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I. Scope of the Review

This review of plant coumarins discovered between 1989 and early
1996 has been compiled on the premise that the reader has access to
the two previous reviews in this series by the reviewer, those of 1978 in
Vol. 35 (171) and 1991 in Vol. 58 {172). With these other two reviews to
hand, the reader will have immediate access to every plant coumarin
ever known and should readily be able to determine, for example, if a
coumarin just isolated is indeed a new natural plant product.

In the 1978 review, the 502 naturally occurring monomeric plant
coumarins known at that time were tabulated principally according to the
number and orientation of oxygen atoms on the benzenoid ring and then
by the oxidation level of the substituent. For every entry, leading refer-
ences were given to the isolation, structure determination, stereo-
chemistry assignment where relevant and synthesis, where effected, of
the coumarin. A similar format was adopted in 1991 and for com-
parability the reviewer has here again presented the data in the style used
earlier.

The 1978 review specifically excluded aryl-substituted and bis-
coumarins even though examples were known. This was rectified in the
1991 review with the inclusion of a further 750 monomeric coumarins
which included 111 aryl-substituted coumarins and coumestans. Data on
34 biscoumarins and one triscoumarin were also given. A similar format
to that of the 1991 review has been adopted here but aflatoxins,
benzocoumarins and ellagic acid derivatives have again been excluded.

References, pp. 105-119
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II. Progress in the Past Six Years

Comparison of the entries in each of Tables 1-8 of the 1991 review
with those of the 1978 review revealed that the numbers of each type of
coumarin discovered during 1978—1989 were almost identical with those
found during the previous 158 years since the first isolation of coumarin in
1820. Now, some six years later, comparison of the 1996 entries in Tables
1-8 with those of 1991 shows that the number of new coumarins has
approximately halved indicating a similar rate of isolation. In the opinion
of the reviewer, however, the numbers of new coumarins reported are, not
surprisingly, beginning to fall. Compared with the period 1978-1989,
there has been a relative increase in 5,7- and 6,7-dioxygenated coumarins
(Tables2 and 3) with a corresponding decrease in ethers of 7-hy-
droxycoumarin (Table 1) while there has been a marked increase in
5,6,7,8-tetraoxygenated coumarins (Table §). Thirty biscoumarins, many
from Citrus plants and hybrids have been newly reported (Table 12) and
three triscoumarins (Table 13).

The power of modern spectrometric techniques, especially nuclear
magnetic resonance, has been elegantly displayed in many of the struc-
tural elucidations, some on extremely small amounts of material. Apart
from many isolation procedures to be found in the leading references on
specific coumarins, the reader’s attention is directed towards additional
publications on solvent extraction studies (31) and ultrasound-assisted
furanocoumarin extraction (37) and separation methods using capillary
electrophoresis (182), micellar electrokinetic capillary chromatography
(40), centrifugal partition chromatography (I57) and two-dimen-
sional planar chromatography (81). A review has appeared on high-
performance liquid chromatography of coumarins (231) with additional
publications on analysis by high-performance liquid chromatography
(21,29,75,83,181,226,229) micro high-performance liquid chromatogra-
phy-mass spectrometry (34) and capillary gas chromatography-mass
spectrometry (23). An easy and absolute diagnosis for coumarin/chromo-
ne discrimination used !’O n.m.r. spectroscopy at natural abundance (173).

Many of the new coumarins isolated in the past six years could well
have been anticipated as natural products being, for example, glycosides
of a known aglycone with a different sugar, an alcohol acylated with
a different acid or a coumarin with a known side chain but at a higher
oxidation level. However, some structures would have been much less
easy to predict such as microminutin (83), the initially proposed structure
(197) being shown to be incorrect and later elegantly found to contain
a five-carbon bicyclic moiety (198), and the unstable dihydroquinone
(250), a supposed intermediate in the biosynthesis of miroestrol (45).
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While esters of (—)-cis-khellactone (90) and ( + )-trans-khellactone
(91) are known, bioactivity-guided fractionation has led to the isolation of
the cytotoxic parent diols (62,63). Anti-HIV bioassay-guided fractiona-
tion has also been instrumental in the isolation of calanolide A (264) and
B (262) and related 4,6,8-trisubstituted-5,7-dioxygenated coumarins from
Calophyllum lanigerum (122). The structures assigned to calanolide C and
D were subsequently shown to be incorrect (163,191) and the two
compounds have been renamed pseudocalanolide C (260) and D (261).

There has been a marked increase in the number of acrimarines,
naturally-occurring acridone-coumarin dimers, from three to 13, isolated
in Japan mainly from Citrus hybrids (Table 1.1) along with five neoac-
rimarines. The structure originally proposed (242) for acrimarine-L is not
given in the Tables since the compound was later shown to be identical
with acrimarine-C (360) and the name acrimarine-L removed (246). Two
further coumarin-naphthoquinone dimers, pummeloquinone (80) (109)
and toddacoumaquinone (158) (98, 102) have been reported.

The simple, albeit unexpected, 4-allyloxycoumarin structure assigned
to setarin (277) has been confirmed by its thermal rearrangement to
3-allyl-4-hydroxycoumarin (112). On the other hand, the structure assign-
ed to yuehgesin-A (65) (143) is most surprising in that it would appear to
be unambiguously confirmed by a variety of 'H n.m.r. techniques yet it is
an acyclic hemiketal of a tertiary alcohol and acetone and should not be
stable.

In the Amendments/Additions Tables which update data in the two
earlier reviews many of the entries refer to synthesis. However, supposedly
new coumarins continue to be reported but later have their structures
revised to those of known coumarins, such as asacoumarin B = galbanic
acid (350) (13) and bakuchicin (I24) = angelicin (367) (164).

In an elegant piece of werk using supercritical carbon dioxide extrac-
tion of Toddalia asiatica, the diol toddalolactone (379) has been shown to
be a genuine natural coumarin but in the original 1933 studies it had been
isolated principally as an artifact derived from aculeatin (377) during
extraction (101). The structure of the 6,7,8-trioxygenated coumarin ob-
tusifol (407) has been revised for a second and, it is hoped, final time (27).

III. Introduction to Tables

The arbitrary but biogenetically-related classification used for tabu-
lating coumarins in the two earlier reviews (171, 172) has once again been
employedin order to assist the reader. It is based primarily on the number,
and then position, of oxygen atoms attached directly to the coumarin

References, pp. 105-119
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nucleus. Thereafter, within each table, entries are presented in the
following order: (i) coumarins with acyclic substituents, (ii) dihydro-
furanocoumarins, (iii) furanocoumarins, (iv) dihydropyranocoumarins,
(v) pyranocoumarins. The coumarins of each subclass are listed in order
of increasing number of carbon atoms in the substituent and in increasing
oxidation level within that group. Phenols are considered before their
ethers and glycosides while alcohols precede their glycosides and esters.

For each entry, the trivial name if one has been coined, is given first
followed by the year ofisolation, the structure and molecular formula. The
melting point of crystalline coumarins is quoted; alternatively, the physi-
cal form as an oil or gum or amorphous (amorph.) is reported. The [«];
and solvent columns refer to the specific rotation at t°C in the given
solvent at a given wavelength, 4 (nm). Where no wavelength is quoted, as
in most cases, the rotation has been measured at 589 nm. The plant source
from which the coumarin was first isolated is then given. Where more than
one plant source is quoted, the later reference has provided additional
information such as another trivial name and/or different physical con-
stants.

The naturally occurring aryl-substituted coumarins which were not
discussed in the 1978 review (171), even though a number were then
known, but were incorporated in the 1991 review (172) are again to be
found in Tables 9.1, 10.1 and 11.1, with data on six new coumestans
presented in Table 11.2.

An asterisk (*) in the top right of the structure column indicates that
some aspect of the stereochemistry remains to be defined. In cases where
the relative stereochemistry is shown the asterisk implies that the absolute
stereochemistry has not yet been defined; racemic substances are so
indicated.

In the later tables giving amendments/additions to data in the two
earlier reviews, the compound numbers given in parenthesis below num-
bers (344—434) inclusive are those which appeared in the 1978 review while
those numbers in square brackets refer to the compound entry numbers in
the 1991 review.
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C14H1003
C14H1004
C14H1203
C14H12O4

C14H1403
C14H14O4

C14H1405
C14H1605

C15H806
CISHIZOS
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Formula Index

Compound number

346), (415), (423)
390), (391), (396)
237), (296)

o —

(361)
(399)
(227)
(375), (392), (397), (426)
(229)
(242)

50), (53), (113), (124), (141),
368)

352), (408)

22), (58), (288), (351), (366),
370)

21), (47), (81), (90), (91), (208),
371), (400)

286), (303)

RS RN SRR R R AN

(310)
(197)

Formula

CisH,,0,
CisH1405
C,sH,sClO,
CisH,60;
Ci5H,60,

C15H1605

C15H1606
CISHIGOIO
C15H16011
CISHIBOS
CISHIBOﬁ
C15H18O7

C16H804

C16H1205
C16H14O4
C16H14OS
C16H14OS
C16H1604
C16H16OS
C16H1606
C16H1804
CIGHIBOS

Cy6H,505
Ci6H1504
C16H18010
CieH 1504y
C,6H,ClO,
Cy6H,005
C16H2005
Ci6H2004

SRS S = Y

Compound number

(160), (356)

(155), (228), (376)

(70)

(353)

(180), (249), (287), (289), (354),
(355), (398)

(23), (74), (125), (161), (221),
(

{

{

{

{

{

{

\l

364), (365)
132), (133), (163), (239), (407)
231)

244)

428)

26), (27)

219)

(282)
(268)
402)

385 )
71), (72), (122), (188), (283),
377), (378), (386)

{

1

(

(

(199)
(77), (78)
(131), (214)
(1), (216)
(213)
(25),(73)
175



100

C17H18012
C171—120010
C17H2205
C17H2206

C181_11006
C18H14O7
C18H1607
CISHISOS
CysH,50,
C18H18013
C18H18014
CISHZOOG
C181_12007
C18H24O6

C19H1206
C19H1207
C19H1607
CioH, 505
C19H1806
C19H18O7
C19H2003
C19H2004

C19H2005

C1 9H2006

C19H2007
C19H20014
CioH2,04

R. D. H. MURRAY

(246)
(226)
(64), (66)
(28), (380)

(431)
(138), (139)
(273)

(279)
(100), (193)
(235)

(247)

(186)

(192)

(65)

(432)

(312)

(427)

(54)

(112), (136)
(274)

(115)

(140), (142), (164), (173), (174),

(215), (383)

(114), (116), (117), (134), (135),

(137), (143), (144)
(146), (167), (384)

(48), (51), (82), (86), (93
(95), (96)

97), (109), (145)

(84), (194)

(248)

(31), (79), (118), (357), (409),
(410)

(2),(4),(6), (32),(33), (57), (61),

(157)

(252), (347), (348)
(5), (34), (220)
(10)

(62)

(7). (349)

(307)
(433)
(59), (60)
(251), (305), (306)
(267)

(241)

(285)
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), (94),

CZOHZZOS
C20]—12207
C20H2209
C20H24O3
C20H24O4
C20H24OS

C20H24O6
C20H24O7
C20H2408
C20H2401 0
C20H24013
C20H2606
C20H26O7
C20H26010

C,,Hyo
C,H

21%%20

1506
o,
Ko}
C,,H,,0,
C,,H,,0,
C,,H,,0;
C,,H,,0,
C,,H,,0,

G, H,,05
C21H24O7
C21H24013
C21H2608
C21H26013
C21H26014
C21H26

oH,
>H,
H

C,,H 04
C,,H,50,
C,,H,504
C,,H,,0,
CHO
C,,H,,0,,
CHO
C,,H,40;
C,,H,,04

CZZHZSO

C;3H,40,
C23H18OS
C23H2008

CZSHZZOS

(424), (425)
(195), (205)
(89)

(412)
(388), (399)
(55), (56), (162), (200), (202),
(203), (224)
(67), (69)
(29), (76)
(45), (206)
(49)

(184)
(204)

(30)

(362), (363)

(130), (257), (308), (309), (429),
(430)

(128)

(129), (250), (256), (258), (259),
(13)

(414)

(240)

(211), (416)

(212)

(52), (101), (102), (103), (104),
(372)

(3), (170), (171), (411)

(85), (105), (106), (196)

(185)

(190)

(176)

(207)

(233)

(80)

(319)

(313)

(272)

(269)

(418)

(260), (261)

(172), (260), (262), (264), (417)
(201)

(230), (234

(158)
(297)
(314), (316)
(183)



C23H22012
C23H2605
C23H2805

C24H20010
C241—122()8
C241—12209
C24H2605
C24H2606
C24]—12607
C24H2803
C24H2804
C24H2805
C24H2806
C24H2807
C24H3003
C24H3004
C24H3005
C24H3007
C24H3206
C24H3207

C25H2201 2
C2 5H3004
CZ 5H3006
CZ 5H34OIO
CZ 5H3401 1
C2 5H34014

C26H24OS
C26H3206
C26H34010
C26H34014
C26H36018

C3-H,,0,
C5-H,,05
C;-H350,5

C28H24O7
C28H2408
C28H26OS
C28H3006

C29H23N08
C291—[2 5N06

Naturally Occurring Plant Coumarins

(270)
(126)
(263), (265)

311)
315)
317)
150)
152)
373)
281)
168)
148), (149), (151), (266)

1
8
0), (147), (255)
8
7), (88), (108), (110)

4
422)
(13), (278)
(17), (280), (350)
)

(

(
(
(
(
(
(
(
(
(2
(
8
(
(
a
(
(15), (119)
(

2),
6),
153
5),
120

)

C1H,5NO,

C30H27NO7
C30H27N08
C30H2806
C30H2808
C30H32012
C30H32013
C30H32015
C30H34011
C30H38010

C3 1 HZQNOB
C3 1 H31N06
C3 1 H34014

C32H2201 3
C3,H3NOg
C32H3409
C32H38019
C32H44014

C3 3H24013
C3 3H29N09
C3 3H3207
C33H3208

C3,H5,NO,
C3,H3,0,

C3 5H33NOS
C3 5H35N09

C36H36014

C38H37N08
C38H4008
C38H4009
C38H4608

C39H41N09
C40H43N09
C48H54OS
C48H54010

C48H5609
C48H6007

101



102 R. D. H. MURRAY

Trivial Name Index

Name Compound number ~ Name Compound number
Acetoxyaurapten (3)  Bisnorponcitrin (326)
Acrimarine-A (358)  Bisosthenon (321)
Acrimarine-B (359) Bisparasin (330)
Acrimarine-C (360)  Bruceol (384)
Acrimarine-D (44) Buntansin B 21)
Acrimarine-E (39) Buntansin C 27)
Acrimarine-F (40)
Acrimarine-G (36) Calanolide A (264)
Acrimarine-H (37) Calanolide B (262)
Acrimarine-I (42) Calanone 271)
Acrimarine-J (43)  Calophyllolide (420)
Acrimarine-K (38) cis-Casegravol (74)
Acrimarine-L (360) Chamaejasmoside (318)
Acrimarine-M (35)  Chloculol (70)
Acrimarine-N (41)  Chloromarmin (10)
(—)-Aculeatin (377)  Citrumarin-A (335)
Aeglin (11)  Citrumarin-B (334)
Aesculetin (389) Citrumarin-C (336)
Aflavarin (317)  Citrumarin-D (337)
Albiflorin-1 (25)  Citrusarin-A (174)
Albiflorin-2 (71)  Citrusarin-B 173)
Albiflorin-3 (72)  Claudimerin-A (340)
Alloxanthoxyletol (141)  Collinin (399)
Angelicin (367)  Columbianetin (366)
Angelidiol (81) Costatolide (417)
Angelitriol (26) Coumarin (344)
Angelol J (28) Coumestrol (428)
Angelol K (29) Crellisin-B 1)
Angelol L (30) Cyclobisuberodiene (434)
Angustifolin (408)
Anhydronotoptoloxide (128) Daphneside (207)
Anisocoumarin H (20 Daucoidin A (86)
Anisocoumarin I (205)  Daucoidin B (82
Anisocoumarin J (206) Decumbensol (48)
(+ )-Anomalin (373)  Dehydrogeijerin (356)
Asacoumarin B (350) Demethylsuberosin (352)
Ayapin (393) Deoxybruceol (383)
5-Deoxyprotobruceol-I
Badycoumarin A (107)  regioisomer (115)
Badycoumarin B (111)  5-Deoxyprotobruced-I1
Bakuchicin (367)  hydroperoxide regioisomer 117)
Balsamiferone (410)  5-Deoxyprotobruceol-I11
Bavacoumestan A (306) hydroperoxide regioisomer (116)
Bavacoumestan B (305)  Derrusnin (427)
Bisclausarin (327) Dioxinoacrimarine-A (75)
Bishassanidin (328) Donatin (215)



Naturally Occurring Plant Coumarins

Edgeworin

Edgeworoside B
Edgeworoside C

Edulisin ITT

Edulisin IV

Edulisin V

Edulisin VI

(+ )-Elisin
Epiphyllocoumarin
Epoxycollinin

Eriobrucinol regioisomer-A
Eriobrucinol regioisomer-B
Ethuliacoumarin A
Ethylnotopterol

Fatagarin
Fercoprenol
Fercoprolone
Ferulenol
Ferulenoloxyferulenol
Frachinoside
Fraxinol
Frutinone A
Frutinone B
Frutinone C
Furobiclausarin
Furobinordentatin

Gancaoin W
Geijerin

Gigasol
Gleinadiene
Gleinene
Glyasperin L
Glycycoumarin
Glycyrol
trans-Grandmarin
Gravelliferone

Hassmarin
Hemidesmin-1
Hemidesmin-2
Hemidesminine
Heratomol
Herniarin
Hoehneliacoumarin
4’ f-Hydroxyeriobrucinol
Imperatorin
Inflacoumarin A
Isoarnottinin

(431)
(342)
(311)
(85)
(84)
(87)
(89)
(124)
(139)
(200)
(140)
164)

Isobaisseoside
Isoethuliacoumarin A
Isoferprenin
Isofraxidin
Isoglycycoumarin
Isoglycyrol
Isokotanin A
Isokotanin B
Isokotanin C
Isoscopoletin

(—)-cis-Khellactone
(+ )-trans-Khellactone
(— )-trans-Khellactone
Khelmarin-A
Khelmarin-B
Khelmarin-C

d-Laserpitin
Leptodactylone
Licoarylcoumarin
Licopyranocoumarin
Ligupersin A
Ligupersin B
Limettin

LI-1

LI1-2

Lomatin

Marmin
(—)-(S)-trans-Marmin
Microcybin
Minumicrolin
Microminutinin
Murrangatin

Neoacrimarine-A
Neoacrimarine-B
Neoacrimarine-C
Neoacrimarine-D
Neoacrimarine-E
Neoglycyrol
Nivetin
Nordenletin
Notoptolide

Oblongulide
Obtusifol
Oreojasmin
Oroselol
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Oroselone

Ostruthin

Oxaclausarin
Oxanordentatin
Oxypeucedanin
Oxypeucedanin hydrate

Palustroside
Pd-la
Pd-1I
Peroxytamarin
Peucedanocoumarin I
Peucedanocoumarin I1
Peucedanocoumarin I11
Peujaponiside
Peujaponisin
Peujaponisinol A
Peujaponisinol B
Phyllocoumarin
Pituranthoside
Plicadin
(& )-Praeruptorin A
(4 )-Praeruptorin B
Prionanthoside
Protobruceol-1
Protobruceol-11
Protobruceol-IT
hydroperoxide
Protobruceol-111
Protobruceol-1I1
hydroperoxide
Protobruceol-1V
Pseudobruceol-1
Pseudobruceol-IT
Pseudocalanolide C
Pseudocalanolide D
Psoralen
Ptilin
Ptilostin
Ptilostol
Pummeloquinone
Purpurasol
Purpurenol
Pyracanthin A
Pyracanthin B

Qianhucoumarin A
Qianhucoumarin B

(369)
(357)
(255)
167)
(381)
(382)

(185)
(372)
(373)
(23)
(106)
103)
(101)
(24)
(110)
(109)
97
(138)
t)]
(307)
(372)
(373)
(175)
(142)
(144)

(146)
(143)

(145)
(137)
(136)
(135)
(260)
(261)
(361)
(160)
(162)
(161)

(80)
(239)
(243)
(199)
(198)

(94)
(99)

R. D. H. MURRAY

Qianhucoumarin C
Qianhucoumarin D
Qianhucoumarin E
Qianhucoumarin F
Qianhucoumarin G

Ramosinin
Rubricauloside
Rutamarin
Rutaretin

Schinicoumarin
Schinifolin
Schinilenol
Schininallylol
Schinindiol
Scoparone
Scopoletin
Seselin
Seselinal
Seselinol
Seshadrin
Sesibiricin
Setarin
Sphondin
Suberenol
Suberosin

Tenuidin
Thesiolen
Toddacoumalone
Toddacoumaquinone
Toddalenol
Toddalenone
Toddalolactone
Toddalosin
Toddanol
Tortuoside
Triumbelletin
Triumbellin

Umbelliferone
(—)-Visnadin
Xanthotoxin

Yuehgesin-A
Yuehgesin-B
Yuehgesin-C

(92)
(100)
(112)

(54)
(208)

(412)
(156)
(411)
(400)

(299)
(399)
(203)
(202)
(204)
(392)
(391)
(374)
(386)
113)
(419)
(388)
@77
(395)
(354)
(353)

(351)
(292)
(159)
(158)
(122)
(155)
(379)
(332)
(378)
(363)
(341)
(343)

(345)
(105)
(401)

(65)
(63)
(64)
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1. Introduction

1.1. Historical

For thousands of years, physicians in China have treated fever with a
decoction of the plant ginghao (/). In 1972 Chinese chemists isolated the
active febrifuge from this plant, determining its structure, 1, by single
crystal x-ray crystallography (2, 3). The discovery was timely, for the
world sorely needs a better treatment for malaria. More than 270 million
people suffer from the disease, two to three million dying each year. The
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majority of the deaths are of children under 5 years of age, who are
especially sensitive because of their lack of immunity to the disease.

