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ABSTRACT

IinkerHaIkyI carbon chain (R) l \}IinkerH alkyl carbon chain (R) l

linker = amide, ester, alcohol, ketone
R = CaHs, C4Hg, CeH13,CgH17, C1oH21, C12Ha2s, C14H20, C16Haa, C1gHa7

Cytotoxic artemisinin derivatives have been synthesized by a modular approach of “artemisinin + linker + lipophilic alkyl carbon chain”. A
strong correlation between the length of the carbon chains and the cytotoxicities against human hepatocellular carcinoma (HepG2) was
revealed. Notably, compared with artemisinin (IC 5o = 97 M), up to 200-fold more potent cytotoxicity (IC 5o = 0.46 uM) could be achieved by
attachment of a C 14H,g carbon chain to artemisinin via an amide linker.

Artemisinin (ginghaosul) is a sesquiterpene lactone en- Although the exact mechanism of their antimalarial activities

doperoxide isolated from an ancient Chinese Heatemisia is not clear, substantial experimental evidence indicates that
annua(Sweet wormwood) (Figure £¥ Artemisinin and its
derivatives are highly effective against multidrug-resistant _ (7) (a) Robert, A.; Meunier, BJ. Am. Chem. Sod997 119, 5968~

lari d b?| di falci d th h 5969. (b) Robert, A.; Meunier, BZhem. Soc. Re 1998 27, 273-279. (c)
malaria cause Plasmodium falciparumand they have Robert, A.; Cazelles, J.; Meunier, Bingew. Chem.Int. Ed. 2001, 40,

been currently used for the clinical treatment of mal&ria. 1954-1957. (d) Robert, A.; Coppel, Y.; Meunier, Bhem. Commur2002
414-415.
(8) (a) Wu, W.-M.; Wu, Y.; Wu, Y.-L.; Yao, Z.-J.; Zhou, C.-M.; Li, Y.;
(1) (a) Klayman, D. L.Sciencel985 228 1049-1055. (b) Butler, A. Shan, FJ. Am. Chem. Sod.998 120 3316-3325. (b) Li, Y.; Zhu, Y.-
R.; Wu, Y.-L.Chem. Soc. Re 1992 21, 85-90. (c) Eckstein-Ludwig, U.; M.; Jiang, H.-J.; Pan, J.-P.; Wu, G.-S.; Wu, J.-M.; Shi, Y.-L.; Yang, J.-D.;
Webb, R. J.; van Goethem, I. D. A.; East, J. M.; Lee, A. G.; Kimura, M.; Wu, B.-A. J. Med. Chem200Q 43, 1635-1640. (c) Li, Y.; Wu, Y.-L.
O'Neill, P. M.; Bray, P. G.; Ward, S. A.; Krishna, Slature 2003 424, Curr. Med. Chem2003 10, 2197-2230.
957-961. (9) (a) Posner, G. H.; Park, S. B.; Gonzalez, L.; Wang, D.; Cumming, J.
(2) O'Neill, P. M.; Posner, G. HJ. Med. Chem2004 47, 2945-2964. N.; Klinedinst, D.; Shapiro, T. A.; Bachi, M. DI. Am. Chem. S0d.996
(3) Hindley, S.; Ward, S. A.; Storr, R. C.; Searle, N. L.; Bray, P. G.; 118 3537-3538. (b) Posner, G. H.; Cumming, J. N.; Woo, S.-H;
Park, B. K.; Davies, J.; O’Neill, P. MJ. Med. Chem2002 45, 1052— Ploypradith, P.; Xie, S.; Shapiro, T. A. Med. Chem1998 41, 940-951.
1063. (c) Cumming, J. N.; Wang, D.; Park, S. B.; Shapiro, T. A.; Posner, G. H.
(4) Avery, M. A.; Muraleedharan, K. M.; Desai, P. V.; Bandyopadhyaya, J. Med. Chem1998 41, 952-964. (d) Posner, G. H.; Parker, M. H.;
A. K.; Furtado, M. M.; Tekwani, B. LJ. Med. Chem2003 46, 4244— Northrop, J.; Elias, J. S.; Ploypradith, P.; Xie, S.; Shapiro, TJAMed.
4258. Chem.1999 42, 300-304. (e) Posner, G. H.; Jeon, H. B.; Parker, M. H.;
(5) Pu, Y. M.; Torok, D. S.; Ziffer, H.; Pan, X.-Q.; Meshnick, S. R. Krasavin, M.; Paik, I.-H.; Shapiro, T. Al. Med. Chem2001, 44, 3054
Med. Chem1995 38, 4120-4124. 3058. (f) Posner, G. H.; O'Neill, P. MAcc. Chem. Re®004 37, 397—
(6) (@) Haynes, R. K.; Vonwiller, S. A. Chem. Soc., Chem. Commun.  404.
199Q 451-453. (b) Haynes, R. K.; Vonwiller, S. @icc. Chem. Red.997, (10) (a) Jung, M.; Lee, K.; Kendrick, H.; Robinson, B. L.; Croft, S. L.
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“artemisinin + linker + lipophilic alkyl carbon chain”.
Through systematic investigations on these structurally
related artemisinin analogues, it was found that the lipophilic
carbon chain plays an important role in determining the
cytotoxicities of the modified artemisinin analogues.

