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Antifungal Activity of Artemisinin Derivatives
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A series of 29 artemisinin derivatives (2—30), including four new compounds (16—18, 20), together with
artemisinin (1), artemisinic acid (31), and arteannuin B (32), were tested for antifungal activity against
two opportunistic pathogens, Candida albicans and Cryptoccocus neoformans. Of all the compounds tested,
anhydrodihydro-artemisinin (3) demonstrated more potent antifungal activity against C. neoformans than
amphotericin B. Also, S-arteether (7) and o-arteether (8) showed marked activity against C. neoformans.
Against C. albicans, the overall antifungal effect of these compounds was weak or negligible. Derivatives
2—30 were prepared according to literature procedures.

During the past two decades, the incidence of fungal
infections, in particular those associated with immuno-
compromised patients, has increased dramatically.! Cryp-
tococcus neoformans is the cause of the most common life-
threatening opportunistic fungal infections in patients with
HIV/AIDS.?2 Although the occurrence of C. neoformans
among this group of patients has decreased in the past few
years due to the introduction of triple HIV therapy, the
incidence remains high, particularly in developing coun-
tries.> Cryptococcosis caused by C. neoformans involves
infection of the central nervous system, which is often
manifested as meningitis, and is now seen most often in
patients with AIDS, of whom 2—20% develop this condi-
tion.* In addition, candidiasis caused by Candida albicans
is also one of the most frequent (though uncommonly life-
threatening) fungal infections attacking persons with HIV/
AIDS.5 On the other hand, development of resistance,
particularly with suppressed immunity, is a challenging
problem in the treatment of fungal infections.®As part of a
continuing search for new, safer, and more effective anti-
fungal drugs acting on the opportunistic pathogens C.
albicans and C. neoformans, we herein report on the in
vitro antifungal activity of a series of artemisinin deriva-
tives against these organisms. A series of 29 artemisinin
derivatives was prepared for this study. With the exception
of compounds 16, 17, 18, and 20, which are new, the
remainder of compounds 2—30 are known. The structures
of the new compounds were determined on the basis of
spectroscopic data interpretation, as shown in the Experi-
mental Section. The relative stereochemistry at C-16 and
C-19 of compounds 17 and 18 was established on the basis
of NOESY data. In compound 17, the a-oriented H-12
displayed a NOESY correlation with H-16, and the f-ori-
ented H-15 correlated with H-19, suggesting similar stereo-
orientations. In compound 18, the -oriented H-15 showed
NOESY correlations with both H-16 and H-19; thus H-16
and H-19 were assigned as having -orientation.The anti-
fungal activity of compounds 1—32 was evaluated against
two opportunistic pathogens, C. albicans and C. neofor-
mans, with amphotericin B as a positive control, following
standard procedures.” The results are shown in Table 1.
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Compounds 2, 3, 7, and 8, which all contain a peroxide
group, were the most active derivatives, as shown in Table
1. Compound 4, obtained as a mixture of two epimers,® was
inactive, although it has a peroxide group.

The stereoisomers 17 and 18 exhibited almost identical
antifungal activity with ICs values of 1.0 and 0.9 ug mL1,
respectively, against Cryptococcus neoformans. However,
both compounds were inactive against Candida albicans.
Among the deoxy-artemisinin derivatives studied, four
compounds, 21, 22, 25, and 27, exhibited marginal activity.
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Chart 2

14 R=(CH,),0H
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31 32 33

Table 1. Antifungal Activity of Artemisinin Derivatives
IC50/MIC (ug mL™1)

compound C. albicans C. neoformans
1 8.0/50 2.0/50
2 9.0/— 0.09/12.5
3 7.0/50 0.045/0.195
5 - 0.6/25
6 - 1.5/—
7 15/50 0.085/3.13
8 3.0/— 0.045/1.56
9 —/= 0.045/—
15 —/— 0.6/—
16 —/— 3.0/—
17 —/= 1.0/—
18 —/— 0.9/—
19 —/— 0.087/—
20 —/= 0.31/—
22 30.0/— 6.0/—
amphotericin B 0.1/0.15 0.35/0.625
@ — = inactive at highest test concentration of 50 ug mL™*.

