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Abstract

Starting from triazacyclononane, easily accessible ferrocenic quinoline derivatives were synthesized. Their antiplasmodial

properties were investigated against chloroquine sensitive (HB3) and chloroquine-resistant (Dd2) Plasmodium falciparum. One of

them, 7-chloro-4-[4-(7-chloro-4-quinolyl)-7-ferrocenylmethyl-1,4,7- triazacyclononan-1-yl]quinoline (4) showed potent antimalarial

activity in vitro against the chloroquine-resistant strain Dd2 and therefore revealed to be the most promising lead from the present

work for new organometallic antimalarial agents.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Malaria is by far the world’s most important tropical

parasitic disease. It kills over a million people a year and

is second only to tuberculosis in its impact on world

health [1–3]. Malaria is present in 90 countries and in-

fects one in 10 of the world’s population. There are four

main types of malaria, all spread via mosquitoes. The
most dangerous parasite Plasmodium falciparum is be-

coming resistant to almost traditional treatments like

chloroquine, CQ (Chart 1). In some areas (e.g., South-

East Asia), none of the major drugs is effective in

fighting malaria. And in spite of intensive efforts, no

vaccine is currently available [4].

Some years ago, a new strategy, based on incorpo-

ration of a metallocenic moiety (with well-known cyto-
Abbreviations:TACN 1,4,7-triazacyclononane; TEA, triethylamine.
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toxic properties) into a ‘‘standard’’ drug (which enables

to vectorize the drug to the selected target), was devel-

oped [5–7]. The resulting compounds offer new possi-

bilities in reversal of resistance and therapeutic

application [8,9].

In this exciting context of bioorganometallic

chemistry, the rationale of our approach was to syn-

thesize new, rapidly accessible drugs based not only
on the structure–activity relationship proposed for CQ

[10] but also on the discovery of ferroquine (FQ,

Chart 1) [6,11] and related analogs [7,12,13]. That

means: (1) a 4-aminoquinoline moiety for vacuolar

accumulation through pH trapping and haematin as-

sociation, (2) a side chain including a basic amino

group for strong antiplasmodial activity, (3) a ferr-

ocenyl group for its lipophilic and redox properties
and (4) few steps with easily performed chemical re-

actions. Taking into account these ideas, we reasoned

that the use of a ferrocenic-derived TACN would

rapidly lead to bisquinoline with potent antimalarial

activity, since bisquinolines have already been found

to be active on P. falciparum [14–16].
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2. Experimental

2.1. Chemistry

Melting points were uncorrected. The 1H NMR
spectra were recorded on a Brucker AC 300 spectrom-

eter using tetramethylsilane (TMS) as the internal

standard and CDCl3 as the solvent. MS MALDI TOF

spectra were obtained using a Vision 2000 TOF instru-

ment (Finnigan MAT, Bremen, Germany) equipped

with a nitrogen laser operating at wavelength of 337 nm.

Between 20 and 30 single-shot spectra in the reflector

mode were accumulated to obtain a good signal-to-noise
ratio. The matrix used was 2,5-dihydroxybenzoic acid

(dhb). Merck’s Kieselgel 60 PF254 was used for the

chromatography. Analytical HPLC was performed on a

Shimadzu system equipped with a UV detector set at

254 nm. Compounds were dissolved in EtOH and in-

jected through a 50-lL loop on a Macherey-Nagel C18

Nucleosil column (4� 300 mm, 5 lm, 100 �A). The fol-

lowing eluent system was used: A (H2O/TFA,
99.95:0.05) and B (CH3CN/H2O/TFA, 79.95:20:0.05).

Conditions: a linear gradient run from 100% A during 5

min, then to 100% B over the next 30 min.

