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Malaria remains a significant public health issue and one of the leading causes of child mortality worldwide. Due
to the growing problem of drug resistance, new modes of fighting the disease are searched for. In this context,
ionophore antibiotics, natural compounds with high potential for combating parasitic diseases, deserve special
attention. The primary representative of such compounds, monensin (MON), demonstrates exceptionally high
antiplasmodial activity. In this work, the C26-amino derivative of MON was used as a convenient substrate for

the synthesis of its acyl analogues, such as amides and urea. All derivatives exhibited strong activity against the
hepatic stage of Plasmodium berghei infection in vitro, which exceeded that shown by the reference drug pri-
magquine. The IC5¢ value for MON O-phenyl urethane (8) was less than 1 nM.

1. Introduction

According to WHO data, in 2023, malaria caused the death of nearly
600,000 people, making it the deadliest parasitic disease in the modern
world.! Malaria is caused by Plasmodium parasites transmitted in their
sporozoite form by infected female Anopheles mosquitoes."? After in-
jection into their mammalian host during an infected mosquito bite,
sporozoites asymptomatically infect and replicate inside hepatocytes,
generating thousands of hepatic merozoites. Following their release into
the bloodstream, merozoites cyclically infect erythrocytes causing the
symptoms of malaria. These include fever and headache, but may
progress to cause severe disease, or even death.’> The most important
malaria control strategies involve vector control, the introduction of the
RTS,S/AS01, and the R21/Matrix-M malaria vaccines, and chemother-
apies.'® Several medicines are currently available to treat malaria (e.g.
chloroquine, primaquine, and artemisinin combination therapies), but
due to the growing problem of drug resistance, the quest for new

antimalarial drug candidates is highly desirable.'*°,

Among many natural compounds with high biological activity,
ionophore antibiotics have merited particular attention, as they exhibit
a wide range of antiparasitic activities.” The main representative of this
group of compounds is monensin (MON, Fig. 1), which is successfully
used in veterinary practice as an animal feed additive that prevents
coccidiosis (Coxidin®).% The high antimicrobial activity of MON results
from its natural ability to coordinate metal cations and transfer them
across biological membranes.”? This phenomenon leads to the distur-
bance of the intracellular pH and ion concentration gradient, which
leads to mitochondrial damage, vacuolization, and eventually cell
death.” In addition to its anticoccidial activity, MON has proven its
potential in combating parasites causing diseases such as trypanosomi-
asis, leishmaniasis, toxoplasmosis, and malaria.” 1% Several studies
aimed at the chemical modification of MON skeleton to obtain com-
pounds with enhanced biological activity have been reported.'>'” They
concerned the anticancer and antibacterial properties of this type of
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derivatives.'®'® Although reports on the antiparasitic activity of MON
analogues are still limited, some studies have shown that rational
modification of its structure can lead to the derivatives with higher
antiparasitic potential than the unmodified ionophore.”'*1417-1° MON
and some of its analogues have been shown to display potent activity
against malaria parasites. Among them, C26-modified analogues, such
as tosylate or carbonate, exhibited in vitro activity against P. falciparum
with ICsg values of 1.52 and 1.08 nM, respectively, exceeding the ac-
tivity of the starting compound (Fig. 1).71%14 Nevertheless, the chemical
modification of MON to find new antiplasmodial derivatives remains a
very promising, and still underexplored, research direction.

2. Results and discussion
2.1. Design strategy

As mentioned above, the antimicrobial activity of ionophore anti-
biotics results from their natural ability to coordinate metal cations and
transport them across biological membranes.”® This process occurs via
electroneutral transport with deprotonation of the carboxyl group or
electrogenic transport without deprotonation of the carboxyl group,
without or with a change in the transmembrane potential, respec-
tively.?%?! This means that modification of group C26 of MON is a
promising approach to obtain its bioactive analogues, as it does not
hinder the carboxyl group from participating in the ion exchange
mechanism. However, it has also been shown that ionophores with a
modified carboxyl group can perform a third type of transport, known as
biomimetic transport.?*%!,

Chemical modification of C1 carboxyl group of MON is a well-known
and frequently used method for the synthesis of numerous analogues of
this ionophore.”'® The molecule’s C26 hydroxyl group has also often
been modified, but no method has been reported for converting it into
another functional group as a convenient lead structure. Thus, C26 de-
rivatives of MON were limited to its esters, ethers, or O-urethanes.”'”
However, our team has recently developed the first scalable, efficient,
and simple method for obtaining MON’s C26 amine.’? The reaction
consists of tosylation and subsequent azidation of C26 hydroxyl group.
The obtained azide was then reduced to amine using hydrogen in the
presence of palladium on carbon (compound 2, Scheme 1).2

2.2. Chemistry

Having access to an amine precursor, it is possible to synthesize
numerous analogues, such as amides or ureas. Therefore, in this paper,
we present the synthesis and antimalarial activity of a narrow library of
compounds, which illustrates the potential for developing different
groups of new MON derivatives. We chose to synthesize aromatic ana-
logues as representatives of each group of derivatives because previous
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studies have shown their antimicrobial potential.'” Acylated derivatives
of 2 include its benzoyl amide (compound 3) and phenyl urea (com-
pound 4). In addition, an amide conjugate of MON with a triphenyl-
phosphonium cation (TPP", compound 5) was also obtained (Scheme 1).
This chemical moiety is naturally directed to the mitochondria due to
their highly negative membrane potential.>>*

It is worth noting that several reports have suggested that Plasmo-
dium mitochondria are important therapeutic targets.?>® Furthermore,
to extend the knowledge about the antimalarial activity of C1 de-
rivatives of MON, its benzyl ester (compound 7) and ester conjugate
with TPP™ (compound 6) were also synthesized (Scheme 1). For
comparative purposes, the resynthesis of MON O-phenyl urethane
(compound 8) was performed, as this compound showed high antimi-
crobial activity in previous studies.'”