The rest of the compounds were totally inactive. In addi-
tion, the two aza-deoxyartemisinin derivatives 29 and 30
were also inactive. Compound 28, which carries a per-
oxide function, was weakly active, which suggests that
the presence of the typical tetracyclic trioxane skeleton
of artemisinin is crucial for activity. The requirement of
the peroxide function as part of the typical tetracyclic
trioxane skeleton of artemisinin and its derivatives for the
exhibition of antifungal activity was also observed as an
essential functionality for their antimalarial and cytotoxic
activities.%10

It is interesting to note the inactivity of most of these
compounds for C. albicans. While both C. neoformans and
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C. albicans are yeasts, the disparity in activity could be
explained by the artemisinin derivatives inhibiting molec-
ular targets or processes only present in C. neoformans.
Moreover, all of these compounds are only fungistatic, not
fungicidal, at the highest test concentration of 50 ug mL ™!
used, suggesting a mechanism of action other than fungi-
cidal drugs such as amphotericin B and caspofungin. On
the basis of the observation that polymorphonuclear leu-
kocytes kill C. neoformans, at least in part via generation
of fungicidal oxidants,!! one might speculate on the mode
of action of this class of compounds as the liberation of free
radicals that interfere with the growth of these organ-
isms.!'213 Tt is hoped that these preliminary results will
stimulate the further study of the potential of artemisinin
derivatives as antifungal agents.

Experimental Section

General Experimental Procedures. Melting points were
recorded on an Electrothermal 9100 instrument. Optical
rotations were recorded at ambient temperature using a
JASCO DIP 370 digital polarimeter. IR spectra were obtained
using an ATI Mattson Genesis Series FTIR spectrometer. The
NMR spectra were recorded on Bruker Avance DRX 400 and
500 spectrometers using the solvent peak as reference. 2D
NMR data were measured with standard pulse programs and
acquisition parameters. HRESIMS were obtained on a Bruker
BioAPEX 30es ion cyclotron high-resolution HPLC-FT spec-
trometer by direct injection onto an electrospray interface.

Test Compounds. Compounds 2—30 were prepared fol-
lowing literature procedures,'*2° while artemisinin (1), arte-
misinic acid (31), and arteanuine B (32) were isolated from
Artemisia annua, as previously reported.?! Compound 33 was
prepared according to a literature procedure.'® Reactions were
run in oven-dried round-bottomed flasks. Diethyl ether was
distilled from sodium benzophenone ketyl and stored prior to
use under an atmosphere of argon. All dihydroxy alcohols were
dried by AlsOs-grade I prior to use. All other compounds were
purchased from Aldrich Chemical Co. and used without further
purification. Column chromatography was performed using
flash silica gel (Merck, particle size 230—400 mesh). Analytical
thin-layer chromatography (TLC) was performed with silica
gel 60 Fas4 plates (Merck, 250 um thickness). Visualization was
accomplished by spraying with p-anisaldehyde spray reagent
followed by heating using a hot-air gun.

Compound Preparation. Preparation of Compound
16. To a stirred solution of 33 (75 mg, 0.27 mmol) in dry ether
(15 mL) and ethylene glycol (52 mg) was added BF3-OEt; (18
uL). The reaction mixture was left for 24 h, after which it was
quenched with 25 mL of 2% aqueous NaHCO3, and extracted
with ether (50 mL x 3). The combined ether extract was
washed with water, dried over NasSO4 and concentrated
under reduced pressure. Column chromatography of the oily
crude product using a gradient of EtOAc in hexane (20% —
50%) afforded 16 (10 mg, gum): [alp +160.7° (¢ 0.028, MeOH);
IR (film) vmax 3436 (br, OH), 2923, 2873, 1454, 1378, 1103,
1006, 986 cm™!; TH NMR (C5D5N, 400 MHz) 6 5.93 (1H, s, H-5),
5.54 (1H, s, H-12), 5.12 (1H, s, H-13a), 4.94 (1H, s, H-13b),
4.12 (1H, t,J = 5.2 Hz, H-16a), 4.00 (2H, q, J = 4.9 Hz, H-17a,
H-17b), 3.79 (1H, q, J = 5.1 Hz, H-16b), 2.32 (1H, m, H-7),
1.42 (3H, s, Me-15), 1.20 (2H, m, H-1, H-10), 0.76 (3H, d, J =
5.4 Hz, Me-14); 13C NMR (C;DsN, 100 MHz) ¢ 143.8 (C, C-11),
114.5 (CHg, C-13), 104.0 (C, C-4), 101.6 (CH, C-12), 88.3 (CH,
C-5),81.5(C, C-6), 66.6 (CH, C-16), 61.6 (CH,, C-17), 52.2 (CH,
C-1), 48.5 (CH, C-7), 37.3 (CH, C-10), 36.7 (CH,, C-3), 34.4
(CHs, C-9), 31.7 (CH,, C-8), 24.7 (CH,, C-2), 26.1 (CHs, C-15),
20.2 (CHs, C-14); HRESIFTMS m/z 349.1637 [M + Na]* (caled
for Ci17H9606Na, 349.1621); R, 0.17 (hexane—EtOAc, 1:1).