2.1.1. 7-Chloro-4-[4-(7-chloro-4-quinolyl)-7-ferrocenyl-

methyl-1,4,7-triazacyclononan-1-yl]quinoline (4) and 7-

chloro-4-(4,7-diferrocenylmethyl-1,4,7-triazacyclo-nonan-

1-yl)quinoline (5)
A two-steps procedure was used: first, a solution of

TACN � 3HCl (1 g, 4.2 mM) dissolved in deoxygenated

water (20 ml) is added drop-wise to a mixture of N,N,N-

trimethyl(ferrocenylmethyl)ammonium iodide (1) (539

mg, 1.4 mM) and K2CO3 (966 mg, 7 mM) under ni-

trogen atmosphere at room temperature. The solution

was then refluxed at 100 �C for 3 h. The products (2 and

3) were extracted with Et2O (2� 50 ml) and dried over
Na2SO4. After evaporation of the solvent, a crude or-

ange oil (275 mg) was obtained. The 1H NMR spectrum

was similar to this previously reported by Poggi et al.

(for more information, see Section 3).

Then, the mixture of 2 and 3 (60 mg, 20 mM), 4,7-

dichloroquinoline (198 mg, 1 mM) and K2CO3 (70 mg,

0.5 mM) were heated in N -methyl-2-pyrrolidinone (5 ml)

at 135 �C under in nitrogen atmosphere for 4 h. After
cooling to r.t., the reaction mixture was diluted with
Et2O (50 ml), washed with brine (10� 50 ml) and ex-

tracted with a solution of citric acid (5%, 50 ml). The

organic layer were then dried over Na2SO4, and evap-

orated under reduced pressure. The resulting oil was

purified by column chromatography (elution with 9:1
EtOAc/triethylamine) to give 4 (yellow oil, 50 mg, 0.08

mM, 40%) and 5 (yellow oil, 5 mg, 0.02 mM, 7%).

Compound 4: 1H NMR (d ppm, CDCl3) 8.58 (d,

J ¼ 5:34 Hz, 2H), 8.01 (d, J ¼ 2:23 Hz, 2H), 8.01 (d,

J ¼ 9:00 Hz, 2H), 7.27 (dd, J ¼ 9:12 and 2.20 Hz, 2H),

6.72 (d, J ¼ 5:41 Hz, 2H), 4.08 (m, 7H), 4.06 (m, 2H),

3.97 (brs, 4H), 3.63 (m, 4H), 3.50 (s, 2H), 2.95 (m, 4H).

MS MALDI TOF (dhb) 654 (MH�þ 37=37Cl), 652
(MH�þ35=37Cl), 650 (MH�þ35=35Cl). Anal. Calc. for

C35H33N5Cl2Fe: C, 64.61; H, 5.08; N, 10.77. Found: C,

64.82; H, 5.39; N, 10.53%. Compound 5: 1H NMR (d
ppm, CDCl3) 8.49 (d, J ¼ 5:46 Hz, 1H), 8.05 (m, 1H),

7.95 (d, J ¼ 2:20 Hz, 1H), 7.27 (dd, J ¼ 9:09 and 2.25

Hz, 1H), 6.61 (d, J ¼ 5:51 Hz, 1H), 4.09 (m, 4H), 4.07

(m, 10H), 4.05 (m, 4H), 3.65 (m, 4H), 3.50 (s, 4H), 2.86

(m, 4H), 2.63 (m, 4H). MS MALDI TOF (dhb) 689
(MH�þ 37Cl), 687 (MH� 35Cl). Anal. Calc. for

C37H39N4ClFe2: C, 64.68; H, 5.68; N, 8.16. Found: C,

64.87;H, 5.72;N, 7.91%.

2.2. In vitro activity studies

Two culture-adapted strains of P. falciparum were

used: the chloroquine-resistant strain Dd2 (Indochina)
and the chloroquine-sensitive strain HB3 (Honduras).

All stock parasite cultures were maintained using Trager

and Jensen’s method [17,18].