The purity and structure of the newly synthesized and resynthesized
MON derivatives (2-8) were determined using spectroscopic (*H NMR,
3¢ NMR, 31p NMR) and spectrometric (HRMS) methods (see Supple-
mentary Information). In the '3C NMR spectra of MON C26-analogues
(compounds 3, 4, 5, and 8), the signals of the highest analytical signif-
icance were assigned to the carboxyl group and appeared in the range of
177.4-184.2 ppm. For Cl-esters of MON (compounds 6, and 7), the
signals from the ester group appeared in the narrow range of
175.2-176.0 ppm. With respect to the newly introduced carbonyl group
at position C26 of MON (compounds 3, 4, 5, and 8), respective signals
from the amide/urethane/urea group appeared in the range of
154.7-174.1 ppm. The HRMS analysis confirmed the formation of the
intended products, with [M + Na] ™ as the main peak (100 % intensity)
for compounds 3, 4, 7, and 8, and [M]™ for compounds 5, and 6. The
NMR spectra of all obtained MON derivatives, are included in the
Supplementary material (Figs. S1-516).

X-ray diffraction analysis was employed to confirm and explain the
structure of MON derivatives as well as to extract possible structur-
e-activity relationships (SAR). Therefore, two of the C26 derivatives
obtained - MON phenyl urea (compound 4) and MON amide conjugate
with TPPT (compound 5) as their sodium salts were characterized using
the X-ray single crystal diffraction method. Detailed crystal data,
refinement parameters and experimental details for both molecules are
presented in Table S1 and Figs. S17-S18 (Supplementary material).
Single crystals of compounds 4 and 5 were grown by crystallization in
acetonitrile solution. The urea derivative crystallized in the non-
centrosymmetric space group R3:H of the trigonal system, as a solvate
with water molecules, while the amide derivative crystallized in the
non-centrosymmetric space group P2;2;2; of the orthorhombic system
with bromide as counterions and as a solvate with water molecule. The
asymmetric unit of both compounds are illustrated in Fig. 2.

Both molecules form complexes with the sodium cation, with the C26
substituent not involved in the coordination process. The pseudo-cyclic
structure is stabilized by several hydrogen bonds, whose exact geometry
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Fig. 1. In vitro activity of MON and its C26-derivatives against P. falciparum.
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Scheme 1. Synthesis of MON aromatic derivatives. Reagents and conditions: (a) TsCl, NazCO3(ag), toluene, rt, 72 h; (b) NaN3, DMSO, rt, 72 h; (c) H, Pd/C, MeOH, rt,
72 h; (d) benzoyl chloride, TEA, CHxCly, 0 °C to rt, 24 h; (e) phenyl isocyanate, toluene, rt, 72 h; (f) (3-carboxypropyl)triphenylphosphonium bromide, ethyl
chloroformate, TEA, DMF, —5 °C to rt, 24 h; (g) 1,4-dibromobutane, DBU, toluene, 90 °C, 24 h; (h) triphenylphosphine, CH3CN, reflux, 72 h; (i) benzyl bromide, DBU,

toluene, 90 °C, 24 h; (j) phenyl isocyanate, toluene, rt, 14 days.

is described in the Supplementary material (Tables S2-S3). In the case of
4, we can see that the urea moiety is involved in the formation of
hydrogen bonds N1—H1---O1 and N2—H2N---O1. The structure is
additionally stabilized by the hydrogen bonds formed by water mole-
cules acting as donors (Fig. 2a). With respect to compound 5, the only
hydrogen bond formed between the atoms constituting its molecule is
the O1—H1A.--010. The formation of the remaining hydrogen bonds
involves the bromide anion as an acceptor or a water molecule as a
donor (Fig. 2b).

A comparison of the crystal structure of urea 4 with the previously
published crystal structures of urethane 8 leads to several interesting
observations (Fig. 3).?’ Firstly, the nitrogen atom of the urethane group
in compound 8, similarly to the urea group of compound 4, participates
in the formation of a hydrogen bond stabilizing the pseudo-cyclic
structure of the compound (N1-H1---01).% Secondly, a formation of
hydrogen bond 010—H100---02 is observed for both compounds.?’
Thirdly, although the hydroxyl group O4-H40 acts as the hydrogen
bond donor for both compounds, in the case of urea 4, the role of the
acceptor is assumed by the oxygen atom O10 of the hydroxyl group,
whereas in the structure of urethane 8, the role of the acceptor is played
by the oxygen atom O2 of the carboxyl group (Fig. 3).?” Despite very
similar structural features, both compounds crystallize in different space
groups, with urea 4 crystallizing in space group R3:H of the trigonal
system, and urethane 8 crystallizing in space group P1 of the triclinic
system.?’

2.3. Invitro antiplasmodial activity

To evaluate the antiparasitic potential of MON derivatives, all six
analogues (compounds 3-8), the MON parental compound (compound
1), and primaquine, employed as a reference, were screened in vitro for
their antiplasmodial activity against the hepatic stage of P. berghei
infection (Fig. 4, Table 1).

