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I. Introduction 

In the twelve years since the first review article dealing with chemical 
constituents of the Hepaticae appeared in this series as Volume 42 (19), 
several short reviews concerned with chemical constituents of bryophytes 
have been published (22, 96, 144, 265, 271, 647, 649, 650). In 1988, a 
Symposium on Chemistry and Chemical Taxonomy of Bryophytes was 
organised on the behalf of the Phytochemical Society of Europe; the 
proceedings of this meeting appeared as a book entitled Bryophytes: 
Their Chemistry and Chemical Taxonomy (651). The symposium con
cerned itself with phytochemical, biochemical, botanical, chemotaxo
nomical, pharmaceutical, biotechnological and environmental aspects of 
bryophytes as well as with the synthesis of the terpenoids and aromatic 
compounds bryophytes elaborate. The physiological and biochemical 
aspects of bryophytes have also been described in a recent book 
Bryophytes Development: Physiology and Biochemistry (139). 

Almost all chemical structures presented in Volume 42 were estab
lished by 60, 90, or 100 MHz NMR spectroscopy. Recent development of 
NMR spectroscopy at high fields such as 400, 500 and 600 MHz and two
dimensional (2D) NMR techniques have resulted in a dramatic increase 
of papers concerned with structure determination of chemical constit
uents isolated not only from higher plants but also from bryophytes. By 
use of such techniques the structures of a few sesquiterpenoids and 
aromatic compounds described in Volume 42 have been revised. In the 
present review, isolation, structure determination and total synthesis of 
naturally occurring terpenoids, aromatic compounds and lipids of Hepa
ticae encountered after 1982, as well as their biological activity and the 
chemosystematics of Hepaticae, will be discussed. The organization 
follows that adopted in the previous review. In addition, however, the 
present review will also include the known terpenoids, aromatic com
pounds and lipids of Musci (mosses) and Anthocerotae (hornworts). It 
will also deal with the chemosystematics of both of these classes and the 
chemical relationships between algae, bryophytes and pteridophytes. 
Bec!iuse of this, it is necessary to describe the classification of bryophytes 
in some detail. 

The bryophytes are taxonomically placed between the algae and the 
pteridophytes and 25000 species are now known world-wide. They are 
divided into three classes, Musci (mosses, 14000 species), Hepaticae 
(liverworts, 6000 species) and Anthocerotae (hornworts, 300 species). In 
the modern classification of the bryophytes (232, 301, 493-495), the 
Hepaticae are divided into two subclasses and 7 orders (Table la). The 
Musci are divided into 7 subclasses and 15 orders (Table lb) while the 
Anthocerotae comprises only three families (Table lc). 
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Table la. Classification of Hepaticae (Liverworts) 

Subclass: lungermanniidae 
Order: Metzgeriales 

Suborder: Metzgeriineae 
Family: Metzgeriaceae: Metzgeria, Apometzgeria 

Phyllothalliaceae: Phillothallia 
Aneuraceae ( = Riccardiaceae): Aneura, Cryptothallus, 

Riccardia 
Pelliaceae ( = Dilaenaceae): Pellia 
Pallaviciniaceae: Jensenia, Pallavicinia, Moerckia 
Blasiaceae: Blasia, Cavicularia 

Suborder: Codoniaceae ( = Fossombroniaceae) 
Family: Treubiaceae: Treubia 

Codoniaceae: Fossombronia, Petalophyllum, Neteroclada 
Hymenophytaceae: Verdoonia, Symphyogyna, Allisonia, 

Hymenophyton Podomitrium, 
X enothullus 

Order: Takakiales 
Family: Takakiaceae: Takakia 

Order: Calobryales 
Family: Haplomitriaceae: Haplomitrium 

Order: lungermanniales 
Suborder: lungermanniineae 

Family: lungermanniaceae 
Subfamily: Lophozioideae: Chandonanthus, Barbilophozia, 

Anastrepta, Lophozia, Gymnocolea, 
Sphenolobopsis, Sphenobus, 
Anastrophyllum, Tritomaria 

lamesonielloideae: Jamesoniella 
Myliioideae: Mylia 
lungermannioideae: Jungermannia, Nardia 

Family: Gymnomitriaceae: Marsupella, Gymnomitrion, Prasanthus 
Acrobolbaceae: Acrobolbus, Tylimanthus 
Arnelliaceae: Arenellia, Southbya, Gongylanthus 
Plagiochilaceae: Pedinophyllum, Plagiochila 
Lophocoleaceae: Heteroscyphus, Leptoscyphus, Lophocolea, 
Chiloscyphus, Clasmatocolea 
GeocaIycaceae: Geocalyx, Harpanthus, Saccogyna 
Scapaniaceae: Douinia, Diplophyllum, Scapania 

Family: Balantiopsidaceae: Balantiopsis 
Schistochilaceae: Schistochila 

Suborder: Lepidoziineae 
Family: Adelanthaceae 

Subfamily: Adelanthoideae: Adelanthus 
Odontoschismatoideae: Odontoschisma, J ackiella 

Family: Cephaloziellaceae: Cephaloziella 
Cephaloziaceae: Cephalozia, Nowellia, Cladopodiella, 

Subfamily: Cephalozioideae: Cephalozia, Nowellia, Cladopodiella, 
Pleuroclada 



Chemical Constituents of the Bryophytes 

Table la (continued) 

Hygrobielloideae: Hygrobiella 
Family: Antheliaceae: Anthelia 

Lepidoziaceae 
Subfamily: Lepidoziodeae: Telaranea, Kurzia, Lepidozia 

Acromastigoideae ( = Bazzaioideae): Bazzania 
Zoopsidoideae: Zoopsis, Bonneria, Paracromastigum 

Family: Calypogeiaceae: Calypogeia 
Suborder: Ptilidiineae 

Family: Isotachidaceae: Isotachis, Neesioscyphus, Eoisotachis 
Pseudolepicoleaceae 

Subfamily: Pseudolepicoleideae: Pseudolepicolea 
Blepharostomatoideae: Blepharostoma 

Family: Trichocoleaceae: Trichocolea, Trichocoleopsis, 
N eotrichocolea 

Ptilidiaceae: Ptilidium 
Lepicoleaceae 

Subfamily: Mastigophoroideae: Mastigophora 
Family: Herbertaceae: Herbertus, Triandrophyllum 