The assays were conducted in vitro using a modifi-

cation of the semi-automated microdilution technique of

Desjardins et al. [19] based on radiolabeled hypoxan-

thine incorporation in parasites. Chloroquine diphos-

phate was supplied by Sigma. Dihydrochloride salt of
FQ was prepared according to the reported procedure

[6]. CQ stock solutions were prepared at 5 mg/mL in

70% ethanol and stored at )20 �C until the assays were

performed. The other compounds were dissolved in

DMSO. Then, all the serial dilutions were realized in

complete culture medium (RPMI 1640 supplemented

with 10% pooled human A+ serum). The final concen-

trations ranged from 4.5 to 581.5 nM for CQ and FQ
and from 9.1 to 1160 nM for 4 and 5. The parasites from

asynchronous cultures with a majority of young tro-

phozoite stages were treated with chloroquine (CQ),

ferroquine (FQ), 4 and 5 for 48 h under appropriate

conditions. Parasite growth was monitored by the in-

corporation of radiolabeled [G-H3]Hypoxanthine

(Amersham) into the nucleic acids of the parasites

measured with a liquid scintillation spectrometer
(Beckman). Fifty percent inhibitory concentrations

(IC50) refer to molar concentrations of drug causing

50% reduction in [G-H3]Hypoxanthine incorporation



Table 1

Mean of IC50 of CQ, FQ, 4 and 5 for each P. falciparum strains

Compounds IC50 (nM)�SDa of compoundsb
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compared to drug-free control wells. These were esti-

mated by linear regression analysis of probability–log–

dose–response curves.
HB3 n Dd2 n

CQ 19� 9 6 94� 8 3

FQ 20� 5 6 13� 1 3

4 110� 27 6 62� 12 3

5 754� 170 6 1027� 95 3

aValues are the arithmetic mean� standard deviation.
b Chloroquine (CQ) was tested as the phosphate salt, ferroquine

(FQ) as the hydrochloride salt, 4 and 5 as the free bases.
3. Results and discussion

Synthesis of the compounds 4 and 5 was carried out

as shown in Scheme 1. The commercially available N ,N -

dimethyl(ferrocenylmethyl)amine was reacted with

methyl iodide in dry acetonitrile to afford N ,N ,N -

trimethyl(ferrocenylmethyl)ammonium iodide (1) (100%

yield) [20]. Treatment of 1 with TACN � 3HCl in deox-
ygenated water in the presence of K2CO3 under nitrogen

atmosphere led to 2 and 3 (60% yield). Production of

compound 3 was surprising since this compound in-

cluding two ferrocenyl moieties was not previously re-

ported by Poggi and co-workers [21]. Due to their high

polarity, we were unable to separate these compounds

by column chromatography or crystallization. More-

over, the 1H NMR spectra showed no specific attribu-
tion between 2 and 3 due to overlapping signals.

Nevertheless, the presence of 3 was confirmed by MS

MALDI TOF (MHþ ¼ 526 gmol�1) and HPLC14 (2: tR,
17.3 min (86%) and 3: tR, 22.8 min (14%)). Condensa-

tion of this mixture with 4,7-dichloroquinoline in N -

methyl-2-pyrrolidinone under a nitrogen atmosphere

produced 4 (68%) and 5 (32%) which were isolated by

column chromatography on silica gel using EtOAc:TEA
(9:1) with a moderate yield (40%).

The in vitro activity of the ferrocenic compounds 4

and 5 was monitored against two P. falciparum strains
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Scheme 1. Reagents and conditions: (i) 5 equiv K2CO3, H2O, reflux, 3 h; (ii
selected for their sensitivity to chloroquine: the CQ-

sensitive strain HB3 and the moderately CQ-resistant

strain Dd2 (Table 1). Magnitude (expressed as log

(IC50CQ/IC50 product)) facilitated comparison of the

product’s efficiency towards both strains (Fig. 1). M ¼ 0

indicates that the product is as effective as chloroquine,

M > 0 that it is more effective and M < 0 that it is less

effective.
Compound 4 remained more efficient on the Dd2

strain than chloroquine although this compound was

less active on the CQ-sensitive strain HB3, than fer-

roquine. Note that the electrochemical behavior of fer-

rocene as a one-electron redox system and its high

lipophilicity may partially explain the increased activity

of compound 4. An alternative hypothesis could also be

proposed: the presence of the metallocenic moiety in
compounds like 4 or FQ should lead to a reduced af-

