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Abstract—The alkylating properties of two artemisinin derivatives bearing a trifluoromethyl substituent at C10 were evaluated
toward manganese(II) tetraphenylporphyrin, considered as a heme model. Chlorin-type covalent adducts were obtained by alkyl-
ation of the porphyrin ring by C-centered radicals derived from reductive activation of the peroxide function of the drugs.
# 2003 Elsevier Science Ltd. All rights reserved.

From the discovering of artemisinin1 1a (Fig. 1), the use
of peroxide-based drugs for the treatment of multi-drug
resistant malaria has been a promising approach. Arte-
misinin and its currently used hemisynthetic derivatives
artemether 1b and artesunate 1c are rapidly absorbed,
resulting in the more rapid parasite clearance among the
available antimalarial drugs.2 However, they are also
rapidly eliminated3 (half-life in plasma <2 h) resulting
in an incomplete elimination of parasites leading to
recrudescences when these drugs are used alone.
Another drawback of artemisinin itself is its poor solu-
bility in both water and oil that hampers its bioavail-
ability.

To improve the pharmaceutical profile of artemisinin, a
lot of derivatives have been synthesized, mainly by
reduction of the lactone at C10 followed by functional-
ization of the obtained lactol.4 Compounds bearing a
fluoroalkyl substituent at C10 are of special interest
owing to the hemiketal function stabilization by an
electron withdrawing group, preventing a rapid meta-
bolism. In addition, fluoroalkyl groups increase the
lipophilicity of the compound (log P=4.36, vs 3.36 for
artemether). Another motive for preparing fluorinated
artemisinin derivatives is that they can be detected and
localized in vivo by several imaging techniques.5

The synthesis of 10a-(trifluoromethyl)hydroartemisinin
2 and 10b-(trifluoromethyl)trimethylsilyloxyartemisinin
3 was recently reported.6�8 Compound 2 is active
against the chloroquine resistant W-2 Indochina Plas-
modium falciparum strain (IC50 value is 2.6, compared
to 5.4 nM for b-artemether) and, in vivo, protects well
mice from infection.8b Conversely, compound 3 has a
poor activity in vitro (IC50=72 nM) as well as in vivo.9

The heme promoted reductive homolysis of the peroxide
bond of artemisinin and related trioxanes leading to C4-
centered alkylating radicals has been documented10�12

and considered as pharmacologically relevant.10,13

Similar C4-centered radicals were probable inter-
mediates of the thermal decomposition of artemisinin
previously reported.14 Alkylation of heme,12 or of a
synthetic metalloporphyrin, manganese(II) tetra-
phenylporphyrin (MnIITPP) used as a heme model, by
artemisinin,15 artemether,16 or synthetic antimalarial
trioxanes17 has been reported, and the resulting por-
phyrin–drug covalent adducts have been characterized.

Alkylation of MnIITPP by Trioxane 2

To check if the alkylating ability was maintained with
pharmacologically active trifluoromethyl derivatives of
artemisinin 2 and 3, we investigated their reactivity
toward manganese(II) tetraphenylporphyrin in condi-
tions that has been previously used for artemisinin and
artemether.15 For this purpose, trioxane 2 was incubated
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with MnIITPP generated in situ from MnIII(TPP)Cl and
borohydride in degassed dichloromethane at room tem-
perature for 2 hrs ([MnIII(TPP)Cl]=13.9 mM, [2]=19.3
mM, [nBu4N

+BH4
�]=113 mM, molar ratio

MnIII(TPP)Cl/[2]/BH4
�=1/1.4/8). This reaction pro-

vided, after demetallation of the macrocycle (with cad-
mium nitrate followed by aqueous acetic acid 10
vol%)15 and purification by chromatography, the
chlorin-type adduct H2TPC–2 (Fig. 2, yield=20%), as
expected from the reaction of MnIITPP with the parent
drug artemisinin.