Suborder: Radulineae 
Family: Radula 

Suborder: Pleuroziineae 
Family: Pleuroziaceae: Pleurozia 

Suborder: Porellineae 
Family: Porellaceae: Porella 

Suborder: Iubulineae 
Family: Frullaniaceae ( = Iubulaceae): Frullania, Jubula 

Lejeuneaceae 
Subfamily: Ptychanthoideae: M archesinia, Dicranolejeunea 

Lejeuneodieae: Cheilolejeunea, H arpalejeunea, 
Drepanolejeunea, Lejeunea 

Cololejeuneoideae: Colura, Cololejeunea 
Subclass: Marchantiidae 

Order: Sphaerocarpales 
Family: Riellaceae: Riella 

Sphaerocarpaceae: Shaerocarpos 
Order: Monocleales 

Family: Monocleaceae: M onoclea 
Order: Marchantiales 

Suborder: Marchantiineae 
Family: Targioniaceae: Targionia 

Aytoniaceae (= Grimaldiaceae) 
Subfamily: Aytonioideae: Plagiochasma 

Reboulioideae: Reboulia, Mannia, Asterella 
Family: Conocephalaceae: Conocephalum 

Lunulariaceae: Lunularia 
Cleveaceae: Peltolepsis, Sauteria, Athalamia 

Marchantiaceae: Bucegia, Preissia, Marchantia, Dumortiera, 

N eohodgsonia 

7 
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Table la (continued) 

Family: Exormothecaceae: Exormotheca 
Corsiniaceae: Corsinia 

Suborder: Ricciineae 
Family: Oxymitraceae: Oxymitria 

Ricciaceae: Ricciocarpos, Riccia 

Table lb. Classification of Musci (Mosses) 

Subclass: Andreaeidae 
Family: Andreaeaceae: Andreaea 

Subclass: Sphagnidae 
Family: Sphagnaceae: Sphagnum 

Subclass: Tetraphidae 
Order: Tetraphidales 

Family: Tetraphidaceae: Tetrodontium, Tetraphis 
Subclass: Polytrichidae 

Order: Polytrichales 
Family: Polytrichaceae: Atrichum, Bartramiopsis, Oligotrichum, 

Pogonatum, Polytrichastrum, Polytrichum 
Subclass: Buxbaumiidae 

Order: Buxbaumiales 
Family: Buxbaumiaceae: Buxbaumia, Diphyscium, Theriotia 

Subclass: Archidiidae 
Order: Archidiales 

Family: Archidiaceae: Archidium 
Subclass: Bryidae 

Order: Fissiidentales 
Family: Fissidentaceae: Fissidens 

Order: Dicranales 
Family: Ditrichaceae: Ceratodon, Ditrichium, Eccremidium, 

Pleuridium, Pseudephemerum, Saelania 
Trichodon 

Bryoxiphiaceae: Bryoxiphium 
Seligeriaceae: Blinidia, Brachydontium, Seligeria 
Dicranaceae: Aongstroemia, Arctoa, Brothera, Bruchia, 

Bryohumbertia, Campylopodium, 
Campylopus, Cynodontium, Dichodontium, 
Dicranella, Dicranodontium, Dicranoloma, 
Dicranoweisia, Dicranum, Garckea, 
Holomitrium, Kiaeria, Leucoloma, 
Oncophorus, Ore as, Oreoweisia, 
Paraleucobryum, Rhabdoweisia, Trematodon 

Family: Leucobryaceae: Leucobryum, Leucophanes 
Order: Pottiales 

Family: Calymperaceae: Calymperes, Exostratum, Syrrhopodon 



Chemical Constituents of the Bryophytes 

Table Ib (continued) 

Pottiaceae: Anoectangiurn, Barbula, Bryoerythrophyllurn, 
Chenia, Desrnatodon, Dialytrichia, Didyrnadon, 
Eucladiurn, Gyrnnostronurn, Hydrogoniurn 
Hyrnenostyliurn, Hyophila, Leptodontiurn, 
Luisierella, Molendoa, Oxystegus, Phascurn, 
Pottia, Pseudosyrnblepharis, Scopelophila, 
Streblotrichurn, Tirnrnilella, Tortella, Tortula, 
Trichostornurn, Tuerckheirnia, Weissia, Weisiopsis 

Encalyptaceae: Encalypta 
Order: Grimmiales 

Family: Grimmiaceae: Carnpylosteliurn, Coscinodon, Grirnrnia, 
Ptycornitriu.rn, Racornitriurn, Schistidiurn 

Erpodiaceae: Aulacopilurn, Glyphornitriurn, Venturiella 
Order: Funariales 

Family: Disceliaceae: Disceliurn 
Ephemeraceae: Ephernerurn, Micrornitriurn 
Funariaceae: Entosthodon, Funaria, Physcornitrella, 

Physcornitriurn 
Splachnaceae: Gyrnnostorniella, Oedipodiurn, Splachnurn, 

Tayloria, Tetraplodon 
Order: Schistostegales 

Family: Schistostegaceae: Schistostega 
Order: Eubryales 

Family: Bryaceae: Anornobryurn, Brachyrneniurn, Bryurn, 
Epipterygiurn, Leptobryurn, Mielichhoferia, 
Plagiobryurn, Pohlia, Rhodobryurn 

Mniaceae: Cinclidurn, Cyrtornniurn, Mniurn, Orthornniurn, 
Plagiornniurn, Pseudobryurn, Rhizornniurn, 
Trachycystis 

Aulacomniaceae: Aulacornniurn 
Rhizogoniaceae: Pyrrhobryurn 
lfypnodendraceae:Hypnodendron 
Meesiaceae: Paludella 
Timmiaceae: Tirnrnia 
Bartramiaceae: Bart,arnia, Bartrarnidula, Breutelia, 

Conostornurn, Fleischerobryurn, Philonotis, 
Plagiopus 

Order: Orthotrichales 
Family: Rhachitheciaceae: Hypnodontopsis, Rhachitheciurn 

Orthotrichaceae: Arnphidiurn, Drurnrnondia, Macrocorna, 

Order: Isobryales 

M acrornitriurn, Orthotrichurn, Schlotheirnia, 
Ulota, Zygodon 

Family: Rhacopilaceae: Rhacopilurn 
Fontinalaceae: Dichelyrna, Fontinalis 
Climaciaceae: Clirnaciurn 
Pleuroziopsidaceae: Pleuroziopsis 
Ifedwigiaceae: Hedwigia 

9 
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Table Ib (continued) 

