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most potent and rapidly acting antimalarial drugs."*! Never-
theless, artemether (3) and artesunate (4) have short terminal
half-lives, a consequence of facile metabolism to DHA™ a
highly neurotoxic compound.®® Therefore, there is an urgent
need to develop practical routes to new derivatives that are
more stable and do not undergo metabolism to DHA.>3’

The compounds act on all stages of the intraerythrocytic
parasite, induce ultrastructural changes in parasite mem-
branes,"! and affect membrane and other proteins."” The
bioactive agents are held to be C-centered radicals, generated
by scission of the peroxide to give an alkoxyl radical, followed
by abstraction of a hydrogen atom at C4 and cleavage of the
C3—C4 bond (Scheme 1). Peroxide scission is induced either
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Scheme 1. Proposed formation of C-centered radicals from artemisinin (1) by fer-
rous heme [Fe"PPIX] or exogenous Fe'. Fe"'=ferric heme or Fe'"'. Detailed discus-

sions are given in refs.[25,27].

by heme within the parasite food vacuole or by non-heme,
“exogenous” iron. In both cases, iron must be in the 411
state.'*!¥l The C-centered radicals are held to alkylate
undefined sensitive biomolecules in the parasite.>?! As
artemisinin (1) reacts with heme to give covalent adducts,?>>!
a correlation has been drawn between this type of reaction
and antimalarial activity for trioxanes in general.”®! For
exogenous iron, trapping experiments with cysteine are also
interpreted in terms of C-centered radicals.””! On the basis of
the hypothesis,®® “rational design” in the synthesis of new
analogues!™ and modular antimalarial drugs®” has been
claimed.

We are preparing new artemisinin derivatives in a
program in which we address the problems of metabolism
to DHA and of neurotoxicity, and seek to improve efficacy
through the application of pharmacokinetic parameters
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designed to enhance solubility and
adsorption of the neutral drug.”
We now report that some of our

compounds display very high activ- peripheral blood on D+4.

Table 1: In vivo screens against the chloroquine (CQ)-sensitive P. berghei N strain and the CQ-resistant
P. yoelii NS strain according to the Peters four-day test; mice treated daily subcutaneously (sc) or orally
(po) from day of infection (D 0) through D +3; results (EDy, [mgkg™']) evaluated from parasite counts in

ity in vivo against the malaria  Cmpd.  P. berghei P. berghei P. berghei P. yoelii P. yoelii P. yoelii
parasite, and they thereby provide EDy, | EDyo | flrtesirate EDqg | EDy, | .arteSl[,:;qate
an opportunity to test the current [mgkg™:sc]  [mgkg™: po]  index [mgkg™:sc] [mgkg™": po] index
hypothesis for the mode of action. e po sc

A solution of the DHA trime- 4 4.6 9.3 1.0 1.0 420 - 10
thylsilyl ether 5 in dichlorome- 17 1.45 3.5 32 266 220 - 1.9

. 18 0.78 24 59 388 085 3.0 49.4

thane Was tr;esated with bromotrl- 19 0.46 1s 00 69 05 " e
methylsﬂane[ 1 and then with an 20 018 13 %6 715 125 a4 e
excess of a primary or secondary 22 1.16 50 40 186 108 - 396

alkylamine to give exclusively the
10a-alkylamino derivatives 6-20
(Scheme 2). Arylamino deriva-
tives, for example, 21, may also be prepared.” The reaction
proceeds by means of nucleophilic displacement by the amine
on the unstable 10p (axial) bromide intermediate, which is
detectable in reaction mixtures by '"H NMR spectroscopy.”!
Whilst yields are moderate (up to 60%), the method is
straightforward and applicable to primary and secondary
alkylamines, and primary aromatic amines.

Results of in vivo screens for compounds 17-20 conducted
against chloroquine(CQ)-sensitive P. berghei and CQ-resis-
tant P. yoelii in mice according to the Peters' four-day test are

oy

N)\IN
, G
Scheme 2. Preparation of C10 aminoalkyl and aminoaryl derivatives

6-21 of DHA (2). a) 1. SiMe,Br, CH,Cl,, 0°C, 45 min; 2. alkylamine
(2.0 equiv), 0°C to room temperature, 12 h, then NH,CI/H,O.