13
¢t

H

Malaria is caused by protozoa of the genus Plasmodium which are
injected into the blood stream by the bite of an infected female
Anopheles mosquito seeking a blood meal during the reproductive phase
of her life. Proliferation of the protozoan in the blood stream causes
fever, chills, sweating, dizziness, headache, and diarrhea. Of the four
species of Plasmodium that infect humans, Plasmodium vivax, P.
malariae, P. ovale, and P. falciparum, the last is responsible for cerebral
malaria, which can cause the patient to lapse into a coma and ultimately
leads to death. In many parts of the world, strains of P. falciparum have
emerged which are resistant to chloroquine, otherwise the drug of
choice. Its chemical structure, like that of many of the synthetic
antimalarial agents — chloroquine, primaquine, amodiaquine, and meflo-
quine — is patterned after the cinchona alkaloid quinine. Novel classes
of antimalarial agents are needed to overcome the resistant strains.

1.2. History of the Qinghao Plant

Artemisinin is not the first Chinese natural product to offer promise
against malaria. Prior to World War II, the plant called “‘chang-shan”,
Dichroa febrifuga, a member of the Hydrangea family, was thought to
offer a therapeutic solution. Its main antimalarial alkaloid, febrifugine,
has proven to be too toxic for human use and structural modifications
have been unable to overcome the poor activity/toxicity ratio.

The older Chinese medical literature on the uses of Qinghaosu was
summarized by Luo and SHEN in their review of the chemistry,
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pharmacology, and clinical applications of ginghaosu and its derivatives
(4) with references to the plant’s use dating back 2,000 years. The
ginghao plant is an article of commerce available from virtually all
warehouses for Chinese herbs (5). It was recommended that a feverish
patient take a handful of sweet wormwood, soak it in a sheng (ca. 1 liter)
of water, squeeze out the juice, and drink it all (6).

1.3. Modern History of Artemisia annua L. in Chinese Medicine

In the 1960’s a program in the P. R. of China of re-examining
traditional herbal remedies by modern standards included the ginghao
plant, known for its antipyretic properties. Early efforts to isolate the
active principle from the plant were disappointing. In 1971, according to
the popular Chinese press, an anonymous female pharmaceutical
research institute researcher (possibly Professor You-You Tu of the
Institute of Chinese Materia Medica, Beijing) made a low temperature
extraction with diethyl ether to obtain a material which exhibited
positive antimalarial activity in mice infected with Plasmodium berghei
as well as in infected monkeys. The active ingredient, 1, isolated in 1972
(5, 7), acquired several names: ginghaosu, arteannuin, and artemisinin.
[Artemisinin was also called artemisinine; however, since a final “e”
suggests a nitrogen-containing compound the name is not favored by
Chemical Abstracts.]

Although Chinese workers believed they were the first to isolate
artemisinin, JErRemic and co-workers (8) in Belgrade, Yugoslavia may
have isolated the compound earlier; however, they assigned an incorrect
ozonide structure for the compound and did not follow up their
discovery. After some animal testing, artemisinin was administered to
humans infected with malaria and found to be an efficacious
schiztonocide, with little or no toxicity. By 1972, artemisinin and
derivatives had been used in ten regions of China and administered to
some 6,000 patients.

Chemically, 1 is unlike previous antimalarials in that it does not
contain a nitrogen atom but is instead a sesquiterpene lactone with an
endoperoxide moiety, an unusual functional group in natural products.
The discovery of this new and unusual natural product with antimalarial
activity has stimulated the search for new, more active and longer lasting
antimalarial drugs.

The chemistry and pharmacology of artemisinin has been reviewed
by Krayman (1), Luo and SHEN (4), WOERDENBAG et al. (9), ZamaN (10),
BurLer (/1), Jung (12), and MEesunick (13).
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2. Artemisia annua L. and its Constituents
2.1. Taxonomy

The genus Artemisia (Compositae) comprises over 300 species,
many of which have been used as spices, insect repellants and as a source
for essential oils. A. vulgaris (common mugwort, motherwort, sailor’s
tobacco) is used in folk medicine for the treatment of stomach ache,
headache, diarrhea, fever, rheumatism, bronchitis, poison oak, and to
heal wounds; A. dracunculus is familiar in western cuisine as tarragon;
A. absinthium (wormwood, mugwort, absinthe, mingwort, old woman)
provides absinth, a narcotic and now illegal drink and a source of volatile
oils for massage and stomach disorders; A. tridentata is sagebrush.

2.2. Geographic Distribution

A. annua, an annual, flourishes in many places in the temperate zone
as well as throughout much of China. In the United States the weed
grows primarily along rivers and has been reported in the states of New
York, New Jersey, Maryland, Virginia, and West Virginia; however, it is
not believed to be native to the United States (/4), but may have been
introduced inadvertently. The plant is known by the common names of
annual wormwood, sweet wormwood, and sweet Annie. It also grows
wild in countries of central Europe, such as the former Yugoslavia,
Hungary, Bulgaria, and Romania as well as Italy, France, Spain, Turkey,
the former Soviet Union, and Argentina.

2.3. Cultivation

Studies in China (15), India (16, 17), Turkey (I8) and Australia (/9)
are currently in progress with the objective of increasing the yields of
artemisinin from the plant. Although Chinese plants have been reported
to yield as much as 0.9% of artemisinin (20, 21), elsewhere plants yield
about 0.1% (22), with the highest content found in the leaves of the top
50 c¢m of the plant (23), the highest yields occuring just before flowering
(24). Since artemisinin occurs in A. annua to only a small extent (25),
economic and practical considerations dictate that plants with maximum
contents of artemisinin be found and ways to increase their content be
sought. Thus far, the de novo syntheses of 1 are too complex and
lengthy to be practical or afford a useful source of the drug, but the use
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of other A. annua constituents (Scheme 1) offers promise (see Section
4.5. on the use of artemisinic acid, 2, as a starting material for the
synthesis of artemisinin).

2.4. Cell Culture

Several groups have investigated the possibility of growing tissue
cultures of A. annua in order to obtain artemisinin (26, 27).
KupakasseriL et al. have shown that cultures of shoots and roots
incorporate labelled isopentenyl acetate (28, 29). WEATHERS et al. have
grown transformed root cultures infected with Agrobacterium (30) and
shown that artemisinin is produced up to 0.42% dry weight yield.

2.5. Isolation of Artemisinin from A. annua

Although artemisinin was isolated first in China or perhaps
Yugoslavia, the first laboratory procedure for its preparation was
published by Kiayman and co-workers (37). The air-dried leaves of A.
annua were extracted with 30-60° petroleum ether, and the extract
concentrated and redissolved in chloroform, to which acetonitrile was
then added to precipitate inert plant components such as sugars and
waxes. Chromatography of the concentrate on silica gel by eluting with
chloroform-ethyl acetate was monitored by TL.C on silica gel plates with
iodine vapor; artemisinin was identified by a sharp singlet at §5.80
corresponding to H-12 in the nmr spectrum. Fractions containing high
concentrations of artemisinin could be crystallized from cyclohexane or
50% ethanol. Artemisinin has also been isolated using the Ito multilayer
coil separator-extractor (32). ELsoHLy and co-workers (33) described a
large scale extraction technique for the purification of artemisinin.

2.6. Other Constituents of A. annua

The value of artemisinin as an antimalarial has prompted studies of
other constituents, shown in Scheme 1, in A. annua. Artemisitene, 5, first
detected among HPLC-EC (electrochemical detection) positive com-
pounds (v. i.), was isolated from A. annua in very low yield (34). It was
later synthesized from artemisinic acid (Section 4.5.). lIts in vitro
antimalarial activity is somewhat lower than that of artemisinin (35).
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CHy

Scheme 1

A new sesquiterpene, artemisinin G, 6, was recently isolated from A.
annua by WEl et al. (36).

3. Artemisinin Structure Determination

Artemisinin is a colorless sesquiterpene, mp 156-157°, [a]®p + 66.3
(¢ 1.64 CHCl;), with a mass spectrum and elementary analysis
conforming to C;sH»pOs. Absorption in the infrared at 1745 cm™!
corresponds to a 6-lactone and at 831, 881, and 1115 cm™' toa peroxide
group. Livu et al. confirmed the presence of a d-lactone by opening the
lactone with base and reforming it with dilute acid (3).

Corresponding to the crystal structure for 1 the 'H NMR spectrum
shows the presence of two secondary and one tertiary methyl group, and
an acetal proton. Besides confirming the presence of a carbonyl carbon
and three methyl groups, the '3C-nmr spectrum shows four carbons
bearing two hydrogens, five bearing one hydrogen, and two quaternary
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carbons (37). Its systematic name is 3,6,9-trimethyl-9,10b-epidioxyper-
hydropyrano[4.3.2-jk]jbenzoxepin-2-one.

4. Artemisinin Syntheses

The potential medicinal value of a new antimalarial drug and its novel
structure stimulated vigorous synthetic studies of the natural material
and analogs. Isopulegol, 7, with three of the asymmetric centers needed,
is a convenient starting material, but an even better one is available from
the striking observation of ScHULTE and OHLOFF that treatment of 7 with
diborane and subsequent alkaline peroxide oxidation produced the
hydroxymenthol, 8, with 95% stereospecificity (Scheme 2) (38).

CHs G

—_— HO™

HO™"

HoC”™ “CHs Chy

Scheme 2

The introduction of a peroxide function poses a problem. Most
workers have employed photochemical oxidation to introduce the group,
frequently in low yield. A somewhat more attractive alternative is based
on the observation by Bucui and WUEST that ozonolysis of vinyl silanes
leads to hydroperoxides (Scheme 3) (39).

CH3
HsG, OOSi(CH3)3
Si(CH
— i(CH3)3 ]
H3C > HsC
CH3 CH3

Scheme 3

4.1. From (—)-Isopulegol

Scumip and Horreinz (40) prepared artemisinin in 1982 from (—)-
isopulegol, 7 (Scheme 4). The hydroxyl group of 7 was protected as the
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methoxymethyl ether before hydroboration of the double bond.
Following benzylation of the newly formed hydroxyl group, the
methoxymethyl ether was cleaved with acid and oxidized to yield the
menthone, 9. Kinetic deprotonation and treatment with a tenfold excess
of the alkylating agent produced 10 as the major product, convertible by
lithium methoxy(trimethylsilyl)-methylide to 11. After reductive clea-

CHg CHs
1. CICH;OCH3 1.PhCH;Br, KH
————
- . HCl 0
Ho\‘ 2. BzH(, 2 N
3. H;0; 3. PCC o
HoC CH3 CHa
PhCH,0
7 8 a R=CH30CH;- 9
b R=H
CHs 4 CHs
LDA HJP
(CH3)3SiCH(OCH3)Li
T S —_— 7 (HasSi
3
)\/\ ~H
(CHa)sSi Br .aH
CH3
PhCH,O
10 11
_ CHs 4 CHa
1. Li/NHj = : CPBA
2. pcc  (CHa)sSi — HsC

CH30
(CH3)sSi

HaC

n-BuyNF

CHj

14 15

Scheme 4

References, pp. 202-214



Artemisinin: An Endoperoxidic Antimalarial from Artemisia annua L. 131

vage of the benzyl ether followed by oxidation, acidification yielded the
lactone 12. Treatment of the ene-silyl function by m-CPBA produced the
ketone 13, which was desilylated with fluoride ion to the enol ether 14. It
was this material which was irradiated with oxygen and methylene blue
to yield a mixture of peroxides, including 15, which acid treatment
converted into artemisinin, 1, in small yield.

4.2. From (R)-(+)-Hydroxymenthol, 8b

Chinese workers have exploited the availability of the hydroxy-
menthol 8b in a somewhat similar synthesis given in Scheme 5 (41, 42).
Oxidation of the benzyl ether produced ketone 9, and selective
deprotonation and a Michael addition of 3-trimethylsilyl-butenone
yielded a diketone which was cyclized to decalenone, 16. Borohydride
reduction and Jones oxidation provided a saturated ketone which was
treated with methyl magnesium iodide and dehydrated to a mixture of

Si(CH
CHs gHs (CH3)s o,
1. PhCH,Cl, NaOH 1. LDA, HC P
—_— ——
Ho™ 2. CrO3 o 2. Ba(OH);
3. (COzH);
HO PhCH,O
CHj CHs
8b 9 16
CH
Hio
1. NaBHg, Py 1. Na/NH3 Y 1. Os, (CH3),S
2. CrOs 2. Cr0; —_—
— e A 2. CH,(CH,SH)2
3 CH3MgI 3. CHZNZ H BF3(CH3CH2)20
4. TsOH R ~CH,
17 18a R=CO,CH;
CHs H gHa
H ¥ 1 CH(OCHj)3, TsOH 13

—_—
2. xylene reflux
3. HgCly, CaCO3,
CH3CN
HsC” “CO.CH3 Hsc” CO,CH;

1. Oy, Rose Bengal, -78°
B

2. 75% HClO4

Scheme 5
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olefins including 17 which could be separated by chromatography. The
benzyl group was removed using sodium in liquid ammonia to provide
an alcohol which was oxidized to a carboxyl group and esterified by
diazomethane to give 18a. The double bond was now cleaved by ozone
and the ketone selectively transformed into the dithiane 19. Alkylation
by methyl orthoformate provided the acetal, which was converted to the
olefin by xylene reflux; removal of the dithiane by mercuric chloride
provided the ketone 20. Photolysis in the presence of oxygen followed
by acid treatment provided artemisinin 1.

CHs g Hs CHs
Alkali -C
aline NaSPh m-CPBA
HOOH THF -78°
o) o)
S
SPh 2
HsC o7 Ph
21 23 24
HaC e HsCy_ CH

H Al-(Hg), wet (e JggXe]
0
H3C>§/\Br Z5.
h

0.0
26
25
HsCo ,CHs HsCCHs
1. TsNHNH; P<| 1. ((CHs)381)3Al Et;0 '><|
L 9H3 ——— o o CH3

2. Buli [oXggAe) H 2. (CH3C0),0
3. DMF HsC
CH3)3S|
OHC

e

27 28
HaCo CHs HsCL CHs
BuLi '>ﬂ Pﬂ CH
CH Buli, CH3I 23 1. O3

— 5 ) 3 (0] T ) 1

2. BHT, H;S04
H3)38|
COzH CH,
Scheme 6
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4.3. From 3(R)-Methyl-6-phenylsulfinyl-cyclohexanone

In their synthesis of artemisinin AVery et al. (43) utilized a single
asymmetric center of (—)-isopulegol, oxidizing 7 to pulegone 21
(Scheme 6). Formation of the epoxide 22, and cleavage by sodium
thiophenolate allowed removal of the side chain by a concomitant
reverse aldol condensation. Oxidation of the thioether 23 provided a
sulfoxide 24 which was selectively alkylated with the atoms needed to
form ring A. The sulfoxide of the product 25 was removed by reductive
cleavage to provide a ketone, 26. Addition of a formyl group via a
hydrazone provided aldehyde, 27, which was reduced and acetylated.
Claisen rearrangement of the ester 28 produced 29. This material was
stereospecifically methylated to provide 30 with all of the requisite
carbon atoms. It was this material which provided the substrate for
Buchrs ozonization. Mild acid treatment effected the hydrolysis of the
ketal and trimethylsilylether, followed by cyclization to 1.

4.4. From (+)-Isolimonene

RAVINDRANATHAN ef al. employed an intramolecular Diels-Alder
reaction to prepare a tricyclic intermediate with the required stereo-
chemistry (44) (Scheme 7). Hydroboration of the readily available (+)-
isolimonene 31 provided alcohol 32, as a mixture of epimers. Trans-
etherification with 1-ethoxy-2-methylbutadiene provided 33, which
cyclized at 210° to the tricyclic 34. After epoxidation, the oxirane was
reduced with lithium aluminum hydride to yield a tertiary alcohol 35.
The ether was oxidized to a mixture of lactones separable by
chromatography to provide 36. Hydrolysis, periodate oxidation and
esterification by diazomethane provided aldehyde 37b, a derivative of
which Xu et al. had earlier converted to artemisinin (4).

4.5. From Artemisinic Acid

The preceeding syntheses of 1 are technically difficult and
impractical for the preparation of large quantities of artemisinin or its
derivatives. Xu et al. (45) converted artemisinic acid 2, which is
available in large quantities from A. annua, into 1 and deoxyartemisinin,
3, (Scheme 8) by steps similar to those reported (42).