Cryphaeaceae: Cryphaeae, Cryptodontopsis, 
F orsstroemia, Pilotrichopsis 

Leucodontaceae: Dozya, Felipponea, Leucodon 
Prionodontaceae: Taiwanobryum 
Trachypodaceae: Duthiella, Pseudospiridentopsis, Trachypus 
Pterobryaceae: Calyptothecium, Eumyurium, Garovaglia, 

Oedicladium, Palisadula, Pterobryum 
Meteoriaceae: Aerobryopsis, Aerobryum, Barbella, 

Floribundaria, M eteoriella, M eteoriopsis, 
Meteorium, Pseudobarbella 

Neckeraceae: Bissetia, Himantocladium, Homalia, 
H omaliadelphus, H omaliodendron, N eckera, 
N eckeropsis, Pinnatella, Thamnobryum 

Lembophyliaceae: Dolichomitra, Dolichomitriopsis, 
I sothecium, N eobarbella 

Order: Hookeriales 
Family: Hookeriaceae: Callicostella, Calyptrochaeta, 

Chaetomitrium, Distichophyllum, Hookeria, 
Thamniopsis 

Symphyodontaceae: Symphyodon 
Hypopterygiaceae: Cyathophorella, Dendrocyathophorum, 

Hypopterygium, Lopidium 
Order: Hypnobryales 

Family: Theliaceae: Fauriella, Myurella 
Fabroniaceae: Anacamptodon, Fabronia, Habrodon, 

H elicodontium, Schwetschkea, 
Schwetschkeopsis 

Leskeaceae: I watsukiella, Lescuraea, Leskea, Leskeella, 
Lindbergia, Okamuraea, Orthoamblystegium, 
Pseudoleskea, Psudoleskeella, 
Pseudoleskeopsis, Rigodiade/phus 

Thuidiaceae: Abietinella, Anomodon, Boulaya, Bryonoguchia, 
Claopodium, H aplocladium, H aplohymenium, 
H elodium, H erpetineuron, H eterocladium, 
Hylocomiopsis, Miyabea, Rauiella, Thuidium 

Amblystegiaceae: Amblystegium, Calliergon, Calliergonella, 
Campyliadelphus, Campylium, 
Campylophyllum, Cratoneuron, 
Drepanocladus, H amatocaulis, 
Hygroamblystegium, Hygrohypnum, 
Leptodictyum, Limprichtia, Loeskypnum, 
Palustriella, Platydictya, Pleurozium, 
Pseudohygrophypnum, Sanionia, 
Sarmenthypnum, Sasaokaea 

Brachytheciaceae: Brachythecium, Bryhnia, Camptothecium, 
Cirriphyllum, Cratoneurella, Eurhynchium, 
H omalothecium, Kindbergia, 
Kurohimephypnum, Myuroclada, 



Chemical Constituents of the 8ryophytes 

Table Ib (continued) 

Palamocladium, Platyphypnidium, 
Rhynchostegiella, Rhynchostegium, 
Scorpiurium 

Entodontaeeae: Entodon, Orthothecium, Pseudoscleropodium, 
Pterigynandrum, Sakuraia 

Plagiotheciaeeae: [sopterygiopsis, Plagiothecium 
Sematophyllaeeae: Acroporium, Aptychella, Brotherella, 

Clastobryella, Heterophyllium, Meiothecium, 
Neacroporium, Pylaisiadelpha, Radulina, 
Rhaphidorrhynchium, Rhaphidostichum, 
Taxithelium, Trichosteleum, Tristischella, 
Wijkia 

Hypnaeeae: Callicladium, Ctenidium, Ectropothecium, 
Eurohypnum, Glossadelphus, Gollania, 
Herzogiella, Homomallium, Hondaella, Hypnum, 
[sopterygium, Phyllodon, Platygyrium, Podperaea, 
Pseudotaxiphyllum, Ptilium, Pylaisiella, 
Rhytidiadelphus, Stereodontopsis, Vesicularia 

Rhytidiaeeae: Rhytidium 
Hyloeomiaceae: Hylocomiastrum, Hylocomium, 

Loeskeobryum, M acrothamnium 

Table Ie. Classification of Anthocerotae (Hornworts) 

Order: Anthoeerotae 
Family: Anthocerotaceae: Anthoceros, Megaceros, Phaeoceros 

Dendrocerotaceae: Dendroceros 
Notothyladaceae: Notothylas 

11 

Among the bryophytes, the chemical constituents of the Hepaticae 
have been studied in more detail, because liverworts possess cellular oil 
bodies, while the other two classes lack complex oil bodies. MUEs (416) 
estimated that only 6% of all liverwort species have been investigated 
chemically. MARKHAM (362) estimated that the figure for mosses is 
probably less than 2%. 
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II. Chemical Constituents of Hepaticae (Liverworts) 

1. Monoterpenoids 

Previously twenty-nine monoterpenoids were reported as having 
been isolated from or detected in Hepaticae (19). The absolute configura
tions of the monoterpenoids found in liverworts have not been estab
lished since almost all of them were detected by GC-MS analysis. 

A miniature thalloid liverwort, Targionia hypophylla (Targioniaceae), 
emits an intense fragrance. The methanol extract was chromatographed 
on silica gel-Lobor to give cis-(29) and trans-pinocarveyl acetates (30), 
together with a sesquiterpene alcohol, drimenol (328) (75). Identification 
of the acetates was carried out as follows. Trans-pinocarveol (31a) was 
oxidized by pyridinium chlorochromate (PCC), followed by LiAIH4 
reduction to give a mixture of cis- and trans-pinocarveols which were 
isolated by chromatography on a silica gel-Lobor column and then 
acetylated to furnish cis- (29) and trans-pinocarveyl acetates (30). This 
species contains not only the above acetates but also the related 
monoterpene hydrocarbons, limonene (9) and ~-phellandrene (12b), ex
(27) and ~-pinene (28), as minor components. ex-Terpineol (17) has been 
isolated from stem-leafy liverwort Jungermannia vulcanicola (437). 

European Conocephalum conicum elaborates ( - )-thujanol (21) and 
its epimer (22) (146). The 13C NMR data of the former compound 
correspond closely with those ( + )-thujanol. The chirality of the mono
terpene hydrocarbons of C. conicum has been studied by two dimensional 
gas chromatography using permethylated ~-cyclodextrin or dipentyl 
butyryl y-cyclodextrin (608). Almost all of the monoterpenes showed high 
optical purity, the ( - )-enantiomer prevailing by more than 96% (i.e. in 
92% e.e.) except in the case of ( + )-ex-thujene (20a). 

