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PREFACE 

Recent progress on three quite different alkaloid groups are discussed in 
this volume of The Alkaloids: Chemistry and Biology. 

The first chapter, by Barbosa-Filho, da-Cunha, and Gray, describes in great 
detail the tremendous volume of research that has been conducted in recent 
years on the alkaloids of the Menispermaceae, a family which produces a 
wide structural range of benzylisoquinoline alkaloids. The second chapter is 
a very special collaborative effort by three Japanese chemistry groups led by 
Somei, Murakami, and Ninomiya discussing the recent developments on the 
synthesis of the ergot alkaloids. Finally, Skaltsounis, Mitaku, and Tillequin 
discuss the diverse acridone alkaloids from the perspectives of their isolation, 
distribution, synthesis, and biological properties. 

Geoffrey A. Cordell 
University of Illinois at Chicago 
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I. Introduction 

The plant family Menispermaceae is widely known for the production of a 
great variety of alkaloids. This was first noticed even before the family was created, 
when, after the first visits of European colonists, they came back talking about 
soldiers being wounded by arrows tipped with poison. Further details of this poison 
came later when it was observed that it was composed of extracts from poisonous 
herbs. There were many diierent herbs used to produce the poison, including one 
known by the natives as “ourari”. It is believed that the term curare, which describes 
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2 BARBOSA-FILHO, DA-CUNHA, AND GRAY 

South American arrow poisons that kill by paralysis, is derived from this Indian 
name (I). Curare is used principally for hunting and fishing purposes by the Indian 
tribes of the Amazon region. In 1935 it was discovered that the alkaloid 
tubocurarine was the main active ingredient of curare. At that time, the structure 
given to this alkaloid was incorrect, and only in 1970 was the correct structure 
elucidated, showing that only one of the isoquinoline nitrogens was quatemary. The 
neuromuscular blocking activity of tubocurarine, very useful in anesthesia, led 
scientists all over the world to try to synthesise compounds with stronger activity 
and less toxicity. One of the compounds discovered in this way was the anaesthetic 
“atracurium” developed by researchers at the University of Strathclyde and the 
Wellcome Laboratories. 

A. HISTORICAL ASPECTS OF THE FAMILY MENISPERMACEAE 

The Menispermaceae (Moonseed family) was named by A. L. de Jussieu in 
1789 and he included the generaMenispermum L., Cissampelos L., Leaeba Forsk., 
Epibaterium Forsk. and Abuta Aubl. (2). It was renamed later as Menispermoidees 
by Ventenant and Menispermees by Jeaume. In 1824, it was finally designated 
Menispermaceae by A.P. de Candolle, who divided the family into three tribes: 
Menispermeae, Lardizabaleae and Schizandreae. The tribes Lardizabaleae and 
Schizandreae were later included in the families Berberidaceae and Magnoliaceae, 
respectively. 

In 1851, Miers (3) described six tribes based on embryo structure: 
Heterocinaceae, Anomospermeae, Tiliacoreae, Leptogoneae, Platygoneae and 
Pachygoneae. 

In 1867, Bentham and Hooker (4) subdivided the family into four tribes, 
containing a total of 31 genera according to the morphology of the carpels, fruits 
and seeds: Tinosporeae, Cocculeae, Cissampelideae and Pachygoneae. 

In 1872, Baillon kept the same divisons as Bentham and Hooker, and 
substituted the tribe Tinosporeae with Chasmanthereae (2). 

Finally, Diels (5) in 1910, based on Mier’s work, published a new division of 
the family with 8 tribes: Anamirteae, Anomospermeae, Cocculeae, Fibraureae, 
Hyperbaeneae, Peniantheae, Tinosporeae and Tricliseae; three sub-tribes of the 
Cocculeae were delineated: Cocculineae, Stephaniineae and Cissampelineae 
containing a total of 72 genera. 

Diel’s idea, based on the morphological aspects of the albumen and 
cotyledons was kept by Troupin when in 1962 he published a botanical study of the 
African Menispermaceae (6). This is the division that is still used today (see Table I). 
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B. BOTANICAL STUDIES 

The family Menispermaceae is part of the order Ranunculales and is divided 
into eight tribes and three sub-tribes. It is composed of some 72 genera and 
approximately 400 species (5). Its species are distributed in all continents, with 
predominance in the tropical regions. The largest genus in the family is Stephania 
with 43 species, followed by Tinospora with 35, Abuta with 30, Tiliacora with 22, 
and Cissampelos and Cyclea, both with 19 species. 

The name Menispermaceae is derived from the half-moon shape of the 
seeds (2). According to Dahlgren’s classification (7), the position of the family is: 

KINGDOM: Plantae 
CLASS: Magnoliopsidae (= Angiospermae) 
SUB-CLASS: Magnoliidae (= Dicotyledoneae) 
SUPER ORDER: Ranunculiflorae 
ORDER: Ranunculales 
FAMILY: Menispermaceae 

The plants are perennial. They are woody, being predominantly climbing shrubs 
with anomalous stem structure. The leaves are alternate, the flowers are unisex and 
the seeds may or may not have an endosperm. 

Table I shows all of the 72 genera of the family in their respective tribes and 
sub tribes, the approximate number of species, and their geographical distribution. 

C. BRIEF DESCRPTION OF THE ALKALOIDS 

The family is well known for the production of alkaloids of various kinds, 
among which those derived from a I-benzyltetrahydroisoquinoline (cf. Scheme 2) 
precursor are the most common. It is also notable that alkaloids of the 
bisbenzylisoquinoline type are the most commonly found in plants of this family. 
This group of compounds is an integral part in the preparation of many of the dart 
poisons known as “curare”, used by the South American Indians to immobilise 
(anesthetise?) animals and birds, and that served as models for the potent drugs used 
in anesthesia such as “atracurium”. In reviewing the alkaloids from the family 
Menispermaceae, covering the period from 1970 to 1997, it was found that 22 
different classes of alkaloids have been isolated from this family. Among these, the 
bisbenzylisoquinoline types were the most abundant, with 604 citations from many 
different plant species. In second place came the aporphine type with 303 citations, 
and third, protoberberines with 275 citations. In contrast, it is interesting to note the 
paucity of the citations for the other 19 types of compounds isolated from plants of 
this family. 
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TABLE I 
Subdivisions of the family Menispermaceae after Brummitt, 1992 (5,s). 

Genera 
TRJBES T 

Sub-tribe 
TRICLISIEAE 

Albertisia Beck 

Anisocycla Baill. 

Beinaertia Louis ex Troupiu * 

Carronia F. Muell. l 

Chondodendron Ruiz et Pavon 

Curarea Bameby & Kmkoff 

Epinehwm Hiem 

Haematocarpus Miers * 

Macrococculus Becc. * 

Pleogvne Miers * 

Pycnarrhena Miers 

Sciadotenia Miers 

Mclisia Bed. 

S’heonema Miers * 

Tiliacora Co&r. 

Triclisia Bedh. 

PENIANTBEAE 

Penianthus Miers 

Sphenocentrum Pierre 

ANAMIRTEAE 

4namirta Colebr. 

4rcangelisia Becc. 

Coscinium Cokbr. 

FIBRAUREAE 
BuraFoia Thouafs 

Fibraurea Lour. 

Tinomiscium Miers 

GEOGRAF’HICAL DISTRlBUTION 

ASIA OCEAN 
1 
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NlUUbU 
of 
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1 
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10 

1 

2 

2 

1 

1 

1 

1 

35 

30 

5 

4 

1 

6 

TABLE I (Continued) 

Genera 
TRIBES 

Sub-tribe 
TINOSPOREAE 

Aspidocatya Hook. F. & Thomson * 

Calycocarpum NW. ex Spach * 

Chasmanthera Ho&t. 

Chlaenandra Miq. * 

Dialyfheca Exell. & Mendonp * 

Dioscoreophyllum Engl. 

Disciphania Eichl. * 

Fawceftia F. Muell. l 

Jateorhiza Miers 

Kolobopetalum Engl. 

Leptotherantha Louis ex Troupin * 

Odontocatya Miers * 

Orthogynium Baill. * 

Parabaena Miers 

Plafyfinospora (Engl.) Diels * 

Pridania Gagnep. l 

Rhigiocatya h4iers 

Sarcolophium Troupin * 

SomphoxyIum Eichl. * 

S’andropus A. C. Smith * 

Sjmtriandrium Engl. * 

Tinospora Miers 

ANOMOSPERMEAE 
4buta Aubl. 

4nomospermum Miers * 

Caryomene Bameby & Krukoff 

Flissawhena h4iers l 

Telitoxicum Moldenke 

T GEOGIUU’HICAL DISTRIBUTION 

AFRICA ASIA OCEAN 

J 

continues) 
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alnlbfz 
of 

species 
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11 
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17 
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1 

8 

12 

6 

6 

1 

2 

1 

1 

1 

43 

4 

19 

19 

2 

TABLE I (Contimed) 

TRIBES 
Genera 

Sub-tribe 
HYPERBAENBAE 

Hyperbaena 

COCCULEAE 
Cocculinae 

Cocculus DC. 

Diploclisia Miers 

Hypserpa Miers * 

Legnephora Miets 

Litnacia Lour. 

Limaciopsis Engl. 

Menispermum L. 

Pachygone Miers 

Pericampylus Miers * 

Rhaptonema Miers * 

Sarcopetalum F. Muell. 

Vinomenium Diels 

Spirospermum Thouars 

Strychnopsis Bail]. 

Ungulipetalum Moldenke * 

Stephaniinae 

Stephania Lour. 

Cissampelinae 

llntizoma Miers 

Cissampelos L. 

Cyclea Am. ex Wight 

Paracyclea Kudo & Yatnamoto 

GEOGRAPHICAL DISTFUBUTION. 

AFRICA ASIA 

* Genera with no phytochemical citation for any of their species. 
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II. Survey of the Alkaloids of the Menispermaceae 

A. ALKALOIDS OF THE MENISPERMACEAE 

As stated above, the family Menispermaceae is very rich in diverse types of 
alkaloids. Emphasis is given to the significant majority of alkaloids derived from 
the benzyltetrahydroisoquinoline nucleus. One of the most important members of 
this group of alkaloids is tubocurarine, which is part of curare, described for the 
first time in 1805 by Humboldt, who observed its utilization by South American 
Indians as a dart poison for hunting and fishing purposes. Its structure was 
elucidated by King in 1935 (9), although he incorrectly assigned it as being a 
bisquatemary salt of the bisbenzyltetrahydroisoquinoline nucleus. Only in 1970 was 
it discovered that it was a monoquatemary salt. The synthesis of tubocurarine in 
1958 by Veronin, opened the way for the use of other quatemary ammonium salts 
as neuromuscular blocking agents which are more active and less toxic. 

There are two previous reviews of the literature on alkaloids from the 
Menispermaceae. The first was published by Tomita in 1952 (IO) and the second 
was by Thomber in 1970 (II). The fact that the last review was published some 27 
years ago presented an obvious challenge, given the large volume of publications 
on alkaloids of the Menispermaceae that have appeared in the ensuing years. The 
number of papers discussed by each of the previous reviews and the number of 
papers reviewed in this work are seen in Table II. A limited review of alkaloids 
from the South American Menispermaceae was published in 1996 (12). 

As seen in Table II, in the 18 years between Tomita’s review and Thomber’s 
review, the number of plant studies almost doubled and the number of alkaloids 
isolated almost trebled. However, only one new class of alkaloid appeared. If we 
compare Thomber’s review with the present review, we can see a huge and 
significant increase in the number of plants studied (from 52 to 159) and in the 
number of alkaloids isolated (from 241 to 1525). 

TABLE II. Plants of the family Menispermaceae studied, number of alkaloids 
described and number of bibliographic citations. 

DATA OBATAINED FROM 

TOMITA’S REVIEW 
1952 

THORNBER’S REVIEW 
1970 

THIS WORK 
(VP TO NOVEMBER 1996) 

PLANTS 
STUDIED 

33 

52 

159 

ALKALOIDS NUMBER OF 
DESCRIBED CITATIONS 

92 158 

241 124 

1525 531 
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In the work shown in this chapter, the 72 genera shown in Table I, were 
surveyed. Among those genera, only 45 had bibliographic citations. The search was 
carried out in Chemical Abstracts (~01s. 56-1950 to 123-1995), on online search in 
NAPRALERT, the Dictionary of Natural Prahrcts on CDROM (version 5: 1, July 
1996), and in the reviews of alkaloids derived from the 
benzyltetrahydroisoquinoline nucleus published in Natural Product Reports. 

B. THE POSSIBLE COMMON ORIGIN OF THE ALKALOIDS ISOLATED FROM PLANTS OF 
THE h&NISPEFtMACEAE 

Subsequent to the discovery by Davis of the metabolic pathway to the 
formation of aromatic amino acids via shikimic acid, great advances were achieved 
in the understanding of the biosynthesis in living organisms. The formation of 
shikimic acid occurs through the reaction between phosphoenolpyruvic acid and 
erythrose-4-phosphate (Scheme 1). Shikimic acid reacts with phosphoenolpyruvic 
acid, followed by a series of steps to form phenylpyruvic acid, which, after 
reductive amination, is transformed into phenylalanine. This amino acid may then 
undergo decarboxylation to form phenylethylamine or deamination to form 
phenylacetaldehyde. These two compounds may react together to form the 
benzyltetrahydroisoquinoline nucleus (13-16) (Scheme l), which is a very 
important intermediate in the formation of almost all of the alkaloids present in 
plants of the family Menispermaceae. 

c. BI~~YN’IHE~C MAP OF THE h&NISPERMACETAE 

To be considered as a good chemotaxonomic marker, a group of compounds 
must occur in dissimilar form in different groups of organisms. The 
benzyltetrahydroisoquinoline alkaloids can be considered as good markers because 
they occur mostly in the super-orders Magnoliiflorae and Ranunculiflorae. These 
two super-orders are very close to each other in the classification of the 
Angiospermae developed by Dahlgren. In this work, a biosynthetic map is defined 
as a group of chemical skeleta biogenetically alike, from which a series of 
compounds is derived. 

The first step in creating a biosynthetic map is to list all of the structural 
types of a certain group of compounds (in this case alkaloids). This work should be 
preceded by a bibliographic review in specialised literature, of the occurrence of all 
of the chemical constituents chosen as markers. 

Inspection of the compounds described in Table III and according to the 
origin of the alkaloids derived from the benzyltetrahydroisoquinoline nucleus, led 
us to propose a biosynthetic map of the family Menispermaceae. The map was 
constructed in accordance with the suggested biosynthetic relationships that exist 
between the different types of alkaloids (17-22) as outlined in Figure 1. 



1. ALKALOIDS OF THE MENISPERMACEAE 9  

4-HydmxyphsnyhcNldchy& 

SCHEME 1  - Biosynthetic pathway for the formation of (s)-Norcoclaurine. The enzymes involved in 
the process are: l-Phenolase, 2- L-Tyrosine decarboxylase; 3 - L-Tyrosine transamimse; 

4 -p-Hydroxyphenylpyruvate decarboxylase; 5 - Q-Norcoclaurine synthase. 

When discussed individually, a  biosynthetic pathway to each type of 
alkaloid will be suggested. This individual approach is based on a bibliographic 
review according to transformations observed in live organisms and also in a purely 
theoretical, biogenetic mechanistic approach. It should be stated that most of the 
biosynthetic pathways are merely speculative. And thus much experimental work 
remains to be conducted. 

D. CLASSIFICATION OF TEE ALKALOIDS OF THE MENISPERMACEAE 

In this review, 22 different types of alkaloids could be identified in plants of 
the family Menispermaceae over the past 27 years. To be considered as a separate 
type, there must be at least 2 different alkaloids with the same basic skeleton. In the 
case where only one alkaloid has been identified, these were classified as “Others”. 
Another problem encountered was the bibliographic citation of some alkaloids with 
no chemical structure elucidated. Those alkaloids were classified as CSND 
(chemical structure not defined). The other types of alkaloids were classified as 
indicated in Table III. 
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TABLE III 
Locator codes, abbreviations used and types of alkaloids studied in this work. 

LOCATOR 

CODE 

I 

ABREVIATION TYPE OF ALKALOID 

BIQ Benzylisoquinoline alkaloids 

Bis-BIQ 

PROAPO 

APORPHIN 

TROPOL 

AZAFLU 

PHENANT 

ARISTO 

ISOOXOA 

PROTOB 

HIRsUT1 

COHIRSI 

BENZAZE 

MORPHIN 

HASUBA 

ACUTUMI 

ERIBIDI 

ERYTHRIN 

PAVINE 

ISOQUIN 

PHENETIIYL 

OXOCAN 

OTHERS 

Bisbenzylisoquinoline alkaloids 

Proaporphine alkaloids 

Aporphine alkaloids 

Tropoloneisoquinoline alkaloids 

Azafluoranthene alkaloids 

Phenanthrene alkaloids 

Aristolochic acid derived alkaloids 

Isooxoaporphine alkaloids 

Protoberberine alkaloids 

Hirsutine alkaloids 

Cohirsine alkaloids 

Benzazepine alkaloids 

Morphinan alkaloids 

Hasubanane alkaloids 

Acutumine alkaloids 

Eribidine alkaloids 

Erythrina alkaloids 

Pavine alkaloids 

Isoquinoline alkaloids 

Phenethylcinnamide alkaloids 

Stephaoxocane alkaloids 

Miscellaneous structure alkaloids 
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b Bis-BIQ (604) 

1  +E 

PHENANT (2) 

- PROAPO(30) ,-. APoRFmN (303 OXOCAN (5) 

1  1  ARISTO (4) 
- TROPOL (9) - AzAPLU(l1) 

- ISOOXOA(9) 
BIQ - 
(59) 

--E 

HRsuTl(5) 
--, PROTOB (275) COHIRSI (4) 

BENZAZE (2) 

----, MORPHIN (63) -, HASUBA (78) 

- ACUTUh4I (9) 

- ERIBIDI (7) . ERYTHRlN(28) 

- PAVlNE(4) 

soQm (5) 
PHENJZTHYL (5) 
OTHERS (4) 
CSND (35) 

TOTAL: 1560 Alkaloids 

FIGURE 1. Probable biosynthetic relationships between the different classes of alkaloids isolated 
from plants of the family Menispermaceae. The numbers in brackets are the numbers of alkaloids 

isolated in each class. 

I. BenzylisoquinoIine alkaloids @ I@ 

1-Benzyl isoquinol ine alkaloids 1-Benzyltetrahydroisoquinoline alkaloids 

3  2  

Stephania Abuta, Buraraia, Catyomene, Cissompelos, 
Cocculus, Cyclea, Pachygone, Parabaena, 

Sarcopetalum, Sciadotenia, Stephania, Tiliacora, 
Tinospora 
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The sub type I-benzyltetrahydroisoquinoline has a special place in the 
family Menispermaceae. All of the alkaloids with a m&acyclic nucleus present in 
the family have this tricyclic nucleus as their biogenetic origin. 

More than 100 alkaloids of this sub-type are distributed throughout the 
families Annonaceae, Berberidaceae, Hemandiaceae, Lauraceae, Magnoliaceae, 
Menispermaceae, Papaveraceae, Ranunculaceae and Rhamnaceae. 

In the family Menispermaceae there are 60 bibliographic citations, 
representing 20 different alkaloids. This represents 3.9% of the total number of 
alkaloids isolated from the family. Ibis sub-type occurs in 13 of the 45 genera 
studied so far. The genera in which they are most commonly found are Stephuntu 
(18) and Tiliucoru (8). From the genus Tinolrpora there are seven citations of the 
same alkaloid - tembetarine. Of the 60 citations in the family, only one is of the sub 
type 1.a and this alkaloid is papaverine, isolated from Stephuniu grucilentu (402). It 
is interesting to note that outside the family Papaveraceae, the only other family 
where we can find this type of alkaloid is the Menispermaceae. 

In the Menispermaceae, the most frequently cited alkaloid of this type is 
co&urine, responsible for 13 citations in plants of the genera Abutu (1) 
Curyomene (1) Coc~lus (4), Cycleu (2), Puchygone (1) Surcopetdum (1), 
Sciuubteniu (1) and Stephuniu (2). Other important alkaloids are: reticuline (5 
citations), and oblongine (4 citations). 

The biosynthesis of reticuline is shown in Scheme 2, which describes the 
general biosynthetic pathway to this type of alkaloid (23). 

(.7>3’-Hydmxy-Mykochtie (S~RC-tiCUhC 

!kHEME 2. Biosynthetic pathway for reticuline. The enzymes involved in the process are.: 1 - Nor- 
coclaurined-O-methyltrase; 2 - Coclaurine-N-methylt; 3 - Phenolase; 4 - (*3'- 

Hydroxy-~-methylcoclaurine-4’-O-methyltramferase. 
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2. Bisbenzylisoquinoline alkaloids (Bis-BIe) 

This class of alkaloid is divided into several sub-types according to the 
number of bonds between the two monomers, the type of bond(s) and their relative 
position to each other: 

a. One bond 

Diphenyl ether tail to tail Diphenyl ether head to tail 

Abuta, Albertisia, Caryomene, Menispennum, 
Sciadotenia 

Cyclea 

b. Two bona5 

Diphenyl ether head to head 
Diphenyl ether tail to tail 

/ \ 

\ / NH 

%3 

/ \ 

\ / 

Abuta, Albertisia, Anisocycla, Arcangelisia, 
Caryomene, Cissampelos, Cocculus, Curarea, 
C’lea, Limacia, Limaciopsis, Pycnarrhena, 

Sciadotenia, Sinomenium, 
Spirospermum, Stephania, 
Stry&nopsis, Tiliacora 

Diphenyl ether head to tail 
D$hen$ ether tail to head 

Chondodendron, Cissampelos, Curarea, 
Cyclea, Epinetrum, Limaciopsis, Sciadotenia, 

Sinomenium, Stephania, Sjmclisia 

Diphenyl ether head to head 
Phenyl-Phenyl tail to tail 

Tiliacora 

Phenylbenzyl ether head to tail 
Diphenyl ether tail to head 

Cissampelos, Cyclea 
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c. Three bona3 

Diphenyl ether head to head 
Phenyl ether tail to tail 

Albertisia, Anisocycla, Cocculus, Pachygone, 
Stephania, Sync&a, Triclisia 

Diphenyl ether head to tail 
Phenyl ether tail to head 

Diphenyl ether head to head 
Phenyl-phenyl tail to tail 

Pachygone, Tiliacora 

Phenyl ether head to tail 
Phenyl and benzylphenyl tail to head 

HLpc-Q 

Cissampelos, Cjdea 

This type of alkaloid, together with the aporphines and protoberberines, are 
considered good chemical markers of the family Menispermaceae. They are present 
in the great majority of the species so far studied. 

These alkaloids are present in several different plant families, with special 
emphasis in the family Menispermaceae. 604 citations of bisbenzylisoquinoline 
alkaloids were discovered during this review. This represents 39.6% of the total 
number of alkaloids isolated from plants of the family. They have been found in 23 
of the 45 genera studied, being more frequently found in Stephania (171) Cyclea 
(87), and CoccuZus (63). Other plant families rich in Bis-BIQ are Ranunculaceae 
(Thalictrum), Berberidaceae (Berberis, Mahonia), Monimiaceae (Daphnandka), 
Annonaceae (Phaeanthus, Popowia, Pseudoxandra, Rollinia, etc.) and Lauraceae. 

They are called Bis-BIQ because they are made of two BIQ residues 
connected to each other by one, two or three ether bridges or by direct carbon- 
carbon bonds. Other differences between them may be the nature of the oxygenated 
substituents (OH OMe, OCHzO), or the nature of the substitution in the two 
nitrogen atoms (NH, NMe, ?VMez, NO), the degree of unsaturation in the B ring 
and the stereochemistry of the two asymmetric centers. The chemistry of these 
alkaloids has been extensively reviewed (24-28). 

Examples of alkaloids of the sub types of Bis-BIQ are: lindoldhamine 
isolated from Abuta pahni and Albertisia papuana, sutchuenine isolated from 
C’lea sutchuenensis, tetrandrine from Stephania spp, tiliageine from Tiliacora 
dinklagei and T. trianaka, warifieine from Cissampelos ovalifolia, cissampetine 
from Cissampelos facsciculata, kohatamine from Cocculus pendulus, pachygonine 
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from Pachygone ovata, insulanoline from Cyclea hipoglauca and Cyclea 
sutchuenensis, and ins&wine-2-P-N-oxide also isolated from Cyclea sutchuenensis. 

The biosynthesis of sciadoferine, isolated from Sciaabtenia tox@ra is 
described in Scheme 3. 

H H  

I 
H H 

Sciadoferioe 

SCHEME 3. Biogenesis of sciadoferine based on mechanistic considerations (29). 
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3. Proapophine alkaloid (PROAPO) 

Abuta, Anamirta, Catyomene, Cocculus, 
Diploclisia, Legnephora, Limacia, 

Menisjxrmum, Pa&gone, Sarcopetalum, 
Sciadotena, Stephania 

The first proaporphine described in the literature was pronuciferine isolated 
from Nelumbo mrcifera (Nymphaceae) and its chemical was structure elucidated by 
Bernauer in 1963 (30). This alkaloid was isolated again in 1968 from Stephania 
glabra (31). At that time it was the only known precursor to the aporphines. 
However, it is known today that the aporphines can also be formed directly from 
benzyltetrahydroisoquinolines. 

There have been 30 proaporphines (2%) isolated Corn the family 
Menispermaceae. They occur in 12 of the 45 genera, predominantly in Stephania 
(14), Caryomene (4), Coccuh~s (2) and Legnephora (2). 

The biogenesis of pronuciferine and glaziovine is described in Scheme 4. A 
review of this group of alkaloids has been published (32). 

ckb 
PI ------L 

-2x” 

/ 
/ 

/ 

- -. 

SCHEME 4. Biosynthetic pathway of glaziovine and pronuciferine based on mechanistic 
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4. Aporphine alkaloi& (APORPHIN) 

Anamirta, Anisocycla, Chasmanthera, CissampeIos, Coazulus, 
Coscinium, C&lea, Dioscoreophyilum, Diploclisia, Fibraurea, 

Heptmyclum, Kolobopetalum, Legnephora, Menispermum, 
Pachygone, Penianthus, Pycnarrhena, Rhigiocarya, 

Sinomenium, Stephania, Strychnopsis, Tiliacora, Tinomiscium, 
Tinospora, Triclisia 

6a,7-Didehydroaporphines 44xygenated aporphines 7-Oxygenate4l aporphines 

Cissampelos, Sinomenium, 
Stephania 
1 -Oxo-7-aminoaporphines 

Stephania Sinomenium, Stephania 

4,SDioxoaporphines 

Telitoxicum 

7-Oxoapoqhine 
Stephania 

Abuta, Anisocycla, Chasmanthera, Cissampelos, Limacia, 
Limaciopsis, Pachygone, Pycnarrhena, Rhigiocarya, 

Sinomenium, Stephania, Telitoxicum, Triclisia 

17 

Aporphine alkaloids constitute a group with more than 500 different 
compounds, distributed between the families Annonaceae, Hemandiaceae, 
Lauraceae, Magnoliaceae, Menispermaceae, Monimiaceae, Ranunculaceae and 
others. It is the second most abundant type of alkaloid in the family 
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Menispermaceae, with 303 compounds (20%) distributed in 29 genera (64%). Like 
most of the other alkaloid types found in the family Menispermaceae, the genus 
Stephiu is the richest one, with a total of 188 isolated alkaloids. The second 
richest is the genus Coccu2u.r with only 12 alkaloids. 

Aporphinoid is a general designation to define a series of compounds like: 
a) aporphines sensu strictu, the most common sub-type of aporphine in the family 
Menispermaceae, some others with small structural alterations such as: b) 6a,7- 
didehydroaporphines (dehydrodicentrine isolated from Cissampelos pareira); 
c) 4-oxygenated aporphines (epiglaufidine isolated from Stephania zippeliana); 
d) 7-oxygenated aporphines (ayuthianine isolated from Stephunia hncrof); 
e) l-oxo-7-aminoaporphines (telazoline isolated from Telitoxicum ghziovii); 
t) 4,5-dioxoaporphines (cepharadione A isolated from Stephia cepharantha); 
g) 7-oxoaporphines (homomoschatoline isolated from Abuta imene), the second 
most common sub-type in the family with 5 1 compounds. 

As a general example of the biogenesis of aporphines, Scheme 5 shows the 
biogenesis of magnoflorine based on mechanistic considerations. The chemistry of 
the aporphines has been extensively reviewed (33-37). 

SCHEME 5. Biogenesis of magnoflotie based on mechanistic considemtions. 



1. ALKALOIDSOFTHEMENISPERMACEAE 

5. Tropolonei.wquinoline alkaloids (TUOPOL) 

19 

: 1 ;N 
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Abuta, Cissampelos 

This type of alkaloid has so far been found only in the family 
Menispermaceae. It is a good chemical marker for the family, but so far, alkaloids 
of this type have been isolated only from the genera Abuta and Cissampelos. 

The first TROPOL was imerubrine, isolated by Cava et al. from Abuta 
imene (38). In that paper, the chemical structure was erroneously assigned as an 
oxoaporphine. Later when the same authors isolated a second TPOPOL 
(grandirubrine) from Abuta grandzj7ora (39) this new type of alkaloid was 
established. 

An interesting case is that of pareirubrine A, isolated from Cissampelos 
pareira (40). This alkaloid may exist as tautomers, in the solid state it assumes the 
form la and in solution it assumes the form lb. This compound exhibits anti- 
leukaemic activity (1C50 0.33 &ml) (40). 

The biogenesis of imerubrine is described in Scheme 6. 

la Pareirubrine A lb 

solid state solution 
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OH 

6. Azajluoranthene alkaloids (AZAFLU) 

Abuta, Cissampelos, Telitoxtcum, Triclisia 

The azafluoranthene is another type of alkaloid exclusive to the family 
Menispermaceae. Among the 11 bibliographic citations, only 6 show different 
chemical structures. 

There have been no pharmacological studies on this type of compound, 
although their chemistry was reviewed (41). The biogenesis of rufescine is given as 
a general example of the possible biosynthetic pathway for the AZAFLU in 
Scheme 7. 
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bail 
Imerubrine Rufescine 

SCHEME 7. Biosynthesis of rofescine based on mechaoistic considerations. 
Two proposals: a (42) and b (43). 

7. Phenanthrene alkaloids @ ‘HENANT/ 

Anisocyzla, Stephania 

Also known as “seco-aporphines”, the PHENANT is a very rare type of 
alkaloid. The total number of compounds isolated in this class is less than 20. They 
are distributed in the families, Annonaceae, Aristolochiaceae, Lauraceae, 
Menispermaceae, Monimiaceae and Ranunculaceae. Of this type of alkaloid, only 
stephenanthrine was isolated from the family Menispermaceae, being present in 
Stephania tetrada and Anisocycla cymosa. The PHENANT type are probably 
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derived biogenetically from an aporphine precursor through the opening of ring B, 
(Scheme g).The chemistry of these alkaloids has been reviewed (44). 

SCHEME 8. Biogenesis of stephenanthrine based on mechanistic considerations. 

8. Aristolochic acid derivative alkaloid (ARISTO) 

c0ccu1us Stephania 1 
Despite occurring in other families like the Annonaceae, Menispermaceae, 

Monimiaceae, Lauraceae, and Ranunculaceae, this type of alkaloid is known as a 
chemical marker of the family Aristolochiaceae, from which about 70 different 
compounds have been isolated. 

In the family Menispermaceae there are 4 bibliographic citations for 3 
different compounds. Aristolochic acid I was isolated from Cocculus trilobus and 
the aristolactams cepharanone A and cepharanone B (= Aristolactam BII) were 
isolated from Stephania cepharantha. 

In Brazilian folk medicine, some plants of the family Aristolochiaceae are 
used as abortive agents. It is believed that this type of compound may be 
responsible for this activity. These compounds are also known to have cytotoxic 
activity. 

The biogenesis of aristolochic acid I and cepharanone A are shown in 
Scheme 9. The chemistry of this class of compounds has been reviewed (45). 
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Cephmnone A 

COOH 
( ’ NO, 

0 

* %  I> 

Alistobchic acid I 

SCHEME 9. Biogenesis of aristolochic acid and cepharanone A based on mechanistic 

considerations (43). 

9. Isoomaporphine alkaloids (SOOXOA) 

Menispemtum, Sinomenium 
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The fust example of this type of alkaloid was isolated in 1982 from 
Meniqwmum ahricum and was named menisporphine (46). Later, other alkaloids 
with the same nucleus were isolated, all from plants of the family Menispermaceae. 
The biogenesis of menisporphine is shown in Scheme 10. 

+ 

SCHEME 10. Biogenesis of menisporphine based on mechanisfic considerations (47). 
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IO. Protoberberine alkaloids (PROTOB) 

Tetrahydmprotobezberine 

Dehydroprotoberberine 

Catyomene, Stephania 

Abuta, Anamirta, Anisocycla, Arcangelisia, Burasaia, 
Chasmanthera, Cocculus, Coscinium, Dioscoreophyllum, 

Fibraurea, Heptaqdum, Jateorhiza, Legnephora, 
Menispermum, Parabaena, Penianthus, Rhigiocaryo, 

Sinomenium, Sphenocentrum, stephania, Tinospora, Triclisia 

Anisoqwla, Arcangelisia, Caryomene, Chasmanthera, 
Cissampelos, Cocculus, Coscinium, Cyclea, Fibraurea, 
Hyperbaena, Menispermum, Pachygone, Parabaena, 

Sinomenium, Stephania, Tinomiscium 

8-Oxoderivative 

Anamrrta, ArCangellSlU, 
Coscinium, Limaciopsis, 

Stephania 

c0ccu1us 

13-OxodeAvative 

The PROTOB alkaloid group has 275 (19%) bibliographic citations among 
the alkaloids of the family Menispermaceae. They are distributed in 29 of the 45 
genera studied. The genera richest in this type of alkaloid are Stephania (112), 
f inoqmra (26) and Fibraurea (21). 

Although some alkaloids of this type show pharmacological activity, very 
few of them have been used therapeutically. Berberine, isolated from Berberis 
vulgaris, has antimicrobial and protozoocide activity. The biogenesis of scoulerine, 
a tetrahydroprotoberberine alkaloid, is shown in Scheme 11. This type of alkaloid 
has been reviewed (48-50). 
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-A OH 

(S>Retic& (S>swulRine 

(S>Tetmhydmwh (S)-Cauadine 

.%XFS4E 11. Biwynthesis of berberine based on in vtvo experiments with Coptisjaponica (51). The 
enzymes involved in the process are: l- Berberine bridge enzyme; 2 - Q-Scoulerine-9-Gmethyl- 

transferase; 3 - Canadine syntbase; 4 - (S)-tebabydroberberine ox&se. 

Il. Hirsutine alkaloids (HIRSUiT() 

2L coccl4lus 

Only five alkloids of this type have been described in the literature, 
isolated from Cocculus hirsutus. 

all 
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Probably these alkaloids are derived biogenetically from a precursor of the 
type of an 13-oxoprotoberberine alkaloid, which suffers attack from a peroxide 
anion to the carbonyl resulting in a contraction of ring C. Scheme 12 shows a 
possible pathway. 

Jamtine 
SCHEME 12. Biogenesis of Jamtine based on mechanistic considerations. 

12- Cohirsine alkaloids (COHIRSI) 

c0ccu1us 

In the same way as the hirsutine alkaloids, these alkaloids have only been 
isolated five times and all of them from Coccdus him&us. The five alkaloids were 
called cohirsine, cohirsitine, cohirsinine, cohirsitinine and shaheenine. The first to 
be isolated was cohiisine in 1987 (52-53). 

Cohirsine (R’=R’= CHs) 
Cohirsinine (R’= H, Rz= CH3) 
Shaheenine (R’=R’= I-I) 

Cohirsitinine 
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13. Benzazepine alkaloids (BI!GVZAQZE) 

Abuta 

The alkaloids of this type have a similar carbon skeleton to the 
benzodiazepine drugs, known as minor tranquillisers. The first alkaloid of this type 
obtained from a natural source was puntarenine, isolated from Berberis empetriforia 
(Berberidaceae). The other two alkaloids also obtained from a natural source were 
saulatine and dihydrosaulatine, both isolated from Abuta bullata. 

According to Hocquemiller et al. (54) “Saulatine should be considered a 
natural biogenetic derivative of palmatine, result of an expansion of ring B through 
a homologation mechanism which would be interesting to investigate”. However, 
we should not overlook the possibility that this compound could be an artefact 
formed during the isolation process. It is known that berberine when isolated in 
CHCls in mOH medium and after passing through a silica gel column is partly 
transformed in berbermbine and oxyberberine (55). 

Scheme 13 shows a proposition for the formation of saulatine as a 
degradation process during the isolation procedure. 

:I 

0 

( Tm 0 / \ -3 

Saulatine (R= 0) 

Dihydrosaulatine (R= OH) 
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/ 

SCHEME 13. Formation of saulatine as a probable degradation product during the isolation 
process (5.5). 
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14. Morphinane alkaloids (MORPHIN) 

Morphimnd-one Morphinan-‘l-one 

j$ pm 

0 

Cocculus, Menispemwn, Sinomenium, Antizoma, Chasmanthera, Cocculus, 

Stephania Kolobopetalum, Rhigiocarya, Sinomenium, 
Stephania 

Morphinan-%-one Lkhydromorphinane 

gm g3h 

Stephania, Triclisia Cocculus, Sinomenium, Stephania 

The morphinan alkaloids, also known as promorphine alkaloids, are present 
in the family Menispermaceae in 63 (4.1%) examples. They differ from those 
present in the family Papaveraceae in not having the ether bridge between the 
carbons C-4 and C-5. With the exception of cephasamine (579, the only alkaloid 
having the above bridge. 

In this group, 4 different sub-groups can be assigned: a) morphinand-one, 
like sinomenine isolated from Menispermum aiwicum, Sinomenium acutum, 
Stephania brachyana%a, Stephunia cepharantha, Stephania epigaea and Stephania 
micrantha, b) morphinan-7-one, like salutaridine obtained from Stephania pierrei; 
c) morphinan-S-one, like stephaphilline (=isostephodeline) present in Stephania 
delavayi, Stephania suberosa and Stephania zippeliana; d) dehydromorphinane, 
like sinococculine found in Stephania cepharantha, Stephania excentrica and 
Stephania sutchuenensis. 

Sinomenine can be considered as the most important representative of this 
group. It has been clinically used in Japan against rheumatoid arthritis. Recent 
studies have shown some inhibitory effects of this alkaloid on immunologic 
finctions (56). The chemistry of sinomenine has been reviewed (57). Scheme 14 
shows the biosynthetic pathway for the formation of salutaridine. 
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SCHEME 14. Biosynthesis of salutaridine based on in vivo experiments with Pupaver 

somnifemm (58). 

15. Hasubanane alkaloids (HASUBA) 

Hasubanadae Ha&man-l-one 

o$N $j$ 

Stephania Stephania 
8,10-Epoxyhasubanane Dehydrohasubanane 

@I g 

Stephania Stephania 

There are 78 alkaloids of this type described in the literature since 1970. 
They were isolated only from the genus Stephania. 

With the exception of stephadiamine, the only nor-C-hasubanane alkaloid 
isolated from S. japonica, the other alkaloids of this group can be subdivided into 
four different sub-groups: a) Hasubanand-one, like hasubanonine obtained from S. 

japonica; b) hasubanan-lone, like prometaphanine, present in S. japonica in two 
equilibrium forms (see Figure 2); c) 8,10-epoxyhasubanane, like the other 
equilibrium form of prometaphanine; and d) dehydrohasubanane, like longetherrine 
from S. longa. 
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FIGURE 2. Equilibrium forms of prometqkmine. 

This type of compound seems to derive biogenetically from the morphinan 
alkaloids, as can be demonstrated with in viva experiments with S. juponicu (59) or 
by laboratory chemical transformations (II) (Scheme 15). The chemistry of the 
hasubanane alkaloids was reviewed in 1988 by Matsui (60). 

Y 

SCHEME 15. Biosynthesis of hasubanonine by in vivo experiments with S japonicu (a) (59) and 
mechanistic considerations @) (61). 
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16. Act&mine alMoidF (XWTUMI) 

%  

N 

/ 

Limacia, Menispermum, Sinomenium 

The acutumine alkaloids are another class of alkaloids present only in the 
family Menispermaceae. Of the nine citations on the literature, only five are for 
different alkaloids. In these alkaloids rings C and D are like those in the hasubanane 
alkaloids, but they also derive from the benzyltetrahydroisoquinoline nucleus, as 
the great majority of alkaloids present in plants of this family. Figure 3 shows the 
five different acutumine alkaloids described in the literature and Scheme 16 
presents a possible biogenetic pathway. 

Acutumine (R= CHs) Clolimalongine (R= Cl) 
Acutumidine (R = I-I) Limalongine (R= H) 
Acutuminine (R= CHs, 1 I-deoxy) 

FIGURE 3. Acutumine alkaloids. 
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3 

htumine 

SCHEME 16. Biosynthesis of acutumine based on mechauistic considerations (78). 
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17. Eribidine alkaloids (ERIBIDI) 

Cocculus, Hyperbaena, Stephania 

The eribidine alkaloids are a rare class of secondary metabolites. There are 
only 12 examples distributed in nature. Since Thornber’s review (II), seven new 
citations appeared from plants of the family Menispermaceae, but only four of them 
show different chemical structures. From Cocculus were isolated laurifine, 
laurifinine and laurifonine; and from Hvperbaena and Stephania, protostephanine. 
The biogenesis of this class of alkaloids can be seen in Scheme 17. 

Laurifine - R’= H, R2= Me 
Laurifinine - R’= Me, R2= H 
Laurifonine - R’= R2= Me 

Protostephanine 

FIGURE 4. Eribidine alkaloids from the Menispermaceae. 



36 BARBOSA-FILHO, DA-CUNHA, AND GRAY 

Norpotosinomenine 

N-CH, 

OH 

Iauihine 

!kHEME 17. Biogenesis of lamifinine based on in vivo experiments with Cocculus 
lauriflius (62, 63). 
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18. Erythrine alkaloi& (ERYTHRIN) 

37 

yx 7.3 
Coccdus, H rboeno, Poch one c0ccu1us 

q yp 

0 

c0ccu1us c0ccu1us 

There are 28 bibliographic citations on these new alkaloids from plants of the 
family Menispermaceae. They are distributed between the genera Cocculus (29, 
Hprbaena (2) and Pachygone (1). The name derives from Erythrina, one of the 
genera of the family Fabaceae, from which many alkaloids, and the first of this type, 
were isolated. 

Changes in the position of the double bond, constitute the main differences 
between the five sub-types. Other important differences appear in ring A in the fifth 
sub type, seen above, which has a lactone ring. 

Some authors call these alkaloids “abnormal Erythrina alkaloids”, because 
they do not have an oxygenated function in the carbon C-16, which is regularly 
encountered in the genus Erythrina. 

These compounds derive biogenetically from the eribidine nucleus, as can be 
seen in Scheme 18. The chemistry of this type of alkaloid has been reviewed (64. 
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Coccnlidine 
0 

Coccudienone 

SCHEME 18. Biogenesis of coccudienone and cocculidine based on in vivo experiments with 
Cocculus laurifolius (65). 

19. Pavine alkaloids (PA VNE) 

Chasmanthera, Cyclea 

The pavine alkaloids are well distributed in the families Berberidaceae, 
Lauraceae, Papaveraceae, and Ranunculaceae, with about 50 diierent alkaloids. 
However, until now, only three alkaloids of this type were isolated from plants of the 
family Menispermaceae. They are: bisnorargemonine from Chmnanthera 
dependens, and argemonine and norargemonine from CycZea atjehensis (Figure 5). 

Based on in vivo experiments and mechanistic considerations, it can be 
demonstrated that these compounds derive biogenetically Corn reticuline, as can be 
seen in Scheme 19. 

The chemistry of this group has been reviewed (66). 
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Argemonine (R’=R’=CH3) 
Norargemonine (R’=H, R%!H$ 
Bisnorargemonine (R1=R2=H) 

FIGURE 5. Pavine alkaloids from the Menispermaceae 

Y 

SCHEME 19. Biogenesis of argemonine based on in vivo experiments with Argemone hispida and A. 

mexicana and on mechanistic considerations (18). 
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20. Isoquinoline alkaloids (DOQUIN) 

Tetrahydrokquinoline Tetmhydroisoquinolone 

YUenispemtum 
0 

Abuta, Menispetmum, Stephania 

Some families like the Cactaceae, Chenopodiaceae and Fabaceae are known 
to produce simple isoquinoline alkaloids. In the Menispermaceae they are very rare. 
Up to the moment, the only compounds of this type isolated from plants of this 
family were: corypalline and thaltlavine from Menispermum akuricum, thaliiolme 
ti-om Abutapahni and 6,7-dimethoxy-2-methylisoquinolone from Stephania sasakii. 

