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Ancient Chinese folk medicine has led relatively recently to B 3b  OMe

chemical identification of the 1,2,4-trioxane sesquiterpene
artemisinin (ginghaosul), representing a new class of fast- Table 1. Chemical StructureAntimalarial Activity Relationships

acting, clinically useful, antimalarial drug€. This natural in Chloroquine-Sensitiv®lasmodium falciparunfNF54) Parasites
endoperoxide and some related synthetic organic endoperoxidesn Vitro*®

causing oxidative stress to malaria parasitese reduced by X4_ H H

the iron-rich parasites to form cytotoxic radical intermedidtes. “Q RQ

We have designed and synthesized some structurally simplified 09278 o

1,2,4-trioxanes to determine whether they are reduced by ferrous OMe R OMe

iron to form the same kinds of radical intermediates as formed 4-8 10-15

upon iron(ll) reduction of artemisinin® The simplified triox- ICso

anes we report here were formulated such that an intermediate

carbon-centered radical would be intercepted befeseission trioxane X R ng/mt nM

of Fe(lll)—O [<Fe(IV)=0] either by a competing-scission 4 Ph CHCH,OH 3.0 8.3
of a better radical leaving group*Xrom radical intermediate 5 MesSi - CH.CH,OH 86 240
2a (Scheme 1A) or by a competing subsequent 1,5-hydrogen ? ';,"?S” ﬁ"kCHon >1ogg >253%%
atom shift in radical intermediat@a (Scheme 1B); such 8 MesSn H 1000 >2500
mechanistically competing reactions were expectedttrupt

formation of a high-valent ironoxo species and thus to 10 Me 220 960
diminish or to undermine completely the antimalarial activity '(ECtH) CHCH,CH 1Zé) 17;8
of these artemisinin analogs. Also, another analog was designed; 3 Pthl-iCHZCHz ? 35 110
to have improved and therefore medicinally more desirable 14 CH,—=CH 11 46
antimalarial potency by incorporating a structural feature that 15 Ph 11 38
would facilitate 5-scission of a high-valent irenoxo species. artemisinin () 3.0 11
We report heren vitro antimalarial activities that support the  greether 1.9 6.1
intermediacy of such high-valent iretoxo speciesvia the chloroquine 2.6 5.0

[-scission pathway in the antimalarial artemisinin analogs shown = Antimalarial activity was determined as reported previofsTjhe
in Table 1. We report eyldence also of a simple Q|ketone 8S aN giandard deviation for each set of quadruplicates wd5% of the
unexpectedly antimalarial product formed upon iron(ll) reduc- \,ean. R2 values for the curves were0.993.

tion of a trioxane.
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o, artemisinin (1)
'= OC,H5, arteether
'= OCH,SnBuz, 9

R=R'=
R=H,
R=H,

Further experimental support for these mechanistic conclu-

Communications to the Editor

3-phenyltrioxanel5!® also has high antimalarial activity, its
reduction by FeBrunexpectedly does not generate high-valent
Fe=O (i.e., no rearangement of HMDB) but does generate an
antimalarial product (diketon&7). The two major products of
FeBr, reduction of 3-phenyltrioxand5 are ring-contracted
tetrahydrofuranlé and 1,5-diketond 7, formed plausiblyvia
electron transfer to oxygen-1 of trioxad® (eq 2)7 Because

sions comes from the ferrous bromide induced transformation some dicarbonyl compounds are known to alkylate protkins,

of Cys-stannyl analog8 into two major non-tin-containing
olefinic products (eq 1). Although formation of non-tin-
containing terminal olefirBb might result from a concerted
radical fragmentatichinitiated by electron donation from Fe-
(I) to oxygen-1 in trioxane8, formation of exocyclic olefin
8a, isolated in 15% vyield, must arise frofliscission of Me-
Srt from its Cy-radical precurso?. Thus, at least 15% of the
Fe(ll) reduction of trioxane proceedwia the antimalarially
crucial pathway involving Gradical2a (Scheme 1AJ0

1)