Preparation of Compounds 17 and 18. In a 100 mL
round-bottomed flask were introduced dihydroartemisinin (2)
(850 mg, 3.0 mmol) and dry ether (25 mL). The mixture was
stirred at room temperature, and cyclohexane-1,4-diol (mixture
of cis and trans) (170 mg) was added. To the stirred solution,
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BF3.0Et; (570 uL) was then added by hypodermic syringe. The
stirring was continued for 80 min, after which time the
reaction was quenched and worked up as usual to leave a
gummy residue (1.13 g). The residue was loaded onto a silica
gel column (flash type, 270—400 mesh, 170 g) and eluted with
increasing amounts of EtOAc in hexane (15 — 50%). Fractions
of 5 mL were collected and similar fractions were pooled by
guidance of TLC to afford two compounds, 17 and 18. Com-
pound 17 (184 mg, gum): [alp +180° (¢ 0.080, CHCls); IR (film)
Vmax 3478 (br, OH), 2937, 2870, 1447, 1364, 1193, 1136, 1098,
1029, 993 ecm™'; 'TH NMR (CDCls, 500 MHz) 6 5.42 (1H, s, H-5),
4.87 (1H, d, J = 3.4 Hz, H-12), 3.83 (1 H, m, H-16), 3.69 (1 H,
m, H-19), 2.62 (1H, m, H-11), 1.45 (1H, m, H-7), 1.42 (3H, s,
Me-15), 1.32 (1H, m, H-10), 1.23 (1H, m, H-1), 0.95 (3H, d, J
= 6.2 Hz, Me-14), 0.90 (3H, d, J = 7.3 Hz, Me-13); 3C NMR
(CDCls, 125 MHz) ¢ 104.4 (C, C-4), 100.3 (CH, C-12), 88.5 (CH,
C-5),81.6 (C, C-6), 71.6 (CH, C-16), 69.2 (CH, C-19), 53.0 (CH,
C-1), 44.9 (CH, C-7), 37.9 (CH, C-10), 36.9 (CH,, C-3), 35.1
(CHg, C-9), 31.24 (CH, C-11), 31.2 (CH;, C-20), 30.7 (CHy,
C-21), 30.1 (CHg, C-18), 27.3 (CH,, C-17), 26.6 (CH3, C-15),
25.1 (CH,, C-8), 24.9 (CH,, C-2), 20.7 (CHs, C-14), 13.5 (CHs,
C-13); HRESIFTMS m/z 405.2226 [M + Na]* (caled for
C21H3406 Na, 405.2253); Ry 0.17 (hexane—EtOAc, 6:4). Com-
pound 18 (110.5 mg, gum): [alp +37.2° (¢ 0.086, CHCl;); IR
(film) vmax 3478 (br, OH), 2935, 2870, 1450, 1375, 1100, 1024,
984 cm~!; TH NMR (CDCl3, 500 MHz) 6 5.40 (1H, s, H-5), 4.88
(1H, d, J = 3.3 Hz, H-12), 3.70 (2H, m, H-16, H-19), 2.59 (1H,
m, H-11), 1.45 (1H, m, H-7), 1.40 (3H, s, Me-15), 1.30 (1H, m,
H-10), 1.25 (1H, m, H-1), 0.94 (3H, d, J = 6.3 Hz, Me-14), 0.86
(3H, d, J = 7.3 Hz, Me-13); 3C NMR (CDCl;, 125 MHz) d 104.5
(C, C-4), 100.4 (CH, C-12), 88.4 (CH, C-5), 81.5 (C, C-6), 74.4
(CH, C-16), 69.6 (CH, C-19), 53.0 (CH, C-1), 44.9 (CH, C-7),
37.9 (CH, C-10), 36.8 (CHs, C-3), 35.1 (CHs, C-9), 31.0 (CH,,
C-18, C-20), 28.5 (CHg, C-17, C-21), 24.8 (CHj, C-2), 25.0 (CHag,
C-8), 26.6 (CHs, C-15), 20.7 (CHj;, C-14), 13.4 (CHs, C-13);
HRESIFTMS m/z 405.2223 [M + Nal " (caled for C21H3406 Na,
405.2253); Ry 0.10 (hexane—EtOAc, 6:4).