The enantiomeric composition [%( + )/( -)] of the monoterpene 
fraction has been estimated as limonene (9) (3/97), ~-phellandrene (12b) 
(31/69), ex-thujene (20a) ( > 95/ < 5), ~-sabinene (23) (0/100), ex-pinene (27) 
(2/98), ~-pinene (28) (0/100) and camphene (37) (4/96). In order to 
determine the exact enantiomeric composition of the mono terpene 
hydrocarbons found in C. conicum, ( + )-~-phellandrene (12b) ([ex]D + 48) 
and ( - )-ex-thujene (20b), the enantiomer of (20a), were synthesized. In 
addition to the above monoterpenoids, the non-chiral monoterpene 
hydrocarbons, myrcene (1), ex-terpinene (10), y-terpinene (11), terpinolene 
(13) and p-cymene (15a), as well as a trace amount of ex-phellandrene (12a) 
have been identified in C. conicum. Such studies on the enantiomeric 
compositions of terpenoids in liverworts provide useful information on 
their biosynthesis in plants. 
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~R ~HO 
(1) Myrcene (2) Linalool ; R=H (4) Nerol ; R=H (6a) Neral 

(3) Linalyl acetate ; R=Ac (S) Neryl acetate R=Ac 

(6b) Geranial (7) Geraniol ; R=H (9) Limonene 
(8) Geranyl acetate ; R=Ac 

(10) a -Terpinene 

(11) 'Y-Terpinene (12a) a-Phellandrene (12b) ~- Phe ll andrene (13) Terpinolene 

(14) Pulegone (1Sa) p-Cymene ; R=H (16) 1-Methyl-3-isopropylbenzene 
(1Sb) Thymol ; R=OH 

(17) a-Terpineol ; R=H (19) Terpinene-4-ol (20a) a-Thujene 
(18) a-Terpinyl acetate ; R=Ac 

Chart la. Monoterpenoids found in the Hepaticae 

13 
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(21 ) (-)-Thujanol (22) l -epi-Thujanol (23 ) p-Sabinene (24) Sabinene hydrate 

(25) 3 -Carene (26) 1 ,a-Cineole (27) a-Pinene (28) p-Pinene 

(29) cis-Pinocarveyl acetate (30) Irans-Pinocarveyl acetate 

(318) Irans-Pinocarveol (32) Pinocarvone (33) Isopinocamphone 

~H ~M' ct( q ~ 

~. 

(34) Myrtenol (35) Methyl myrtenate (36) Fenchone (37) Camphene 

(38) Borneol ; R=H 
(39) Bornyl acetate ; R=Ac 

~o 
ld) 

(40) (+)-Camphor 

~CHO 
(41 ) Camphorenaldehyde 

CharI lb. Monoterpenoids found in the Hepaticae 

Nerol (4) and its acetate (5), neral (6a), geranyl acetate (8), pulegone 
(14), l-methyl-3-isopropyl benzene (16), (X-terpinyl acetate (18), sabinene 
hydrate (24), d 3 -carene (25), l,8-cineole (26), trans-pinocarveol (31a), 
pinocarvone (32), isopinocamphone (33), myrtenol (34), methyl myrtenate 
(35), fenchone (36), camphorenaldehyde (41) and cydocitral (42) have 
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been newly found in liverworts together with previously known monoter
penoids as shown in Chart 1 and Table IIa. The monoterpenoids found 
most frequently in liverworts are ex-pinene (27), ~-pinene (28) and 
limonene (9). 

2. Tris-normonoterpenoids 

Jungermannia obovata contains the tris-normonoterpene ketone (44) 
which possesses a strong carrot-like odour (143, 146). It has been 
synthesized by thermolysis of ascaridole (45) (444). 

(45) 

3. Homomonoterpenoids 

It was known that a camphoraceous compound with a very mossy 
aroma of unknown structure was present in Lophocolea heterophylla 
(268). From the n-hexane extract, a homomonoterpene alcohol (48) has 
been isolated. Its spectral data and physical constants identified it as 
( - )-2-methylisoborneol (48) prepared from D-( + )-camphor (40) (586). 

This is the first report of the isolation of 2-methylisoborneol from 
plants, although it has been isolated from several species of microor
ganisms in garden soil (203). GERBER (203) has proposed that it is 
biosynthesized from a typical sesquiterpene precursor, eudesmane, as 
shown in Scheme 1. Further investigation of the essential oil of Lopho
colea heterophylla resulted in the identification of 2-methyl-2-bornene 
(46), 2-methylenebornane (47), exo-2-methylfenchol (49) and exo-3~ 

methyl-3-borneol (50) (527a). The latter two compounds (49, 50) have 
been detected in the essential oil of L. bidentata, along with ( - )-2-
methylisoborneol (48) (527a). It is interesting to note that later, ex-selinene 
(354) and related sesquiterpene lactones were isolated from L. hetero
phylla (586). 
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~HO 
(42) Cyclocitral 

(46) 2-Methyl -2-bornene (47) 2-Methylenebornene 

~ ..• \\OH 

lj) 
(48) ( - )-2- Methylisoborneol 

ctl:J ... \\OH 

-:: 
~. 

(49) Exo-2-methylfenchol 

~H 
(50) Exo-3-methyl-3-borneol 

Chart 1c. Mono-, tris-normono- and homomonoterpenoids found in the Hepaticae 

Scheme 1. Possible biogenetic pathway for 2-methylbornanes from eudesmane-type ses
quiterpenoids 
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4. Tris-norsesquiterpenoids 

Trinoranastreptene (51) was isolated from cultured cells of Calypogeia 
granulata along with azulenes. The structure was deduced by comparing 
its NMR spectrum with that of anastreptene (93), spin decoupling and 
NOE experiments (321,453,539). Compound (51) has also been isolated 
from European Lophozia ventricosa (429). It is noteworthy that the same 
trinoranastreptene, then named inflatene (303) or clavukerin B (332) and 
the similar tris-norsesquiterpene, clavukerin A (52) (331) and isoclavu
kerin A (53) (151,354) have been isolated from marine organisms. The 
absolute configuration of clavukerin A has been established as (8S, 8aS)
( - )-3,8-dimethyl-l,2,6,7,8,8a-hexahydroazulene (331). The absolute con
figuration of (51) isolated from both the liverworts and marine organisms 
was suggested to be the same as that of anastreptene (93). Hypothetical 
biogenetic pathways for trinoranastreptene (51) and clavukerin A (52) are 
proposed by KOBAYASHI et al. shown in Scheme 2 (332). 

