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Abstract—Following our search for novel compounds with high antimalarial activity, a series of artemisinin (QHS) derivatives
containing a ferrocenic nucleus was prepared and tested in vitro against Plasmodium falciparum strains. Two new metallocenic
derivatives (1 and 3) were found as potent as QHS. All compounds showed a capacity to bind with ferroprotoporphyrin IX. A
decrease in the Soret band absorbance of ferroprotoporphyrin IX, resulting from the addition of different drugs concentrations, was
shown. The association stoichiometry of compounds to ferroprotoporphyrin IX appears to be 1:2 at equilibrium, with an inter-
mediate 1:1 complexation. These results appear to strengthen the role of adducts between artemisinin derivatives and heme in
generation of artemisinin radicals. Such interaction of artemisinin ferrocenyl derivatives with ferroprotoporphyrin IX and its bio-
logical significance could form a basis in future drug development. © 2000 Elsevier Science Ltd. All rights reserved.

Introduction

The incidence of malaria is dramatically increasing since
many Plasmodium falciparum strains are now resistant
to widely-used drugs like chloroquine.'™ The discovery
of artemisinin, a potent Chinese antimalarial drug
extract from Artemisia annua, which is an enantiomeri-
cally pure sesquiterpene lactone having an endoperoxide
group, has drawn the attention to drugs having such
function (Scheme 1). First- and second-generation arte-
misinin derivatives are being widely used in Asia.>° In
general, these endoperoxides have several advantages over
existing antimalarial drugs. First, they are the most rapidly
effective available drugs. Second, the sensitivity of P. fal-
ciparum is still high in spite of little cross-resistance with
mefloquine.”-® However, the use of such endoperoxides is
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hampered by their short plasma half-life?> and the rate of
recrudescent infections, when they are used alone in
short-course treatment.>®° On the basis of these findings,
rational designs of potential next-generation endoper-
oxides have been synthesized.!!5 For several years,
we have proposed a strategy for the development of
organometallic-based antimalarial drugs.'®2! In this
study, we report the incorporation of ferrocenyl moi-
eties to artemisinin focusing attention on ethers and
esters, with the hope of enhancing the antimalarial
effect. As a close interaction between the Fe(II)-heme
and the artemisinin peroxide function has been reported
to induce a homolytic cleavage of the peroxidic
bond, 371522724 we expected the drug to become more
potent if an iron atom could be available within the
vicinity of artemisinin derivatives. On the other hand,
the binding of the artemisinin derivatives with ferro-
protoporphyrin IX seemed to be a significant step to the
antimalarial activity.!l-13-152425 S5 we studied such
interaction for each analogue and compared anti-
malarial activity with their capacity of binding with
ferroprotoprophyrin IX.

0968-0896/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.
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Scheme 1. Structures of artemisinin (QHS), dihydroartemisinin (DQHS) and 9,10-dehydrodihydroartemisinin (9,10-dehydroDQHS).

Results and Discussion

Chemistry

Ferrocenic artemisinin derivatives were prepared by reac-
tions depicted in Schemes 2 and 3. Reduction of artemisi-
nin (QHS) with an excess of sodium borohydride in
methanol at 0°C afforded dihydroartemisinin (DQHS)
in 75% yields by a known procedure.?® 10a-Dexo-
artemisinin 3-ferrocenylpropanoate 1 was obtained in
62% vyields from DQHS with 3-ferrocenylpropanoic

acid?’ by esterification in the presence of dicyclohexyl-
carbodiimide (DCC) and 4-dimethylaminopyridine
(DMAP).?82 A large coupling constant (J=9.86 Hz)
measured between the vicinal protons, H9-HI10, is
indicative of a trans diaxial relationship, assigned to an
a-configuration.303!

Etherification of DQHS with 3-ferrocenylpropanol, in
anhydrous benzene?’ in the presence of a catalytic
amount of boron trifluoride at room temperature, led to

Scheme 2. Synthesis of 10a-dexoartemisinin 3-ferrocenylpropanoate 1.

2 3
configuration: & 25% B 75%

Scheme 3. Synthesis of ether ferrocenic artemisinin derivatives 2, 3 and 4.

