen, Carlsbad, CA, USA) 96-well plate, at a density of 80,000
cells per well. They were cultured at 37°C in 5% CO, in William’s E medium (Gibco, Life
Technologies, Saint Aubin, France) supplemented with 10% of Fetal Bovine Serum FCllI, 5 x
10— M hydrocortisone hemisuccinate (Serb Laboratories, Paris, France), 5 pug per ml bovine
insulin (Sigma Aldrich, St. Louis, MO, USA), 2 mM L-glutamine, and 0.02 U per ml-0.02 ug per

ml penicillinstreptomycin (Life Technologies) until infection with sporozoites.
4.2.2.3. In Vitro Infection and Drug Assays

Sporozoites of P. berghei were re-suspended in the above complete medium used for the
hepatocytes culture. Simian hepatocytes were inoculated in 50 uL of complete media with
20,000 P. berghei-sporozoites/well in 96-well plates. The infected culture plates were
centrifuged for 6 min at 900x g to allow fast parasite sedimentation onto the target cells and
were further incubated with the serial dilution of drugs that were prepared in advance. After

3 h of incubation, cultures were washed and further incubated in a fresh medium containing
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the appropriate drug concentration, which were changed every 24 h during the study period.
Cultured hepatocytes were fixed using 4% paraformaldehyde (PFA) for 15 min at room
temperature. Host cell and parasite nuclei were labeled with 4’,6-diamidino-2-phenylindole
(DAPI). Upon fixation and immunostaining, cell culture plates were analysed to determine the
number and size of the parasites using a Cell Insight High Content Screening platform equipped
with the Studio HCS software (Thermo Fisher Scientific, Waltham, MA, USA). The parasite size
reduction was calculated on the average object area using the total surface area of each
selected object (um?). To assess the cell toxicity of drugs for hepatic cultures, fixed plates were
further scanned for the DAPI signal representing host nuclei. The analysis was based on
counting of total cell nuclei. GraphPad Prism 7 statistical software (GraphPad. Software, San
Diego, CA, USA) was used for data analysis and graphing. All values were expressed as means

and standard deviations (SD).

4.3. Physicochemical Properties

4.3.1. Determination of Solubility in PBS

1 mg of compound was weighted into an Eppendorf and 1 mL of PBS was added. The mixture
was sonicated for 10 min and then stirred at 25°C overnight. The mixture was centrifuged for
10 min at 3000 rpm. The supernatant was recovered and filtered. 10 puL were injected in
analytical HPLC. The area under the curve corresponding to the product was measured at 214
nm and compared to the calibration curves obtained after injection of a range of the product
previously solubilized in methanol (concentrations 50, 125, 250, 400, 500 uM). Calibration

curves were linear with R? > 0.99.
4.3.2. Chromatographic Hydrophobicity Index (CHI) Log D, 4

The determination of Chromatographic Hydrophobicity Index (CHI)[27] at neutral pH was
realized by retention time measurements using a 1290 Agilent chromatographic system
(Agilent Technologies, Santa Clara, California, USA) equipped with a PDA detector 1260
operating at 220, 240, 254, 290 and 350 nm for all compounds using a Ultra C18 column (5 um,
3 x 50 mm) from Restek (Lisses, France). Before measurements, compounds were dissolved
(100 uM) in methanol. In the used HPLC method, the flow rate was 0.3 mL/min, the
temperature was kept constant at 30°C. The mobile phase A was made of 50 mM ammonium

acetate aqueous solution, and the mobile phase B was ACN. A HPLC gradient method was
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applied, with 0 to 0.2 min: 0% B solvent; 0.2 to 3.5 min: 0 to 100% B solvent; 3.5 to 4.0 min:
100% B solvent; post run: 2 min. Standard compounds were theophylline, 5-Phenyltetrazole,
benzimidazole, acetophenone, indole, propiophenone, butyrophenone, valerophenone, with
R2>0.999. The Chromatographic Hydrophobicity data expressed as CHI LogD was calculated as
previously described)[28].

4.3.3. Permeability Determination by PAMPA-GIT Assay

The Parallel Artificial Membrane Permeability (PAMPA)-GIT experiments were conducted
using the Pampa Explorer Kit (Pion Inc) according to manufacturer's protocol. Usually, the
studied compound is dissolved in DMSO at 20 mM. Considering that the studied molecule was
poorly soluble in DMSO, a stock solution at 10 mM was realized, and was then diluted to 50
UM in Prisma HT buffer pH 7.4, 6.0 or 5.0 (Pion Inc). 200 uL of these solutions (n = 4) were
added to the donor plate (P/N 110243). GIT-0 Lipid (5 pL, P/N 110669) was used to coat the
membrane filter of the acceptor plate (P/N 110243). The acceptor Sink Buffer (200 uL, P/N
110139) was added to each well of the acceptor plate. The sandwich was incubated at room
temperature for 4h, without stirring. After the incubation the UV-visible spectra were
measured with the microplate reader (Tecan infinite M200), and the permeability value (Pe)
was calculated by the PAMPA Explorer software v.3.7 (pION) for each compound. Antipyrine