A unique tris-norsesquiterpene (54) has been isolated from Taiwanese 
BazzaniaJauriana and detected in B. angustifolia (633) and in Lophocolea 
bidentata (527a). Its structure was elucidated by various NMR techniques 
and the usual decoupling experiments (633). The spectral data were 

(51) Trinoranastreptene (52) Clavukerin A (53) Isoclavukerin A 

~ (54( '''",~ 1 , ,"~Dim"hyl~ 1 ,2 ,3,4,,",5,6, 7 ~o""ydrn""""h""", 

(55) Geosmin (56) ~· Ionone 

Chart 2. Tris-norsesquiterpenoids found in the Hepaticae and their related compounds 
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~-~-Y9 
(152) (1 96) Bicyclogermacrene 

ft~_Vi ~9J~ 
~ 'tt.\-- --

H ~ 
(52) 

(51) 

Scheme 2. Possible biogenetic pathways for trinoranastreptene and c1avukerin from 
farnesyl pyrophosphate 

identical with those of synthetic 54 (370,471). The absolute configuration 
of (54) was confirmed by total synthesis of ( + )-(54) using 2,6-dimethyl
cyclohexanone and (R)-( + )-methylbenzylamine (471). 1n vitro cultured 
Symphyogyna brongniartii produces geosmin (55)(513). The same alcohol 
has been detected in Lophocolea bidentata and L. heterophylla (527a) and 
isolated from the soil organism, Actinomyces species as an earthy
smelling metabolite (203). Synthetic (54) has a strong earthy-musty odor, 
but natural (54) has a rather light and pleasant odor (633). Compound 
(54) may originate biogenetically from eudesmane-type sesquiterpenes 
since eudesmols (359, 360) have also been found in the oil of B.fauriana 
(633). 

~-Ionone (56) has been detected in Fossombronia pusilla by GC-MS 
(491). 

5. Sesquiterpenoids 

Liverworts are rich sources of sesquiterpenoids. Acorane-, aristolane-, 
aromadendrane-, azulene-, barbatane- (= gymnomitrane), bazzanane-, 
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bergamotane-, bicycloelemane-, bicyclogermacrane-, bisabolane-, bour
bonane-, cadinane-, calamenane-, caryophyllane-, cedrane-, chamigrane-, 
copaane-, cubebane-, cuparane-, drimane-, elemane-, eremophilane-, 
eudesmane-, farnesane-, germacrane-, gorgonane-, guaiane-, pseudo
guaiane-, himachalane-, humulane-, longibornane-, longifolane-, longi
pinane-, maaliane-, monocyclofarnesane-, muurolane-, pinguisane-, san
talane-, 2,3-secoaromadendrane-, thujopsane-, vitrane-, widdrane- and 
ylangane-type sesquiterpenoids have been found in liverworts (19). Among 
them, the presence of bergamotane-, cedrane-, muurolane-, santalane-, 
thujopsane- and wid drane-type sesquiterpenoids in liverworts has been 
confirmed by GC-MS. An important endogenous character of the 
Hepaticae is that most of the sesquiterpenoids isolated from liverworts 
are enantiomeric to those found in higher plants (19). 

Noracorane-, africane-, norafricane-, secoafricane-, brasilane, dau
cane- ( = carotane-), chiloscyphane-, herbertane- ( = isocuparane-), myl
taylane-, cyclomyltaylane-, oppositane-, pacifigorgiane-, patchoulane-, 
spirovetivane-, valencane-, and zierane-type sesquiterpenoids have been 
newly isolated from liverworts, together with the previously known 
sesquiterpenoids enumerated in the previous paragraph: Eudesmane
type sesquiterpenoids are the most frequently encountered sesquiterpen
oids in liverworts. 

5.1 Acoranes and Noracoranes 

Acoradiene (57) has been detected not only in Jungermanniales but 
also in Metzgeriales. Its absolute configuration remains to be clarified. 

A noracorane-type sesquiterpenoid, inflatenone (58) has been isolated 
from Gymnocolea inflata (429, 566, 567a). Its structure and absolute 
configuration were established by various NMR techniques including 
HMQC (= Hett;:ronuclear Multiple Quantum Coherence), HMBC eH
Detected Multiple Bond Heteronuclear Multiple Quantum Coherence 
Spectrum Connectivity), NOESY (Nuclear Overhauser and Exchange 

. . -co =eo ~=< 0 ~ 
(57) Acoradiene (58) Inflatenone 

Chart 3. Acorane and noracorane found in the Hepaticae 
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Spectroscopy) and the CD spectrum. Compound (58) has been obtained 
as a synthetic intermediate (154, 428). 

5.2 Africanes, N arafricanes and Secaafricanes 

Parella caespitans var. setigera produces not only aristolane-type 
sesquiterpenoids (82) but also sacculatane-type diterpenoids (19). Further 
fractionation of the ethyl acetate extract of P. caespitans var. setigera 
resulted in the isolation of two africane-type sesquiterpenes (59, 60) (596, 
597) and one norafricane-type sesquiterpene, norafricanone (66) (583). 
Detailed analysis of the NMR data including 2D-COSY and spin 
decoupling experiments established the gross structure of (59). Confir
mation of its structure was provided by chemical degradation as shown in 
Scheme 3. Reduction of (59) with LiAlH4 gave a triol (59a) and its epimer 
(59c) which were esterified by p-bromobenzoyl chloride to afford mono
benzoates (59b, 59d). The relative stereochemistry of C-2 and C-3 in triol 
(59a) has been confirmed as cis since it forms an acetonide (5ge). 
Dehydration of (59a) with p-TsOH gave three ring-cleaved compounds 
(59£-59h). LiAlH4 reduction of (59£) afforded a diol (59i), followed by 
benzoylation with p-bromobenzoyl chloride to furnish a mono-benzoate 
(59j). The relative stereochemistry of the methyl groups on C-4 and C-IO 
and the acetyl group at C-2 was confirmed by an NOE difference 
spectrum. The absolute configuration of (59) was established by combi
nation of NOE difference spectroscopy and the CD spectra of the p
bromobenzoates (59b) and (59d) (135,233). The negative Cotton effects at 
244 nm (~E - 8.7) for (59b) and 253 nm (~E - 53) for (59d) showed a 2R
configuration. 