FeBr,

THF
8 0°C

+ OMe
8b, 71%

8a, 15%

Cs-substituted analog$2 and 13, in which a 1,5-hydrogen
atom shift from the secondary s€adical intermediate3a
(Scheme 1B) could occur to form tertiary radiczh (from
analog 12) or even considerably more stablesecondary
benzylic radical3b (from analog13), both have comparable
and considerable antimalarial activity. Thus, competing sub-
sequent 1,5-hydrogen atom shiftsapparently are not fast
enough to intercept the keys@adical intermediates before
f-scission of Fe(ll1)-O* can occur. The antimalarial activities
of analogs12 and 13, being much higher than those o§-C
methyl and G-ethyl analog® 10 and11in which no subsequent
1,5-H shift is possible (Table 1), may be due to the higher
lipophilicity of analogs12 and 13 and therefore possibly also
to their better transport in biological systems. Both- C
substituted analog$2 and 13 react with ferrous bromide and
excess HMDB in THF to form hexamethylbenzene, a rear-
rangement characteristic of a high-valent ir@xo intermedi-
ate® In a control reaction, HMDB in THF was not rearranged
when ¢-BuO), was reduced by FeRr

To facilitate g-scission of Fe(llI)-O* from the G-radical
intermediate, leading to formation of &-€C, carbon-carbon
double bon®® a structural feature that would stabilize such a
new olefinic bond was incorporated. ;-€inyl analog14,” in
which the new olefinic bond can be stabilized by conjugation
with the unsaturated 4substituent, is considerably more
antimalarially active than the corresponding-&hyl analog
11130 Ferrous bromide induced reduction of peroxidecauses
rearrangement of HMDB into hexamethylbenz&nalthough

(8) Curran, D. P.; van Elburg, P. A.; Giese, B.; GilgesT8trahedron
Lett 199Q 31, 2861. These mechanistic details are being investigated further,
and results will be reported in a full paper in due course.

(9) (a) Kochi, J. KJ. Am. Chem. S0d.962 84, 1193. (b) Motherwell,
W. B.; Crich, D. Free Radical Chain Reactions in Organic Synthgsis
Academic: New York, 1992; Chapter 4. (c) Davies, A. G.; Roberts, B. P.;
Tse, M.-W.J. Chem. Soc., Perkin Trans.1®78 145.

(10) For example, FeBiinduced reduction of the potent antimalarial
artemisinin leads to only 1015% of its G-hydroxylated productia the
crucial G-radical intermediaté.

(11) Approximate homolytic EH bond dissociation energies (kcal/mol)
are as follows: primary, 98; secondary, 94.5; tertiary, 91; Ph€HH 85;
see: Solomons, T. W. ®rganic Chemistry5th ed.; John Wiley & Sons:
New York, 1992, p 266.

(12) Ceccherelli, P.; Curini, M.; Marcutullio, M. C.; Mylari, B. L,;
Wenkert, EJ. Org. Chem1986 51, 1505. (b) Sejbal, J.; Klimot, J.; Vystrcil,
A. Coll. Czech. Chem. Commuh988 53, 118.

(13) (a) Jefford, C. W.; Velarde, J. A.; Bernardinelli, G.; Bray, D. H.;
Warhurst, D.C.; Milhous, W. KHelv. Chim. Actal993 76, 2775. (b)
Posner, G. H.; Oh, C. H.; Gerena, L.; Milhous, W. Keteroat. Chem.
1995 6, 105.

as does artemisinif, the in vitro antimalarial activity of 1,5-
diketone17 was determined (1§ = 330 ng/mL, 1400 nM).
This is the first time that any diketone has been reported to
have antimalarial actbity;!® the low antimalarial activity of
diketonel7 may be due to its relative difficulty in reaching the
malaria parasite inside the red blood cell. Thus, phenyltrioxane
15may be acting in part as a prodrug for release of 1,5-diketone
17 inside the malaria parasité.
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In conclusion, the results summarized in eq 1 show that when
a group like MgSn, being a better radical leaving grdupan
Fe(lll)—0Or, is situated as in trioxan® then generation of Fe-
(Il —O is precluded ¢f. Scheme 1A). The absence of
antimalarial activity of tin-containing compoundsand 8, in
contrast to the considerable antimalarial activity of structurally
similar compounds 4, 5, and 7, provides the first evidence
supporting the central role of a biologically relevénhigh-
valent iron—oxo species in the mode of action of antimalarial
analogsof the natural trioxane artemisinfn.Also, the first
example is provided of any 1,5-diketone having antimalarial
activity 18.19
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