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Cysteine Protease Inhibitors

Design and Synthesis of Endoperoxide
Antimalarial Prodrug Models**
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There has been an increase in support for combination
chemotherapy as a rational strategy to combat malaria.l'! It is
anticipated that, in addition to pharmacodynamic benefits
such as the synergistic effect of drugs, combination therapy
will delay the development of drug resistance in the malaria
parasite P. falciparum. For malaria chemotherapy it was
suggested that one component of such a drug combination
should be a 1,2,4-trioxane-containing artemisinin derivative,
as these compounds show fast antiparasitic action.>? Very
recently, an extension of this approach resulted in the
elaboration of new potent modular antimalarial agents.
These active compounds each contain two antimalarial
pharmacophores, such as 1,2,4-trioxane and aminoquino-
line™*! or an aliphatic diamine,® within the same molecule.

Herein, we describe a paradigm for a masked combination
chemotherapy which relies on the embedding of a number of
active components, in a latent form, within a single endoper-
oxidic chemical entity. Following penetration as a “Trojan
horse” into the ferrous-rich food vacuole (FV) of the malaria
parasite, these endoperoxidic prodrugs will be unmasked by
in situ iron(i1)-mediated fragmentation thus releasing multiple
parasiticidal entities.”!

Our approach is illustrated by means of the purposely
designed bicyclic endoperoxide prodrug prototypes 1 and
subsequently proved through the study of model compounds
2. The substituents at position 4 in 1 should secure the in situ
generation of chalcones of type 3 alongside additional
noxious species as shown in Scheme 1. Some of these active
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Scheme 1. The designed ferrous-catalyzed degradation of the generic
prodrug 1.

species are reminiscent of those generated by artemisinin and
related trioxanes and presumably kill the parasite through a
similar mode of action. In contrast, chalcones 3 cannot be
formed by ferrous-mediated degradation of the currently
known 1,2,4-trioxanes. On the other hand, a series of
chalcones have been found to be effective antimalarial
cysteine protease (CP) inhibitors."”! Moreover, natural lico-
chalcone A (4) was reported to provide efficacious protection
against P. berghei malaria in mice.!""! Falcipain 2, a CP of the
papain family, is a P. falciparum FV hemoglobinase; it acts in
concert with some aspartic proteases to degrade hemoglobin,
thus enabling the malaria parasite to acquire amino acids for
its protein biosynthesis.'"” Therefore, plasmodium CPs con-
stitute an attractive target for antimalarial drug
research. 1213
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The designed prodrugs 1 are new representatives of an
emerging class of promising antimalarial endoperoxides
which contain the 2,3-dioxabicyclo[3.3.1]nonane framework
5 and are structurally related to naturally occurring ying-
zhaosu A (6)."*" Synthetic endoperoxides, such as arteflene
(7, Ar =2 4-bis(trifluoromethyl)phenyl) and its analogues,!'®!
as well as the B-sulfonyl endoperoxides 8a and 8b and related
compounds,'>718] were found to be potent and nontoxic
antimalarial agents in vivo. In vitro antimalarial activity was
reported for 4-acetal, 1,4-diacetal, and 1- or 4-iodomethyl
derivatives of 8.1

Biomimetic Fe'-induced degradation reactions of arte-
flene (7) provided some clues on the mode of action of these
endoperoxides.”>? Thus, on being subjected to ferrous-
mediated fragmentation in water/MeCN, arteflene (7) gave
the stable enone 10 and the transient carbon-centered
cyclohexyl radical 11 (Scheme 2).”? This latter species was
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Scheme 2. Fe'-catalyzed degradation of arteflene (7).

directly detected by EPR™®! and trapped with TEMPO
(2,2,6,6-tetramethylpiperidinyloxy) in a degradation induced
by Mn''-tetraphenylporphyrin (TPP).?!! (Parallel biomimetic
studies with the sulfonyl endoperoxide 8a demonstrated that
secondary C-centred radicals, related to 11, can also readily
undergo oxidation by Fe™ to potentially toxic carbocat-
ions.”!") Whereas the enone 10 liberated from arteflene is
inactive against Plasmodium falciparum,* the prodrugs
described herein have the capacity to liberate an enone of
the chalcone class with antimalarial activity.[!*!1-]