To maximize the structural diversity of artemisinin ana-
logues and the efficiency of their synthesis, aldehgdad
acid5 derived froml were prepared as the key intermediates.
Figure 1. Artemisinin (ginghaosul). Starting from4 and 5, amides6, esters7, alcohols8, and
ketones9, 10, 11, and 13 bearing alkyl carbon chains of
different length were prepared (Scheme 1, overall yields from

the peroxide moiety of artemisinin and its derivatives is
crucial to their antimalarial activities*821213Given the e
remarkable success of artemisinin in the treatment of malaria, _ . L

there is growing interest in exploring the other therapeutic Scheme 1. Synthesis of Artemisinin Derivatived-11 and13
properties of artemisinin.

A search of the literature revealed that cytotoxic artemisi- 1—,_
nin analogues could be synthesized via chemical modifica-
tions of the relatively nontoxic artemisinin at its;di6 Euter T
position by covalent attachment of alkyl/aryl groufs'é In Grignard Reaction | Et;0 yo\fnng
addition, by judicious selection of linkers, a variety of } erecte
dimeric, trimeric, and even tetrameric cytotoxic artemisinin
derivatives have been preparf€®' However, given the
diverse chemical structures of these cytotoxic artemisinin
analogues, identification of the key factors contributing to
their cytotoxicities and rational design of new classes of
cytotoxic artemisinin analogues is difficult. In this regard, it
is of importance to conduct structuractivity relationship
(SAR) studies to assist the design and synthesis of new
cytotoxic artemisinin derivatives.

Here we report the synthesis and cytotoxicity studies of
artemisinin derivatives modified by a modular approach of
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(12) O'Neill, P. M.; Miller, A.; Bishop, L. P. D.; Hindley, S.; Maggs, J.
L.; Ward, S. A.; Roberts, S. M.; Scheinmann, F.; Stachulski, A. V.; Posner,
G. H.; Park, B. K.J. Med. Chem2001, 44, 58—68.

(13) Jung, M.; Li, X.; Bustos, D. A.; EISohly, H. N.; McChesney, J. D.;
Milhous, W. K. J. Med. Chem199Q 33, 1516-1518.

(14) Woerdenbag, H. J.; Moskal, T. A.; Pras, N.; Malingre, T. M.; El-
Feraly, F. S.; Kampinga, H. H.; Konings, A. W. J. Nat. Prod.1993 56, 10 (34%) |
849-856.

(15) Jung, M.Bioorg. Med. Chem. Lett1997, 7, 1091-1094.

(16) (a) Chen, H.-H.; Zhou, H.-J.; Fang, Rharmacol. Res2003 48,
231-236. (b) Chen, H.-H.; Zhou, H.-J.; Wu, G.-D.; Lou, X.4Bharmacol- ; :
0ay 2004 7(1')1_9. (c) Chen, H.-H.; Zhou, H.-J.: Wang, W.-Q.. Wu, G.-D. 1 were shown in parentheses) (see the Supporting Informa-

Cancer Chemother. Pharmac@004 53, 423-432. (d) Chen, H.-H.; You, tion for the detailed synthetic schemes).
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J.-X.; Atassi, G.; Leonce, S.; Caignard, D.-H.; Renar&®. J. Med. Chem.  artemisinin, a series of D-five-membered ring artemisinin

CHy(CH2)sCH,OH CHy(CH2)sCOOH
e 1131%) e 13(33%) |

2001, 36, 469-479. i . : .
(18) Haynes, R. K.. Chan, H.-W.: Lam, W.-L.: Tsang, H.-W.: Hsiao, denvatlvele—leezrf synthesized from key intermediates
W.-L. PCT Int. Appl. WO 2000004026 A1, 2000. 17 and 18 (Figure 2):