MON (compound 1) and its derivatives (3, 4, 5, 6, 7, and 8) exhibited
strong activity against the hepatic stage of P. berghei infection in vitro,
which exceeded that shown by primaquine — a commonly used drug in
treating malaria. Among these derivatives, compounds 8 (ICso = 0.0007
pM) and 4 (IC5p = 0.0029 pM) displayed the highest potency, followed
by MON (ICsp = 0.0055 pM) and derivative 3 (IC5¢9 = 0.0064 pM), both
showing comparable activity (Table 1). Derivative 5 (ICso = 1.489 pM)
had the lowest activity from among the compounds tested, whilst de-
rivatives 6 (ICso = 0.6233 pM) and 7 (ICsp = 0.0816 pM) displayed
intermediate potency hepatic parasites (Table 1). In addition to nano-
molar ICsg values against P. berghei, the CCsg values of most compounds
against the Huh7 cell line remain in the micromolar range. Compounds
3 and 4 exhibit high selectivity (SI > 1300), although not as high as that
observed for the unmodified MON (SI = 3181.8). It is important to
highlight that compound 8, despite having the lowest CCs value among
the tested compounds, remains the most selective compound in the
entire series of analogs studied, due to its extraordinarily high antima-
larial activity (SI = 4428.6).

Concerning the SAR (structure-activity relationship) analysis, it
should be emphasized that the derivatives showing higher activity than
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Fig. 2. The crystal structure of: (a) sodium salt of C-26 phenyl urea monensin 4, (b) sodium salt of C-26 monensin conjugate with TPP" 5. Ellipsoids are at the 50 %

probability level.

unmodified MON belong to the group of its C26-analogues (compounds
4 and 8). Amide 3 also exhibited high antimalarial activity, which was
similar to that of MON. We can see that chemical modification of po-
sition C26 of MON gives better results in the context of antimalarial
activity, than modification of its C1 position. An exception is compound
5, which is a C26-conjugate of MON with TPP". This compound’s
decreased activity is probably due to its high steric hindrance, which
impedes effective penetration into the parasite cells. Ester compounds 6
and 7 also show lower biological activity than MON. This may suggest
that potent antimalarial derivatives of MON must contain an unhin-
dered carboxyl group, which will enable effective ion transport via an
electrogenic or electroneutral mechanism. It is worth noting that the
derivatives obtained through chemical modification of the C26 position
of MON (except for compound 5) exhibit high selectivity indices (SI >
1300) which means they preferentially target parasite cells over refer-
ence Huh7 cell line. Of particular distinction is compound 8, which is

not only the most active compound in the entire series (with an ICsg
value approximately 8 times lower than that of MON) but also the most
selective one (SI > 4000).

3. Conclusions

In summary, in this work, we describe the possibility of using the
C26-aminomonensin (compound 2) as a convenient starting substrate
for the synthesis of various analogues, such as amides or ureas (com-
pounds 3-5). This significantly contributes to the search for new, highly
bioactive analogues of this ionophore. For comparative purposes, C1
ester derivatives of MON (compounds 6, and 7) and its C26-O-phenyl
urethane (compound 8) were also obtained. Compounds 4 and 5 were
obtained in crystalline form, which enabled scXRD analysis to be per-
formed. Both molecules form complexes with the sodium cation and
occur in a pseudo-cyclic structure, which is stabilized by numerous
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Fig. 3. Comparison of the conformations of monensin sodium salts in crystals: (a) urea 4, (b) urethane 8 and (c) overlap 4 (green) and 8 (pink), atoms Na, O6 and C9
overlap. Monensin A phenylurethane sodium salt 8 was reproduced using data downloaded from the Cambridge Crystallographic Data Centre CCDC: 778665. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

hydrogen bonds. The substituent at C26 is not involved in the coordi-
nation process. In addition, MON and its aromatic derivatives (3-8)
were screened in vitro for their antiplasmodial activity against the he-
patic stage of P. berghei infection. It is worth noting that these com-
pounds showed higher biological activity than primaquine used as a
reference. Most derivatives showed activity at the nanomolar level,
which, in the case of compounds 4 and 8, even exceeded that of un-
modified MON. Furthermore, many of the obtained compounds
demonstrated high selectivity, meaning they preferentially target para-
site cells over the reference Huh7 cell line. The selectivity index for
compound 8 exceeded a value of 4000, making it not only more active
but also more selective than the unmodified ionophore. These results

underscore the strong antiparasitic potential of MON and its derivatives,
supporting their development as promising candidates for discovery of
new antimalarial drugs.

4. Experimental section
4.1. General procedures

All reagents were purchased from two sources — Merck or Trimen
Chemicals S.A., and used without further purification. Deuterated sol-

vents for NMR analysis (CDCl3, CD5Cl,, CD3OH, and CD3CN) were
stored over 3 A molecular sieves for several days. Reaction mixtures
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Fig. 4. Dose-dependent response of MON (compound 1), and its derivatives 3, 4, 5,
(infection scale, bars) and cell viability (cell confluency scale, dots) are shown. Calculated ICso values are presented in Table 1.

Table 1
ICs0, CCs and SI values of MON, its derivatives and primaquine against the
hepatic stage of P. berghei infection and Huh7 cells.