1 (a-configuration >98%)

BF;.0Et,
CHCl, .

configuration: o 30% 3 70%
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Table 1. Chemical shifts (2D COSY 45) and analyses of compounds 1, 2, 3 and 4

Compounds 'H NMR (300 MHz, CDCls, 8) Analyses (%)
C]o-H C]z-H Calcd Found

N % J (d, Hz) (s) C H N C H N
1 o >98 5.81(9.9) 5.46 64.12 6.87 — 63.95 6.69 —
2 o 25 443 (9.2) 5.34 65.88 7.45 — 65.99 7.62

B 75 4.81 (3.4) 5.42 — —
3 o 30 4.42 (9.2) 5.33 64.56 7.61 2.60 64.22 7.38 2.72

B 70 4.77 3.4) 5.37
4 * 4.94-4.89 5.52-5.42 64.43 7.38 — 64.84 7.56

aS =stereochemistry at Cj.
*4 was obtained as a mixture of eight stereoisomers.

(3-ferrocenylpropoxy)dihydroartemisinin 2 (84% yield).>2
Similarly, coupling of DQHS with 3-(N-ferrocenyl-
methylamino)propanol,3? in dried chloroform,** afforded
[3- N-ferrocenyl-methylamino(propyloxy)]dihydroartem-
isinin 3. The yield of the purified condensation product
3 ranged from 28 to 36%. 2 and 3 were obtained as a
mixture of o and B anomers whose ratio was determi-
nated by 'H NMR COSY experiments. Starting from 3,
a water-soluble salt by acidification (with formic acid in
acetone, hydrochloric acid 1N in Et,O or tartaric acid in
acetone) was not achieved. The employed acidic condi-
tions led to the formation of an a-ferrocenic carbenium,
9,10-dehydrodihydroartemisinin and unidentified CHO
derivatives as evidenced by changes seen in their 'H
NMR and MS (MALDI-TOF) spectra. This may be
due to the instability of the ketal function or the ferro-
cenic ammonium under acidic conditions.

Ethyl (2-dihydroartemisininoxy-3-ferrocenylmethyl)bu-
tanoate 4 was prepared by treatment of DQHS with ethyl
(2-hydroxy-3-ferrocenylmethyl)butanoate® in dried
CHCI; in the presence of BF;-OEt, (80% yield). Com-
pound 4 has more than three chiral carbons. As the
stereochemistry of carbon 10 on the ferrocenyl side
chain was not controlled, eight stereoisomers are there-
fore possible and obtained. The ether 4 has been syn-
thesized in order (a) to decrease the rate of oxidative
dealkylation on the target compound and (b) to increase
the lipophilia of the molecule. In fact, the introduction of
the methyl substituent (CH;—C18) should interfere with
the rate of hydroxylation of the a-methylene group and
should increase the plasma half-life. A high degree of
lipophilia that should enhance the efficacy of the mole-
cule was obtained by introduction of the COOEt group.

We were unable to separate the stereoisomers (Scheme
4) of 2, 3 and 4 (by crystallization or column chromato-
graphy, Table 1). Each of these compounds was used as a
mixture.

Biological Activities
In vitro activity of artemisinin derivatives
The assessments of in vitro antimalarial activity were

made against two chloroquine-sensitive (HB3 and
SGE2) and one chloroquine-resistant (Dd2) strains of

P. falciparum. The screening procedure is briefly descri-
bed in the Experimental. The choice of the ferrocenic
group, despite its stable form, was governed by the
importance of Fe(IT)-heme to cleave the crucial peroxide
linkage.!3"1522724 Modifications of dihydroartemisinin
into compounds 1-4 by covalent linking with ferrocenic
derivatives did not damage the endoperoxide function.
Nevertheless they did not increase antimalarial potency of
these organometallic compounds (Table 2). Compared to
parent compounds, artemisinin and dihydroartemisinin,
compound 3 stood out as the most active in vitro
against P. falciparum, with activity similar to artemisi-
nin (Table 2). Notably, it was the only compound to
possess an amine function (Scheme 3). Such functions
are known to improve solubility via ammonium salt.
Recently, Li et al.!? have reported in vivo antimalarial
activity of artemisinin derivatives containing an amino
group. The bases are combined with weak organic acid
and this point may be interesting, improving the poor
solubility of current endoperoxides.'?