(19) (a) Posner, G. H.; Ploypradith, P.; Parker, M. H.; O’Dowd, H.; Woo, i i ici isini ivati
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J.; Paik, I.-H.; Borstnik, K.; Dolan, P.; Kensler, T. W.; Xie, S.; Shapiro, T.  were conducted by using the MTT as$ayhe cytotoxicities
A. Bioorg. Med. Chem2002 10, 227—-232. (c) Posner, G. H.; Paik, I.-H.;
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Cosstick, R.; Davies, J.; Higson, A. P.; Irving, E.; Posner, G. H.; O'Neill, P.; Karnik, P. J.Bioorg. & Med. Chem. Lett1994 4, 751-752. (b)
P. M. J. Med. Chem2004 47, 1290-1298. (e) Posner, G. H.; McRiner, Venugopalan, B.; Bapat, C. P.; Karnik, P. J.; Chatterjee, D. K.; lyer, N;
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Figure 2. D-Five-membered ring artemisinin derivativég—21.

(ICso values) ofl and amide$a—i bearing linear alkyl car-
bon chains of different length are summarized in Table 1.
As a control, unmodified artemisinih was found to be

weakly cytotoxic (IGo = 97 uM) aganist a HepG2 cancer

Table 1. Cytotoxicities of1 and6a—i against HepG2 Cell
Line

6aR = -C,Hg
6b R = -C4Hg
6¢c R =-CgHq3
6dR = —C8H17
6e R = -CygHp,

6f R= -C12H25
6g R=-CyqHpg
6h R =-CqgHs3
6i R= -C18H37

6a 6b 6c 6d 6e 6f 6g 6h 6i
ICs0 (uM) 97 >100 >100 17.6 9.5 2.8 1.2 0.46 0.79 4.2

compd 1

cell line. No cytotoxicities (IG > 100uM) were obtained
for 6aand6b bearing short carbon chains ofi; and GHo.
Interestingly, 6¢ with a longer carbon chain of 83
exhibited good cytotoxicity with 15 = 17.6 uM. As the

carbon chain length resulted in a slightly drop of cytotoxicity,
i.e., 6h (CleHsg, IC50 = 079#M) and6i (C18H37, 1IC50=4.2
uM). As summarized in a plot of I§& values versus the
length of carbon chains (Figure f—h with carbon chains
of 12- to 16-carbon exhibited the most potent cytotoxicities
while lower cytotoxicities were obtained for analogues
bearing shorter or longer carbon chaifstably, the cyto-
toxicity of 6g (ICso = 0.46 uM) bearing a G4H,g carbon
chain is almost 200-fold more potent than that of the
unmodifiedl (ICso = 97 uM).

Apart from the effect of carbon chain length, we have also
examined the effect of linkers on the cytotoxicities. The
cytotoxicities of esterg, alcohols8, and ketone® against
HepG2 cell line are summarized in Table 2. With a carbon

Table 2. Cytotoxicities of7—9 against HepG2 Cell Line

8a R=-CyHs

7aR =-CpHs 9a R=-CHs
7bR =-CyyHys 8b R=-CqoHos 9b R =-CyHys
7c R =-CqgHar 8c R=-CigHy 9c R =-CqgHar
R
8 on
compd (ICs0, uM)
7a (>100) 7b (0.72) 7¢c (>100)
o-8a (>100) o-8b (2.8) o-8¢ (>100)
f-8a (>100) $-8b (4.4) 8¢ (>100)
9a (>100) 9b (1.4) 9c (>100)

chain of G;Hs, comparable 16 values were obtained for
ester7b (0.72 uM), a-alcohol 8b (2.8 uM), f-alcohol 8b
(4.4 uM), and ketonedb (1.4 uM). These 1G, values were
also similar to that of amidé&f (1.2 uM). These results
indicate that the nature of linkers has no significant effect
on their cytotoxicties. Similar cytotoxicities were observed
for alcoholso-8 and3-8 suggesting that their cytotoxicities
were independent of the stereochemistry of the alcohol linker.

length of the carbon chains increased, the cytotoxicities No cytotoxicity (IG, > 100 uM) was observed foi7a,c,

increased gradually from8d (CgHi7, ICso = 9.5 uM), 6e
(C10H21, |C50 = 2.8 ﬂM) to of (C12H25, |C50 =1.2 ,MM)
Notably, the most potent cytotoxicity ¢4 0.46uM) was
exhibited by6g with a Ci4Hz9 group. Further increase in

T T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20
Carbon Length

Figure 3. Plot of IG5 values vs the carbon chain length r—i.
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8a,c, and9a,c bearing carbon chains of,Bs and GgHs.