These alkaloids are formed through the reaction of phenylethylamine and 
formaldehyde, followed by cyclisation (see Scheme 20). The occurrence and 
properties of these alkaloids were reviewed by Menachery (67). 

SCHEME 20. Biogenesis of mypalline based on mechanistic considerations (78). 

21. Phenethylcinnamide alkaloids (PHENETHYL) 

C:.‘.:l^..‘C-.‘r 
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Accordmg to the biogenetic classification of the alkaloids, this group of 
alkaloids is sometimes called “Protoalkaloids” because they are derived from an 
aminoacid, but have the nitrogen out of a ring (68). The four citations from the 
family Menispermaceae are based on only two different compounds: iWrans- 
feruloyltyramine from the genera Penianthus, Sinomenium and Tinospora and N-cis- 
feruloyltyramine from the genus Tinospora. 

This type of alkaloid can be also found in the families Fumariaceae, 
Lauraceae, Magnoliaceae, Papaveraceae, and Rutaceae. More than a hundred 
diierent compounds of this group have been presented in two literature 
reviews (69, 70). Their biogenesis is straightforward (Scheme 21). 

SCHEME 21. Biogenesis of N-trans-feruloyltymmine and N-A-fendoyltyramine based on 

mechanistic considerations. 

22. Stephaoxocane alkaloids (OXOCAN) 

Cissampelos, Stephania 

A new class of alkaloids, the OXOCAN were recently discovered in 
Stephaniu excentricu, and so far only five examples are described in the literature, all 
of them from the Menispermaceae. The first alkaloid of this kind, excentricine, was 
isolated in 1993 from Stephania excentrica (71). The second, stephaoxocanine, was 
isolated in 1996 from Stephaniu cepharanthu (72). The third was preliminarily 
published as a poster in the 20’ Annual Meeting of the Brazilian Society of 
Chemistry (578,579). It was named eletefine and was isolated from CissampeZos 
daberrima (Fiaure 6). There has been no v \Y I  

presentation as vet. of their biogenesis. 



42 BARBOSA-FILHO, DA-CUNHA, AND GRAY 

Excenbicine (R = H) Stephaomanine Eletefme 
N-Methylexcenbicine (R = Me) 

FIGURE 6. Stephaoxocane alkaloids. 

23. Alkaloids with miscellaneous structures (OTHERS) 

In the present work, it was observed that five types of alkaloid were isolated 
only once from plants of the family Menispermaceae. These alkaloids, thalicarpine, 
cobrisitine, gusalung C, kokusaginine and neotrilobine, are classified as “others”. 

a. Thalicarpine 

Thalicarpine was isolated from Cocculus laurifolius (73) in 1982. It is one 
of the rare examples of a tetrahydrobenzylisoquinoline-aporphine dimer. 
Thalicarpine seems to originate biogenetically from the oxidative coupling of two 
molecules of reticuline forming initially a Bis-BIQ. A second oxidative coupling, 
this one intramolecular, leads to the final product (Scheme 22). This alkaloid was 
also isolated from Thalictrum spp. (Ranunculaceae) and Hernandia ovigera 
(Hernandiaceae). 
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SCHEME 22. Biogenesis of thalicarpine based on in vivo experiments with Cocculus luurifolius (73). 

b. Cohirsitine (=cohrisitine) 

Isolated from Cocculus hirsutus (52, 74), this spirobenzyltetrahydro- 
isoquinolone seems to directly originate, as were the HIRSUTI, COHIRSI and 
BENZAZE types (see 11, 12 and 13 respectively), from a protoberberine precursor, 
as can be seen in Scheme 23. 

SCHEME 23. Biogenesis of cohirsitine based on mechanistic considerations 
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c. Gusalung C 

This alkaloid was isolated from Arcangelisia gusalung (75). From the same 
plant were also isolated gusalung D, 8-oxoberberine and 8-oxoberberrubine. 

Gumhug C 

OCHl 

OH 
S-Oxothalifkndine 

d. Kokusaginine 

The only furoquinoline alkaloid ever isolated from a Menispermacea was 
obtained from Tinospora malabarica when Bowen et al. were studying the anti- 
malarial properties of this plant (76). It was isolated before from Evodia spp. and 
Orixa spp. (Rutaceae) and Flindersia spp. (Rutaceae) (77). Scheme 24 shows the 
biogenetic pathway of kokusaginine. 

Kokusaginme 

SCHEME 24. Biogenetic pathway to kokusaginine. 
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e. Neotrilobine 

This is a very different type of BIQ compared with all the other BIQ found 
in the Menispermaceae. It was isolated from the roots of Cocculus trilobus (569). 
Possible origins for this compound may be: a) a seco Bis-BIQ of the sub type 
II.c.l.5 is naturally hydrolysed in the plant; b) an artefact created during the 
isolation procedure. 

Neotrilobine 

E.CHEMICALPROFILEOFTHEMENISPERMACEAE 

In the second century, Dioscorides classified some plants as medicinal, 
toxic, edible and aromatic, as these properties depend on the presence of certain 
compounds, maybe this was the beginning of chemotaxonomy. In 1804, August0 de 
Candolle listed the relations between the medicinal properties of the vegetables and 
their external morphology and emphasised the advantages of using this aspect for 
classification. In 1889, Eykman showed the presence of alkaloids in some plant 
families, and, in 1891, Greshoff indicated that the alkaloid laurotetanine was an 
usual chemical constituent of some plants of the family Lauraceae. He also said that 
the genus Platanus was rich in cyanogenic compounds (78). 

We can define chemotaxonomy, also known as chemical taxonomy, 
systematic biochemistry, and chemosystematics, as the field of science that uses the 
chemical characters, especially the secondary metabolites (alkaloids, terpenoids, 
flavonoids, lignoids, etc.), of a group of organisms to determine its hierarchic 
classification among living beings (1.5). Another way to define it would be the 
classification of a group of organisms through their chemical constituents. 

This thorough analysis showed that there is a close structural relationship 
among the chemical components of each genus, making it possible to “draw” a 
chemical profile of the family Menispermaceae. This profile is set out by tribe and 
genus and will now be discussed. 
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1. Tribe Triclisiae 

This tribe has sixteen genera, among them, only ten have been chemically 
investigated. They are: Albertisia, Anisocycla, ChonaWe~on, Curarea, 
Epinetrum, Pycnarrhena, Sciadotenia, S’clisia, Tiliacora and Triclisia, Their 
chemical profiles will be discussed below. 

a. Genera Albertisia, Chondodendron, Curarea, Epinetrum and Synclisia 

The genus AZbertisia Becc., was created by Beccari in 1872 (79). After 
being reviewed by Forman (80), there are seventeen species, twelve found in Africa 
and the remaining five in Asia and Southwestern New Guinea. Of these seventeen 
species, only two were phytochemically studied: A. lauri&olia (81) and A. 
pupuuna (82-84). From them, twenty-six Bis-BIQ alkaloids were isolated. Table IV 
shows the chemical profile of the genera Albertisia, ChonaWendkon, Cur-area, 
Epinetrum and S’clisia. They are the most homogeneous group inside the family 
Menispermaceae, producing only alkaloids of the type Bis-BIQ. 

TABLE IV. Number of BisBIQ alkaloids isolated from the genetadfbertisia, Chonabdendron, 
Curarea, Epinetrum and Synclisia. 

Genus 

Albertisia 
ChonaMwdron 
Cut-area 
Epinetrum 
Sjfnclisia 

Number of 
alkaloids 

26 
11 
13 
3 
5 

2. Genera Anisocycla, Triclisia, Pycnarrhena, Tiliacora and Sciadotenia 

The only three species of Anisocycla cited in the literature are A. cymosa, A. 
jolyana and A. grandidieri. From these plants were isolated alkaloids of the types 
Bis-BIQ (16), APORPHIN (2) PHENANT (1) and PROTOB (5). It is interesting to 
note the presence of stephenanthrine, the only PHENANT in the family, also 
present in Stephania tetrana?a. Also interesting are the three PROTOB alkaloids, 
anisocycline, N-methylthaicanine and N,O-dimethylthaicanine, which together with 
the other eight from Stephania, two from Parabaena, and one from Coscinium 
constitute a restricted group of pentamethoxylated PROTOB, while the other 272 
possess the normal oxygenation pattern. The Bis-BIQ is the most common group of 
alkaloids in this genus, and reflects the situation in the family as a whole. 
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The genus Triclisia produces the greatest diversity of structural types. The 
richest group is the Bis-BIQ with 18 alkaloids, while the others show a maximum 
of two alkaloids such as: APORPHIN (2) MORPHIN (2), AZAPLU (1) and 
PROTOB (1). 

Pycnarrhena presents a rich variety of Bis-BIQ alkaloids. Between the 34 
alkaloids of this type isolated, 25 are of distinct structure. One interesting 
characteristic of this group among plants of this genus is that the majority of them 
show at least one secondary amine tbnction. The only other group of alkaloids in 
the genus is the APORPHIN with three examples. 

With only four studied out of twenty-two known species, the genus 
Tiliacora is the one that contains the largest number (38) of alkaloids of the Bis- 
BIQ type inside the tribe Triclisiae. The other two types are BIQ (8) and 
APoRPHIN (2). 

Sciadotenia is an American genus that is very common in the Amazon 
region. Among the 18 known species, only two have been phytochemically studied. 
The alkaloids encountered are of the types BIQ (l), Bis-BIQ (6) and PROAPO (1). 

2. Tribe Peniantheae 

This is the smallest tribe in the family Menispermaceae, with only two 
genera: Penianthus and Sphenocentrum. 

a. Genera Penianthus and Sphenocentrum 

Both genera, Sphenocentrum with only one species and Penianthus with 
only two, are exclusive to the African Continent. Only one species from each genus 
has been studied. Sphenocentrum was shown to produce only PROTOB (3) 
alkaloids while Penianthus produces PROTOB (4) APORPHIN (1) and 
PHENETHYL (1) alkaloids. 

3. Tribe Anamirteae 

The main chemical characteristic of this tribe is the presence of 
protoberberine alkaloids. Interestingly, of the fourteen I-oxoprotoberberine 
alkaloids found in the Menispermaceae, twelve are found in this tribe, while the 
other two have been found in Stephania and Limaciopsis, both in the tribe 
Cocculeae. 

a. Genera Anamirta, Arcangelisia and Coscinium 

The tribe Anamirteae contains three genera: Anamirta, Arcangelisia 
and Coscinium. 
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4. Tribe Fibraureae 

The tribe Fibraureae consists of three genera: Burasaia, Fibraurea and 
Tinomiscium. 

a. Genus Burasaia 

The genus Burasaia revised by Engler (86), has five species. Only three 
have been subjected to chemical study: B. australis, B. congesta and B. gracilis; 
they are rich in protoberberine alkaloids. 

b. Genera Fibraurea and Tinomiscium 

Fibraurea and Tinomiscium both native to Asia contain the same types of 
protoberberine and aporphine alkaloids. 

5. Tribe Tinosporeae 

The tribe Tinosporeae is comprised of twenty-two genera, of which only 
seven were chemically studied. They are: Chasmanthera, Dioscoreophyllum, 
Jateorhiza, Kolobopetalum, Parabaena, Rhigiocarya and Tinospora. The 
predominant alkaloid types present in all of them are the protoberberines, followed 
by aporphines. 

a. Genera Chasmanthera, Rhigiocarya and Kolobopetalum 

Chasmanthera dependens, a climbing plant from Nigeria, is the only 
representative of this genus chemically studied. From it, nineteen alkaloids of four 
different classes were isolated: APORPHIN (lo), PROTOB (7), MORPHIN (1) and 
PAVINE (1). 

In Rhigiocarya, as in Chasmanthera, it is possible to find aporphines, 
protoberberines and morphinan alkaloids. Kolobopetalum is the third genus in this 
tribe and, morphinan alkaloids were also isolated. 

b. Genera Tinospora andparabaena 

The species of Tinospora are well known to be much used in traditional 
medicine in Asia and Africa (87). From plants of this genus were isolated BIQ, 
aporphine, protoberberine and phenethylcinnamide alkaloids and kokusagenine, 
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which is the only tiroquinoline alkaloid isolated from the family Menispermaceae, 
and is classified in this work as “OTHERS”. 

From Purubuena only BIQ and PROTOB alkaloids were isolated. 

c. Genera Jateorhiza and Dioscoreophyllum 

The chemical constituents of the roots of “Columba” (Juteorhizu palmata 
Miers, = J. columba Miers) have been known for more then a century. Berberine 
was the first compound to be isolated, by Boedecker in 1849 (88). After that came 
columbamine, jatrorrhizine, and palmatine. It is very common to find this 
combination of alkaloids distributed in the various genera of the Menispermaceae. 
Also isolated from the genus was the dimer bisjatrorrhizine. In Dioscoreophyllum 
were found columbamine, jatrorrhiiine and palmatine. 

6. Tribe Anomoqwmeae 

The tribe Anomospermeae has five genera, of which only three have been 
chemically studied; Abuta, Caryomene and Telitoxicum. The chemical profiles of 
these genera are individually discussed below. 

a. Genas Abuta 

With only nine species studied among the thirty known, the genus Abutu is 
third in terms of structural diversity in the family Menispermaceae. Forty-one 
alkaloids of nine different types were isolated of the types BIQ (l), Bis-BIQ (18) 
PROAPO (l), APORPHIN (7), TROPOL (3), AZAFLU (6), PROTOB (2), 
BENZAZE (2) and ISOQUIN (1). This is the only genus in the family from which 
were isolated BENZAZE alkaloids. A. grisebuchii (90-91) and A. pahni (92) are 
two plants native of the Amazon region used by the indigenous people for the 
preparation of curare. Their high yield of Bis-BIQ alkaloids (similar to curare) may 
justify this use. 

b. Gears Caryomene 

C. linearis and C. olivascens are two of the four species of a new genus 
created in 1971 by Bameby and Rrukoff (89). 

The seventeen alkaloids found in the genus are of the types: BIQ (l), Bis- 
BIQ (5), PROAPO (4) and PROTOB (7). It is interesting to note the common 
biogenetic origins of the above types of alkaloids. 
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c. Genus Telitoxicum 

Telitoxicum, like many other genera in this family, are climbing plants 
found in the Amazon region. The two species investigated, T glaziovii and T. 
peruvianum, have yielded aporphine and azafluoranthene alkaloids. Of the eight 
aporphines isolated, five are 7-oxoaporphines and three are the rare 1-0x0-7- 
aminoaporphines, only found in this genus. The two AZAFLU isolated are also 
rare, among the ten alkaloids of this type described in the family, six were found in 
Abuta and two in Telitoxicum, both from this tribe. 

7. Tribe Cocculeae 

The tribe Cocculeae comprises twenty genera and more than half of them 
have been chemically studied. It is the only tribe in the family that was divided into 
three sub-tribes (.5), as follows. 

a. Sub-tribe Cocculinae 

This sub-tribe has the largest number of genera (fifteen), eleven of those 
genera were studied, they are Cocculus, Diploclisia, Legnephora, Limacia, 
Limaciopsis, Menispermum, Pachygone, Sarcopetalum, Sinomenium, 
Spirospermum and Strychnopsis. The chemical profiles of the above genera are 
individually discussed below. 

a. 1. Genus Cocculus 

The genus Cocculus shows one of the greatest diversities in alkaloid types 
among the genera in the family Menispermaceae. Some one hundred and thirty-five 
alkaloids of thirteen different classes were isolated, with the following distribution: 
BIQ, Bis-BIQ, PROAPO, APORPHIN, ARISTO, PROTOB, HIRSUTI, COHIRSI, 
MORPHIN, ERIBIDI, ERYTHRIN, PAWN and OTHERS. 

Between 1970 and 1997, sixty-three Bis-BIQ alkaloids were isolated from 
plants of this genus, making it the main class in terms of number. It is interesting to 
note the homogeneity of the sub-types of Bis-BIQ isolated, among the sixty-two 
registered in the literature, ten were biphenyl ether bonded head-head, tail-tail and 
fifty-two were triphenyl ether bonded head-head, tail-tail. Forty-six of these 
alkaloids were present in one species encountered in the mountains of Pakistan, 
Cocculus pendulus. 

The second type in terms of number is ERYTHRIN. Twenty-five alkaloids 
of this type were isolated. Of these alkaloids, nineteen were isolated from one 
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species C. laurifolius from India. Also isolated from this species were three of the 
four eribidine alkaloids found in the family Menispermaceae. 

Another very important aspect to mention about this genus is the presence 
of the very rare hirsutine and cohirsitine types. Only five examples of the hirsutine 
and four of the cohirsitine types are found in nature, all of them from C. hirsutus, a 
small shrub native to the sub-tropical areas of India, Sri Lanka and Saudi Arabia. 

The morphinan alkaloids also have five examples present in this genus. 
They are distributed in three different species: C. laurifolius (cuccoline, O- 
methylflavinantine and sebiferine), C. trilobus (sinococculine) and C. carolinus 
(carococculine). 

The chemical profile of the genus Cocculus is shown in Chart 1. 

Chart 1. - Chemical profile of the genus Cocculus. 

a.2. Genus Spirospermum 

This mono-specific genus, S. penduliflorum, native to the African continent 
has yielded only one alkaloid, limacine, a Bis-BIQ. 
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a.3. Genera Limacia, Menispermum and Sinomenium 

Alkaloids of the types Bis-BIQ, PROAPO, APORPHIN, PROTOB and 
MORPHIN are present in the sub-tribe Cocculineae, and also in almost all of the 
genera of the family Menispermaceae so far investigated. However, there are two 
types of alkaloids which seem to differentiate chemically the sub-tribe Cocculineae 
from the others. They are the acutumine type present in Menispermum, Sinomenium 
and Limacia, and the isooxoaporphines present in Menispermum and Sinomenium. 

a.4. Genera Diploclisia and Legnephora 

Diploclisia glaucescens (BI) Diels (ex Cocczdus macrocarpus W. & A.) is a 
climbing plant native of Sri Lanka where it is used in folk medicine against 
venereal diseases. Only two alkaloids were isolated from this species (the only 
studied in the genus). They were magnoflorine (APORPHIN) and stepharine 
(PROAPO) (78). 

Legnephora moorei was the only plant studied in this genus. It is a climbing 
plant found in the dry areas of Australia and New Guinea. From this plant the 
following alkaloids were isolated: stepharine (PROAPO), laurifoline and 
magnoflorine (APORPHIN) and dehydrocorydalmine (PROTOB) (93,94). 

a.5. Genera Limaciopsis and Pachygone 

Limaciopsis is a mono-specific genus, and its only species is L. loangensis. 
This species is native to the central areas of Africa. From this plant were isolated 
eleven alkaloids of the types Bis-BIQ, APORPHIN, and PROTOB (95). 

The genus Pachygone was created in 185 1 by Miers (96), and currently 
comprises twelve species widely distributed throughout the world. From three 
species with phytochemical studies described in the literature, were isolated 
alkaloids of the types BIQ, Bis-BIQ, PROAPO, APORPHIN, PROTOB and 
ERYTHRIN. 

a.6. Genera Sarcopetalum and Strychnopsis 

These two genera are also comprised of one species each. From 
Sarcopetalum harveyanum, found in Australia, coclaurine (BIQ) and stepharine 
(PROAPO) were isolated. From Strychnopsis thouarsii, native to Africa, were 
isolated one Bis-BIQ (7-U-demetbyltetrandrine) and four APORPHIN 
(isocorydine, liriotulipiferine, N-methyllindcarpine and predicentrine) alkaloids. 
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b. Sub tribe Stephaniinae 

This sub-tribe is monogeneric being represented only by the genus 
Stephania. 

b. 1. Genus Stephania 

From the previous reviews carried out by Tomita (10) in 1952 and by 
Thornber (II) in 1970 and this work, it is possible to conclude that the genus 
Stephania is the most chemically studied in the family. This can be easily shown by 
the Charts 2, 3 and 4, respectively. 

CHART 2. Chemical profile of the genus Sfephuniu until 1952 (10). 
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CHART 3. Chemical profile of the genus Stephania until 1970 (II). 

CHART 4. Chemical profile of the genus Stephaniu until 1997 (78). 
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Table V shows the distribution of the alkaloids isolated from plants of the 
genus Stephania by species. Analysis of the data contained in the table led to some 
observations about the genus: 

a) Of the twenty-two types of alkaloid found in the family Menispermaceae, 
thirteen are present in the genus Stephania. 

b) The alkaloids of the APORPHIN (188), Bis-BIQ (171) and PROTOB 
(112) types are the most common, accounting for a total of 471 alkaloids. 

c) All of the seventy-eight hasubanane alkaloids described in the literature 
were isolated from, fifteen species of this genus. 

d) The forty-three morphinan alkaloids were isolated from seventeen species 
and the fourteen proaporphines were isolated from eleven species. 

e) The ten BIQ alkaloids in the genus were isolated from five species. 
t) In Hutchinson’s work (97) it was suggested that the families 

Menispermaceae and Aristolochiaceae have a lot in common in terms of the 
morphological aspects of the stem. The isolation of three aristolochic acid-type 
alkaloids from Stephania and one from Cocculus species, alkaloids that were 
considered exclusive to the Aristolochiaceae, has established some 
chemotaxonomic relations between the two families. 

g) On the basis of the chemical data available, there is almost no difference 
between Stephania japonica and S. japonica var. australis. 

h) Four species of Stephania occur in Thailand: S. erecta, S. pierrei, S. 
suberosa and S. venosa. Some controversy exists in relation to the morphological 
aspects of 5’. erecta and S. pierrei (98-100). However, analysing the data from the 
literature (100-I 02) related to the chemical studies of the two plants it is possible to 
see that the compounds isolated from S. erecta were fourteen Bis-BIQ. On the other 
hand, from S. pierrei forty-nine alkaloids were isolated distributed as: BIQ (S), Bis- 
BIQ (22), PROTOB (7), APORPHIN (12), MORPHIN (2) and HASUBA (1). 
These chemical differences seem to be sufficient to conclude that the two plants 
should be considered distinct species. 

The complete list of alkaloids isolated from this genus is given in Table V. 

c. Sub-tribe Cissampelinae 

This sub-tribe contains four genera, they are: Antizoma, Cissampelos, 
Cyclea and Paracyclea. Phytochemical studies have been carried out for the first 
three genera. 

c. 1. Genus Antizoma 

A bibliographic search on this genus yielded only one phytochemical study. 
A. angustifolia is a plant native to South Africa, and yielded sinoacutine, a 
MORPHIN alkaloid (104). 
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c.2. Genus Cissampelos 

The genus Cissampelos was revised by Rhodes in 1975 (105) and consists 
of 19 species. Since Thomber’s review (I l), five new species were phytochemicahy 
studied: C. fasciculata, from which were isolated an APORPHIN (corydine) and a 
Bis-BIQ (cissarnpetine); C. ovalifolia from which was isolated four Bis-BIQ 
(warifteine, dihydrowarifieine, methylwarifteine and dimethylwarifteine); C. 
sympodialis from which were isolated a MORPHIN (milonine) and a Bis-BIQ 
(warifteine); C. glaberrima from which were isolated an OXOCAN (eletefme), 
three APORPHIN (cissaglaberrimine, oxobuxifolin and magnoflorine), and C. 
pareira, the most studied species, from which was obtained APORPHIN (6), Bis- 
BIQ (lo), TROPOL (5), AZAFLU (2), PROTOB (2) and BIQ (1). The chemical 
profile of the genus can be seen in Chart 4. 

CHART 4. Chemical profile of the genus Cissumpelos. 

c.3. Genus Cyclea 

The genus Cyclea was created in 1840 by Arnotti (78). In 1910 it was 
classified as a member of the tribe Cocculeae, sub-tribe Cissampelinae by Diels 
(78). Of the nineteen known species, only eleven have phytochemical studies 
described in the literature, from which were isolated alkaloids of the types BIQ (4), 
Bis-BIQ (87), APORPHIN (6), PROTOB (5) and PAVINE (2). 
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8. Tribe Hyperbaeneae 

The tribe Hyperbaeneae is monogenetic, the only genus being Hyperbaena. 

a. Genus Hyperbaena 

This genus Hyperbaena is mono-specific, the only species described is H. 
columbica, a shrub native to Cuba. From this species only four alkaloids were 
isolated, two ERYTHRIN (erythroculine and 3-demethoxy-2a,3a- 
methylenedioxyerythroculine), one PROTOB (tetrahydropalmatine) and one 
ERIBIDI (protostephanine). 

Chart 5 shows the complete chemical profile of the family Menispermaceae. 

III. Summary 

The alkaloid profile of the familly (Chart 5) shows twenty-three different 
chemical types of alkalods. A total of 1525 alkaloids have been isolated from 
Menispermaceae in the period 1970 to 1997. The abundance of 
bisbenzyltetrahydroisoquinoline alkaloids (604 citations) isolated during that period 
is striking followed by aporphines (303 citations) and the protoberberines (275 
citations). One hundred and sixty different species were studied for their alkaloid 
content during that period. The genus Stephania was the most popular target with 
43 species examined followed by Tinospora with 15 species and Cyclea with 11 
species investigated. In line with its popularity, the genus Stephania yielded the 
greatest number of alkaloids (637 isolated) followed by CoccuZus (135 alkaloids) 
and Cydea (104 alkaloids). In terms of diversity of alkaloid types Stephania was 
again at the top, but tied with Cocculus producing thirteen different types followed 
by the genus Abuta with nine different types. Some of the alkaloids have so far only 
been encountered in Menispermaceae, several confined to a particular genus. For 
example, Cocculus sp. producing hirsutine and cohirsine types and Stephania sp. 
producing hasubanane type alkaloids. A few alkaloid types, although so far 
restricted to the Menispermaceae, are encountered in several genera. For example 
the acutumine type alkaloids from Limacia, Menispermum and Sinomenium, 
azafhtoranthenes from Abuta, Cissampelos, TeZitoxicum and Triclisia, 
Isooxoaporphines from Menispermum and Sinomenium. Other alkaloid types have 
been found in the Menispermaceae and several other plant families. For example, 
the 1-benzyltetrahydroisoquinolines in nine plant families viz. Annonaceae, 
Berberidaceae, Hemandiaceae, Lauraceae, Magnoliaceae, Menispermaceae, 
Papaveraceae, Ranunculaceae and Rhamnaceae. Whether the biosynthetic 
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provenance of the alkaloids in these families follow common routes is not known 
and must wait individual biosynthetic studies. A few of the biosynthetic secrets of 
these families of alkaloids have been firmly laid by the elegant work of Meinhart 
Zenk (16). The Menispermaceous alkaloids include many important discoveries in 
the field of medicines and pharmaceuticals (27), such as the bisbenzylisoquinoline 
tubocurarine. Many of the alkaloids have served directly as medicines or as lead 
compounds for the synthesis of improved derivatives. For example, alkaloids like 
tubocurarine have served as the stimulus to medicinal chemists and others to 
synthesise safer and/or more potent/selective derivativeslanalogues such as 
atracurium, based on a bistetrahydropapaverine dimer (580). 

Atracurium 

IV. Conclusions 

The family Menispermaceae continues to be a rich source of 1 -benzylisoqui- 
noline-derived alkaloids. The plants of this family are used world-wide in 
traditional or folk medicine for the treatment of numerous diseases and for other 
purposes. The rate of discovery of new and exciting alkaloid templates from 
Menispermaceae continues to rise and this, linked to investigation of the metabolic 
pathways that control their biosynthesis coupled with the future isolation of the 
enzymes/genes that control specific steps, should provide us with new 
pharmacological tools, medicinal and agricultural products for the foreseeable 
future. 
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1. ALKALOIDS OF THE MENISPEFWACEAE 117 

Type 1 
Benzylisoquinoline Alkaloids 

Sub-type 1.a - 1-benzylisoquinoline Alkaloids. 

1.a = Papaverine 

Table VIII. Sub-type 1.b - 1-benzyltetrahydroisoquinoline Alkaloids. 

Lb 
1.b. I 

1 2 6 7 8 10 11 12 
8 H OMe OH H H H OH 

l.b.2 b 
Lb.3 
Lb.4 F 
l.b.5 P 
l.b.6 
l.b.7 F 
l.b.8 a 
l.b.9 a 
Lb.10 a 
l.b.11 a 
l.b.12 a 
l.b.13 a 
l.b.14 a 
Lb.15 - 
Lb.16 - 
Lb.17 - 
Lb.18 a 
1.b. 19 s 

Me 
Me 
H 

Me 

(CH3)2 

ccH3)2 

Me 
Me 

Me, oxide 

ccEi2 
W53)z 

W3)z 

Me 
Me 
Me 
Me 
Me 

OMe 
H 
H 

OMe 
OMe 
OH 

OMe 
OMe 
OMe 
OMe 
OMe 
OMe 

H 
H 
H 
H 

OMe 
OH 

OH 
OMe 
OMe 
OMe 
OH 

OMe 
OMe 
OH 
OH 
OH 
OH 

OMe 
OMe 
OMe 
OH 
OH 

OMe 
OMe 

H 
OH 
OH 
H 
H 
H 
H 
H 
H 
H 
H 
H 

OH 
OMe 
OMe 
OMe 

H 
H 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

OMe 
H 
H 
H 
H 
H 
H 

H 
H 
H 

OH 
H 
H 

OMe 
OH 
OH 

OMe 
OH 
H 
H 
H 
H 
H 

OH 
OH 

OH 
OH 
OH 

OMe 
OH 
OH 

OMe 
OMe 
OMe 
OMe 
OMe 
OH 
OH 
OH 
OH 

OMe 
OMe 
OMe 
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Type II 
Bisbenzylisoquinoline Alkaloids 

Table IX. Sub-type 11.~~1.1 - Bisbenzylisoquinolioine Alkaloids Bonded Tail to 
Tail and Bearing One Joint. 

JI.al.1 Note 1 2 6 7 12 1’ 2’ 6’ 7’ 
II.a.l.l.1 - R Me OMe OMe OH R Me OMe OMe 
II.al.l.2 
II.a.l.l.3 
1I.a. 1.1.4 
II.al.1.5 
11~1.1.6 
II.a.l.l.7 
II.a.l.I.8 
II.a.l.l.9 
11.a.1.1.10 
II.a.l.l.11 
II.al.1.12 
II.a.l.l.13 
II.a.l.l.14 

R Me OMe 
R Me OMe 
R Me OMe 
R Me OMe 
R Me OH 
R Me H 
R H OMe 
R Me OMe 
R H OMe 
R Me OMe 

(+)-form R Me OMe 
(-)-form S Me OMe 
(-)-form S Me OMe 

OMe 
OMe 
OH 
OH 

OMe 
OMe 
OH 
OH 
OH 
OH 
OH 
OH 
OH 

OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 

OMe 

R H 
R Me 
R Me 
R H 
R Me 
R Me 
R H 
R H 
R Me 
R Me 
S Me 
R Me 
R Me 

OMe 
OH 

OMe 
OMe 
OH 

OMe 
OMe 
OMe 
OMe 
OMe 
OMe 
OMe 
OMe 

OMe 
OMe 
OMe 
OMe 
OMe 
OMe 
OH 
OH 
OH 
OH 
OH 
OH 
OH 

Table X. Sub type II.a.2.1 - Bisbenzylisoquinoline Alkaloids Bonded Head to 
Tail and Bearing One Joint. 

Ih.2.1 
II.a.2.1.1 
II.a.2.1.2 
II.a.2.1.3 

8 10’ 11’ 
OH H H 
H OH H 
H H OH 



Ta
bl

e 
XI

. 
Su

b-
ty

pe
 I

I.b
.l.

1 
- B

is
be

nz
yl

is
oq

ui
no

lin
e 

Al
ka

lo
id

s 
Bo

nd
ed

 H
ea

d 
to

 H
ea

d,
 T

ai
l 

to
 T

ai
l 

an
d 

Be
ar

in
g 

Tw
o 

Jo
in

ts
 

(7
-8

’ a
nd

 1
1-

12
’).

 

II.
b.

l.1
 

II.
b.

l.l
.1

 
II.

b.
l.l

.2
 

No
te

 

N 
‘-o

xi
de

 
(P

-) 
0”

-d
e-

M
e 

N-
de

-M
e 

N 
‘-d

e-
M

e 
O

”, 
N-

di
- d

e-
 

M
e 

N-
de

-M
e,

 
I-e

pi
m

er
 

1 
2 

6 
12

 
1’

 
2’

 
6’

 
7’

 
a’

 
R 

M
e 

O
M

e 
O

M
e 

S 
M

e 
O

CH
zO

 
H 

R 
M

e 
O

M
e 

O
M

e 
S 

M
e,

 
ox

id
e 

M
e 

M
e H M
e 

O
CH

20
 

H 

II.
b.

l.l
.3

 
II.

b.
l.l

.4
 

II.
b.

l.l
.5

 
II.

b.
l.l

.6
 

R 
M

e 
O

M
e 

O
H 

S 
R 

H 
O

M
e 

O
M

e 
S 

R 
M

e 
O

M
e 

O
M

e 
S 

R 
H 

O
M

e 
O

H 
S 

S 
H 

O
M

e 
O

M
e 

S 

R 
M

e 
O

M
e 

O
M

e 
S 

R 
M

e 
O

M
e 

O
M

e 
S 

R 
H 

O
M

e 
O

M
e 

S 
R 

H 
O

M
e 

O
M

e 
S 

H H H H 

1I
.b

. 1
.1

.7
 

O
CH

zO
 

O
CH

20
 

O
CH

zO
 

O
CH

20
 

M
e 

O
CH

zO
 

H 

1I
.b

. 1
.1

.8
 

II.
b.

l.l
.9

 
II.

b.
l.l

.1
0 

II.
b.

l.l.
ll 

N 
’ d

e-
M

e 
N-

de
-M

e 
N-

de
-M

e,
 

N 
’ e

 o
xi

de
 

M
e H M
e 

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

H H H H 

(C
on

tin
ue

s)
 



II.
b.

l.1
 

No
te

 
1 

Ta
bl

e 
XI

 (
Co

nt
in

ue
d)

 
2 

6 
12

 
1’

 
2’

 
6’

 
7’

 
a’

 
II.

b.
l.l

.1
2 

II.
b.

l.l
.1

3 
II.

b.
l.l

.1
4 

II.
b.

l.l
.1

5 

II.
b.

l.l
.1

6 
II.

b.
l.l

.1
7 

II.
b.

l.l
.1

8 
II.

b.
l.l

.1
9 

1I
.b

. 1
.1

.2
0 

II.
b.

l.l
.2

1 
1I

.b
. 1

.1
.2

2 
II.

b.
1.

1.
23

 
1I

.b
. 1

.1
.2

4 
II.

b.
1.

1.
25

 

II.
b.

1.
1.

26
 

II.
b.

1.
1.

27
 

II.
b.

1.
1.

28
 

1I
.b

. 1
.1

.2
9 

II.
b.

1.
1.

30
 

II.
b.

l.l
.3

1 
II.

b.
1.

1.
32

 

N,
N 

‘-d
i- 

de
-M

e 

C-
Y-

 
N 

‘-d
e-

M
e 

(+
)fo

m
l 

N-
de

M
e 

1,
2-

di
de

hy
dr

o 
@

-d
e-

M
e 

c-
v-

 
1’

,2
’,3

’,4
’- 

te
tra

de
hy

dr
o 

1’
2’

- 
di

de
hy

dr
o 

1’
,2

’,3
’,4

’- 
te

tra
de

hy
dr

o 

1,
2-

di
de

hy
dr

o 
1’

,2
’- 

di
de

hy
dr

o 

R R R R R S S R R R R S R R R R S S R 

H 
O

M
e 

O
M

e 
H 

O
M

e 
O

H 
M

e 
O

M
e 

O
H 

H 
O

M
e 

O
H 

M
e 

M
e 

M
e 

M
e 

M
e H M
e 

M
e 

M
e H H H M
e 

M
e 

O
M

e 
O

M
e 

O
M

e 
O

H 
O

M
e 

O
H 

O
M

e 
O

H 
O

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
H 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 
O

H 
O

M
e 

O
H 

O
M

e 
O

H 

M
e 

O
M

e 
O

M
e 

O
M

e 
O

H 
O

M
e 

O
M

e 
O

M
e 

O
M

e 

S S S S S R R S R R R R S R R S S 

M
e 

M
e 

M
e H M
e 

M
e 

(M
e)

2 
M

e 
M

e 
M

e 
M

e 
M

e 
M

e 
M

e H M
e 

M
e 

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 

O
H 

O
M

e 
O

M
e 

O
M

e 

O
H 

O
H 

O
H 

O
H 

O
H 

O
H 

O
H 

O
M

e 
O

H 
O

H 
O

H 
O

H 
O

H 
O

H 

O
H 

O
H 

O
H 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

H H H H H H H H H H H H H H H H H H H H H 

(C
on

tin
ue

s)
 



II.
b.

1.
1.

33
 

II.
b.

1.
1.

34
 

II.
b.

1.
1.

35
 

1I
.b

. 1
.1

.3
6 

II.
b.

1.
1.

37
 

II.
b.

l.1
 

1’
,2

’- 
R 

H =0
 

H H 

II.
b.

1.
1.

38
 

Ta
bl

e 
XI

 
(C

on
tin

ue
d)

 
No

te
 

1 
2 

6 
12

 
1’

 
2’

 
6’

 
7’

 
a’

 
M

e 
O

M
e 

O
H 

- 
- 

O
M

e 
O

M
e 

H 
di

de
hy

dr
o 

0’
*-

de
-M

e 
1,

1’
,2

,2
’- 

O
M

e 
O

M
e 

- 
- 

O
M

e 
O

M
e 

te
tra

de
hy

dr
o 

1’
,2

’- 
un

de
f. 

M
e 

O
M

e 
O

M
e 

- 
- 

O
M

e 
O

M
e 

di
de

hy
dr

o 
1’

,2
’,3

’,4
’- 

R 
M

e 
O

M
e 

O
M

e 
- 

- 
O

M
e 

O
H 

te
tra

de
hy

dr
o 

1’
,2

’,3
’,4

’- 
R 

H 
O

M
e 

O
M

e 
- 

- 
O

M
e 

O
H 

te
tra

de
hy

dr
o,

 
N-

de
-M

e 
1’

,2
’,3

’,4
’- 

R 
M

e 
O

M
e 

O
M

e 
- 

M
e 

O
M

e 
O

H 
te

tra
de

hy
dr

o,
 

N 
‘-M

e 
1’

,2
’,3

’,4
’- 

O
M

e 
O

M
e 

- 
- 

O
M

e 
O

H 
te

tra
de

hy
dr

o,
 

1,
2-

di
de

hy
dr

o,
 

N-
de

-M
e 

R 
M

e 
O

M
e 

O
M

e 
- 

- 
O

M
e 

O
H 

S 
M

e 
O

M
e 

O
M

e 
R 

M
e 

O
M

e 
O

H 
2’

+N
-o

xi
de

 
R 

M
e 

O
M

e 
O

M
e 

R 
M

e 
O

M
e 

O
H 

ox
id

e 

H 

II.
b.

1.
1.

39
 

H 

II.
b.

l.l
.4

0 
II.

b.
l.l

.4
1 

II.
b.

1.
1.

42
 

H H H 



Ta
bl

e 
XI

I 
- 

Su
b-

ty
pe

 I
I.b

.1
.2

 -
 B

is
be

nz
yl

is
oq

ui
no

lin
e 

Al
ka

lo
id

s 
Bo

nd
ed

 H
ea

d 
to

 H
ea

d,
 T

ai
l 

to
 T

ai
l 

an
d 

Be
ar

in
g 

Tw
o 

Jo
in

ts
 (

8-
7’

 a
nd

 1
1-

12
’).

 

IL
b.

1.
2 

IL
b.

1.
2.

1 
No

te
 

(+
)fo

rx
n 

1 
2 

5 
6 

7 
12

 
1’

 
2’

 
6’

 
a 

a’
 

s 
M

e 
O

M
e 

S 
M

e 
O

M
e 

H 
H 

1I
.b

. 1
.2

.2
 

II.
b.

l.2
.3

 
+ F3

 
II.

b.
1.

2.
4 

N-
M

e 
N-

a-
ox

id
e 

S S 
(M

e)
2 

M
e 

O
M

e 
O

M
e 

O
M

e 

O
H

 
O

H
 

O
H

 
O

M
e 

O
M

e 
s s 

O
M

e 
O

M
e 

H 
H 

H 
H 

N-
P-

ox
id

e 
S 

M
e 

O
M

e 
O

H
 

O
M

e 
S 

O
M

e 
H 

H 

1I
.b

. 1
.2

.5
 

1,
3,

4-
tii

de
hy

dr
o 

1I
.b

. 1
.2

.6
 

(-)
fo

lm
 

1I
.b

. 1
.2

.7
 

N-
a-

ox
id

e 
R R 

M
e 

M
e 

M
e 

O
M

e 
O

M
e 

O
M

e 

O
H

 
O

H
 

O
H

 

O
M

e 
O

M
e 

O
M

e 

S R R 

O
M

e 
O

M
e 

O
M

e 

H 
H 

H 
H 

H 
H 

II.
b.

1.
2.

8 
N-

p-
ox

id
e 

R 
M

e 
P-

ox
id

e 
M

e 

H H H H H H H H H H H H H H 

O
M

e 
O

H
 

O
M

e 
R 

M
e 

M
e 

a-
ox

id
e 

M
e 

P-
ox

id
e 

M
e 

M
e 

M
e 

a-
ox

id
e 

M
e 

O
M

e 
H 

H 

II.
b.

1.
2.

9 
N-

e-
ox

id
e 

R 
O

M
e 

O
H

 
O

M
e 

R 
O

M
e 

H 
H 

II.
b.

l.2
.1

0 
II.

b.
l.2

.1
1 

II.
b.

1.
2.

12
 

IL
b.

1.
2.

13
 

IL
b.

1.
2.

14
 

R 
un

de
f. 

N-
de

-M
e 

(k
)fo

m
l 

1’
,3

’,4
’-t

rid
eh

yd
ro

 
N-

de
M

e 
(+

)fo
m

l 

H M
e 

M
e 

M
e 

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 

O
H

 
O

H
 

O
M

e 
O

H
 

O
M

e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 

R 
un

de
f. 

M
e 

p-
ox

id
e 

M
e 

M
e 

S S 
H M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 

H 
H 

H 
H 

H 
=o

 
H 

H 
H 

H 
(C

on
tin

ue
s)

 



II.
b.

l.2
 

II.
b.

l.2
.1

5 
No

te
 

N-
P-

ox
id

e 
1 

2 M
e 

P-
ox

id
e 

M
e 

Ta
bl

e 
XI

I 
(C

on
tin

ue
d)

 
5 

6 
7 

12
 

1’
 

2’
 

6’
 

a 
a’

 
O

M
e 

O
M

e 
O

M
e 

S 
M

e 
O

M
e 

II.
b.

1.
2.

16
 

P-
ox

id
e 

1I
.b

. 1
.2

.1
7 

II.
b.

1.
2.

18
 

N-
M

e 
N-

Ch
lo

ro
-m

et
hy

l 

II.
b.

1.
2.

19
 

II.
b.

1.
2.

20
 

II.
b.

1.
2.

21
 

N,
 M

 b
is

 (
ch

lo
- 

ro
m

et
hy

l) 
(-)

fo
m

l 
N-

a-
ox

id
e 

S S S S S R R R S R S R S S R R R R R R R 

(M
e)

2 
M

e 
CH

,C
l 

M
e 

CH
,C

I 
M

e 
M

e 

H H H H H H H H H H H H H H H H H H H H H 

O
M

e 
O

M
e 

O
M

e 
S 

M
e 

ox
id

e 
M

e 
M

e 

O
M

e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

S S 
O

M
e 

O
M

e 

O
M

e 
O

M
e 

O
M

e 
S 

O
M

e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

R R 
O

M
e 

O
M

e 

II.
b.

1.
2.

22
 

II.
b.

l.2
.2

3 
N,

 N
&d

e-
M

e 

e 
II.

b.
1.

2.
24

 
t4

 
w 

1I
.b

. 1
.2

.2
5 

1I
.b

. 1
.2

.2
6 

1I
.b

. 1
.2

.2
7 

II.
b.

1.
2.

28
 

N-
ox

id
e 

H M
e 

M
e 

O
M

e 
O

M
e 

O
M

e 

O
M

e 
O

H 
O

M
e 

O
M

e 
O

M
e 

O
M

e 

R S S 

O
M

e 
O

M
e 

O
M

e 

N,
 N

-d
i-d

e-
M

e 
??

-c
hl

or
om

et
hy

l 
H M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

S 
O

M
e 

O
M

e 

M
e 

(M
e)

2 
O

M
e 

O
M

e 
O

M
e 

O
H 

O
M

e 
O

H 
un

de
f. 