®
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given in Table 1.” For comparative purposes, data acquired
in the same screens for artesunate (4), the most active of the
artemisinin derivatives currently in clinical use, and the aryl
derivative 22 are also included.” For P berghei, the amino
derivatives are 3-26 times more active than artesunate when
administered subcutaneously (sc), and 3-7 times more active
when administered orally (or). For P. yoelii, the compounds
are 2-81 times more active by the sc route (Table 1). The
activities of compounds 18-20 in the murine malaria models
appear to be superior to those of any other peroxide-
containing antimalarial compound, either derived from
artemisinin or of the synthetic trioxane-type, ever recorded.
Thus, we have identified a new class of artemisinin derivatives
with the potential for further development.

In order to evaluate the correlation between the antima-
larial efficacy of these compounds with their reactivity
towards ferrous heme or Fe™, we also include the hydrolyti-
cally stable compounds 22 and 23. The former possesses very
good in vivo activities, especially against CQ-resistant P, yoelii
(Table 1), and the latter, unlike artemisinin (1) and DHA (2),
does not interact at all, for example, by complex formation,
with ferric heme, and thereby does not interfere in formation
of B-hematin or hemozoin, the heme dimer.®!! In comparison
with artemisinin (1), compound 23 possesses superior in vitro
activity against P. falciparum and is approximately equipotent
in vivo against P. berghei.’”

The heme experiments were carried out as previously
described.”! The artemisinin derivative, heme (ferriproto-
porphyrin IX chloride), and L-cysteine (1 equiv of each) were
stirred in buffered solution of deionized water/acetonitrile
(1:1, pH 7.4) under nitrogen in the dark for 24 h.** After
extraction with ether and dichloromethane, and then filtra-
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tion through Celite, the crude product mixture was examined
by 'HNMR spectroscopy with an internal standard (1,3,5-
trimethoxybenzene) to determine the amounts of the
unreacted derivative. The signal for H12 (for numbering,
see 1), a singlet which appears away from other signals in the
spectra of these compounds, was used as the reference signal.
The major products are presumed to be heme adducts of the
artemisinin derivatives, which are insoluble in organic sol-
vents:¥ no attempt was made to isolate them. The heme
adduct from artemisinin has been thoroughly character-
ized™ For the amino derivatives 18 and 19, the most
significant by-product was DHA (2); very little of any other
product was obtained for the other compounds (Table 2). The
most striking observation is that compounds 22 and 23 do not
undergo significant decomposition.

Table 2: Reaction of artemisinin derivatives with ferriprotoporphyrin IX
chloride/L-cysteine (each 1 equiv) in buffered MeCN/H,O (pH 7.4)
during 24 h at 23°C.

Cmpd. Unreacted cmpd. [%)] Other products (%)
18 18 2 (6), 24 (6), 25 (4)
19 62 2 (18), 25 (2.5)
20 67 not determined
22 >99 not determined
23 >99 27 + 30 (<1)

Next, the reactivity of the derivatives towards Fe"" was
assessed (Table 3). Iron(u1) sulfate in aqueous MeCN was
used, in line with established practice in this type of

Table 3: Reaction of artemisinin derivatives with Fe" sulfate in 1:1

MeCN /water during 24 h at 23°C.
Artemisinin FeSO,-7H,0 Unreacted

Other products (%)

derivative  [equiv] derivative [%]
18 03 9% 4 (3), 2 ( )
1.0 63 4 (25), 25 (12)
19 0.3 97 4 (2),2 ( )
1.0 78 4 (16), 25 (6)
23 0.3 0 6 (1), 27 (41), 28 (51), 29
(5) 31 (1.5)
1.0 0 26 (< 1), 27 (46), 28 (45), 29
(6) 31 (2.0)
19 +23 03 19:96,23:4 24 (3), 25 (1), 26 (6), 27
(1 equiv) ( )28 (). 29 9 31 ()
1.0 19:89,23: 0 24 (7), 25 (4), 26 (13), 27
( 1), 28 (41), 29 (5), 31 (0)

study.”21-2-3 The artemisinin derivative with iron(t) sulfate
in 1:1 deionized water/MeCN was stirred at 23°C for 24 h.
The mixture was extracted with dichloromethane, and the
products (24-31) were isolated by chromatography. Identity
was secured by spectroscopic characterization and by com-
parison with literature data.[**!