Antiplasmodial activity Cytotoxicity Selectivity

No. ICso (M) * CCso (NM)* s

monensin 1 55+ 1.4 17500 + 5700 3181.8
3 6.4 + 1.0 8400 + 1900 1312.5
4 29+ 1.0 4200 + 400 1448.3
5 1489 + 162.6 75300 + 10100 50.6
6 623.3 + 183.0 5800 + 300 9.3
7 81.6 + 18.4 31300 + 7400 383.6
8 0.7 + 0.004 3100 + 200 4428.6
Primaquine 8428 + 3384 138600 =+ 25400 16.4

@ Data shown are mean values + SD of two or three independent experiments.
b ST (selectivity index) was calculated using the formula: SI = CCso (nM)/ICso
(nM).

were stirred using Teflon-coated magnetic stir bars and were monitored
by thin layer chromatography (TLC) using aluminum-backed plates
(Merck 60 Fa54). TLC plates were visualized by UV-light (254 nm), fol-
lowed by treatment with phosphomolybdic acid (PMA) (5 % in absolute
ethanol) and gentle heating. Products of the reactions were purified
using CombiFlash® Rf + Lumen Flash Chromatography System (Tele-
dyne Isco) with integrated ELS and UV detectors. All solvents used in
flash chromatography were of HPLC grade (Merck) and were used as
received. Solvents were removed using a rotary evaporator.

NMR spectra were recorded on a Varian 400 (*H NMR at 400 MHz,
13C NMR at 101 MHz, and 'P 162 MHz) or Bruker AvanceNEO 600 (‘H
NMR at 600 MHz and '3C NMR at 151 MHz) magnetic resonance
spectrometer. 'H NMR spectra are reported in chemical shifts downfield
from TMS using the respective residual solvent peak as internal standard
(CDCl3 6 7.26 ppm; CD2Cly 6 5.32 ppm; CD30D 6§ 3.31 ppm; CD3CN &
1.94 ppm). 'H NMR spectra are reported as follows: chemical shift (5,
ppm), multiplicity (s = singlet, d = doublet, t = triplet, p = quintet, dd =
doublet of doublets, dt = doublet of triplets, td = triplet of doublets, tt =
triplet of triplets, dq = dublets of quartets, ddd = doublet of doublets of
doublets, m = multiplet), coupling constant(s) in Hz, and integration.
Significant peaks are reported within the overlapping ~2.00-0.50 ppm
region of the 'H NMR spectra. 13C NMR spectra are reported in chemical

6, 7, and 8, against the hepatic stage of P. berghei infection. Total parasite load

shifts downfield from TMS using the respective residual solvent peak as
internal standard (CDCl3 6 77.16 ppm; CDyCl; 6 53.84 ppm; CD3OD §
49.00 ppm; CD3CN 6 1.32 ppm). 31p NMR spectra are reported in
chemical shifts. Line broadening parameters were 0.5 or 1.0 Hz, while
the error of chemical shift value was 0.1 ppm.

Electrospray ionization high resolution mass spectra (ESI-HRMS)
were recorded on a QTOF (Impact HD, Bruker Daltonics or Bruker
micrOTOF-q) mass spectrometer in the positive ion detection mode.
Samples were prepared in dry acetonitrile. The mass range for ESI ex-
periments was from m/z = 400 to m/z = 1350 or to m/z = 1000.

4.2. Synthesis

4.2.1. Isolation of MON

The sodium salt of MON was isolated from commercially available
veterinary premix — Coxidin®, as previously described.'® The obtained
sodium salt of MON was then extracted with a solution of sulfuric acid
(pH = 1), giving MON ready for further synthesis.

4.2.2. Synthesis of MON amine (compound 2)

To a solution of MON (11.0 g, 16.39 mmol, 1.0 equiv.) in toluene
(120 mL) upon stirring, a solution of 0.1 M Na;CO3 was added (150 mL).
After that, tosyl chloride (9.37 g, 49.18 mmol, 3.0 equiv.) was added to
the resulting mixture in one portion. The resulting solution was stirred at
room temperature for the next 72 h. The reaction mixture was then
transferred to a separatory funnel and extracted with 0.1 M NayCO3
solution and brine. After that, the organic layer was concentrated under
reduced pressure, and directed subsequently to the next stage of the
process. The excess of sodium azide (3.19 g, 49.09 mmol, 3.0 equiv.) was
dissolved in 30 mL of DMSO (complete conversion of MON to tosylate
was assumed). The solution of crude tosylate dissolved in 20 mL of
DMSO was then added to the mixture. The resulting solution was stirred
at room temperature for the next 72 h. The mixture was then diluted
with large amount of water (over 300 mL) and extracted several times
with methylene chloride. This step can be dangerous due to the possi-
bility of an explosion as a result of the reaction between sodium azide
and the chlorinated solvent, so the sequence of operations must be
strictly followed. Alternatively, azide can be extracted from the aqueous
phase into the ethyl acetate phase. Purification on silica gel using the
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CombiFlash system (0 — 40 % EtOAc/n-hexane) gave the pure product
as a clear oil. The oil was diluted in n-pentane and evaporated to dryness
three times to form an amorphous solid, with an isolated yield of 62 %
(7.10 g). Under a nitrogen atmosphere, to a solution of obtained azide
(2.0 g, 2.87 mmol, 1.0 equiv.) in methanol upon stirring, the catalytic
amount of palladium on carbon (Pd/C) was added. Then, a hydrogen-
filled balloon was connected to the system. The reaction was
continued until the azide was completely consumed (TLC and ESI-MS
control), replacing the hydrogen balloon if necessary (typically 72 h).
After this time, the reaction mixture was filtered through celite to
remove Pd/C, and concentrated under reduced pressure. Purification on
silica gel using the CombiFlash system (0 — 30 % MeOH/CHCl3) gave
the pure product as a clear oil. The oil was diluted in n-pentane and
evaporated to dryness three times to form an amorphous solid, with an
isolated yield of 63 % (1.22 g), a single spot by TLC; stains green with
PMA. The spectroscopic data were in agreement with previously pub-
lished data.??.