Rota and Acton (46, 47) achieved a notable improvement in the
process by photooxidation of 18b to the hydroperoxide 38 (Scheme 9).
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g GHs OCoHs St
v H /_{/_ CH2 v
9BBN, we? en z 210°
—_— 2 3 —_—
“ry NaOH oy HsC \O % 4
o)
HoCZ Ch H kg CHs
32 CHs 33
T H3
1. m-CPBA Y 1. RuCls, NalO4
e e R
HaC 2. LiAlH4 2. NaOCH3, CH30H
1. NaOH
_———>
2. NalOg4
36 37 (a)R=H
(b) R=CHj
Scheme 7

When the crude reaction mixture is allowed to stand for 4 days at room
temperature a remarkable transformation occurs, involving an oxidative
ring opening and recyclization. The product may be extracted into an
organic solvent and purified by crystallization to give 1 in 30% yield.

A valuable approach to intermediates has been provided by Haynes
and VonvILLER (48) who found that alicyclic allyl hydroperoxides, such
as that from pinene, are readily cleaved with ferric chloride to dicarbonyl
compounds (Scheme 10). Thus, the hydroperoxide of artemisinic acid,
38, is converted to the dicarbonyl compound, 39, by treatment with
Cu(OSO,CF;3), and Fe(phenanthroline);(PFg)3; 39, in turn, was
converted by acid to artemisitene (dehydroartemisinin), 5 (Scheme 11)
49).

YE and Wu (50) (Scheme 12), by a series of reductive steps, followed
by ozonization and acid cyclization, converted 40 into a mixture
including 41, which ruthenium periodate treatment converted into 1.
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Scheme 11

4.6. From Arteannuin B

LansBURY and Nowak (57) showed that dihydroarteannuin B, 4, was
converted by butyllithium and tungsten hexachloride to an unsaturated
lactone (Scheme 13). The stereochemistry of the lactone was established
by an X-ray crystal structure determination. Ozonolysis provided a
ketoaldehyde, 42, which, after selective ketalization, was converted to
the enol ether, 43. Thus, the stereochemistry of the lactone in 42 was
unimportant in the reaction sequence. The peroxide grouping was
introduced by a photochemically sensitized (Rose Bengal) oxidation

followed by a camphorsulfonic acid catalyzed condensation.
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CH
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4. (CH3)3S H
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H
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CHs

HaC

CHs

41

RuCl3-NalOy4

Scheme 12

5. Physical Measurements and Analyses
5.1. NMR

511 'H

Although the structures of artemisinin and of several transformation
products were determined by x-ray crystallography, those of most trans-
formation products were deduced from spectroscopic data, primarily 1D
and 2D 'H and *C NMR data. Because early assignments of both nuclei
in artemisinin differed consideraby (34, 52, 53, 54) Brasko et al. (37)
redetermined them, using the superior techniques which had become
available. The use of different numbering systems by various groups
requires care in comparing assignments.
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CHo

H
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0 ghs
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1. HeC—Si(CHg)

H

1. Rose Bengal, hv, CD30D
———e—— 3 HaC

TMS triflate 2. Camphorsulfonic acid

..,,llH

CH3l CH30,¢" YCH3

Scheme 13

Sodium borohydride reduction of the lactone group of 1 produces an
epimeric mixture of dihydroartemisinins, 44a and 45a. The epimeric
acetal methyl ethers have been assigned configurations consistent with
the 'H characteristics anticipated from stereochemistry (55). With the
movement of the methoxyl group (R=CH3) at C-10 of 44b from the
axial to the equatorial position of 45b, the axial proton at C-9 is shifted
upfield (62.59 to 2.36 ppm), while Jo10=3 Hz (an axial-equatorial
coupling) increases to 9.3 Hz (characteristic of an axial-axial relation).
Similar values were observed for [-arteether, 44c, supported by a
NOESY experiment (56).

1 9, 10 9,
[¢] / o AR

(o] o] .

OR
44a (R=H) 45a (R=H)
44b (R=CH 3) 45b (R=CH 3)
44c (R=CzHs) 45¢ (R=C; Hs)
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These assignments allowed study of the equilibration of dihydroar-
temisinin epimers. On dissolution in chloroform or methanol, the
epimer of the crystal (44a, R = H) forms a mixture of C-10 epimers (44a
and 45a) with the composition dependent upon the solvent: the o:f ratio
is 1:1 chloroform and 2:1 in methanol.

512 1BcC

Because the peroxide group is not readily detected by spectral means,
the 3C chemical shifts of the terminal carbon atoms of the peroxide
group in artemisinin (C-3, & = 105; C-12a, & = 80) have been partic-
ularly valuable in demonstrating the presence of the peroxide bridge
within the series. The chemical shifts of the corresponding carbons in the
oxide, deoxyartemisinin, 3, (6 = 109; & = 82) are somewhat downfield
from those in 1 (57).

5.2. Circular Dichroism

The absence of absorption beyond the vacuum ultraviolet renders
these compounds potentially valuable for the study of the weak
absorption bands of cyclic peroxides. Liu and Duan (58) reported that
artemether exhibited a positive CD band at approximately 250 nm,
whereas a second compound, 46, containing a 5-membered ring peroxide
had a CD-band at 232 nm; they proposed a theoretically based
relationship between the geometry of the peroxide and the sign of the
CD curve associated with the long wavelength transition. Lianc (59)
reported CD curves for artemisinin, 1, and deoxyartemisinin, 3 but none
for a mixture of dihydroartemisinin epimers. One of us measured the CD
spectrum of arteether, 44¢, but was unable to detect a band at 250 nm
(60).

O\
[e] CH3CH3
CH3
46

5.3. Infrared

Infrared measurements of artemisinin and its derivatives proved
useful in establishing the presence of the 8-lactone (1745 cm™!). The



140 H. Z1rrer, R. J. HigHET, and D. L. KLAYMAN

claim that the peak at 722 cm™! is characteristic of the peroxide group
(61) led BiLL, Jerrorp and their associates (62) to investigate the
vibrational spectra of 0 and 80 isotopomers of bicyclic 1,2,4-
trioxanes such as 47. Since the bands at 780 + 20 and 880 + 10 cm™!
are shifted by the isotopes, they must be characteristic of the trioxane,
arising from a combination of C-O and O-O stretching vibrations.
However, none of the bands are characteristic group frequencies for the
peroxide group.

5.4. Mass Spectroscopy

In the absence of other spectral means of detecting peroxides,
determination of the molecular weight of transformation products or
synthetic materials is quite valuable, but peroxides are known to be
unstable under the conditions of mass spectrometery (63). Using electron
impact ionization, some workers have been able to detect the molecular
ion of artemisinin (64), but others have not (65). Chemical ionization
provides molecular ions more reliably and has proven a valuable support
for the study of synthetic and transformation products. Ionization by
methane or ammonia is widely used, but isobutane is more satisfactory.
However, hemiacetals such as dihydroartemisinin give no molecular ion.
Somewhat surprisingly, thermospray techniques provide spectra of
dihydroartemisinin in which the molecular ion is the strongest peak
above m/z >139 (66). Under conditions in which the gas chromato-
graphic inlet to the mass spectrometer is between 320-350° the pyrolysis
product 48 is observed (C14H203, m/z 238), which provides a useful
means of detection (67).

0 CHs
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5.5. X-Ray Crystallography

In addition to the original crystal structure noted earlier (Section 3),
structures have been reported for dihydroartemisinin, 44a, artemisinic
acid 2, (55) arteether, 44c¢, (68), and the two thermal decomposition
products described in Section 6.1. below (69).

5.6. Quantitative TLC

Thin layer chromatography provides a convenient method for the
assay of artemisinin and its derivatives. (70, 71). A chloroform extract of
homogenized tissue or plasma provides a sample for application to the
plate. After development by petroleum ecther-ethyl ether (1:2), the
plate is sprayed with p-dimethyl-aminobenzaldehyde and heated at 80°C
to produce a color which is quantitated by densitometry at 600 nm.
Substitution of a 2% solution of vanillin in sulfuric acid for p-
dimethylaminobenzaldehyde produces a color that is measured at 560
nm (72).

5.7. Titrimetric

Since artemisinin is a lactone it can be dissolved in dilute alkali, and
the remaining alkali titrated (73).

5.8. HPLC

5.8.1. Electrochemical Detection

Although there are no spectroscopic methods which directly detect
the peroxide group, Acton et al. have shown that electrochemical
methods allow the detection of trace quantities of this group (22).

MELENDEZ et al. have employed reductive electrochemical detection
as the detector of an HPLC column which permits the determination of
as little as 5 ug of the terpene, suitable for both plant analyses and
pharmacokinetics (74, 75, 76). Substitution of a glassy carbon electrode
for the electrochemical detector allows one to detect arteether 44¢ or
dihydroartemisinin 44a in the low nanogram range (75). In their
pharmacokinetic studies of artemether, artemisinin, dihydroartemisinin
and sodium artesunate in rats and humans, ZHou et al. (76) employed an
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HPLC based separation with a polarographic detector. Deoxygenating
the mobile phase by boiling the solvent mixture for 1-2 hours while
purging with nitrogen allowed the detection of 10-1600 ng of
artemisinin and its derivatives. ZHANG et al. (77) employed pulse
polarography to detect artemisinin in A. annua.

5.8.2. UV Detection Methods

The absence of a strong UV absorption band above 210 nm in 1 has
hindered analysis of the compound in plant extracts, various tissues, and
in purification. Artelinic acid, 49, itself an effective agent against P
berghei, does have a UV absorbing aromatic chromophore which Inowu
et al. (78) used to detect the material in plasma after separation from
impurities by HPLC.

One approach to this problem has been to treat samples containing
artemisinin with alkali before chromatography, thus converting the
compound into substances which absorb in the ultraviolet and can be
chromatographed, of course, with different chromatographic character-
istics than the parent. The alternative, treating column eluates with
alkali, allows characterization of the compound itself. EbLunD et al. (79)
mixed a IM KOH solution (methanol:water, 9:1) with the eluent,
either 49 or artesunate, 50, and heated the mixture at 70°, to provide
material detectable at 289 nm.

CO,H
z OCOCH;CH,CO-H

49 50

Esterification by diacetyldihydrofluorescein, previously used in TLC
studies (80), provides a derivative for HPL.C which allows detection in
subnanogram quantities (81). Substitution of fluorometric methods
would surely have reduced these levels considerably.

Reverse-phase HPLC is suitable for the separation of artemisitene
from artemisinin (82).
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5.8.3. Capillary Gas Chromatography

To analyze for artemisinin by gas chromatography, SIPAHIMALANI et al.
(85) preceded chromatography by pyrolysis. Unfortunately, arteannuin-B
could not be distinguished from thermal products derived from
artemisinin (86). In their study of the metabolism of artemisinin,
THEOHARIDES ef al. (67) coupled gas chromatography and mass spectro-
metry to analyze for a pyrolysis product, (2S,3R,6R)-2-(3-oxobutyl)-3-
methyl-6-[(R)-2-propanal]cyclohexanone, 48, formed from 2. The method
allowed them to quantitate between 10 and 1000 ng of artemisinin in
blood.

5.8.4. Diverse Analytical Methods

Assays have been reported by iodometry (83), polarography (84) and
pulse polarography (77). Gas chromatography of the thermal degradation
products of artemisinin can measure the quantity of the terpene, but
fails to distinguish arteannuin-B (85). Direct GC analysis seems more
appropriate (86).

5.8.5. Radiolabelling

Descriptions of preparation of radioactive artemisinin by WILzBACH'S
method have not appeared; however AVERY et al. recently described (87)
the synthesis of ['*C]-artemisinin employing an intermediate, 29, in their
synthesis of artemisinin. However, the preparation of labelled dihy-
droartemisinin, 44, by reduction of 1 with NaB’*Hj, is readily achieved
(88); the latter can be converted to artemether or arteether. A *H labelled
sample of arteether was prepared by Pu and Zirrer (89) employing an
acid catalysed addition of [*H]-ethanol to anhydrodihydroartemisinin. A
14C labelled sample of artemether was prepared by using “CH;0H to
etherify 2 (90). The use of these materials in pharmacokinetic studies is
described in section 13. A sample of *H-artesunate, 50, was prepared
from 44a using *H succinic anhydride (91).

5.8.6. Radioimmuno Assay

Radioimmuno assay allows the detection of 2-3 ng of artemisinin
derivatives (e.g. 1, 44, and others) that contain a peroxide group (91, 92).
Sheep antibodies were obtained using a conjugate of dihydroartemisinin-
12-O-acetic acid with bovine serum albumin (BSA) plus complete
Freund’s adjuvant. Derivatives lacking the peroxide group are readily
distinguished, for they are only weakly bound to the antibodies.
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6. Reactions of Artemisinin and its Derivatives
6.1. Thermolysis
Artemisinin is a remarkably stable peroxide, withstanding heating in

neutral solvents to 150°, but controlled pyrolysis does provide interesting
products (Scheme 14) (69, 93). Two groups showed that a crystalline

190°C
———  CHyC—Om- +
1
53
Scheme 14
H
HsC,,,)
+
G CHg
*H
o} CHO
54
44a 3 H
H3Cy, ]
+ HsC vy -CHs
H
o] o] CHO
55
Scheme 15
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product corresponds to 51 by crystallographic analysis, while an oil
showed spectral properties corresponding to 53. Luo et al. assigned a
different structure to a second crystalline product they isolated by
heating artemisinin for a longer period at 180° (93).

The thermal decomposition of dihydroartemisinin, 44a, under the
same conditions (Scheme 15), somewhat surprisingly produces deoxy-
artemisinin, 3, and an oil, with spectral properties corresponding to a
mixture of 54 and 55 (94).

6.2. Chemical

6.2.1. Reactions with Alkali

In aqueous alkaline solution the lactone ring of 1 opens to free the
reactive groups of an aldehyde, ketone, and hydroperoxide. These groups
undergo intramolecular condensations to produce a complex mixture of
products. Chinese chemists have taken on the formidable task of
characterizing these substances, available only in small yield. Treatment
with potassium carbonate (Scheme 16) produces ester 56, the epoxy-
lactone 57, and the unsaturated ketoacid 58 (95). However, aqueous
alkali produces pyran 59, which is isolable in only 15% yield, although
the ultraviolet absorbance of the crude reaction mixture suggests that it is
the predominant product (96). Prolonged alkaline treatment followed by

CHa

Hooc” CHs

1T

56 57 58

Scheme 16
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OH

1. NaOCH3 §{\ oH
1 e HaC ®
2. CH3COOH I “orcn,
3. CH;N; o |/
CO,CH3
61
Scheme 17

1. LiN(Et),
2 H* » H3C'

Scheme 18

acidification produces lactone 60 (97). Such treatment of deoxyartemi-
sinin, 3, produces similar mixtures.

Strenuous treatment of 1 by sodium methoxide in toluene at 105°C
(Scheme 17) produced in low yield material with spectral properties
consistent with the bicyclononanone structure 61.

A dioxetane intermediate was postulated which was detected by
observing its luminescence above 60—70°. Dioxetanes are one of a rare
group of molecules that thermally decompose to form the excited state of
the product (98). In returning to its ground state, light is emitted.
Curiously, SHANG et al. were unable to detect luminesence at lower
temperatures.

On treatment with lithium diethylamine at —78° and reacidification 1
forms a mixture of artemisinin and 9-epi-artemisinin 62 (Scheme 18)
99).

6.2.2. Reactions with Ammonia and Amines

Torok and Zirrer (/00), examined the reaction of artemisinin with
methanolic ammonia (Scheme 19). The initial product is probably a
hemiacetal-amide (R=H), 63, in equilibrium with the hydroperoxy
methyl ketones, 64 and 65. Treatment of the crude reaction mixture with
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RNH2

CH3OH

66 67
R R
66 H 67 H
68 | -CH,CH=CH, 76 | -CH,CH=CH,
69 -CH,CH(CHa), 77 -CH,CH{(CHg),
70 -CH,4 78 -CH;
CHe 79 w6d 1(;2H2-
18 __/13
72 17 @}?H 15
/147772
1§75 80 @_CHZ.

73 QCHZ-
74 QCHZ

75 -CH,CHO

Scheme 19

dilute sulfuric acid, BHT and silica gel, reaction conditions employed by
AVEry et al. (43), produced a mixture of 11-azaartemisinin 66 and
deoxyazaartemisinin, 67. The same reaction sequence with primary
amines provided a variety of N-substituted 11-azaartemisinin derivatives.
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The most active derivative, N-(2'-ethanal)-11-azaartemisinin, 75, was 26
times more active in vitro and 4 times more active in vivo than
artemisinin. The in vitro results are given in Table 1 (Section 12.).

6.2.3. Reactions with Acid

As might well be anticipated, acid treatment of 1 produces complex
mixtures of hydrolysis and rearrangement products, which have been
studied with complex and conflicting reports. Simple acid-catalyzed
trans-esterification which can be reversed to form the lactone without
affecting the peroxide group has been reported without experimental
detail (J01).

Treatment 1 with acidic ethanol yielded three compounds, 81, 82 and
83 (Scheme 20) (102), whose structures were established by NMR and
mass spectra; in vitro tests of their antimalarial activities against
chloroquine-resistant P. falciparum showed that the 1,2 4-trioxanes
(83a and 83b) were as active as artemisinin.

HCl in CH3OH
or C,H50H

81 (a) R=CH3 82
(b) R=C;Hs
83 (a) R=CH3
(b) R=CyHs
Scheme 20

6.2.3.1. Arteether, 44c¢

Although lipid soluble artemisinin derivatives are injected subcuta-
neously as oil suspensions in in vivo studies, oral administration is
preferable. Consequently the behavior of compounds with acid has been
studied. Arteether, 44c, is an effective drug the preparation of which is
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CH3

HsC

86 87
Scheme 21

described in the next section; its behavior in acid has been examined by
Baxer and CHi (/03), and by Acton and RotH (104). Treatment of 44c¢
with 5SM HCI in aqueous ethanol at room temperature (Scheme 21)
afforded 84, 85, 86 and 87, characterized by NMR and mass spectra, the
assigned stereochemical structures being supported by NOESY interac-
tions. The peroxy groups were detected by reductive electrochemical
liquid chromatography. ActoNn and Rorn reported that treatment of
dihydroartemisinin, 44a, under the same reaction conditions gave rise to
the same four products although there were differences in the relative
amounts formed.

6.2.3.2. Dihydroartemisinin, 44a

A host of esters, ethers, carbonates etc. of the free hydroxy group in
dihydroartemisinin have been prepared by Chinese investigators and
others. A listing of these derivatives and their antimalarial activities
against P. berghei is given in Tables 14 and 15 in Section 12.2.

Dihydroartemisinin, 44a, has been dehydrated by treatment with
P05 or DCC (Scheme 22) (105). The resulting product, anhydrodihy-
droartemisinin, 88 has been employed as a starting material in the



150 H. ZirreR, R. J. HiGHET, and D. L. KLAYMAN

H

CH,

Scheme 22

syntheses of antimalarial drugs. For example two groups (106, 107) have
described acid catalyzed additions of alcohols to 88.

6.2.3.3. Acid-Catalyzed Additions to Anhydrodihydroartemisinin

6.2.3.3.1. Triphenylphosphine Hydrobromide. Pu and ZirrEr (106)
catalyzed the addition of alcohols to 88 with triphenylphosphine
hydrobromide (Scheme 23). Although the proton adds to C-9
predominantly from the P face, all four possible stereoisomers of
arteether were formed, isolated and characterized. Several 10fB-alkoxy
ethers, 93, 94 and 95, were prepared and their in vitro activities
determined.