finity for the putative transporter (P. falciparum chlo-

roquine resistance transporter, PfCRT), conferring
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) 5 equiv 4,7-dichloroquinoline, 2.5 equiv K2CO3, NMP, 135 �C, 4 h.
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Fig. 1. Magnitude calculated for FQ, 4 and 5.
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resistance to chloroquine [22]. But other effects could

also contribute to the activity of compound 4: for ex-

ample a combination of 4 and iron could generate in situ
a potent inhibitor of P. falciparum superoxide dismutase

[23]. So, it should be stressed that an end to these de-

bates is not currently in sight due to the complexity of

the subject.

Compound 5 was much less active on both strains.

Although the rule-of-five established by Lipinski [24,25]

invites exceptions (e.g., erythromycin), the high molec-

ular weight (MW 688) and the high lipophilicity of 5
render it less drug-like [26] which should perturb its

transport to the food vacuole of the parasite. The

presence of two bulky ferrocenyl moieties in compound

5 could also destabilize the interaction (steric hindrance)

of the quinoline cycle with ferriprotoporphyrin IX

leading to a weaker antiparasitic activity than for com-

pound 4.

Magnitude analysis confirmed these results and
showed that compound 4 was a little less potent than

FQ, but could remain useful on CQ-resistant strains,

contrary to previously tested R0 47–7737 (WR 268,668)

where a significant positive correlation between the IC50

values of R0 47–7737 and CQ was noted [27]. However,

the present results have to be confirmed on a larger

sample of strains and isolates.
4. Conclusions

In the course of investigations aimed at developing

new antimalarial organometallic derivatives, the use of

1,4,7-triazacyclononane allowed construction of the

chloroquine-like bisquinoline 4 and bisferrocene 5. Bis-

quinoline 4 remained more efficient on the Dd2 strain
than chloroquine although this compound was less ac-

tive on the CQ-sensitive strain HB3, than ferroquine.

Bisferrocene 5 was much less active on both strains.
These preliminary results confirmed the interest of

ferrocenic bisquinolines as antimalarial agents.
Acknowledgements

The authors gratefully acknowledge Prof. Jacques

Brocard for providing the FQ sample and Dr. Elisabeth

Davioud-Charvet for helpful discussion. We also thank

Dr. Gerald G. Miller for proof reading of the manu-

script. This work was supported by the VIHPAL Pro-

gram from the Minist�ere de l’Education Nationale, de la

Recherche et de la Technologie (Fellowship attributed
to C.B.). C.B. thanks the Belgian National Fund for

Scientific Research (F.N.R.S.).
References

[1] WHO, Weekly Epidemiol. Rep. 3 (1996) 17.

[2] WHO, Weekly Epidemiol. Rep. 4 (1996) 25.

[3] WHO, Weekly Epidemiol. Rep. 5 (1996) 37.

[4] A molecular loop is a promising candidate for the much-needed

malaria vaccine. The protein-like molecule primes monkey

immune system, at least, to defend against the malaria parasite

Plasmodium falciparum. E. Lioy, J. Suarez, F. Guzman, S. Siegrist,

G. Pluschke, M. Patarroyo, Angew. Chem. Int. Ed. 40 (1996)

2631.

[5] S. Top, A. Vessieres, A. Carrez, C. Provot, G. Jaouen, J. Chem.

Soc., Chem. Commun. (1996) 955.

[6] C. Biot, G. Glorian, L.A. Maciejewski, J. Brocard, O. Domarle,

G. Blampain, P. Millet, A.J. Georges, H. Abessolo, D. Dive, J.

Lebibi, J. Med. Chem. 40 (1997) 3715.

[7] K. Chibale, J.R. Moss, M. Blackie, D. van Schalkwyk, P.J. Smith,

Tetrahedron Lett. 41 (2000) 6231.