4.2.3. Synthesis of C26-benzoyl amide of MON (compound 3)

MON amine (compound 2, 135 mg, 0.20 mmol, 1.0 equiv.) was
dissolved in CH,Cl; (10 mL) and the solution was cooled on an ice bath.
Triethylamine (61 mg, 0.60 mmol, 3.0 equiv.) was added dropwise to
the reaction mixture, and after that, benzoyl chloride (34 mg, 0.24
mmol, 1.2 equiv.) was added dropwise. After 24 h, the reaction mixture
was concentrated on a rotary evaporator in vacuo. Purification on silica
gel using the CombiFlash system (0 %—100 % EtOAc/hexane) gave the
pure amide 3 as a clear oil. After twice evaporation to dryness with n-
pentane, the oily product was completely converted into white amor-
phous solid (65 mg, 42 % yield). Isolated as a white amorphous solid, a
single spot by TLC. UV-active and stains green with PMA; 'H NMR (400
MHz, CDCl3) § 8.33 - 8.28 (m, 1H), 7.99 - 7.95 (m, 2H), 7.41 - 7.31 (m,
3H), 4.43 (dd, J = 11.6, 1.7 Hz, 1H), 4.31 (ddd, J = 10.8, 5.7, 2.6 Hz,
1H), 4.03 (dd, J = 14.1, 7.3 Hz, 1H), 3.91 - 3.85 (m, 2H), 3.75 (dd, J =
14.1, 5.5 Hz, 1H), 3.71 (d, J = 4.3 Hz, 1H), 3.64 (s, 1H), 3.43 (dd, J =
10.6, 5.0 Hz, 1H), 3.40 - 3.35 (m, 1H), 3.33 (s, 3H), 2.59 (dq, J = 10.0,
6.8 Hz, 1H), 2.35-1.16 (m, 23H), 1.53 (s, 3H), 1.13 (d, J = 6.8 Hz, 3H),
1.02 (d, J = 6.9 Hz, 3H), 0.94 (d, J = 6.6 Hz, 3H), 0.88 (d, J = 7.2 Hz,
3H), 0.85 (d, J = 7.1 Hz, 3H), 0.80 (d, J = 6.2 Hz, 3H), 0.65 (t, J = 7.5
Hz, 3H) ppm; *C{'H} NMR (101 MHz, CDCl3) 6§ 184.2, 166.9, 134.6,
130.8,128.2,127.4,107.7,96.9, 86.3, 85.1, 85.0, 82.9, 82.1, 77.6, 74.5,
70.8, 65.9, 57.8, 47.5, 44.2, 39.2, 38.7, 36.8, 35.8, 35.3, 34.2, 33.9,
33.3, 32.6, 30.4, 29.8, 28.0, 26.6, 17.4, 16.6, 16.3, 15.6, 10.2, 9.9, 8.0
ppm; HRMS (ESI) m/z: [M] " Caled for C43Hg7;NNaO1; 796.4606; Found
796.4595.

4.2.4. Synthesis of C26-phenyl urea of MON (compound 4)

MON amine (compound 2, 152 mg, 0.23 mmol, 1.0 equiv.) was
dissolved in anhydrous toluene (10 mL). Phenyl isocyanate (27 mg, 0.23
mmol, 1.0 equiv.) was added dropwise to the reaction mixture. After 72
h, the reaction mixture was concentrated on a rotary evaporator in
vacuo. Purification on silica gel using the CombiFlash system (0 %—100
% EtOAc/hexane) gave the pure urea 4 as a clear oil. After twice
evaporation to dryness with n-pentane, the oily product was completely
converted into white amorphous solid (107 mg, 60 % yield). Isolated as
a white amorphous solid, a single spot by TLC. UV-active and stains
green with PMA; 'H NMR (401 MHz, CDCl3) 5 8.31 - 8.25 (m, 1H), 8.19
(s, 1H), 7.48 (dd, J = 8.7, 1.1 Hz, 2H), 7.18 — 7.12 (m, 2H), 6.86 — 6.80
(m, 1H), 4.34 - 4.25 (m, 2H), 3.89 (s, 1H), 3.85 - 3.81 (m, 2H), 3.76 (dd,
J=13.9,9.7 Hz, 1H), 3.57 (s, 1H), 3.37 (t, J = 5.3 Hz, 1H), 3.35 (s, 3H),
3.29 (dd, J = 10.2, 2.6 Hz, 1H), 3.22 (dd, J = 13.9, 3.1 Hz, 1H), 2.67 -
2.59 (m, 1H), 2.36 (td, J = 11.5, 6.5 Hz, 1H), 2.28 — 2.18 (m, 2H), 2.15 -
1.22 (m, 20H), 1.55 (s, 3H), 1.21 (d, J = 6.8 Hz, 3H), 1.13 (d, J = 6.9 Hz,
3H), 0.95 - 0.89 (m, 6H), 0.85 - 0.80 (m, 6H), 0.50 (t, J = 7.4 Hz, 3H)
ppm; '3C{'H} NMR (101 MHz, CDCl5) 5 183.5, 157.1, 140.5, 128.3,
120.9, 117.8, 107.4, 97.0, 86.5, 85.5, 85.1, 83.2, 82.3, 77.4, 75.1, 70.6,
66.5, 57.8, 47.4, 44.5, 38.7, 38.3, 36.3, 36.2, 35.3, 34.2, 33.8, 33.2,
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32.4, 32.3, 30.0, 29.8, 27.9, 26.9, 17.3, 16.6, 16.5, 15.6, 10.2, 10.1, 7.8
ppm; HRMS (ESI) m/z: [M]" Calcd for C43HggNoNaO;; 811.4715; Found
811.4703.