6.2.3.3.2. p-Toluenesulfonic Acid. EL-FErRALY et al. (107) obtained a 3:1
mixture of arteether, 44c and 9-epi-arteether, 91, from the p-
toluenesulfonic acid catalyzed addition of ethanol to 88 in absolute
alcohol. The ratio of arteether to the 9-epi- isomer was reversed in
dichloromethane.

6.2.3.4. Acid-Catalyzed Rearrangements of Artemisinin Derivatives

6.2.3.4.1. Lewis Acids. In the presence of Lewis acids, 41a and the 10B-
allyl derivative, 41b, underwent the rearrangement shown in Scheme 24
(108).

6.2.3.4.2. Silica Gel-Catalyzed Rearrangements. Although dihydroarte-
misinin itself can be chromatographed on silica gel without decomposi-
tion or rearrangement, dihydroartemisitene, 37, rearranges in the
presence of silica gel to form 97 as shown in Scheme 25 (109).
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Heavily solvated Lightly solvated
TPP-HBr TPP-HBr

CHs

H

CHs

1T
1
Lol T

HsC

93 R=CH;

94 R=n-C 3 H7

95 R=n-C4Hg

Scheme 23

YAGEN et al. (110) reported that heating a solution of dihydroarte-
misinin, 44a, in the presence of silica gel produces 3 (Scheme 26). Under
the same reaction conditions 9-B-hydroxydihydroartemisinin, 98a,
undergoes ring contraction to produce 99 (Scheme 27). However, under

these reaction conditions the epimeric 9-a-hydroxydihydroartemisinin,
98b is recovered unchanged.
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BF3.Et,0
41 (a)R=H 96 (a) R-H
(b) R=CH,CH=CH, (b) R=CH,CH=CH,
Scheme 24
CH. CH
Hio Hio
HyC ' HsC Y
_ Silica gel o,

i Y

CHz

Scheme 25

CHs

Scheme 26

Silica gel
——

(a) Rj=0H, Ry=CH3
(b) R1=CH3, R2=0H

Scheme 27
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6.2.4. Reaction of Artemisinin with Reducing Agents

6.2.4.1. Lithium Aluminum Hydride

Reduction of artemisinin by LiAlH4 produces at first 100 and 101,
but extended reflux leads to the further reduction of 100 to 101 (/11)
(Scheme 28).

Scheme 28

6.2.4.2. Sodium Borohydride

Reduction of artemisinin by NaBH4 in cold methanol produces
dihydroartemisinin, 44a, a critical intermediate in the preparation of a
variety of derivatives, with very little reduction of the peroxide (112).

6.2.4.3. A Mixture of Sodium Borohydride and Boron Trifluoride

JunG et al. employed a mixture of sodium borohydride and boron
trifluoride, which PertiT and Piatak (/13) had shown converts lactones
into the corresponding ethers (/74) (Scheme 29), to convert 1 into (+)-
deoxoartemisinin, 38. Reduction of the carbonyl to a methylene group
occurs without loss of the peroxide grouping. The in vitro activity of 38
was found to be eight times greater than 1 against malaria. This

Scheme 29
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discovery prompted several group to prepare 10-alkyldeoxoartemisinin
derivatives as well as (+)-homodeoxoartemisinin, 97 (Section 7.).

6.2.4.4. Hydrogenation

Hydrogenation of 1 over Pd/CaCOj5 reduces the peroxide to an oxide,
i.e. deoxyartemisinin, 3 (4). Brossi et al. (68) reported that hydrogena-
tion of arteether, 44¢, over Pd/CaCQOs followed by treatment with p-
toluenesulfonic acid yielded deoxyarteether, 102 (Scheme 30).

Hy

Pd/CaCO3;

Scheme 30

Scheme 31
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6.2.5. Bromination

Treatment of 1 with N-bromosuccinimide produces an epimeric
mixture of bromo derivatives (Scheme 31) (99). The 9p-bromo isomer,
103, was converted with diazabicycloundecene into isoartemisitene, 104.

VENUGOPALAN et al. (115) treated 88 with bromine to form a mixture
of 9,10-dibromo derivatives, which led to the bromohydrins. Reaction
with alcohols provided a series of ethers. That from propargyl alcohol
was treated with tributyl tin hydride producing radical intermediates
which cyclized to the epimeric acetals, 105 and 106 (Scheme 32).

The above dibromides were also prepared from 88 by Lin ez al. (116)
who reacted them with a number of heterocyclic amines to prepare water
soluble artemisinin derivatives. The structures of the compounds and
their antimalarial activities are given in Table 7 (Section 12.1.).

6.2.6. Fluorinated Artemisinin Derivatives

Chinese investigators prepared a number of fluorinated dihydroarte-
misinin derivatives which were listed in a review by Luo and SHEN (4);
several were 2-3 times more active than the corresponding hydrogen
analog. Posner et al. (117) prepared a p-fluorobenzyl ether of a synthetic

CH
Hio
1. Bry, CCly J BF3. Et,0
———  HC
2. H0 o) iy HCCCH,OH
"o CH
° Br
OH AIBN OCH,CCH
88 n-BuzSnH

HsC

105 106

Scheme 32
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Scheme 33

1,2,4-trioxane and reported that it exhibited twice the antimalarial
activity of the corresponding hydrogen analog. These results prompted
Pu et al. (118) to prepare several geminal difluorinated artemisinin
derivatives by the reaction of DAST (diethylaminosulfur trifluoride) with
the corresponding carbonyl derivative (e.g. 107a to 107b in Scheme 33).
Their antimalarial activities are given in Table 3 (Section 12.1.).

6.2.7. Epoxidation of Anhydrodihydroartemisinin

LN et al. (119) were the first to epoxidize 88 with m-chloroperben-
zoic acid; however, they isolated a mixture of 9a- and 9B-hydroxy-10p-
m-chlorobenzoates instead of the expected epoxides. The in vitro
antimalarial activity of the 10a-hydroxy isomer was comparable to that
of artemisinin but that of the 10B-isomer was between one fifth to one
sixth of the activity of the 10a-compound.

PetrOV and Ocnyanov (120) prepared the B-epoxide, 108, from the
reaction of 88 with the 1:2 complex of m-chloroperbenzoic acid and KF
at 0°. HurForD et al. also isolated 108 from the reaction of 88 in
methylene chloride with an aqueous buffered solution of m-chloroper-
benzoic acid and aqueous sodium carbonate, determining the structure of
the oxirane by x-ray crystallography (121). Pu et al. (122) showed that
the o and P oxiranes were both formed in a 1: 4 (: p) mixture (Scheme
34). However, the a-oxirane, being more sensitive to moisture, was
converted into the corresponding diol during the workup. Treatment of
an aqueous acetone solution of 108 with dilute sulfuric acid produced
10B-hydroxydihydroartemisinin 109 which was then oxidized with
chromic oxide in aqueous acetone to yield 9p-hydroxyartemisinin, 110.

Diol 109 was difficult to purify by silica gel chromatography,
undergoing an unusual silica gel-catalyzed rearrangement to form a less
polar compound 99 (see Section 6.2.2.1.).
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m-CPBA-2KF
— cH,

88 108

CrO3z
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Silica

Gel

CH,

Scheme 34

6.2.8. Osmium Tetroxide Oxidation of Anhydrodihydroartemisinin

Treatment of 88 with osmium tetroxide provided entry into the
corresponding 9a-hydroxyartemisinin series of compounds (Scheme 35)
(121). HurrorD et al. obtained a 1:1 mixture of diols, 109 and 111,
using one equivalent of osmium tetroxide. Oxidation of this mixture with
Jones reagent produces 9o-hydroxy-artemisinin, 112, while Moffat
oxidation provides a mixture of 9a- and 9B-hydroxyartemisinin. Pu et al.
(122) oxidized 88 stereoselectively to 111 by employing catalytic
quantities of osmium tetroxide and N-methyl morpholine as a co-
oxidant.

0504 (cat)
—;—> CH __CIO;> CH
5 3
N-Me aqueous-
morpholine acetone
88 1 112

Scheme 35
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7. Dihydroartemisinin Derivatives

7.1. Derivatives with Enhanced Oil Solubility

The poor solubility of artemisinin in water or oil, the two most common
media for parenteral administration, prompted investigators in China and
later in the U.S. to prepare some 100 semi-synthetic derivatives with
improved solubilities. Virtually all of these modifications depend on
reducing the lactone, the sole amenable functional group of 1, to a lactol.
In general, alkylation of a mixture of dihydroartemisinin epimers in the
presence of an acidic catalyst gives products with predominantly B
orientation, whereas acylation in alkaline medium preferentially yields o
epimers. Many of the semi-synthetic products are more potent than the
parent, with the order of activity carbonates > esters > ethers >
artemisinin (123, 124, 125).

7.1.1. Ethers

Artemether

Artemether, 44b, is prepared by treating a methanol solution of
dihydroartemisinin with boron trifluoride-etherate (/37). Both epimers
are substantially more effective against chloroquine resistant P. berghei
(o, SDsp 1.02 mg/kg; B, 1.16) than artemisinin (SDsg 6.2). Acute toxicity
offers no problem, with subacute effects limited to minor fatty
degeneration in liver cells (/26) and, in beagles, lymphocyte reduction
(127). The radical cure rate of 96% is to be compared with that of
artemisinin, which gave 75%, and chloroquine, 11%. To reduce the high
rate of recrudescence, artemether is given in combination with
sulfadoxine and pyrimethamine, but a 19% rate of recrudescence
persists (126).

Among the large number of ether derivatives of dihydroartemisinin,
arteether, 44c¢, shows activity comparable to artemether. The o-anomer,
which is slightly more active than the B-anomer, can be prepared stere-
oselectively by treating dihydroartemisinin with ethyl iodide and silver
oxide. Other members of the extensive series have been found to be less
active than artemether against chloroquine-resistant P. berghei in the
mice (129).
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Miscellaneous Ethers

The ethers of dihydroartemisinin prepared by Chinese investigators
were tabulated by Luo and SHeN (4) and their in vivo data are given in
Table 12 in Section 12.2.

7.1.2. Esters

Esters have been prepared, largely as the o-epimer, by treating
dihydroartemisinin either with acid chlorides or acid anhydrides (125) in
pyridine, or with acids in the presence of dicyclohexylcarbodiimide or
dimethylaminopyridine (/30). Of some 40 esters examined, the most
active were those of short chain aliphatic or aromatic acids. The list of
esters prepared by Chinese investigators as well as the dose needed to
suppress the infection of chloroquine-resistant P. berghei in 90% of the
infected mice is given in Table 13, Section 12.2.

7.1.3. Carbonates

Carbonates of dihydroartemisinin are readily prepared by treatment
with alkyl chloroformates in the presence of triethylamine in ethylene
chloride or by catalysis by 4-dimethylaminopyridine, producing largely

BF3 - Et;0

+ AorB g, HC

CHa

44a A= HO(CHz)4R 112

b n-2, R=CO;CH3
¢ n=3, R=CO,CH3
d n=1, R=4-CgH4CO;CHz

B = HOCH;CH(CH3)CO;R 113
a R=CHj3
b R=li

Scheme 36
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the a-epimers. The most active compounds examined were slightly more
effective than artemether (/37). Carbonates prepared by Chinese
investigators and their in vivo activities against chloroquine-resistant P,
berghei. are listed in Table 14, Section 12.2.

7.2. Derivatives with Enhanced Water Solubility

7.2.1. Sodium Artesunate

The half succinic acid ester of dihydroartemisinin, artesunic acid, 50,
is prepared by treating dihydroartemisinin with succinic anhydride in the
presence of DMAP (123). The sodium salt which is readily soluble in
water is effective against P. falciparum, EDsy 0.14 ng/ml (123) and
against the asexual forms of P. berghei and P. cynomolgi (132, 133).
Although the compound is well tolerated in test animals it is nevertheless
more toxic than artemisinin. However, it is far less toxic to the heart than
chloroquine.

7.2.2. Sodium Artelinate and Related Derivatives

Dihydroartemisinin derivatives in which the water solubilizing
function is linked by an ether, rather than an ester, are substantially
more stable to hydrolysis than the esters (134, 135). Artelinic acid, 49, is
prepared by condensing dihydroartemisinin, 44a, with methyl p-
(hydroxymethyl)benzoate in the presence of boron trifluoride etherate
followed by saponification (Scheme 36). It compares favorably with
sodium artesunate, 50, both in vitro against P. falciparum and in vivo
against P. berghei.

HiC

88 114a 114b
Scheme 37
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(CH3)3SiCl CF3S03Si(CH;3)3/ -78°
G 3S03Si(CH3)3 H

e 3 3C
pyridine CH;0Ac
Q
CH3 OAc OH
OSi(CH3)3 5 ()
OAc acetyl
glucose
Scheme 38

The above reaction scheme was employed by LiN et al. to prepare
several series of m-hydroxy carboxylic acids containing an ether linkage
between C-10 in 44a and the carbon bearing the hydroxyl group of A or
B (Scheme 36) (136, 137). The activities of the esters were ten times
greater than those of the sodium salts of the carboxylic acids (Tables 3,
4, and 5 Section 12.2.). LiN et al. (116) prepared a number of water-
soluble N-aryl-10-azadihydroartemisinin derivatives by treating the
dibromo derivatives of 88 with a series of aryl amines (Scheme 37)
(Table 7, Section 12.1.).

Attaching sugar moieties to dihydroartemisinin 44a (Scheme 38)
provided derivatives with enhanced water solubilities (/38). The activ-
ities of the products were comparable to artemisinin; the deacetylated
materials, obtained by saponification, were less active.

7.3. Artemisinin Derivatives

7.3.1. (+)-Deoxoartemisinin

Several investigators have prepared (4-)-deoxoartemisinin, 3, as in
Scheme 12 or 29. Lanssury and Nowak employed the lactone 42
(Scheme 13) to prepare 3 as shown in Scheme 39. Selective formation of
the ketal followed by treatment with sodium naphthalenide and a-chloro-
dimethyl ether yielded 115. Selective reduction yielded 116, which was
oxidized with singlet oxygen and the crude reaction mixture was treated
with camphor sulfonic acid to yield 3 (51).

JunG et al. prepared (+)-deoxoartemisinin (3) from artemisinic acid,
2, by reduction to 117 followed by reaction with singlet oxygen and
treatment with acid (Scheme 40) (/14).
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ro CHs

1. 1,2-(CH30),C;Hq4

TMS triflate HaC LiAIH,
2. Na naphthalenide, CH3OCH,__2 —_—

y

CH30CH,Cl "
CH30CH,0,C” YCH;

Scheme 39

CHs

H

1. CH2N;

— i
%y 2. LiAlHgHC
NiCl,

HsC

CHy

HO HO

Scheme 40

7.3.2. (+)-Homodeoxoartemisinin

The enhanced antimalarial activity of 3 prompted Bustos ef al. to
prepare and test (+)-D-homo-deoxoartemisinin, 121a (/39). Artemisinic
acid, 2, by a two-step reduction, provided the aldehyde, 118, which was
converted by a Wittig reaction to 119 and by subsequent hydrolysis to
provide 120. (Scheme 41). The established treatment by singlet oxygen
and acid provided the desired (+)-homodeoxoartemisinin, 121a. Its
activity was only 1/20th that of 1.

JUNG et al. prepared a substituted homodeoxoartemisinin 121b from
one of the reactions products obtained in the synthesis of C-14 modified
artemisinins (see Section 7.3.6.).
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CH EHs
e HE i
1.LiBH4, NiCl, CH3OCH;P*PhsCl HCI, THF
—— Y- e — e
2. DBAL-H HoC ”, oC
oHc” § YeH,
H

A

OHC
121 (a) R=CH3
(b) R=CHOH(CH3)

120

Scheme 41

7.3.3. (+)-10-Alkyldeoxoartemisinin

The enhanced activity of 3 compared to 1 also prompted JunG (140,
141), and Haynes (I42) to prepare several 10-alkyl derivatives of
deoxoartemisinin. Both groups converted artemisinic acid to 118 which
was treated with Grignard reagents to yield a mixture of epimeric
alcohols, 122 (Scheme 42). The allyl derivative 122b was converted by
hydroboration to the corresponding hydroxypropyl derivative. Treatment
with singlet oxygen and acid provided the 10-alkyl-deoxoartemisinin as
a single epimer in low yield. The 3’-hydroxy-n-propyl derivative, 123b

ChHs

H

1
0
118 —»
2. H*
R
122 a. R=Bu 123 a. R=Bu
b. R - CH,CH-CH, b. R=CH,CH,CI,0H

Scheme 42
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was as active as deoxoartemisinin, i.e. approximately six times more active
than artemisinin. Similar sequences have provided several derivatives of
123 where R =ethyl, phenyl and ®-carboxypropyl.

7.3.4. (+)-108-Allyldeoxoartemisinin

Using a procedure developed by Kisi ef al. (143) for the synthesis of
C-glucosides ZIrFrer et al. (Scheme 43) (I44) prepared 10-allyldeox-
oartemisinin, 124 from dihydroartemisinin 44a by reaction with al-
lyltrimethylsilane and boron trifluoride etherate, the stereochemistry of
the allyl group in 124 being assigned by mechanistic considerations.
Reduction of the double bond of the allyl group by diimide yielded the n-
propyl compound, 125. Test results given in Table 8, Section 12.2, show
that the less polar materials were the more active antimalarials.

7.3.5. C-3 and C-9 Substituted 10-Deoxoartemisinins

AVERY et al. (145) converted many of the artemisinin derivatives they
prepared with a variety of substituents at C-3 and or C-9 to the corres-
ponding 10-deoxoartemisinin derivatives (Section 7.3.6). The reductions
employed varied, since in some cases the deoxo-derivatives could only
be prepared in good yield on a small scale. The in vitro activities of the
compounds are given in Table 10, Section 12.1. A majority of the

(CH3)3SiCH,CH=CH,

HsC
BF3.0E[2/CHzC12

CHa

HsC

CHs3

125

Scheme 43
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compounds are several times more active than artemisinin and three
were some twenty times more active than 10-deoxoartemisinin.

7.3.6. C-14 Modified Deoxoartemisinins

To obtain a derivative of deoxoartemisinin bearing a cyano sub-
stituent on C-14, Junc et al. treated artemisinic acid, 2, with methyl
lithium thus producing ketone 126 which accepted a cyanide ion to
provide nitrile 127 (Scheme 44) (I46). Reduction by sodium
borohydride produced alcohol 128 and the corresponding y-lactone.
The familiar treatment by singlet oxygen and acid converted the former
to the substituted deoxoartemisinin 129.

HsC

121b

Scheme 44
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8. Simplified Artemisinin Derivatives
In an attempt to identify the minimum structural requirements for
artemisinin’s activity, AvEry and coworkers embarked on a systematic
program to prepare simplified analogs of 1.
8.1. 9-Desmethylartemisinin
The intermediate 29 was ozonized and the resulting hydroperoxide

treated with acid to provide 9-desmethylartemisinin, 130 (Scheme 45)
147).

T
CHj

0__0 H
HaC 1. 03, CH30H, -78 °C
(H3C)sSin = >
2 CHCl3, CF3CO3H, H,0
COsH
29 130

Scheme 45

8.2. 6,9-Bisnorartemisinin

In a short synthetic scheme (Scheme 46) (/48), enamine 131 was
converted to bicyclo-octenone 132 following a procedure of StiLL (149).
Selective ozonization of diene 133 provided aldehyde 134, which was
extended to 135. Hydrolysis provided 136, converted by ozonization and
treatment with an acidic resin to the bisnor derivative 137. Although no
quantitative information on the antimalarial activity of 137 was reported,
the authors stated that it displayed significant antimalarial activity
against resistant strains of P. falciparum.