Preparation of Compound 20. To a stirred solution of
dihydroartemisinin (60 mg, 0.216 mmol) in ether (10 mL) was
added 4-thiophenol (29 mg) at room temperature, followed by
addition of BF3-OEts (311 uL). The stirring was continued for
30 min, after which time the reaction was quenched by the
addition of 2 mL of 1% aqueous solution of NaHCOs, diluted
with ether, and washed twice with water. The organic portion
was collected, dried over sodium sulfate, and concentrated to
leave an oil. The crude reaction mixture was loaded on a silica
gel column (10 g) and eluted with increasing amounts of EtOAc
in hexane (10% — 50%) to yield impure 20, which was
rechromatographed using 6% MeCN in CH3Clg. This column
afforded 20 as a pure oil (11 mg, 13%): [alp +266.7° (¢ 0.032,
CH,Cly); IR (film) vimax 3377 (SH), 2928, 2872, 1600, 1582, 1496,
1451, 1379, 1269, 1211, 1026, 932 cm™!; TH NMR (C¢Dg, 400
MHz) ¢ 7.55 (2H, d, J = 8.4 Hz, H-18a, H-18Db), 6.92 (2H, d, J
= 8.4 Hz, H-17a, H-17b), 5.82 (1H, s, H-5), 5.32 (1H, d, J =
5.6 Hz, H-12), 3.08 (1H, m, H-11), 1.56 (2H, m, H-7, H-10),
1.41 (3H, s, Me-15), 1.39 (1H, m, H-1), 1.06 (1H, d, J = 7.3
Hz, Me-13), 0.99 (3H, d, J = 6.4 Hz, Me-14); 1C NMR (CgDs,
100 MHz) ¢ 157.0 (C, C-16), 135.9 (CH,, C-18, C-20), 125.3
(CH, C-19), 116.0 (CH, C-17, C-21), 105.3 (C, C-4), 92.7 (CH,
C-12), 88.9 (CH, C-5), 81.6 (C, C-6), 53.0 (CH, C-1), 45.5 (CH,
C-7), 37.7 (CH, C-10), 36.8 (CHy, C-3), 34.8 (CH, C-9), 25.1
(CHg, C-2), 24.7 (CHy, C-8), 26.2 (CHs, C-15), 20.7 (CHs, C-14),
15.4 (CHs, C-13); HRESIFTMS m/z 415.1545 [M — H]~ (caled
for C91Hy705S, 415.1549).

Notes

Antimicrobial Bioassay. Two opportunistic fungal strains
(C. albicans ATCC 90028 and C. neoformans ATCC 90113)
were used in the in vitro evaluation of antifungal activity.
Susceptibility testing was performed using a modified version
of the NCCLS methods. The microbial inocula were prepared
by diluting the subcultured organism in its incubation broth.
Test compounds were dissolved in DMSO, serially diluted
using normal saline, and transferred in duplicate to 96-well
microtiter plates. The microbial inoculum was added to achieve
a final volume of 200 «L and final concentrations starting with
50 ug/mL for pure compounds. Amphotericin B (ICN Biomedi-
cals, Aurora, OH) was used as a positive control, and blank
(media only) controls were added to each test plate. The plates
were read turbidimetrically at 630 nm using an EL-340
Biokinetics Reader (Biotek Instruments, Winooski, VT) prior
to and after incubation. The percent growth was calculated
and plotted versus concentration to afford the IC5¢/MIC.

Acknowledgment. The authors acknowledge the United
States Department of Agriculture, Agriculture Research Ser-
vices Specific Cooperative Agreement No. 58-6408-7-012, for
partial support of this work. The authors are also grateful to
Mr. F. T. Wiggers for the NMR measurements, Dr. C. Dunbar
for the HRESIFTMS data, and Ms. M. Logan for performing
the antimicrobial assays.