The structure of the second africane sesquiterpenoid (60) was deduced 
from the close resemblance of its spectroscopic data to those of (59) and 
was confirmed by the following chemical correlation. Acetylation of (60) 
gave a mono acetate (59k) which was reduced with LiAIH4 to (59a). The 
1 H- and 13C-NMR spectra and spin decoupling of norafricanone (66) 
showed the presence of a bicyclo[5.0.1] skeleton with acetoxymethyl and 
acetyl groups. The location of each functional group was confirmed by 
2D-COSYs eH-1H, long range 13C_1H). Compound (66) may originate 
from co-metabolite (59). 

From the ether extract of a Colombian liverwort, Parella swartziana, 
a new african-type sesquiterpenoid, caespitenone (61) for which pseudo
guaiane-type structure had been proposed previously (19) and a new 3,4-
secoafricane-type sesquiterpenoid, secoswartzianin A (67), were isolated 
as the major components (441a, 571, 571a, 571b, 568). The functional 
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(59) 3a-Hydroxy-5a-acetoxyafrican-2(6)-en-4-one 

¢G," 
HO"" I " i. 

HO\'" ' ."'~ 

(60) 3a,4a-Dihydroxyafrican-2(6)-en-5-one 

(61 ) Caespitenone (62) Swartzianin A (63) Swartzianin B (64) Swartzianin C 

(65) Swartzianin 0 

M'O'~". 
(68) Secoswartzianin B 

(71 ) (72) 

o 1'''\"" ~
c 

(66) Norafricanone 

(69) Norswartzianin 

(73) R=Ang 
(74) R=H 

O~ 
6~." 

(67) Secoswartzianin A 

(70) Isoafricanol 

(75) 

Chart 4. Africanes, norafricanes and secoafricanes found in the Hepaticae and their related 
compounds 

groups present in (61) were deduced from the IR, UV and NMR data 
while the africane-type structure (61) was established by 1 H_l H-, 13C_1 H-, 
long range 13C-1H-2D-COSYs and HMBC experiments. The absolute 
configuration of (61) was settled by the 600 MHz NOESY spectrum of a 
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(59f) 

1) ~ 

RO 0/\ yy ... , 
[ 

(59i)R=H 
2) 

(59j) R=p-BrBz 

(599) (59h) 

¢q ... RO" .. , I " ~ 
HO\" '< ..•• ',' 

1) 

[ 
(60) R=H ~ (59a) 

5) 

(59k) R=Ae 

1) LiAIHJEt20 2) p-BrBzCVPy 3) Me2CO/CuS04 4) p -TsOH/CsHs 5) AC20/Py 

Scheme 3. Reactions of africane-type sesquiterpenoids 

mono-alcohol (61a) prepared from (61) with (PhSe)2 in NaBH4 and the 
negative Cotton effect at 236 nm (At> - 11.2) of a mono-bromo benzoate 
(61b) prepared from (61a) by reduction with NaBH4 in CeCl3 followed by 
benzoylation with p-bromobenzoyl chloride as indicated in Scheme 4. 
The structure of (67) was based on extensive NMR techniques, mainly 
2D-COSYs, while the absolute configuration assigned to (67) was based 
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(61 ) (61a) (61b) 

1) (PhSeh/NaBH4/E10H 2) NaBH./CeCIy'MeOH 3) p-BrBzCVOMAP/Py 

Scheme 4. Reaction of caespitenone 

00 ~ Ho.·A 3) P-B""",A 
6N"" HO~.'" -- p-BrBZO~"" 

(67) (67a) (67b) 

1) Oy'MeOH 2) NaBH. 3) p-BrBzCIIOMAP/Py 

Scheme 5. Reaction of secoswartzianin A 

on the CD Cotton effect at 249 nm (M: - 37.7) of a dibenzoate (67b) 
which was prepared from (67) by ozonolysis followed by reduction and 
then benzoylation as shown in Scheme 5 (571 a). 

Further fractionation of the ether extract of P. swartz ian a yielded four 
africane-type, swartzianins A-D (62-65), one 3,4-secoafricane-type seco
swartzianin B (68) (441a, 571, 571a) and one norafricane-type sesquiter
penoid, norswartzianin (69) (574a, 574b). The relative stereostructures of 
swartzianins C (64) and D (65) were established by spectroscopic compar
ison with (61) and by X-ray crystallographic analysis. The structure of(69) 
was also established by X-ray analysis. Structures of the other new 
compounds were elucidated by comparing their spectral data with those 
of (61), (64) and (65). From Nardia scalar is, isoafricanol (70), the C-4 
epimer of africanol (72) which has been found in a sapwood staining 
ascomycete fungus (1 a) has been isolated together with new diterpenoids 
(vide irifra) (354a). 

A similar 4,5-secoafricane derivative (71) has been isolated from the 
essential oil of a higher plant, Lippia integrifolia (131). 

Africane-, norafricane- and secoafricane-type sesquiterpenoids are 
quite rare in nature, although africanes (72-75) have been found in a 
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marine invertebrate (601) and in the roots of Senecio oxyriifolius (Com
positae) (118). However the above report comprises the first isolation of 
the africane-, norafricane- and secoafricane-type sesquiterpenoids from 
Hepaticae. The africane skeleton may originate from humulene by 
cyclization as shown in Scheme 6 (118, 410, 601). 

(72) 

(477) Humulene (77) (78) 

-- (73) - (75) 

~-H~-~~<-
(79) (80) 

~ NoR --
(81) 

o ...-!; i ' . OR HO ~ i ' . OAng =y(}, ... , -yC}"'" 
.... ", ···t" 

(73) R=Ang 
(74~ R=H 

(75) 

Scheme 6. Possible biogenetic pathways for africane-type sesquiterpenoids. 
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5.3 Aristolanes 

Aristolane-type sesquiterpenoids are rare in liverworts. The presence 
of ent-aristolone (82) has been confirmed in Porella caespitans var. 
setigera (19, 596). The same compound has been isolated from P. 
cordaeana (239a) and P. roe/Iii (543). Reboulia hemisphaerica also pro
duces ent-aristolone (82) (55), together with the new labile ent-aristol-l,8-
diene (85) (249) and ent-8~-hydroxyaristolene (83) (73). ( + )-Aristol-9-ene 
( = Cl-ferulene) (84) is the minor component of Pleurozia acinosa (625) 
while Riccardiajackii produces ent-( + )-aristolan-l0~-01 (86) (380). Two 
new aristolanes, ( + )-aristol-9-en-12~-al (87) and ( + )-aristol-9-en-12~
oic acid (88) have been isolated from Taiwanese Bazzania tridens; the 
structure assignment was based on analysis of the IH_ and 13C-NMR 
spectra and comparison of the spectral data with those of previously 
known aristolone (82) and aristol-9-ene (84) (629). The absolute configu
rations of both compounds were established by single X-ray crystallo
graphic analysis of (88) and comparison of the specific optical rotations of 
(87) and (88) with those of (84) and (82) (629). 