An alternative approach was employed by HAYNES ef al. (150) to
prepare 137. A Lewis acid-catalyzed Diels-Alder reaction of 6-methyl-
cyclohex-2-enone with 3,5-hexadienol provided the tricyclic 138 as a
mixture of epimers (Scheme 47). Hydrogenation of the double bond of
138 proceeded in high yield as did further oxidation with Jones’ reagent
and methylation of the resulting acid. HAYNES ef al. found that the
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2. Acy0, EgN
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134 135
(o]
H3C Lo H3C
1. KOH ™S, - O3
- .
2. Oxalic Acid, )
Si0y HO.C 2. Amberlyst 15
136 137
Scheme 46

photooxidation which is usually carried out in acetonitrile proceeded in
much higher yield in methanol. The reaction sequence 141 to 137
proceeded in 34% yield.

8.3. (+)-8a,9-Secoartemisinin

To evaluate the importance of ring D of artemisinin which contains
the lactone moiety, AVERY et al. prepared (+)-D-secoartemisinin, 146,
lacking the bond between carbons 8a and 9 (Scheme 48) (151). The
intermediate 29 (Scheme 6) was converted to trimethylsilylether, 142,
which, after hydrolysis to ketone 143, was converted by ozone to dioxe-
tane 144. Treatment of the dioxetane with boron trifluoride converted it
to the cyclic peroxide 145. In the presence of Amberlyst-15 and pro-
pionic anhydride this material rearranged to produce D-secoartemisinin
146. Data on the antimalarial activity of 146 were not included.
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S
+ A
H3C nac
° o

1. Hy, Pd/C
2. HpCrQy, acetone

d
3. CH;N; HsC I

138 139
1. NaBH4, CH30H

CO,Me

2. POCl3, pyridine

H H H
Z Rose Bengal, MeOH 5 7
B B ] +
o ‘e hv g \“. ‘g
HsC OoH H;C HsC
140 COsMe 141 COzCH; COxCH3

1. Fe(phen)s3(PF¢)3

Scheme 47

8.4. (+)-4,5-Secoartemisinin

To prepare artemisinin derivatives lacking the 4,5 bond (152),
Avery's group converted 8 to 147 (Scheme 49). Selective alkylation of
the latter provided 148 which was converted to olefin 149. Removal of
the blocking group from the primary alcohol and oxidation provided
150, from which the familiar ozonization and acid treatment produced
the required A-seco-artemisinin 151. The ICsq value for 151 was 6 ng/ml
compared to values from 0.2 to 0.8 ng/ml for artemisinin i.e., the
compound is approximately an order of magnitude less active.
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COH
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Scheme 50

8.5. (+)-Hexahydroisochroman-3-one

The synthesis of 152 (Scheme 50) (153) proceeded by rearrangement
of the anion from 153 to yield the vinylsilane 154. The hydroperoxide
moiety was introduced during ozonolysis of 154; ring closure occurred
under the reaction conditions employed to produce 152. The compound
did not show substantial in vitro antimalarial activity.

8.6. 4,5-Desethanoartemisinin

IMAKURA et al. (154) examined the consequences of deleting carbons
4 and 5 in ring A on the antimalarial activity (Scheme 51). Oxidation of
hydroxymenthol 8 followed by methylation with diazomethane provided
a ketoester 155 suitable for a Wittig reaction to produce 156, which, on
ozonization and acid treatment, provided an analogue 157 without ring
A. The biological activity of 157 was not reported.

8.7. 9-Alkyl-9-desmethylartemisinin

A successful large scale synthesis of intermediate, 29, in their
synthesis of 1 (Scheme 6) enabled Avery ef al. (155) to prepare fourteen
9-alkyl-9-desmethylartemisinin derivatives, 158, by alkylating the
dianion of acid (Scheme 52) (Biological activities given in Table 9,
Section 12.1.).
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8.8. C-3 and C-9 Modified Artemisinin Derivatives

AVERY et al. (156 ) prepared two series of artemisinin derivatives with
different substituents at C-3, 159, in their structure activity studies. The
first contained a hydrogen in lieu of the C-13 methyl group and the
second an n-butyl group in place of the C-13 methyl. Both syntheses
were essentially identical but employed modified starting materials, i.e.
29a and 29b as shown in Scheme 53. The biological activities are given
in Table 10 in Section 12.1.
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8.9. Carba-Analogs of Artemisinin

YE and Wu (157) converted artemisinic acid, 2, to 160 as shown in
Scheme 54. Treatment of 160 with paraformaldehyde in the presence of
boron trifluoride etherate yielded the carba-analogue of deoxoartemisi-
nin, 161. The latter was oxidized with ruthenium trichloride, in the
presence of sodium periodate, to yield the carba-analog 162 of
artemisinin. The biological activity of 162 was not reported.

AVERY et al. (158, 159) prepared several carbaartemisinin analogs in
order to evaluate the effect on the antimalarial activity of replacing the
nonperoxidic trioxane ring oxygen by a methylene group. The final steps

H gH; H CH; o H SH3
EA 1. CH;N; P e P
2. NiCl,/NaBH, 1. O3/MeOH-CH,Cl, ' 3
o M-/t :
H5C 3. LA, 2. Me;S
CH3
cozH CH,OH 160
2

BF3.0Et, (H,CO)n

RuCl3-NalO,
~—————— H;C

162 161

Scheme 54
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in a long sequence are given in Scheme 55. All the carbaartemisinins
were less active than artemisinin.

9. Quantitative Structure-Activity Analyses

The search for the minimal structural requirements for antimalarial
activity in the compounds described here has also provided data for
quantitative SAR. Chinese investigators first attempted such QSAR
studies through HanscH analysis and found a correlation between the
lipid-solubility properties of various dihydroartemisinin derivatives and
their antimalarial activity (/60). AVERY et al. undertook a computer-aided
QSAR study employing a Comparative Molecular Field Analysis of a
series of C-9 analogs of artemisinin (/55). The analysis suggested that
steric parameters in the region of the lactone ring of artemisinin analogs
are more important than electrostatic considerations. A number of 11-aza
analogs of artemisinin were analysed by the same method (161, 162).
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AVERY et al. suggest that other factors will have to be considered and are
refining their approach.

10. Tricyclic 1,2,4-Trioxane Analogs

Triethylsilyl hydrotrioxide cleaves alkenyl esters and ethers, such as
163 in Scheme 56, to form 1,2-dioxetanes which rearrange in the
presence of butyldimethylsilyl triflate to form 1,2,4-trioxanes (/63). This
reaction was incorporated into the sequence of Scheme 57 (164). In a

CHs
4
o FtSI000H tBu(CH,)SiOTf -~
2
H3CO._ 2 -18°C HsC b -
O a
163 OCHg
Scheme 56
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e >
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e EtO,C EtO,C
164 165
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2. CH3li —
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167 OSi(CHz)t Bu
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one-pot reaction, sequential alkylation of cyclohexanone provided the
o, -disubstituted cyclohexanone, 164; which was converted by a Wittig
reaction to an enol ether, 165. The reaction of the nitrile with methyl
lithium produced methyl ketone 166, which with triethylsilicon trioxide
formed a hydroperoxide. Treatment with t-butyldimethylsilyl triflate
resulted in the above arrangement to a 1,2,4-trioxane, 167. Cleavage of
the silyl blocking group provided alcohol, 168, from which a variety of
esters and ethers were prepared. Of these, the p-fluorobenzyl ether was
the most active, ten times more active in vivo against P. berghei than
artemisinin.

11. Metabolism
11.1. Microbial Metabolites of Artemisinin and its Derivatives

Preliminary studies of the products of microbial metabolism are fre-
quently employed to prepare derivatives which may be identical with
those obtained from the mammalian metabolism of drugs (/65). Such
studies on artemisinin and derivatives have produced the observations in
Table 1.

Table 1
Substrate Organism Product Refs.
Artemisinin, 1 Nocardia corallina 3, 169 57
Artemisinin, 1 Penicillium chrysogenum 3, 169 177
Arteether, 82 Aspergillus niger 169, 170, 171, 172, 173, 174 166
Arteether, 82 N. corallina 170, 171 178
Arteether, 82 Cunninghamella elegans 174, 176 178
Arteether, 82 Streptomyces lavendulae 173, 174, 176 167
Anhydrodihydro- S. lavendulae 177, 180, 168
artemisinin, 87
Anhydrodihydro- Rhizopogon sp. 178, 180 180
artemisinin, 87 ATCC 36060
Artemisinic acid, 2 Mucor mucedo 3B-hydroxy artemisinic acid 169
Artemisinic acid, 2 A. flavipes 3a-hydroxyartemisinic acid 169
Dihydroartemisinin, Beauveria sulfurescens 14-Hydroxy 170
N-phenylureido dihydroartemisinin,

N-phenyluriedo
Arteether, 44¢ B. sulfurescens 172, 174, 175 170
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CH3
g}is ) u gﬂs . =

177 178 179 180

Selectride

174 181

Scheme 59

The 7B-hydroxyarteether, 174, provided by the action of B.
sulfurescens, allowed Hu et al. to prepare the corresponding 7-keto-
arteether, 181, which they reduced with potassium selectride to obtain
7Ta-hydroxy arteether, 182 (Scheme 59) (171).
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11.2. Mammalian Metabolites
The metabolism of artecther by rat-liver microsomes proceeds pri-

marily first by O-dealkylation, then conversion of the peroxide into the
desoxyderivative (66). Several hydroxylated derivatives are produced, as

OC,Hs

182

HsC

183

171

Scheme 60
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shown in Scheme 60. The sequence suggests that arteether may be a
“prodrug”, slowly releasing the pharmacologically active entity, dihy-
droartemisinin.

After intravenous injection of artemisinin the highest concentration
of the drug is found in the lung and kidney, moderate quantities in heart,
brain and liver and only low concentrations in muscle, fat, and spleen
(70). Oral administration, however, produces the highest concentration in
liver, moderate concentrations in brain and plasma, and the lowest in
heart, muscle and spleen. The highest rate of the metabolism of the drug
occurs in the liver.

12. Test Data of Artemisinin Derivatives

A plethora of derivatives of artemisinin have been prepared for test-
ing against resistant malarias, primarily by modifications of the lactone
ring. Chinese investigators first tested their compounds in vivo in mice,
whereas later investigators employed infected red blood cells. The most
active compounds determined by in vitro testing were then tested in vivo.

12.1. In Vitro

To compare the many artemisinin derivatives prepared and tested
over a period of years the data are reported as a ratio of the ICsy value for
artemisinin or arteether to that of the compound in question. Thus, ratios
larger than 1 indicate the compound is more active than artemisinin or
arteether. An ICs; dose is defined as that dose which limits the growth of
the parasite to 50% of that which it would attain in the absence of the

Table 2. Relative In Vitro Activities of N-Substituted 11-Azaartemisinins (173)

Compound ICsp ICsyCompound against a chloroquine-resistant
strain (FCR3) of P. falciparum.

64 1.0
68 0.8
69 9.0
70 2.6
72 22

73 1.1
74 1.0
75 26
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drug. The incorporation of [*H]-hypoxanthine provides a measure of the
growth of the parasite in infected erythrocytes (172). Testing has been
done primarily at the Walter Reed Army Institute of Research (in the
Department of Experimental Therapeutics) against two drug resistant
clones of P. falciparum. The W-2 clone from Indochina is resistant to
chloroquine, quinine, sulfadoxine and pyrimethamine but sensitive to
mefloquine, whereas the D-6 clone from African Sierra Leone is
resistant to mefloquine but sensitive to chloroquine, quinine, sulfadoxine
and pyrimethamine.

In vivo testing of 75 (P. berghei in mice) indicated it was four times
more active than 1 suggesting limits to employing in vitro data to predict
in vivo activity.

Comparison of the activities of the fluorinated derivatives with their
hydrogen analog shows that introduction of fluorine increases the
activity, but the increase is not sufficient to warrant subjecting the
compounds to in vivo testing.

A comparison of the activities of 1 and derivatives of enhanced
water-solubility is given in Tables 4a and 4b. Whereas the esters were
more active than either the acids or their salts there is a need for a stable
and effective water soluble artemisinin derivative to replace artesunic
acid. The in vitro results for 195 justified in vivo testing, which showed
it was more active than 1 or artesunic acid, 50.

Despite the good in vitro activity of 205 and 207 neither they or the
other compounds in this series exhibited significant in vivo activity
against P. berghei.

66 R=H
68 R= CH,CH=CH,
O, CH

69 R= CH,CH(CHs), 74 R~ @’ 2
70 R=CHj3

N
72 R=|| 75 R= CH,CHO

NZ " CHy-

Scheme 61
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Table 3. Relative In Vitro Activities of Fluorinated Artemisinin Derivatives and their

Precursors or Corresponding H-Analogs (118)

Compound W-2 IC50 I/IC50 W-2 IC5() I/IC5() D-6 IC50 I/IC50 D-6 IC50 I/ICSO
Compound Compound Compound Compound

184 1.4 0.8 1.2 0.1

185 1.2 0.6 0.5 0.05

186 2.0 1.5 1.0 0.3

187 1.2 0.8 14 0.5

188 0.5 0.3 0.6 0.2

189 1.1 0.7 3.8 1.3

190 0.5 0.3 1.2 0.4

191 1.5 1.8

192 0.14 0.15

193 03 0.45

194 0.06 0.08

188

189 R=CI;CHF; 191 R;=CHj3, R,=OH, R3=CH,CF3
190 R=CH,CF,CHj 192 R;=OH, Ry=CH3, Ry=CH,CF3

193 R;=OH, R;=CH3, R3=CzHs
194  R;=CHjz, Ry=0H, R3=C;lis

Scheme 62
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Table 4a. Relative In Vitro Activities of Water Soluble Dihydroartemisinin
Derivatives (136)

Compound D-6 IC5¢ 1/1C5y Compound W-2 1Csy 1/ICsy Compound
195 49 2.5

196 0.05 0.03

197 1.6 1.0

198 0.03 0.03

199 0.96 0.7

200 0.04 0.06

201 3.8 1.8

202 1.7 0.7

Table 4b. Relative In Vitro Activities of Additional Dihydroartemisinin Derivatives

Compound D-6 IC5y 1/IC5p Compound W-2 ICs5p 1/IC5y Compound
203 1.1 0.46

204 0.10 0.049

205 6.0 1.73

206 0.07 0.31

207 4.9 0.37

208 0.06 0.59

209 1.1 5.4

210 0.14 0.35

195 R = (CHp)COzEt 203 R= (R) CH,CH(CH3)CO,CH3
196 R=(CH2)CO2K 204 R = (R) CH 2CH(CH3)CO2K
197 R=(CHy),CO,CH; 205 R= (S) CH ,CH(CH3)CO2CH3
198 R = (CH2),COK 206 R = (S) CH ;CH(CH3)CO,K
199 R = (CHz)3CO2CH3 207 R = (R) CH(CH 3)CH,CO,CH3
200 R=(CH)3CO:K 208 R = (R) CH{CH3 )JCH2CO2K

201 R=CHC¢H4CO2CHz 209 R = (S) CH(CH 3)CH,CO,CH3
202 R = CH;CgH4CO2K 210 R = (S) CH(CH3)CH,CO;K

Scheme 63
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Table 5. Relative In vitro Activities of a-Alkylbenzylic Ethers of Dihydroartemisinin (137)

Compound W-2 ICsg 1/ICsy Compound D-6 ICsp 1/ICsp Compound
211 0.53 0.75
212 10.8 8.0
213 1.13 0.63
214 473 4.64
215 4.40 4.09
216 3.00 2.50
217 0.40 0.40
218 0.75 0.81
219 1.45 2.37
220 4.48 4.52
221 7.0 5.0
222 20.7 9.3
223 3.0 3.3
224 0.82 0.78

The a-alkylbenzylic esters of dihydroartemisinin (Table 5) represent
an effort to provide an improved analog of artelinic acid. Although
several of the esters were more active than artelinic acid the authors did
not report their in vivo activities.

211 (R) R=CH(C3H7)CH,C¢Hs 219 (S) R=CH(C3H;)CH,CgHs

212 (R) R=CH(C gHs)CO,C;Hs 220 (S) R=CH(CgHs)CO,C,Hs

213 (R) R=CH(CH3)p-CeH4CF3 221 (S) R=CH(CH3)p-C¢H4CF3

214 (R) R=CH(CH ;CO;CHs )CeHs 222 (S) R=CH(CH ,C0;C;Hs)CeHs

215 (R) R=CH(CH;CO2CHs)p-CoHaNO2 223 (S) R=CH{CH;CO,C,Hs)p-CeH NO,
216 (R) R=CH(CH3)(p-CgH4COMe 224 (S) R=CH(CH3)(p-CeH4CO,Me

217 (R) R=CH(CH;)p-CcH4CO.H
218 (R) R=CH(CH,CO,H)p-CoHaNO,

Scheme 64
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CHy ¢ gHe
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Scheme 65

Artemisitene, 5, a minor component of the terpene mixture found in
A. annua., was prepared by EL-FerALY ef al. (105) (Scheme 65) from 86.
Irradiation of 86 in ethanol followed by reaction with acetic anhydride in
pyridine yielded 5. AcTon er al. (174) employed 5 as the starting material
for the preparation of the compounds (Scheme 66) listed in Table 6.
There was a wide variation in the observed in vitro activities but none

Table 6. Relative In Vitro Activities of 9-Substituted Artemisinin Derivatives

Compound D-6 ICsy 1/ICso Compound W-2 ICs¢ 1/ICsp Compound
225 0.36 0.13
226 0.48 0.12
227 0.016 0.004
228 0.004 0.002
229 0.91 0.43
230 0.19 0.12
231 0.006 0.003
232 0.26 0.13
233 0.003 0.002
234 0.038 0.022
235 0.021 0.008
236 0.77 0.21
237 0.68 0.23

238 1.1 0.28
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Cllz

237 238

Scheme 66
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Major product Minor product

Scheme 67a

Table 7. Relative In Vitro Activities of Aromatic Amine Derivatives of
9-Bromodihydroartemisinins

Compound D-6 1Csy 1/IC5p Compound W-2 1C5y 1/ICsy Compound
239 0.62 2.9

240 35 >3.8

241 0.16 1.0

242 0.07 0.51

243 0.02 0.11

exhibited sufficient activity to warrant in vivo testing. HAYNES and
VONWILLER (49) prepared 5 from artemisinic acid, 2 (see Scheme 11).
A mixture of dibromides from anhydrodihydroartemisinin was

employed by LiN ef al. (116) to prepare a series of heterocyclic water
soluble derivatives (Table 7) listed in Scheme 67b.