4.2.5. Synthesis of C26-amide-conjugate of MON with TPP" (compound 5)

(3-carboxypropyl)triphenylphosphonium bromide (213 mg, 0.50
mmol, 1.0 equiv.) was dissolved in anhydrous DMF (15 mL) and the
solution was cooled to —5 °C. Ethyl chloroformate (48 mg, 0.45 mmol,
0.9 equiv.) and triethylamine (75 mg, 0.74 mmol, 1.5 equiv.) were
added dropwise. After 30 min the solution of MON amine (compound 2,
400 mg, 0.60 mmol, 1.2 equiv.) in anhydrous DMF was added dropwise.
The mixture was allowed to warm to ambient temperature. After 24 h,
the reaction mixture was concentrated on a rotary evaporator. The oily
residue was dissolved in a small amount of CH,Cl; and extracted with
brine. Organic phases were concentrated under reduced pressure. Pu-
rification on silica gel using the CombiFlash system (0 — 30 % MeOH/
chloroform) gave the pure product as a clear oil. The oil was diluted in n-
pentane and evaporated to dryness three times to form an amorphous
solid, with an isolated yield of 43 % (230 mg), a single spot by TLC. UV-
active and stains green with PMA; H NMR (401 MHz, CD30D) § 7.93 -
7.87 (m, 3H), 7.83 (tt, J = 5.4, 1.3 Hz, 4H), 7.81 - 7.73 (m, 8H), 4.16 (dt,
J=8.7,6.7 Hz, 1H), 4.10 (dd, J = 8.7, 2.3 Hz, 1H), 3.91 (d, J = 4.6 Hz,
1H), 3.73 - 3.65 (m, 2H), 3.62 — 3.59 (m, 1H), 3.54 - 3.47 (m, 2H), 3.46
- 3.39 (m, 2H), 3.35 (s, 3H), 3.30 (p, J = 3.3, 1.6 Hz, 2H), 3.22 (d, J =
13.5 Hz, 1H), 2.60 — 2.53 (m, 3H), 2.28 — 1.35 (m, 25H), 1.33 (s, 3H),
1.13 (d, J = 7.0 Hz, 3H), 1.03 — 0.89 (m, 18H) ppm; *C{'H} NMR (101
MHz, CD30D) 6§ 179.1,174.1, 136.5, 136.4, 134.9, 134.8, 131.7, 131.6,
120.2,119.3, 108.9, 98.5, 88.9, 87.9, 86.9, 85.0, 83.5, 79.8, 78.1, 72.8,
69.1, 59.0, 42.1, 40.3, 38.6, 38.2, 37.8, 36.8, 36.4, 36.3, 36.2, 36.1,
35.4, 32.9, 32.5, 30.6, 29.2, 26.2, 20.02, 19.99, 18.3, 16.7, 16.5, 12.9,
12.4, 11.5, 8.5 ppm; 3P NMR (162 MHz, CDs0D) § 23.5 ppm; HRMS
(ESI) m/z: [M]™ Caled for CsgHgsNO7;P™ 1000.5698; Found 1000.5732.

4.2.6. Synthesis of C1-ester-conjugate of MON with TPP* (compound 6)
MON (1.0 g, 1.49 mmol, 1.0 equiv.) was dissolved in toluene (30 mL)
and the solution was heated to 90 °C on a heating mantle. After 15 min
DBU (386 mg, 2.53 mmol, 1.7 equiv.) was added dropwise to the re-
action mixture, and after another 20 min 1,4-dibromobutane (965 mg,
4.47 mmol, 3.0 equiv.) was added dropwise. The solution changed its
color to brownish after a few minutes. After 24 h, the reaction mixture
was concentrated on a rotary evaporator. Purification on silica gel using
the CombiFlash system (0 %—50 % EtOAc/hexane) gave the pure ester
as a clear oil. After twice evaporation to dryness with n-pentane, the
product remained in an oily form (700 mg, 58 % yield). This compound
(400 mg, 0.50 mmol, 1.0 equiv.) was then dissolved in CH3CN (30 mL)
and the triphenylphosphine (1.50 mmol, 3.0 equiv., 393 mg) was added.
The solution was heated under reflux on a heating mantle for 72 h. After
this time, the reaction mixture was concentrated on a rotary evaporator.
Purification on silica gel using the CombiFlash system (0 % — 40 %
acetone/CHCl3) gave compound 6 as clear oil. After twice evaporation
to dryness with n-pentane, the oily products were completely converted
into white amorphous solid (74 mg, 14 % yield). Isolated as a white
amorphous solid, a single spot by TLC. UV-active and stains green with
PMA; 'H NMR (400 MHz, CD3CN) 67.91 -7.84 (m, 3H), 7.83 - 7.76 (m,
6H), 7.76 — 7.69 (m, 6H), 5.78 (d, J = 1.3 Hz, 1H), 5.53 — 5.50 (m, 1H),
4.37 (ddd, J =9.5, 7.2, 4.1 Hz, 1H), 4.19 — 4.07 (m, 4H), 4.06 (d, J = 3.5
Hz, 2H), 4.02 - 3.94 (m, 2H), 3.82 (dt, J = 5.4, 2.6 Hz, 1H), 3.69 (dd, J =
5.3, 2.9 Hz, 1H), 3.67 — 3.55 (m, 4H), 3.51 — 3.41 (m, 2H), 3.38 (ddd, J
=10.1, 4.0, 1.7 Hz, 2H), 3.19 (s, 3H), 2.83 (ddd, J = 13.8, 6.8, 2.8 Hz,
1H), 2.60 (s, 1H), 2.34 (s, 1H), 2.31 — 2.23 (m, 3H), 2.18 — 1.26 (m,
13H), 1.47 (s, 3H), 1.19 (s, 2H), 1.10 (d, J = 6.9 Hz, 3H), 0.98 (d, J = 7.0
Hz, 3H), 0.93 - 0.84 (m, 9H), 0.75 (d, J = 6.8 Hz, 3H), 0.72 (d, J = 7.1
Hz, 3H) ppm; '*C{'H} NMR (101 MHz, CD3CN) § 176.0, 135.8, 135.8,
134.6, 134.5, 131.1, 131.0, 119.6, 118.7, 108.4, 99.0, 86.6, 86.4, 84.6,
81.8, 81.6, 76.3, 74.7, 69.6, 69.1, 67.0, 63.8, 58.4, 55.2, 41.3, 39.9,
36.8, 36.5, 36.3, 35.5, 35.1, 34.6, 33.4, 33.2, 32.2, 30.4, 30.1, 30.0,
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29.7, 29.6, 28.3, 26.8, 22.6, 22.1, 20.0, 20.0, 16.4, 16.1, 14.5, 13.2,
11.5, 10.8, 8.1 ppm; 3P NMR (162 MHz, CN3CN) § 25.2 ppm; HRMS
(ESI) m/z: [M]" Calcd for CsgHgs4O11P" 987.5746; Found 987.5745.