and ketoprofen were used as references.
4.3.4. hERG Inhibition Assay

hERG channel binding of the compound is determined with the PredictorTM hERG
Fluorescence Polarization Assay, that permits hERG channel biochemical binding studies in the
absence of radioligands. The assay is based on the principle of fluorescence polarization, where
a red-shifted fluorescent tracer displays a high polarization when bound to the hERG channel

and a low polarization when displaced by compounds that bind to the channel.

Materials and Methods: hERG channel binding was determined with the PredictorTM hERG
Fluorescence Polarization Assay (PV5665 ThermoFischer). Briefly, reagents were thawed, and
were mixed by pipetting 20x with PredictorTM hERG membranes. The fluorescent tracer was
diluted at 4 nM in the PredictorTM hERG buffer. The tested compound was dissolved in DMSO
at 10 mM and was then diluted from 0.4 uM to 0.04 nM in the PredictorTM hERG buffer. The
assay was performed in a 96-well Greiner microplate (675093 Dutscher). 25 pL of each
concentration of M1 were dispensed into the plate. Then, 50 pL of the PredictorTM hERG
membranes and 25 pL of the fluorescent tracer 4 nM were added. The plate was incubated at

room temperature for 4 hours. The fluorescence polarization measurements were made using
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a Synergy 2 microplate reader (Biotek Instrument, Colmar, France). Both parallel and
perpendicular fluorescence were measured using 530/25 nm excitation and 590/35 nm
emission filters with a 570 nm dichroic mirror. The gain was fixed at 110. A known hERG
channel blocker (E-4031), provided by the kit, was assayed as positive reference. E-4031,
LP0373 and LP0374 were tested at final concentrations ranging from 0.01 nM to 100 uM. IC50
values were determined graphically by plotting the % inhibition versus the logarithm of 9
concentrations of each compound in the assay solution using the GraphPad Prism software

(version 6.01, GraphPad Software, La Jolla, CA, USA).
4.4. Microsomal Stability

The tested products and propranolol, used as a reference, were incubated in duplicate
(reaction mixture volume of 0.5 mL) with female mouse microsomes (CD-1, 20 mg mL; BD
Gentest) at 37 °Cin a 50 mM phosphate buffer, pH 7.4, in the presence of MgCl, (5 mM), NADP
(1 mM), glucose-6-phosphate dehydrogenase (G6PD) (0.4U per mL), and glucose-6-phosphate
(5 mM). For the estimation of the intrinsic clearance, 50 mL aliquots were collected at 0, 5, 10,
20, 30, and 40 min and the reaction was stopped with 4 volumes of acetonitrile (ACN)
containing the internal standard. After centrifugation at 12000 rpm for 10 min at 4 °C, the
supernatants are kept at 4°C for immediate analysis. Controls (time zero and final time point)
in triplicate were prepared by the incubation of the internal standard with microsomes
denatured by acetonitrile. The calculation of the half-life (t;;,) of each compound in the
presence of microsomes was carried out according to the equation ty,, = (In,)/k, where k is the
first-order degradation constant (the slope of the logarithm of the compound concentration
versus incubation time). The intrinsic clearance in vitro (Cl;,;, expressed in ml.minl.mg) was
calculated according to the equation Cli,; = (dose/AUC..)/[microsomes], where dose is the
initial concentration of the product in the sample, AUC.. is the area under the concentration—
time curve extrapolated to infinity, and [microsomes] is the microsome concentration

expressed in mg.mL™,
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Gamhepathiopine

¥ Active against P. falciparum erythrocytic stage
¥ Active against P. bergheihepaticstage

% Notpermeable (PAMPA-GIT, pH 5.0 and 7.4)

* Weak microsomal stability

Highlights

¥ Active against Pf erythrocyticstage

¥ Active against Pb hepaticstage

¥ Permeable (PAMPA-GIT, pH 5.0 and 7.4)
¥ Improved microsomal stability

e Aseries of 19 new thienopyrimidones was synthesized.

e 6 compounds showed an ECsy < 1.5 uM against the blood stage of P. falciparum K1.

e 5 compounds showed higher activity against the hepatic stage of P. berghei than

Gamhepathiopine.
e 3 compounds exhibited improved

Gamhepathiopine.

microsomal stability compared to

e Compound 5g showed the better compromise between activity, cytotoxicity and

microsomal stability.
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