239

240

241

=
0
\J;T
N
PN
N
=
I
z |z
N

N
N=
- 243 R=
QD
F
- Q
F

Scheme 67b
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Table 8. Relative In Vitro Activities of 10-Alkydeoxoartemisinins

Compound W-2 ICso 1/ICso Compound D-6 1Cs¢ 1/ICsy Compound
244 0.54 0.80
245 2.0 2.1
246 1.1 0.79
247 0.54 0.42
248 0.67 0.77
244 R=CH,CH=CH, 246 R=C Hs 248 R-H

245 R=C3Hy

247 R=CH ;CH;0H

Scheme 68a

Table 9. Relative In Vitro Activities of C-9 Analogs of Artemisinin

Compound W-2 1Cs¢ 1/ICsy Compound D-6 ICsp 1/ICsy Compound
249a 0.082 0.16
249b 0.82 0.18
249c¢ 1.2 0.49
249d 0.78 1.0
249¢ 42 5.0
249f 0.12 0.27
249g 1.0 0.64
249h 0.18 0.21
249i 14 3.2
249j 14 32

References, pp. 202-214

a R=CzHs

b R=C3H (n)

¢ R=C3H; (i)

d R=C4Hg (n)
e R=C4lg (1)

Scheme 68b

f R=CsHj; (n)
g R=CsHj1 (1)
h R=CgH;3 (n)
i R=CgHp3 (i)

i R=CH,CH=CH,
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Table 10. Relative In Vitro Activities of C-3 and/or C-9 Substituted
Artemisinin Derivatives

Compound 1 R R D-6 IC50* 1/IC50 W-2 IC50 I/ICSO
Compound Compound
250a H CH; 1.00 1.00
250b CH; H 0.88 1.12
250¢ CH,CH3 H 21.0 6.73
250d (CH,),CH;3 H 0.20 0.18
250e CH(CHs) H 0.53 0.45
250f CH,EtO,C H 232 232
250g CH,CgHs H 0.03 0.01
250h (CHy),p-CIC¢Hy H 1.14 1.27
250i (CH3)3C¢Hs H 2.20 2.81
250 CH; (CH;);CH3 1.84 2.57
250k (CH;),CH3 (CH;);CH3 0.28 0.33
2501 CsHs (CH;);CH3 0.01 0.01
250m (CH,),p-CIC¢Hs  CH3);CH3 0.43 0.53
250n (CH;);C¢Hs (CH,);CH3s 0.39 0.48
2500 CH,CO;Et (CH;);CH3 13.8 22.8

Relative activity = ICsqg artemisinin/ICsgpanalog

Scheme 69

The propyl derivative 245 proved to be approximately five times as
active as artemisinin in vivo but produced neurological problems similar
to those of arteether.
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Table 11. Relative In Vitro Activities of C-3 and C-9 Substituted 10-Deoxoartemisinins

Compound 'R R D-6 ICso 1/ICsp  'W-2 ICsp 1/ICsq
Compound Compound

251a CH; CH; 6.59 5.67
251b CH; H 2.37 1.90
251c CH;3 C,Hs 9.14 4.66
251d CH; (CH,),CH3; 473 5.50
251e CH; (CH,);CH3 583 20.9

251f CH; (CHy)4 1.70 1.45

251g CH3 (CH2 )3 C6H5 50.7 25.1

251h CH; (CHy)3p-CIC¢H,  69.9 332

251i C,H;s H 0.10 0.10

251j CH3(CHz): H 7.22 6.85
251k CH3(CH3); H 6.53 5.56

251 (CH;),CHCH, H 1.83 2.50
251m CsHs5(CHz)4 H 3.36 3.80
251n CsHs(CH3); H 0.06 0.02
2510 p-CIC¢H4(CH,); H 0.13 0.28
251p (CH2),CO,Et H 422 5.06
251q (CH2),CO,H H 0.09 0.09

Relative activity = ICsg artemisinin/ICspanalog

Scheme 70

12.2. In vivo

Chinese investigators first tested their compounds in mice infected
with chloroquine-resistant P. berghei and reported the activities in terms
of the dose necessary to suppress the infection in 90% of the infected
animals, i.e. SDgg. Table 12 below summarized some of their data as
reported by Luo and SHEN (4).
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Table 12. In Vivo Activities of Dikydroartemisinin Ethers against Chloroquine-Resistant

P. berghei

Compound No. SDgy (mg/kg) Compound SDyg (mg/kg)
44b 1.02 44m 1.39
45b 1.16 44n 1.39
44c 1.95 440 >41
44e 1.70 44p inactive
44f 2.24 44q 4.10
44g 1.5 mg/kg inactive 44r 2.28
44h 5.60 44s 342
44i 5.41 44t >2.5
44j >20 44w 10
44k 4.30 44x 18.7
441 >24 44y 2.24

44z 1.74

44za 8.91

44zb 10.0

44e,R = n‘C3H7 44g, R = n-C4Hg

4f, R =i-C3H5 44m, R = cyclohexyl
44h, R = i—CsH“ 44p,.R = CH2CH20H
44i, R = C(CH;),C,Hs 44r, R = CH,CH,;0CHj3
44j, R = (CH);CH3 44t, R = CH,CgHs

44Kk, R = cyclopentyl 44zb, R = CH,CgH4-m-F

441, R = cyclohexyl

44n, R = CH,CHCH,

440, R = CH,CH,0H

44q, R = CH,CH,0CH;
44S, R= CH2C6H5

44w, R = CH2C6H4—p-OCH3
4x, R = CH2CF3

44y, R = CH,CH,Cl

44z, R = CH2CH2BI

44za, R = CH)C¢Hy-m-F

Scheme 71
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Table 13. In Vivo Activities of Dihydroartemisinin Esters on Chloroquinine-Resistant

P. berghei

Compound SDgy (mg/kg) Compound No. SDgy (mg/kg)
44aa 1.20 44uu 1.05
44bb 0.66 44vv 4.1
44cc 0.65 44ww 4.4
44dd ~0.50 44xx 16.7
44ee 0.51 44yy 1.37
44ff 0.48 447z 0.65
44gg 0.67 44aaa 0.69
44hh >20 44bbb 0.88
44ii 0.46 44ccc 0.63
44jj 0.51 44ddd 0.80
44kk 21 44ece 2.5
4411 0.69 44ftt 0.57
44mm 0.48 44ggg 1.17
44nn 2.43 44hhh 1.12
4400 1.73 44iii 1.20
44pp 0.95 44jijj 4.14
44qq 0.74 44kkk 3.10
44rr 0.67 4411 1.50
44ss 0.54 44mmm 2.97
44tt 0.65 44nnn 0.62

OCOR
44 R=aa through nnn

Scheme 72
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aa= CHj3 ()
bb=  C;Hs (@)
cc= C3Hy (o)
dd=  i-CsHy ()
ee= CyuHg (o)
ff= i-C4Hog (o)
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fi= CH-CH, (a)
ii CH=CHCHj3; (3]
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£ff- @
mmm= ——< >-—Br (]
CF3
—Q @ nan - HZCO—Q— a @
ca
hhh= —Q @
a

fii= —@—a @
3ii- —@—caa @

Scheme 72 (continued)

g88=

Table 14. Summary of Data on the Recrudescence, i.e. the Reappearance of Malaria, in
Mice Infected with a Chloroquine-Resistant Mutant of P. berghei

Compound No recrudescence in 28 days (mg/kg)
44a 50

44000 >2.5

44ppp 2.5

44qqq 2.5

OCOzR

44000 R= (CH)4CHj3
44ppp R= (CH;)sCH3
44qqq R- C(CH3)3

Scheme 73
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13. Toxicity

Toxicity studies show artemisinin to be a well-tolerated drug (126).
The LDsg (lethal dose for 50% of the animals) for oral administration of
a water suspension in mice is 4228 mg/kg with a therapeutic index of
384. Administered as an oil suspension intramuscularly the LDs, is 3840
mg/kg with a therapeutic index of 4987. Acute intoxication produces
restlessness, tremor, slow respiration and disappearance of the righting
reflex. Smaller animals showed no apparent nervous sysiem distress but
larger animals exhibited clonic and tonic convulsions. A cession of re-
spiration preceeded cardiac arrest. Surviving animals gradually returned
to normal within 10-24 hours.

Zuao (175) described the systemic effects of artesunate in mice,
guinea pigs, rabbits, dogs and monkeys. At low dosages, between 240
and 490 mg/kg, there were no noticeable effects. Between 700 and 1000
mg/kg there was decreased activity, passive body position, tremors and
convulsions. Respiration was sufficiently depressed for death to occur.
High doses in guinea pigs, rabbits, dogs and monkeys result in CNS
depression, convulsions and respiratory suppression. The amounts
employed to produce adverse effects in the animal studies were greater
than 100 times the therapeutic dose.

Artemisinin is not mutagenic in mammals either by AMES’ tests (/76)
or in teratogenic studies of fetal rats. However artemisinin given during
mid and late gestation was toxic; a dose of 1/400 of LDsg caused half of
the fetuses to be absorbed. Artemether proved to be highly toxic to
mouse and rat embryos. Dogs suffer nausea and exhaustion, with slowed
cardiac rates and decreased blood pressure, but the compound is less
toxic than the commonly used antimalarial drug chloroquine. Histolo-
gical examination of dogs given high doses of artemisinin showed there
was a slight fatty degeneration in liver cells.

At high doses arteether and artemether are neurotoxins. Dogs dosed
daily for 8 days at 20 mg/kg (ten times the therapeutic dose) exhibit gait
disturbances, loss of spinal reflexes and pain response reflexes as well as
prominent loss of brain-stem and eye reflexes (177). Repeated high doses
of arteether or artemether in dogs produce lesions of scattered neuronal
degeneration and necrosis (/78) characterized by swelling and rounding
of nerve cell bodies, increased eosinophilia and vacuolization of the
cytoplasm with a loss of Nissl substance. Only minimal changes were
seen in the anterior sections, even in animals receiving the highest dose.
The toxic effects of artemether and arteether were similar. The neuro-
toxicity of artemisinin analogs is specific for neurons but does not affect
glial cells (179).
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Rats suffer similar effects. MEsHNICK et al. found that treating rats
with high doses of arteether produces neuronal necrosis in the neuropile
in specific areas (vestibular and red nuclei) of the brain (180). However,
a comparison of mouse neuroblastoma cells and red cells infected with P
falciparum showed that the former took up much less [*H]-dihydroarte-
misinin. This selective uptake may explain why artemisinin derivatives
are selectively toxic to malaria parasites. Autoradiograms of SDS gels
run from [3H]—dihydr0artemisinin treated neuroblastoma cell line
(Neu2a) showed that neuronal proteins of molecular weight 27, 32, 40
and 81 kDa became covalently bound to dihydroartemisinin. Their
results suggest that these reactions only occur at high doses or after
prolonged exposures.

Despite concerns that artemether and artemisinin are neurotoxins, no
neurotoxicological effects were reported in clinical studies (181, 182).

14. Pharmacology and Pharmacokinetics

For optimum treatment of patients with artemisinin and derivatives,
knowledge of the effects of different modes of administration on the
drug’s half life, amount and frequency of administration, metabolism,
etc., is required. A number of different animals have been employed in
early studies of the pharmacokinetics of artemisinin derivatives. The
analytical techniques at the time were crude. ZHAo et al. (183) injected
artemether dissolved in peanut oil intramuscularly into dogs at 10 mg or
30 mg/kg, showing that the drug was easily absorbed, with peak con-
centrations reached after 4 hours at the lower dose and 1.9 hrs at the
higher dose; the half-lives for elimination were 4.0 hr and 6.5 hr respec-
tively. Absorption of artemisinin at the 10 mg level was more rapid than
for artemether reaching a peak after 2 hr with a half-life for elimination
of 1.6 hr. Artesunate (6 mg/kg), injected as a solution in sodium bicar-
bonate and saline, fit a one compartment model with an elimination half-
life of 0.45 hr.

Dihydroartemisinin given orally to rabbits at doses of 10, 20 and 30
mg/kg produced peak concentrations in serum in 1 to 2 hr with half-lives
of 1.19, 1.00 and 1.10 hr (/84). When 20 mg/kg was administered to
dogs, the peak concentration in serum was reached in 2 hr with a half-
life of 2.1 hr.

Artesunate was administered as a solution in sodium bicarbonate and
saline through the tail vein to two groups of rats; the distribution and
excretion of artesunate in rats were determined by ZHao and Song (185).
One group of rats was sacrificed after 10 min; the highest level of the
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drug was found in the intestine and lesser amounts in the brain. A second
group was sacrificed after 60 minutes; the amounts of the drug in all
tissues has decreased significantly. Since the total excretion accounted
for less than one percent of that administered, the authors concluded that
metabclism was the principal mode of elimination.

After intramuscular injection of arteether in dogs (beagles) BENAKIS
et al. (186) determined that the half-life for distribution is 0.8 hr and that
for elimination is 28 hr. The longer times required for elimination are an
advantage in treating malaria.

TITULAER et al. (I187) obtained pharmacokinetic data for the oral,
intramuscular and rectal aministration of artemisinin to volunteers.
Rapid but incomplete absorption of artemisinin given orally occurs in
humans with a mean absorption time of 0.78 hr and the bioavailability
relative to i.m. administration is 32%. The mean residence time for
artemisinin on i. m. administration is three times that when given orally.
The drug was also administered as an aqueous suspension rectally with
poor results. Liv er al. reported that use of artelinic acid and other
dihydroartemisinin derivatives in sustained-release transdermal medica-
tion in mice in some cases required only 10% of that given by other
routes of administration (I/88, 189). The minimum curative doses is
twice that for prophylactic activity. The compounds are rapidly (within 5
minutes) absorbed through the skin. The authors suggest that a
sustained-release formulation or patch may provide a facile means of
delivery which maintains a steady drug concentration in the blood. This
delivery system may enhance the antimalarial activity of the drug and
reduce the required dose.

Vietnamese scientists (/90) also examined the pharmacokinetics of
artemisinin administered orally to healthy subjects. Peak concentrations
in plasma, 3914 147 pg/l, were obtained after approximately 2 hr.
Elimination was rapid with a half-life of 2.6 +0.55 hr. Although the
bioavailability of oral administration is poor they concluded that a 500
mg dose twice a day was appropriate.

15. Clinical Evaluation of Artemisinin and Derivatives

As early as 1979 the QINGHAOSU ANTIMALARIA COORDINATING RESEARCH
group reported treating some 2099 cases of malaria with artemisinin
(191) and producing clinical cures in all patients. Of the 143 patients
infected with chloroquine-resistant strains of P. falciparum, 141 ex-
hibited a good response. In Thailand, where multi-drug resistance is a
serious problem, more than a thousand patients at the University
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Hospital in Bangkok have been treated with artemisinin derivatives, with
a more rapid improvement than experienced with other antimalarial
drugs (/192 a, b, c, d; 193, 194). When artemisinin derivatives were
employed alone or administered for less than 5 days, the rapid clearance
of fever and parasitaemia was frequently followed by relapse. Combina-
tion of high doses of mefloquine at the end of a full course of artesunate
or artemether produced good cure rates (/95).

15.1. Dihydroartemisinin

Dihydroartemisinin is a significantly more active antimalarial than
artemisinin, 200 times more active against P. falciparum in vitro (123),
but less tolerated when administered orally. It is evidently the main
metabolite of derivatives in the body. Like artemisinin, dihydroartemi-
sinin is concentrated 300 fold in Plasmodium-parasitized red blood
cells (88).

16. Mechanisms of Action

The Plasmodium sporozite develops in the red blood cell by
digesting hemoglobin, but the heme liberated is toxic to the parasite. It
is rendered inactive by an enzyme catalyzed polymerization to form an
insoluble compound, hemozoin (/96). Quinine and quinoline derivatives
may function by inhibiting this polymerization. Resistant strains of P.
falciparum have developed ways of eliminating the drugs before an
effective concentration builds up.

Several lines of evidence indicate that artemisinin and its derivatives
function in a manner different from quinine. Electron microscopy of
parasites treated with sodium artesunate shows changes in the mito-
chondria, whereas quinine causes alterations in the food vacuoles (197,
191, 198). The earliest and most distinctive ultrastructural changes
following administration of artemether to infected Aotus trivirgatus
(monkeys) were marked swelling of the mitrochondria in the parasites
(199). Subsequently, there are changes in electron-dense regions of
chromatin in the nuclei.

When malaria-infected erythrocytes are treated with '*C-artemisinin,
the radioactivity is localized in the hemin/hemozoin fraction obtained
from lysed cells (200). Indeed, hemin appears to catalyze the
decomposition of artemisinin (201): ['*C]-Artemisinin has been shown
to react with human albumin whereupon 20% of the drug becomes
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covalently bound to albumin (202). To separate specific and non-specific
reactions MEsHNICK et al. (203) treated infected and uninfected cells with
several [°H]-labelled artemisinin derivatives and searched for radio-
chemically labelled proteins. In all the infected cells the same six
proteins were labelled, whereas none of the proteins in uninfected cells
had reacted. Thus, artemisinin appears to react with specific proteins
from P. falciparum. Their function remains unknown.

Chemical studies have focused on the products formed from one and
two electron reductions of artemisinin and analogs. Somewhat surpris-
ingly, t-butylperoxide itself shows substantial effect upon the parasite.
However, in the presence of iron chelators, both it and artemisinin are
ineffective (204, 205), suggesting that iron catalyzed reduction of the
peroxide or hydroperoxide forms oxygen radicals which are responsible
for the drugs action. Consistent with this hypothesis, treatment of
infected red blood cells with sodium artesunate results in complete
inhibition of cytochrome oxidase activity (/97).

Posner et al. (206, 207, 208, 209) have carried out a series of studies
in which they conclude that carbon-centered radicals are responsible for
the antimalarial activity of artemisinin and other 1,2,4-trioxanes. The
1,2,4-trioxane 252 bearing a 4B-methyl group is approximately twice as
active as artemisinin, whereas both the 4o-isomer and the 4,4-dimethyl
derivative are less than one hundredth as active as artemisinin. The
results suggest the formation of a carbon-centered radical on C-4 which
could lead to a C-4-C-5 oxirane, and to 4a-hydroxydeoxyartemisinin.
The putative oxirane would logically provide a mechanism by which
artemisinin derivatives could react with proteins.

The chemical and biological studies allow a possible description of
the action of artemisinin and its derivatives upon the parasite.
Transferring an electron from Fe(Il) or an enzyme involved in electron
transport, e.g. cytochrome oxidase, to artemisinin or a derivative, may
form a radical anion, which reacts with important proteins to block a
vital biochemical reaction. These reactions are probably facilitated by
the ability of infected erythrocytes to concentrate artemisinin derivatives
more than 300-fold (88).

252

Scheme 74
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17. Other Peroxides
17.1. Naturally Occurring Peroxides

The plant Artabotrys unciatus L. Meer was also known in Chinese
folk medicine for treating fevers and malaria. Lianc and coworkers (210)
isolated yingzhaosu A and B from the root of the plant, assigning their
structures as 253 and 254 (Scheme 75) without determining their stereo-
chemistry. When Zuou and coworkers (211) attempted to isolate these
compounds from the plant, they obtained instead another sesquiterpene
peroxide, yingzhaosu C, 255, and the sesquiterpenol yingzhaosu D, 256.
Structures were determined by analyses of their mass, infrared and 'H
nmr spectra, as well as by conversion of 256 to a known compound, 257.
The absolute stereochemistries of the compounds were assigned using
Horeau’s method.

Xu et al. have reported total syntheses of Yingzhaosu A (212) as well
as those of Yingzhaosu B (213), C (214) and D (215).

THEBTARANONTH et al. (216) isolated a hexane soluble diterpene, 258,
from the fruit of Amomum krervanth Pierre (cardamon) which is
reasonably potent (ECso 0.8 pg/ml) against malaria. The structure and
relative stereochemistry were determined by a single crystal X-ray
diffraction analysis as shown in Scheme 76.