4.2.7. Synthesis of C1-benzyl ester of MON (compound 7)

MON (0.5 g, 0.75 mmol, 1.0 equiv.) was dissolved in toluene (20 mL)
and the solution was heated to 90 °C on a heating mantle. After 15 min
DBU (193 mg, 1.27 mmol, 1.7 equiv.) was added dropwise to the re-
action mixture, and after another 20 min benzyl bromide (382 mg, 2.24
mmol, 3.0 equiv.) was added dropwise. The solution changed its color to
brownish after a few minutes. After 24 h, the reaction mixture was
concentrated on a rotary evaporator in vacuo. Purification on silica gel
using the CombiFlash system (0 %—50 % EtOAc/hexane) gave the pure
ester 7 as a clear oil. After twice evaporation to dryness with n-pentane,
the oily product was completely converted into white amorphous solid
(438 mg, 77 % yield). Isolated as a white amorphous solid, a single spot
by TLC. UV-active and stains green with PMA; 'H NMR (401 MHz,
CDClg) 6 7.39-7.27 (m, 5H), 5.19 (d, J=12.4 Hz, 1H), 5.12(d, J = 12.4
Hz, 1H), 4.37 (d, J = 9.3 Hz, 1H), 4.27 (td, J = 8.0, 3.3 Hz, 1H), 4.04 (dd,
J=9.1, 2.3 Hz, 1H), 3.87 (s, 1H), 3.84 (d, J = 4.7 Hz, 1H), 3.81 - 3.72
(m, 2H), 3.61 - 3.56 (m, 2H), 3.47 — 3.43 (m, 2H), 3.23 (s, 3H), 2.70
(ddd, J = 13.8, 6.9, 3.9 Hz, 2H), 2.31 - 2.23 (m, 1H), 2.18 - 1.30 (m,
20H), 1.35 (s, 3H), 1.20 (d, J = 7.0 Hz, 3H), 0.98 (d, J = 6.9 Hz, 3H),
0.95 (d, J = 7.0 Hz, 3H), 0.89 (t, J = 7.4 Hz, 3H), 0.87 - 0.81 (m, 9H)
ppm; 3C{'H} NMR (101 MHz, CDCls) § 175.2, 136.1, 128.4, 128.2,
128.0, 107.5, 96.8, 87.2, 86.2, 85.6, 83.5, 81.4, 76.4, 76.3, 71.2, 68.0,
67.4, 66.2, 58.1, 40.9, 39.0, 37.0, 36.7, 36.0, 35.1, 34.7, 34.4, 33.5,
32.7, 32.2, 31.0, 29.5, 27.8, 25.6, 17.3, 16.0, 15.6, 12.2, 11.6, 11.0, 6.0
ppm; HRMS (ESI) m/z: [M + Na]™ Caled for C43HggNaO;; 783.4654;
Found 783.4661.

4.2.8. Synthesis of C26-phenyl O-urethane of MON (compound 8)

MON (compound 1, 200 mg, 0.30 mmol, 1.0 equiv.) was dissolved in
anhydrous toluene (10 mL). Phenyl isocyanate (34 mg, 0.28 mmol, 0.95
equiv.) was added dropwise to the reaction mixture. After 2 weeks, the
reaction mixture was concentrated on a rotary evaporator in vacuo.
Purification on silica gel using the CombiFlash system (0 %—50 %
EtOAc/hexane) gave the pure urethane 8 as a clear oil. After twice
evaporation to dryness with n-pentane, the oily product was completely
converted into white amorphous solid (127 mg, 54 % yield). Isolated as
a white amorphous solid, a single spot by TLC. UV-active and stains
green with PMA; 'H NMR (401 MHz, CD3CN) 6 7.94 (s, 1H), 7.48 - 7.41
(m, 2H), 7.31 — 7.25 (m, 2H), 7.06 — 6.99 (m, 1H), 4.24 — 4.17 (m, 2H),
4.09 (dd, J = 10.1, 1.5 Hz, 1H), 4.02 (d, J = 11.4 Hz, 1H), 3.93 (d, J =
4.2 Hz, 1H), 3.76 (dd, J = 9.7, 2.9 Hz, 1H), 3.67 (s, 1H), 3.57 (dd, J =
10.0, 5.2 Hz, 1H), 3.41 - 3.37 (m, 1H), 3.33 (s, 3H), 2.58 (p, J = 6.8 Hz,
1H), 2.19-1.27 (m, 24H), 1.39 (s, 3H), 1.15 (d, J = 6.8 Hz, 3H), 1.02 (d,
J = 6.9 Hz, 3H), 0.90 (d, J = 3.8 Hz, 3H), 0.89 (d, J = 4.2 Hz, 3H), 0.87 —
0.81 (m, 9H) ppm; 3C{'H} NMR (101 MHz, CDsCN) 6 177.4, 154.7,
139.9, 129.9, 123.9, 120.1, 119.6, 108.8, 97.7, 87.5, 87.4, 86.2, 84.3,
82.6, 78.0, 77.0, 72.1, 68.3, 68.2, 58.6, 41.5, 39.7, 37.8, 37.4, 36.7,
35.8, 35.4, 35.3, 34.1, 33.8, 33.4, 31.9, 31.0, 28.7, 27.1, 18.0, 16.7,
16.3,14.0, 12.0, 11.3, 8.7 ppm; HRMS (ESI) (m/2): [M + Na]* Calcd for
C43He7NNaO; , 812.4555; found 812.4573.