(82) ent·Aristolone (83) ent-8~- Hydroxyaristolene (84) (+)-Aristol-9-ene 
(= (+)-cx-Ferulene) 

(85) Aristol -1 (1 O).8-diene (86) ent-Aristolan-1 O~-ol (87) ent-Aristol-9-en-12~-al 

(88) enl-Aristol-9-en- 12~-oic acid 

Chart 5. Aristolanes found in the Hepaticae 
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5.4 Aromadendranes, Secoaromadendranes and 
Norsecoaromadendranes 

33 

Ent-aromadendrane-type sesquiterpenoids are widespread in lunger
manniales. Secoaromadendrane-type sesquiterpenoids are mainly dis
tributed in Plagiochila species. The previously known aromadendrene 
(89), alloaromadendrene (90), et- (91) and ~-gurjunene (92), anastreptene 
(93), ( - )-ledene (94), ( + )-cyc1ocolorenone (96), spathulenol (97), myliol 
(98), dihydromylione (99), and C-IO-epi-globulol (100) have been detected 
in lungermanniales. ~-spathulene (95) (622, 624) and ( - )-viridiflorol 
(101) (324, 435) have been newly found in Hepaticae. Anastreptene and 
ent-spathulenol are the most frequently encountered aromadendrane
type sesquiterpenoids. 

Anastreptene (93) and ~-barbatene (162) (a barbatane-type sesquiter
penoid) coexist in certain liverworts and cannot be separated at all on 
HPLC using silica gel at room temperature. Complete separation on a 
semi preparative scale was only possible at temperatures below - 35°, 
using n-pentane as solvent (107). ( + )-Aromadendrene, the enantiomer of 
(89), has been converted to ( + )-spathulenol, the enantiomer of (97), by 
two subsequent ozonizations the second of which is regio- and stereo
selective, followed by a Wittig reaction with methylenetriphenylphos
phorane (609). The total synthesis of anastreptene (93) has been ap
proached by EICHER (168). So far, it has been impossible to reduce ( - )-9-
anastreptone to anastreptene (93). Two sesquiterpenoids, ~-diploalbicene 
and diploalbicanol have been isolated from Diplophyllum albicans and D. 
taxifolium (451) and were subsequently shown to be identical with ( - )
aromadendrene (89) and ( + )-C-IO-epiglobulol (100) (560) which belong 
to the ent-series. The spectral data of (100) and ent-globulol (102) are 
almost identical, but the melting points are different. The structure of 
what was thought to be ent-globulol (102), previously isolated from 
several Plagiochila species (19), should be revised to ent-IO-epi-globulol 
because of the identity of the spectral data (460). 

M ylia taylorii is a rich source of aromadendrane- and secoaromaden
drane-type sesquiterpenoids (19). Further fractionation of the ethanol 
extract of M. taylorii resulted in the isolation of four new aromaden
dranes, (+ )-myli-4(15)-en-9-one (103), (- )-3-epi-myliol (104), (+)-
4(15)-dehydroledol (105) and ( + )-4(15)-dehydroglobulol (106), together 
with ( + )-ent-globulol (102) (386). The structure of (103) followed from 
1 H- and 13C-NMR spectroscopy including the shift reagent technique 
and from chemical degradation. Hydrogenation of (103) in the presence of 
Pd-C gave a dihydro derivative (103a) which was treated with tosylhydra
zine followed by reduction with NaBH4 to afford ( - )-et-gurjunene (91) 
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>=P s1d yO- stI-:I -: i 
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A~ A~ ~" A~ 
(89) 
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(93) 
Anastreptene 

HdJ 
f' 

(97) 
ent -Spathu lenol 

(90) 
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HO 0 
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(+)-4(15)-Dehydroledol (+)-4( 15)-Dehydroglobulol ent·4~ . 1 Oo:-Dihydroxyaromadendrane 

Chart 6a. Aromadendranes found in the Hepaticae 
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(19). The structure of 3-epi-myliol (104) was assigned by spectroscopic 
comparison of (104) and its monoacetate (104a) with the spectra of the 
previously known myliol (98) isolated from the same liverwort (19). The 
NMR spectra of (105) and (106) closely resembled those of spathulenol 
(97) suggesting that (105) and (106) might be aromadendrane-type 
sesquiterpenoids. Oxidation of (105) with OS04 gave a diol, which was 
treated with Nal04 to give a cyclopentanone (105a). The absolute 
stereochemistry assigned to (105) was based on the NOE spectrometry, 
the small coupling constant (J = 4 Hz) between H-1 and H-5 and the 
positive Cotton effect at 316 nm (L\€ + 0.49) of keto alcohol (105a). The 
NMR spectrum of (106) was closely related to that of (105), indicating that 
(106) might be a stereoisomer of (105). Hydrogenation of (106) in the 
presence of 10% Pd-C gave two dihydro derivatives in the ratio 30: 1. The 
minor product was identical with ( + )-ent-globulol (102) while the major 
product was the C-4 epimer. The stereostructure of (106) also followed 
from NOESY and NOE experiments. ent-4p,101X-Dihydroxyaromaden
drane (107) has been isolated from Plagiochila ovalifolia (435a). Its 
enantiomer has been found in higher plant, Brasilia sickii (114a). 