S 

M
e 

CH
,C

l 
M

e 
M

e 
a-

ox
id

e 
H M
e 

M
e 

ox
id

e 
H M
e 

CH
,C

l 
(M

e)
2 

(M
e)

2 
O

M
e 

O
M

e 

II.
b.

1.
2.

29
 

II.
b.

1.
2.

30
 

II.
b.

1.
2.

31
 

M
-M

e 
N,

 N
-d

id
&M

e 
Io

di
de

 
(-I

f- 

N-
ox

id
e 

M
e 

M
e 

M
e 

O
M

e 
O

M
e 

O
M

e 

O
H 

O
M

e 
O

M
e 

O
H 

O
M

e 
O

M
e 

R S S 

O
M

e 
O

M
e 

O
M

e 

II.
b.

1.
2.

32
 

N-
de

-M
e 

II.
b.

1.
2.

33
 

W
-M

e 
1I

.b
. 1

.2
.3

4 
N-

de
-M

e 
II.

b.
1.

2.
35

 
@

-d
e-

M
e 

M
e 

M
e H M
e 

O
M

e 
O

M
e 

O
M

e 
O

H 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

M
e 

M
e 

M
e 

ox
id

e 

&2
 M

e 
M

e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

H H H H H H H H H H H H H H H H H H H H H 

H H H H H H H H H H H H H H H H H H H H H 



IL
b.

l.2
 

II.
b.

1.
2.

36
 

Kb
. 1

.2
.3

7 
II.

b.
1.

2.
38

 
II.

b.
1.

2.
39

 
I1

.b
. 1.

2.
40

 
II.

b.
1.

2.
41

 
1I

.h
 1 s

2.
42

 
1I

.b
. 1.

2.
43

 

IL
b.

1.
2.

44
 

1I
.b

. 1.
2.

45
 

II.
b.

1.
2.

46
 

II.
b.

1.
2.

47
 

IL
b.

1.
2.

48
 

II.
b.

1.
2.

52
 

II.
b.

1.
2.

53
 

II.
b.

1.
2.

54
 

II.
b.

1.
2.

55
 

II.
b.

1.
2.

56
 

II.
b.

1.
2.

57
 

II.
b.

1.
2.

58
 

II.
b.

1.
2.

59
 

II.
b.

1.
2.

60
 

II.
b.

1.
2.

61
 

E 
II.

b.
1.

2.
49

 
II.

b.
1.

2.
50

 
II.

b.
1.

2.
51

 

Ta
bl

e X
II 

(C
on

fin
ue

d)
 

No
te

 
1 

2 
5 

6 
7 

12
 

1’
 

2’
 

6’
 

a’
 

(-)
fo

nn
 

R 
M

e 
H 

O
M

e 
O

M
e 

O
H 

R 
M

e 
O

M
e 

i 
H 

. ,
 

(+
)fm

 
S 

M
e 

H 
O

M
e 

O
M

e 
O

H 
S 

M
e 

O
M

e 
H 

H 
N-

de
-M

e 
S 

H 
H 

O
M

e 
O

M
e 

O
H 

S 
M

e 
O

M
e 

H 
H 

R 
M

e 
H 

O
M

e 
O

H 
O

M
e 

S 
M

e 
O

M
e 

H 
H 

N-
de

-M
e 

R 
H 

H 
O

M
e 

O
H 

O
M

e 
S 

M
e 

O
M

e 
H 

H 
N,

 X
 d

&d
e-

M
e 

R 
H 

H 
O

M
e 

O
H 

O
M

e 
S 

H 
O

M
e 

H 
H 

S 
M

e 
H 

O
M

e 
O

M
e 

O
M

e 
S 

H 
O

M
e 

H 
H 

N,
 X

 d
i-d

i-M
e 

S 
0%

 
H 

O
M

e 
O

M
e 

O
M

e 
S 

H 
O

M
e 

H 
H 

M
e 

R 
M

e 
H 

O
M

e 
O

H 
O

H 
S 

M
e 

O
M

e 
H 

H 
N,

 H
 d

i-d
e-

M
e 

R 
H 

H 
O

M
e 

O
H 

O
H 

S 
H 

O
M

e 
H 

H 
1,

3 ,C
tri

de
hy

dr
o 

H 
O

M
e 

O
H 

O
H 

S 
M

e 
O

M
e 

H 
H 

R 
M

e 
H 

O
M

e 
O

M
e 

O
H 

S 
M

e 
O

M
e 

H 
H 

1,
3,

4-
tri

de
hy

dr
o 

M
e 

H 
O

M
e 

O
H 

O
M

e 
R 

M
e 

O
M

e 
H 

H 
I-d

eh
yd

ro
 

H 
O

M
e 

O
M

e 
O

H 
S 

M
e 

O
M

e 
=o

 
H 

1,
3,

4-
tri

de
hy

dr
o 

H 
O

M
e 

O
H 

R 
M

e 
O

M
e 

H 
H 

N’
-c

hl
or

om
et

hy
l 

S 
M

e 
H 

O
M

e 
O

M
e 

O
M

e 
S 

M
e 

O
M

e 
H 

H 
CH

,C
l 

I-d
eh

yd
ro

 
H 

O
M

e 
O

H 
O

M
e 

un
de

f. 
M

e 
O

M
e 

H 
H 

(-w
-m

 
S 

H 
H 

O
M

e 
O

H 
O

H 
R 

M
e 

O
M

e 
H 

H 
O

’-M
e 

S 
H 

H 
O

M
e 

O
M

e 
O

H 
R 

M
e 

O
M

e 
H 

H 
N-

M
e 

S 
M

e 
H 

O
M

e 
O

H 
O

H 
R 

M
e 

O
M

e 
H 

H 
t+

m
m

 
R 

H 
H 

O
M

e 
O

H 
O

H 
S 

M
e 

O
M

e 
H 

H 
07

-M
e 

R 
H 

H 
O

M
e 

O
M

e 
O

H 
S 

M
e 

O
M

e 
H 

H 
S 

M
e 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

S 
M

e 
O

M
e 

H 
H 

S 
(M

e)
2 

O
M

e 
O

M
e 

O
M

e 
O

M
e 

S 
M

e 
O

M
e 

H 
H 

M
-d

e-
M

e 
R 

M
e 

H 
O

M
e 

O
H 

O
M

e 
R 

H 
O

M
e 

H 
H 

(+
)fo

lm
 

S 
M

e 
H 

O
M

e 
O

H 
O

H 
S 

M
e 

O
M

e 
H 

H 



1. ALKALOIDS OF THE MENISPERMACEAE 125 

Sub-type II.b.l.3 - Bisbenzylisoquinoline Alkaloids Bonded Head to Head, Tail 
to Tail and Bearing Two Joints (5-7’ and 11-12’). 

II.b.l.3.1 R= Me 
II.b.1.3.2 R = H 

Table XIII. Sub-type II.b.1.4 - Bisbenzylisoquinoline Alkaloids Bonded Head 
to Head, Tail to Tail, Bearing TwoJoints and With the Bond a’-1’ Broken 

(seco). 

tLb.1.4 R’ R2 R3 
ILb. 1.4.1 OCHzO CHzOH 
II.b.1.4.2 OCH,O CHO 
II.b.1.4.3 OMe OH CHO 

Sub type II.b.l.5 - Bisbenzylisoquinoline Alkaloids Bonded Head to Head, Tail 
to Tail, Bearing Two Joints and Having the Bond a’-1’ Broken (seco). 

II.b.l.5.1 Stereochemistry ofH1 = R 
1I.b. 1.5.2 Stereochemistry of Hl is undefined 
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Sub-type II.c.2.1 - Bisbenzyliquinoline Alkaloids Bonded Head to Tail, and 
Bearing Three Joints 

(7-12’, 8-11’ and 12-8’). 

lI.c.2.1.1 R = Me, P-oxide; R’ = Me 
lI.c.2.1.2 R = Me; R’ = Me, p-oxide 

Sub-type II.c.2.2 - Bisbenzylisoquinoline Alkaloids Bonded Head to Tail, and 
Bearing Three Joints (8-12’, 12-S’ and 11-7’) and having a CH2 in one of the 

joints. 

II.c.2.2.1 R = H 
11x.2.2.2 R = Me 

Sub-type 1I.d - Bisbenzylisoquinolinine Alkaloids Bonded Head to Head, Tail 
to Tail and Bearing Three Joints 

(7-6’. 8-7’ and 11-12’). 

II.d.1 R=H 
II.d.2 R = CHJ 
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Type III 
Proaporphine Alkaloids 

Table XXIV. Sub-type 1II.a - Proaporphine Alkaloids. 

JILe 
1II.a. 1 
III.a.2 
III.a.3 
III.a.4 
III.a.5 
III.a.6 
III.a.7 

It’ 
Me 
Me 
Me 
Me 
Me 
Me 
H 

3 
Me 
Me 
Me 
Me 
H 

Me 
Me 

R3 
H 

Me 
COOH 
CONH, 

Me 
AC 
Me 

Sub type 1II.b - 10, 11 Di-dehydro Proaporphine Alkaloids. 

1II.b. 1 R = H 
III.b.2 R = Me 
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Sub-type 1V.d - l-0x0,7-aminoaporphine Alkaloids. 

IV.d.1 R = H 
IV.d.2 R = OMe 

Sub-type 1V.e - Miscellaneous Aporphine Alkaloids. 

1V.e. 1 

IV.e.2 
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Type V 
Tropoloneisoquinoline Alkaloids 

Table XXVIII. Sub-type V.a - lo-Oxo-tropoloneisoquinoline Alkaloids. 

d 

H @  

H&f) 
: 1 IN 

%  

- 

\ IRi 

R’ 

0 

V.a R’ R2 R3 
V.a.1 OH OMe H * 
V.a.2 OH H OMe 
V.a.3 OH OMe OMe ** 
V.a.4 OMe H OMe 
V.a.5 H H H 

Table XXIX. Sub-type V.b - ll-oxo-tropoloneisoquinoline Alkaloids. 

R’ 

V.b R’ R2 R3 
V.b. 1 H OMe H * 
V.b.2 Me H OMe 
V.b.3 H OMe OMe ** 

* Exist in equilibrium. 
** Exist in equilibrium. 
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Type VI 
Table XXX. Azafluorantene Alkaloids 

VI R’ 
VI.1 H 
VI.2 OH 
VI.3 OMe 
VI.4 OH 
VI.5 OMe 
VI.6 OH 

R2 R3 
H H 
H H 
H OMe 
H OMe 

OMe OMe 
OMe OMe 

Type VII 
Phenantrene Alkaloids 

Type VIII 
Aristolochic Acid Derivative Alkaloids 

VII1.a 
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Sub-type VII1.b - Aristolactams. 

0 

VIII.b.1 R’ = R’ = OCHzO 
VIII.b.2 R’ = R2 = OCH, 

Type IX 
Table XxX1. Isooxoaporphine Alkaloids. 

IX 2-3 
IX.1 - 

4 5 6 
H OMe OMe 

IX.2 di-dehydro H 
IX.3 - H 
IX.4 - OMe 
IX.5 - H 
IX.6 - H 
IX.7 - OMe 

OMe OMe 
OMe OH 
OMe OMe 
OMe H 

OCHzO 
OMe OH 
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Type X 
Protoberberine Alkaloids 

Table XXXII. Sub-type X.a - Protoberbeine Alkaloids (Strktu sensu). 

X.a 1 2 3 4 9 10 11 
X.a.1 H OMe OH H OMe OMe H 
X.a.2 H OH OMe 
X.a.3 H OMe OMe 
X.a.4 H OCHzO 
X.a.5 H OH OMe 
X.a.6 H OMe OMe 
X.a.7 H OCHzO 
X.a.8 H OMe OH 
X.a.9 H OMe OMe 
X.a.10 H OCH*O 
X.a. 11 H OH OMe 
X.a.12 H OMe OH 
X.a.13 H OH OMe 
X.a.14 H OMe OMe 
X.a.15 H OMe OMe 
X.a.16 OH OMe OMe 
X.a.17 H OMe OH 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

OMe 
OH 
H 

Dimer * 

OMe OMe 
OMe OMe 
OMe OMe 
OMe OH 
OMe OH 
OMe OH 
OMe OH 
OH OMe 
OH OMe 

OCH20 
H OMe 
H OMe 

OMe OMe 
OMe OMe 

H OMe 
OMe OMe 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

OMe 
OMe 

H 
H 

OMe 
H 

X.a.18 H OMe OMe H OMe OMe H 

* Structure of X.a. 17: 
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Table XXXIV. Sub-type X.c - Dihydroprotoberberine Alkaloids. 

x.c 2 3 8 9 10 11 
X.C. 1 OCH20 =0 OMe OMe H 
x.c.2 OCHzO OH OMe OMe H 
x.c.3 OCHzO =0 OH OMe H 
XX.4 OMe OMe =0 OMe OMe H 
x.c.5 OMe OMe =0 H OMe OMe 
X.c.6 OMe OMe H H OMe OMe 

Type XI 
Hirsutine Alkaloids 

Table XXXV. Hirsutine Alkaloids. 

R20 

R’O  

XI 
XI.1 
XI.2 
XI.3 
XI.4 
XI.5 

R’ R2 
H H 

Me H 
Me Me 
Me Me 
Me Me 

R3 N 
H 
H 
H 

=() - 
H N-oxide 
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Type XII 
Cohirsine Alkaloids 

Table XXXVI. Sub-type XI1.a - Cohirsine Alkaloids Bearing Six Carbons in 
Ring C. 

0 

R’O 

R’O 

XI1.a R’ 
XI1.a. 1 H 
XII.a.2 Me 
XII.a.3 Me 

R2 
H 
H 

Me 

Sub-type XI1.b - Cohirsine Alkaloids Bearing Five Carbons in Ring C. 

H 

XI1.b 

Type XIII 
Benzazepine Alkaloids 

XIII.1 R= 0 
XIII.2 R = OH 
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Type XIV 
Morphinan Alkaloids 

Table XXXVII. Sub-type XIV.a.1 - 9,13-a-Morpbinan-6-one Alkaloids. 

XIV.a.1 
XIV.a. 1.1 

R’ 
H 

R2 
H 

H-14 
a  

XIV.a.1.2 H 1,l ‘-dimer a  
XIV.a.l.3 OMe H a  
XIV.a. 1.4 OMe H P 

Table XXXVIII. Sub-type XIV.a.2 - 9,13-P-Morphinan-6-one Alkaloids. 

XIV.a.2 R’ R* R3 R” H-14 c7-C8 
XIV.a.2.1 OMe H OH H D unsat. 
XIV.a.2.2 OMe Me H OMe b  unsat. 
XV.a.2.3 OMe Me H OMe a  unsat  
XIV.a.2.4 OMe Me H OH a  unsat. 
XIV.a.2.5 H Me H OMe a  sat. 
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Table XxX1X. Sub-type XIV.b.1 - 9,13-a-Morpbinan-7-one Alkaloids. 

XIV.b.1 R’ R* R3 
XIV.b.l.1 OMe OH H 
XIV.b. 1.2 OH OMe H 
XIV.b.1.3 H OMe OH 
XIV.b.1.4 H OCH20 

Table XL. Sub-type XIV.b.2 - 9,13-f%Morphinan-7-one Alkaloids. 

0 

XIV.b.2 R’ R2 R3 
XIV.b.2.1 OH Me H 
XIV.b.2.2 H Me OMe 
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Sub-type XIV.b.3 - 9,13-P-8,14-Dihydro-morphinan-7-one Alkaloids. 

0 

XIV.b.3.1 - Stereochemistry ofH-14 = 0 
XIV.b.3.2 - Stereochemistry of H-14 = a 

Sub type X1V.c - 9,13-f&Morphinan-8-one Alkaloids. 

X1V.c. 1 - R = Ha 
XIV.c.2 - R = HP 

XIV.c.3 - R = OHP 

Table XLI. Sub-type X1V.d - 9,13-a-Morphinane Alkaloids. 
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X1V.d R’ 2 3 R4 R5 R6 16-17 
XIV.d. 1 P-OH p-:H :H OMe H H sat. 
XIV.d.2 p-OAc p-OAc OH OMe H H sat. 
XIV.d.3 P-OH P-OH OH OMe H H unsat. 
XIV.d.4 OMe OH 
XIV.d.5 p-OAc p-OAc C!il 

OH OMe H sat. 
OMe H Me sat 

XIV.d.6 P-OH P-OH H OH OMe H sat 
XIV.d.7 P-OH P-OH OH OMe H Me sat. 

Sub-type X1V.e - Morphinane Alkaloid With an Ether Bridge Between 
C-4 and C-5. 

'CH, 

XIV.e 

Type XV 
Hasubanane Alkaloids 

Table XLII. Sub-type XV.a - Hasubanand-one Alkaloids. 

6CHa 



1. ALKALOIDS OF THE MENISPERMACEAE 157 

XV.a R’ R2 R3 R4 R5 R6 R’ 
XV.a. 1 OMe H OCHzO H H Me 
XV.a.2 
XV.a.3 
XV.a.4 
XV.a.5 
XV.a.6 
XV.a.7 
XV.a.8 
XV.a.9 
XV.a.10 
XV.a.11 
XV.a.12 
XV.a. 13 

OMe 
OMe 
OMe 

H 
OMe 
OMe 
OMe 
OMe 
OMe 
OMe 
OMe 
OMe 

H 
H 

OH 
OH 
H 
H 

OMe 
OMe 
OH 
OH 
OH 
H 

OCHPO H H H 
OCH20 H =0 Me 

OMe H NO2 H Me 
OMe H H H Me 
OMe OMe H H Me 
OMe OMe H H H 
OMe H H H Me 
OMe H H =0 Me 
OMe H H H Me 
OMe H H H H 
OMe H H =0 Me 
OMe OH H H Me 

Sub-type XV.b - Hasubanan-&one Alkaloids. 

OCHs 

XV.b 

Sub-type XV.c - 7,%Dehydro-hasubanan Alkaloids. 

XV.c. 1 = Hemandolinol 
XV.c.2 = Epihernandolinol (epimer) 
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Sub-type XV.d - 6,7-Dehydro-hasubanan Alkaloids. 

Table XLIII. Sub-type XV.e.1 - 8,10-Epoxihasubanan Alkaloids. 

7 

R’ la3 R3 R” R5 R” R’ R” a-c7 
OMe a-OMe =o OMe OMe H H Me sat. 
OMe 
OMe 
OMe 
OMe 
OMe 

XVS.1 
XV.e. 1.1 
XV.e.l.2 
XV.e.l.3 
XV.e.1.4 
XV.e.l.5 
XV.e.l.6 
XV.e.l.7 
XV.e.l.8 
XV.e. 1.9 
XV.e. 1.10 
XV.e.l.11 
XV.e. 1.12 
XV.e.l.13 
XV.e.l.14 
XV.e.l.15 
XV.e.l.16 
XV.e.l.17 
XV.e.l.18 

OH 
OH 

OMe* 
OMe 
OH 
OH 

OMe 
OMe 
OH 
OH 
OH 

p-OMe 
a-OMe 
p-OMe 
p-OMe 
p-OMe 
p-OMe 
P-OH 
P-OH 

p-OH* 
P-OMe 
p-OMe 
p-OMe 
j3-OMe 
O-OH 

p-OMe 
=0 

OMe 

=o 
=o 
=o 

P-OH 
P-OH 
P-OH 

H 

P-EH 
B-OH 
P-OH 
P-OH 
p-OAc 

=o 
B-OH 

H 
H 

OMe 
OMe 
OMe 

H 
OH 
OH 
OH 
OH 
OH 
OH 
OH 

OMe 
OMe 
OH 

OMe 
OMe 
OH 

OMe H H 
OMe H =o 
OMe H =o 

OCH20 =o 
OMe H H 
OH H H 

OMe H H 
OH H H 

OMe H H 
OMe H H 
OMe H H 
OMe H H 
OMe H H 
OMe H H 
OMe H =0 
OMe H H 
OMe H H 

Me 
Me 
Me 
Me 
H 
H 

Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 

sat. 
sat. 
sat. 
sat. 
sat. 
sat. 
sat. 
sat. 
sat. 
sat. 
sat. 
sat. 
sat. 
sat. 
sat. 
sat. 

unsat. 
XV.e.l.19 OH =0 H H 

* Could be interchangeable. 

OCH*O H Me sat. 
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Table XLIV. Sub-type XV.e.2 - 8,10-Epoxihasubanan Alkaloids Bearing a 
Disubstituted Benzoate in C6. 

XV.e.2 R’ RZ R3 R4 R5 
XV.e.2.1 Me H H H Me 
XV.e.2.2 Me H H =0 Me 
XV.e.2.3 H OMe OMe H H 
XV.e.2.4 H OH OMe H H 
XV.e.2.5 Me OMe OMe H Me 

Sub-type XV.f - Miscellaneous Hasubanan Alkaloids. 

XV.f.1 

OCHs OCH, 

H,C CH? 
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XV.f.3.1 R = H 
XV.f.3.2 R = 0 

Type XVI 
Acutumine Alkaloids 

Sub-type XVI.a - a-Acutumine Alkaloids. 

OCH, 

OCH, 

XV1.a. 1 R = Me 
XVI.a.2 R = H 

XVI.a.3 R = Me, 1 1-deoxi 

Sub-type XVI.b - f3-Acutumine Alkaloids. 

XVI.b.1 R = Cl 
XVI.b.2 R = H 
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Type XVII 
Table XLV. Eribidine Alkaloids. 

OR3 

R3 
Me 

XVII.2 
XVII.3 
XVII.4 

H 
H 

OMe 

Me 
Me 
Me 

H 
Me 
Me 

Type XVIII 
Erytbrine Alkaloids 

Table XLVI. Sub-type XVII1.a - 1,6-Didehydro Erythrine Alkaloids. 

RS 

XVlILa 
XVII1.a 1 
XVIILa2 
XVIII.a.3 
XVIII.a.4 
XVIII.a.5 
XVIII.a6 
XVIII.a.7 
XVIII.a.8 
XVIILa9 
XVII1.a. 10 
XVII1.a 11 
XVII1.a. 12 
XVII1.a. 13 
XVII1.a. 14 

R’ 
H 

R2 
a-OMe 

lx’ It4 R5 N 
OH H H - 

H a-OH 

p-EH 
a-OMe 
a-OMe 

B-OH aOMe 
=0 a-OMe 
H a-OMe 
H a-OMe 
H a-OMe 
H a-OMe 
H a-OMe 
H a-OMe 
H a-OMe 

OCHzO 

OH 
COOMe 

OMe 
OH 

OMe 
OMe 
OH 

OMe 
OH 

COOH 
coNI-& 

OH 
COOMe 

H 
OMe 

H 
H 
H 
H 
H 

OH 
OMe 
OMe 
OMe 

H 
OMe 

H - 
H - 
H - 
H - 
H - 
H - 

OMe - 
H - 
H - 
H - 
H - 
H Me 
H - 
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Table XLVII. Sub-type XVII1.b - 1,2-Didehydro Erythrine Alkaloids. 

XVII1.b R’ R2 
XVII1.b. 1 H OMe 
XVIII.b.2 OMe H 
XVIII.b.3 H H 

Table XLVIII. Sub-type XVII1.c - 1,2,6,7-Tetradehydro Erythrine Alkaloids. 

XVII1.c R’ R* R3 
XVIII.c.1 Me OH H 
XVIII.c.2 H H H 
XVIII.c.3 Me H H 
XVIII.c.4 H H =0 
XVIII.c.5 Me H =0 

Sub-type XVII1.d 

XVII1.d 
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Sub-type XVII1.e 

XVII1.e 

Type XIX 
Table XLXIX. Pavine Alkaloids. 

XIX 
XIX. 1 
XIX.2 
XIX.3 

R’ 
Me 
H 
H 

R2 
Me 
Me 
H 

Type XX 
Isoquinoline Alkaloids 

Sub-type XX.a - Tetrahydro Isoquinoline Alkaloids. 

XX.a 

XX.a. 1 
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Table L. Sub-type XX.b - Isoquinolinone Alkaloids. 

XX.b R’ 
XX.b.l OH 
XX.b.2 OMe 
XX.b.3 OMe 

R2 R3 c3-c4 
OMe H sat. 
OMe H unsat. 

OCHzO sat. 

Type XXI 
Phenethylcinamide Alkaloids 

XXI.1 (E-form) 
XXI.2 (Z-form) 

Type XXII 
Stephaoxocane Alkaloids 

H&O 

H,CO 

XXII.1 R=H 
XXII.2 R = CHj 
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XXII.3 

OH 

XXII.4 R = H 
XXII.5 R = OCH3 

Type XXIII 
Miscellaneous Structure Alkaloids 

I 
OH 

165 

XXIII.1 - Thahrpine 
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XXIII.2 - Cohirsitine 

XXIII.3 - Gusalung C 

XXIII.4 - Kokusaginine 

XXIII.5 - Neotrilobiie 
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I. Introduction 

Ergot alkaloids are .one of the most prolific groups of alkaloids derived from 
Chviceps species with respect to their structures and biological activity. Their 
structures are typically designated as an ergoline alkaloid having the 
characteristic structure of a tetracyclic indole ring system. The potential of this 
group of alkaloids as medicinal agents is. very high based on their broad 
pharmacological activity, responding to such physiologically important 
biosubstances as noradrenaline, serotonin and/or dopamine and their receptors. 
Therefore, there have been a number of reviews written concerning their 
chemistry and synthesis and also their biological and metabolic aspects. The first 
review was written by two of the pioneers of ergot alkaloid chemistry, A. Stoll 
and A. Hoffmann in 1965, who originated the research and gave the first 
introduction to this group of natural products regrding their occurrence and 
distribution and opened the door to this group of alkaloids by shedding the light 
of modem chemistry (1). Then a decade later in 1975, most of the ergot 
alkaloids presently known were summarized by two specialists in Basel, P.A. 
Stadler and P. Stub, who triggered various aspects of the research which 
followed, including synthetic research on these alkaloids and the biological and 
pharmacological studies of ergot alkaloids (2). By 1975, virtually all of the 
structures of the ergot alkaloids had been proposed, thereby making them 
attractive targets for synthesis and biological research on their development as 
medicinals. The decade from 1980 was that of synthesis, thus we enjoyed the 
very prolific results of the total syntheses of most of the ergoline alkaloids, as 
witnessed by the review articles written in the later years of the eighties. Then 
there came a time ripe for summarizing the synthetic works conducted in the 
decade of 1990. 

We have reviewed all of the synthetic studies achieved since 1990, at the 
request of the editor of this series (3). Then in 1998, this series presented an 
excellent review on the biochemistry of ergot alkaloids by Groger and Floss, 
who assisted us to widen our sights further (4). 

For the synthetic achievement of ergot alkaloids, we were asked to review the 
addition of new results at the end of the 20th century. Here we will review the 
synthetic achievements of the last decade. The particular focus is on the studies 
of three Japanese groups including the groups led by Profs. Somei and 
Yokoyama, who have respectively poured their extensive efforts towards the 
exploitation of synthetic methodology on indole compounds, aiming at the 
establishment of the synthesis of ergot alkaloids. 
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II. Total Syntheses of Lysergic Acid 

Lysergic acid (1) has stood out as the central figure in ergot alkaloid research 
throughout the twentieth century from the beginning of research on the ergot 
alkaloids. 

During this period, its structure was established by its total syntheses and its 
biological activity was well-studied. The total synthesis of lysergic acid (1) has 
attracted the significant attention of synthetic organic chemists, as witnessed by 
the number of total syntheses so far achieved, which now count to nine. All of 
these appeared in a short span of time in the nineties, except for the Fist one by 
Woodward and Komfeld. Only one new addition to the list appeared since the 
previous review written in 1990 (3), where all the syntheses were well- 
documented, showing that the research in this decade has been focused in other 
directions. Here the authors want to mention briefly the total syntheses 
previously carried out simply for the basic strategies involved. 

A. THE FIRST TOTAL SYNTHESIS BY KORNELD AND WOODWARD (1956) (5) 

This synthesis was achieved by the successful approach to the tricyclic ketone. 
what we have now called Komfeld’s ketone, which has been continuously 
playing a key role in the subsequent syntheses of many ergot alkaloid 
researchers, thus providing a number of improved syntheses. This synthesis 
was first reviewed by Stadler and Stutz in 1975 in Volume 15 of this series 
(2). 

B. THEJULJASYNTHESIS(~~~~) (6) 

Aiming at the formation of the C/D ring junction by the intramolecular attack 
of a stabilized allylic anion on an aryne generated from the A ring, the oxindole 
obtained from 5-bromoisatin was transformed to a mixture of stereoisomers 
which were further converted to the target molecule. 

COOH 

1 Lysergic acid 
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c. ‘IhiR~GESYNTHESIs(1981) (7) 

The suggestion by Woodward on the epimerization of lysergic acid (1) 
through an achii tricyclic amine gave a hint to the authors for the synthesis of 
lysergic acid (1) via a route which involved a tricyclic amine as a key 
intermediate in their lengthy total synthesis. Similar routes were also followed 
by two other syntheses. 

D. THEOPPOLZERSYNTHESIS(1981) (8) 

By inventing an intramolecular imino-Diels-Alder cycloaddition of a  diene 
formed by the thermolysis of an oxime-ether, the construction of the alkaloid 
skeleton, and the usefulness of this methodology, was successfully exemplified, 
first by the total synthesis of the benzo[c]phenanthridine alkaloid, chelidonine, 
and then in a beautiful total synthesis of lysergic acid (1) . 

E. THENJN~MIYASYN~E~IS(~~~~) (9JO) 

Irradiation of an enamide, which was readily prepared from the imine of the 
tricyclic Komfeld’s ketone by acylation with 3-furoyl chloride, in the presence 
of sodium borohydride, yielded the skeletal structure of the ergoline alkaloids, 
which was readily converted by conventional procedures to lysergic acid (1). 
This photochemical route offered a wide potential for application to variously 
substituted analogs of lysergic acid (1) having high synthetic interest. 

F. THEREBEXSyNTHEsIs(1983 ) (II) 

By using dl-tryptophan as the starting unit, highly stereoselective steps via the 
tricyclic ketone completed the total synthesis of lysergic acid (l), thereby also 
paving a route for an enantioselective synthesis. 

G. THEKURIHARAS~IS(~~~~) (12) 

Modifying the synthesis of a  key n-icy& aldehyde in the Ramage synthesis, 
subsequent W ittig-Homer reaction successfully linked their synthesis to the 
target lysergic acid (1) . 



196 SOME1 ET/IL. 

H. -hECACCHl Smrs (1988) (13) 

Also using the key intermediates in the Ramage synthesis, the newly 
developed oxidative addition of vinyl triflates to palladium(I1) and the Heck 
reaction paved a way to lysergic acid (1). 

I. THEVOLLHARDT S~JS (1994) (14) 

Cocyclization of 4-ethynyl-3-indoleacetonitrile with an aIkyne in the presence 
of a cupric complex gave rise to the ergoline skeleton, which was converted into 
lysergic acid diethylamide as discussed in Section III, C. 

III. Total Synthesis of Ergot Alkaloids Other Than Lysergic Acid 

Efforts toward the total synthesis of other members of the ergot alkaloid 
group have been carried out mostly by applying newly developed synthetic 
methodologies. Therefore, there are a number of new synthetic methodologies 
in the total synthesis and the syntheses aimed at the target alkaloids. The 
synthetic routes were often decorated by the author’s own instinct Although 
lysergic acid (1) has occupied a position at the center of interest for synthetic 
study, focus has also been directed toward other members of the ergot alkaloid 
group having non-ergoline structures. 

A. TOTAL SYNTHESIS OF RUGIJLDVASINFS A AND B 

The alkaloids, rugulovasines A and B (2), were isolated in racemic form and 
were found to very easily interconvert upon warming. Rebek’s group had 
succeeded in the enantioselective synthesis of (-)-rugulovasine early in 1980 
and noticed its facile equilibration to form a mixture of the two alkaloids (15-17). 
A proposal for the intermediacy of an achiral structure in the facile 
interconversion of the two isomers in rugulovasines A and B (2) was confirmed 
by Rebek himself in the first enantioselective total synthesis (15,16). Martin’s 
group have extensively studied its conversion aiming at the development of a 
new general synthetic methodology (18). 

As a result. they have succeeded in using a vinylogous Mannich reaction as a 
method for the transformation applicable to the construction of a structural 
subunit common to different alkaloidal natural products. Starting from 4- 
bromoindole (3), a functionalized side chain was introduced into the 3-position 
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dG 5 R=CN 
6 R=CHO 

SCHEME 1. Reagents: a, aq. MezNH, aq. HCHO, AcOH; b, KCN, DMF-H20; 
c, (Boc),O, DMAP, Et@, CH2C12; d, DIBALH, CH,Cl,; e, BnNHMe, CH,Cl,; 
f, CSA, then 8; g, t-BuOK, NH3, hv; h, HCI, MeOH, H,, Pd(OH);?. 

of the indole nucleus. This side chain was then converted into the corresponding 
3acetaldehyde. The reaction of the acetaldehyde 6 with benzylmethylamine 
furnished the enamine 7, which was then treated in siru with the siloxyfuran 8 to 
give the adducts 9 as a diastereomeric mixture. Irradiation of the adducts in 
refluxing ammonia in the presence of potassium f-butoxide brought about 
smooth cyclization to give an inseparable mixture of the protected rugulovasines 
10. Though removal of the N-benzyl protecting group from the photocyclized 
product 10 was far more difficult than anticipated, after many attempts, it was 
found that hydrogenolysis of the hydrochloride over the Pearlman’s catalyst 
furnished smooth debenzylation to complete the total synthesis of the two 
alkaloids 2 (Scheme 1). 

B . &WHESIS OF CLAVICIPITIC ACID 

Clavicipitic acid and aurantioclavine are alkaloids having a fused seven- 
membered azepinoindole skeleton. As mentioned in the previous review (3), by 
1988 clavicipitic acid had been synthesized by five groups, and aurantioclavine 
by two groups of chemists. 

Clavicipitic acid is currently regarded as a derailment product of normal ergot 
metabolism (4). From its structural features of a seven-membered ring system, 
and also from biomimetic interest, this alkaloid has attracted the attention of 
many synthetic organic chemists. Therefore, a number of syntheses have been 
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reported of this particular alkaloid. As mentioned previously, there were already 
five by 1988, including Kozikowski and Greco (1982) (19), Munakata and 
Natsume (1983) (20), Kozikowski and Ohta again in 1985 (21), Matsumoto and 
Watanabe (1987) (22), Harrington (1987) (23). and Goto (1989), along with 
the synthesis of aurantioclavine by Somei (1985) (24), which were successively 
reported. Among, them, Kozikowski’s biomimetic synthesis was entirely based 
on Floss’ proposed sequence for the biosynthesis of the ergot alkaloid 
chanoclavine, as described in the previous review. 

1. Formal Total Synthesis by Nichols group. 

Nichols’ group (25) successfully applied an acid-catalyzed intramolecular 
aminoalkylation reaction between an amine and alcohol to form the azepino ring 
system, the characteristic structure of this indolic amino acid in the route, via a 
functional equivalent of lo-hydroxylated DMAT 15. This hypothetical 
biochemical precursor of the alkaloid, which was not prepared previously, was 
the key intermediate for their efficient synthesis to clavicipitic acid. Nichols’ 
group fust prepared the requisite alcohol 12 by the Grignard reaction of N- 
tosylated indole-4-carboxaldehyde 11 with 2-methyl-1-propenylmagnesium 

14 15 16 

SCHEME 2. Reagents: a, BrCH=C(Me),, Mg, THF; b, Na-Hg, MeOH; 
c, HCHO, HN(Me)2, AcOH; d. H,NCH(COOMe)2, (n-Bu)sP, MeCN; 
e, TsOH, MeCN. 



2. RECENT SYNTHETIC STUDIES OFTHE ERGOT ALKALOIDS AND RELATED COMPOUNDS 199 

bromide. Deprotection of the indole nitrogen was smoothly achieved in nearly 
quantitative yield by the application of Trost’ s buffered amalgam method (26). 
Under classic Mannich conditions, the new indole 13 was converted to its 
gramine derivative 14, which was then subjected to Somei’s procedure (27) for 
conversion to the amino alcohol 15 in 80% yield. Cyclization of 15 was 
smoothly carried out by acid treatment giving the azepine 16 (Scheme 2). 

The diester 16 has been shown to undergo decarbonylation to a cis-rums 
mixture of clavicipitic acids, thus furnishing a formal total synthesis of this 
alkaloid. 

2. Syntheses of Clavicipitic Acid by Somei’s Group and YokoyamaS Groups 

Total syntheses of clavicipitic acid were achieved by two Japanese groups 
using their respective methodologies, as reviewed in Section IV. 

SCHEME 3. Reagents: b, 1,; c, (~-Bu)~NF; d, cat. TsOH, e, EtsN, f, LiAIH,; 
g, NaOH; h, COCla; i, Cr(CO),(MeCN),; j, NaH, Ph#-Bu)SiCI; 
k, MeLi, BrCHaCH=C(Me)2; 1, LDA, then I,; m, (~-Bu)~NF; n, 3M KOH. 
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3. Attempted Synthesis by Semmelhack 

The activating effect of R-complexation of a Cr(CO), complex allows for 
selective nucleophilic substitution in indoles, such as tryptophan, providing 
intermediates for the synthesis of clavicipitic acid. Indole was readily 
transformed into the corresponding uicarbonylchromium complex and silylated 
to the orange-colored complex 17. The addition of 17 to a solution of the 
lithiated sulfone followed by oxidative quenching with iodine and desilylation 
furnished the C-4 substituted indole 18 in 90% yield. The conversion of 18 to 
the enone 19 was achieved in 78% yield by sequential acid and base treatment. 

Reduction of L-tryptophan and the conversion of the resulting amino alcohol 
afforded the oxazolidinone 2 0 in good yield. By applying the activating effect of 
the z-complex 21, formed with a tricarbonylchromium complex, an alkenyl 
side chain was introduced into the 4-position of the tryptophan ring to give the 
intermediate 2 2 for the synthesis of clavicipitic alcohol (2 3) (Scheme 3) (28). 

C. TOTAL Smrs OF LYSERGENE AND LYSERGIC Am DJETH~LMIDE (LSD) 

Vollhardt and coworkers (14) have developed the cocyclization reaction using 
a cobalt-catalyst, successfully applied the reaction to the construction of the 
ergoline skeleton, and then extended its application to the synthesis of ergoline 
alkaloids. They found that the $-cyclopentadienylcobalt-catalyzed cocyclization 
of a,uMkynenitriles with alkynes yielded the [2+2+2] cycloaddition products 
as shown in Scheme 4, thus showing the possibility for its application to the 
synthesis of nitrogen-containing polycyclic ring systems. 

The utility of this cocyclization was shown in the synthesis of the ergoline 
framework when an ethynylic indole was employed, as in Scheme 5. The 
requisite 4-ethynyl-3-indoleacetonitrile (24) was prepared readily from the 4- 
bromoindole precursor followed by palladium-catalyzed trimethylsilyl- 
ethynylation-deprotonation. 

SCHEME4 
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26 

28 LSD 

R2=CH ,OH 

27 Lysergene 

SCHEME 5. Reagents: a, COCOS, A, hv; b, CF3S02Me, THF; 
c, 3-4 eq. NaBb, MeOH, d, excess NaBH4, CD&N. 

The compound 25; R’=CH,OH in these,products, which carries a pyridine 
ring, was quaternized with methyl iodide and then reduced to give the 
tetrahydropyridine moiety, thereby completing a short total synthesis of 
lysergene (27) (Scheme 5). Similarly, LSD (28) was conveniently synthesized 
from the cycloaddition product 2 5 with a carboxamide group on the ring. 

D. SYWHEXi OF (-)-CHANmVINE 1 

As mentioned in the previous review, chanoclavine I was synthesized 
previously in the last decade by several groups. The first total synthesis was 
achieved by Plieninger’s group (29) which was followed by the syntheses of 
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29 

32 
.PPh2 

(S,S)-CHIRAPHOS: x PPh2 
(S)-BINAP: 

PPh2 
PPh2 

SCHEME 6. Reagents: a, (Me0)2P(0)CH&02Me; b, DIBALH; c, AczO; 
d, Me2NCH=CHN0,; e, NaBH4; f, Pd(dba),, K&O,, (S,S)-CHIRAPHOS, 
or Pd(OAch, KzC03, (S)-BINAP; g, Zn-Hg, HCl; h, (Boc)~O. 

Natsume (30), Kozikowski (31), Oppolzer (32), and Ninomiya (33), in 
addition to the synthesis of secoergolines by Somei’s group (34). 

The fist enantioselective total synthesis of (-)-chanoclavine I (36) was 
reported by French chemists (35,36), who invented an unique method of 
constructing the ring system, including the C ring, together with the enantio- 
selective introduction of two side chains into the D ring, by the application of an 
intramolecular palladium-catalyzed allylation of a nitroacetate. Genet et d. 
selected 4-formylindole (29) as the bifunctional starting compound. The 
Homer-Emmons reaction of the aldehyde 29 with trimethyl phosphonoacetate 
in the presence of potassium carbonate in refluxing tetrahydrofuran yielded the 
unsaturated ester 30 in 95% yield, which was reduced with DIBALH to the 
allylic alcohol, and then converted into the allylic acetate 3 0. 

The C-3 functionalization of 30 was achieved in two steps, that is, first. 
treatment with I-dimethylamino-Znitroethylene to the unsaturated nitroacetate 
31 and then reduction of the double bond with sodium borohydride in 
tetrahydrofuran-methanol to furnish the desired nitroacetate 31 in 50% overall 
yield from the aIdehyde 2 9. Asymmetric formation of the C-5, C-10 bond of the 
nitroacetate 31 was achieved by using the palladium (0) complex catalyst. The 
best results of this key cyclization were obtained using Pd(dba), and (S,S)- 
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33 X=CH, 
&bL34X=0 

35 36 (-)-Chanoclavine I 

SCHEME 7. Reagents: a, 0~0.1, NMO; b, NaI04; c, PhsP=C(Me)C02Me; 
d, LiAlH4. 

CHIROPHOS, or Pd(OAc), and (S)-BINAP as the chiral diphosphine, at room 
temperature. The desired enantiomer 5R-3 2 was obtained under mild conditions 
in 60% yield, and with diastereo- and enantioselectivity of up to 95% (Scheme 
6). 

For the synthesis of (-)-chanoclavine I (36), they applied the same 
methodology devised by Kozikowski (31) and Oppolzer (32). The nitro group 
in 32 was reduced to the primary amine with amalgamated zinc, and then the 
two nitrogens were converted to the corresponding dicarbamate 33 with 
(Boc),O in acetonitrile at room temperature. The carbamate 33 was then treated 
with a catalytic amount of osmium tetroxide in the presence of NM0 in aqueous 
acetone to furnish the crude diol, which was cleaved with sodium periodate to 
yield the unstable key aldehyde 34. The Wittig reaction of the aldehyde 34 
afforded the unsaturated ester 35, which was then reduced with lithium 
aluminum hydride under reflux to give (-)-chanoclavine I (36) in 13% yield 
upon chromatography, thereby completing the Fist total asymmetric synthesis 
of (-)-chanoclavine I (3 6) from the optically active nitro compound 32 (Scheme 
7). This methodology could be applied to the synthesis of analogous ergot 
alkaloids, including 6,7secoagroclavine, (+)-paliclavine, or the rugulovasines. 

IV. Research on the Synthesis of Ergot Alkaloids 
by Three Japanese Groups 

In the past decade, two Japanese groups, led by Somei and Yokoyama, 
respectively, have concentrated their synthetic interests and efforts on the ergot 
alkaloids by exploiting respective methodologies and achieving the total 
synthesis of clavicipitic acid and many related alkaloids. Originally, they had 
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directed their interests to the chemistry and reactions with the intention to apply 
their methods to the synthesis of natural indole alkaloids, particularly ergot 
alkaloids. During the course of their extensive research on indole alkaloids, 
reactions were developed and knowledge on the chemistry and reactions of 
indole derivatives was generated. Therefore, here we summarize our results and 
offer a perspective on the research outcomes. 

Iwao’ s group has independently established an efficient methodology for the 
synthesis of 3,4-differentially substituted indoles. Their contributions in the 
total synthesis of ergot alkaloids are also reviewed. 

A. S~MHFFIC STULXW BY SOMEI’S GROUP 

As already mentioned in the previous review (3), Somei et al. began their 
involvement in the synthesis of ergot alkaloids with the intention of applying 
two new reactions, a palladium-catalyzed tin-thall reaction and the 
intramolecular cyclization by nitronate anions for the construction of the ergoline 
skeleton. In the past decade, Somei et al. further extended their reactions and 
chemistry into the ergot alkaloids in order to carry out the synthesis with the 
least number of steps in the common synthetic route (37). 