Interaction spectra of drug—ferroprotoporphyrin IX. Fig-
ure 1 shows the spectral changes observed when ferro-
protoporphyrin IX was titrated with dihydroartemisinin
and the more effective ferrocenyl derivatives: com-
pounds 1 and 3. There was a decrease in absorbance of
the ferroprotoporphyrin IX Soret band resulting from
different drug concentrations addition (Fig. 1(A)). These
results are in agreement with published data.!'>> Sub-
stantial changes in the Q-band region of the spectrum
were observed (Fig. 1(B)), as previously described.3®
The absorption peak of ferroprotoporphyrin IX at 415
nm was strongly and immediately reduced not only by
artemisinin and dihydroartemisinin as previously

Table 2. In vitro antimalarial activity of ferrocenic artemisinin deri-
vatives and parent compounds against P. falciparum strains

Compounds MW (g M) ICso (nM)
HB3 SGE2 Dd2

1 539 10 (£3°  19(£9) 32 (£7)
2 510 36 (£6) 49 (£13) 86 (+15)
3 524 12 (£2) 11 (£5) 14 (£2)
4 596 21 (£5)  31(49) 45 (+5)
QHS 282 7 (£1) 9(x4) 13 (3)
DQHS 284 5 (+1) 9 (+1) 5 (+2)

*Values are the arithmetic means of three independent experiments
+ standard deviation.
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Figure 1. Spectroscopic changes observed when ferroprotoporphyrin IX is titrated with DQHS, compounds 1 and 3. (A) Changes in the Soret band
of ferroprotoporphyrin IX. (B) Changes in the Q-band region of ferroprotoporphyrin IX spectrum. Spectra of 10 uM ferroprotoporphyrin IX alone
(=), 10uM ferroprotoporphyrin IX in the presence of 1.1x107> M (=), 2.2x107°> M (—), 4.4x107> M (—) and 8.9x107> M (=) of DQHS, com-
pounds 1 and 3, respectively, are represented. All spectra have been made in the presence of sodium dithionite.
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Figure 2. Variation in absorbance of ferroprotoporphyrin IX at 412 nm as function of drug concentration versus ferroprotoporphyrin IX (10 pM)

ratio.

Scheme 4. Numbering of the carbon atoms of derivatives 2, 3 and 4.

described,!! but also by all the ferrocenyl compounds
(Fig. 2). Especially, compound 3 which exhibited the
best antimalarial activity among ferrocenyl derivatives
(Table 2), presented titration data similar to those
observed in the presence of artemisinin (Fig. 2). The
stoichiometry of association of compounds to ferropro-
toporphyrin IX is deduced from Figure 2 and appeared
to be 1:2 at equilibrium, with an intermediate 1:1 com-
plexation. These results appear to strengthen the role of
an adduct between artemisinin derivatives and heme in
the mecanism of action of endoperoxide-based anti-
malarial drugs.!!-13-15.24.25.37

Conclusion

Although the results from our study have not given any
indication that the presence of ferrocene in the vicinity
of artemisinin can potentiate its action, the fact that the
linked compounds still remain effective antimalarials
nevertheless encourages us to explore other derivatives.
Furthermore, the interaction of artemisinin ferrocenyl
derivatives with ferroprotoporphyrin IX and its biological

significance could contribute to giving a better molec-
ular basis for rational design of new synthetic endoper-
oxide-containing antimalarial drugs.

Experimental

Chemistry

The '"H NMR spectra were recorded on a Bruker AC
300 spectrometer using tetramethylsilane (TMS) as the
internal standard and CDCIl; or DMSO-d; as the sol-
vent. MALDI TOF spectra were obtained using a
Vision 2000 time-of-flight instrument (Finnigan MAT,
Bremen, Germany) equipped with a nitrogen laser
operating at a wavelength of 337 nm. Between 20 and 30
single-shot spectra in either the reflector or linear mode
were accumulated to obtain a good signal-to-noise
ratio. The matrix used was dihydroxybenzoic acid (dhb)
or trihydroxyacetophenone (thap). Merck’s Kieselgel 60
PF254 was used for the chromatography.