The synthesis of the model endoperoxides 2 is depicted in
Schemes 3 and 5. Ozonolysis of commercially available (R)-
limonene oxide (12) followed by in situ reduction and
transformation of the internal epoxide into the corresponding
alkene!® afforded the unsaturated ketone 13 (50%:;
Scheme 3). The subsequent formation of the kinetic enol
triflate 14 was initially attempted with trifluoromethanesul-
fonic anhydride. However, the unsatisfactory yield (8%)
prompted us to use PhNT£E™ as the triflating agent and
KHMDS as the base, which provided the triflate 14 in 64 %
yield. The triflate 14 was then subjected to a nickel-catalyzed
cross-coupling®! with phenyl magnesium bromide to give 15,
a phenyl analogue of (R)-limonene (75 %; Scheme 3).

Recently we applied the free-radical, four-component,
sequential thiol-olefin co-oxygenation (TOCO) reaction to
limonene and similar monoterpenes, thus providing an
efficient tool for the construction of the 2,3-dioxabicy-
clo[3.3.1]nonane system 5.5%3! This reaction was found to
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Scheme 3. a) O,;, —78°C, CH,Cl,; b) Nal, AcOH, AcONa, Zn (50%
from 12); ¢) KHMDS (1.5 equiv, 1.0Mm in THF), PhNTf, (1.5 equiv),
THF, —78 ——40°C, 64 %; d) PhMgBr (2 equiv), [Ni(acac),] (0.1 equiv),
Et,O, room temperature, 75%; €) PhSH (1.2 equiv), AIBN (0.07 equiv),
O, (excess), hv, 0°C, CH;CN; f) Ph;P (1.6 equiv), CH;CN, CH,Cl,, 0°C
to room temperature (70% from 16; 17a/17b ca. 4:3). KHMDS =
potassium hexamethyldisilazane; PhNTf, = N-phenyltrifluoromethane-
sulfonimide; acac = acetylacetonate; AIBN =azabisisobutyronitrile.

be particularly suitable for the formation of the bicyclic
endoperoxidic backbone of model compounds 2. Optimiza-
tion of this reaction led to the following protocol: a solution of
PhSH was added during 30 min to a solution of the 1,5-diene
15 and AIBN in acetonitrile at 0°C under small positive
pressure of pure oxygen and under UV irradiation, to afford
the hydroperoxy endoperoxides 16. The reactive hydroperoxy
group was reduced selectively in the same vessel with Ph;P to
give the rather stable hydroxy endoperoxides 17. The
diastereomeric compounds 17a,b (a/b ca. 4:3) were isolated
after flash chromatography in 70 % yield (average yield per
newly formed bond: > 93 %). The mechanism of the sequen-
tial TOCO reaction is illustrated in Scheme 4.

PhS * O,
Ph —
15 . SPh
A Ph
Sty
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Scheme 4. Mechanism of the TOCO reaction.

It has been noted for the case of the parent limonene that
it is necessary to maintain a low concentration of PhSH and a
high monoterpene/PhSH ratio throughout the TOCO reac-
tion to obtain the bridged bicyclic endoperoxides in good
yield.®Y However, because of the supporting effect of the
phenyl group in the phenyl analogue 15, addition of the
sulfanyl radical to the terminus of the exocyclic C=C bond in
15 to generate radical A is faster (Scheme 4). The phenyl
group stabilizes radical A, thus shifting the equilibrium 15=A
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to the right and accelerating the whole chain process. As a
result, the TOCO reaction gave the hydroperoxy endoper-
oxides 16 in high yield, even in a more concentrated solution,
in shorter reaction times, and with close to stochiometric
ratios of the reagents.

The configuration of the diastereomeric sulfides 17a and
17b was assigned based on their NMR spectra in accordance
with the previously formulated empirical rules.’”!l Some
relevant '"H NMR data are shown in Figure 1. The assignment
for 17a by NMR spectroscopy was corroborated by the crystal
structure of the corresponding crystalline acetoxy sulfone 17¢
(Figure 1), which was obtained in a silylation, acetylation,
and oxidation process.*3!