OH OH
—
7
s-' O‘ OH OH OH
o) OH
1
253 254 255
OH
OH
256 257

Scheme 75
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Scheme 76

HasHmoko et al. (217) isolated the antimicrobial sesquiterpene 259
from Rosa rugosa Thunb. which exhibited schizonticidal activity against

P. falciparum.
17.2. Synthetic Peroxides
A series of synthetic peroxides with structural characteristics mimick-
ing the yingzhaosus (2/8) shows activitiy against Plasmodium spp. The

most active of these, named arteflene, 260, synthesized as shown in
Scheme 77, supported clinical studies in Nigeria and in Cameroon.

o  1.mCPBA
2. aq. H2S04 oz, MeCN o
— ;
3.aq. NalO4 Y 2. p-TsOH, MeCN O

RN R

/5\ 4. RCHCH=P(C¢Hs)3 N
R

1. O3, MeOH,
MeZS

ArCH=P(CgHs)3

Scheme 77
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Surprisingly, arteflene and its enantiomer exhibited virtually identical
activities. Indeed, throughout the series of analogs, the activity was
remarkably insensitive to changes in absolute and relative stereochem-
istry. The more lipophilic derivatives were more active than those with
polar groups. Because these compounds resist degradation, they show
more prolonged activity against drug resistant strains of P. falciparum
and a lower incidence of recrudescence.

A series of bicyclo[3.2.2]nonane endoperoxides, prepared by
literature methods, exhibited antimalarial activity, the most active
compound having one sixth of the activity of artemisinin (27/9).

The observation (Section 10) (220, 221) that ¢-butyl hydroperoxide
was effective against P. vinckei (but not P. berghei (204)) prompted a
search for inexpensive synthetic antimalarials embodying this function.
Several dispiro-1,2,4,4-tetraoxanes (Scheme 78), readily available by

XD OO
0~0 0-0

/, 0-0

v

Scheme 78
T o] OH
x
Ej(\/‘k n-Buli, CH3CHO 6(\/“\)\ hv, EtsN
.——-—»
— -
1. hV, OZ .
— Ry Ry K azodicarboxylate
2. CcHsCOCL HOAC
289
(a) R1=OH; R2=H
(b) Ry=H; R;=OCOCHs
(C) R1=0COC6H5; RZZH
Scheme 79
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acid-catalyzed peroxyketalization of substituted cyclohexanones with
30% hydrogen peroxide, proved to be 2 to 30 times less active than
artemisinin (222) but they cured P. falciparum infections.

The series of synthetic tricyclic 1,2,4-trioxanes in Scheme 79 (223)
possess ICsps 25 to 100 times greater than artemisinin, i.e. the
compounds were only 1/25 to 1/100th as active as artemisinin.

The rearrangement of an ozonide to a 1,2.4-trioxane (Scheme 80)
yielded an inactive 1,2,4-trioxan-5-one (224).

18. Conclusion

The discovery that artemisinin was effective against drug-resistant
strains of P. falciparum provided a critical lead compound in the search
for drugs to treat patients with resistant strains of malaria. Since the
initial reports significant progress has been made in increasing the
availability of artemisinin in Vietnam, China and elsewhere in Southeast
Asia. Of the host of derivatives prepared, a few are more active, with
improved solubility properties. Progress in understanding artemisinin’s
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mechanism of action is leading to the synthesis of simplified analogs in
the quest for more effective and economical drugs. There is still a great
need for an active long acting derivative that can be given orally.
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1. Introduction

Marine glycolipids, as well as those from terrestrial organisms, are
amphiphylic compounds which are currently divided into two main
groups: glycoglycerolipids (GGLs) and glycosphingolipids (GSLs). There
is a third important group comprising glycolipids whose lipid portion is
derived from mevalonate, i.e. steroidal and terpenic glycosides. The
occurrence of polyisoprenoidic glycolipids is generally confined to



216 E. Farrorusso and A. MANGONI

OH
OH
H
H )
Ho N /H\/\/\/\/\/\/\/\
H  on sr2)NI0
H H

sn-1

O\ﬂ/\/\/\/\/\/\/\/\/

Fig. 1. Structure of a representative glycoglycerolipid

species of a few taxa, where they frequently perform peculiar biological
functions; as to their occurrence in marine organisms, they are mostly
present in invertebrates belonging to phylum Echinoderma.

The present review deals only with the first two classes of com-
pounds, namely GGLs and GSLs. Glycolipids with a polyisoprenoidic
aglycon are not surveyed here, since an accurate review on the steroidal
glycosides from echinoderms has been published very recently (7).

Chemically, GGLs contain a glycerol unit glycosylated at one
primary alcoholic function, with the remaining hydroxyl groups acylated
by a fatty acid and/or alkylated by a long chain residue (Fig. 1). Since in
all GGLs the glycerol C-2 becomes a stereogenic center, its configuration
is usually indicated by numbering the glycerol molecule stereospecifi-
cally. The glycerol molecule is drawn in a Fisher projection with the
hydroxyl group to the left, and the carbon atoms are numbered from top
to bottom. When such a numbering is used, the prefix sn- is added before
the word glycerol (2).

The structure of a representative GSL is depicted in Fig. 2. A
carbohydrate chain and a fatty acyl group are linked to a long-chain
aminoalcohol called the sphingoid base or long-chain base (LCB). The
fatty acyl chain is amide-linked to the LCB, and together they make up
what is called a ceramide; the monosaccharide or oligosaccharide group

Ceramide

Fig. 2. Structure of a representative glycosphingolipid
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is bound to the primary alcoholic function of the ceramide. Sphingosine
(1) is the LCB most commonly found in higher animals, so that LCBs
are often referred to as sphingosines. In plant glycolipids, the tri-
hydroxylated LCB phytosphingosine (2) is frequently found; also the
name phytosphingosine is often used more generally to denote any
trihydroxylated LCB. Since an increasing number of different sphingoid
bases are being described in the literature, a semisystematic nomen-
clature for LCBs has been proposed, which is based on sphinganine
(3, 2-amino-1,3-octadecanediol) (3).

Occasionally, some marine organisms were found to contain atypical
glycolipids, namely compounds which are formed of a sugar portion
glycosidically connected to a non-isoprenoid lipid moiety, but which
cannot be classified as GGLs or GSLs. They have been included in the
Section “Other Glycolipids™ of the present review.

The first reports on the chemistry of non-isoprenoidic marine
glycolipids appeared in the end of the fifties (4-22) and did not contain
exhaustive structural data on the various metabolites. Only some infor-
mation on the nature of the sugars and of the lipid moiety was reported,
while investigations of the homogeneity of the examined material and of
the way the part structures were linked together, as well as of the
stereochemistry of the whole molecules, was lacking. Unambiguous
structure determinations of glycolipids from marine organisms were
achieved only starting from 1973, when some glycolipids were isolated
from a marine cyanobacterium and their structures clarified by chemical
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and spectroscopic methods (23). The present review is intended to
include those marine non-isoprenoid glycolipids whose structures have
been fully defined; however, if only some stereochemical detail remained
to be clarified, the glycolipid has been included as well.

Readers who want to learn about historical aspects and details of
marine glycolipid studies should consult previously published reviews on
marine invertebrates (24, 25) and algae (26).

2. Isolation Procedures

A matter which appears to be worthy of preliminary discussion is the
level of purity of a mixture of glycolipids. Virtually all natural glyco-
lipids occur as mixtures of homologues, differing in the length and in the
branching of the alkyl chains of the lipid portion of the molecule.
Generally, structural studies are performed on the mixtures of homo-
logues, while the nature of the fatty acids and/or the sphingoid bases is
subsequently established by chemical degradation followed by GC/MS
analysis. The difficulty (or more often the impossibility) in obtaining a
chemically homogeneous glycolipid is evident, if one considers that, for
example, a glycosphingolipid which appears pure by normal phase
HPLC often contains 7-8 different sphingoid bases and fatty acids, and
this corresponds to over 50 different compounds. Attempts at chromato-
graphic separation of such complex mixtures are reported in the literature
(27, 28), but afforded only a small number of homogeneous fractions, the
other ones being still mixtures which were characterized for the major
component only, or not at all.

Generally, a mixture of homologous glycolipids can be regarded as a
“single” compound, the purity being referred to the biological role of
the material. In fact, it is commonly acknowledged that the bioactivity
depends essentially on the nature of the sugar head and the adjacent
functionalized part of the molecule. In contrast, the alkyl chains serve
to position the glycolipid in the membrane and affect its fluidity. In
living organisms this function is satisfactorily accomplished by non-
homogeneous material differing only in the skeletal structure of the alkyl
moieties.

The isolation of marine glycolipids utilizes much the same methods
as those used in the investigation of terrestrial organisms. Basically, the
homogenate of the tissue is extracted with a mixture of methanol and
chloroform. The extract contains a complex mixture consisting of almost
all the low-molecular weight metabolites of the organism under inves-
tigation. It is usually subjected to partitioning between water-methanol
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and chloroform phases according to the FoLch method (29), which has
been extensively employed in the last thirty years. The glycolipid
material can be recovered in the MeOH-water or the chloroform phase
according to its polarity. The crude material obtained after evaporation of
both phases is successively subjected to appropriate chromatographic
separations, strongly dependent on the polarity of the glycolipid to be
isolated. The most commonly used techniques include absorption chro-
matography (SiO; or silicates) (30—35) molecular sieve chromatography
(33, 36, 37), and reversed-phase chromatography (24, 28, 30, 31, 37);
purification of ionogen glycolipids usually makes use of ion-exchange
chromatography also (38, 39).

The most recent procedures take advantage of the amphiphilic
character of glycolipids by using reversed-phase column chromatogra-
phy as the first step in the purification of the crude extract: glycolipids, in
spite of their remarkable polarity, are conspicuously retained by the
stationary phase and are eluted together with quite apolar substances
which can be easily removed through a successive adsorption chro-
matography on SiO,.

An illustrative example of the isolation of neutral glycolipids is
represented by the purification of glycosyl ceramides from the marine
sponge Agelas dispar (40) to four compounds (23, 24, 26, and 28), which
were actually mixtures of homologues differing in the length and the
terminus of the alkyl chains of the ceramide part of the molecules. The
homogenate of the sponge was extracted with methanol and subse-
quently with chloroform, and the combined extracts were partitioned
between water and n-BuOH. The organic phase was chromatographed on
a RP-18 column (eluents: MeOH/H,O and MeOH/EtOAc), and then on
an SiO; column using as eluents EtOAc/n-hexane and EtOAc/MeOH.
Four pure neutral GSLs were obtained by HPLC of the fraction
containing the crude sphingolipids using a DIOL column (eluent: n-
hexane/iPrOH/H,0 55:43: 2).

3. Determination of the Structure of Glycolipids

As mentioned in the Introduction, the first reports on complete
structural assignments of glycolipids from marine sources are relatively
recent and date from the seventies. From the beginning, spectroscopic
data extensively assisted chemical analysis in clarification of the
structures of these metabolites. Of course, the importance of the physical
methods has dramatically increased during the last ten years, when the
modern two-dimensional techniques improved NMR spectroscopy as a



220 E. FarTorusso and A. MANGONI

vital tool of chemical analysis which provides decisive information for
the elucidation of complex structures, including the stereochemical
details, on just a few milligrams of a reasonably pure product.

As a rule, the starting point of the structural analysis of a natural
product is the determination of molecular formula. This is currently
achieved by interpretation of mass spectral data, which are integrated
when necessary with information supplied by the 3C-NMR spectrum. In
the field of glycolipids, which are generally mixtures of homologues of
low volatility, information on the molecular composition can be obtained
through the use of the quite recent FAB mass spectral technique (the
negative ion mode is generally used). Subsequent steps involve the
assignment of the structure to the lipid part of the molecule and to the
sugar moiety, which generally are investigated in separate experiments
and through quite different analytical techniques.

3.1. Determination of the Structure of the Sugar Portion

The analysis may be performed using chemical and spectroscopic
methods; obviously, the latter are currently acquiring an increasing
importance.

The starting point of chemical investigation is usually the identifica-
tion of the monosaccharide units present in the molecule. This can be
achieved by acid methanolysis of the glycolipid (41) followed by
quantitative analysis of the thus obtained methyl monosaccharides using
chromatographic methods currently employed in carbohydrate chem-
istry. Care must be taken in the presence of sialoglycolipids, since
methanolysis induces the cleavage of the amide bond of sialic acids.
Their presence can be evidenced by mild acid hydrolysis (42) of the
starting material and successive TLC chromatography of the hydroly-
sate.

When the sugar portion of the molecule contains more than one sac-
charide unit, the subsequent steps are directed towards the identification
of the positions involved in the inter-unit linkages and in the sugar-
aglycon bond. This can be attained using the classical methods employed
in the chemistry of glycosides. A simple and efficient analytical pro-
cedure that is frequently used is the Haxomor1 method (43) and a modi-
fication by Sanrorp and CoNraD (44). It is based on the permethylation
of glycolipids followed by acidic hydrolysis of the permethyl derivatives;
the partially methylated monosaccharides are reduced to the correspond-
ing alditols, acetylated and then identified and quantitized through GC or
GC-MS methods. Basically, this method allows discrimination between
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free hydroxyl groups (which are methylated in the alditol) and those
involved in glycosidic bonds (acetylated in the alditol) thus providing
useful data for determining the glycosylation sites and the furanose or
pyranose structure of each monosaccharide of the carbohydrate chain. In
a simple case, the sequence of the sugar units in the oligosaccharide
chain can be also inferred. Otherwise, data supplied by the HakoMORI
method can be supplemented with those obtained by partial hydrolysis of
the glycolipid, the latter producing simpler glycolipids and oligosacchar-
ides which are chromatographically separated and analyzed by the same
methods. Partial hydrolysis can be carried out through mild acidic
treatment of the compound under investigation (30, 34) or by stereo-
selective enzymatic hydrolysis (45-48). More recently, useful informa-
tion on the sugar sequence has been obtained from the interpretation of
fragmentation in the mass spectrum, usually performed on the original
glycolipid using the FAB technique (30, 49, 50, 51).

Finally, the configuration of the glycosidic bonds can be ascertained
by enzymatic hydrolysis with stereoselective glycosidases or by oxida-
tion with chromium trioxide, which for a sugar in the pyranose form
is much more effective if the glycosidic bond is equatorially oriented
(52-54). Determination of the anomeric configuration has been also
accomplished by 'H-NMR, long before complete structural elucidation
based on NMR became feasible. In fact, anomeric protons can be readily
identified even on a low field spectrometer, and their coupling constants
are a clear indication of the anomeric configuration of a pyranose sugar.

From 1992 on, unambiguous structural determinations, of the whole
hydrophilic portion of marine glycolipids (carbohydrate chain and
functionalized part of the aglycon) performed through an extensive NMR
analysis appeared in the literature (55-58). These NMR studies, based on
the use of modern two-dimensional techniques, are often carried out
using the peracetylated glycolipid because of the better signal dispersion
in the '"H-NMR spectrum of this derivative and the possibility of
discriminating between ether and ester oxymethines proton resonance on
the basis of their different chemical shift ranges (8 3.5-4.5 and 4.7-5.7,
respectively).

Even in peracetylated glycolipids, the mid-field region of the 'H-
NMR spectrum containing the signals of the sugar methylene and
methine protons is often very crowded and is analyzed by two-
dimensional techniques. A HOHAHA experiment allows one to group
together protons belonging to the same monosaccharide unit giving rise
to isolated spin-systems, whereas a subsequent COSY experiment is used
to find out the proton sequence within each spin system. A short-range
'"H-'3C chemical shift correlation (HETCOSY or HMQC) experiment
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permits the identification of the relevant carbon signals in the '*C NMR
spectrum.

Final identification of the monosaccharide units is achieved through
'H-'H coupling constant analysis. Coupling constants are read directly
from the multiplets or, in case of overlapping signals, are determined
with the aid of the HOHAHA spectrum (57). When coupling constant
analysis is not sufficient for an unambiguous structural assignment,
additional information can be provided by a ROESY spectrum which
evidences inter-proton spatial proximities (59). The sites of glycosyla-
tion can be identified from the chemical shifts of oxymethine protons
if a peracetyl glycolipid is being used; linkages between couples of
sugars and between the carbohydrate chain and the aglycon are
evidenced by long-range 'H-!*C shift correlation (COLOC or HMBC)
experiment (60), which shows connectivities between proton and carbon
atoms separated by two or three ¢ bonds, or by the ROESY spectrum
(59).

Once the structure of a peracetyl glycolipid has been secured, it is
convenient to perform a retrospective analysis of the NMR data of the
parent compound, which usually allows assignment of the 'H- and '3C-
NMR resonances of the original GSL, thus providing further support to
the proposed structure.

It is to be noted that in most cases the absolute configuration of sugar
units has not been determined. In the structural drawings, they are
assumed to belong to the most commonly found D series (L series for
arabinose), even though this has not been stated by the various authors
explicitly.

3.2. Determination of the Structure of the Lipid Portion

The structural determination of the hydrophobic portion of a
glycolipid is generally a less time-consuming work than that needed to
clarify the structure of the sugar portion. It is to be noted, however, that
very frequently the material to be investigated is a mixture of
homologues differing in the lipid part of the molecule, and this requires
the use of appropriate analytical procedures.

Analysis of glycoglycerolipids (GGLs) usually proceeds through
removal of the acyl chains by hydrolysis or, better, methanolysis, fol-
lowed by identification of the resulting fatty acids methyl esters using
well-known GC or GC-MS procedures (30, 56).

In the case of glycosphingolipids (GSLs), the analysis is a little more
complex. Sphingoid bases are normally removed from the molecule by
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treatment with acidic methanol, then purified through a SiO;-column
chromatography and identified and quantitized as free bases or as
appropriate derivatives by GC analysis (30). If reference compounds are
not available, the identification can be accomplished by periodate/
permanganate oxidation followed by methylation (56), or by periodate
oxidation (49) of the sphingosine homologues, and gas chromatographic
identification of the resulting fatty acid methyl esters or aldehydes,
respectively.

The relative configuration of the stereocenters of the sphingosines is
assigned on the basis of their 'H- and '3*C-NMR spectra, in particular
from the chemical shifts and multiplicities of the protons present in the
functionalized part of the molecule (the homologues differ only in the
structure of the hydrocarbon chain) compared with those reported for
sphingosines of known stereochemistry (30). Once the relative stereo-
chemistry has been assigned, the absolute configuration is deduced from
the [a]p value exhibited by the mixture of the sphingosine homologues
(56).

The methanolysis of GSLs also provides a mixture of fatty acid
methyl esters and/or a-hydroxyacid methyl esters, originally linked at
position 2 of the sphingosine. They can be identified and quantitized by
GC analysis (34). Information about the configuration at C-2 of a-
hydroxy fatty acids can be obtained from the measured [a]p value of the
mixture of the a-hydroxy fatty acid methyl esters homologues used for
GC analysis (56).