The UV–visible spectrum of the demetallated adduct
H2TPC–2 was characteristic of a chlorin-type macro-
cycle [lmax (nm) (rel. intens.) 372 (19), 406sh (70), 420
(Soret, 100), 518 (8), 546 (6), 598, (3), 650 (13), with a
ratio e650/e420=0.13]. In the 1H NMR spectrum, the
multiplet signals corresponding to the aromatic protons

(8.59–7.72 ppm) indicated a loss of the C4 symmetry.
The two intracyclic NH protons were detected at �1.51
ppm, deshielded by 1.3 ppm with respect to tetra-
phenylporphyrin, indicating a lower ring current effect.
Three dihydropyrrole protons were detected at 4.69
ppm (dd, 1H, H20a), 4.38 ppm (dd, 1H, 2J=17 Hz,
3J=9 Hz, H30a), and 4.03 ppm (d, 1H, 2J=17 Hz,
H30b). The proton H20a (4.69 ppm) appeared as a
doublet of doublets, corresponding to the coupling with
H30a(3J=9 Hz) on one hand, and with one of the dia-
stereotopic protons of the methylene C4 on the other
hand (3J=8 Hz). This latter coupling provided con-
firmation of the C-alkylation at position C20. Among
the protons of the drug-derived moiety, the resonances
of the methyl substituents at C6 and C9 were detected at
0.68 and 0.92 ppm, respectively, instead of 0.97 and 1.07
in the starting compound 2.

The mass spectrum (ES+) of H2TPC–2 exhibited a
parent peak at m/z=911.6 (MH+), corresponding to
the molecular mass. It should be noted that the reduc-
tion of C12 by BH4

� was a general feature, as in the case
of artemisinin. Even when the mass analysis was per-
formed before purification by chromatography, only a
trace amount of the ‘complete’ adduct H2TPC–2-OAc,
bearing the acetate at C12, was detected (m/z=969.4,
MH+, Fig. 2).

In addition, MS analysis of the crude demetallated
product (before chromatography) exhibited a peak at
m/z=1207.6 (20% with respect to the parent peak at
m/z=911.6), corresponding to a a- or b-tetrahydro-
porphyrin dialkylated by 2 (a- and b-tetrahydro-
porphyrins are reduced porphyrin derivatives with
two dihydropyrrole rings, either adjacent or opposite,

Figure 1. Structures of artemisinin 1a, artemether 1b, and artesunate
1c. Structures of the 10-trifluoromethyl derivatives of artemisinin 2

and 3. IC50 values were measured on W-2 Indochina P. falciparum
strain (ref 7 for 2, previously unpublished for 3).

Figure 2. Mechanism of alkylation of MnIITPP by 10a-trifluoromethylhydroartemisinin 2.
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respectively. These structures still retain conjugation
and aromaticity).18 This (or these) dialkylated tetra-
hydroporphyrin(s) were not isolated and fully char-
acterized. However, this result, obtained with only 1.4
mol equiv of drug with respect to MnIITPP, indicates
the possibility of efficient polyalkylation of the por-
phyrin ring in the used conditions.

Mechanism of the Alkylation Reaction

The formation of the adduct H2TPC–2 can be explained
by the mechanism proposed in Figure 2. The reductive
activation of the peroxide bond of 2 by MnIITPP pro-
duced the alkoxy radical 4 which quickly rearranged by
homolytic cleavage of the C3–C4 bond to the non-
sterically hindered C-centered radical 5. The intramole-
cular addition of 5 on a b-pyrrolic carbon of the por-
phyrin ring allowed, after an intramolecular electron
transfer from C30 to the manganese(III), the generation
of a carbocation at C30. The attack of borohydride at
this position led to the dihydropyrrole ring. Borohy-
dride also mediated the reduction occurring at C12 of
the drug fragment and the loss of the acetate function.
The in situ demetallation under mild acidic conditions
(transmetallation from MnII complex to its CdII analo-
gue, followed by in situ demetallation of the cadmium
complex) provided the covalent adductH2TPC–2 as main
product.