[8] S. Top, A. Vessieres, G. Leclercq, J. Quivy, J. Tang, J.

Vaissermann, M. Huche, G. Jaouen, Chemistry 7 (2003) 5223.

[9] C. Atteke, J.M. Ndong, A. Auboury, L. Maciejewski, J. Brocard,

J. Lebibi, P. Deloron, J. Antimicrob. Chemother. 51 (2003) 1021.

[10] T.J. Egan, R. Hunter, C.H. Kaschula, H.M. Marques, A.

Misplon, J. Walden, J. Med. Chem. 43 (2000) 283.

[11] C. Biot, Curr. Med. Chem. (2004), in press.

[12] P. Beagley, M.A.L. Blackie, K. Chibale, C. Clarkson, R.

Meijboom, J.R. Moss, P.J. Smith, H. Su, Dalton Trans. (2003)

3046.

[13] P. Beagley, M.A.L. Blackie, K. Chibale, C. Clarkson, J.R. Moss,

P.J. Smith, J. Chem. Soc., Dalton Trans. (2002) 4426.

[14] K. Raynes, Int. J. Parasitol. 29 (1999) 367.

[15] J.L. Vennerstrom, A.L. Ager Jr., A. Dorn, S.L. Andersen, L.

Gerena, R.G. Ridley, W.K. Milhous, J. Med. Chem. 41 (1998)

4360.

[16] S. Girault, P. Grellier, A. Berecibar, L. Maes, P. Lemiere, E.

Mouray, E. Davioud-Charvet, C. Sergheraert, J. Med. Chem. 44

(2001) 1658.

[17] W. Trager, J. Jensen, Science (1976) 193.

[18] W. Trager, Methods Cell Biol. 45 (1994) 7.

[19] R.E. Desjardins, C. Canfield, J. Haynes, J. Chulay, Antimicrob.

Agents Chemother. 16 (1979) 710.

[20] T. Hayashi, T. Mise, M. Fukushima, M. Kagotani, N.

Kagashima, Y. Hamada, A. Matsumoto, S. Kawakami, M.

Konishi, K. Yamamoto, M. Kumada, Bull. Chem. Soc. Jpn. 53

(1980) 1138.



4682 C. Biot et al. / Journal of Organometallic Chemistry 689 (2004) 4678–4682
[21] G. De Santis, L. Fabrizzi, M. Licchelli, C. Mangano, P.

Pallavicini, A. Poggi, Inorg. Chem. 32 (1993) 854.

[22] A.B. Sidhu, D. Verdier-Pinard, D.A. Fidock, Science 298 (2002)

210.

[23] C.A. Lipinski, F. Lombardo, B.W. Dominy, P.J. Feeney, Adv.

Drug. Deliv. Rev. 23 (1997) 3.

[24] C.A. Lipinski, J. Pharmacol. Toxicol. Methods 44 (2000) 235.
[25] W.P. Walters, M.A. Murcko, Adv. Drug. Deliv. Rev. 54 (2002)

255.

[26] T. Breidbach, S. Scory, R.L. Krauth-Siegel, D. Steverding, Int. J.

Parasitol. 32 (2002) 473.

[27] L.K. Basco, S.L. Andersen, W.K. Milhous, J. Le Bras, J.L.

Vennerstrom, Am. J. Trop. Med. Hyg. 50 (1994)

200.


	Easily synthesized antimalarial ferrocene triazacyclononane quinoline conjugates
	Introduction
	Experimental
	Chemistry
	7-Chloro-4-[4-(7-chloro-4-quinolyl)-7-ferrocenyl-methyl-1,4,7-triazacyclononan-1-yl]quinoline (4) and 7-chloro-4-(4,7-diferrocenylmethyl-1,4,7-triazacyclo-nonan-1-yl)quinoline (5)

	In vitro activity studies

	Results and discussion
	Conclusions
	Acknowledgements
	References