Notably, the highly antimalarial-active compounds 18 and
19 displayed poor reactivity towards Fe'. In contrast, com-
pound 23 was completely decomposed. It may be argued that
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the poor reactivity of the first two compounds towards Fe"
arises because the basic piperazinyl groups prevent the iron
from entering into the redox chemistry associated with
cleavage of the peroxide (cf. Scheme 1) through modulation
of the pH of the aqueous reaction medium. However, that the
Fe' in fact remains catalytically active was established by
treatment of equimolar mixtures of compounds 19 and 23
with iron(i) sulfate under the foregoing conditions. Each
compound in the mixture behaved essentially as it did alone;
that is, Fe'' remains catalytically active in inducing decom-
position of 23, whereas 19 was still unreactive (Table 3).
Reactions with compound 23 were also run in the presence of
2-naphthalenethiol and iron(ir) sulfate at different concen-
trations (0.005, 0.3, and 1.0 equiv). This did not greatly affect
yields or ratios of products, although
the unstable adduct 32 was obtained in
variable, but low, yields.””! Its forma-
tion belies the elaborate explana-
tion®™ put forward for formation of
cysteine adducts in related experi-
ments.

In summary, we have developed a
straightforward route to highly anti-
malaria-active artemisinin derivatives, which will be amena-
ble for development of selected lead compounds. We also
show that the hydrolytically stable compounds 22 and 23 are
inert to ferrous heme, whereas under essentially the same
conditions, compound 23 is completely decomposed by free
Fe™. In further contrast with the reactivity of 23, the highly
antimalaria-active alkylamino derivatives 18 and 19 are
relatively unreactive towards free Fe'. Their reactions in
the presence of ferrous heme appears to depend partially on
the nature of the amino group at C10. In any event, the
formation of the hydrolysis product, DHA (2), in the heme
reactions indicates activation of the piperazinyl substituent by
complexation with heme-Fe"" or -Fe™ to displacement by
water in the reaction medium takes place. In the reactions
involving free Fe', it is possible that the piperazine forms a
complex with Fe', and the amine-iron complex blocks access
of further iron to the peroxide bridge.
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These results, coupled with those of earlier work,'**! and
other arguments (see below), seem now to exclude the
possibility that an activation pathway involving heme-Fe"
underpins antimalarial activity of artemisinin derivatives. In
the case of free, that is, non-heme or “exogenous” Fe", others
have sought to demonstrate a correlation between antima-
larial activity and reactivity under the reaction conditions
described herein.?*2"2>3+38 However, as no such correlation
exists for our compounds,® the use of such a probe to
establish the chemical basis for antimalarial activity in general
has to be treated with considerable caution, especially as so
little is known of the biological environment in which the
artemisinin derivative purportedly reacts with the iron. Given
that the hypothesis involving “activation” of artemisinins by
Fe", and the migration and reaction of the resulting C-
centered radicals with sensitive biomolecules has its genesis in
such studies,™ the hypothesis itself must also be brought into
question.

We have noted previously that several antimalaria-active
trioxanes cannot obviously generate C-centered radicals
according to the formalism of Scheme 1.141%% Whilst many
peroxides are susceptible to reductive cleavage by ferrous
iron, a large number also display at best feeble antimalarial
activity,***J and further, the Fe'"" formed by oxidation of Fe!
by the peroxide (cf. Scheme 1) is capable of oxidizing the C-
centered radicals to carbocations.*"***! Artemisinin deriva-
tives do not inhibit but rather are potent inducers of PhaseI-
metabolizing P450 (CYP) enzymes, in which the heme
hydroxylates the periphery of the molecule syn to the
peroxide without interfering with it.”! Further, the seco-C4
radical (Scheme 1) held to be produced in the reaction with
ferrous heme clearly cannot be trapped by the L-cysteine
(present work), or other thiols,™® used to generate ferrous
heme; clearly, if the C-centered seco-C4 is formed at all, it
reacts exclusively with the proximate heme. In general,
artemisinin and derivatives affect intraerythrocytic stages of
the parasite in which catabolism of hemoglobin to produce
heme does not take place, namely tiny rings and gametocytes,
and further, locate to parasite membranes, not the food
vacuole containing the heme.'™*! Overall, the weight of
evidence suggests that binding of the artemisinin to a specific
target is involved, as we have pointed out previously.”!53!
The peroxide itself may be activated concomitantly with, or
subsequent to, binding to generate either hydroperoxide, or
derived electrophilic oxygenating agent, or oxygen-centered
radical capable of inducing irreversible inhibition.* 18314l
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