4. Glycoglycerolipids

The glycoglycerolipids (GGLs) most commonly found as metabolites
of marine organisms are monogalactosyldiacylglycerol (MGDG),
digalactosyldiacylglycerol (DGDG) and sulfoquinovosyldiacylglycerol
(SQDG). They are normal constituents of membranes of photosynthetic
organisms; in the marine environment they are present almost exclusi-
vely in algae and cyanobacteria (blue-green algae). In spite of their wide
distribution, marine GGLs do not show a great structural variety. This is
not surprising, since most unusual GGLs have been isolated from
bacteria, yeasts, and fungi, and the study of marine species belonging to
these classes is just beginning. Only two kinds of marine GGLs which
are not closely related to MGDG, DGDG, or SQDG have been found,
namely crasserides and a dixylosylalkylglycerol, and both of them have
been isolated from marine sponges.
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Strictly speaking, crasserides (keruffarides) (58, 61, 62) cannot be
considered to be glycoglycerolipids or glycolipids. However, they have
been included in this section on account of their peculiar structure, which
mimics a 1-alkyl-2-acyl-3-glycosylglycerol with a five-membered cyclitol
instead of a sugar moiety, linked to the glycerol molecule through an
ether bond.

4: Monogalactosylmonoacylglycerol (MGDG)

Occurrence: Virtually every photosynthetic organism, mainly algae
(63—69, 71) and cyanobacteria (63); Phyllospongia foliascens (sponge)
(70).

Physical Data: [o]p (69), 'H-NMR (69, 7I), *C-NMR (70, 71).

Galactosyldiacylglycerol (also known as MGDG, 4) is an ubiquitous
metabolite of photosynthetic organisms and is therefore also present in
marine plants (mainly algae). MGDGs are always present in the
organism as a mixture of homologues differing in the acyl chains. Unlike
MGDGs from higher plants, which are characterized by a high content of
triunsaturated fatty acids (63), MGDGs in marine algae are often found
with tetra- and pentaunsaturated fatty acids (64, 66). Different com-
position for the fatty acid linked at the sn-1 and sn-2 position in MGDGs
of algae has been reported (72). Galactolipids isolated from the dino-
flagellate Heterosigma akashiwo have been separated using reversed
phase HPLC, and three MGDGs, homogeneous in their fatty acyl chains,
have been obtained (heterosigma-glycolipids I-III, all characterized by
tetra- or pentaunsaturated fatty acids) (68, 69). An MGDG with oxidized
fatty acids (12,13-dihydroxyicosapentaenoic acid) has been isolated
from the red algae Graciliaropsis lemaneiformis (71). MGDGs were also
isolated from the sponge P. foliascens (70) but this appears to be the only
report about isolation of MGDGs from a marine animal.
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5: 6-O-acyl-monogalactosyldiacylglycerol
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Occurrence: Anabaena flos-aquae f. flos-aquae (cyanobacterium) (73).

Physical Data: [a]p = —2.1 (CHCl3); FABMS, IR, H- and 3C-NMR
(73).

The galactosylglycerol 5 shows an unprecedented 6-O-acylation of
the galactose residue, while the 2-hydroxy group of the glycerol is free.
Structure 5 was demonstrated on the basis of NMR spectroscopic data. In
particular, location of the two acyl groups was based on the TH-13C
HMBC 2D-NMR experiment, which displayed couplings between the
two ester carbonyl groups and protons at C-6 and C-3', respectively.

6: Digalactosyldiacylglycerol (DGDG)

a: R, R' = saturated, mono- and polyunsaturated acyl chains.

ﬁ OH
H b R= ‘k/\/\/:\/:\é—k/__w R' = CO(CH,) CH_
OH

OH

f-Galp |O|
c: R= g ~ ~ ~ -0 R'=CO(CH ) CH,
H
IoR d R=H R = CO(CH.). CH
H H 21473
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6
Occurrence: Photosynthetic organisms (63—69).
Physical Data: [o]p, 'H- and *C-NMR (69, 71).

Digalactosyldiacylglycerols (DGDGs, 6a) are commonly found in
photosynthetic organisms together with the corresponding MGDGs from
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which DGDGs are apparently derived (71). Therefore, they show an acyl
chain composition similar to that outlined for MGDGs, even if some
desaturation of acyl chains can occur after the second galactosidation.
Also the MGDG isolated from Graciliaropsis lemaneiformis which
contains the oxidized 12,13-dihydroxyicosapentaenoic acid has its DGDG
analogue (6b) (7I). In the same alga, a DGDG whose acyl chain has
undergone an oxidative cleavage is also present (6¢) (74). Finally,
compound 6d, a deacylated analogue of 6¢, has been isolated for the first
time from the green alga Ulva pertusa (75). It is surprising that the fatty
acid part of this galactolipid is homogeneous, being composed
exclusively of the saturated palmitic acid.

7: Sulfoquinovosyldiacylglycerol (SQDG)

" SOSH
H
HO
Ho. H
H  on
[¢}
H a-Quip
..ullloYR

Occurrence: Photosynthetic organisms: algae (64-66, 76—79), cyano-
bacteria (80); Phyllospongia foliascens (sponge) (70).

Sulfoquinovosyldiacylglycerol (SQDG, 7) is present in large amounts
in photosynthetic membranes of cyanobacteria, algae and higher plants.
This compound, also known trivially as the plant sulfolipid, is the only
lipid reported so far with a sulfonic acid functionality. Unlike MGDG
and DGDG, in SQDG the sugar unit is linked to the diacylglycerol
moiety by an a-glycosidic linkage. SQDG was also isolated from a
marine animal, the sponge Phyllospongia foliascens (70), which also
contained MGDG. Recently, SQDG from the cyanobacteria Lyngbya
lagerheimii and Phormidium tenue has been shown to possess anti-HIV
activity (80, 81). A synthesis of the same SQDG has been reported (87).
Deacyl derivatives of SQDG are reported from the algae Ulva pertusa
(75) and Sargassum thunbergii (82), and from the starfish Anthocidaris
crassispina (83).
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8

8
Occurrence: Trikentrion loeve (sponge) (57).

Physical Data: m.p. 98-100°C; [a]p = —26.9; FABMS, 'H- and !*C-
NMR (peracetyl derivative, complete assignment) (57).

The ether glycolipid 8 from T. loeve has a structure unique among
natural glycoglycerolipids, since in 8 two (instead of one as usual)
glycerol hydroxy groups are glycosylated, and the sugars are two xyloses
in the pyranose form. Structure 8 was elucidated by extensive use of
NMR spectroscopy. Specifically, the two sugars were determined as
xyloses on the basis of axial-axial coupling constants showed by all the
oxymethine protons in the ring. A HOHAHA spectrum was used to find
out the multiplicity of all signals, in spite of their severe overlapping.
The configuration of the glycerol C-2 was deduced from the [o]p value
of the O-alkylglycerol obtained after acid methanolysis of the glycolipid.

9: Crasserides (Keruffarides)

H o a R = ~(CH) CH_ (10.1%) b R = -(CH) CH_ (n = 13-16)
OH o )J\ -(CH,), GHCH (CH ) GH _ (33.5%) -
w R -(CH,), ,CH(CH ), (36.6%) e R =H
H u -(GH,), CH(GH JCH,CH (10.2%)
{CH) _CH(CH.) (6.1%)
OH H O(CH ) GHCH (CH_) CH, 2’12 a'2

'(CHz)sCHCHs(CHz)scHs (8.4)

9

Occurrence: Pseudoceratina crassa (sponge) (58), Verongula gigantea
(sponge) (84), Aplysina fistularis fulva (sponge) (84), Aplysina
cauliformis (sponge) (84), Neofibularia nolitangere (sponge) (84),
Luffariella sp. (sponge) (62), Biemna sp. (Sponge) (62), Xestospongia
sp. {sponge) (62).

Physical Data: [a]p = +10.0 (CHCl,); IR, 'H- and '3C-NMR (complete
assignment), EIMS (peracetyl derivative).
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Strictly speaking, crasserides (9a) are not glycoglycerolipids, since
they do not contain a sugar molecule glycosidically linked to the glycerol
unit. Instead, a five-membered cyclic polyalcohol (cyclitol) is linked to
the glycerol moiety through an ether bond. Nevertheless, they have been
included in the present review since they mimic the structure of usual
glycoglycerolipids and could have a similar biological function.
Crasserides are the first and at present the only natural compounds con-
taining a five membered cyclitol. In contrast, the six-membered cyclitol,
inositol, is very common and is also found in some phospholipids.
Another notable feature of crasserides is the presence of an O-alkyl chain
instead of an O-acyl chain at position 3 of the glycerol unit.

Crasserides (9a) were isolated from P. crassa as a mixture of homo-
logues differing in the fatty acyl groups. Their structure was established
entirely by NMR spectroscopy, except for the nature of the alkyl and acyl
chains which required some degradation work. The gross structure of the
molecule was deduced from a COSY spectrum, while acylation shifts
measured on the peracetyl derivative 9a were used in order to locate the
ether linkages. The relative stereochemistry of the cyclitol was deter-
mined by NOE difference measurements. Configuration of the glycerol
C-2 was related to that of the cyclitol using NOE difference data
measured on a cyclic acetone derivative of 9a (58). Finally, the absolute
stereochemistry of the molecule was determined using the Mosher
method (84).

Crasserides were independently isolated by another group from a
Luffariella sp., and called keruffarides (9b). They were initially des-
cribed as glycolipids containing an all-cis five-membered cyclitol (61),
but the structure was subsequently revised and showed to be identical
with that of crasserides, except for small differences in the alkyl chains
(62). In addition, the same sponge contained the deacylcrasseride 9c.

5. Glycosphingolipids

Glycosphingolipids (GSLs) are ubiquitous membrane constituents of
animals and plants and are believed to possess a wide range of biological
activities, including modulation of growth and regulation of differentia-
tion. They are involved in membrane phenomena, such as cell-cell
recognition, cell-cell adhesion, antigenic specificity and other kinds of
transmembrane signalling (85-87).

GSLs are of wide occurrence as cellular constituents of marine
animals, while up to now just one recent paper reports on the isolation of
a GSL from a marine plant, i.e. the red alga Corallina pirulifera (88).
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From the literature data, a quite simple GSL pattern appears to occur in
most of the marine organisms surveyed so far allowing one to draw some
chemotaxonomic generalizations.

Gangliosides, GSLs which are characterized by the presence of a
residue of sialic acid in the sugar portion of the molecule and are present
in all terrestrial vertebrates have been isolated only from marine
invertebrates belonging to the phylum Echinoderma (sea urchins and
starfishes). They are believed to play the role of reference structures in
the cellular interactions related to sexual reproduction (89).

Phosphorus-containing glycosphingolipids, characterized by the pre-
sence in the molecule of either a phosphorylcholine or a phosphoetha-
nolamine residue, occur in the extracts of molluscs.

A widespread distribution is characteristic of neutral GSLs, com-
monly referred to as cerebrosides, which are present in organisms
belonging to a number of different taxa. Between them, cerebrosides
from marine sponges appear to be of particular interest (40, 56, 57, 59,
60, 90—96) because of the a-glycosidic linkage present in most of them
between the sugar chain and the aglycon. Until now, this feature has been
found only in GSLs from species of the phylum Porifera. GSLs are
supposed to be involved in the agamic reproductive processes of marine
sponges. These primitive invertebrates possess a power of regeneration
allowing a new individual to be generated from a sponge cell suspension,
which can rearrange itself into a typical sponge construction. The cell
recognition, which is of fundamental importance in such reproductive
processes, is supposed to be mediated by the sugar heads of cell surface
GSLs (92).

5.1. Neutral Glycosphingolipids

10: Glucosylceramide

Occurrence: Asterina pectinifera (starfish) (27, 97), Acanthaster planci
(starfish) (98, 99), Asterias amurensis (starfish) (89, 100), Asterias
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amurensis versicolor (starfish) (101), Astropecten latespinosus (starfish)
(102), Ophidiaster ophidiamus (starfish) (32), Anthocidaris crassispina
(sea urchin) (103), Cucumaria japonica (holothurian) (104), Cucumaria
echinata (holothurian) (28), Pentacta australis (holothurian) (36),
Chondrilla nucula (sponge) (90), Haliclona sp. (sponge) (91), Halichon-
dria japonica (sponge) (92), Agelas mauritiana (sponge) (35), Agelas
clathrodes (sponge) (95), Agelas conifera (sponge) (56), Penaeus aztecus
aztecus (arthropod) (105), Metridium senile (coelenterate) (106), Aplysia
Jjuliana (mollusc) (107).

Physical Data: 'H- and '3C-NMR of 10 with sphingosines and o-
hydroxyacids (28, 32) and with phytosphingosines and o-hydroxyacids
27).

B-Glucosylceramide 10 is by far the most common glycosphingolipid
from marine animals. It is widely distributed in echinoderms (mainly
starfishes) and is present in some species of sponges; in addition, it has
been occasionally found in organisms of different phyla such as
arthropods, coelenterates and molluscs.

A peculiarity of glucosylceramides from starfishes is the frequent
occurrence of trihydroxylated LCBs (phytosphingosines) as well as o-
hydroxy fatty acids in the ceramide part; in contrast, glucosylceramides
from starfish spermatozoa appear to contain mainly dihydroxylated
sphingosines (89, 100). The stereochemistry of the trihydroxylated
sphingosines from starfishes has been studied in detail by synthesizing
all the possible diastereomeric phytosphingosines (/08). A starfish
cerebroside with phytosphingosine and o-hydroxyacid has been
synthesized (109).

The glucosylceramides from the Agelas sponges (35, 56, 95) and
from the starfish O. ophidiamus (32) contain exclusively a unique triun-
saturated C;g sphingosine with a conjugated diene and a methyl branch-
ing at C-9.

All the glucosylceramides from marine animals are mixtures of
homologues, and several attempts have been made to separate individual
components of the mixtures by RP-18 HPLC (27, 28, 32, 99, 101, 102).
Only in one favourable case (32), however, could all the components of
the mixture be obtained in the pure state. More often, only a few of the
fractions obtained from HPLC separation proved to be pure, and the
other ones were either not examined at all or studied only with regard to
the major component.
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11: Galactosylceramide

H

[111le}

Occurrence: Turbo cornutus (mollusc) (110), Chlorostoma argyrostoma
turbinatum (mollusc) (/11), Aplysia juliana (mollusc) (107), Chon-
dropsis sp. (sponge) (93), Halichondria japonica (sponge) (92),
Halichondria panicea (sponge) (94), Corallina pilulifera (red alga) (88).

Physical Data: FABMS (107, 111), 'H- and '*C-NMR of 11 with
phytosphingosine and o-hydroxyacid (88) and of peracetylated 11 with
sphingosines and normal fatty acids (94).

B-Galactosylceramides (11) are less widespread than glucosylcer-
amides (10) and among marine animals they occur only in sponges and
molluscs. The sole glycosphingolipid isolated so far from a marine plant
is a galactosylceramide (88). LCBs of galactosylceramides from mol-
luscs and from H. panicea are mainly dihydroxylated. The remaining
species produce galactosylceramides with trihydroxylated I.CBs and o-
hydroxy fatty acids. The presence in Chondropsis sp. and C. pilulifera of
unusual 6-unsaturated trihydroxylated LCBs is worthy of note.

12a-12d and 13a-13f: Halicylindrosides A;-A4 and B;-Bg
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Occurrence: Halichondria cylindrata (sponge) (112).
Physical Data. Halicylindroside A; (12a): [a]p= —20.2 (Py); Halicylin-

droside A, (12b): [ojp= —21.1 (Py.); Halicylindroside A; (12¢): [a]p =
—19.5 (Py.); Halicylindroside A;(12d): [¢Jp= —22.3 (Py); Halicylindro-
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side B1(13a): [oJp= —9.2 (Py); Halicylindroside B,(13b): [op= —9.0
(Py); Halicylindroside B3(13¢):[a]p= —9.7 (Py); Halicylindroside By
(13d): [o]p= 8.5 (Py); Halicylindroside Bs (13e): [aJp= —8.6 (Py);
Halicylindroside Bs (13f): [a]p= —8.3 (Py); 12a-12d and 13a-13f:
HRFABMS, IR, 'H- and '*C-NMR (complete assignment) (112).

The unique cerebrosides halicylindrosides are the first examples of
monoglycosylceramides with an N-acetylglucosamine. Two sets of
homologous halicylindrosides (12a—12d and 13a-13f) have been iso-
lated as pure compounds by reversed-phase HPLC. The ceramide of
halicylindrosides A (12a-12d) contains normal fatty acids, whereas that
of halicylindrosides B (13a-13f) contains a-hydroxy fatty acids; all the
LCBs are of the iso-type. All the structures, including the absolute
configuration of sphingosines and hydroxyacids and of the sugar, were
determined by spectroscopic methods. Halicylindrosides are antifungal
against Mortierella remanniana, and weakly cytotoxic against P338
murine leukemia cells.

14a-14e: Amphicerebrosides B-F

OH
OH a-NAcGlep OH
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14
Occurrence: Amphimedon viridis (sponge) (91).

Physical Data: 'H- and '*C-NMR and IR of all six compounds as the
respective peracetyl derivatives (91).

Isolation of the amphicerebrosides was performed on their peracetyl
derivatives after acetylation of the glycolipid extract. Only amphicer-
ebroside D (14c) was obtained in the pure state, while the other
constituents could only be obtained in an enriched form. Amphicerebro-
sides B-D (14a-14c) are characterized by a B-glycosidic linkage of the
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glucosamine to the ceramide, whereas in amphicerebrosides E-F (14d-
14e) the anomeric configuration is o. Individual compounds within each
group differ in their LCBs.

Structures of the amphicerebrosides were determined mainly by
NMR methods. The reported general structure, however, is not fully
convincing, since the authors provide no proof that the saccharide unit of
the natural (non acetylated) amphicerebrosides is a glucosamine rather
than the more common N-acetylglucosamine. In the latter case, amphice-
rebrosides B—D would be very similar to halicylindrosides B (13a-13f)
(112).

15a—-15h: Agelasphins

OH
Fatty acids: LCBs:
a (agelasphin-7a): n-24:0 n16:0
b (agelasphin-9a): n-24:0 n-17:0
¢ (agelasphin-9b): n-24:0 iso-18:0
d (agelasphin-11): n-24:0 anteiso-19:0
e (agslasphin-13): n-25:0 anteiso-19:0
f: n-22:0 (12.8%), n-23:0 (16.0%), n-16:0 (34.0%), is0-17:0 (4.9%), n-17:0 (21.2%),
n-24:0 (71.2%) js0-18:0 (19.5%), n-18:0 (10.8%), is0-19:0 (5.9%),
n19:0 (3.7%)
g: n-22:0 (5.5%), 1-23:0 (10.1%),  n-17:0 (5.2%), is0-18:0 (27.6%), N-18:0 (16.8%),
n-24:0 (78.3%), n-25:0 (6.1%) i$0-19:0 (21.4%), n-19:0 (23.1%), n-21:0 (5.9%)
h: n-20:0 (47.8%), n-21:0 (3.3%), i50-18:0 (19.1%), n-18:0 (17.7%), is0-19:0 (15.2%),

1-22:0 (27.6%), 1-23:0 (8.6%),  1-19:0 (16.6%), n-21:0 (21.4%),
1-24:0 (17.8%)

15

Occurrence: Agelas mauritiana (sponge) (35, 113), Agelas clathrodes
(sponge) (95), Agelas conifera (sponge) (56), Agelas longissima
(sponge) (96).

Physical Data: 15a: m.p. 193.5-195.5°C; [a]p = +52.3 (Py); 15b: m.p.
201.5-203.5°C [a]p = +49.9 (Py); 15¢: m.p. 211-212°C; [a]p = +55.0
(Py);<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>