I. Synthesis of 6,7-Secoagroclavines, Chanoclmine I, Isochanoclavine I, 
Norchawclavine I, Chanoclavine II, Norchanoclavine II, and Their 
Enantiomers 

The synthetic methodologies, consisting of the routes shown in Schemes 8, 9, 
and 10 (37). were demonstrated to be effective for the total syntheses of a 
number of (-)-ergot alkaloids and their (+)-enantiomers (38). The alkaloids 
synthesized in this manner were (-)-6,7-secoagroclavine, (-)-chanoclavine I. 
(-)-isochanoclavine I. (-)-norchantilavine I. (-)-chanoclavine II, (-)- 
norchanoclavine II, (-)-agroclavine, (-)-agroclavine I, and their (+)- 
enantiomers. AU of the syntheses started from 3-formylindole (37). They first 
prepared the 4-substituted indole 39 by the procedure of a one-pot tin-thall 
reaction (39) which proceeded via the formation of (3-formylindol-4-yl)thallium 
bis(trifluoroacetate) (38). follo&d by palladium-catalyzed reaction with hi-n- 
butyl(3-hydroxy-3-methyl-1-butenyl)stannane (40). 

Aldol condensation of 3 9 with nitromethane afforded the nitrovinylindole 4 0, 
which was then reduced with sodium borohydride in methanol followed by acid 
treatment (41) in a one-pot procedure to bring about the stereospecific 
cyclization to the tricyclic trcpls isomer 4 1. This truns isomer 41 was readily 
isomerized to the cis isomer 42 by treatment with sodium methoxide in 
methanol, while the reverse isomerization of cis 4 2 to truns 4 1 was achieved by 
treatment with triethylamine in benzene (37). 
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37 38 39 

Optical resolution 

t 
(-)-41 and (+)-41 

t 
Optical resolution 

t 
(-)42 and (+)-42 

47 R=P-H 45 R=P-H 43 R=B-H 
48 R=a-H 46 R=a-H 44 R=a-H 

SCHEME 8. Reagents: a, Tl(OCOCFs)+ CFsCOOH; b, 
(n-Bu)sSnCH=CHC(OH)M%, Pd(OAc),, DMF; c, MeNOa, NH,OAc; d, NaBH, 
MeOH, then HCl-H,O, e, NaOMe, MeOH; f, EtsN, benzene; g. Zn-Hg, HCl, H,O, 
MeOH, h, ClCOOMe, EtsN, CHaCla; i, LiAII&, THF; j, MeMgI, THF, then 
Zn-HCl, MeOH; k, ClCOCPh(CF3)(OMe). 
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Optical resolution of the key intermediates, tram 4 1 and cis 4 2, was achieved, 
with base-line resolution, by chiral column chromatography on a chiralpak AS 
column, to afford (-)-fru.~ 41, (+)-trots 41, (-)-cis 42, and (+)-cis 42 on a 
semi-preparative scale. The fist total syntheses of (-)-6,7-secoagroclavine 
[(-)-trans 4 71 and its (+)-enantiomer [(+)-WUTLT 4 71 were completed in a one-pot 
operation by the reaction of (-)- and (+)-trans 41 with an excess of 
methylmagnesium iodide, respectively, followed by reduction of the resulting 
methylhydroxylamines [(-)- and (+)-frms 491, with zinc in methanolic 
hydrochloric acid. 

Alternatively, three-step syntheses of (-)-6,7-secoagroclavine [(-)-471 and 
its (+)-enantiomer [(+)-4 71 were also achieved (38). Reduction of both (-)- and 
(+)-trans 41 with amalgamated zinc in methanolic hydrochloric acid afforded 
the respective (-)- and (+)-rrcozs isomers 43, which were then treated with 
methyl chloroformate to afford the corresponding carbamates [(-)- and (+)-mm 
451, respectively. These respective carbamates were then reduced with lithium 
aluminum hydride to give the enantiomeric N-methyl amines 47. This series of 
conversions was also applied to the corresponding optically active cis- 
compounds 44, 46, and 48, as shown in Scheme 8 (38). The structures of 
these products were unambiguously determined from the X-ray crystallographic 

41 R=P-H 51 R=P-H 55 R=P-H 
42 R=a-H 52 R=a-H 56 R=a-H 

C 

CHO 

53 R=@H 36 R=P-H 57 R=/3-H 
54 R=a-H 59 R=a-H 58 R=a-H 

SCHEME 9. Reagents: a, Sea, dioxane, H,O; b, Zn-Hg, HCI, &O, MeOH; 
c, ClCOOMe, Et,N, CH,Cl,; d, LiAlH,, THF. 
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47 R=P-H 60 R=kH 62 R=PH 
48 R=cx-H 61 R=a-H 63 . R=a-H 

SCHEME 10. Reagents: a, SeO,, dioxane, H,O; b, POCl,, K&O,. 

analysis of the compound 5 0, which was prepared by the N-acylation of (-)-4 7 
with (R)-(+)-2-methoxy-2-trifluoromethylphenyl-acetyl chloride (40). 

Oxidation of (-)-rrms 41 with t-butyl hydroperoxide in the presence of 5% 
selenium dioxide on silica gel (42) in dioxane, followed by reduction of the 
resulting mixture of (-)-~NDZS 51 and the overoxidized aldehyde [(-)-trans 531 
with sodium borohydride, afforded the (-)-(E)-hydroxymethyl compound [(-)- 
truns 511. Similarly, (+)-&VU 41 was converted to the (+)-(E)-hydroxymethyl 
compound [(+)-cwzs 511. The subsequent reduction of (-)- and (+)-trms 51 
with amalgamated zinc in methanolic hydrochloric acid afforded (-)- and (+)- 
norchanoclavine I (5 S), respectively, which were then converted to the (-)- and 
(+)-@a methyl carbamates (5 7) by reaction with methyl chloroformate. 

Total syntheses of the A’-methyl derivatives, (-)-chanoclavine I [(-)-361 and 
its enantiomer [(+)-361 were achieved, respectively, by the reduction of these 
carbamates with lithium aluminum hydride, which completed the total synthesis 
of (-)-chanoclavine I [(-)-581 and its enantiomer [(+)-581, respectively. 
Application of this series of conversions to the corresponding optically active 
&-compounds [(-)- and (+j-cis 521 completed the total syntheses of 
norchanoclavine II [(-)-561 and chanoclavine II [(-)-591 (43), and their 
enantiomers, through 5 8. as shown in Scheme 9. 

Oxidation of the Z-methyl of the isobutenyl group of (-)-47 with selenium 
dioxide in dioxane produced (-)-isochanoclavine I [(-)-601, as shown in 
Scheme 10. This regioselective functionalization can be explained by the 
coordination of the methylamino group at the 5position to selenium, bringing 
the selenium dioxide molecule close to the Z-methyl group (44). 

2. Synthesis of (-)- and (+)-Agroclavines, and of (-)- and (+)-Agroclavine I 

Syntheses of the enantiomeric agroclavines [(-)- and (+)-621 were achieved, 
respectively, as shown in Scheme 10, starting from enantiomeric 4 7. Oxidation 
of the Z-methyl of the isobutenyl group of (-)- and (+)-47 with selenium 
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dioxide in dioxane afforded (-)-isochanoclavine I [(-)-601 and (+)-60, 
respectively. Subsequent cyclization of both enantiomers [(-)- and (+)-601 
proceeded smoothly with phosphorus oxychloride in the presence of potassium 
carbonate to give (-)-agroclavine [(-)-621 and (+)-agroclavine [(+)-621, 
respectively. Since (-)-agroclavine 6 2 was previously converted to festuclavine, 
costaclavine. isosetoclavine, and setoclavine (45), the formal total syntheses of 
these ergoline alkaloids were completed. 

Somei et al. also succeeded in the first total synthesis of (-)-agroclavine I 
[(-)-a 31 and the determination of the absolute configuration of this alkaloid (46). 
They prepared (-)-cis 61 and its enantiomer [(+)-cis 611 by applying their 
regioselective allylic oxidation with 30% selenium dioxide on celite. It was 
found that the sign of the optical rotation changed upon the ring closure of (-)- 
cis 61 with phosphorus oxychloride in the presence of potassium carbonate, 
giving rise to (+)-agroclavine I [(+)-631. Similarly, (+)-cis 61 yielded (-)- 
agroclavine I [(-)-631. As a result, the compound [(+)-cis 421 was determined 
to have the [5R, lOS] absolute configuration, and consequently (-)-agroclavine I 
[(-)-a 31 has the [5R, 1 OS] configuration (40). 

3. Synthesis of (f)-Chanoclavine I Acid 

The fist total synthesis of chanoclavine I acid (47), a major alkaloid in the 
seeds of Ipomea violacea (48), was completed by Somei et al. who employed 
the key intermediate 51 for the formation of chanoclavine I (36), and also for 
the synthesis of chanoclavine I acid (69). Compound 51 was oxidized with 
pyridinium chlorochromate in dichloromethane to give the aldehyde 53, which 
was further oxidized to the carboxylic acid 64 by employing sodium 
hypochlorite in the presence of 2-methyl-2-butene (49), as shown in Scheme 
11. 

Methylation of 64 with ethereal diazomethane afforded the methyl ester 65, 
which was then reduced with amalgamated zinc and hydrochloric acid to give 
the amine 66. Methylation of the primary amine with dimethyl sulfate in the 
presence of potassium carbonate afforded a mixture of the monomethylamine 
6 7 and the dimethylamine 6 8, which were separated. Alkaline hydrolysis of 6 7 
in methanol and subsequent column chromatography on Amberlite IRA-120 
completed the total synthesis of, (f)-chanoclavine I acid (6 9). 

4. Synthesis of (f)-Chanocfavine I and of (-)- and (+)-KSU 1415 

Application of the primary amine 6 6, obtained as shown in Scheme 11, to an 
alternative synthesis of (f)-chanoclavine I (3 6) was carried out as an example to 
demonstrate the potential of employing a common intermediate for the synthesis 
of a wide variety of ergoline alkaloids (47). The route for applying the key 
intermediate 6 6 to this synthesis consisted of a series of conventional reactions: 
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66 67 R=H 
68 R=Me 

69 

SCHEME 11. Reagents: a, pyridinium chlorochromate, CH,Cl,; b, NaOCI, 
NaH2POb (Me)$=CHMe; c, CHJ$, MeOH, d, Zn-Hg, HCl, H,O, MeOH; 
e, Me$04 K,CO,; f, NaOH, MeOH. 

tmatment of the primary amine 6 6 with methyl chloroformate in the presence of 
triethylamine produced the carbamate 70, which was then reduced with lithium 
aluminum hydride in tetrahydrofuran to give Wchanoclavine I (36) (Scheme 
12). 

Somei et al. also disclosed that (k)-6-nor-6-propyl-6,7-secoagroclavine 
[(f)-72, KSU 14151 showed potent dopamine agonistic activity (50). 

In continuing research, (-)- and (+)-KSU 1415 [(-)- and (+)-721 were 
similarly prepared by the reaction of the respective enantiomers [(-)- and (+)- 
4 31 with propionyl chloride followed by reduction of the resulting enantiomeric 
71 with lithium aluminum hydride in tetmhydrofuran (40) (Scheme 12). The 
biological evaluations of these compounds have not been reported. 

5. Total Synthesis of (f)-Clavicipitic Acid 

Somei et al. developed two further synthetic methodologies by manipulating 
the substituents at the 3-position of indoles, as shown in Scheme 13. 

The first was a route for the formation of the gramine 7 4, which was obtained 
directly from the 3-formylindoles 37 and 73, by reaction with sodium 
borohydride in 50% dimethylamine and methanol (5Z). The other was a route 
including selective monoalkylation of the gramine 74 with active methylene 
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66 70 36 

43 71 72 

SCHEME 12. Reagents: a, ClCOOMe, Et,N, b, LiAlH,, THF; 
c. propionyl chloride, Et,N, CH,Ch; d, LiAIH,, THF. 

compounds, using tri-n-butylphosphine as a catalyst, to give the compounds 7 5 
(27). They applied the gramine synthesis to the compound 3 9 and succeeded in 
synthesizing 7 6 in two steps from 3-formylindole (3 7). as shown in Scheme 14. 
The compound 77 was then prepared by selective monoalkylation of the 
gramine 7 6 with methyl niuoacetate as an active methylene compound. 

Application of the amino-cyclization method (52) to the compound 77 was 
also developed by Somei et d. Reduction of the nitroester 7 7 with amalgamated 
zinc in hydrochloric acid yielded the seven-membered ring system as a mixture 

37 R=H 
73 R=N02, CN, I, OMe 

SCHEME 13. Reagents: a, NaBb, Me2NH, MeOH ; b, nucleophiles 
(Nu=CHN02, C(COOEthNHAc, CH(COOMe),, etc.), (n-Bt&P, MeCN. 

of stereoisomeric isomers of (i)-cis 78 and truns 79 (53). trrols-Clavicipitic 
acid methyl ester (79) was obtained as the major product, together with other 
products, N-hydroxy compounds as the racemates cis 8 0 and rrun.r 8 1, and the 
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noncyclized products (82 and 83) (Scheme 14). Treatment of (+)-cis 80 and 
rrms 81 with aqueous titanium(II1) chloride brought about dehydroxylation on 
nitrogen to afford (+_)-cis 78 and tram 79, respectively, which were known 
previously from the synthesis of cis- and trcms-clavicipitic acid (84,85) by 
Natsume et d. (54). 

OH 

I d I= cl-lo 

Ii 
I 

L b / 

1 2 78 R=P-H A 80 79 < d R=/%H 82 R=OH 
R=a-H 81 R=a-H 83 R=H 

84 R=P-H 
85 R=a-H 

SCHEME 14. Reagents: a, NaBH4, Me;?NH, MeOH; b, OzNCH2COOMe, 
(n-Bu)sP, MeCN; c, Zn-Hg, HCl, MeOH; d, TiCI,, H,O, MeOH; 
e, NaOH, MeOH, H20. 
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6. Syntheses of Clavicipitic Acid Analogs 

Somei et al. further applied the above synthetic route for clavicipitic acid, to 
the preparation of analogs of (+)-clavicipitic acid (53). Aldol condensation of 39 
with nitromethane and niuoethane afforded the nitroalkenes 40 and 86, 
respectively, which were reduced with sodium borohydride to give the 
nitroalkanes 87 and 88 in high yields, ready for the amino-cyclization method, 
as shown in Scheme 15. Aminocyclization of 8 7 and 88 was similarly carried 
out employing amalgamated zinc in hydrochloric acid to afford cis 90 and trms 
9 1, the 4methyl analogs of clavicipitic acid. Application of this cyclization to 
the compound 89, obtained by reacting 87 with formaldehyde in the presence 
of potassium t-butoxide, gave cis 92 and tram 23, the 4-hydroxymethyl 
analogs. 

Contrary to the expectation that the hydroxymethyl group at the 4-position of 
23 would be readily oxidized to a carboxyl group, and thereby was expected to 
provide another route to rims-clavicipitic acid, it resisted various oxidative 
conditions. On the other hand, oxidation of 23 

c&T 24&-I 

39 40 R=H 
86 R=Me 

with acetic anhydride and 

88 R=Me d 

90 R=P-H 93 R=CH,OCH,SMe 92 R=g-H 
91 R=a-H 94 R=CH,OAc 23 R=a-H 

95 R=CHO 

SCHEWE 15. Reagents: a, RCH2N02, NH40Ac; b, NaBHa, MeOH; c, Zn-Hg, 
HCl, MeOH; d, CH,O. t-BuOK, e, Ac,O, DMSO. 
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dimethyl sulfoxide yielded the analogous N-acetates, (+)-truns 93, 94, and 95 
(53). 

7. Synthesis of (f)-6,7-Secoagroclavine, (k)-Aurantioclavine, and (k)- 
Clavicipitic Acid 

Somei et al. investigated the lithiation of 2-substituted 1-methoxy-3- 
dimethylaminomethylindoles at the 4-position, expecting that the introduction of 
a bulky 2-subs&rent would force the dimethylamino group in the desired 
direction (5.5). Suitable substrates 99-102 with a bulky substituent at the 2- 
position were prepared from indoline 9 6 in a series of reactions: 1) oxidation of 

aL 96 R=H 98 99 R=TMS 
97 R=OMe 100 R=SPh 

101 R=SMe 
102 R=S-set-Bu 

104 R=TMS 108 109 
105 R=SPh 
106 R=SMe 
107 R=S-set-Bu 

SCHEME 16. Reagents: a, Na2W04, 30% HzOz, then CHaN,; b, CH,O, 
Me$VH, AcOH; c, n-BuLi, THP, then TMSCl, Ph$$. Me&, or (set-Bu)&; 
d, n-BuLi, ether, then DMF, e, (n-Bu)4NF; f, hv , EtOH, g, acetone, NaOH, 
H,O. 
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96 with sodium tungstate and 30% hydrogen peroxide, followed by 
methylation with diazomethane, 2) Mannich reaction, and 3) regioselective 
lithiation of 98 at the 2-position, followed by reaction with electrophiles, as 
shown in Scheme 16. They found when the solvent was ether, lithiation of 
9 9-l 02 took place smoothly at the 4-position, while as long as tetrahydrofuran 
was used, lithiation did not occur. Lespedamine derivative 103, a homolog of 
9 9. was not lithiated at the 4-position at all. 

Based on the above results, Somei et al. developed a novel synthetic route for 
multi-functionalized 4-substituted indoles starting from indoline 9 6, and applied 
it to the synthesis of ergot alkaloids (55). Lithiation of 1-methoxy-3- 
dimethylaminomethylindoles 9 9-l 0 2 with n-butyllithium in ether, followed by 
trapping with NJ-dimethylformamide, afforded 104-107 in good yields. 
Subsequent treatment of 104 or 105-107 with tetra-n-butylammonium 
fluoride or Raney nickel, respectively, afforded 108. Ultraviolet irradiation 
removed the 1-methoxy group to afford 4-formylgramine (109), which was 
then converted to 110 by aldol condensation with acetone. Compound 110 had 
been already converted to (-)-6,7secoagroclavine [(-)-471, (+)-aurantioclavine 
and (f)-clavicipitic acid through 4 1 and 7 6, respectively (38,56). 

B. S~NTHEIT~STUDIESBYIWAO’SGRO~P 

Iwao et al. introduced an efficient methodology for the synthesis of 3,4- 
disubstituted indoles 113 (57). Their strategy comprises two sequential steps: 
1) selective functionalization of 1-silyl-3-dimethylaminomethylindole (111) at 
the 4-position by directed lithiation, followed by quenching with electrophiles, 
for the preparation of 4-dimethylamino-substituted indole 112 (58); 2) 
substitution of the dimethylamino group of 112 for various nucleophiles giving 
113 upon desilylation through quatemization followed by a fluoride ion- 
induced elimination-addition reaction (Scheme 17) (59). 

tp,,swMe2 ~po3~ NM% c,d s NU 

111 112 113 

SCHEME 17. Reagents: a, r-BuLi, ether; b, electrophiles (E=Me& PhS,.I, CHO, 
Me,C=CHCHOH, etc.); c, MeI; d, nucleophiles (Nu=CHN02, 
C(TrocNH)(COOEt)2, etc.), (n-Bu&NF. 
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I. Synthesis of (+6,7-Secougroclavine, (k)-Aurmtiocluvine, and (k)- 
Clavicipitic Acid 

Iwao et al. applied the above methodology to the total syntheses of ergot 
alkaloids (58,59). 

3-Dimethylaminomethylindole (114) was silylated on nitrogen, first by 
metalation with n-butyllithium in tetrahydrofuran followed by silylation with 
triisopropylsilyl chloride. Lithiation of 111 with t-butyllithium in ether at 

119 118 117 

120 84 R=P-H 87 
85 R=cz-H 

SCHEME 18. Reagents: a,n-BuLi, (i-P&SiC1; b, t-BuLi, ether, then 
MezC=CHCHO, c, 85% H3PO4, dioxane; d, MeI, benzene, then MeN02, 
(~-BLI)~NF; e, MeI, benzene, then C13CCH20CONHCH(COOEt)2,  (n-Bu),NF, 
THF; f, Zn, THF, 1M KH,PO,; g, PPTS, CH2C12; h, 2M KOH, MeOH, then 
2M HCl, and then aqeous EtOH, reflux. 
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-78°C occurred regioselectively at the 4-position due to the steric hindrance of a 
bulky substituent on the l-position. The resulting 4-lithiated intermediate was 
reacted with 3-methyl-2-butenal to afford the alcohol 115. Acid-catalyzed allylic 
rearrangement of 115, by treatment with 85% phosphoric acid in dioxane, 
produced 117, together with 116 as a minor product. Quatemization of 117 
with methyl iodide in benzene, and subsequent reaction of the methiodide with 
nitromethane as a nucleophile in the presence of tetra-n-butylamm.onium fluoride, 
afforded 87 in an excellent yield, thereby establishing for Iwao’s group 
alternative formal total syntheses of (-)-6,7-secoagroclavine [(-)-471 and (k)- 
aurantioclavine. Somei’s group had already succeeded in the synthesis of the 
same alkaloids employing 8 7 as a key intermediate (37,38). 

Similarly, the methiodide was reacted with diethyl (2,2,Ztrichloro- 
ethoxycarbonyl)aminomalonate as a nucleophile to give 118, which was then 
converted to the amine 119 by deprotection of the 2,2,2-trichloroethoxy- 
carbonyl group with zinc and potassium dihydrogen phosphate. Dehydrative 
cyclization of 119 to the azepinoindole 12 0 was achieved by heating 119 in the 
presence of a catalytic amount of pyridinium p-toluenesulfonate in 
dicblorometbane. Hydrolysis of 120 with potassium hydroxide in methanol 
yielded the malonic acid derivative which was then readily decarboxylated on 
heating in aqueous ethanol to accomplish total syntheses of (+)-cis- and (k)- 
rrmclavicipitic acid (8 4,s 5) in a ratio 3 : 2 (Scheme 18) (57). 

C. Synthetic Studies by Yokoyama and Murakami’s Group 

Yokoyama et al. have carried out extensive synthetic studies on nitrogen- 
containing hetemcyclic compounds with a particular focus on the indole ring 
system. In a continuation of their work, following synthetic work on the 
benzo[c]phetiantluidine alkaloids, they initiated synthetic studies by tackling the 
synthesis of ergoline alkaloids. Their approach to this group of alkaloids has 
been based on the exploitation of the chemistry and reactions of tryptophan. 

Tryptophan, existing as an optically active form, and commercially available 
in the Lform, has been known as one of the important essential amino acids, 
and is also regarded as the important key intermediate in the biosynthesis of 
many important biological compounds. Ergot alkaloids, as represented by 
lysergic acid (1) and clavicipitic acid (84,85), are known to be biosynthesized 
from LmPc@m through a common intermediate, 4-(Y,Y- 
dimethylallyl)uyptophan @MAT) (12 1) (Scheme 19) (4). 

However, many ideas and then studies have been based on the effective use 
of hyptophan as the synthetic starting material for substitution at the 4-position 
of the ring system, but so far without much success in the synthesis of the 
optically active form of the ergot alkaloids. The reason for tlte failure of its 
application to the synthesis has been regarded as the facile racemization which 
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occurred during substitution at the 4-position, together with the poor reactivity 
of the 4-position of tryptophan. 

For example, Rebek (15-17) and Varie (60) reported that intramolecular 
Friedel-Crafts acylation of a diastereomeric mixture of dihydrotryptophans 
122a and 122b prepared from Ltryptophan yielded the ketone as a mixture of 
diastereomers 123a and 123 b, and they also noticed that one of the isomers 
123b was readily epimerized to give the stable cis isomer 123c, thus giving 
rise to the racemates 123a and 123~ as the cyclization product. In order to 
obtain enantiomerically pure isomer 123c, it was necessary to isolate 123b 
from the diastereomeric mixture of 123a and 123 b. Rebek et al. thus 
succeeded in synthesizing optically pure rugulovasine (2) from 123~ (Scheme 
20). This is the only complete synthesis of an optically active ergot alkaloid from 
Ltryptophan thus far achieved. In order to establish a higher level of synthetic 
chemistry in the ergoline alkaloids, Yokoyama and Murakami’s group has 
carried out research by making an effective use of tryptophan, to open this area 
to asymmetric synthesis, and to bring it closer to biochemical importance. 

L-Tryptophan 

COOH COOH 

1 Lysergic acid 1 Lysergic acid 

Clavicipitic acid Clavicipitic acid 

84 R=P-H 84 R=P-H 
85 R=Ix-H 85 R=Ix-H 

SCHEME 19. Biogenetic route for the ergot alkaloids. SCHEME 19. Biogenetic route for the ergot alkaloids. 
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L-Tryptophan ?I_, 

122a : R= ---H 123a : R= -- H 
122b : R=- H 123b:R= -H 

/ 

d 

122b 

I a, b, c 

123a 123~ 
Stable k-isomer 

(antipode) 

f 
0 

Stable isomer 123~ 
(Optically active form) 

2 Rugulovasine 

SCHEME 20. Reagents: a, (COCl),; b, AU,; c, epimerization; 
d, separation of diastereomers. 

I. Use of Optically Active 4-Bromotryptophan a~ the Key Synthetic 
Intermediate 

The use of 4-bromotryptophan was regarded as having a high potential for the 
synthesis of a variety of 4-substituted derivatives for further conversion into 
many biologically important compounds, though not many promising results 
were available until 1995. 
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124 125 126 

NHAc 
127 128 129 

SCHEME 21. Reagents: a, HgCl,; b, I,; c,15 mol% Pd(OAc)2. 

Hegedus reported the synthesis of dl-4-bromotryptophan 129 from N-tosyl- 
4-bromoindole 124 as a precursor for ergot alkaloid synthesis (23) (Scheme 21). 
4-Bromodehydrotryptophan 128 was prepared from the N-protected 4- 
bromoindole 124 in a three-step synthesis, which involved a mercuration- 
iodination reaction followed by chemoselective palladium-catalyzed vinylation 
of 4-bromo-3-iodo-1-tosylindole 126 with N-acetyldehydroalanine methyl 
ester 127. Although this route was short and applicable to the preparation of 
variously substituted dehydrotryptophans, the use of a hazardous mercury 
reagent during the synthetic process Nmed attention to other methods, for 
example, the one-step synthesis of N-Boc-4-bromodehydrotryptophan methyl 
ester (13 1) from the same starting material 12 4 (61,62). 

Vmylation of 124 with N-Boc-dehydroalanine methyl ester (130) occurred 
only at the 3position in the presence of a stoichiometric amount of Pd(OAc),. 
This reaction was interesting because vinylation occurred chemoselectively only 
at the 3-position, in spite of the presence of a reactive carbon-bromine bond, 
while the C-4 vinylated product 132 was obtained in the presence of a catalytic 
amount of PdClJPPh,), according to the Heck reaction. Thereby the two 
reactive positions of 3 and 4 were completely distinguishable towards vinylation 
by changing the reaction conditions (Scheme 22). The yield of 131 was 
markedly improved by the addition of chloranil, as shown in Table I. On the 
assumption that chloranil acts as an oxidizing agent to recycle palladium(O) to 
palladium(II), the role of a catalytic amount of Pd(OAc), was deduced, and thus 
employed, though the yield of 131 stayed only at 38% under these condition 
(Scheme 22). Other oxidizing reagents such as DDQ, MnO*, Ag,CO,, 
(Coqalen),-O,. and Cu(OAc), were found to be not as effective as chloranil. 
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124 

Stoichiometric conditions 

COOMe 

Pd(OAc)z 
=( 130 

NHBoc 
NaHC03, under 02 

COOMe 4 130 85% yield 
NHBoc 132 

?WHEME 22 

Asymmetric reduction of 131 was carried out using DIPAMP as a chiral 
phosphine ligand to give the 4-bromotryptophan derivative 133 with high 
optical purity (94% ee). The absolute configuration was determined as S by the 
conversion of 133 into N-Boc-tryptophan methyl ester (134), which was 
correlated with a sample synthesized from L-tryptophan. Although there have 
been numerous reports of the asymmetric reduction of N-acetyl- or N-benzoyl- 
protected dehydroamino acids with high enantiomeric excess, there are only a 
limited number of reports of the asymmetric reduction of a N-urethane-protected 
dehydroamino acid such as 131. Schmidt recorded the highest optical yield 
(95% ee) by the asymmetric reduction of N-Boc-dehydrouyptophan using a 
rhodium-DIPAMP complex (63) (Scheme 23). 

TABLE I. SYNTHESIS OF 4-BROMODEHYDROTRYPTOPHAN (131) 

Expt PWW, chloranil time (h) temp.(“C) solvent Yield of 131 
eq. eq. (W 

1 1 .o 3 70 CH2CICHzCI 41 a) 

2 1 .o 0.25 7.5 70 CH2CICH&I 74 

3 1 .o 1.0 7 90 TCB 85 

4 0.25 1.0 3 90 TCB 38 

a) under Ar TCB=1,2,4-trichlorobenzene 
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DIPAMP 

L-Tryptophan 

I 
b, c 

134 

SCHEME 23. Reagents: a, H,, Rh(COD)2BF4, DIPAMP; 
b, Pd-C, H,; c, Mg, MeOH. 

2. Synthesis of Optically Active Clavicipitic Acid 

Clavicipitic acid (84,85) is an ergot alkaloid isolated from one of the 
Cluviceps strains as a mixture of diastereomers, and has a unique ring system 
different from that of the ergoline alkaloids, including lysergic acid (1) (64). By 
the end of the last decade, a number of syntheses of this alkaloid had been 
reported (19-23,28,47,53,57) including two groups who reported the synthesis 
using a tryptophan derivative. 

Hegedus et al. (23) reported an efficient vinylation of 129 with 1, l- 
dimethylallyl alcohol by the Heck reaction to give the C-4 vinylated product 13 5, 
which was found to be unstable and readily dehydrated to give the diene 136. 
‘Ihe compounds 135 and 136 failed to give rise to cyclization to the tricyclic 
azepinoindole 137 under various conditions. However, the cyclization of the 
4-vinylated dehydrotryptophan 138, which was prepared by Heck reaction on 
the 4-bromodehydrotrytophan . 128 with the palladium catalyst, proceeded 
smoothly on heating in the presence of stoichiomenic or catalytic quantities of 
PdCl&MeCN), to give the cyclized azepinoindole product 139 quantitatively. 
This facile cyclization of 138, in contrast to 135 and 136, could be attributed 
to the rigid conformation of the acetamidoacrylate side chain. Photochemical 
reduction of the cyclized compound 13 9 with sodium borohydride removed the 
tosyl group on nitrogen to give N-acetylclavicipitic acid methyl ester 137 as a 
mixture of diastereomers (Scheme 24). 
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// 
128 129 135 

138 139 137 

SCHEME 24. Reagents: a, Hz, Rh(PPh&, MeOH, b, Pd(OAc), (o-tol),P; 
C, MeCOCl, pyridine; d, Pd(OAc)2, (o-to&P, e, PdCl*(MeCN), MeCN, f, 
NaBH4, Na,C03, hv. 

Semmelhack and coworkers (28) reported the synthesis of optically active 
clavicipitic alcohol (23) via the route involving an intramolecular cyclization of 
the chromium complex 2 1 starting from Ltryptophan. Although this cyclization 
proceeded smoothly to give the optically active azepinoindole 22 in good yield, 
the intermediary chromium complex was not isolated stereoselectively from the 
oxazolinone 20. Compound 26 was reacted with Cr(CO),(MeCN), followed 
by silylation and allylation to give a diastereomeric m ixture of chromium 
complexes 21 and 140 in a 1:l ratio. Each diastereomer showed contrasting 
behavior to cyclization, one isomer, 2 1, rapidly cyclized to the pure tetracyclic 
product 2 2 in 77% yield, while the other isomer, 14 0, gave only the diene 14 1 
in 70% yield under the same conditions, as a result of dehydration of the product. 
The cychzed product 22 was then converted to clavicipitic alcohol (23) in 83% 
yield (Scheme 25). 
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L-Tryptophan 

Ph 

23 22 

SCHEME 25. Reagents: a, Cr(C0)3(MeCN),; b, NaH, Ph,(f-Bu)SiCl; 
c, MeLi, (Me),C=CHCH,Br; d, LDA then I,; e, (n-Bu),NF; f, 3M KOH. 

In 1995, Yokoyama and Murakami reported the first chiral synthesis of 
clavicipitic acid (84,85) using the optically active 4-bromotryptophan 133 as 
the starting compound with protection on nitrogen by a t-butoxycarbonyl group, 
which was later readily removed (65). 

Vinylation of 133 under Heck conditions in the presence of silver carbonate 
proceeded smoothly to give the C-4 vinylated product 142 in 83% yield without 
racemization. ‘Ihis reaction in the absence of silver carbonate required higher 
temperature (12093) and gave poor results with significant racemization (82% 
yield, 71% ee). When 142 was treated with acid, followed by neutralization 
using triethylamine, spontaneous cyclization of the resulting amine 143 took 
place giving a mixture of the cis and trms isomers 144 and 145 in 62% yield, 
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together with some of the dehydrated diene 146, in 29% yield. This result was 
in sharp contrast to Hegedus’ s results, and could be explained by the effect of 
the substituent in the acetamide group which is poorly nucleophilic to attack by 
the double bond, thereby giving only the diene 13 6. On the other hand, the free 
amine obtained from 14 2 was reactive enough to cause spontaneous cyclization 
under the reaction conditions. On the respective isomers cis-14 4 and rrurrs-14 5, 
detosylation with magnesium-methanol proceeded smoothly to give clavicipitic 
acid methyl esters as a mixture of cis-78 and trans-7 9, which were purified by 

b 
CooMe - 

// 142 

144 R=j3-H 146 
145 R=a-H 

78 R=/3-H 84 R=P-H 
79 R=cl-H 85 R=c+H 

SCHELW 26. Reagents: a, 0.1 eq. PdCI,(PPh,), 1.0 eq. Ag,CO,, DMP-EtsN, b. 
HCl, AcOEt; c, Et@ d. Mg, MeOH; e, KOH, MeOH-H,O, Zn-Hg, HCl, 
MeOH-H*O. 
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147 148 Aurantioclavine 

37 77 78 R=P-H 
79 R=cl-H 

84 R=P-H 
85 R=a-H Clavicipitic acid 

SCHEME 27. Reagents: a, Zn-Hg, HCl, MeOH-H20. 

one recrystalkation to give the pure samples, respectively. Alkaline hydrolysis 
of the esters 78 and 79 afforded pure clavicipitic acids (84,85), cis and trms, 
respectively. Their optical rotations were -195.3” (EtOH) for the cis isomer and 
-129.1’ (EtOH) for the trmts isomer (Scheme 26). 

Somei’s group (24) has reported a similar one-pot cyclization of the nitro- 
olefm 147 by reductive aminocyclization for the synthesis of dl-aumntioclavine 
(148). They later applied this method to the synthesis of dl-clavicipitic acids 
(84.85) (47). Nitroolefm 77, prepared from 3-formylindole (37), was treated 
with amalgamated zinc in HCl and methanol to give the clavicipitic acid methyl 
esters (7 8, 7 9) (Scheme 27). 

Recently, Iwao reported (57) the dehydrative cyclization of 119 in the total 
synthesis of dklavicipitic acid. Iwao prepared the diester 118, having 
protected the amino group with a trichloroethoxycarbonyl group, which was 
then readily cleaved by treatment with zinc dust to recover the free amine 119 in 
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COOEt 

118 PG=COOCH,CC13 
149 PG=COOt-BU 

119 

84, 85 dl-Clavicipitic acid 

120 

SCHEME 28. Reagents: a, Zn dust, KH,PO,; b, PPTS, CH,Cl,. 

good yield. When the resulting amine 119 was heated in the presence of a 
catalytic amount of PPTS in refluxing dichloromethane, cyclization occurred 
smoothly to give the azepinoindole 120 in good yield (Scheme 28). In contrast 
to 118, deprotection of the Boc group of 149 under acidic conditions (2M-HCl 
in dioxane or 98% HCOOH) gave only complex mixtures. 

Although Yokoyama’s synthetic route (65) was very efficient and practical, 
when compared to the other methods, it still required four steps from 133, 
including three deprotecton steps. They have tried to improve further their 
synthetic route aiming at the one-pot synthesis of (-)-84, (-)-85 from free (S)- 
4-bromotryptophan (150) without using any protective groups. 

Heck reaction of 150 with 1, 1-dimethylahyl alcohol was thoroughly 
investigated to find the conditions suitable for the one pot synthesis of the target 
alkaloid. Since the amino acid 15 0 is soluble only in water, the reaction of 15 0, 
tiithout using any protecting group on nitrogen was carried out in aqueous 
media using a water-soluble phosphine ligand, TPPTS, in the presence of 
potassium carbonate as a base. The product obtained was not the expected 
clavicipitic acid, but the potassium salt of the C-4 vinylated compound 15 1, 
which had an uncyclized structure. This compound, 151, was found to be 
stable under basic conditions and was isolated by ODS column chromatography. 
It smoothly cyclized under weakly acidic conditions to give a 1 : 1 mixture of 
diastereomeric clavicipitic acids (84,85) in 78% yield, thereby completing a 
two-step synthesis of 8 4,8 5. Then, in order to establish the one-pot synthesis, 
after the vinylation of 150 in aqueous basic solution, the reaction mixture was 
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151 84,85 
No racemization! 

SCHEME 29. Reagents: a, 01 eq. Pd(OAch, 0.2 eq. TPPIS, KzCO3, HzO, 
in sealed tube; b, 50% AcOH. 

quenched with 60% aq. acetic acid and warmed.to 50@. Thus, the one-pot 
transformation from 150 to 84,85 was achieved smoothly to give clavicipitic 
acid (84,85) in 61% yield from 150 (Scheme 29). The optical purities of the 
intermediate 151 in this synthesis and clavicipitic acid (84,85) obtained (cis 
and frans) were 92% ee as determined by HPLC. During this process, no sign 
of racemization was detected and it was suggested that water played an 
important role for minimizing racemization under such strong basic conditions. 
Matsuo observed that facile racemization of amino acids occurs in 100% acetic 
acid, and that the rates of racemization were considerably lower in 50% aq. 
acetic acid than in 100% acetic acid (66). 

3. Synthesis of Optically Active DMAT 

DMAT (12 1) was first proposed (1) as an important key intermediate in the 
biosynthesis of ergot alkaloids, and this was confirmed later by isolation from 
the culture broth of Cluviceps species (67). As studies have progressed, its 
importance became apparent from both the biosynthetic and the synthetic points 
of view (4). 

The fust synthesis of DMAT (121) was reported in 1967 by Plieninger’ s 
group (68) starting from 4-formylindole. This synthesis played an important 
role in the supply of DMAT (121) for biosynthetic research. In 199.5, 
Nettekoven’s group developed a method for the synthesis of optically active 
DMAT (69). They prepared 4-dimethylallylgramine (153) by selective C-4 
lithiation of the N-silyl protected gramine 152 followed by treatment with 
dimethylallyl bromide. Then dl-DMAT (12 1) was synthesized from the above 
gramine 153 according to Plieninger’ s method (68). On conversion of d-121 
to the phenacyl amide 154, enzymatic kinetic resolution of 154 afforded 
enantiomerically pure (-)-DMAT (12 1) with 98% ee (Scheme 30). 

Recently, Yokoyama and Murakami reported another synthesis of optically 
active DMAT (12 1) (70). Dehydration of 142 gave the unstable diene 155 
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152 153 121 (II-DMAT 

Y 
d 

CHrF-COOH 
NHCOBn 

154 
Enzymatic kinetic 

resolution 121 (-)-DMAT 

SCHEME~O. Reagents: a, r-BuLi; b, BrCH$ZH=C(Me)2; c, BnCOCl; 
d, Penicillin G Acylase. 

which was then treated with magnesium-methanol for reduction of the diene 
moiety in a 1.4 manner. Concomitant detosylation gave N-Boc-DMAT methyl 
ester (156). Since the optical purities of 142 and 156 were 93% and 91%, 
respectively, racemization was negligible. Alkaline hydrolysis of the ester 156 
gave the acid 157 in 92% yield, and the Boc group was removed by heating in 
acetic acid at 120°C (Scheme 31). 

Although (-)-121 was obtained as the sole product in 57% yield, serious 
racemization occurred (25% ee). On investigation it was found that hydrolysis 
of the ester 15 6 in 50% aq. acetic acid proceeded smoothly at lower temperature 
(80@) to give (-)-DMAT (121) without racemization (94% ee) and in good 
yield (90%) (Scheme 31). Low temperature treatment thus might minimize both 
the racemization and the addition of water to the double bond 158. 

4. Synthesis of Optically Active Chanoclavine 1 

Chanoclavine I belongs to a class of 6,7-secoagroclavines having a tricyclic 
ring system. Its occurrence has a special significance since it is an important 
intermediate in the biosynthesis of telracyclic ergolines, including lysergic acid 
(1) (4). Although dl-chanoclavine I (3 6) was synthesized previously by several 
groups (29-33). there were only a few reports on the synthesis in optically 
active form. In 1994, French chemists (35,36) reported the fit asymmetric 
total synthesis of chanoclavine I (36) in 12 steps involving a process of the 
formation of C ring by asymmetric palladium-catalyzed cyclization as the key 
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e or f 
121 (-)-DMAT - 

T d 

142 155 156 
C I 

158 121 (-)-DMAT 

SCHEME 31. Reagents: a, TsOH, benzene; b, Mg, MeOH; c, 50% aq. AcOH, 
sealed tube; d, 4% KOH-dioxane; e, 120°C, AcOH; f, 80°C, 50% aq. AcOH. 

step via the rc-ally1 complex 159 with a chiral phosphine ligand (Scheme 32). 
In order to use tryptophan as the starting material for the construction of an 

ergoline skeleton, it was necessary to develop an intramolecular cyclization for 
the formation of cyclohexa[cdlindole. For this purpose, there were several 
methods reported, particularly through the formation of a cyclohexa[cd]indole. 
Hegedus’s group (71) developed a route by applying the Heck reacton to the 
cyclization of 3-allyl-4-bromo-N-tosyhndole (160). Although they succeeded 
in synthesizing a tricyclic ring system, rearrangement of the double bond in the 
product occurred to form the more stable naphthalene derivative 16 1. Further, 
Hegedus (72) attempted a similar cyclization of the oc,P-unsaturated ketone 162 
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29 

+ 
L,Pd 

F HpOH 

32 36 (-)-Chanoclavine I 

SCHEME 32. Reagents: a, Pd(OAc),, KzC03, (S)-BINAP, THF. 

to synthesize the tricyclic ketone 163 (Scheme 33). The presence of a keto 
group blocked rearrangement to the benz[c&ndoline system. 

160 161 

a 

162 163 

SCHEME 33. Reagents: a, Pd(OAc),, (o-tol),P, Et,N in CH,CN. 
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Radical reaction 

164 b - 

Heck reaction 

f 
COOMe 

Q 1: 
TS 
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165 
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COOMe 

I \ \ 0 / / TS 
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SCHEME 34. Reagents: a, (n-Bu&SnH, AIBN, toluene; b, 0.1 eq. 
PdClz(pPh&, DMF-Et,N. 

Yokoyama et d. (73,74) also attempted an intramolecular palladium-catalyzed 
viny&ion (Heck reaction) or radical reaction of the 4-bromoindole derivative 
164 carrying an oc,P-unsaturated ester group in the 3-substituent. Though the 
Heck reaction on this compound 164 was unsuccessful to give 166, radical 
cyclization of 164 resulted in the desired tricyclic ring system 165 in moderate 
yield (Scheme 34). Accumulating the information on the reactions and results of 
these reactions, including the Heck reaction, aimed at the synthesis of 
chanoclavine I (36), the strategy for the synthesis of this alkaloid by the 
cyclization of tryptophan derivatives finally allowed completion of the total 
synthesis. 

Optically active, doubly-protected 4-bromo-N-methyltryptophan 167 was 
prepared by asymmebic reduction of the corresponding dehydrotryptophan 
derivative 13 1. The optical yield, however, was 55% ee, when BBPM was 
used as a chiral phosphine ligand. The absolute configuration of 167 was R, 
opposite to that of the natural amino acid, but this configuration was required for 
the synthesis of the natural ergoline alkaloids. Palladium-catalyzed 
intramolecular cyclization of the optically active conjugated ester 168, which 
was prepared from 167, proceeded smoothly in the presence of 1,3- 
bisdiphenylphosphino-propane (BPPP) and tribasic silver phosphonate-calcium 
carbonate to give the expected hicyclic ester 16 9 in good yield. 
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COOEt 

n_ &;bBoc 0, & 

174 36 (-)-Chanoclavine I 

SCHEME 35. Reagents: a, MeI, Ag2CQ; b, [Rh(COD)2]BF4, BPPM, Hz, 5 
atm; c, DIBALH; d, Ph,P=CHC$Me; e, 0.1 eq. WC&-BPPP, Ag,PO,, 
CaC03, DMF; f, H,, 10% Pd-C; g, Li[Bu(iseBu),AlH], THF; h, NaBH,, 
EtOH, i, o-NOghSeCN, (n-BuhP, pyridine-THF; j, NaIO,, THF-H20; k, 
0.~04 (cat.), NMO, Acetone-H20; 1, Mg, MeOH, m, NaIO4, MeOH-H20, n, 
Ph,P=C(Me)COOEt, C$Cl,; o, TFA, CHCl,; p. DIBALH, THF. 