The purified demetallated chlorin-type adduct H2TPC–
2 can be oxidized to the corresponding porphyrin
adduct H2TPP–2 in the presence of a quinone derivative
(2,3-dichloro-5,6-dicyanobenzoquinone, DDQ, 10 mol
equiv). The product, recovered after chromatography
(neutral alumina, dichloromethane/methanol 99.5/0.5
v/v), presented the expected UV–visible spectrum for a
porphyrin ligand [lmax (nm) (rel. intens.) 418 (Soret,
100), 514 (4), 586 (2), no absorption at 650]. The mass
spectrum (ES+) of H2TPP–2 was m/z (rel. intens.) 909.4
(MH+), 910.5 (67), 911.5 (26). The intensity of the peak
at m/z=911.5 indicated that no chlorin-type adduct
remained. The 1H NMR spectrum confirmed the struc-
ture of a porphyrin-type covalent adduct: the NH reso-
nances were detected at �2.86 ppm, and seven b-pyrrolic
protons were identified at 8.90 (AB, 2H), 8.83 (d, 1H),
8.77 (2�d, 2H), 8.72 (br s, 1H) and 8.64 ppm (d, 1H)], the
broad singlet at 8.72 being assigned to the C30 proton. It
should be noted that the NMR spectra of both chlorin
and porphyrin adducts H2TPC–2 and H2TPP–2 are very
similar to those previously reported for the analogue
adducts obtained fromMnIITPP and artemisinin itself.

Alkylation of MnIITPP by Trioxane 3

The reaction of 10b-(trifluoromethyl)trimethylsilyloxy-
artemisinin 3 with MnIITPP under the same conditions
as reported above, yielded after demetallation to the
same adduct H2TPC–2, isolated in the reaction with
trioxane 2: all the analyses of the covalent adduct
obtained from MnIITPP and 3 were consistent with
those obtained for H2TPC–2 and H2TPP–2. Then, we

performed the DDQ-mediated oxidation without puri-
fication of the intermediate chlorin adduct. After chro-
matographic purification, H2TPP–2 (m/z=909.4,
MH+) was characterized as the major adduct resulting
from the alkylation of MnIITPP by 3. Traces of an
adduct bearing an acetate at C12 and a trimethylsilyl at
C10 were detected by ES-MS (m/z=1039.4, MH+, 3%
with respect to the parent peak; another adduct bearing
the trimethylsilyl, but a reduced C12 position was also
present at m/z=981.4). It should be mentioned that,
when 3 was treated with borohydride in the absence of
Mn(TPP)Cl for 2 h, the yield of desilylation was below
10–20%. In these conditions, the alkylation reaction of
the porphyrin cycle by a preliminary desilylated deriva-
tive of 3 is not probable.

However, the main result is that the trifluoromethyl
substituent at position C10 did not disturb the alkylat-
ing ability expected for artemisinin derivatives. In addi-
tion, the presence of the bulky-Si(CH3)3 fragment,
directed in a with respect to the mean drug plane (i.e.,
on the same side than the peroxide function) did not
preclude the interaction between the metal complex and
the peroxide function of the drug which is necessary for
the reductive activation step (on this point of view, one
can notice that a-arteether and b-arteether exhibit the
same antimalarial activity against the D-6 clone of P.
falciparum19). A similar effect has been reported with
synthetic analogues of artemisinin lacking the lactone
cycle: compounds bearing an a- or b-methoxy sub-
stituent at C12 were both biologically active and able to
alkylate MnIITPP.17

In conclusion, both antimalarial 10-trifluoromethyl
artemisinin derivatives are able to behave as alkylating
agents after reductive activation of the peroxide in vitro
by a synthetic heme model. Such reaction occurring in
vivo with heme itself produced by digestion of hemo-
globin within P. falciparum may lead to heme–drug
adducts toxic for the parasite.
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