4.3. X-ray measurements

The X-ray intensity data for compounds 4, and 5 were collected using
graphite monochromatic Mo K, radiation on a four-circle x geometry
Xcalibur diffractometer with Sapphire2 area CCD detector. Data col-
lections were made using the CrysAlisPro 1.171.42.93a. Integration,
scaling of the reflections, corrections for Lorenz and polarization effects
and absorption corrections were performed using the CrysAlisPro
1.171.42.93a program.”® Using Olex2,?” the structure was solved by the
direct methods using SHELXT-2014/5°° and refined using SHELXL-
2018/3 program.®' The hydrogen atoms joined to carbon atoms were
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introduced in their geometrical positions and treated as rigid. The H
atoms involved in the hydrogen bonds were refined if they gave
reasonable hydrogen bonds, otherwise they were constrained. It was not
possible to locate all solvent molecules in crystal 4 due to their high
disorder. Since it was not possible to correctly model the disordered
molecules, we performed a “squeeze” treatment to remove the contri-
bution of these molecules to the scattering. The final difference Fourier
maps showed no peaks of chemical significance. Details of the data
collection parameters, crystallographic data and final agreement pa-
rameters are collected in Table S1. The hydrogen bonds are summarized
in Tables S2-S3. Visualizations of the structures were made with the
Diamond 3.0.?

4.4. In vitro assessment of hepatic stage antiplasmodial activity

The compounds’ antiplasmodial activity was assessed in vitro in
Huh7 cells, a human hepatoma cell line provided by Cenix Bioscience
GmbH and maintained in complete culture medium, consisting of Ros-
well Park Memorial Institute (RPMI) 1640 medium supplemented with
10 % (v/v) fetal bovine serum (FBS), 1 % (v/v) penicillin/streptomycin,
1 % (v/v) glutamine, 1 % (v/v) non-essential amino acids, and 10 mM 2-
(4-(2-hydroxyethyl)piperazine-1-yl) ethanesulfonic acid (HEPES) pH 7
(all from Gibco).

Stock solutions of the test compounds (10 mM) were prepared in
dimethyl sulfoxide (DMSO) and serially diluted in infection medium —
complete RPMI 1640 supplemented with 0.8 pg/mL amphotericin B and
50 pg/mL gentamicin (both from Thermo Fisher Scientific) — to achieve
the desired test concentrations. Huh7 cells were seeded at a density of 1
x 10* cells per well in 96-well plates and incubated at 37 °C with 5 %
CO2 and humidified atmosphere for 24 h. After incubation, the culture
medium was removed, and the test compounds, diluted in infection
medium, were added to the cells in triplicate. The cells were incubated
with the compounds for 1 h at 37 °C with 5 % CO, and humidified at-
mosphere. DMSO and Primaquine were used as the negative and positive
controls, respectively. Cells were then infected with 1 x 10* luciferase-
expressing P. berghei sporozoites, freshly extracted from the salivary
glands of infected female Anopheles stephensi mosquitoes reared in the
GiMM insectarium. The plates were centrifuged at 1800 x g for 5 min at
room temperature and then incubated at 37 °C with 5 % CO, and hu-
midified atmosphere. Cell viability was assessed 46 h later using the
AlamarBlue assay, according to the manufacturer’s instructions (Invi-
trogen). Parasite burden was determined 48 h after sporozoite infection
by a bioluminescence assay (Biotium). Fluorescence and biolumines-
cence were measured with a microplate reader (Tecan Spark). ICsg
values were calculated using GraphPad Prism software through
nonlinear regression analysis of normalized dose-response curves.

4.5. In vitro assessment of compounds cytotoxicity

The cytotoxicity of the test compounds to Huh7 cells was assessed
under similar conditions to those described above. Briefly, cells were
seeded in 96-well plates at 1 x 10* cells per well and incubated in
complete RPMI at 37 °C with 5 % CO, and humidified atmosphere for
24 h. The culture medium was then replaced with compound-containing
complete medium, supplemented with 0.8 pg/mL amphotericin B and
50 pg/mL gentamicin, at the desired test concentrations. DMSO in
amounts equivalent to those present in the different compound dilutions
was used as a negative control. After a 46 h incubation, cell viability was
assessed using the AlamarBlue assay, and fluorescence was measured
using a microplate reader. CCsg values were determined by nonlinear
regression analysis of normalized dose-response curves using GraphPad
Prism software.
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