The above studies indicate that attachment of lipo-
philic carbon chains significantly enhances the cytotoxicity
of artemisinin derivatives. However, an increase in lipophi-
licity does lead to poor water solubility which is problemati-
cal for future development of these compounds as drug can-
didates. To circumvent this problem, we incorporated polar
groups to enhance the water solubility. In this regard,
artemisinin analoguek), 11, and13incorporated with polar
hydroxyl and carboxylic acid groups were prepared and
examined. The results are summarized in Table 3.

Itis interesting to note that incorporation of polar hydroxyl
and carboxylic groups at the terminal ends of the carbon
chains remarkably reduces the cytotoxicities. As shown in
Table 3, the cytotoxicity ofl0 (ICso = 42.3 uM) with a
terminal hydroxyl group and1 (ICso > 100 uM) with a
terminal carboxylic acid group was considerably lower than
that of their methyl analogu@d (ICso = 1.8 uM). These
findings indicate that the lipophilic end of the carbon chain
is essential for their cytotoxicity. Yet, fat3 with a polar
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Table 3. Cytotoxicities of9d, 10, 11, and 13 against HepG2
Cell Line
gi

CHy(CH2)CH,OH 11

9d 10 11 13
1.8

compd

ICs0 (uM)

42.3 >100 3.5

To investigate the selectivity between the cancer cell line
and normal cells, the cytotoxicities @f, 6g, 7b, and 9b
against normal lung fibroblast (CCD-19Lu) were examined.
As shown in Table 5, the modified artemisinins displayed a
moderate to good selectivity between the cancer and the
normal cells. Note th&@b was around 10-fold less cytotoxic
toward normal lung fibroblast cells (k= 14.5uM) than
the HepG2 cancer cell line (k= 1.4 uM).

To demonstrate the importance of the peroxide functional-
ity on the cytotoxicities, deoxygenated analoge@ was
prepared fron6h (Figure 4). Compared with the peroxide-

dihydoxyl group located at the amide linker, a slightly more _

potent cytotoxicity (IGo = 3.5 uM) than 6d (ICso = 9.5

uM) was obtained. These findings indicate that the position
of polar groups on the carbon chain has a significant effect

on the cytotoxicity.
As illustrated in Table 4, potent cytotoxicities @C=
0.47-3.7 uM) against HepG2 cell line were observed for

Table 4. Cytotoxicities 0f19—21 against HepG2 Cell Line

H H s H
P 19a R = -CyoHps \) P
alp mior -ahy
g O 19¢c R=-CygHas o
19 %)J\NHR 20 "‘"')j\ocmst 21 g

£

4”)1\012"'25
compd 19a 19b 19¢ 20 21
1Cs0 (uM) 1.3 0.77 0.74 3.7 0.47

the D-five-membered ring artemisinin analogue3—21.

Figure 4. Deoxygenated artemisinin analogd2

containing6h (ICso = 0.79 uM), significant loss of cyto-
toxicity (ICso >100uM) was observed for the deoxygenated
2224 This result clearly indicated the importance of the
endoperoxide moiety to the cytotoxiciy.

In summary, we have synthesized and examined the
cytotoxicities of a series of artemisinin derivatives bearing
lipophilic alkyl carbon chains. There is a strong correlation
between the length of the carbon chains and the cytotoxicities
of the modified artemisinins. Notably, potent cytotoxicity
(ICs0 = 0.46 uM) against human hepatocellular carcinoma

These cytotoxicities were comparable to their D-six- cg|l |ine could be achieved by attachment of aHGs carbon
membered ring artemisinin analogues. These findings indi- chain to the weakly cytotoxic artemisinin(ICso = 97 M)
cate that structural differences in the D ring has no significant ;i3 an amide linker. Our results also indicated that polar

effects on the cytotoxicities\otably, an IGy value of 0.47
uM was obtained fo21 with a G;H2s group connected by
a ketone linker.

Table 5. Cytotoxicities of Modified Artemisinins on
CCD-19Lu

6f R =-CqoHas
6g R =-CqsHae

compd 6f 6g 7b 9b
ICsomormal (4 M) 2.7 2.9 4.1 14.5
ICsqcancer (uM) 1.2 0.46 0.72 1.4
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groups in the carbon chain has a significant effect on the
cytotoxicity 26
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(24) Deoxygenated analog@2 was synthesized according to literature
procedures; see refs 4 and 13.

(25) The importance of endoperoxide moiety on the biological activities
of artemisinins has been reported in the literature; see refs 17 and 19b.

(26) For a literature report regarding the relationship between lipophilicity
and neurotoxicity of antimalarial artemisinin analogues, see: Bhattacharjee,
A. K.; Karle, J. M.Chem. Res. Toxicol999 12, 422-428.
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