On the other hand, radical c&ization of 168 by heating with tri-n-butyltin 
hydride and AIBN did not occur, only recovering the starting material. These 
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confusing results compared to the above preliminary experiment might be 
explained by a rigid conformation of the C ring due to the presence of a bulky 
protective group on the amino group in 168. Catalytic reduction of the tricyclic 
compound 169 gave the homogeneous product 170 with an undesired cis 
configuration. Conversion of the ester 17 0 to the oletin 17 1 was accomplished 
smoothly by a straightforward four-step sequence of reactions including one-pot 
reduction, selenylation and syn-elimination. The optical purities of the products 
168 and 171 were both 55% ee determined by HPLC, thus proving that no 
racemization was involved in the processes of the conversion [ 16 7 to 16 81 and 
cyclizationsteps [168 to 1691 (Scheme 35). 

Oxidation of the olefin 171 with osmium tetroxide-NMO, followed by 
deprotection of the tosyl group with magnesium-methanol and cleavage of the 
diol with sodium periodate, gave the unstable aldehyde 173 which was 
immediately converted to the ester 174 by the. Wittig reaction. Ready 
isomerization to the stable rrunr isomer 17 3 brought about the sole formation of 
the product with a trms configuration. Finally, the conversion of 174 to 
chanoclavine I (36) was carried out according to Oppolzer’s procedure (32). 
The synthetic compound, which showed 75% ee after one recrystallization, had 
the same optical rotation as the natural alkaloid. 

V. Interconversion of Ergoline Alkaloids 

Most of the important conversions and interconversions of ergoline alkaloids 
were reported in the previous review (3). However, some further conversions 
were described in the literature based on a need for supply of the alkaloids. 

A. CONVERSION OF AGROQAVIFE ID LYSERCDL 

Based on the previous results of the oxidative conversion of setoclavine 
(175) to lysergene (27). agroclavine (62), now readily available by the 
fermentation of Chiceps purpureu AA218, was successfully converted into 
lysergol(176) by functionahzing the &methyl group of agroclavine (62) (75). 
Regioselective dehydration of setoclavine (17 5) to lysergene (2 7) was achieved 
by heating 175 under reflux with predried Woelm alumina N-super 1 (type 
W200) in 1,Zdichloroethane to give lysergene (2 7). Then the exocyclic double 
bond was selectively hydroborated with 9-BBN at 60°C in tetrahydrofuran. 
Treatment of the adduct with aqueous sodium hydroxide and 30% hydrogen 
peroxide gave lysergol(17 6) (Scheme 36). 
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a 

62 Agroclavine 175 Setoclavine 

1 b 

176 Lysergol 27 Lysergene 

SCHEME 36. Reagents: a, K,Cr,O,, c H,SO,, aq. acetone; 
b, Woelm alumina, ClCH,CH,Cl; c, 9-BBN, THF; d, NaOH, H,O,. 

B. CONVERSION OF AGR~CLAVNE m  LYSERGENE AND LYSERGJNE 

Ready availability of one of the most useful ergoline alkaloids agroclavine 
(6 2) has continuously drawn attention for its conversion to other ergot alkaloids 
(76). The hydrogen at C-10 of agroclavine (62) was readily removed by n- 
butyllithium to form an ambident carbanion which was then treated with a range 
of electrophiles to yield IO-supstituted agroclavines, 8-substituted lysergines 
and isolysergic acid derivatives, one of which, 8-methylthio-lysergine (177), 
was prepared by the addition of dimethyl sulfide to agroclavine (62). The 8- 
methylthiolysergine (177) was then oxidized with sodium periodate to the 
sulfoxide 17 8, and the methylthio group was eliminated in 40% yield to give the 
lysergene (27) (Scheme 37). 
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a, b 

H - 

62 Agroclavine 

27 Lysergene 178 

SCHEME 37. Reagents: a, n-BuLi, THF; b, MeSSMe; c, NaI04, 
aq, MeOH; d, heat. 

VI. Reactions Developed for the Synthesis of Ergoline Alkaloids 

Development of reactions designed or intended for the synthesis of ergot 
alkaloids and their analogs are summarized in this section, though successful 
invention and application of new synthetic methodologies were described in the 
section of new syntheses of ergoline alkaloids (Sections III and IV). There have 
been many reports describing the accumulated efforts and ideas aimed at the 
synthesis of natural products by new methods. In this section we have tried to 
coUect these ideas in order to give chemists some concepts of the routes that 
have been investigated. 

A. TWO RADICAL CYCLEATION MR ‘IHE CONSTRUCTION OF m Ekcmta 
S- 

Parsons et al. have developed a new free radical cyclization with the potential 
for application to the construction of the lysergic acid framework by a reaction 
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Scu~~~38. Retrosynthetic analysis. 

involving the homolytic cleavage of a carbon-bromine bond, mediated by n-i-n- 
butyltin hydride (77). This led to the development of a method for the 
construction of 3,4-disubstituted dihydroindoles via a single cyclization; 
hexahydrobenz[cdlindoles via double tandem cyclizations, and both 
octahydroindolo[6,5,4-cd]indoles and decahydroindolo[4,3-fg]quinolines via 
triple radical cychzations of 179. These synthetic ideas can be appreciated 
readily from the retrosynthetic scheme shown (Scheme 38). 

Ally1 sulfides have been used in radical cyclization to control the 
regiochemistry in 6-endo ring closures. This, indeed was found to be the case 
when the enamine 18 1 was subjected to radical cyclization under high dilution 
conditions. The ergoline 182 was isolated after successful 5-end-trig, 6-e&o- 
trig, 6-end&rig cycliiation. 

llre uncyclized enamine 183 was treated in boiling toluene for 5 h. prior to 
radical cychzation, and then further treated with tri-n-butyltin hydride in boiling 
toluene. A successful tandem double 5-era-trig, 6-e&o-trig cyclization of the 
aryl radical generated from 184 afforded the tetrahydrolysergate 185 which 
was obtained as the only isolable product in 75% yield as a 3: 1 mixture of two 
epimers at the IO-position (Scheme 39). 

Although introduction of a 9, lo-double bond in the lysergic acid framework 
remains unaccomplished, this tandem radical cyclization approach can be used 
for the synthesis of tetrahydrolysergic acid derivatives. With the appropriate 
choice of starting materials, the synthesis of other ergot alkaloids and their 
synthetic derivatives could be achieved using this novel approach. 
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180 pOMe 181 . 182 

183 184 185 

SCHEME 39. Reagents: a, molecular sieves, toluene; 
b, (n-Bu)sSnH; c, toluene [thermal cyclization]. 

B. INTRAMOLECULAR CYUIZATIONOFANAUYLCATION 
FORlHEsYNTHESISOFTHEERGOLlNE!hEIEIDN 

The intramolecular cyclization reaction involving the ally1 cation 19 1 derived 
from the 3.4~disubstituted indole 190 was applied to the construction of the 
ergoline skeleton (78). 

4-Carbomethoxyindole (186) was reacted with benzenesulfonyl chloride in 
the presence of tetrabutylammonium hydroxide to yield the N- 
benzenesulfonamide in 95% yield. Treatment with mercuric acetate in acetic acid 
followed by aqueous sodium chloride yielded the indole-mercurichloride 187 
quantitatively. Palladium-catalyzed coupling of the mercury salt with ally1 
bromide in the presence of &PdC1, provided a fair yield of the 3-allylindole 
188. Cleavage of the alkene was achieved using catalytic osmium tetroxide and 
excess sodium periodate to form the desired aldehyde in 81% yield. This 
aIdehyde was converted into the enol ether 189 in 95% yield, with a 1 : 1 ratio 
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186 187 188 

SCHEME 40. Reagents: a, PhSO$l, KOH, (n-Bu)&OH; b, Hg(OAc)z, 
AcOH, cat. perchloric acid; c, ally1 bromide, LizPdCL MeOH; d, 0~04, 
NM0 then NaIO,; e, Ph$CHOMe*HCl, t-BuLi; f, DIBALH; g, Mn02; 
h, Mg, 2-bromo-3-trimethylsilylpropene; i, TiC4, N-methylaniline. 

of the cis and &ms mixed products, using methoxymethyltriphenyl- 
phosphonium chloride in conjunction with 2.2 equivalents of t-butylhthium. 
Finally, reduction of the ester 189 with DIBALH and reoxidation with 
manganese(W) oxide provided the aldehyde in 84% yield. which was then 
reacted with the Grignard reagent formed from 2-bromo-3-trimethylsilyl- 
propene to produce the key intermediate 190 in 62% yield. The intramolecular 
cycloaddition was achieved through reaction of 19 0 in the presence of TQ and 
N-methylaniline to yield a 1:l mixture of two cycloadducts 192 (Scheme 40). 
This compound, 192, was to serve as the synthetic precursor for the ergoline 
alkaloids. 
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c. INlRAMom I~OMUNCXNO~ CYCL~ADDITION PAINWAY 
To LYSERGIC ACID 

As a viable approach to the synthesis of lysergic acid, intramolecular 
cycloaddition of alkenyl- and alkynyl-substituted diazoimides 194 across a 
transient isomunchnone dipole was investigated, aiming at the construction of 
the ring system of the quinoline ring system (C and D rings) of the ergot 
alkaloids (79). 

Although the inability to carry out a double bond isomerization to the position 
required for lysergic acid is a drawback, this unique route of constructing the 
skeleton of the target alkaloid has the potential to become a new synthetic 
methodology for lysergic acid. 

The known tricyclic olefin 193 was oxidatively ring opened at the oletinic 
ring to give an indoline derivative which was transformed to the starting 
prerequisite diazo imide 19 4. The rhodium-catalyzed reaction of 19 4 proceeded 
smoothly, using rhodium(B) pertluorobutyrate as the catalyst, to give the 
cycloadduct 195 as the exclusive product in 93% yield. The conversion of the 
cycloadduct 195 to methyl paspalate was undertaken by treating 195 with 

193 

b 

196 197 

c, d 

SCHEME 41. Reagents: a, [(CF3CF2CF2CO&Rhla, CHaCla; b, BFs*OEta, 
CH$l,; c, phenyl chloroformate; d, (n-Bu)sSnH, AIBN, A. 
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boron trifluoride etherate in dichloromethane to furnish the expected 
tetrasubstituted enamide 196 in quantitative yield. The Barton- McCombie 
reaction, using the phenyl thiocarbonate derivative with tri-n-butyltin hydride, 
afforded the expected deoxygenated amido ester 197 as a 2:l mixture of 
diastereomers, which, however, resisted all attempts, using a variety of bases, 
to isomerize the double bond (Scheme 41). 

D. USE OF AN INWLE CHROMIUM COMPLEX FOR THE Smrs 
OF ERGOT ALKALOIDS 

The activating effect of x-complexation of a Cr(CO), unit allows selective 
nucleophihc substitution in indoles, including tryptophan derivatives, and thus 
provides intermediates for the synthesis of clavicipitic acid and related indole 
alkaloids. The addition of a nucleophile to an N-protected indole-Cr(CO), 
complex 198 provided 199 and/or 2 0 0 for the regioselective introduction of a 
subs&tent at C-4 or C-7 on the indole ring, depending on the substituents at 
C-3 and N-l, as well as the nature of the nucleophile (80). This methodology 
was successfully applied to indole itself (28). Indole is readily transformed into 
the corresponding tricarbonylchromium complex and silylated with r- 
butylchloro-diphenylsilane to produce the crystalline complex 17, The addition 
of 17 to a solution of the lithiated sulfone, followed by oxidative quenching 
with iodine and desilylation. furnished the C-4 substituted indole 18 in 90% 
yield. The indole 18 was converted to the enone 19 with the alkenyl side chain 
at the 4-position in 78% yield by sequential acid and base treatment (Scheme 
42). 

198 199 200 

SCHEME 42. Reagents: b, Ia; c, TBAF; d, cat. TsOH; e, EtsN. 
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a, b, c 
P 

99 c H -Jo 
H 

I 

L-Tryptophan 20 21 

SCHEMERS. Reagents: a, LiAl&; b, NaOH, c, COCl,; 
d, Cr(CO)3(MeCN)3; e NaH, Phz(r-Bu)SiCk f, MeLi, 
(Me),C=C(H)CH,Br; g, LDA, then I2 

A similar sequence of reactions was applied to Ltryptophan, and the 
subcequent conversion of the resulting amino alcohol into the oxazolidinone 2 0 
proceeded in 82% yield (28). Following formation of the tricarbonylchromium 
complex 2 1, treatment with LDA and iodine yielded the synthetic precursor 22 
of clavicipitic acid (8 4,8 5) (Scheme 43). 

E. ENANTIOSFUCITW PALLADIUM-CATALYZED CAR~O~YCTLEATION 
OF NITROACETATEFORTHEERGOLINESKFUTQN 

Genet ef al. (35) have developed an intermolecular, palladium-catalyzed 
alkylation of a nitroacetate. and applied the reaction to its intramolecular version 
using chiral ligands on the metal for the synthesis of the C ring of ergoline 
synthons in an optically active fashion. The preparation of these chiml synthons 
3 2 was achieved by palladium-catalyzed enantioselective carbocyclization of the 
bifunctional n&acetate 3 1, synthesized from 4-formylindole. On exposing 3 1 
to Pd(dba), and (S)-CHIRAPHOS with potassium carbonate as the base, the 
chiral derivative 3 2 was obtained on a practical scale with an acceptable level of 
optical purity (69% ee). Genet et al. optimized these results by employing 
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32 

SCHEME 44. Reagents: a, Pd(OAc),,+K2C03, (S)-BINAP. 

Pd(OAc), and (S)-BINAP. The desired enantiomer 32 was obtained 
enantioselectively with a 95% ee (36) (Scheme 44). 

This catalytic, enantioselective, palladium(O)-promoted C-5, C-10 ring 
closure provides a simple, direct and versatile synthesis of chiral ergoline 
compounds. 

F. PALL4DKJhGCATAL.YZQl&ACTIONSOF 3-hKENYL-4-10MJNDOLES 
FOR-IT-IESYNIHEXSOF ~,~-DJ~~Ew~wED INDous 

Palladium-catalyzed coupling of 4-icxloindoles with acetylenes established the 
smooth synthesis of 3,4-disubstituted indole derivatives suitable for the 
synthesis of ergoline alkaloids. SzGntay et al. (81) thoroughly investigated the 
conditions of the relatively harsh conditions of the Heck reaction and succeeded 
in establishing satisfactory conditions for the substitution of 4-iodoindoles 2 0 1. 
They examined four different 4-iodoindoles 201 with various electron densities 
in the aromatic ring, and three different palladium catalyst systems of [Ph,P],P, 
[Ph,P],PdCG, as well as [Ph,P],Pd, generated in situ from PQC and triphenyl 
phosphine, for the addition of various acetylenes. As a result, they found that 
the reaction proceeded well on a scale of 1 mm01 in DMF (ca. 20-30 mg/ml 
indole concentration) under argon atmosphere in the presence of 2 equivalents of 
triethylamine as base, in addition to the use of 2-5 equivalents of acetylene, 0.2 
equivalents of cuprous iodide, and 0.02 equivalents of the palladium catalyst. 
The reactions were run at room temperature, giving mostly fair to good yields of 
chromatographically pure products (Scheme 45). 

The acetylenic indoles 2 0 2 were partially saturated over the Lindlar catalyst to 
2 03, which was transformed previously to secoagroclavine by Somei et al. (82). 
Thus, these reaction conditions could provide a promising opportunity for the 
synthesis of many ergoline alkaloids. 
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201 202 203 

SCHEME 45. Reagents: a, [Pd], CuI, Et,N, DMF,H = R’ ; 
b, Lindlar catalyst. 

G. COBALT-UTALYZFD COCYCLIZATION OF ~-ETMwL-~- 
INDoLEACEIONlTRLlS WITHACETYLWES 

4-Ethynyl-3-indoleacetonitriles (24), which were readily prepared from the 
corresponding 4-bromo precursors followed by palladium-catalyzed 
trimethylsilylethynylation-deprotection, were reacted with acetylenes in the 
presence of CpCo(CO), catalyst to give rise to a mixture of the compounds 
204-207 having the structure of the annelated teuacyclic ergot framework in 
one step (14) (Scheme 46). Although the formation of several products was not 
desired, this cocyclization reaction has several advantages for forming the 
ergoline skeleton in one step. 

206 207 

SCHEME 46. Reagents: a, CpCo(CO)L, A, hv. 
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VII. Further Developments on the Synthetic Supply of Key 
Intermediates Useful in the Synthesis of Ergot Alkaloids 

Due to the complexity of the structure of the ergot alkaloids and their 
remarkable biological potency, many synthetic approaches have accumulated. In 
addition, the establishment of convenient and facile synthetic procedures for the 
key synthetic intermediates have been sought as exemplified by the key 
intermediate tricyclic ketone in the synthesis by Woodward and Komfeld. 
Actually, in many of the total syntheses of the ergot alkaloids, success has 
depended on the development of the convenient and efficient supply of the key 
intermediates. 

Therefore, for synthetic studies aimed at the development of new medicinals, 
some of the most important and useful synthetic methods for key synthetic 
intermediates are selected as follows. 

A. FACILE SYNTHE.T~S OF UHE’S KEIWE 

A facile synthesis of Uhle’ s ketone (2 12) starting from indolepropionic acid 
208 was reported (83). 

Uhle’s ketone (212) was first synthesized from 6-chloro-2-nitrotoluene in 
eight steps by Uhle in 1949 (84), and has played an important key role in the 
synthesis of lysergic acid and many other indole derivatives. The increased 
importance of this ketone prompted the establishment of a facile synthetic supply 
of this ketone as one of the important starting compounds for the study of 
ergoline derivatives. Recently, Nakatsuka et al. (83) described a highly 
regioselective cyclization for the synthesis of Uhle’ s ketone from 
indolepropionic acid (208) using a novel Friedel-Crafts cyclization system. 3- 
(l-Trimethylacetylindol-3-yl)propionic acid (209) was prepared by 
trimethylacetylation of the starting indolepropionic acid 2 0 8 with n-butyllithium 
and trimethylacetyl chloride in tetrahydrofuran at -78C in 91% yield. 
Compound 209 was treated with tbionyl chloride to give the acid chloride 
which was then stirred with aluminum chloride in 1,Zdichloroethane at -1O’ic 
for 3 h. or at 10°C for 0.3 h. to give the cyclized products as a mixture of the two 
ketones 2 10 and 2 11. Yields and relative ratios depended on the reaction 
temperature. The best result was obtained at 15’C for 1 h. in 83% combined 
yield and a 94:6 ratio. This cyclization was catalyzed by the reagent formed in 
situ from chloroacetyl chloride and aluminum chloride, which would generate a 
donor-acceptor complex species as an electron acceptor in situ. Removal of the 
trimethylacetyl moiety was achieved with catalytic sodium methoxide in 
methanol at 15°C for 10 min. giving Uhle’s ketone (2 12) in 95% yield (Scheme 
47). 
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208 

Me3CCO+ 

209 

;c@ -if+ g 

210 212 

SCHEME 47. Reagents: a, n-BuLi, MqCCOCI; b, SOCl,; 
c, AlCI,, additive (ClCH,COCl), ClCH,CH,Cl; d, NaHCO,, MeOH. 

B. IMPROWD SYNTHE.W OF KORNFEID’ s TRICYCLIC KJZWNE 

The tricyclic ketone (Komfeld’ s ketone) 2 14 is well-known as the starting 
ketone in the fiit total synthesis of lysergic acid. Since then, a number of 
synthetic studies have employed this tricyclic ketone for the synthesis of lysergic 
acid and other ergoline alkaloids. This ketone 2 14 is now readily prepared from 
indolepropionic acid (208) according to the original route, but under improved 
reaction conditions (8.5) to give a good yield of this tricyclic ketone 2 14. In 
practice the cyclization by polyphosphoric acid proceeded very smoothly at 
1OOYJ for 2 h. After cooling, the reaction mixture was simply poured into ice- 
water and extracted with dichloromethane, washed with water and dried. This 
simple and convenient procedure yields the ketone 2 14 in 69% (Scheme 48). 

208 213 214 

SCHEME 48 
C. S~NTHE%S OF A T~ICY&IC AMINE DERIVED FROM KORNFELD’ s KIXINE 
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The utilities of Komfeld’s ketone 214 continues to attract interest, 
particularly for the synthesis of potential analogs related to the serotonin 
receptors. Martinelli and coworkers (86) have succeeded in synthesizing the 
aminotetralin derivatives which possess a tricyclic amine structure, and which 
are target drug candidates for clinical evaluation. They started their synthetic 
route from Komfeld’s ketone 214, which was reduced with sodium 
borohydride. Subsequent dehydration afforded the crystalline olefm 2 15 in 
excellent yield. Epoxidation of this olefin with peracids- proceeded highly 

a, b \\ 
59 ‘, Bz 

C 
.-p 

(29 c Bz ‘H 

214 215 216 
d I 

219 217 218 

220 X=Br or I 221 

SCHEME 49. Reagents: a, NaBH,; b, Amberlist 15; c, monomagnesium- 
peroxyphthalate, H20, n-BuOH; d, (S)-phenethylamine, n-BuOH; e, MsCI, 
Et3N, f, Pd-C, Hz, H,PO,; g, Br2, NaOAc or H,IO,; h, PrI, K&O,. 
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stereoselectively affording primarily the anti-epoxides 216 with >96% de. 
Epoxide ring opening of 216 was best conducted in n-butanol at 1 lO’c1, thus 
fitting very well with the epoxide forming step above in the same solvent. 
Consequently, a solution of the racemic epoxide when reacted with an optically 
pure amine, such as (S)-a-phenethylamine, produced a 1:l mixture of the 
diastereomers 217 and 218, which, on cooling, provided the single isomer 
217 in 43% yield. Mesylation of 2 17 was successfully carried out using 
methanesulfonyl chloride and triethylamine, giving rise to an aziridine which 
was then subjected to tandem benzylic hydrogenolysis in the presence of a 
palladium catalyst to give the optically active aminotetmlin 2 19. The usefulness 
of the tricyclic amine 219 was clear from its facile conversions, including 
regioselective, aromatic electrophilic purasubstitution on the indoline moiety to 
afford the carbamoyl group substituted derivatives, and simple N,N- 
dialkylation to a variety of analogs. By utilizing the uicyclic amine 2 19, a 
number of lysergic acid diethylamide analogs were synthesized (86,87) 
(Scheme 49). 

D. SYNTHESIS OF~,~-DI~~B~T~TUT~D INwLE.5 

Since the structural features of 3,4-disubstituted indoles are abundantly seen 
in the structures of various alkaloids, a number of synthetic approaches have 
appeared in the literature for the preparation of indole derivatives with the 3,4- 
disubstitution pattern. One of the recent methods was disclosed by Somei et al. 
(3788) who took advantage of the reaction of thalliumfioclmation of a 3- 
carbonyl substituted indole, followed by the Heck reaction, for the preparation 
of a number of derivatives. 

SzAntay et al. (81) modified the original method by Somei by applying the 

[Pd], CuI 
EtsN, DMF 

H=R 

R=(CH&N02, CH=CHNO, (E) 
R’=TMS, n-Bu, C(OH)Me, 

SCHEME 50 
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Cu(I)-Pd(0) coupling of terminal acetylenes with the indole systems 20 1 at the 
4-position, thereby improving the yield (Scheme 50). The etbynyl group in 2 0 2 
was partially saturated over the Lindlar catalyst to afford the alkenes 2 0 3, one of 
which was transformed previously to secoagroclavine (82). 

E. SYNTHESLS OF ‘%BRoMOmYPTOPHAN FROM 4-BROMOINDOLE 

In the course of studies aimed at the development of a method for introducing 
substituents into the indole ring, Yokoyama et al. (61,62,65) succeeded in a 
simple synthesis of 4-bromodehydrotryptophan 131 by the vinylation of N- 
tosyl 4-bromoindole (124) in the presence of a stoichiometric amount of 
palladium salt. Vinylation of N-acetyldehydroalanine methyl ester 127 and N- 
(ethoxycarbonyl)dehydroalanine methyl ester 222 with 124 occurred in the 
presence of a stoichiometric amount of PdC1, to give the corresponding 4- 
bromodehydrotryptophan 223 and 224, respectively. This result opened the 
route for a simple synthesis of tryptophan derivatives. Actual preparation of the 
4-bromotryptophan 133 was achieved by the vinylation of 4-bromoindole 124 
with the N-Boc-dehydroalanine methyl ester 130 in the presence of a 
stoichiometric amount of Pd(OAc),. The literature conditions 11.0 equiv. of 

cooMe 
4 

127 R=Ac 
NHR 222 R=COOEt 

1 .O eq. PdClz, AcONa, AcOH 

124 223 R=Ac 11% 
224 R=COOEt 51% 

NaHCQ, chloranil 

Rh(COD) 2BF4 
Ha, DIPAMP 

131 87% 

SCHEME 5 1 
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Pd(OAc), in AcOH at 120@ for 2 h] (62) were not suited for this preparation. 
However, the compound 131 was obtained in 74-85% yield when the reaction 
was carried out in the presence of sodium hydrogen carbonate and chloranil as 
an oxidizing agent in an aprotic solvent, such as 1,Zdichloroethane or 1,2,4- 
trichlorobenzene. Asymmetric reduction in the presence of a rhodium-complex 
as catalyst afforded the 4-bromotryptophan 133 (Scheme 5 1). 

VIII. MEDICINAL!3 STRUCTURALLY RELATED 
TO ERGOLINES 

Originating from research on the development of medicinals structurally 
related to the natural ergoline-type of alkaloids, the ergoline-related major 
medicinals are summarized below. 

The ergot alkaloids and their derivatives display such a diversified range of 
biological activities that they cannot be regarded within a single pharma- 
cological or therapeutical entity. In spite of a great number of investigations on 
many derivatives and analogs of ergot alkaloids, aimed establishing the 
structure-activity relationships, much is yet to be done to reach appropriate 
conclusions. However, most of the ergoline derivatives, including the natural 
products and their synthetic analogs, generally exhibit both marked central and 
peripheml pharmacological activities. The generally non-selective interaction 
with the adrenalin, dopamine and serotonin receptors accounts for their wide 
spectra of pharmacological behaviors. The dopamine agonist components D, 
and 4. which have many important clinical applications in the treatment of 
Parkinsonism, and the agonist/antagonist serotonergic components 5-HT,,. 5- 
HT,,, and 5-HT,, with their documented connection with psychiatric disorders, 
such as depression and anxiety, have fostered interest in this class of 
compounds by a group of chemists led by Mantegani (89-94). 

In this section, some of the medicinals with clinical applications are 
presented. 

A. BROM~CRPIINE 

Bromocriptine (225) was fiist introduced in 1969 as a dopamine receptor 
agonist, produced from derivatives of the ergotoxine group of ergot alkaloids, 
prepared by the Sandoz group (Fluckiger et ui.). Following research by many 
groups, its potentiality as a useful medicinal in the market was established (95- 
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Br 

225 Bromocriptine 226 L&ride 

227 Mesulergine 228 Metergoline 

97). The relationship between its stereochemistry and biological activity was 
established in 1980. Many aspects of its biological activity, including its 
endocrine profile, its usefulness as an immuno-modulator, in obstetrics and in 
gynecology, and in the treatment of pituitary tumors, have been described, along 
with clinical studies in the treatment Parkinson’s disease. 

Bromocriptine (2 2 5) is available as its methanesulfonate, known as Parlodel, 
Pravidel, or Serono-Bagren, and now is used as an enzymatic inhibitor for its 
prolactin and also for antiparkinsonian activity. 

The chemisry and biology of bromocriptine (225) have been reviewed 
frequently, e.g. Ho and Thomer (9.5). 

B. &XJRIDE 

Structurally closely related to LSD. Lisuride (226) is a compound having a 
3,3-ditnethylureido substituent at the 9-position of the ergoline skeleton, and 
was first prepared in 1960 as a dopamine D,-receptor agonist (98). Lisuride, as 
its acid maleate, is commercially available under the names of Cuvalit, Dopergin, 
Eunal, or Lysenyl, and is used clinically as an antimigraine and also as a 
prolactin inhibitor. The pharmacological activity and toxicity of lisuride were 
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reviewed previously in 1963 by L. Votava. 

c.h'&.SUlXRGlNE 

This compound, 227, was first introduced by the Sandoz chemist Stutz, who 
not only had led research on the ergot alkaloids, but also contributed by writing 
the first review in “Manske’s Alkaloids” series in 1982 (2,99). The principal 
structural feature is the NJ-dimethylsulfamide substituent on the 9-position of 
the ergoline skeleton, in addition to a methyl group on the indolic nitrogen. 
Mesulergine (2 2 7) has a variety of clinical activities, including central dopamine 
agonistic activity, hypotensive activity comparable to bromocriptine, inhibition 
of prolactin release, and antiparkinsonism. 

D. iVkTERGOLlNE 

Developed by an Italian group in 1964, this compound, 228, also known as 
Liserdol, has the structural features of an aminometbyl group protected by a 
benzyloxycarbonyl group at the g-position, along with two methyl groups on 
both ring nitrogens, which provide a different pharmacological profile for this 
compound from most of the ergoline derivatives. It is used as an analgesic and 
antipyretic (101). 

E. NICERGOLINE 

Also known as Nicotergoline and Nimergoline, this compound, 229, has a 
characteristic structure at several points, including having a trams methanol 
adduct at the double bond at the 9-position, methyl groups on both ring 
nitrogens and the 8-hydroxymethyl group protected by a 5bromonicotinate 
group. This compound, 2 2 9, was attractive from the aspect of its dopaminergic 
activity and is used as a vasodilator (99). 

F. %RGOLDE 

Introduced by Komfeld and coworkers in 1979 as a dopaminergic agonist 
that also decreases plasma prolactin concentration, thiscompound, 2 30, shows 
activity in the treatment of acute myocardial infarction with diastolic 
hypertension. It is also effective in the treatment of pituitary tumors secreting 
prolactin or growth hormone (102). Its clinical study revealed its effectiveness 
in Parkinson’s disease, and it is now used clinically. ‘Ihis compound, 230, 
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induces the structural feature of a 8P-methyhnercaptomethyl substituent, 
together with an ethyl group on the 6-nitrogen instead of a methyl group. 

G.TERGURDE 

This is the dihydrogenated analog of hsuride (226) having the structure of 
9.1~rr~dihydrolisuride, thereby exhibiting dopamine agonistic and 
antagonistic activities. Synthesized by Czechoslovakian chemists in 1972, this 
compound, 23 1, is also called Dieonyl. Mysalfon, etc., and used in the form of 
the hydrogen maleate salt for its antiparkinsonian and antihyperprolactinemic 
activities (103). 

H. CAEXRGOLINE 

Selected from a group of dihydolysergylurea derivatives for its outstanding 
pharmacological and pharmacodynamic activity, carbergoline (232) has been 
used for its significant prolactin secretion inhibitory activity. This compound 
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was obtained by treatment of dihydrolysergic acid with an appropriate 
carbodiimide, or by the reaction of dihydrolysergamide with a large excess of an 
alkyl isocyanate (104,105). Carbergoline (232) is also recognized as a potent 
and selective Dz receptor agonist, and is at least two-hundred fold more potent 
than bromocriptine in the prevention of the fertilized egg implantation in rats 
(ED,, 0.025 mg/Kg). It is devoid of the hypotensive activity and emesis present 
in almost all of the compounds in this therapeutic class. 

IX. ADDENDUM 

In nature, many types of natural products exist also in the form of glycosides, 
which, more importantly, are known to have potent and useful pharmacological 
activities. However, in the area of the ergot alkaloids, few ergot alkaloid 
glycosides are known, and their study remains in the future: a recent review 
mentioned the existence of elymcclavine fructoside and a few others (106). 

Acknowledgments 

The authors take this opporttmity to express their appreciation to Dr. S. 
Mantegani for the kind offer of some of his most recent publications on ergot 
research. 

References 

1. A. St011 and A. Hofmann, in ‘The Alkaloids” (R.H.F. Manske and H.L. 
Holmes, eds.), Vol. 8, p. 725. Academic Press, New York, 1965. 

2. P.A. Stadler and P. Stutz, in “The AIkaloids”(R.H.F. Manske and H.L. 
Holmes, eds.), Vol. 15, p. 1. Academic Press, New York, 1975. 

3. I. Ninomiya and T. Kiguchi, in ‘The Alkaloids” (A. Brossi, ed.), Vol. 38, 
p. 1. Academic Press, New York, 1990. 

4. D. Groger and H.G. Floss, in “The Alkaloids” (G.A. Cordell, ed.), Vol. 
50, p. 171. Academic Press, New York, 1990. 

5. E.C. Komfeld, E.J. Fomefeld, G.B. Kline, M. J. Mann, R.G. Jones, 
and R.B. Woodward. J. Am. Chem. Sot. 7 6, 5256 (1956). 

6. M. Julia, F. Le Goffic, J. Igolen, and M. Baillage, Tetrahedron Lett. 
1569 (1969). 

7. V.W. Armstrong, S. Coulton, and R. Ramage, Tetrahedron, Suppl. I3 7, 



254 SOMEI ETAL 

157 (1981). 
8. W. Gppolzer, E. Francotte, and K. Battig, Helv. Chim. Acfu 64, 478 

(1981). 
9. I. Ninomiya, C. Hashimoto, T. Kiguchi, and T. Naito, J. Chem. Sot., 

Perkin Trans. 1941 (1985). 
10. I. Ninomiya and T. Naito, in ‘“The Alkaloids” (A. Brossi, ed.), Vol. 22, 

p. 189. Academic Press, New York, 1983. 
11. J. Rebek, Jr. and D.F. Tai, Tetrahedron Letf. 24, 959 (1983). 
12. Y. Matsubara, R. Yoneda. S. Harusawa, and T. Kurihara, Chem. Pharm. 

Bull. 3 6, 1597 (1988). 
13. S. Cacchi, P.G. Ciattini, E. Morera, and G. Ortar, Tetrahedron Letr. 3 9, 

3117 (1988). 
14. C. Saa, D.D. Crotts, G. Hsu, and ‘K.P.C. Vollhardt, Synferr 487 

(1994). 
15. J. Rebek, Jr. andY.K. Shue,J. Am. Chem, Sot. 102, 5426(1980). 
16. J. Rebek, D.F. Tai, and Y.K. Shue, J. Am. Chem. Sot. 106, 1813 

(1984). 
17. J. Rebek, Y.K. Shue, and D. F. Tai, J. Org. Chem. 49, 3540 (1984). 
18. S.F. Martin and S. Liras, J. Am. Chem. Sot. 115, 10450 (1993). 
19. A.P. Kozikowski and M.N. Greco, J. Org. Chem. 49, 2310 (1984). 
20. H. Muratake, T. Takahashi, and M. Natsume, Hererocycles 20, 1963 

(1983). 
2 1. A.P. Kozikowski and M. Ohta, Tetrahedron Lerr. 2 6, 4043 (1985). 
22. M. Matsumoto, H. Kobayashi, and M. Watanabe, Hererocycles 26, 

1197 (1987). 
23. P.J. Harrington, L.S. Hegedus, and K.F. McDaniel, J. Am. Chem. Sot. 

109, 4335 (1987). 
24. F. Yamada, Y. Makita, T. Suzuki, and M. Somei, Chem. Phm. Bull. 

33, 2162 (1985). 
25. D.A. Boyles and D.E. Nichols, J. Org. Chem. 5 3, 5128 (1988). 
26. B.M. Trost, H.C. Arnd< P.E. Strete, and T.R. Verhoeven, Tetrahedron 

Lerr. 3477 (1976). 
27. M. Somei, Y. Hasegawa, and C. Kaneko, Hererocycles 16, 941 

(1981). 
28. M.F. Semmelhack, P. Knochel, and T. Singleton, Tetrahedron Lerr. 3 4, 

5051 (1993). 
29. H. Plicninger and D. Schmalz, Chem. Ber. 109, 2140 (1976). 
30. M. Natsume and H. Muratake, Hererocycles 16, 375 (1981). 
31. A.P. Kozikowski and H. Ishida, J. Am. Chem. Sot. 102, 4265 

(1980). 
32. W. Oppolzer, J.I. Grayson, H. Wegemann, and M. Urrea, Tetrahedron 

3 9, 3695 (1983). 
33. I. Ninomiya, N. Habe, T. Kiguchi, and T. Naito, J. Chem. Sot., Perkin 



2. RECENT SYNTHETIC STUDIES OFTHE ERGOTALKALOIDS AND RELATED COMPOUNDS 255 

Trans. I 3275 (199 1). 
34. M. Somei, Y. Makita, and F. Yamada, Chem. Phwm. Bull. 34, 948 

(1986). 
35. J.P. Genet and S. Grisoni, Tetrahedron Lett. 2 9, 4543 (1988). 
36. N. Kardos and J.P. Genet, Tetrahedron, Asymmetry 5, 1525 (1994). 
37. M. Somei, Yukugak~ Zusshi 108, 361 (1988). 
38. M. Somei and K. Nakagawa, Heterbcycles 4 5, 1263 (1997). 
39. M. Somei, F. Yamada, and K. Nakagawa, Chem. Phurm. Bull. 35, 

1322 (1987). 
40. K. Nakagawa and M. Somei, Heterocycles 32, 873 (1991). 
41. M. Somei and F. Yamada, Chem. Phurm. Bull. 3 2, 5064 (1984). 
42. B.R. Chhabra, K. Hayano, T. Ohtsuka, H. Shirahama, and T. 

Matsumoto, Chem. Lett. 1703 (198 1). 
43. M. Somei and K. Nakagawa, in preparation. 
44. M. Somei, Y. Makita, and F. Yamada, Chem. Phwm. Bull. 34, 948 

(1986). 
45. S. Yamatodani and H. Abe, J. Agr. Chem. Sot. Japan 3 4, 366 (1960). 
46. V.G. Sakharovsky and.A.G. Kozlovsky, Tetrahedron Lett. 25, 109 

(1984). 
47. M. Somei, H. Mukaiyama, Y. Nomura, and K. Nakagawa, Heterocycles 

31, 1919 (1990). 
48. T.C. Choong and H.R. Shough, Tetrahedron Lett. 3137 (1977). 
49. B.S. Bal, W.E. Childers, Jr., and H. W. Pinnick, Tetrahedron 37, 2091 

(1981). 
50. H. Watanabe, M. Somei, S. Sekihara, K. Nakagawa, and F. Yamada, 

Japan J. Phurmucol. 45, 501 (1987). 
51. F. Yamada, K. Kobayashi, A. Shimizu, N. Aoki, and M. Somei, 

Heterocycles 3 6, 2783 (1993). 
52. F. Yamada, T. Hasegawa, M. Wakita, M. Sugiyama, and M. Somei, 

Heterocycles 2 4, 1223 (1986). 
53. M. Somei, S. Hamamoto, K. Nakagawa, F. Yamada, and T. Ohta, 

Heterocycles 37, 719 (1994). 
54. H. Muratake, T. Takahashi, and M. Natsume, Heterocycles 20, 1963 

(1983). 
55. K. Nakagawa and M. Somei, Heterocycles 39, 31 (1994). 
56. M. Somei, F. Yamada, Y. Karasawa, and C. Kaneko, Chemistry Lett. 

615 (1981). 
57. M. Iwao and F. Ishibashi, Tetrahedron 5 3, 51 (1997). 
58. M. Iwao, Heterocycles 3 6, 29 (1993). 
59. M. Iwao and 0. Motoi, Tetrahedron Lett. 3 6, 5929 (1995). 
60. D:L. Varie, Tetrahedron L&t. 3 1. 7583 (1990). 
61. Y.-Yokoyama, M. Takahashi, Y. Kohno, K. Kataoka, Y. Fujikawa, and 

Y. Murakami, Heterocycles 3 1, 803 (1990). 



256 SOMEI ETAL 

62. Y. Yokoyama, M. Takahashi, M. Takashima, Y. Kohno, H. Kobayashi, 
K. Kataoka, K. Shidori, and Y. Murakami, Chem. Pharm. Bull. 42, 832 
(1994). 

63. U. Schmidt and J. Wild, Liebigs Ann. Chem. 1882 (1985). 
64. J.E. Robbers, H. Ohtsuka, H.G. Floss, E.V. Arnold, and J. Clardy, J. 

Org. Chem. 4 5, 1117 (1980). 
65. Y. Yokoyama, T. Matsumoto, and Y. Murakami, J. Org. Chem. 60, 

1486 (1995). 
66. H. Matsuo, Y. Kawazoe, M. Sato, M. Ohnishi, and T. Tatsuno, Chem. 

Pharm. Bull. 18, 1788 (1970). 
67. P.F. Heinstein, S.L. Lee, and H.G. Floss, Biochem. Biophys. 98, 457 

(1962). 
68. H. Plieninger, M. Hobel, and V. Liede, Justus Liebig’s Ann. Chem. 672, 

223 (1964). 
69. M. Nettekoven, M. Psiorz, and H. Waldmann, Tetrahedron Lett. 36, 

1425 (1995). 
70. Y. Yokoyama, H. Hikawa, and Y. Murakami, in preparation. 
71. P.J. Harrington and L.S. Hegedus, J. Org. Chem. 4 9, 2657 (1984). 
72. L.S. Hegedus, M.R. Sestrick, E.T. Michaelson, and P.J. Harrington, J. 

Org. Chem. 54,141 (1989). 
73. Y. Yokoyama, H. Matsushima, M. Takashima, T. Suzuki, and Y. 

Murakami, Heterocycles 4 6, 133 (1997). 
74. Y. Yokoyama, K. Kondo, M. Mitsuhashi, and Y. Murakami, 

Tetrahedron Lett. 3 7, 9309 (1996). 
75. J.R. Harris and D.C. Horwell, Synth. Commun. 22, 995 (1992). 
76. G.H. Tiims, D.E. Tupper, and S.E. Morgan, J. Chem. Sot., Perkin 

Trans. 1817 (1989). 
77. Y. Ozlu, D.E. Cladingoel, and P.J. Parsons, Tetrahedron 50, 2183 

(1994). 
78. S. Barbey and J. Mann, Synlett 27 (1995). 
79. J.P. Marino, Jr., M.H. Osterhout, and A. Padwa, J. Org. Chem. 60, 

2704 (1995). 
80. M.F. Semmelhack, G.R. Clark, J.L. Garcia, J.J. Harrison, Y. 

Thebtaranonth, W. Wulff, and A. Yamashita, Tetrahedron 37, 3957 
(1981). 

81. G. Galambos, Cs. Szsintay, Jr., J. Tamas, and Cs. Szantay, Heterocycles 
36, 2241 (1993). 

82. M. Somei, F. Yamada, and Y. Makita, Heterocycles 2 6, 895 (1987). 
83. K. Teranishi, S. Hayashi, S. Nakatsuka, and T. Goto, Synthesis 506 

(1995). 
84. F.C. Uhle, J. Am. Chem. Sot. 7 1, 761 (1949). 
85. G.B. Okide, Tetrahedron 49, 9517 (1993). 
86. M.A. Car-r. P.E. Creviston, D.R. Hutchison. J.H. Kennedy, V.V. Khau, 



2. RECENT SYNTHETIC STUDIES OF THE ERGOT ALKALOIDS AND RELATED COMPOUNDS 257 

T.J. Kress, M.R. Deanna, J.D. Marshall, M.J. Martinelli, B.C. Peterson, 
D.L. Varie, and J.P. Wepsiec, J. Org. Chetn. 6 2, 8640 (1997). 

.87. B.A. Anderson, L.M. Becke, R.N. Booher. M.E. Flaugh, N.K. Ham. 
T.J. Kress, D.L. Varie, and J.P. Wepsiec, J. Org. Chem. 62, 8634 
(1997). 

88. S. Hamabuchi, H. Hamada, A. Hironaka, and M. Somei, Heterocycles 
32,443 (1991). 

89. S. Mantegani, E. Brambilla, C. Caccia, G. Damiani, M.G. Fomaretto, 
R.k McArthur, and M. Varasi, Bioorg. & Med. Chem. Lett. 8, 1117 
(1998). 

90. S. Mantegani, E. Brambilla, C. Caccia, A.D. Salle, M.A. Cervini, R.A. 
McArthur, G. Traquandi; and M. Varasi, I1 Farmaco 53, 65 (1998). 

91. S. Mantegani, E. Brambilla, C. Caccia, M.G. Fomaretto, R.A, McArthur, 
and M. Varasi, Eur. J. Med. Chem. 3 2,795 (1997). 