OH 3.[81 brd

3124
(/=123 Hz)

Ph ™ 363d
(=127 Hz)

17a

3.24d

1. TMSOT, AcCl =123 Ha)

2. mCPBA

Figure 1. Distinctive '"H NMR data for sulfides 17a and 17b, and syn-
thesis and X-ray crystal structure of the sulfone 17¢ (ORTEP).*

The completion of the synthesis of the model prodrugs 2 is
described in Scheme 5. The acetylation of the sterically
hindered tertiary hydroxy group in 17a to give the sulfide
18 was achieved by 1) silylation with TMSOTH, and 2) acyla-
tion of the crude TMS derivative with neat AcCLI'"*3 The key
aldehyde intermediate 20 was obtained by a Pummerer-type
oxidative desulfurization as reported for similar endoperoxi-
dic sulfoxides:!" selective oxidation of 18 with mCPBA
afforded a mixture of the epimeric sulfoxides 19; treatment of
19 with TFAAP afforded the desired aldehyde 20 (40%).
Finally, this aldehyde was converted into the prototypic
prodrugs 2a—c through a Wittig cis olefination./6*"!

The endoperoxidic prodrug prototypes 2a—c were assayed
for in vitro antimalarial activity against the chloroquine-
resistant K1 strain of Plasmodium falciparum (Table 1). The
data are encouraging in the sense that all of the prepared
analogues 2 have superior activity to the Hoffmann LaRoche
antimalarial drug candidate arteflene (7).

A biomimetic Fe"-mediated degradation of the model
endoperoxide 2a in H,O/MeCN at room temperature accord-
ing to the previously described protocol®?! afforded the
expected trans chalcone 3a (45%) as the major product
(Scheme 6),** along with a smaller amount of the diol 21
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2a; Ar = Ph (20%)
2b: Ar = p-FCgH, (31%)
2¢: Ar = p-CICgH, ( 40%)

Scheme 5. a) TMSOTY (2 equiv), 2,6-lutidine (2.75 equiv), CH,Cl,, 95%;
b) neat AcCl (60% from 17a); c) mCPBA (1.1 equiv), CH,Cl,, 0°C,
85%; d) TFAA (2 equiv), morpholine, CH;CN, 40%;

e) (ArCH,)Ph,P*Br~ (1.4 equiv), KHMDS (1.4 equiv), THF, —10—
25°C, 2 h. TMSOTf=trimethylsilyl triflate; TFAA=trifluoroacetic anhy-
dride.

Table 1: In vitro antimalarial activity of prototype endoperoxides 2a—c
against the K1 strain of P. falciparum.

Compound ICso [NM] SD+
2a 34 4
2b 29 5
2c 23 4
arteflene (7) 47 8
artemisinin 15 4

(33%), the product of a two-electron reduction.”” (The
chalcone 3a is a surrogate marker for the generation of the
secondary C-centered radical 22.) More significantly, LC-MS

OAc

Fe''to O,
C4-C5 bond
cleavage ¢

a)
Fe'
two-electron
¢ reduction

e} OAc
=

3a (45%)

.
OAc
22

Scheme 6. a) FeCl,-4H,0 (1 equiv), CH;CN/H,O (1:1), room tempera-
ture.

21 (33%)
for further transformations,
see reference [25]
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analysis of ethyl acetate extracts of isolated FVs of mid-term
trophozoites exposed to 50 um prodrug clearly demonstrated
the presence of parent chalcone 3a. Quantification was
achieved by LC-MS monitoring of [M+H] at m/z 209.3. The
chalcone 3a was identified by matching the MS/MS spectrum
of the parent ion and by comparing the retention times with
those of an authentic sample.

In conclusion, we have developed a general synthetic
route for the preparation of a promising class of antimalarial
prodrug candidates of the general structure 1. Compound 2a
was chosen as a prototype. It was expected that for a variety of
substituents R' and R? at C8 of the bridged bicyclic frame-
work 5, different compounds of type 1 (Ar' = Ar’ =Ph) would
act as precursors to the chalcone 3a, which is the prototype of
the known CP inhibitors 3 and 4. Indeed, it was proved that
the endoperoxide 2 a liberates, through iron(i1) mediation, the
chalcone 3a and additional potential parasiticidal species. Not
only did all three model compounds 2 exhibit significant
antimalarial activity but definitive proof that these systems
are capable of liberating a chalcone in the living parasite was
provided by LC-MS analysis of prodrug-exposed parasites. It
is planned to extend the present work by studying compounds
of type 1 with masked chalcone units endowed with varying
CP-inhibition potential and antimalarial potencies.
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