10x-Dexoartemisinin  3-ferrocenylpropanoate (1). A
mixture of dihydroartemisinin (122 mg, 0.43 mM), 4-di-
methylaminopyridine (12mg, 0.1mM) and 3-ferro-
cenylpropanoic acid (112mg, 0.43mM) in dry CH,Cl,
(20 mL) was stirred in an ice bath. To the solution was
added dicyclohexylcarbodiimide (100 mg, 0.49 mM) and
was stirred at room temperature for 24 h. The mixture
was filtered. The filtrate was washed with 2N HCI
(2x25mL), water (25mL) and 5% aq NaHCO;
(2x25mL), dried with Na,SO, and evaporated. The
crude oil was chromatographed on a silica gel column
using acetone:petroleum ether (1:9) to give the pure a
anomer as an orange oil (139mg, 0.27mM, 62%). 'H
NMR (CDCl;+D,0) & 5.81: H 10 (d: J=9.86Hz),
5.46: H 12 (s), 4.12: Cp’ (s), 4.07: 4H Cp (m), 2.66: 2H
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19 and 2H 20 (m), 2.54: H 9 (m), 2.37: H 4a (m), 2.02: H
4B (m), 1.89: H 5o (m), 1.74: H 7B (m), 1.57: 2H 8 (m),
1.48: H 5B (m), 1.46: H 8a (m), 1.44: CH;3 14 (s), 1.32: H
6 (m), 1.22: H 5a (m), 1.00: H 7 (m), 0.95: CH; 15 (d:
J=587Hz), 0.84: CH; 16 (d: J=7.20Hz). MS
(MALDI TOF, matrix: thap) m/e 563: M +K)™*, 547:
(M+Na)™, 524: M-* Anal. found: C, 63.95; H, 6.69.
CygH360¢Fe, caled: C, 64.12; H, 6.87.

10x-(3-Ferrocenylpropoxy)dihydroartemisinin and 1043-
(3-ferrocenylpropoxy)dihydroartemisinin (2). Dihydro-
artemisinin (65 mg, 0.23 mM) in dry benzene (10 mL) was
treated with 3-ferrocenylpropanol (167 mg, 0.68 mM)
under nitrogen in the presence of BF3-Et,O (50 uL) at
room temperature for 18 h. The reaction mixture was
washed with 5% aq NaHCO; (20mL) and H,O
(20mL), dried over Na,SO,4 and evaporated. The resul-
tant crude product was purified with silica gel column
using EtOAc:petroleum ether (1:9) as eluant to give 2 as
a mixture of the two anomers. The same procedure
using dried Et,0 in place of benzene afforded only the
anomer (33%). 'H NMR (CDCl;+D-0) & B configu-
ration 5.42: H 12 (s), 4.81: H 10 (d: /J=3.36 Hz), 4.11:
Cp’ (s), 4.07: 4H Cp (m), 3.85: H 18’ (dt: J=6.30 and
9.70Hz), 3.41: H 18” (dt: J=6.32 and 9.74 Hz), 2.64: H
9 (m), 2.39: 2H 20 (m), 2.37:H 4o (m), 2.04: H 4B (m),
1.87: H 5a (m), 1.80: 2H 19 (m) and 2H 8 (m), 1.69: H
7B (m), 1.56: H 5B (m) and H 8a (m), 1.48: CH; 14 (s),
1.34: H 6 (m), 1.22: H 5a (m), 0.94: CH; 15 (d:
J=6.25Hz),0.92: H 7o (m), 0.91: CH; 16 (d: J=7.32 Hz);
o configuration 5.34: H 12 (s), 4.43: H 10 (d: /=9.19 Hz).
13C NMR (CDCl;+D,0) & B configuration 104.1,
101.9, 88.7, 81.1, 68.5, 68.1, 68.0, 67.1, 52.6, 44.5, 37.5,
36.5, 34.7, 31.0, 30.9, 26.2, 24.7, 24.5, 20.4, 13.1. MS
(MALDI TOF, matrix: dhb) mje 510: M-, 460, 243:
Fc(CH,);0 ™", 199: FcCHS . Anal. found: C, 65.99; H,
7.62. C,gH3305Fe, caled: C, 65.88; H, 7.45.

10x-[3-N-Ferrocenylmethylamino(propyloxy)]dihydroar-
tem-isinin and 103-[3-/V-ferro-cenylmethylamino(propy-
loxy)]dihydroartemisinin (3). The procedure described
for the preparation of 2 was followed using CHCI; in
place of benzene. 'H NMR (CDCI;+D-0) & B config-
uration 5.37: H 12 (s), 4.77: H 10 (d: J=3.36 Hz), 4.18:
2H Cp (m), 4.12: Cp’ (s), 4.10: 2H Cp (m), 3.91: H 18’
(dt: J=6.02 and 9.78 Hz), 3.52: 2H 22 (s), 3.43: H 18"
(dt: J=6.16 and 9.79 Hz), 2.70: 2H 20 (t: J=7.15Hz),
2.61: H9 (m), 2.36: H 4o (m), 2.04: H 4B (m), 1.87: H 5a
(m), 1.78: 2H 19 (m) and 2H 8 (m), 1.61: H 7p (m), 1.50:
H 5B (m) and H 8a (m), 1.44: CH; 14 (s), 1.26: H 6 (m)
and H 5a (m), 0.95: CH; 15 (d: J=6.02Hz), 0.88: CH;
15 (d: J=7.33Hz) and H 7a (m); o configuration 5.33:
H 12 (s), 4.42: H 10 (d: J=9.24 Hz). MS (MALDI TOF,
matrix: dhb) m/e 562: (M +Na) *, 539: M-, 516, 491,
199: FcCH5 . Anal. found: C, 64.22; H, 7.38; N, 2.72.
CyoH4NOsFe, caled: C, 64.56; H, 7.61; N, 2.60.