92. S, Mantegani. E, Arlandini, D, Borghi, E. Brambilla, and M. Varasi, 
Heterocycles 4 5, 1493 (1997). 

93. S. Mantegani, L. Baumer, E. Brambilla, C. Caccia, M.G. Fomaretto, 
and M. Varasi, Eur. J. Med. Chem. 33,279 (1998). 

94. S. Mantegani, E. Brambilla, C. Caccia, L. Chiodini, D. Ruggieri, E. 
Lamberti, E. di Salle, and P. Salvati, I1 Furmaco 5 3, 293 (1998). 

95. K.Y. Ho and M.O. Thomer, Drugs 3 6, 57 (1988). 
96. A. Renodon, J.-L. Boucher, M.-A. Sari, M. Delaforge, J. Ouazzani, and 

D. Maansuy, FEBS Lett. 406, 33 (1997). 
97. K. Inoue, N. Kiriike, M. Kurioka, Y. Fujisaki, S. Iwasaki, and S. 

Yamagamo, Pharmcol. Biochem. Behav. 58, 183 (1997). 
98. A Lieberman, M. Goldstein, G. Gopinathan, A. Neophytides, and M. 

Leibowitz, in “Lisuride and other Dopamine Agonists” (D.B. Calne, 
R.Horowsky, R.J. McDonald, and W. Wittke, eds.), p. 419, Raven, 
New York, 1983. 

99. I.J. Kopin, Annu. Rev. Phar~~col. Toxicol, 32. 467 (1993). 
100. I. Bemardi and A. Temperilli, Eqerientiu 5 4, 998 (1972). 
101. B. Saletu, E. Paulus, and L. Linzmayer, Psychopharmacology 117, 285 

(1995). 
102. W.C. Koller, Neurophurmacology 19, 831 (1980). 
103. W.C. Koller and G. Herbster, Neurology 3 7, 723 (1987). 
104. E. Bambilla, E. DiSalle, G. Briatio, S. Mantegani, and A. Temperilli, Eur. 

J. Med. Chem. 24, 421(1989). 
105. C. Ferrari, E. di Salle, S. Persiani, G. Piscitelli, and B.M. Strolin, Drugs 

ofToduy 3 1, 589 (1995). 
106. V. Kren, in “Topics in Current Chemistry”, Vol. 186, p. 45, Springer 

Verlag, Berlin, 1997. 



- CHAPTER3- 

ACRIDONE ALKALOIDS 

ALEXIOSLEANDROSSKALTSOUNISANDSOFIAMITAKU 

Division of Pharmacognosy, Department of Pharmacy 
Universig of Athens, Panepistimiopolis, Zograjou, GR-15771, Athens, Greece 

FRANCOISTILLEQUIN 

Laboratoire de Pharmacognosie de 1 ‘Universitd Red Descartes, 
UMR / Ch!RS 8638 

Facultk de Pharmacie, F-75006 Paris, France 

I. 
II. 
III. 
IV. 

V. 

VI 
VII 

Introduction 
Biosynthetic Considerations 
Structural Elucidation 
Occurrence 
A. Simple Acridones 
B. C-Prenylacridones 
C. Furanoacridones 
D. Pyranoacridones 
E. Dimeric Acridone Alkaloids and Related Compounds 
Synthesis 
A. Simple Acridones 
B. C-Prenylacridones 
C. Furanoacridones 
D. Pyranoacridones 
E. Dimeric Acridone Alkaloids and Related Compounds 
Biological Properties of Natural Acridone Alkaloids 
References 

THE ALKALOIDS, VOL. 54 
0099-9598/M) $35.00 259 

Copyright 0 2COO by Academic Press. 
All rights of reproduction in any form reserved. 



260 SKALTSOUNIS, MITAKU. AND TILLEQUIN 

I. Introduction 

The acridone alkaloids represent a series of some 190 secondary metabolites 
derived from the 9(10H)-acridinone (1) basic skeleton. To date, these alkaloids have 
only been isolated from some 35 genera of the Rutaceae and one genus of the 
Simaroubaceae. They appear to be unique to the order Rutales. Most acridone 
alkaloids bear oxygenated substituents, at the C-l and C-3 positions. The group also 
comprises many representatives with Ibrano or pyrano rings fused on the C ring. 

The only previous review fully devoted to this type of compounds in this 
series was published as early as 1952 by Price (I), who isolated the first naturally 
occurring acridones from the yellow bark of several trees growing in the Australian 
rain forests (2). Since 1969, the subject was regularly reviewed by Snieckus, 
Gnmdon, and Michael, in The Alkaloids: SpeciaIist Periodical Reports (3-15) and 
subsequently in Natural Products Reports (16-29), both published by the Royal 
Society of Chemistry, London. Other review articles cover, at least in part, the 
chemistry, the biochemistry, or the biological activities of naturally occurring 
acridones (30-37). The alkaloids which include the pyrano[2,3-clacridine-7-one 
skeleton have recently received more attention (38-44) due to the promising 
antitumor properties of acronycine (2). 

In terms of organization, biosynthetic considerations take precedence. These 
are followed by a description of the various groups of naturally occurring acridone 
alkaloids: the simple acridones, C-prenylacridones, tbroacridones, pyranoacridones, 
and finally the dimeric acridone alkaloids and related compounds. 

Graebe’s system of numbering of the acridine system, approved by the 
International Union of Pure and Applied Chemistry and adopted in Beilstein’s 
Handbuch der organischen Chemie and in Chemical Abstracts since 1937, is used 
throughout this chapter. It should be noted that it differs from the numbering system 
used in some original papers. 

II. Biosynthetic considerations 

From a biogenetic point of view, Robinson (45) first postulated that the 
9(10H)-acridinone skeleton should arise from the condensation of an anthranilic 
acid unit with three acetate units, leading, via a polyketoacid, to the tricyclic 
nucleus typically oxygenated at C-l and C-3. Experimental support of this 
hypothesis was 

2 

1 2 
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first obtained independently by two groups at the very end of the sixties. Groger 
and Johne (46, 47) fed Glycosmis urborea plants with generally 3H-labeled 
anthranilic acid (3) and obtained radioactive arborinine (4) shown to be labeled on 
the A ring by nitric acid oxidation to l-methyl-4-quinolinone-3-carboxylic acid (5). 
Prager and Thredgold (48) used anthranilic acid specifically labeled at C-5 with 3H 
to feed Acronychia baueri (= Sarcomelicope simpliciflia ssp. simplic~olia) and 
isolated radioactive melicopine (6), melicopidine (7) and melicopicine (8). 
Bromination of melicopicine gave an inactive bromo-derivative 9, providing 
evidence that ring A, and not ring C, of the alkaloid was derived from anthranilic 
acid. In the same series of experiments, 4-hydroxy-2-quinolinone (10) and 4- 
hydroxy-1-methyl-2-quinolinone (11) were shown to be possible precursors of 
melicopicine (S), but use of the N-methyl derivative yielded better results, 
suggesting that the N-methylation step should precede the formation of the acridone 
nucleus. In agreement with this hypothesis, N-methylanthranilic acid (12) labeled at 
C-5 was a good precursor of evoxanthine (13) in Evodia xanthoxyloides. The 
acetate origin of ring C was unambiguously determined by experiments performed 
on Acronychia baueri with [ 1 -14C]acetate (48), and on Glycosmis arborea with [2- 
14C]acetate (49). Established rutacridone-producing cell suspension cultures of Ruta 
graveolens (50, 51) permitted Groger and co-workers to achieve important results 
concerning the biosynthesis of the acridones (52-67). The origin of the nucleus was 
first confirmed by use of i4C labeled anthranilic acid (52). 

6 7 
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8 9 

COOH 

NH 
hH3 CH3 

10 R=H 
11 R=CH3 12 13 

Application of acetate labeled with 13C at both C-l and C-2 gave rutacridone (14) 
showing intense satellite resonances due to 13C-13C spin coupling (53). Six bonded 
13C-13C pairs were identified by matching coupling constants in the positions C-5- 
C-5a, C-l la-C-1 lb, and C-3a-C-4 on one hand, and C-Sa-C-1 la, C-l lb-C-3a, and 
C-4-C-5, on the other hand (53). The intensities of the two series of doublets were 
approximately equal. Therefore, the six carbons of ring C were enriched horn the 
incorporation of three intact acetate units. The enrichment distribution pattern 
observed implied the existence of an aminobenzophenone biogenetic intermediate, 
enabling free rotation between the future C-5a and C-6, such as 15. It excluded the 
stepwise addition of acetate to anthranilic acid, through a quinolone intermediate, as 
previously suggested by Leete (68) and by Australian authors (48). This finding was 
in good agreement with the scheme initially proposed by Robinson (45), and with 
the isolation of the 2-methylaminobenzophenone alkaloid tecleanone (16) from 
Teclea, Oricia and Diphasia species which also contain acridone alkaloids (69-73). 

15 R=H 
14 16 R=CH3 
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It was additionally supported by the facile in vitro cyclization of 2- 
aminobenzophenones to 9( 1 OH)-acridinones observed by Lewis in the course of the 
biomimetic synthesis of several alkaloids, including acronycine (74-79). Further 
experiments by Groger et al. aimed at the characterization, and ultimately at the 
isolation of all the enzymes implied in the course of rutacridone biosynthesis (54 
67). Careful study of the N-methylation step permitted the demonstration that S- 
adenosyl-L-methionine provided the N-methyl group of the acridone alkaloids and 
confirmed that this reaction took place at a very early stage of the biosynthetic 
process (54, 55). Indeed, N-methylanthranilic acid was an excellent precursor of 
rutacridone and could be trapped after feeding Ruta graveolens cell suspension 
cultures with anthranilic acid in short term experiments (54). Partial purification 
and characterization of the enzyme S-adenosyl-L-methionine-anthranilic acid-N- 
methyltransferase was recently achieved (56). Consequently, N-methylation of 
anthranilic acid was postulated as the first, pathway-specific, reaction in acridone 
alkaloid biosynthesis (55, 56). Activation of N-methylanthranilic acid (57) to N- 
methylanthraniloyl-CoA (17) was confirmed by the synthesis of this latter thioester 
via N-hydroxysuccinimidyl N-methylanthranilate (18) and subsequent 
transesteritication with CoA-SH (58). Formation of 1,3-dihydroxy-lo- 
methylacridone (19) by condensation of N-methylanthraniloyl-CoA (17) with 
malonyl-CoA (20) is catalyzed by the enzyme acridone synthase, present only in 
acridone producing tissue cultures (59, 60). The enzyme was isolated (62), fully 
characterized (63) cloned from elicited Rutu gruveolens cell suspension cultures, 
and expressed in transfected Escherichia coli (64). 

Recently, the differential distribution and regulation of acridone synthase 
was studied in the common rue (65). Expression in planta and the induction 
response of the enzyme suggest that acridone alkaloids serve as phytoantipicins or 
phytoalexins in the defense of Ruta, particularly to soil-born pathogens or as 
feeding deterrents (65). Purified acridone synthase has an apparent molecular mass 
of 69 kDa and its K,-values for both N-methylanthraniloyl-CoA and malonyl-CoA 
were determined (63). Interestingly, the partial enzyme polypeptide sequence, 
elucidated from six tryptic fragments, revealed homology to heterogeneous 

R 
Q OH 

OH+-OH 

17 R=CH3 6 
21 R=H 
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18 19 
H2y 

20 
OH-r-OH 

0 

chalcone synthases, and particularly with chalcone synthase 3 from garden pea 
(63, 80). When anthraniloyl-CoA (21) was synthesized and used as substrate 
instead of N-methylanthraniloyl-CoA (17), acridone synthase catalyzed the 
formation of 1,3-dihydroxyacridone (22) (66). Nevertheless, the substrate 
specificity of the enzyme was ten times lower towards anthraniloyl-CoA than 
towards N-methylanthraniloyl-CoA (66). This should account for the presence of 
acridones lacking a methyl group at the N-position in certain Rutaceae species, 
even if one cannot exclude N-demethylation of the acridone skeleton at a later step 
of the biosynthesis or as a catabolic process (55). 1,3-Dihydroxy-lO- 
methylacridone (19), and perhaps to a lesser extent 1,3-dihydroxyacridone (22), are 
the key intermediates in the pathway leading to more complex acridones. Both 
possess nucleophilic centers at C-2 and C-4, and prenyl groups, or fused firano and 
pyrano rings derived from them, are found frequently at these positions in natural 
alkaloids. Indeed, microsomes prepared from cultured Ruta graveoZen.s cells 
catalyzed the condensation of 1,3-dihydroxy-lo-methylacridone (19) with either 
isopentenylpyrophosphate (23) or dimethylallylpyrophosphate (24) (67). When the 
experiments were conducted without NADPH, the alkaloid glycocitrine-II (25), 
previously isolated from the roots and stem bark of G&comb citr@lia (N), 
accumulated. In the presence of NADPH and oxygen, rutacridone (14) was 
obtained. Under in vivo conditions, glycocitrine-II (25) was incorporated into 
rutacridone (14), but a clear-cut cyclization of glycocitrine-II by microsomal 
preparations was not observed (62). In contrast, microsomes converted the 
dihydrofluoacridone alkaloid rutacridone (14) into the filly aromatic tiuoacridone 
furofoline-I (= tiracridone) (26) (62). 
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III. Structural Elucidation 

Chemical degradation methods were widely used to establish the structures 
of the first acridone alkaloids isolated in Australia during the period 1948-1953. 
This work generated much interesting chemistry which was previously extensively 
reviewed (I, 82). Some of the reactions described permit an understanding of the 
routes involved in the formation of quinolinone alkaloids recently isolated from 
Melicope and Sarcomelicope which appear as degraded products of highly 
oxygenated C-ring acridones. In contrast, these degradation studies are now only of 
historical interest as far as structural elucidation is concerned, due to the 
development of spectroscopic methods. 

Acridone alkaloids exhibit characteristic UV spectra, which have been 
previously discussed in detail and interpreted on the basis of theoretical treatment 
(31, 83). The W spectra of acridones typically show three series of bands. The first 
one, at shorter wavelength, appears at around 240-280 nm. It corresponds to the 
well-known ‘A+‘Bb transition (lBb band), also present in the spectra of anthracene 
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and acridine derivatives, and is only weakly influenced by the substituents present 
on the basic skeleton. The second one, at 280-330 nm, is the weakest in intensity. It 
can be interpreted as the ‘A+$, transition (‘Lb band), which is forbidden in 
anthracene derivatives, but permitted in the case of acridines and acridones due to 
the symmetry perturbation induced by the nitrogen atom at the 12-position. The 
third one, at around 380-430 nm, corresponds to the ‘A+‘L, transition (IL, band). 
Both the ‘Lt, and ‘L, bands are very sensitive to the presence of substituents on the 
acridone ring system and are of diagnostic value to determine the oxygen 
substitution pattern on the basic skeleton (31). It should be noted that l- 
hydroxyacridones bearing a 3-0~~ substituent exhibit a ‘L, band significantly shifted 
to longer wavelengths, when compared with their 1-alkoxy counterparts (83). The 
UV spectra of acridones are also strongly pH-dependant, due to equilibrium 
displacement towards the 9-hydroxyacridinium form in acidic medium, or the 9- 
hydroxyacridinate ion in alkaline medium (31). 

The IR spectra of acridone alkaloids are much less informative (84). The 
carbonyl group frequency, at 161 O-l 640 cm-‘, is only little affected by hydrogen 
bonding. Typical C=C and C=N stretching bands appear between 1500 and 1600 
cm“. The tree NH and OH absorptions are observed within the same region, at 
3 100-3300 and 3000-3200 cm-‘, respectively. 

The electron impact mass spectra of numerous, naturally occurring, 
acridones have been thoroughly examined (85,86). 

As a general rule, pronounced molecular ions are observed for simple 
acridones. In the spectrum of 9(10H)-acridinone (l), successive loss of carbon 
monoxide and hydrogen cyanide give rise to moderately abundant fragment ions 
(85). In more complex compounds, the fragmentation patterns are dependent on the 
nature and position of the substituents. Acridones containing oxygenated 
substituents on the C ring behave characteristically. In the absence of C-2 or C-4 
methoxy groups, the molecular ion is the base peak, and the [M-15]+ ions, due to 
the fragmentation of N-CH3 or 0-CH:, groups, remain of relatively weak intensity. 
In contrast, for simple acridones containing C-2 or C-4 methoxy groups, the [M- 
lS]+ ions become the base peaks (85,86). 

In the 3,3-dimethylpyrano[2,3-clacridin-7-one series, exemplified by 
acronycine (2) cleavage of one of the methyl groups at C-3 gives rise to a highly 
stabilized [M-l 5]+ fragment ion which is generally the base peak (85,86). 

Both proton (87,88) and carbon NMR (88-93) spectroscopy provide crucial 
information for the structural determination of natural acridones. It should be noted 
that some early assignments, mainly of quaternary carbon resonances, have been 
recently revised in the light of multi-dimensional techniques. Therefore, care should 
be taken when relying on comparison with older literature descriptions for the 
structural elucidation of new products. 
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IV. Occurrence 

A. SIMPLE ACRIDONES 

Alkaloids considered in this section derive biogenetically from 1,3- 
dihydroxy-lo-methylacridone (19) and 1,3-dihydroxyacridone (22) by simple 
deoxygenation and/or oxidation of the acridone aromatic skeleton. Subsequent O- 
alkylation very oflen takes place, and most natural acridones bear methoxy or 
methylenedioxy substituents. A few, exemplified by vebilocine (27) (94) 
evoprenine (28) (9.5), and 3-geranyloxy-l-hydroxy-4-methoxy-lO-methylacridone 
(29) (96), are also substituted by prenyloxy or geranyloxy groups. 

Deoxygenated products have a restricted distribution, Acridone itself (1) 
was isolated from Toddalia aculeata (97) and Zhamnosma montana (98), which 
also contains IO-methylacridone (30) (99, 100). Alkaloids lacking oxygenated 
substitution at C-3 include I-hydroxyacridone, 1,7-dihydroxyacridone, and 1,8- 
dihydroxyacridone derivatives. It should be noted that I-methoxy- lo- 
methylacridone (31) and 1,8-dihydroxyacridone (32) were isolated from Samadera 
aff. bidwillii, the only species of the Simaroubaceae which has afforded this type of 
secondary metabolite (101). 

In contrast, oxidation products are frequently encountered and acridones 
bearing oxygenated substituents at C-2 and/or C-4, in addition to those at C-l and 
C-3, are the most widely distributed within the family Rutaceae. Alkaloids 
substituted in ring A, at C-5 and/or C-6, have been isolated from Glycosmis and 
Teclea, and mainly Citrus species. From a chemotaxonomic point of view, their 
presence seems to be a characteristic feature in the latter genus. Interestingly, Citrus 
plants also afforded homoacridone alkaloids, such as citropone-A (33), -B (34), and 
-C (35), including a unique seven-membered tropolone A-ring (102, 103), and to 
that of azaacridone-A (36), the only natural azaacridone alkaloid containing a 
pyridinic A-ring (104). Up till now, acridone alkaloids bearing an oxygenated 
substituent at C-8 in ring A have only been obtained, in the Rutaceae, from Boronia 
and Acronychia species. 

A series of alkaloids recently isolated from Melicope and Sarcomelicope 
species are likely to be degraded products of highly oxygenated C-ring acridones. 
Fareanine (37), isolated from Melicope fmeana (105) has close structural 
similarities with 38, obtained by Prager and Thredgold by bromination of 
melicopine (6) in methanol when attempting to find a convenient degradation 
method for the oxygenated C-ring of various acridones (106-109). Similarly, 2,3- 
dicarbomethoxy- 1 -methyl-4( lH)-quinolinone (39), isolated from the leaves of 
Sarcomelicope dogniensis (IIO), is closely related to 40, which was obtained by 
Crow and Price when melicopidine (7) was reacted with nitrous acid, and also when 
1,2-dihydroxy-3,Cdimethoxy-l O-methylacridone (41) was oxidized by air in 
alkaline solution (111). 

The wide representation of natural 1-hydroxyacridones in this group of 
alkaloids is remarkable. This should be related to the strong intramolecular 
hydrogen bonding between the free hydroxy at C-l and the keto function at C-9 
which favors, for thermodynamic reasons, such compounds, when compared with 
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their I-alkyloxy counterparts. This is also the reason why l-methoxyacridone 
alkaloids can be easily converted into the corresponding I-hydroxy derivatives 
under the acidic conditions, sometimes used in the course of the extraction and 
purification processes. Some I-hydroxyacridones isolated from natural sources have 
therefore been considered as artifacts arising Corn genuine I-methoxy products. 

Sixty-seven simple acridone alkaloids have been isolated to date from 
various Acronychia, Angostura, Araliopsis, Atakmtia, &Ilfaoderon, Baurella, 
Boenninghausenia, Boronia, Bosistoa, Citrus, Diphasia, Esenbeckia, Evodia, 
Fagara, Glycosmis, Helietta, Lemonia, Lungusta, Medicosma, Melicope, 
Monnieria, Oricia, Pleiospennum, Ruta, Sarcomelicope, Teclea, Xhamnosma, 
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Tazdalia, Vepris and Zmthoxylum species of the Rutaceae family, and Snnadera 
bidwillii of the Simaroubaceae family. 

Table I surveys the structures, the properties, and the distribution of the 
naturally occurring simple acridone alkaloids. 
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TABLE 1. Simple Acridones, Occurrence and Spectral Data 
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0 OH 

Acridone 
CI~H~NO MW: 195 
mp: 279-281’ 
spectral data: 91,97, 98,112 
source: 97, 98, 112 

1 0-Methylacridone 
CMHIINO MW:209 

mp: 193-195’ 
spectral data: 91, 98,99 
source: 98-100 

1 -Hydroxy acridone 
C13H9N02 MW: 222 
mp: 252’ 
spectral data: 113,115 
source: 113-116, 121,124 

1-Hydroxy-lo-methylacridone 
C14HllN02 MW: 225 
mp: 191-193’ 
spectral data: 113-l I5 
source: Il3-115, 117-121, 124, 225 
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0 OH 

tiH3 
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0 OH 

1,8-Dihydroxyacridone 
C13H9N03 MW: 227 
mp: 250’ 
spectral data: 115 
source: 101, II5, 116 

1,7-Dihydroxyacridone 
C13H9N03 MW: 227 
mp: 278’ 
spectral data: II5 
source: 115, 121 

1-Methoxy-lo-methylacridone 
C15H13N02 MW: 239 
mp: 162’ 
spectral data: 101 
source: 101 

1,3-Dihydroxy-lo-methylacridone 
C,4H11N03 MW: 241 
mp: 295’ 
spectral data: 91,115, 122 
source: 115, 122, 136 

1-Hydroxy3-methoxyacridone 
C14H11N03 M-W: 241 
mp: 267’ 
spectral data: 123 
source: 123 
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H3co& 
IA 

46 

;;;;$% 1 -Hydroxy-7-methoxyacridone MW: 241 

spectral data: 91, I24 
source : 113, 124 
(I 13 errorteous structure) 

OH 0 OH 

iH3 
47 

1,8-Dihydroxy-lO- methylacridone 
C14H,,N03 MW: 241 
mp: 235’ 
spectral data: I15 
source: 115 

iH3 

46 

1-Hydroxy3-methoxy-lo-methylacridone 
C15H13N03 MW: 255 
mp: 174’ 

OCH3 spectral data: 91, 10QI23, 125 
source: 100, 120, 123-134 

1,3-Dimethoxyacridone 
C15H13N03 MW: 255 
mp: 256’ 

OCH~ spectral data: 135 

49 

0 OH 

OH 

source: 135 

1,3,5-Trihydroxy-lo-methylacridone 
C14H11N04 MW: 257 
mp: yellow oil 
spectral data: 136 
source: I36 
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OH 0 OH 

bH3 

1,3,8-Trihydroxy-lo-methylacridone 
C1$IllN04 Mw: 257 
mp: 285’ 
spectral data: 115 
source: I15 

51 

OH 0 OH 1,8-Dihydroxy-3-methoxyacridone 
C14H11N04 MW: 257 
mp: 275’ 
spectral data: 116 
source: 116 

52 

1,3-Dimethoxy-lo-methylacridone 
c1&6No3 hO/V: 269 
mp: 165’ 
spectral data: 91, 129 
source: 71, 72, 129, 135, 137-141 

CH3 

54 

Norevoxanthine 
C15H11N04 MM’: 269 
mp: 274’ 
spectral data: 156 
source: 142, I56 

Evoxanthidine 
C15H11N04 MW: 269 
source: 143 
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1,3-Dihydroxy-2-methoxy-lo-methylacridone 
C15H13N04 h4W: 271 
spectral data: 144 
source: 144 

Citrusamine 
C15H13N04 MW: 271 
mp: 243’ 
spectral data: 122,145 
source: 122, 136, 145-147 

Xanthoxoline 
C15H13N04 MW: 271 
mp: 250’ 
spectral data: 123 
source: 123, 132, 143, 148, 149 

Oligophylidine 
C15H13N04 MM’: 271 
spectral data: 150 
source: IS0 

Yukodine 
C,5H13NOd MW: 271 
mp: 246’ 
spectral data: 151 
source: 151 
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0 OH 

HOwOCH3 

61 

0 OH 

0 OH 

OCH3 

Pummeline 
C15H13N04 MW: 271 
mp: 235’ 
spectral data: 151 
source: 136, 151 

Evoxanthine 
C1&X13N04 MW: 283 
mp: 216’ 
spectral data: 156,158 
source: 2, 70, 71, 73, 95, 137, 139-143, 

152-160, 200, 202 

Arborinine 
C16H,5N04 MW: 285 
mp: 175’ 
spectral data: 91, 123, 125, 132, 162 
source: 46, 73, 94, 95, 123, 125-127, 129, 

132-134, 137,139, 1’43, 149, 156, 
157, 160-174, 202, 228, 275 

1-Hydroxy-3,Cdimethoxy-lo-methylacridone 
C1&I15N04 MW: 285 
mp: 129’ 
spectral data: 96 
source: 96 

62 

0 OH 
Yukodinine 
&H15N04 MW: 285 
mp: yellow oil 

OCH3 spectral data: I51 
source: 151 

63 
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0 OH 
Citmsinine-II 
C1+l13N05 MW: 287 

mp: 244’ 
spectral data: I75 
source: 136, I75 

64 

0 OH 

source: 136, 176, 177 H3Cb h 

65 

0 OH 

bCH3 

67 

Grandisine-III 
C15H13NOs Mw: 287 
spectral data: 151 
source: 151 

Xanthevodine 
C1$13N05 MW: 299 
mp: 213’ 
spectral data: 179 
source: 96,135,143,152,178, f79,200 

0 OH 
Normelicopine 

OCH3 C1&I,3N05 MW: 299 
mp: 234’ 
spectral data: 181 
source: 180, 181,185 

66 
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0 OH 
Normelicopidine 

source: 180, 182, 183 

Marshdine 
Cl&NO5 MW:299 

OCH mp: 210' 
3 spectral data: 184 

source: I84 

H3C0 CH3 

1,3,5-Trimethoxy-lo-methylacridone 
C1,H17N04 MW: 299 
mp: 141’ 

OCH3 speCtd data: 158 
source: 158 

71 

1,3,4-Trimethoxy-lo-methylacridone 
C17H17N04 MW: 299 
mp: 134O 

OCH3 spectral data: 181 
CH3 OCH3 source: 96, 105, 181,202 

72 

CH3 

73 

1,2,3-Trimethoxy-lo-methylacridone 
OCH3 C17H17N04 MS&‘: 299 

mp: 157’ 
OCH3 spectral data: 179, 181, 185 

source: 94-96, 139, 153, 179, 181, 182, 
185-187 
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6H eH3 

75 

OCH3 

76 

Natsucitrine II 
C16H15N05 MW: 301 
mp: 292’ 
spectral data: I76 
source: 136, 176,216, 278 

S-Hydroxyarborinine 
C1&I15N05 MW:301 
mp: 202’ 
spectral data: 189 
source: 171, 188-190, I94 

Citrusinine-I 
C,6H15N05 MW: 301 
mp: 206’ 
spectral data: 175 
source: 136, 175, 191-193 

Grandisine-I 
C1&5N05 MM':301 
mp: 262’ 
spectral data: 191 
source: I9I. 216 
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Citpressine-I 
C1&I15N05 MW: 301 
mp: 183’ 
spectral data: 195-197 
source: 136, 177, 191, 195- 197, 

209, 217, 278 

Grandisine-II 
C1&I15N05 MW:301 
mp: 266’ 
spectral data: 191 
source: 191, 198, 216 

C,&I15N05 MM':301 
mp: 200’ 
spectral data: 137 
source: 137 

Vebilocine 
C19H19N03 MW: 309 
mp: 145’ 
spectral data: 94 
source: 94 

Melicopidine 
C17H15N05 MW: 313 
mp: 121’ 
spectral data: 135,199 
source: 2, 95, 96, 105, I35,138, 

153, 156, 179, 180, 182, 
185-187, I99, 274 

7 

279 
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81 

H3CO*OCH3 

H3Cb & 

82 

CH3 6CH3 

83 

Melicopine 
C17H15N02 MW: 313 
mp: 175’ 
spectral data: 135 
source: 2, 96, 135, ZSO, 183, Z85, 

200,201 

Tecleanthine 
C17H15N05 MW: 313 
mp: 153’ 
spectral data: 156,158 
source: 72, 141, 156, 158, 202, 211 

Citpressine-II 
C17H17N05 MW: 3 15 
mp: 168’ 
spectral data: 195, 196 
source: 136, 191, 195, 196, 209, 216, 

217,278 

Normelicopicine 
C17H17N05 MW: 315 
mp: 122’ 
spectral data: 180 
source: 96, 100, 10.5, 180, 274 

1,2,3,4Ttetramethoxyacridone 
C17H17N05 MW: 315 
mp: 238’ 
spectral data: 135 
source: 96, 135, 274 

ii t)CH3 
84 
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5-Methoxyarborinine 
CI~HITNO~ MW: 315 

mp: 130’ 
spectral data: 290 
source:19o 

85 

OCH3 CdbsN06 m:317 
mp: 118’ 

OCH3 
spectral data: 203 
source: 203 

HO@NhOH ~;~;,: 204 
H3CO AH3 source: 136, 204 

87 

Atalafoline B 
ClcjH&o6 m:317 
spectral data: 205 
source: 205 

Melicopicine 
ClsH19N05 Mw: 329 
mp: 130’ 
spectral data: 158, 185 
source: 2, 96, 135, 138, I58, 180, 185, 

CH3 OCH3 186, 200, 201, 206, 207, 211, 
274 

8 
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90 

91 

92 

c,7&No6 bfw: 33 1 

mp: 181’ 
spectral data: 194 
source: 194 

Citbrasine 
c,+-I+& hCf.w: 331 

mp: 154’ 
spectral data: 175 
source: 17.5 

Atahfoline 
c17H17No6 b#%‘: 331 

mp: 155’ 
spectral data: 209 
source: 205,208,209 

Cuspanine 
c17&7N@ Mb!: 331 

mp: 164’ 
spectral data: 210 
source: 210 

Evoprenine 
Cp3I&lNO4 MW: 339 
mp: 143’ 
spectral data: 95 
source: 95 

tJH3 

28 
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96 

283 

6-Methoxytecleanthine 
ClgH17No6 bfw: 343 
mp: 168’ 
spectral data: 158 
source: IS&, 202, 211 

C18H19No,j bfw: 345 
mp: 198’ 
spectral data: 203 
source: 203 

Cusculine 
c18HlgNo6 kfw: 345 
mp: 223’ 
spectral data: 210 
source: 210 

Glyfoline 
C18H19N@ MM’: 361 
mp: 215’ 
spectral data: 212 
source: 212 

C25H29NO4 MW: 407 
mp: 114’ 
spectral data: 96 
source: 96 
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B. c-PRENYLACRIDONFF, 

Twenty C-prenylacridones have been isolated from Atalantia, Bosistoa, 
Glycosmis, Citrus and Severinia species. In all of the alkaloids, with one exception, 
compound 108, the site of the prenylation is the C-ring at the carbons 2 orland 4. 

c. FURANOACFUDONES 

Twenty-three furanoacridones have been isolated from plants belonging to 
the genera Boenninghausenia, Citrus, Glycosmis, Haplophyllum, Ruta and 
Thamnosma. A number of fhranoacridones, as well as simple acridone alkaloids, 
have been isolated from cell and tissue cultures of Thamnosma montana, Ruta 
graveolens and R. chalepensis (100, 120, 223, 230, 232, 236, 239, 280). The 
structure of hallacridone (117) was first attributed erroneously as a pyranoacridone 
(230, 232) and was revised later after its total synthesis (233). From a 
chemotaxonomic point of view it is interesting to point out that thehaplosine (118) 
is the unique representative of acridone alkaloids in the genus Haplophyllum. 

D. EYFWNOACRlDONES 

Thirty-three pyranoacridones have been isolated until now from various 
Acronychia, Atalantia, Bauerella, Boenninghausenia, Bosistoa, Citrus, Glycosmis, 
Lungusta, Melicope, Murrqa, Pleioqwrmum, Poncirus, Sarcomelicope, Severinia 
and Toddalia species. This group of acridone alkaloids is probably the most studied, 
due to the interesting antitumor properties of acronycine (2) which was isolated for 
the first time in 1948 from the methanolic extract of Acronychia baueri bark (2). 
The botanical status of Acronychia baueri Schott within the Rutaceae family has 
been revised several times by Hartley, in the course of successive taxonomic studies 
of genera Acronychia (387), Bauerella (388), and Sarcomelicope (389, 390). Today 
it is considered that this taxon belongs to the genus Sarcomelicope and should be 
named Sarcomelicope simpliciforia (End]) Hartley subsp. simplic@lia (389). 
Acronycine later was also isolated from other Sarcomelicope species. Its structure 
was established in 1966 by chemical degradation studies (282) and confirmed three 
years later by X-ray crystallographic data of S-bromo-1,Zdihydroacronycine (281). 

E. DIMERIC ACRIDONE ALKALOIDS AFJD RELATED COMPOUNDS 

Twenty-five acridone-coumarin, eleven acridone-acridone and one acridone- 
lignan dimeric compounds have been isolated until now from various Citrus, 
C&cosmis and Atalantia species. 

Tables II, III, IV and V survey the structures, properties and the distribution 
of naturally occurring C-prenylacridones, firanoacridones, pyranoacridones and 
dimeric acridone alkaloids, respectively. 
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TABLE 2. C-Prenylacridones, Occurrence and Spectral Data 

0 OH 
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25 A 
0 OH 

OCHB 

98 

0 OH 

Glycocitrine II 
C19H,9N03 MW: 309 
mp: 168’ 
spectral data: 212 
source: 81. 212 

0-Methylglycocitrine II 
Cz0Hz1N03 MW: 323 
mp: 134’ 
spectral data: 212 
source: 212 

&,H21N03 MW: 323 
mp: 134’ 
spectral data: I73 
source: I73 

Junosine 
C19H,9N04 MW: 325 
mp: 210’ 
spectral data: 213 
source: 146, 147, 213, 276 

Baiyumine-B 
C25H25N05 MW: 383 
mp: 145’ 
spectral data: 214 
source: 214, 217 
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c-l OH -. 
Glycocitrine I 
C2&121N04 MW: 339 

mp: 210’ 
spectral data: 81,212 
source: 81, 136, 191, 212, 216, 217, 

278 

Bosistidine 
Cpg-I#05 Mw: 341 
mp: yellow amorphous solid 
spectral data: I47 
source: 147 

HOyy-oH 
H3CO CH3 

u&y. 17 I 
spectral dati 
source: 217 

104 

0 OH Marshmine 
CzoHz,N05 MW: 355 
mp: yellow oil 

OCH3 spectral data: 184 

OH 
source: 136, I84 
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0 OH 

287 

106 A 

0 OH 

107 II 

A 
108 

0 OH 

OCH3 
OH 

Prenylcitpressine 
C2,,H21N05 MW: 355 
mp: 160’ 
spectral data: 195, 196 
source: 191, 195, 196, 217, 218 

Grandisinine 
C21H23N05 MM’: 369 
mp: 194’ 
spectral data: 191 
source: 136, 191, 209, 

216-218, 278 

Cz3HzsN04 MW: 379 
mp: 222’ 
spectral data: 219 
source: 219 

Atalaphylline 
Cz3Hz5N04 MW: 379 
mp: 246’ 
spectral data: 220 
source: 220, 221 

(-)-Buntanmine A 
c2$-&No6 bfw: 385 
mp: 201’ 
spectral data: 209 
source: 209 

110 A 
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bH kH3 

111 

s&ctral data: 220 
source: 146, 147, 189, 220, 221, 

276 

0 OH 

Margrapine-A 
Cz,Hz3N07 MW: 401 
mp: yellow oil 
spectral data: 222 
source: 222 

C25H29N04 MW: 407 
mp: 145’ 
spectral data: 223 
source: 223 

Bosistine 
&&NO5 m: 409 
mp: yellow amorphous solid 
spectral data: 147 
source: 146, 147 

0 OH 
(-)-Margrapine-B 
CuH25N07 MW: 415 
mp: yellow oil 
spectral data: 222 
source: 222 
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TABLE 3. Furanoacridones, Occurrence and Spectral Data 

289 

0 OH 

26 

116 

0 OH 

0 OH 

117 
COCH3 

Furacridone = Furofoline 
C,&I11N03 MW: 265 
mp: 245’ 
spectral data: 224 
source: 128, 224, 225 

Chaloridone 
C17H,1N04 MW: 293 
spectral data: 226 
source: 226 

Rutacridone 
C1fl17N03 MW: 307 
mp: 160’ 
spectral data: 170 
source: ZOO, 113, 120,121, I24 

134, 170, 227-231, 283 

Hallacridone 
C18H,3N04 M?V: 307 
mp: 295’ 
spectral data: 230,233 
source: 100, 121, 134, 230, 232, 233 
(230,232 erroneous structure) 

Theaplosine 
C,sH15N04 h4W: 309 
mp: amorphous crystal 
spectral data: 234 
source: 234 

116 
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0 OH 

0 OH 

120 r OH 

0 OH 

OH 

0 OH :I I> 
sic; N 

&HJ 
0 

0 
122 

(AH3 ot 

3- 
0 

123 

-I 

Furoparadine 
C17H13NO5 JMW: 3 11 
mp: yellow oil 
spectral data: 235 
source: 235 

Furofoline-II 
C19H17N04 MW: 323 
mp: 213’ 
spectral data: 224 
source: 81, 224 

Gravacridonol 
C1&I17N04 MW: 323 
mp: 153’ 
spectral data: 236, 237 
source: IOO, 134, 236-238 

Rutacridone epoxide 
C19H17N04 MW: 323 
mp: 219’ 
spectral data: 238 
source: 100,121, 134,229, 230, 232, 

237-240 

Hydroxyrutacridone epoxide 
C19H17N05 MM’: 339 
spectral data: 240 
source: 134, 239,240 
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0 OH 

0 OH 

125 \ 

0 OH 

Rutagravine 
C19H17N05 MW: 339 
spectral data: 236 
source: 236 

1-Hydroxyrutacridone epoxide 
C19H17N05 MW: 339 
spectral data: 236 
source: 236 

Alcaloid & 
C19H1&I03C1 MW: 341 
spectral data: 134 
source: 134 

CH2CI 
126 

0 OH 
Gravacridondiol 
C19H19N05 Mw: 341 
mp: 224’ 
spectral data: 229, 241, 280 
source: 100, 120,229,241,280 

0 OH 
Gravacridondiol monomethylether 
C&2lNO5 MW: 355 
mp: 219’ 
spectral data: 241 
source: 241 
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0 OH 

129 HO OH 

0 OH 

0 OH 

0 OH 

0 W  

Gravacridontriol 
C1$-I,9N06 h4W:357 

mp: 230’ 
spectral data: ZOO, 229, 242 
source: ZOO, 229, 242 

Gravacridonchlorine 
C&YI,sNO~Cl Mw: 359 
mp: 254’ 
spectral data: 243 
source:134,230,232, 243 

Isogravacridonchlorine 
C&IlsNO,Cl M M ’: 359 
mp: 248O 
spectral data: 100,128,244 
source: 100, 128,244 

Gravacridonolchlorine 
C,9H1sN05C1 MW: 375 
mp: 223’ 
spectral data: 243 
source: 243 

(+)Gravacridondiolacetate 
Cz1Hz1N06 M M ’: 383 
mp: 221’ 
spectral data: 229 
source: 229 
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0 OH 
Gravacridonol glucoside 
Cz5Hz7N0, MM’: 485 
spectral data: 100 
source: 100 

o-glucose 

0 OH 

Gravacridondiol glucoside 
C25H2f1010 MM’: 503 
mp: 151’ 
spectral data: 242 
source: 100, 242, 280 

0 OH 

Gravacridontriol glucoside 
C25H29N0,, MW: 5 19 
mp: 151’ 
spectral data: 242 
source: ZOO, 242 

OH 
136 



294 SKALTSOUNIS, MITAKU, AND TILLEQUIN 

TABLE 4. Pyranoacridones, Occurrence and Spectral Data 

0 OH 

137 

0 OH 

138 

140 

0 OH 

12-Demethylnoracronycine 
C,sH,5N03 MW: 293 
mp: 246’ 
spectral data: 245,246 
source: 81, 245, 246 

Noracronycine 
C19H1,N03 h4W: 307 
mp: 200’ 
spectral data: 113,245,246 
source: 81, 113, 181, 245, 246, 

248 

12-Demethylacronycine 
C19H17N& MW: 307 
mp: 253’ 
spectral data: 181,245,246 
source: 81, 181,245, 246, 

248,249, 276 

Junosidine 
C&YI~~NO~ MW: 337 
mp: 188’ 
spectral data: 250 
source: 250 

Atalaphyllidine 
C1sH,5N04 MW: 309 
mp: 275’ 
spectral data: 251 
source: 81, 251 



3. ACRIDONE ALKALOIDS 295 

2 

0 OH 

142 

0 OH 

144 

0 OH 

Acronycine 
Cz$f19N03 MW: 321 
mp: 174’ 
spectral data: 185 
source: 2, 174, I80, 182, 183, 185, 

186, 199, 200,206,247,249 

1 I-Hydroxynoracronycine 
C,$-I17N04 MW: 323 

mp: 252’ 
spectral data: 252 
source: 81, 136, 145, 177, 190-193, 

195, 196, 209, 216, 
217, 252, 253, 276 

Acrifoline 
C19H17N05 MW: 339 
mp: amorphous powder 
spectral data: 254 
source: 254 

C19H17N04 MW: 323 
mp: yellow amorphous solid 
spectral data: 249 
source: 249 

Yukocitrine 
C19H17N04 h4W: 323 
mp: yellow oil 
spectral data: I51 
source: 146, 147, 151, 276 

145 
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146 

0 OH 

146 

C19H19N04 MW: 325 
mp: 212’ 
spectral data: 249 
source: 249 

Baiyumine-A 
f&&$iO4 m: 337 

mp: 160’ 
spectral data: 214 
source: 213,214,217, 250 

Acronycine epoxide 
c2&@04 m: 337 
mp: yellow foam 
spectral data: 255 
source: 255 

C19H17N05 MW: 339 
mp: yellow amorphous solid 
spectral data: 110 
source: II0 
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0 OH 

152 
OH 

0 OH 

153 

0 OH 

C19H17N05 MW: 339 
mp: yellow amorphous solid 
spectral data: 249 
source: 249 

Citracridone-III 
C1$I17N05 MW: 339 
mp: 135’ 
spectral data: 215 
source: 136. 215 

C19H19N05 MW: 341 
mp: yellow amorphous solid 
spectraI data: 249 
source: 249 

Citracridone-I 
C2,$J9N05 MW: 353 
mp: 275’ 
spectral data: 195 
source: 81, 136, 175, 177, 191, 

192, 193, 195, 196, 209, 
216.217 

C2&l19N05 h4W: 353 
mp: 260’ 
spectral data: 256 
source: 256 
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0 OH 

155 

OH CH3 OCH3 

156 

OH 
156 
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Honyumine 
C&I19NO5 MW: 353 
mp: 175’ 
spectral data: 387 
source: 387 

Pyranofoline 
C20H19N05 MW: 353 
mp: 212’ 
spectral data: 224 
source: 81, 224 

C~I$I~~NO~ MW: 355 
mp: 232’ 
spectral data: 274 
source: 182, 274 

C~OH~~NO~ MW: 355 
mp: 232’ 
spectral data: 274 
source: 182, 274 

Severifoline 
C23H23N03 MW: 361 
mp: 253’ 
spectral data: 257 
source: 257 
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0 OH 
Citracridone-II 
C2,Hz1N05 M M ’: 365 
mp: 161’ 
spectral data: 196 
source: 136, 191, 195, 196, 217, 

256 

H&O Y 

160 

Cz4Hz5N03 MW: 375 
mp: 152’ 
spectral data: 257 
source: 81, 257 

161 

Atalaphyllinine 
C23H23N04 MW: 377 
mp: 205’ 
spectral data: 258 
source: 257, 258 