References and Notes

(1) Walsh, T. In Emerging Targets in Antibacterial and Antifungal
Chemotherapy; Sutcliffe, J., Georgopapadakou, N., Eds.; Chapman
and Hall: New York, 1992; Chapter 13, pp 349—373.

(2) Mitchell, T. G.; Perfect, J. R. Clin. Microbiol. Rev. 1995, 8, 515—548.

(38) Ghannoum, M. A. Clin. Microbiol. Rev. 2000, 13, 122—143.

(4) Morello, A. J.; Mizer, H. E.; Wilson, M. E.; Granato, P. A. Microbiology
in Patient Care; McGraw-Hill: New York, 1998; p 323.

(5) Fidel, P. L. Oral. Dis. 2002, 8, 69—179.

(6) Nucci, M.; Colombo, A. L. Braz. J. Infect. Dis. 2002, 6, 124—128.

(7) Li, X.; ElSohly, H. N.; Nimrod, A. C.; Clark, A. M. J. Nat. Prod. 1999,

62, 674—6717.

Hufford, C. D.; Khalifa, S.; McPhail, A. T.; El-Feraly, F. S.; Ahmed,

M. S. J. Nat. Prod. 1993, 56, 62—66.

Posner, G. H.; Polypradith, P.; Hapangama, W.; Wang, D.; Cumming,

J.N.; Dolan, P.; Kensler, T. W.; Klinedinst, D.; Shapiro, T. A.; Zheng,

Q. Y.; Murray, C. K,; Pilkington, L. G.; Jayasinghe, L. R.; Bray, J.

F.; Daughenbaugh, R. Bioorg. Med. Chem. 1997, 5, 1257—1265.

(10) Beekman, A. C.; Barentsen, A. R. W.; Woerdenbag, H. J.; Uden, W.
V.; Pras N.; Koning A. W. T.; El-Feraly, F. S.; Galal, A. M.; Wikstrom,
H. V. J. Nat. Prod. 1997, 60, 325—330.

(11) Mambula, S. S.; Simons, E. R.; Hastey, R.; Selsted, M. E.; Levitz, S.
M. Infect. Immun. 2000, 68: 6257—6264.

(12) Jefford, C. W.; Vicente, M. G. H.; Jaquier, Y.; Favarger, F.; Marida,
J.; Millasson-Schmidt, P.; Brunner, G.; Burger, U. Helv. Chem. Acta
1996, 79, 1475—1486.

(13) Pandey, A. V.; Tekwani, B. L.; Singh, R. L.; Chauhan, V. S. J. Biol.
Chem. 1999, 274, 19383—19388.

(14) Brossi, A.; Venugopalan, B.; Gerpe, L. D.; Yeh, H. J. C.; Flippen-
Anderson, J. L.; Buchs, P.; Luo, X. D.; Milhous, W.; Peters, W. J.
Med. Chem. 1988, 31, 645—650.

(15) Lin, A. J.; Lee, M.; Klayman, D. L. J. Med. Chem. 1989, 32, 1249—
1252.

(16) El-Feraly, F. S.; Ayalp, A.; Al-Yahya, M. A.; McPhail, D. R.; McPhail,
A.T. J. Nat. Prod. 1990, 53, 66—T1.

(17) Acton, N.; Karle, J. M.; Miller, R. E. J. Med. Chem. 1993, 36, 2552—
2557.

(18) Galal, A. M.; Ross, S. A,; ElSohly, M. A.; ElSohly, H. N.; El-Feraly,
F. S.; McPhail, A. T. J. Nat. Prod. 2002, 65, 184—188.

(19) Quan, T. D.; Sung, T. V,; Ripperger, H.; Adam, G. J. Prakt. Chem.
1997, 339, 642—645.

(20) Al-Ogail, M. M.; El-Feraly, F. S.; El-Fishawy, A.; Galal, A. M.
Molecules 2003, 8, 901—909.

(21) ElSohly, H. N.; Croom, E. M., Jr.; El-Feraly, F. S.; El-Sherei, M. M.
J. Nat. Prod. 1990, 53, 1560—1564.

NP050074U

(8

=

(€]

=