Ethyl (2-dihydroartemisininoxy-3-ferrocenylmethyl)butano-
ate (4). The procedure described for the preparation of
2 was followed using CHCI; in place of benzene. 'H
NMR (CDCl3+ D,0) 6 5.52-5.42: H 12 (8 s), 4.94-4.89:
H 10 (m), 4.20-3.90: Fc ArtO-CH and O-CH,-CH;
(m), 2.72: H 9 and Fc-CH, (m), 2.52: H 4o (m), 2.34: H

4B (m), 2.03: H 50 (m), 1.87-0.85: 9H (m), 1.47: CH3 14
(s), 1.13: CH3;—CH»,—O and CH5—CH (m), 0.96: CH; Art
(m), 0.87 CH3 Art (m). MS (MALDI TOF, matrix:
thap) m/e 635: M+K)", 616: (M+Na)™*, 596: M-+,
548, 199. Anal. found: C, 64.84; H, 7.56. C3,H44,0-Fe,
caled: C, 64.43; H, 7.38.

Biology

In vitro activity of artemisinin derivatives

Three culture-adapted strains of P. falciparum were
used: the chloroquine-resistant strain Dd2 (Indochina)
and the chloroquine-sensitive strains HB3 (Honduras)
and SGE2 (Zaire). All stock parasite cultures were
maintained using Trager and Jensen’s method.38-3°

The assays were conducted in vitro using a modification
of the semiautomated microdilution technique of Des-
jardins et al. based on radiolabelled [*H]hypoxanthine
incorporation.*® Drug testing was carried out in 96-well
microtitre plates. All the compounds were tested as free
bases and dissolved in dimethyl sulphoxide (DMSO, 5
mg/mL). They were then prediluted in complete culture
medium (RPMI 1640 supplemented with 10% pooled
human AB+ serum), and titrated immediately in
duplicate in serial 2-fold dilutions. The final concentration
ranged from 0.39 to 200nM, with less than 0.01%
DMSO, which had no detectable effect on parasite
multiplication.*! After addition of a suspension of
parasitized erythrocytes in complete culture medium
(200 pL/well, 0.5% initial parasitaemia with a majority
of ring stages, 2% haematocrit) and [H3Jhypoxanthine
(Amersham, Little Chalfont, Buckinghamshire, UK,
0.5 uCu/well), the test plates were incubated at 37°C in
an atmosphere of 5% O,, 5% CO, and 90% N,, for
48 h. Growth of the parasites was estimated by the
incorporation of radiolabelled [H3]hypoxanthine into
the parasites nucleic acids, measured in a liquid scintil-
lation spectrometer (Beckman). Fifty percent inhibitory
concentrations (ICsy) refer to molar concentrations of
drug causing 50% reduction in [H3lhypoxanthine
incorporation compared to drug-free control wells.
They were estimated by linear regression analysis of log-
dose-response curves.

Interaction spectra of drug—ferroprotoporphyrin IX. The
spectra measurements were conduced in vitro, as pre-
viously described.!' Immediately before the experiment,
hemin (Sigma, France) was dissolved in 0.1N NaOH,
then diluted with 1% SDS in PBS (pH 7.2) to a final
concentration of 10 uM. The tubes were then wrapped
in aluminium foil to exclude light and stored at 4°C.
179x10~* M of each compound was dissolved in
120 uL of DMSO, followed by adding 1.08 mL of 1%
SDS in PBS to obtain a final concentration of
17.9x 1073 M; 2-fold serial dilutions were then made. In
a 1.0mL cuvette was placed 0.5mL of the hemin solu-
tion together with 0.5mL of the drugs. In each sample,
a few crystals of sodium dithionite were immediately
added prior to measuring the spectra. UV-vis scans
were performed on a Kontron Instruments Uvicon 930.
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