162 

0 OH 

163 OH 

(+)-truns-Dihydroxycitracridone-I 
&,H2,N07 MW: 387 
mp: 235’ 
spectral data: 235 
source: 235 

C24H25N04 Mw: 391 
mp: 190’ 
spectral data: 252 
source: 81, 146, 147, I89, 221, 

252, 257, 276 

164 
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165 

167 

0 OH 

Glycofoline 
C24H25N0, MW: 391 
mp: 216’ 
spectral data: 81, 259 
source: 81, 259 

CMHz7N04 MW: 393 
mp: l&W 
spectral data: 260 
source: 260 

C&Hz9N04 MM’: 407 
mp: 205’ 
spectral data: 260 
source: Obtained by 

methylation of 166 

C24H25N0, MW: 407 
mp: yellow oil 
spectral data: 147 
source: (147) 
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TABLE 5. Dimeric Acridones, Occurrence and Spectral Data 

Q&&Q0 g!E!:, hH3 spectral data: 261 
source: 261 

169 

Acrimarine G 
W%&O7 
Mw: 499 

mp: yellow oil 
spectral data: 262 
source: 262 

170 

0 OH 

OCH3 (+)-Dioxinoacrimarine A 
C29H23NOs MW: 5 13 
mp: 179’ 
spectral data: 263 
source: 136, 263 

171 
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Acrimtine H 
c3,&7No7 m: 513 
spectral data: 136, 386 

0 source: 136, 386 

172 

0 OH 

Acrimarine C = Acrimarine L 
c3,,&7N& hdw:529 
mp: yellow oil 
spectral data: 198,261 
source: 136,198,261,262 

Acrimarine K 
c3ti27N% 

MW:  529' 
mp: yellow oil 
spectral data: 261 
source: 261 
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Acrimarine B 
C~IHEJ’Q 
Mw: 543 
mp: 288’ 

0 spectral data: 198 
source: 136, 198, 

262 

Acrimarine A 

H&O 

H&O CH3 
176 

-. . 
U UH 

Acrimarine D 
CdbNOs 

spectral data: 262 
source: 136,262 

Acrimarine F 
GJbWh 

178 



304 SKALTSOUNIS, MITAKU, AND TILLEQUIN 

0 OH 
Acrignine A 
c3ti29No9 
Mw: 547 

mp: 177” 
spectral data: 264 
source: 264 

bCH3 
179 

Acrimarine N 
c32H31N08 
w: 557 
mp: yellow oil 

0 spectral data: 263 
source: 136, 263 

181 
0 OH 

Acrimtine I 
WkNO7 

0 WV: 565 
mp: yellow oil 
spectral data: 261 
source: 136, 261 

Neoacrimtine C 
c3a29No9 
Mw: 583 
mp: 111’ 
spectral data: 265 
source: 136, 265 
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183 

0 OH 

Acrimarine J 
CdbNO8 
Mw: 595 
mp: yellow oil 
spectral data: 261 
source: 136, 261 

- 
Glycobismine A 
c37H3&06 
MW: 602 
mp: 256’ 
spectral data: 266 
source: 266,268 

184 

0 OH 

Atalanine 
G.J-boN209 

OCH3 h’fw: 610 
mp: 216’ 
spectral data: 267 
source: 267 

OH 0 

185 
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0 OH 

H&O 

0 OH 

187 

Neoacrimarine E 
&Hj5N09 MW: 613 
mp: 212’ 
spectral data: 263 
source: 136. 263 

Glycobismine B/C 
C37H34N207 MW: 618 
mp: yellow oil 
spectral data: 268 
sonrce: 268 

Buntanbismine 
C35H32N20g MW: 624 
mp: 300’ 
spectral data: 269 
sonrce: 269 
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189 
0 OH 

H3C0 

307 

Neoacrimarine D 
Cd-hNO8 
MW: 635 
mp: yellow oil 
spectral data: 265 
source: 265 

Citbismine A 
C35H32N2010 
MM’: 640 
mp: 335’ 
spectral data: 270 
source: 270, 271 

Acrimarine E 
c3ti27NoS 
MW: 529 
mp: 274’ 
spectral data: 262 
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0 OH 

OH 0 

Ataline 
CdWW9 
MM’: 662 
mp: 209’ 
spectral data: 267 
source: 267 

0 OH 

OH 

Neoacrimarine B 
C39H4W9 
WV: 667 
mp: 240’ 
spectral data: 272 
source: 136,272 

0 OH 

H3C0 

Citbismine B 
c36H34NZoll 
MW: 670 
mp: 336’ 
spectral data: 
source: 271 

271 
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0 OH 

309 

0 OH 

H3C0 OCH3 
H3C0 H 

OH 

196 

Citbismine E 
c36H34N2011 
MW: 670 

mp: yellow oil 
spectral data: 273 
source : 2 73 

Neoacrimarine A 
C4oH43NO9 
Mw: 681 
mp: 229 
spectral data: 272 
source: 136, 272 

Citbismine C 
c37H3&01 I 
MW: 684 
mp: 314’ 
spectral data: 271 

0 OH 

H3C0 CH3 
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0 OH 

0 OH 

0 OH 

Citbismine D 
c4ti38N2011 m: 
mp: yellow oil 
spectral data: 273 
source: 273 

722 

Neoacrimarine H 
c33H29Nog MW: 567 
mp: yellow oil 
spectral data: 277 
source: 277 

Neoacrimarine I 
C29H25N09 MW: 531 
mp: yellow oil 
spectral data: 277 
source: 277 
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0 OH 

OCH3 
Neoacrimarine J 
C2sH23N09 MM’: 517 
mp: yellow oil 
spectral data: 277 
source: 277 

201 

0 OH 
Neoacrimarine K 
C3,Hz9N09 MW: 559 
mp: yellow oil 
spectral data: 277 
source: 277 

0 OH 

Bis-1 1-hydroxynoracrony tine 
C3&134N208 MM’: 646 
mp: 207’ 
spectral data: 278 
source: 278 

203 
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0 OH 

OCH3 

204 

0 OH 

OCH3 

H&b kH3 
399 

OH 
1 

Neoacrimarine F 
C29H25N09 MW: 531 
mp: 218’ 
spectral data: 279 
source: 279 

Neoacrimarine G 
C29H25N08 Mw: 515 
mp: yellow oil 
spectral data: 279 
source: 2 79 

Citbismine F 
C3&34N2@0 MW: 654 
mp: 330’ 
spectral data: 409 
source: 409 
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V. Sytithesis 

A. SIMPLE ACRIDONES 

The historical condensation of anthranilic acid (3) with phloroglucinol(206) 
to give 1,3-dihydroxyacridone (22) by Baczynski and von Niementowski should be 
considered as the first biomimetic synthesis of an acridone alkaloid (284). The yield 
of the reaction was initially very poor, but was increased by subsequent 
modifications by Beck et al. (285) and by Hlubucek et al. (286). More recently, 
Smolders et al. described an efficient condensation of methyl anthranilate (207) 
with phloroglucinol, in the presence of 4-toluenesulfonic acid in I-heptanol, which 
gave 22 in 80% yield (287). 

1,3Dihydroxyacridone prepared in this way has been used frequently as a 
starting material for the synthesis of other acridone alkaloids including simple O- 
and IV-alkylated derivatives (288) and more complex C-prenylacridones (289) 
pyranoacridones (290,291) and acridone-coumarin dimers (292). 

Most methods applicable for the synthesis of a greater variety of simple 
acridones, including alkaloids bearing numerous oxygenated substituents, also rely 
on the coupling of two aromatic substrates, which bring the preformed A and C 
rings of the fiture acridone skeleton. Thus, closure of the central B ring can be 
obtained either by cyclization of an intermediate diphenylamine or by cyclization of 
an intermediate benzophenone. 

A different approach using a A + C ring methodology was introduced by 
Coppola (293), by condensation of an isatoic anhydride with the non-aromatic 
lithium enolate of a 2-cyclohexen-l-one. 

Finally, a completely different strategy was recently developed by Deady 
(294), by aromatization of 1,2,3,4,9, IO-hexahydroacridine-1,9-diones, prepared 
from suitably substituted quinolin-Cones which bring the future A and B or B and 
C rings of the acridone skeleton. This methodology proved particularly efficient for 
the preparation of acridones with a 1,3,8-trioxygenated pattern. 

I. Methods Involving the Cyclization of a Diphenylamine Intermediate 
Synthesis of highly oxygenated acridone alkaloids by cyclization of a 

carboxylic diphenylamine was first introduced by Hughes, Neil1 and Ritchie for the 

3 R=H 206 22 
207 R=CH3 
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preparation of melicopicine (8) (295). Thus, 2’,3’,4’,5’-tetramethoxydi- 
phenylamine-2-carboxylic acid (208) was obtained by copper-catalyzed Ullmann 
condensation (296) between anthranilic acid (3) and 2,3,4,5- 
tetramethoxyiodobenzene (209). Cyclization, ensured by use of phosphoryl chloride 
under reflux, led to the corresponding 9-chloroacridine 210, which was readily 
converted to the 9-methoxyacridine 211, upon treatment with sodium methoxide. 
Final heating with methyl iodide in a sealed tube afforded melicopicine (S), 
identical with the naturally occurring compound. A similar approach was used 
subsequently for the synthesis of xanthevodine (67), melicopidine (7), and 
melicopine (6) (297, 298). Ullmann reaction of 2,5-dimethoxy-3,4- 
methylenedioxyiodobenzene (212) or 4,5-dimethoxy-2,3-methylenedioxyiodo- 
benzene (213) with anthranilic acid (3) atforded the carboxylic diphenylamines 214 
and 215, which were cyclized to the corresponding 9-chloroacridines 216 and 217. 

OCH3 

209 

OCH3 OCH3 

210 211 

CH31 (Sealed tube) 
I 

8 CH3 OCH3 
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Hydrolysis by hot dilute hydrochloric acid gave the corresponding 9-acridanones, 
xanthevodine (67) and 218. Finally, N-methylation with methyl iodide and 
potassium hydroxide in acetone gave melicopidine (7) and melicopine (a), 
respectively. The same reaction sequence, applied to 3’-methoxy-4’,5’- 
methylenedioxydiphenylamine-Z-carboxylic acid (219), prepared either from 3- 
methoxy-4,Smethylenedioxyiodobenzene (220) and anthranilic acid (3) (299) or 
from 3-methoxy-4,Smethylenedioxyaniline (221) and 2-bromobenzoic acid (222) 
(300), afforded evoxanthidine (55) and evoxanthine (13). 

OCH3 
COOH 

+ 

\ R, 212 Rl=R2=OCH20, R,=OCH3 
213 R1=OCH3, R,=R,=OCH,O 

’ R2 220 R1=R2=OCH20, R,=H 

A R3 

214 R1=R2=OCH20, R3=OCH3 
215 R,=OCH,, R2=R3=OCH20 
219 R1=R2=OCH20, R3=H 

R3 
H n3 

216 R,=R,=OCH,O, R3=OCH3 67 R1=R2=OCH20, R3=OCH3 
217 R,=OCHs, Rz=R3=OCHzO 216 R,=OCH3, R2=R3=OCH20 

55 R1=R2=OCH20, R3=H 
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7 R,=R2=OCH20, R3=OCH3 
6 R1=OCH3, R2=R3=OCH20 

13 Rj=R2=OCH20, R3=H 

H2N 
222 221 

This versatile methodology was successfully applied, with slight modifications, 
for the synthesis of a number of other acridone alkaloids, including I-hydroxy3- 
methoxy-lo-methylacridone (48) (3OZ), 1,3-dimethoxy-lo-methylacridone (53) 
(301, 302), 1,3-dihydroxy-IO-methylacridone (19) (301, 302), 1,2,3-trimethoxy-IO- 
methylacridone (73) (303), xanthoxoline (58) (303), and 1,5-dihydroxy-2,3- 
dimethoxy-IO-methylacridone (5-hydroxyarborinine) (75) (188). 

46 R1=OH, R2=H, R3=OCH3, &=CH3, R5=H 

53 RI=OCHJ, Rz=H, 5=OCH3, Rs,=CH3, R5=H 

19 Rl=OH, R2=H, R3=OH, R4=CH3, R5=H 

73 R1=R2=R3=OCH3, %=CH3, &=H 

56 R1=OH, R2=&=OCH3, %=R5=H 

75 R,=OH, R2=R3=OCH3, &=CH3, &=OH 
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The introduction of polyphosphoric acid, instead of phosphoryl chloride, as the 
reagent for the cyclization of carboxylic diphenylamines permitted the direct access 
to 9-acridanones, avoiding the tedious steps of acid hydrolysis or alkaline 
methanolysis of the intermediate 9-chloroacridines (304). This modified process 
appears as the most popular for the synthesis of simple natural acridones and has 
been applied to the synthesis of 1,3-dimethoxyacridone (49) (305) 1,3-dimethoxy- 
IO-methylacridone (53) (305) 1,2,3+imethoxyacridone (223) (30, 1,2,3- 
trimethoxy-IO-methylacridone (73) (30, 1,2,4-trimethoxy-lo-methylacridone (72) 
(202), 1-hydroxy-7-methoxyacridone (46) (30, 1,2,3,5,6-pentamethoxyacridone 
(95) (210), I-hydroxy-2,3,5,6-tetramethoxyacridone (92) (210), glyfoline (96) 
(308), and several congeners of this latter alkaloid (309). 

An improved access to carboxylic diphenylamine precursors of highly 
oxygenated acridones was recently described by Brassard et al. (310, 311). 
Regiospecific substitution of halogenoquinones by appropriate sulfonamides in the 
presence of fluoride ions gave o-methoxycarbonylanilinoquinones of definite 
structure. Reductive methylation and saponification of these latter compounds 
afforded carboxylic diphenylamines, whose cyclization efficiently provided highly 
substituted acridones. For instance, condensation of 2-chloro-6- 
methoxybenzoquinone (224) or 2-chloro-5,6-dimethoxybenzoquinone (225) with 
methyl N-mesylanthranilate (226) gave smoothly the corresponding N-mesyl-2-(2- 
methoxycarbonylanilino)quinones 227 and 228, when carried out in dry 
dimethylformamide, in the presence of CsF on celite and 18-crown-6 ether. 

49 R,=&=OCH3, R2=&=&=b=R7=b=H 
53 R,=R3=OCH3, R5=CH3, R2=%=&=R7=&=H 

223 R,=R2=R3=OCHJ, %=R5=&=R7=&=H 

73 R,=R2=%=OCH3, R5=CH3, Ra,=b=R7=&=H 

72 R,=R3=%=OCH3, R5=CH3, R2=b=R7=&=H 

46 R,=OH, &=OCH3, R2=&=FQ=&=b=R7=H 

95 R,=R2=R3=b=R7=OCH3, &=&=b=H 

92 R,=OH, R2=b=b=R7=OCH3, &=&=Rg=H 

96 R,=R7=OH, R2=R3=&=&=OCH3, R5=CH3, b=H 
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Simultaneous reduction and methylation under phase-transfer conditions afforded 
the N-mesyl-carbomethoxydiphenylamines 229 and 230, which were converted to 
the corresponding carboxylic N-mesyl-diphenylamines, 231 and 232. Phosphoryl 
chloride permitted cyclization to the 9-chloroacridines 233 and 210, with 
simultaneous elimination of the sulfonyl group. Final hydrolysis of these latter 
compounds under acidic conditions gave the desired 1,3,4-trimethoxyacridone 
(234), and 1,2,3,4-tetramethoxyacridone (84), respectively. 
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210 R=OCH3 84 R=OCH3 



3. ACRIDONE ALKALOIDS 319 

Cyclization of a substituted N-arylanthranilamide was the key step for the synthesis 
of citrusinine-I (76) described by Kato et al. (312). The required 2-(2- 
hydroxyphenylamino)-3,4,6-trimethoxy-N~-dimethylbenzamide (235) was 
obtained by Ullmann reaction of 2-aminophenol with 2-iodo-3,4,6-trimethoxy-N,N- 
dimethylbenzamide (236), prepared in three steps from commercially available 
2,4,5-trimethoxybenzoic acid (237) via o-lithiation of the corresponding amide and 
subsequent iodination. Benzylation of 235 to 238 was followed by phosphoryl 
chloride cyclization and hydrolysis of the intermediate with aqueous hydrochloric 
acid to give 5-benzyloxy-1,3,4&imethoxyacridone (239) as the major product. 
Methylation to 5-benzyloxy-1,3,4-trimethoxy-lo-methylacridone (240), followed 
by simultaneous hydrolysis of the benzyloxy group, and of the methoxy group at C- 
1, gave citrusinine-I I (64). 

qNH2 + (cH3hNJ-$.;;::~ocH3 
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235 R=H 
238 R=CsH&H2 

I 
lPOCl3 

2-HCVH20 
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OCH3 
OR3 R2 OCH3 

239 R,=CH3, R2=H, R3=C6H5CH2 
240 R,=R2=CH3, R3=C6H5CH2 
76 R,=R3=H, R2=CH3 
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An efficient route for the preparation of N-arylanthranilamide precursors of 
acridones was described by Snieckus et al., by oxidative coupling reaction of o- 
lithiated benzamides with anilido-chloro or -cyano cuprates (313). Thus, o-lithiated 
benzamides derived from N,N-diethylbenzamide (241), N,N-dimethyl-2- 
methoxybenzamide (242), N,N-dimethyl-2,4-dimethoxybenzamide (243), and Njv- 
dimethyl-Zmethoxy-3,4-methylenedioxybenzamide (244) were treated with the 
anilidocuprate 245, generated from the corresponding lithioanilide and CuCl. 
Oxygenation using molecular 0s gave the N-arylanthranilamides 246-249. Direct 
cyclitation of these latter into the acridones 30, 31, 53 and 13 was effected by 
refluxing in heptatluorobutyric acid or trifluoroacetic acid. 

Another approach to the acridone skeleton, developed by Watanabe et al. 
(314), was based on an earlier observation that small amounts of acridones were 
formed when benzynes were generated by diazotization of anthranilic acids (31.5- 
317). The acridones result in these cases from the reaction of benzynes with 
undiazotized anthranilic acids. Therefore, a new route was developed through 
tandem metallation synthesis. The lithium salt of methyl N-methylanthranilate (250) 
could be easily coupled with the benzynes 251, 252, and 253, generated by 
treatment of chlorobenzene, I-bromo-2-methoxybenzene, and I-chloro-3,5- 

r(CI)CuLi + 

CH3 

241 R, =R2=R3=H 
242 Rl=OCH3, R2=b=H 
243 R,=&=OCH3, R2=H 
244 R,=OCH3, R2=&=OCH20 

246 RI =R2=&=H 
247 R1=OCH3, R2=&=H 

kH3 
248 R,=&=OCH3, R2=H 
249 R,=OCH3, R2=R3=OCb0 

30 R, =R2=R3=H 
31 R,=OCH3, R2=5=H 
53 R,=R3=OCH3, R2=H 
13 R, =OC H3, R2=&=OC H20 
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dimethoxybenzene with lithium N-isopropylcyclohexylamide in tetrahydroturan, to 
give IO-methylacridone (30), I-methoxy-lo-methylacridone (31) and 1,3- 
dimethoxyacridone (53), respectively. The method could be success~lly applied to 
a great variety of acridones, including the pyranoacridone alkaloid acronycine 
(314). 

2. Method Involving the Cjxlization of a Benzophenone Intermediate 
The isolation of the 2-methylaminobenzophenone alkaloid tecleanone (16) 

from various species of Rutaceae (69-73) led to the speculation that 9(1OH)- 
acridinones should arise in vivo from the cyclization of 2arninobenzophenones. A 
series of syntheses of acridone alkaloids, based on the cyclization of benzophenone 
intermediates, was subsequently developed by Lewis et al. (74-79). The feasibility 
of this approach was first demonstrated by the mild reduction of 2,4,6-trihydroxy- 
2’-nitrobenzophenone (254) with zinc dust in ethanol, which produced solely, and 
almost quantitatively, 1,3-dihydroxyacridone (22) (74). Methylation of one or more 
of the hydroxy-functions of 254 prevented cyclization concomitant with reduction 
(76). In contrast, cyclization of 2’-amino-, 2’-acetylamino-, or 2’-methylamino-2- 
methoxybenzophenones could be achieved at room temperature through the use of 
sodium hydride in dimethylformamide, whereby the corresponding acridones were 
obtained (76, 78). The general scope of this method was exemplified by the 
biomimetic cyclization of tecleanone (16) into 1,3-dimethoxy-lo-methylacridone 
(53) (7.5). Condensation of 2-methyl-3,1-benzoxazin-cone (255), prepared from 
anthranilic acid and acetic anhydride by distillation, with the Grignard reagent of 
the appropriate bromomethoxybenzene, was the most convenient access to the 
starting aminobenzophenones (76). 
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COOCH3 

y-Li 
+ II ’ b ’ R2 

CH3 251 R, =R2=H 
250 

I 

252 R1=OCH3, R2=H 
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30 R,=R2=H 
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A similar approach, using 2-amino-2’-fluorobenzophenones as key 
intermediates, was more recently developed by Home and Rodrigo (318). The 
starting materials were prepared by Fries type rearrangement of N-tosyl-o- 
iodobenzanilides, triggered by lithium-iodine exchange at low temperature. 
Hydrolysis of the 2-tosylamidobenzophenones obtained gave the required 2-amino- 
2’-fluoroQ’-methoxybenzophenone (256) and 2-amino-2’-fluoro-4’,6’- 
dimethoxybenzophenone (257). Cyclization, accomplished by the use of 
tetraethylammonium hydroxide, yielded 1-methoxyacridone (258) and 1,3- 
dimethoxyacridone (49), respectively, with complete regiospecificity, since only the 
fluorine, and not the equivalently situated methoxy, was replaced. 

PI 
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3. Condensation of an Isatoic Anhydridk with the Enolate of a 2-Cyclohexen-I-one 
The key step of the acridone synthesis introduced by Coppola is the 

condensation of a N-methylisatoic anhydride with the lithium enolate of a 2- 
cyclohexen-l-one. The formed diketo intermediate spontaneously cyclizes into a 
dihydroacridone, easily aromatized to the corresponding acridone. The versatility of 
this method, which enables carbon-carbon and carbon-nitrogen bond formation 
under very mild conditions, is illustrated by the efficient syntheses of the 
demethoxy analogues of natural mro and pyranoacridones (319, 320), as well as by 
those of several naturally occurring alkaloids, including IO-methylacridone (30) 
1,2,3-trimethoxy-lo-methylacridone (73) and evoxanthine (13) (293). 

Condensation of N-methylisatoic anhydride (259) with the lithium enolate 
generated from 2-cyclohexen-l-one (260) gave a P-diketo species which 
spontaneously cyclized into l,Zdihydro-lo-methylacridone (261) during the work- 
up process. The dihydroacridone 261 was then quantitatively aromatized to lo- 
methylacridone (30) in the presence of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 
in dichloromethane at room temperature (293). 

Synthesis of 1,2,3-trimethoxy-lo-methylacridone (73) and evoxanthine (13) 
by the same approach necessitated the preparation of 4,5,6-trimethoxy-N-methyl- 
isatoic anhydride (262) and 6-methoxy-4,5-methylenedioxy-N-methylisatoic 
anhydride (263). Nitration of 2,3,4-trimethoxybenzoic acid (264) afforded 6-nitro- 
2,3,4&imethoxybenzoic acid (265) which was reduced to 6-amino-2,3,4- 
trimethoxybenzoic acid (266) by catalytic hydrogenation. Treatment of the sodium 
salt of this latter with phosgene provided 4,5,6-trimethoxyisatoic anhydride (267). 
Methylation on nitrogen with sodium hydride and methyl iodide furnished the 
desired N-methylisatoic anhydride 262. Treatment of this anhydride with the 
lithium enolate of 2-cyclohexen-l-one (260) produced the expected 
dihydroacridone 268, which was smoothly aromatized to 1,2,3-trimethoxy-lo- 
methylacridone (73) using palladium-on-charcoal as dehydrogenating agent. The 
same reaction sequence applied to croweacic acid (269) prepared in three steps 
from commercially available 3-methoxycatechol(270) (321) gave an easy access to 
6-methoxy-4,5-methylenedioxy-N-methylisatoic anhydride (263) and ultimately to 
evoxanthine (13) (293). 

CH3 259 R,=R2=R3=H 
262 R, =R2=R3=OCH3 

R2=R3=OCH20 
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261 R, =R2=R3=H 
266 R, =R2=R3=OCH3 

30 R, =R2=R3=H 
73 R, =R2=R3=OCH3 
13 R,=OCH3, R2=R3=OC&0 
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4. Aromatization of a I, 2,3,4,9, IO-Hexahyabacridine-l,9-dione Preparedfrom a 
Quinolin-4-one 

A stepwise approach employing successive construction of the acridone 
rings starting from an aniline precursor was recently reported by Deady et al. (322, 
294). This versatile methodology is particularly useful to obtain acridones bearing 
an oxygen substituent at the S-position, which are otherwise difficult to prepare. 
The final substitution pattern depends on the aniline chosen as the starting material. 
The synthesis of 1,3,8-trihydroxy-lo-methylacridone (51), will illustrate this 
approach. Ethyl (1,4-dihydro-5,7-dimethoxy-4-oxoquinolin-2-yl)ac~te (271) was 
prepared from 3,Sdimethoxyaniline (272) and diethyl 3-oxoglutarate (273) by the 
classical Conrad-Limpach method (323, 294). Michael addition of ethylacrylate, 
carried out in dimethylsulfoxide on the sodium salt of 271 preformed by reaction of 
sodium ethoxide in ethanol, afforded diethyl (1,4-dihydro-5,7-dimethoxy-4- 
oxoquinolin-2-yl)pentandioate (274). Hot polyphosphoric acid permitted cyclization 
to the corresponding 1,2,3,4,9,1 O-hexahydroacridine- 1,9-dione 275, with 
simultaneous loss of the ester group at the 4-position. Aromatization by refluxing in 
diphenyl ether containing palladium-on-charcoal gave 1,3-dimethoxy-8- 
hydroxyacridone (276). Demethylation with hydrobromic acid afforded 1,3,8- 
trihydroxyacridone (277), which was methylated with methyl iodide and potassium 
carbonate in acetone to 1,8-dihydroxy-3-methoxy-lo-methyl-acridone (59). A 
second 0-demethylation reaction finally gave 1,3,8-trihydroxy-lo-methylacridone 
(51), identical with the natural product isolated from Boronia lanceolata (115). 
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B. C-PRENYLACRIDONES 

Two main strategies have been developed for the synthesis of C- 
prenylacridones. One applies C-alkylation to a preformed 1,3-dioxygenated 
acridone, taking advantage of the nucleophilicity of the two centers at C-2 and C-4. 
A second approach, mainly explored by Anand et al. envisages construction of the 
acridone nucleus in course of the synthesis. 
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1. Syntheses by Alkyation of a Preformed Acridone Nucleus 
Prior to its isolation from Glycosmis citrgolia (81), glycocitrine-II (25), one 

of the simplest C-prenylated acridone alkaloids, was obtained synthetically by 
Hlubucek et al. in the course of their synthesis of the pyranoacridone alkaloid 
acronycine (286). Treatment of 1,3-dihydroxy-lo-methylacridone (19) with 3- 
chloro3-methyl-1-butyne (278) (324, 325) in dimethylformamide in the presence 
of potassium carbonate and sodium iodide gave the acetylenic ether 279. Partial 
hydrogenation using the Lindlar catalyst afforded the corresponding u,a- 
dimethylallyl ether 280, which underwent regioselective Claisen rearrangement in 
boiling diethylaniline to yield glycocitrine-II (25) as the single reaction product. 

A more straightforward access to glycocitrine-II (25) was described by 
Grundon and Reisch, through direct C-alkylation of 1,3-dihydroxy- lo- 
methylacridone (19) with one equivalent of the readily available 1-bromo3-methyl- 
2-butene (281), in tetrahydrofuran at 2O”C, in the presence of alumina in order to 
prevent O-alkylation (326). The isomeric 1,3-dihydroxy-lo-methyl-2-(3-methyl-2- 
butenyl)-acridone (282) and the dialkylated 1,3-dihydroxy-lo-methyl-2,4-bis(3- 
methyl-2-butenyl)-acridone (283) were also formed during the reaction, Excess of 
alkylating agent resulted in the formation of tetracyclic compounds 284 and 285. 

The use of 2-methyl-3-buten-2-01 (286) in the presence of boron trifluoride 
etherate permitted dialkylation of 1,3,Strihydroxyacridone (287) prepared by 
condensing phloroglucinol (206) and 3-hydroxyanthranilic acid (288), into 
atalaphylline (109) and to confirm the structure of this latter alkaloid. Nevertheless, 
the reaction proceeded in poor yield and the monoalkylated product 289 was also 
isolated from the reaction mixture (221). 

280 
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Similarly, regioselective benzylation of 1,3,5trihydroxyacridone (287) gave 
1,3-dihydroxy-5benzyloxyacridone (290), which, on prenylation with 2-methyl-3- 
buten-2-01 (286) and boron trifluoride etherate, afforded a mixture of 
monoprenylated 1,3-dihydroxy-5-benzyloxy-4-(3-methyl-2-butenyl)-acridone (291) 
and diprenylated 1,3-dihydroxy-S-benzyloxy-2,4-bis(3-methyl-2-butenyl)-acridone 
(292). Treatment of 291 with methyl iodide, followed by hydrogenolysis with 
palladium-on-charcoal, furnished giycocitrine-I (102). Benzylation of 292, followed 
by N-methylation and debenzylation yielded N-methyl atalaphylline (111) (289). 
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2. Syntheses Involving the Construction of the Acridone Nucleus 
The key intermediate in the regioselective synthesis of glycocitrine-II (25) 

by Anand and Sinha was 3-acetyl-4-chloro-2-cyanomethylquinoline (293), which 
was obtained by two independent routes (327,328). 

The first one involved reaction of the carbanion of ethyl cyanoacetate (294) 
with phenylisothiocyanate (295), followed by addition of methyl iodide to afford 
the ketene S, N-ketal 296. Substitution of the methylthio group of 296 by the 
carbanion of ethyl acetoacetate in refluxing isopropanol yielded the ketoester 297. 
Refluxing in 1,2-dichlorobenzene permitted cyclization of the ethoxycarbonyl 
group onto the phenyl ring, to give the quinoline 298. Treatment of 298 with 
phosphoryl chloride at 120-125X for 5 hours transformed the 4-hydroxy group into 
a 4-chloro group, with simultaneous demethoxycarbonylation, affording the 
required 3-acetyl-4-chloro-2-cyanomethylquinoline (293). 
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Alternatively, the ethoxy group in the ethyl enol ether of acetylacetone (299) 
was substituted by heating with methyl anthranilate (207) in 1,Zdichlorobenzene to 
give the enaminone 300. Cyclization of 300 to 3-acetyl-4-hydroxy-2- 
methylquinoline (301) was catalyzed by sodium methoxide. The corresponding 4- 
chloro derivative 302 was obtained by heating 301 with phosphoryl chloride. 
Functionahzation of 302 by bromination with N-bromosuccinimide gave 303, 
which was converted to the desired 3-acetyl-4-chloro-2-cyanomethylquinoline 
(293) upon treatment with sodium cyanide in dimethylformamide. 
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OH 0 Cl 0 

301 302 

Alkylation of 293 with I-bromo-3-methylbut-2-ene (t81), performed in 
dimethylformamide in the presence of potassium carbonate, afforded 304 in good 
yield. Methanolysis of the nitrile group of 304 gave ketoester 305. Cyclization of 
305 was carried out by refluxing with sodium hydride in tetrahydrofiuan, followed 
by heating with phenol at 100X! and refluxing the crude product obtained with 
hydrochloric acid, to provide IO-demethylglycocitrinc-II (306). Acetylation of the 
phenolic hydroxy groups of 306 by acetic anhydride and sodium acetate gave the 
diacetate 307. IV-Methylation of this compound with methyl iodide and sodium 
hydride in dimethylformamide, followed by hydrolysis of the crude product in the 
presence of potassium carbonate, finally afforded glycocitrinsII (25). 
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Another regioselective synthesis of glycocitrine-II, recently achieved by Anand 
and Selvapalam, was based on the initial observation that 3,5-dimethoxy-2-(3- 
methylbut-2-enyl)-acetanilide (308) was obtained in good yield when 3,5- 
dimethoxyacetanilide (309) and 3-methyl- 1 -buten3-ol (286) were refluxed in 
dioxane in the presence of a catalytic amount of boron trifluoride etherate (329). 
Alkaline hydrolysis of 308, followed by condensation of the corresponding crude 
aniline with diphenyliodonium-2-carboxylate (310) in isopropanol in the presence 
of cupric acetate, afforded the prenylated carboxylic diphenylamine 311. Despite 
the fragility of the prenyl group, 311 could be efficiently cyclized to the 
corresponding 1,3-dimethoxy-4-(3-methylbut-2-enyl)-acridone (312), upon 
treatment with polyphosphoric ester under rigorously anhydrous conditions, 
followed by quenching the reaction mixture through the slow addition to cold 
sodium bicarbonate solution. Transformation of 312 into glycocitrine-II (25) was 
carried out by N-methylation with methyl iodide, followed by demethoxylation of 
the crude product by sodium ethanethiolate in dimethylformamide. 

309 286 
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It should be noted that the key intermediates in the various syntheses of 
glycocitrine-II by Anand ef al. also Cunished an interesting access to the 
pyrano[2,3-c]acridin-7-one series. For instance, demethoxylation of intermediate 
312 with sodium ethanethiolate in dimethylformamide gave 306, which could be 
cyclized with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone to 12- 
demethylnoracronycine (313). Methylation of this latter product afforded 
acronycine (2) (329). 
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C. FURANOACRILWNES 

The three, naturally occurring, angular mranoacridone alkaloids mracridone 
(= mrofoline-I) (26), rutacridone (14), and hallacridone (117) were synthesized by 
the group of Reisch, using 1,3-dihydroxy-lo-methylacridone (19) as a starting 
material. Oxidation reactions performed on rutacridone (14) permitted access to 
several other furano and ditiuanoacridones, including gravacridonol (1X), 
gravacridondiol(127), and rutagravine (124). 

I. Synthesis of Furacridone 
Selective etherification of the 3-hydroxy group of 1,3-dihydroxy-lo-methyl- 

acridone (19) with excess bromoacetaldehyde diethylacetal in dry 
dimethylformamide, either by use of sodium hydride at 120°C in a bomb, or in the 
presence of potassium carbonate at IOO’C under nitrogen, afforded 3-(2,2- 
diethoxyethoxy)-I-hydroxy-lo-methylacridone (314). Cyclodehydration of 314 by 
refluxing in a mixture of dioxane and dilute aqueous sulfuric acid, followed by 
alkalization by addition of sodium hydroxide and heating, gave the desired 
furacridone (26), accompanied by smaller amounts of the linear isomer, 
isofirracridone (315) (330). 
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2. Synthesis of Rutacridone and Related Alkaloids 
Alkylation of 1,3-dihydroxy-I 0-methylacridone (19) with 1 ,Cdibromo-Z 

methyl-2-butene (316) in methanol containing sodium methoxide, using the 
procedure of Nickl for the synthesis of isopropenylbenzofuran derivatives (331) 
produced rutacridone (14), together with smaller amounts of its linear isomer 
isorutacridone (317) (332). The overall yield of the reaction and the percentage of 
isomers obtained greatly depended on the base used to catalyze the reaction (333). 
Rutacridone (14) and isorutacridone (317) were obtained in 77% combined yield 
under optimized conditions, when the reaction was carried out in tetrahydrofuran at 
room temperature, using Amberlite@ IRA 68 anion exchange resin as the alkaline 
agent (334). 

0 OH 
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Allylic oxidation of rutacridone (14) with selenium dioxide and t- 
butylhydroperoxide in dichloromethane at room temperature afforded gravacridonol 
(121) in 23% yield (335). In contrast, oxidation of rutacridone (14) with aqueous 
potassium permanganate in acetone gave a mixture of gravacridondiol (127), 
rutagravine (124), its isomer 318, and dihydrohallacridone (319). This latter 
compound could be further oxidized with 2,3-dichloro-5,6-dicyano-1,4- 
benzoquinone into the filly aromatic hallacridone (117) (336). 

3. Synthesis of Halkzcridone 
Hallacridone is a minor alkaloid obtained from the tissue cultures of Ruta 

graveolens, whose structure was first tentatively assigned as 6-hydroxy-2,12- 
dimethyl-3H-pyrano[2,3-c]acridine3,7(l~-dione (320) on the basis of 
spectroscopic evidence (232, 230). Reisch and Gunaherath synthesized 320 in two 
steps, starting from 1,3-dihydroxy-lo-methylacridone (19) (233). 
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Condensation of 19 with ethyl bromomethacrylate gave the corresponding ether 
321. Heating 321 in polyoxyethyleneglycol afforded the desired 320, by 
regioselective o-Claisen rearrangement and ring closure, followed by double-bond 
isomerization. The compound obtained was different from natural hallacridone, 
whose structure was consequently revised to 2-acetyl-5-hydroxy-1 l- 
methylfUro[2,3-c]acridind(l lH)-one (117) (233). 

This result was unambiguously confirmed by the total synthesis of 117. 
Ullmann condensation between 2-chlorobenzoic acid (322) and 3,5- 
dimethoxyaniline (272) gave 3’,5’-dimethoxydiphenylamine-2-carboxylic acid 
(323), which underwent simultaneous formylation and cyclization, upon treatment 
with dimethylformamide and phosphoryl chloride, to yield 4-formyl-1,3- 
dimethoxydroxyacridone (324). N-Methylation to 4-formyl-1,3-dimethoxy-lo- 
methylacridone (325) on treatment with methyl iodide and silver oxide was 
followed by complete 0-demethylation with excess boron trichloride in 
dichloromethane. Darzens condensation between 4-formyl-1,3-dihydroxy-lo- 
methylacridone (326) and monochloroacetone in the presence of potassium 
carbonate in anhydrous acetone gave 2-acetyl-5-hydroxy-l l-methylko[2,3- 
clacridin-6(1 lH)-one (117), identical with natural hallacridone (233). 
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D. PYRANOACRIDONES 

The synthesis of natural pyranoacridone alkaloids and analogues has 
received more attention than that of their furano counterparts, due to the interesting 
antitumor properties exhibited by acronycine and some of its derivatives. Two main 
strategies have been developed for the synthesis of pyrano[2,3-clacridin-7-one and 
pyrano[3,2-blacridin-7-one alkaloids. 

The first one envisages alkylation of a preformed 1,3-dioxygenated acridone 
comprising the ABC tricyclic portion of the alkaloid by a CS unit, and elaboration of 
the pyran D ring from this unit, by simultaneous or subsequent cyclization. 

The second involves construction of the acridone nucleus in the course of 
the synthesis. The main approaches used in this latter case are very similar to those 
which permitted access to the simple acridone alkaloids, e.g. (i) cyclization of a 
diarylamine intermediate, (ii) cyclization of a benzophenone intermediate, or (iii) 
construction of the acridone system starting from a quinoline or a quinolinone 
which bring together the A and B or B and C rings of the acridone skeleton. 

In addition, oxidation reactions performed on pyranoacridones led to several 
alkaloids modified on the C and D rings, and to acronycine analogues with 
improved antitumor activity. 
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1. Syntheses Startingfom a Preformed Acriabne Nucleus 
Three different types of reagents have been used for the alkylation of 1,3- 

dioxyacridones and subsequent wnstruction of the fused dimethylpyran D ring of 
pyranoacridone alkaloids. I-Halo-3-methyl-2-butenes enable cyclization to a 
dihydrodimethylpyran ring, and dehydrogenation or oxidation has to take place in 
the wurse of the synthesis, in order to obtain the desired pyranoacridone. In 
contrast, the use of the tertiary alcoholic 3-hydroxyisovaleraldehyde dimethylacetal 
and of the acetylenic 3-chloro-3-methyl-l-butyne permit direct cyclization to the 
required dimethylpyran. 

a. I-Halo-3-methyl-2-butenes. In one of the first syntheses of acronycine, 
Beck et al., at the Eli Lilly Research Laboratories, condensed 1,3- 
dihydroxyacridone (22) with I-chloro-3-methyl-2-butene (327) in trifluoroacetic 
acid, in the presence of zinc chloride as catalytst (285,290). Under such conditions, 
1,2-dihydro-12-demethylnoracronycine (328) was obtained in moderate yield, 
together with the bischromane 329. Methylation of 328 with methyl iodide and 
potassium carbonate in acetone afforded 1,2-dihydronoracronycine (330) which 
was subsequently dehydrogenated into noracronycine (138) by refluxing in toluene 
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone. Finally, methylation of 138 by 
methyl sulfate and potassium carbonate in acetone gave acronycine (2). 
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More recently, when studying the biomimetic condensation of 1,3- 
dihydroxy-lo-methylacridone (19) with one equivalent of 1-bromo-3-methyl-2- 
butene (281) in the presence of alumina, Grundon and Reisch obtained glycocitrine- 
II (25). Oxidative cyclization of 25 with 3-chloroperbenzoic acid gave 2-hydroxy- 
1,2-dihydronoracronycine (331), accompanied by its dihydromran isomer 120. 
Dehydration of 331, by concentrated sulfuric acid afforded noracronycine (138) 
(326). Moreover compound 332 was obtained during the oxidative cyclization of 25 
(337) 
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b. 3-Hydroxyisovaleraldel@e dimethylacetal. In 1969, Crombie et al. 
introduced the use of 3-hydroxyisovaleraldehyde dimethylacetal (333) for the 
dimethylchromenylation of phenols (338). The method was applied to the synthesis 
of acronycine (2) (339). Thus, condensation of 1,3-dihydroxyacridone (22) with the 
hydroxy-a&al333 in pyridine at 150°C afforded 12-demethylnoracronycine (313), 
accompanied by its linear isomer 334. Usual methylation with excess methyl iodide 
and potassium carbonate in acetone gave acronycine (2) from 313 and 
isoacronycine (335) from 334 (340). 

The same approach was used later by Kapil et al. for the synthesis of 
atalaphyllidine (141) (289). Condensation of 1,3-dihydroxy-5-benzyloxyacridone 
(290) with 3-hydroxyisovaleraldehyde dimethylacetal (333) gave 336 which was 
readily debenzylated into atalaphyllidine (141) by palladium-on-charcoal and 
sodium acetate in refluxing ethanol. 
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c2H5cH&=c s#& 
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c. 3-Chloro-3-methyl-I-butpe. Hlubucek, Ritchie, and Taylor introduced in 
1969 the employment of 3-chloro3-methyl-1-butyne (278) (324, 325) for the 
synthesis of 2,2-dimethylchromenes by the 0-alkylation of phenols, followed by 
Claisen rearrangement (341). The method was applied by the same authors to 
several interrelated syntheses of acronycine (2) (286, 342). When 1,3-dihydroxy- 
lo-methylacridone (19) was used as a starting material, the propargyl ether 279 was 
obtained in 70% yield upon treatment with 3-chloro3-methyl-l-butyne (278) in 
dimethylformamide in the presence of potassium carbonate and potassium iodide at 
52°C. Etheritication of the I-hydroxyl group was precluded, due to hydrogen 
bonding with the carbonyl at the 9-position. Claisen rearrangement performed on 
279, by refluxing in iV,N-diethylaniline, provided noracronycine (138) in almost 
90% yield. When the same reaction sequence was applied to 1,3dihydroxyacridone 
(22), the Claisen rearrangement occurred during the etherification. The 
corresponding pure ether was not isolated. Heating the crude reaction mixture in 
dimethylformamide at 130°C gave 12-demethylnoracronycine (313) in 85% yield 
corn 22. In crude products obtained from these cyclization reactions, no traces of 
corresponding linear isomers could be detected by tic, but Fryer et al., when 
repeating these experiments, could isolate minute amounts of isomeric products 
belonging to the pyrano[32-blacridin-7-one series (343). Finally, classical 
methylation reactions performed on 138 and 313 afforded acronycine (2). As far as 
overall yields are concerned, this approach towards pyrano[2,3-clacridin-7-one 
alkaloids is certainly one of the most successful. This is probably the reason why 
several modifications (344), improvements (345), and applications to the 
preparation of related natural alkaloids (346) or synthetic congeners (340, 347-353) 
were published subsequently. 
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For instance, Lewis et al. used the same strategy for the synthesis of ll- 
hydroxynoracronycine (142) (346). Condensation of phloroglucinol (286) with 3- 
methoxyanthranilic acid (337) in I-butanol in the presence of zinc chloride gave 
1,3-dihydroxy-S-methoxy-9-acridone (338). Treatment of 338 with 3-chloro-3- 
methyl-1-butyne (278) in dimethylformamide containing potassium carbonate and 
sodium iodide, followed by in situ cyclization of the intermediate propargyl ether, 
gave the expected 11 -methoxy- 12-demethylnoracronycine (339), accompanied by a 
secondary product whose structure was established later as 340 (354). This latter 
compound should be considered to arise from cyclization in alkaline medium of a 
product of C-alkylation of 338 by 3-chloro-3-methyl-l-butyne (355). Alkylation of 
339 with dimethylsulfate afforded 1 1-methoxyacronycine (341). Demethylation on 
treatment with hydrogen bromide or pyridine chloride gave baiyumine-A (147) 
which was further demethylated by boron tribromide in methylene chloride into 1 l- 
hydroxynoracronycine (342) identical with the alkaloid isolated from Ataiantia 
ceykmica (346). 

2. Syntheses Involving Construction of the Acridone Nucleus 
a. Cyclization of a diaryhmnine intermediate. Several of the first acronycine 

syntheses described by Beck et al. were based on this strategy (285, 290). These 
approaches, which have been previously reviewed (43, 82) are now mainly of 
historical interest, since they proceed in numerous steps and poor overall yields. 

Loughhead published more recently an expeditious synthesis of acronycine 
based on the cyclization of a diarylamine key intermediate (356). Condensation of 
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methoxy-2,2-dimethyl-4-chromanone (344) by the method of Winterfeldt (357), 
with 2-bromobenzoic acid (222) under Ullmann conditions gave the corresponding 
carboxylic chromenylphenylamine 345. Cyclization of 345 to 12- 
demethylacronycine (139) was efficiently induced by treatment with 5 equivalents 
of trifluoroacetic anhydride in dichloromethane for three days at room temperature. 
Final conversion to acronycine (2) was achieved by alkylation with methyl iodide 
under phase transfer conditions. This efficient preparation permitted the formation 
of 12-demethylacronycine (139) and acronycine (2) in approximately 40% yield 
from the aminochromene 343. An essentially similar methodology, starting from 5- 
amino-2,2-dimethylchromene (346), gave a versatile access to the 6- 
demethoxyacronycine (347) series (358,359). 
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Tandem metallation synthesis of acridones was also successfidly applied by 
Watanabe to the synthesis of acronycine (2) (314). Thus, the lithium salt of methyl 
N-methylanthranilate (250) easily reacted with the benzyne 348 generated Corn 6- 
bromo-9-methoxy-2,2-dimethylchromene (349) (357) to afford directly acronycine 
(2) in 41% yield. 
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b. Cyclization of a benzophenone intermediate. The biomimetic cyclization 
of aminobenzophenones to acridones developed by Lewis et al. was applied by 
these authors to the synthesis of acronycine (2) and 12-demethylacronycine (139) 
(77, 79). The key-intermediates were benzophenones 350,351, and 352. 

In a first route, through 350, Friedel Crafts reaction between 2-nitrobenzoyl 
chloride (353) and 3,5-dimethoxyphenol (354) gave 4,6-dimethoxy-2-hydroxy-2’- 
nitrobenzophenone (355) in 15% yield, together with the required 2,6-dimethoxy-4- 
hydroxy-2’-nitrobenzophenone (356), produced in only 5% yield. Alkylation of 356 
with 3-chloro3-methyl-l-butyne (278), followed by Claisen rearrangement, 
afforded 6-(2-nitrobenzoyl)-5,7-dimethoxy-2,2-dimethylchromene (357), whose 
nitro group was reduced by zinc dust to give the aminobenzophenone 350. 
Cyclization with sodium hydride in dimethylsulfoxide furnished 12- 
demethoxyacronycine (139) in 27% yield, accompanied by its pyrano[3,2-blacridin- 
7-one isomer, I2- demethylisoacronycine (358) in 39% yield. 

350 R=H 
351 R=COCH3 
352 R=C H3 
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A second route involved the intermediacy of benzophenone 351. Treatment 
of 3,Sdimethoxyphenol (354) with 3-chloro-3-methyl-1-butyne (278) gave 5,7- 
dimethoxy-2,2-dimethylchromene (359), which could be regioselectively lithiated 
at the 6-position by use of butyllithium in ether. Reaction of the lithio derivative 
360 with 2-methyl-3,1-benzoxazin-4one (255) smoothly afforded the required 
aminobenzophenone 351. Cycliition with sodium hydride in dimethylsulfoxide 
occurred with simultaneous loss of the acetyl group, to give 12- 
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demethoxyacronycine (139) in 43% yield, and 12-demethylisoacronycine (358) in 
46% yield. 

The third route permitted a direct access to acronycine (2), by cyclization of 
the aminobenzophenone 352, effkiently prepared by condensing N-methylisatoic 
anhydride (259) with the lithiated chromene 360. Treatment of 352 with sodium 
hydride in dimethylsulfoxide gave acronycine (2) and isoacronycine (335), both 
obtained in 38% yield 
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c. Construction of the acridone from a quinoline or a quinolinone. The 
strategy described by Winterfeldt et al. for the preparation of acronycine involves 
construction of the aromatic A ring of the of pyrano[2,Sc]acridin-7-one tetracyclic 
core at the final steps of the synthesis (357). Consequently, it provides an elegant 
entry towards derivatives substituted on the A ring (360), and was developed 
subsequently, with slight modifications, for the synthesis of various analogues, 
including the phenolic metabolites of acronycine in mammals (361). 

Condensation of 5-amino-7-methoxy-2,2-dimethylchromene (343) with 
dimethylacetylenedicarboxylate (361) gave 362, which was converted to 363 by 
reaction with ally1 bromide in alkaline medium. Cope rearrangement of 363 into 
364, ensued by heating in ether, permitted creation of ring B of the target 
compound. Reduction of the carbomethoxy group of 364 by lithium aluminum 
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hydride gave alcohol 365, which was oxidized to aldehyde 364 on treatment with 
manganese dioxide. Oletin aldehyde cyclization of 366 catalyzed by titanium 
tetrachloride afforded the chlorocarbinol367 as a diastereoisomeric mixture, which 
was acetylated to the diacetate 368. Finally, treatment of 368 with potassium tert- 
butoxide gave 12-demethylacronycine (139) which could be methylated to 
acronycine (2). 
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3. Oxidation Reactions of Pyranoacridones 
Oxidation reactions performed on the pyran D ring of pyrano[2,3-clacridin- 

7-one alkaloids provided an entry to several related natural products. 
a. oxidation reactions of 12-akmethoxyacronycine. The structures of four 

alkaloids isolated from the leaves of Sarcomelicope dogniensis, 12-dihydro-l- 
hydroxy-1Zdemethylacronycine (146) l,Zdihydro-l-oxo-lZdemethoxy- 
acronycine (144), cis-1,2-dihydro- 1,2-dihydroxy-12-demethylacronycine (15Zj, 
and the seco-alkaloid 150 were confirmed by oxidation reactions performed on 12- 
demethoxyacronycine (139) (249). Thus, hydroxybromination of 139 by N- 
bromosuccinimide in aqueous tetrahydrofbran yielded racemic trans-2-bromo-1,2- 
dihydro-1-hydroxy-l2-demethylacronycine (369) which was smoothly 
debrominated into racemic 1,2-dihydro-1-hydroxy-1Zdemethylacronycine (146) by 
treatment with tributyltin hydride. Chromic oxidation of the benzylic alcohol 146 
gave 1 ,Zdihydro- 1 -oxo-12-demethoxyacronycine (144). Osmium tetroxide 
oxidation of 12-demethylacronycine (139) carried out in pyridine readily afforded 
racemic cis-l,Zdihydro-l,Zdihydroxy-l2-demethylacronycine (152). Finally, 
further oxidation of the cis-diol 152 with sodium periodate led to the D ring opened 
dialdehyde 150. 
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b. oxidation reactions of acronycine. Acronycine epoxide (148), an unstable 
alkaloid isolated in minute amounts from various Sarcomelicope species (255), was 
the final target of several oxidation reactions studied in the group of Reisch (362, 
363, 364). The first attempts towards the synthesis of 148, by treatment of 
acronycine (2) with 3chloroperbenzoic acid only resulted in hydroxylation on the 
aromatic C ring, leading to Shydroxyacronycine (370) (362). When acronycine (2) 
was oxidized with dimethyldioxirane, acronycine epoxide (148) and the diols, 
resulting from opening of the epoxide, were obtained as an unseparable mixture 
(363). Finally, when dimethyldioxirane oxidation was carried out in the presence of 
potassium carbonate, acronycine epoxide was isolated in 14% yield, together with 
5-hydroxyacronycine (370) obtained in 13% yield (364). 

The optically active alkaloid (-)-cis-12-dihydro-1,2dihydroxyacronycine 
(157), isolated from Sarcomelicope gkzuca and Sarcomelicope abgniensis, was first 
synthesized as a racemate by oxidation of acronycine (2) with osmium tetroxide 
(274, 365). Better results were obtained when a catalytic amount of osmium 
tetroxide was used in pyridine, with N-methylmorpholine N-oxide as the re- 
oxidizing agent (359). Racemic diol 157 could be easily converted into the 
corresponding cyclic thiocarbonate by treatment with NJWiocarbonyldiimidazole. 
Benzylic reduction of 371 with tributyltin hydride afforded racemic 2-hydroxy-1,2- 
dihydroacronycine (331) (365). Alcohol 331 was used to prepare several glycosides 
(366, 367). Of particular interest were the 1,4-di-0-acetyl-3-chloro and 3-bromo- 
2,3,6-trideoxy-L-arabino-hexopyranosides, since the two diastereoisomers obtained 
in each series were easily separated by column chromatography. The absolute 
configuration at C-2 on the aglycone part of each glycoside was deduced from ‘H 
and r3C NMR data, compared with those of related angular 
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hydroxydihydropyranocoumarin hexopyranosides of known absolute configuration 
(368). Acidic hydrolysis of the glycosides finally gave access to (2R)-Zhydroxy- 
1 ,Zdihydroacronycine (372) and (2S)-Zhydroxy-1 ,Zdihydroacronycine (373) 
(367). 

More recently, application of the Sharpless asymmetric dihydroxylation 
methodology (369) to acronycine (2) permitted the enantioselective preparation of 
(lR, 2&c&l,Zdihydro-1,2-dihydroxyacronycine (374) and (LS, 2X)-c&1,2- 
dihydro-1,2dihydroxyacronycine (375), by use of diphenylpyrimidine ligands 
involving dihydroquinine and dihydroquinidine, repectively. Each enantiomer was 
purified using chiral high performance liquid chromatography and its absolute 
configuration was confirmed by benzylic reduction into the corresponding 2- 
hydroxy-1,2-dihydroacronycine, on treatment with sodium cyanoborohydride in the 
presence of zinc iodide. In this way, the absolute configuration of natural c&1,2- 
dihydro- 1,2-dihydroxyacronycine was determined as ( 1 R, 2R) (2 74,370). 
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Racemic trarrs-1,2-dihydro-1,24ihydroxyacronycine (158) was first 
obtained in very low yield by oxidation ofacronycine (2) with chromium trioxide in 
acetic acid followed by alkaline hydrolysis of the intermediate trans-diol 
monoacetate (274). A more convenient access was recently described (374, based 
on a previous study of the oxidation of acronycine by potassium permanganate 
(372). Thus, treatment of acronycine (2) with potassium permanganate in aqueous 
acetone gave 1-oxo-Zhydroxy-12-dihydroacronycine (376) in 3 1% yield, 
accompanied by smaller amounts of cis-1,2-dihydro-1,2-dihydroxyacronycine (157) 
and of the acetone adduct 377. Sodium borohydride reduction of I-oxo-2-hydroxy- 
1 ,Zdihydroacronycine (376) in methanol afforded the desired irans- 12-dihydro- 
1,2-dihydroxyacronycine (158) as a racemate in 50% yield (371). 

376 

OH 

I 
NaBH4 / MeOH 

OH 

156 



3. ACRIDONE ALKALOIDS 357 

The high chemical unstability of acronycine epoxide led to the speculation 
that it may be the biologically active metabolite of acronycine in vivo, able to 
alkylate nucleophilic targets within the cell (2.55). Nevertheless, its fast reaction 
with water, to give the corresponding cis and trans diols, precludes its possible use 
in therapeutics (359). Therefore, in a search for candidates possessing the same type 
of benzylic reactivity as acronycine epoxide towards nucleophilic targets, but a 
better chemical stability, a series of cis- and trans-I,2-dihydroxy-1,2- 
dihydroacronycine esters was prepared (359, 371). These compounds, exemplified 
by cis-1,2-diacetoxy-1,2-dihydroacronycine (378) exhibit promising antitumor 
properties, with a broadened spectrum of activity and an increased potency when 
compared to acronycine itself both in vivo and in vitro (359). 

E. DIMERIC ACRIDONJZ ALKALOIDS AND RELATED COhtKXJNDS 

1. Polymerization Reactions of Qranoacridones and oxidation of C- 
Prenylacridones 

None of the naturally occurring dimeric acridone alkaloids containing a 
carbon-carbon linkage have been synthesized to date. Nevertheless, glycobismine-A 
(184), and the diastereoisomeric glycobismines-B and C, both represented by 
structure 187, should be considered to arise most probably by acid-catalyzed 
condensation between the two corresponding monomeric acridone units. 

In good agreement with this hypothesis, an interesting series of 
polymerization and rearrangement reactions was performed in acidic medium on 
acronycine (2) and noracronycine (138) by Cordell et al. (373-383). Thus, by 
heating noracronycine with methanolic hydrochloric acid, eight major oligomers, 
named AB-1, AB-2, AB-3, AB-4, AB-54, AB-SB, ABdA, and ABdB were 
obtained. The structures were established as dimeric for AB-1 (379) and AB-2 
(380), trimeric for AB-3 (381), tetrameric for AB-4 (382) and AB-SB (383), and 
pentameric for AB-SA (384) ABdA (385), and ABdB (386). It should be 
emphasized that the mode of linkage between the benzylic pyran position of a unit 
and the C-5 position of the following one is exactly the same as that encountered in 
natural glycobismines. 
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Subsequently, some of these oligomers (e.g. 379,380, and 381) were also 
isolated as thermal rearrangement products when noracronycine was heated at 
180°C. At 210°C however, a completely different array of products was obtained. 
Indeed, the two diastereoisomeric Diels-Alder adducts 387 and 388, formed from 
norisoacronycine (397) and the putative diene 389 were isolated from the reaction 
mixture (384). Moreover, some new acronycine derivatives, 390, 391, 392 and 397 
were recently obtained by heating the HCl salt of acronycine at 250’ C for 2.5 hours 
(385). 
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I. Synthesis of Acridone-Coumarin Dimers 

The acridone-coumarin dimers acrimarine-A (176) and -F (178) were 
synthesized by Furukawa et al. from the corresponding monomeric units, the 
acridones grandisine-II (79) and citpressin-I (78) on one hand, and the 
prenylcoumarin suberenol(393) on the other hand (262). Suberenol (393) was first 
synthesized from the readily available prenylcoumarin suberosin (394), through 
haematoporphyrin-sensitized photo-oxidation, followed by treatment with 
triphenylphosphine. Condensation of suberenol (393) and grandisine-II (79) to 
acrimarine-A (176) was successfully achieved in ethanolic solution, in the presence 
of perfluorinated resin Naflon@ II, acting as a superacid catalyst (262). The same 
reaction applied to suberenol (393) and citpressin-I (78) gave acrimarine-F (178) 
(262). Application of this method to simple acridones, including 1,3-dihydroxy-lo- 
methylacridone (19), I-hydroxy3-methoxy-lo-methylacridone (48) and 1,3- 
dihydroxyacridone (22) permitted Reisch et al. to obtain synthetic acrimarins 169, 
395 and 396 (292). It is interesting to note that one of them, 169, was subsequently 
isolated from Citrusfinadoko and named acrimarine M (261). 

394 

I 

02/hv 
P(C6Hd3 

R*oQ550R, + “Otio 
H3CO bH3 

393 
79 R,=H, R2=CH3 
78 R,=CH3, R2=H 
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R20 

H&O CH3 
176 R1=H, R2=CH3 
178 R,=CH3, R2=H 

ORI 0 OH 
R2 

19 R,=H, R2=CH3 
48 R,=R2=CH3 
22 R,=R2=H 

R2 
169 R1=H, R2=CH3 
395 R,=R2=CH3 
396 R, =R2=H 

VI. Biological Properties of Natural Acridone Alkaloids 

Acridone alkaloids are known to have various interesting biological 
activities. Renowned is the antitumor activity of acronycine (2), which has been 
covered by Svoboda et al. and Cordell et al. in two reviews included in this series 
(38, 40), and by Tillequin et al. in two recent review articles (43, 44). The latter also 
cover the chemistry, cytotoxicity and antitumor activity of some new, recently 
synthesized acronycine derivatives. Most interesting are the cis- and tram-1,2- 
dihydroxy-1,2-dihydroacronycine diesters, which exhibit promising antitumor 
properties, with a broad spectrum and increased potency when compared with 
acronycine on several tumor strains in vitro and in vivo (359, 371). C&1,2- 
diacetoxy- 1,2-dihydroacronycine (378) appears to present particular interest in this 
respect, due to its high in vivo activity against P388 leukemia, the highly resistant 
solid tumor C-38, and the human HT-29 adenocarcinoma (392). 

It is noteworthy that acronycine induced a partial accumulation of cells in 
the G2+M phase (393) whereas the new hemisynthetic derivatives, modified in ring 
D, induced a marked accumulation of cells in the S phase. This fact could suggest 
several differences in their mechanism of action at molecular level. 

The cytotoxic activity of various natural and hemisynthetic acridones has 
been the subject of many studies, which have well determined their antiproliferative 
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activity on i) several leukemia cell lines such as HL-60, L-1210, T-cell leukemia, 
and the human promyelotic leukemia cell line (359-396) ii) cell lines derived from 
solid tumors, such as human lung carcinoma, melanoma, gastric cancer, breast 
cancer and lymph-node metastasis (396, 397). As far as structure activity 
relationships are concerned, it is clear that in the pyranoacridone series the presence 
of a hydroxyl group at C-6 results in a decrease of cytotoxic activity; opposingly, 
the presence of a methoxy group at C-6, an hydroxy or methoxy group at C-l 1 and 
the replacement of NCHs by an NH group are followed by an increase of 
cytotoxicity. In the simple acridone series, the presence of hydroxy or methoxy 
groups in positions C-1,2,3,4,5,6 seem to produce an increased antiproliferative 
effect. These compounds, exemplified by glyfoline (96), showed a 2- to 25-fold 
increase of their in vitro potency, as compared to acronycine (309, 395). The 
chemistry and pharmacology of these substituted simple acridone alkaloids have 
been recently covered by Su et al. (41). However, it is worth pointing out that all 
the natural and synthetic acridone derivatives, even the highly antitumor 1,2- 
dihydroxy-1,2-dihydroacronycine diesters, showed weak in vitro potency, not 
exceeding an I& of 0.5 M , when compared with other antitumor agents. The 
only exception is 2-nitroacronycine (398) obtained by treatment of acronycine with 
nitric acid. This compound was strongly cytotoxic with an I& of 0.09 M (300- 
fold more potent than acronycine) in inhibiting the proliferation of L1210 cells 
(398) and other solid tumors (399) but it was completely devoid of antitumor 
activity against P388 leukemia and C38 colon adenocarcinoma (398). 

Recent investigations have documented that several 1,3-dihydroxyacridone 
derivatives present a moderate in vitro cytotoxic activity on the multidrug resistant 
KB cell line, through a topoisomerase II - mediated mechanism (400). 

Apart from their anticancer activity, acridone alkaloids have been shown to 
possess interesting pharmacological activities against protozoa, such as Plasmodia 
and Pneumocystis carinii. In regard to anti-malarial activity, 150 natural and 
synthetic acridone alkaloids have been tested for their activity in vitro and in vivo 

96 398 iJO 

CH3CO0 i 
OCOCH3 

378 
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(401-403). Acronycine and some analogs such as 2-nitroacronycine showed 
interesting activity against chloroquine resistant W2 clones of Plasmodium 
falciparum (402). Among the other natural acridones the more interesting was 
atallaphyllinine (162) which was evaluated in vivo in mice infected with 107 
erythrocytes parasitized with Plasmodium berdhei or P. vinckei (IP administration 
in a daily dose of 50 mg/Kg for 3 days). Following this treatment, the development 
of malaria parasites was completely suppressed without observation of acute toxic 
effects (403). Moreover atalaphyllinine and glycobismine (184) showed significant 
activity against Pneumocystis carinii in vitro (404). 

Natural acridone alkaloids have also attracted attention for their 
antimolluscicidal (210), antiviral (405), inhibition of Epstein-Barr virus activation 
(406), antispasmodic (407), and antiplatelet aggregation (408) activities. 
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biosynthesis of, 46, 1 (1995) 

Quinazolidine alkaloids, see Indolizidine alkaloids 
Quinazoline alkaloids, 3, 101 (1953) 7,247 (1960) 29,99 (1986) 
Quinazolinocarbolines, 8,55 (1965), 21,29 (1983) 
Quinoline alkaloids 

related to anthranilic acid, 3,65 (1953), 7,229 (1960) 17, 105 (1979), 
32,341 (1988) 

Quinolinequinone alkaloids, 49,79 (1997) 
Quinolinequinoneimine alkaloids, 49,79 (1997) 
Quinolizidine alkaloids, 28, 183 (1985), 47, 1 (1995) 

biosynthesis of, 46, 1 (1995) 
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Rauwolfi alkaloids, 8,287 (1965) 
biosynthesis of, 47,116 (1995) 

Reissert synthesis of isoquinoline and indole alkaloids, 31, 1 (1987) 
Reserpine, chemistry, 8,287 (1965) 
Respiratory stimulants, 5, 109 (1955) 
Rhoeadine alkaloids, 28, 1 (1986) 
Salamandra group, steroids, 9,427 (1967) 
Sarpagine-type alkaloids, 52,104 (1999) 
Sceletium alkaloids, 19, 1 (1981) 
Secoisoquinoline alkaloids, 33,23 1 (1988) 
Securinega alkaloids, 14,425 (1973) 
Senecio alkaloids, see Pyrrolizidine alkaloids 
Simple indole alkaloids, lo,49 1 ( 1967) 
Simple indolizidine alkaloids, 28, 183 (1986), 44, 189 (1993) 
Sinomenine, 2,219 (1952) 
Solanum alkaloids 

chemistry, 3,247 (1953) 
steroids, 7,343 (1960), 10, 1 (1967), 19,81 (1981) 

Sources of alkaloids, 1, 1 (1950) 
Spectral methods, alkaloid structures, 24,287 (1985) 
Spermidine and related polyamine alkaloids, 22,85 (1983) 
Spermine and related polyamine alkaloids, 22,85 (1983) 
Spider toxin alkaloids, 45, 1 (1994), 46,63 (1995) 
Spirobenzylisoquinoline alkaloids, 13,165 (1971), 38, 157 (1990) 
Sponges, isoquinolinequinone alkaloids from, 21,55 (1983) 
Sri Lankan flora, alkaloids from, 52,1 (1999) 
Stemona alkaloids, 9,545 (1967) 
Steroid alkaloids 

Apocynaceae, 9,305 (1967), 32,79 (1988) 
Buxus group, 9,305 (1967), 14,l (1973), 32,79 (1988) 
chemistry and biology, 50,61 (1998), 52,233 (1999) 
Holarrhena group, 7,3 19 ( 1960) 
Salamandra group, 9,427 (1967) 
Solanum group, 7,343 (1960), 10, 1 (1967), 19,81 (1981) 
Veratrum group, 7,363 (1960), 10,193 (1967), 14, 1 (1973), 41, 177 

(1992) 
Stimulants 

respiratory, 5,109 (1955) 
uterine, 5,163 (1955) 

Structure elucidation, by X-ray diffraction, 22,5 1 (1983) 
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Strychnos alkaloids, 1,375 (part 1, 1950), 2,513 (part 2, 1952), 6, 179 
(1960), 8,515,592 (1965) 11,189 (1968), 34,211 (1988), 36, 1 
(1989), 48,75 (1996) 

Sulfur-containing alkaloids, 26,53 (1985) 42,249 (1992) 
Synthesis of alkaloids, 

Enamide cyclizations for, 22, 189 (1983) 
Lead tetraacetate oxidation in, 36,70 (1989) 

Tubemaemontuna alkaloids, 27, 1 (1983) 
Taxol, 50,509 (1998) 
Taxus alkaloids, 10,597 (1967), 39,195 (1990) 
Terpenoid indole alkaloids, 49,222 (1997) 
Thailand, alkaloids from the plants of, 41, 1 (1992) 
Toxicology, Papaveraceae alkaloids, 15,207 (1975) 
Transformation of alkaloids, enzymatic microbial and in vitro, 18,323 

(1981) 
Tropane alkaloids 

biosynthesis of, 44, 115 (1993) 
chemistry, 1,271 (1950), 6, 145 (1960), 9,269 (1967), 13,351 (1971), 

16,83 (1977), 33,2 (1988), 44,1 (1993) 
Tropoloisoquinoline alkaloids, 23,301 (1984) 
Tropolonic Colchicum alkaloids, 23,1 (1984), 41, 125 (1992) 
Tylophoru alkaloids, 9,5 17 (1967) 
Unnatural alkaloid enantiomers, biological activity of, 50, 109 (1998) 
Uterine stimulants, 5, 163 (1955) 
Verutrum alkaloids 

cevane group of, 41, 177 (1992) 
chemistry, 3,247 (1952) 
steroids, 7,363 (1960), 10, 193 (1967), 14, 1 (1973) 

Kncu alkaloids, 8,272 (1965), 11,99 (1968), 20,297 (1981) 
Voucungu alkaloids, 8,203 (1965), 11,79 (1968) 
Wasp toxin alkaloids, 45, 1 (1994) 46,63 (1995) 
X-ray diffraction of alkaloids, 22,5 1 (1983) 
Yohimbe alkaloids, 8,694 (1965), 11, 145 (1968), 27,131 (1986) 
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Abuta spp., 3, 49 
Acetylenes 

cobalt-catalyzed cocyclization of 4-ethynyl- 
3-indoleacetonitriles with, 243 

Acridone, 270 
Acridone alkaloids, see also specijic 

compounds 
biosynthetic considerations, 260-264 

occurrence, 284 
synthesis, 325-333 

dimeric 
occurrence, 284 
synthesis, 356-358 

furanoacridones 
occurrence, 284 
synthesis, 334-338 

natural, biological properties, 360-362 
C-prenylacridones 
pyranoacridones 

occurrence, 284 
synthesis, 338-356 

simple 
occurrence, 267-283 
synthesis 

with 1,2,3,4,9, lo-hexahydroacridine- 
1,9-dione aromatization, 
324-325 

with benzophenone intermediate 
cyclization, 320-321 

with diphenylamine intermediate 
cyclization, 3 13-320 

with isatoic anhydride condensation 
with 2-cyclohexen- 1 -one 
enolate, 322-323 

structural elucidation, 265-266 
Acridone-coumarin dimers, 359 
Acrifoline, 295 
Acrignine A, 304 
Acrimarine A, 303 
Acrimarine B, 303 
Acrimarine C, 302 
Acrimarine D, 303 

Acrimarine E, 307 
Acrimarine F, 303 
Acrimarine G, 301 
A&marine H, 302 
Acrimarine I, 304 
Acrimarine J, 305 
A&marine K, 302 
Acrimarine M, 301 
Acrimarine N, 304 
Acronycine, 295 

oxidation reactions of, 352 
Acronycine epoxide, 296 
Acutumine, 34 
Acutumine alkaloids, 33-34, 160 
Agroclavine 

conversion to lysergene and lysergine, 234 
conversion to lysergol, 233-234 

(+)-Agroclavine I 
synthesis, 207-208 

(-)- and (+)-Agroclavines 
synthesis, 207-208 

Albertisia spp., 46 
Alkaloid A,, 29 1 
3-Alkenyl-4-iodoindoles 

palladium-catalyzed reactions for 
3,4-disubstituted indole synthesis, 
242-243 

Anisocycla spp., 46 
Antizoma spp., 55 
Aporphine alkaloids, 17- 18 

sub type IV.a, 139-141 
sub type IV.e, 144 

Aporphinoid, 18 
Arborinine, 275 
Argemonine, 39 
Aristolactams, 147 
Aristolochic acid derivative alkaloids, 22-23, 

146 
Aristolochic acid I, 22, 23 
Atalafoline, 282 
Atalafoline B, 281 
Atalanine, 305 

389 
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Atalaphyllidine, 294 
Atalaphylline, 287 
Atalaphyllinine, 299 
Ataline, 308 
( 2 )-Aurantioclavine 

Iwao’s synthesis of, 215-216 
Somei’s synthesis of, 213-214 

Azafluoranthene alkaloids, 20 

Baiyumine-A, 296 
Baiyumine-B, 285 
Benzazepine alkaloids, 28-29, 152 
Benzylisoquinoline alkaloids, 1 1 - 12, 117 
I-Benzyltetrahydroisoquinoline, 3 
Benzyltetrahydroisoquinoline alkaloids, 117 
Bisbenzylisoquinoline alkaloids, 13-15, 

118 
I-Bisbenzylisoquinoline alkaloids 

sub typeII.a.l.1, 118 
sub type II.a.2.1, 118 
subtypeII.b.l.1, 119-121 
sub type II.b.l.2, 122-124 
sub type 1I.b. 1.3, 125 
sub type 1I.b. 1.4, 125 
sub type II.b.l.5, 125 
sub type 1I.b. 1.6, 126 
sub type II.b.1.7, 126-127 
sub type II.b.2.1, 127-128 
sub type II.b.2.2, 128-129 
sub type II.b.2.3, 129 
sub type II.b.2.4, 130 
sub type II.c.l.1, 131-132 
sub type II.c.l.2, 132-133 
sub type II.c.l.3, 133-134 
sub type II.c.l.4, 134 
sub type II.c.l.5, 135 
sub type II.c.l.6, 135-136 
sub type II.c.2.1, 137 
sub type II.c.2.2, 137 
sub type 1I.d. 137 

Bis- 11 -hydroxynoracronycine, 3 11 
Bosistidine, 286 
Bosistine, 288 
Bromocriptine, 249-250 
4-Bromoindole 

synthesis of 4-bromotryptophan from, 
248-249 

4-Bromotryptophan 

optically active, as synthetic intermediate 
for ergot alkaloids, 218-220 

synthesis, from 4-bromoindole, 248-249 
Burusia spp., 48 
Butanbismine, 306 
Butanine, 286 
(-)-Butanmine A, 287 

Cabergoline, 252-253 
Cacchi synthesis 

of lysergic acid, 196 
Cmyomene spp., 49 
Cepharanone A, 22,23 
Chaloridone, 289 
(- )-Chanoclavine I 

synthesis, 201-203 
Chanoclavine I 

optically active, synthesis, 228-233 
synthesis, 204207 

( + )-Chanoclavine I 
synthesis, 208-209 

( ? )-Chanoclavine I acid 
synthesis, 208 

Chanoclavine II 
synthesis, 204-207 

Chasmanthera dependens, 48 
Chondodendron spp., 46 
Cissampelinae, 55 
Cissampelos spp., 3, 58 
Citbismine A, 307 
Citbismine B, 308 
Citbismine C, 309 
Citbismine D, 3 10 
Citbismine E, 309 
Citbismine F, 3 12 
Citbrasine, 282 
Citpressine-II, 280 
Citracridone-I, 297 
Citracridone-II, 299 
Citracridone-III, 297 
Citramine, 28 1 
Citrusamine, 274 
Citrusinine-I, 278 
Citrusinine-II, 276 
Citpressine-I, 279 
Clavicipitic acid 

optically active, synthesis, 221-227 
total synthesis of, 197-200 
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( & )-Clavicipitic acid 
synthesis, 209-211 

Iwao’s studies, 215-216 
Somei’s studies, 213-214 

Clavicipitic acid analogs 
synthesis of, 212-213 

Cocculinae, 50 
c0ccu1us spp., 50-5 1 
Cohirsine alkaloids, 27, 152 
Cohirsitine, 166 
Corhirsitine, 43 
Curare, I-2, 3, 7 
Cut-urea spp., 46 
Cusculine, 283 
Cuspanine, 282 
Cyclea spp., 3, 58 

6,7-Dehydro-hasubanan alkaloids, 158 
7,8-Dehydro-hasubanan alkaloids, 157 
12.Demethylacronycine, 294 
12-Demethylnoracronycine, 294 
6a,7-Didehydroaporphine alkaloids, 142 
1,2-Didehydro erythrine alkaloids, 162 
1,6-Didehydro erythrine alkaloids, 161 
IO,11 -Didehydro proaporphine alkaloids, 

138 
9,13-P-8,14-Dihydro-morphinan-7-one 

alkaloids, 155 
Dihydroprotoberbine alkaloids, 15 1 
1,7-Dihydroxyacridone, 271 
1,8-Dihydroxyacridone, 27 1 
(+)-truns-Dihydroxycitracridone-I, 299 
1,8-Dihydroxy-lo-methoxyacridone, 273 
1,3-Dihydroxy-2-methoxy-lo- 

methylacridone, 274 
1,3-Dihydroxy-IO-methylacridone, 271 
1 ,8-Dihydroxy- 1 0-methylacridone, 272 
1,3-Dimethoxyacridone, 272 
1,3-Dimethoxy- 1 0-methlyacridone, 273 
Dioscoreophyllum spp., 49 
(+)-Dioxinoacrimarine A, 301 
Diploclisia spp., 52 
3,4-Disubstituted indoles 

synthesis of, 247-248 
palladium-catalyzed reactions of 3- 

alkenyl-4-iodoindoles for, 242-243 
DMAT 

optically active, synthesis of, 227-228 

Epinetrum spp., 46 
8,10-Epoxyhasubanan alkaloids, 158-159 
Ergolines 

skeleton construction 
by enantioselective palladium-catalyzed 

carbocyclization of nitroacetate, 
241-242 

by intramolecular cyclization of ally1 
cation, 237-238 

by tandem radical cyclization, 235-237 
structurally related medicinals 

bromocriptine, 249-250 
cabergoline, 252-253 
lisuride, 250 
mesulergine, 25 1 
metergoline, 25 1 
nicergoline, 25 1 
pergolide, 25 l-252 
terguride, 252 

Ergot alkaloids 
biogenetic route for, 217 
indole chromium complex in synthesis of, 

240-241 
Iwao’s synthetic studies, 214-216 
pharmacological activities, 193 
Somei’s synthetic studies, 204214 
Yokoyama and Murakami’s synthetic 

studies, 216-232 
Eribidine alkaloids, 35-36, 161 
Erythrina alkaloids, 37 
Erythrine alkaloids, 37-38, 161 
4-Ethynyl-3-indoleacetonitriles 

cobalt-catalyzed cocyclization of, with 
acetylenes, 243 

Evoprenine, 282 
Evoxanthidine, 273 
Evoxanthine, 275 

Fibraurea spp., 48 
Furacridone, 289 

synthesis, 334 
Furanoacridones, see also specijc compound 

occurrence, 284 
synthesis 

furacridone, 334 
hallacridone, 336-337 
rutacridone and related alkaloids, 

335-336 
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Furofoline, 289 
Furofoline-II, 290 
Furoparadine, 290 

Glaziovine, 16 
Glycobismine A, 305 
Glycobismine B/C, 306 
Glycocitrine I, 286 
Glycocitrine II, 285 
Glycofoline, 300 
Glyfoline, 283 
Grandisine-I, 278 
Grandisine-II, 279 
Grandisine-III, 276 
Grandisinine, 287 
Gravacridonchloride, 292 
Gravacridondiol, 29 1 
(+)-Gravacridondiol acetate, 292 
Gravacridondiol glucoside, 293 
Gravacridondiol monomethylether, 291 
Gravacridonol, 290 
Gravacridonol chloride, 292 
Gravacridonol glucoside, 293 
Gravacridontriol, 292 
Gravacridontriol glucoside, 293 
Gusalung C, 44, 166 

Hallacridone, 289 
synthesis, 336-338 

Hasubanan-6-one alkaloids, 156- 157 
Hasubanan-8-one alkaloids, 157 
Hasubanan alkaloids 

subtype XV.f, 159-160 
Hasubanane alkaloids, 3 l-32, 156 
Hasubanonine, 32 
Hirsutine alkaloids, 26-27, 15 1 
Honyumine, 298 
1 -Hydroxy-3,4-dimethoxy- 1 O- 

methylacridone, 275 
1 -Hydroxy-3-methoxy- 1 0-methylacridone, 

272 
1 -Hydroxy-3-methoxyacridone, 27 1 
I-Hydroxy-7-methoxyacridone, 272 
1 -Hydroxy- 1 0-methylacridone, 270 
I-Hydroxyacridone, 270 
5-Hydroxyarborinine, 278 

1 I-Hydroxynoracronycine, 295 
Hydroxytutacridone epoxide, 290 
1 -Hydroxyrutacridone epoxide, 29 1 
Hyperbaena columbica, 59 

Imerubrine, 20 
Indole chromium complex 

for synthesis of ergot alkaloids, 
240-241 

Intramolecular cyclization 
of ally1 cation, for ergoline skeleton 

construction, 237-238 
Isochanoclavine I 

synthesis of, 204-207 
Isogravacridonchloride, 292 
Isooxoaporphine alkaloids, 23-24, 147 
Isoquinoline alkaloids, 40-41, 163-164 

Jamtine, 27 
Jateorhiza palmata, 49 
Junosidine, 294 
Junosine. 285 

Kokusaginine, 44, 166 
Kolobopatalum spp., 48 
Komfeld’s ketone, 194 

improved synthesis of, 245 
synthesis of tricyclic amine derived from, 

245-247 
(-)-and (+)-KSU 1415 

synthesis of, 208-209 
Kurihara synthesis 

of lysergic acid, 195 

Laurifinine, 36 
Legnephora spp., 52 
Limacia spp., 52 
Limaciopsis loangensis, 52 
Lisuride, 250 
Lysergene 

conversion from agroclavine, 234 
total synthesis of, 200-201 
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Lysergic acid 
intramolecular isomunchnone 

cycloaddition pathway, 239-240 
total synthesis of, 194-196 

Lysergic acid diethylamide 
total synthesis of, 200-201 

Lysergine 
conversion from agroclavine, 234 

Lysergol 
conversion from agroclavine, 233-234 

Magnoflorine, 18 
Margrapine-A, 288 
(-)-Margrapine-B, 287 
Marshdine, 277 
Marshmine, 286 
Melicopicine, 28 1 
Melicopidine, 279 
Melicopine, 280 
Menispermaceae 

alkaloids isolated from, 1969-1997, 
62-l 14 

number of occurrences, by genus, 
115-116 

biosynthetic map of, 8-9 
chemical profile of, 61 

tribe Anamirteae, 47 
tribe Anomospermeae, 49-50 
tribe Cocculeae, 50 
tribe Fibraureae, 48 
tribe Peniantheae, 47 
tribe Tinosporeae, 48 
tribe Tricliciae, 46-47 

family subdivisions, 4-6 
historical aspects, 2-3 
taxonomic classification, 3,4 

Menispermaceaen alkaloids 
classification, 9 
description, 3 
possible origins of, 8 
survey of, 7-8 

Menispennum spp., 52 
Menisporphine, 24 
Mesulergine, 25 1 
Metergoline, 25 1 
5-Methoxyarborinine, 281 
1 -Methoxy- 1 0-methylacridone, 27 1 
6-Methoxytecleanthine, 283 

lo-Methylacridone, 270 
N-Methylatalphylline, 288 
O-Methylglycocitrine II, 285 
9,13-a-Morphinan-6-one alkaloids, 153 
9,13-B-Morphinan-6-one alkaloids, 153 
9,13-a-Morphinan-7-one alkaloids, 154 
9,13-B-Morphinan-7-one alkaloids, 154 
9,13-B-Morphinan-8-one alkaloids, 155 
Morphinan alkaloids, 30-31, 153, 156 
9,13-B-Morphinane alkaloids, 155- 156 

Natsucitrine-I, 276 
Natsucitrine-II, 278 
Neoacrimarine A, 309 
Neoacrimarine B, 308 
Neoacrimarine C, 304 
Neoacrimarine D, 307 
Neoacrimarine E, 306 
Neoacrimarine F, 3 12 
Neoacrimarine G, 3 12 
Neoacrimarine H, 3 10 
Neoacrimarine I, 3 10 
Neoacrimarine J, 3 11 
Neoacrimarine K, 3 11 
Neotrilobine, 45, 166 
Nicergoline, 25 1 
Ninomiya synthesis 

of lysergic acid, 195 
Nitroacetate 

enantioselective palladium-catalyzed 
carbocyclyzation, for ergoline 
skeleton, 24 I-242 

Noracronycine, 294 
Norchanoclavine I 

synthesis of, 204-207 
Norchanoclavine II 

synthesis of, 204207 
Norevoxanthine, 273 
Normelicopicine, 280 
Normelicopidine, 277 
Normelicopine, 276 

Oligophylidine, 274 
Oppolzer synthesis 

of lysergic acid, 195 
1-0x0-, ‘I-aminoaporphine alkaloids, 143 
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7-Oxoaporphine alkaloids, 143 
lo-Oxo-tropoloneisoquinoline alkaloids, 

145 
1 I-Oxo-tropoloneisoquinoline alkaloids, 

145 

Pachygone spp., 52 
Parabaena spp., 49 
Pareirubrine A, 19 
Pavine alkaloids, 38-40, 163 
Penianthus spp., 47 
Pergolide, 25 l-252 
Phenanthrene alkaloids, 2 l-22,146 
Phenethylcinamide alkaloids, 164 
C-Prenylacridones, see also specific 

compound 
occurrence, 284 
oxidation, 356-358 
synthesis, 325 

by alkylation of preformed acridone 
nucleus, 326-329 

involving acridone nucleus construction, 
329-333 

Prenylcitpressine, 287 
Proaporphine alkaloids, 16, 138 
Promorphine alkaloids, see Morphinane 

alkaloids 
Pronuciferine, 16 
Protoberbine alkaloids, 25-26 

subtype X.a, 148 
Pummeline, 275 
Pycnarrhena spp., 41 
Pyranoacridones, see also specific compound 

occurrence, 284 
polymerization reactions, 356-358 
synthesis, 338 

involving acridone nucleus construction 
benzophenone intermediate 

cyclization, 346-349 
diarylamine intermediate cyclization, 

343-346 
from quinoline/quinolinone, 349-351 

oxidation reactions 
12-demethoxyacronycine, 35 l-352 
acronycine, 352-356 

with preformed acridone nucleus, 
339-343 

Pyranofoline, 298 

Ramage synthesis 
of lysergic acid, 195 

Rebek synthesis 
of lysergic acid, 195 

Rhigiocarya spp., 48 
Rugulovasines A and B 

total synthesis of, 196-197 
Rutacridone, 289 

synthesis, 335-336 
Rutacridone epoxide, 290 
Rutagravine, 29 1 

Salutaridine, 3 1 
Sarcopetalum spp., 52 
Saulatine, 28.29 
Sciadoferine, 15 
Sciadotenia spp., 47 
( f )-6,7-Sccoagroclavine 

Iwao’s synthesis of, 215-216 
Somei’s synthesis of, 213-214 

6,7-Secoagroclavines 
synthesis of, 204-207 

Severifoline, 298 
Sinomenine, 30 
Sinomenium spp., 52 
Spenocentrum spp., 41 
Spirospennum penduliflorum, 5 1 
Stephania spp., 3, 12,31,53-55 

occurrence of alkaloids, by species, 56-57 
Stephaniinae, 53 
Stephaoxocane alkaloids, 41-42.164-165 
Strychnopsis spp., 52 
Synclisia spp., 46 

Tandem radical cyclization 
for ergoline skeleton construction, 

235-237 
Tecleanthine, 280 
Telitoxicum spp., 50 
Terguride, 252 
1,2,6,7-Tetradehydro erythrine alkaloids, 

162-163 
Tetrahydro isoquinoline alkaloids, 163 
Tetrahydroprotoberbine alkaloids, 149-150 
1,2,3,4-Tetramethoxyacridone, 280 
Thalicarpine, 42, 165 
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Vebilocine, 279 
Vollhardt synthesis 

of lysergic acid, 196 

Xanthevodine, 276 
Xanthoxoline, 274 

Theaplosine, 289 
Tiliacora spp., 3, 12.47 
Tinomiscium spp., 48 
Tinospora spp., 3, 12.48-49 
Triclisia spp., 47 
1,3-Trihydroxy-lo-methylacridone, 272 
1,3,8-Trihydroxy-lo-methylacridone, 273 
1,2,3-Trimethoxy-lo-methylacridone, 277 
1,3,4-Trimethoxy-lo-methylacridone, 277 
1,3,5-Trimethoxy-IO-methylacridone, 277 
Tropoloneisoquinoline alkaloids, 19-20, 145 

Uhle’s ketone 
facile synthesis of, 244-245 

Yukocitrine, 295 
Yukodine, 274 
Yukodinine, 275 
Yukomine, 286 
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