(103a) (1 04a) (105a) 

Three dimeric sesquiterpenoids, myltaylorione A (108), myltaylorione 
B (109) and bitaylorione (HO), were isolated from an ethanol extract of 
Mylia taylorii (531). Structures (108,109) were suggested by comparison 
of the 1 H- and 13C-NMR spectra with those of( - )-dihydromylione (99) 
and ( - )-dihydrotaylorione (H2) derived from taylorione (HI) (385) and 
analysis of the usual 2D-NMR experiments. The spiro structure at C-4 
and the stereochemistry of (108) and (109) were characterized by 2D
HOHAHA (Mononuclear Hartmann-Hahn Spectrum) and NOESY, 
respectively. Compounds (108) and (109) are isomers formed by Diels
Alder type reactions of taylorione isomer (H3) and mylione (H4) 
although H3 and H4 have not been found in M. taylorii (Scheme 7). 
Bitaylorione (HO) was also shown to be a dimeric sesquiterpenoid with a 
tricyclic (5,6,5)-ring system on the basis of 2D-IH-IH and COLOC 
(Correlation Spectroscopy via Long-Range Couplings) spectra. The 
compound is not of the normal Diels-Alder adduct (2,2'; 3,4') type. 
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(109) Myttaylorione B 

(108) Myltaylorione A 

(111 ) Taylorione 

(110) Bitaylorione 

(112) 

Chart 6b. Aromadendrane-secoaromadendrane and secoaromadendrane-secoaromaden
drane dimers found in the Hepaticae 

~ - ,'08,. ,,,,, 

5U (114 ) 

(113) "'fY~ 
Normal Diels-Alder reaction 

x • (110) 

Scheme 7. Formation of dimeric sesquiterpenoids by a Diels-Alder type reaction 
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The known 2,3-secoaromadendrane-type sesquiterpenoids pi agio
chilide (121), plagiochiline A (115), B (116), C (117), D (118), E (119), H 
(120), hanegokedial ( = plagiochilal A) (123), ovalifolienal (124) and 9<t
acetoxyovalifoliene (125) have been isolated from several South American 
and Asiatic Plagiochila species (46, 48). Further fractionation of the 
dichloromethane extract of P. fruticosa resulted in the isolation of three 
noveI2,3-secoaromadendrane-type sesquiterpenoids, plagiochilal B (126) 
possessing powerful pungency, plagiochiline J (127) and plagiochiline K 
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A /--
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~ /-
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Chart 6c. Secoaromadendranes found in the Hepaticae 
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(128), along with plagiochilide (121) and plagiochiline A (115) (185). 
Absolute stereostructures were established by extensive 2D-COSY NMR 
data, NOE difference spectroscopy and a chemical correlation with 
plagiochiline A (115) shown in Scheme 8 (185). Most of the previously 
known 2,3-secoaromadendrane-type sesquiterpene hemiacetals such as 
plagiochiline A (115) and plagiochilide (121) contain a trisubstituted end
double bond and are most likely to be biosynthesized via ent-hanegoke
dial (123) from a key precursor ( - )-bicyclogermacrene (195), a co
metabolite in Plagiochila species (19). 

The three new hemiacetals (126-128) are presumably formed with an 
intact exo-double bond from (123) through a series of oxidation and 
reduction processes shown in Scheme 9. The occurrence of compounds 
(126- 128) with an exo-double bond may suggest an alternative bio
synthetic pathway via (127) or (128) to highly oxygenated plagiochiline A 
(115) and its related hemiacetals (185). 

When one chews plagiochiline A (115), one notices a persistent 
pungent taste as a result of the following transformation. Enzymatic 
treatment of plagiochiline A (115) with amylase or saliva produces the 
intensely pungent dialdehyde, plagiochilal B (126) which has been 
isolated from some collections of Plagiochilafruticosa (185) together with 
furanoplagiochilal (126d) in good yield (248, 252). Treatment of(115) with 

~
O;' .. 

OH OH ~ , •.. 

H •. J 
/""--

(126) 

1 ) ;tJ0 ~ ~OH 
--..... ~ 

RO , 
H •. J 

/""--

1.2) ---
2) c::::~::::::::,~ 

(115) 

H '-.J /""--
1) LiAIHJ EI20 2) AC201 Py /""--

(128) 
(127) 

Scheme 8. Correlation of plagiochilal B, plagiochilines J and K with plagiochiline A 
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(133) Plagiochiline N (134) (-) -3.10-Dioxotaylori -4-ene (135) (-)-3-Acetoxytaylorione 

Chart 6d. Secoaromadendranes and norsecoaromadendranes found in the Hepaticae 

KHC0 3 in aqueous MeOH afforded the same aldehydes, (126) and (126d) 
shown in Scheme 10. 

Two novel hemiacetals, 9ex-acetoxy-1O~-ovalifolianal (129) and 9~
acetoxy-lOex-ovalifolianal (130), have been isolated from Plagiochila 
peculiaris; structures were established by comparing their spectroscopic 
properties with those of ovalifolienal (124) (623). In addition to plagiochi
line C (117), two new 2,3-secoaromadendrane-type sesquiterpene hemi
acetals, plagiochiline L (131) and plagiochiline M (132) have been isolated 
from Heteroscyphus planus; their structures were elucidated by spectro
scopic and chemical correlation with plagiochiline C (117) (249, 252). P. 
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Scheme 9. Possible biogenetic pathways for plagiochilal B, plagiochilines A, J and K 

ovalifolia produces various 2,3-secoaromadendrane-type sesquiterpen
oids (19). Further fractionation of the ether extract of P. ovalifolia 
resulted in the isolation of two new 2,3-secoaromadendrane-type sesqui
terpenoids, acetoxyisoplagiochilide (122) (435a) and plagiochiline N (133) 
possessing the 3H-pyron skeleton (249). The total synthesis of ( + )-ent
hanegokedial ( = plagiochilal A) (123) has been accomplished by TAYLOR 
et al. (548) from ( - )-bicyc1o[5.1.0Jenone (547) in five steps. 

Taylorione (111) a 1,1O-secoaromadendrane-type sesquiterpene ke
tone, has been isolated from Mylia taylorii. Its absolute stereo structure 
was established by spectral and chemical evidence as well as total 
synthesis (19, 647). 



Chemical Constituents of the Bryophytes 

Awc9~O~::; 
o : 
~ 

HO ~ i _ 
l H --.: 

J /-
(115) 

1) or 2) 
• 

(1158) 

1) Amylase or Saliva 2) KHC03IMeOH-H20 

(126) 

~ 
+ 

OHC . 

H --..;" 

41 

~~ OH 

/-
(1 26c ) 

Scheme 10. Formation of plagiochilal Band furanoplagiochilal from plagiochiline A 

Two further secoaromadendranes, ( - )-3,lO-dioxotaylori-4-ene (134) 
and ( - )-3-acetoxytaylorione (135) have been isolated from the same 
liverwort (386). The structure of the former was arrived at by chemical 
evidence and by means of 1 H-NMR spectroscopy using shift reagent and 
by comparing the 13C-NMR spectrum with that oftaylorione (Ill). The 
spectral data of a hydroxyketone (135a) obtained from (135) with KOH in 
methanol were quite similar to those oftaylorione (Ill), suggesting that 
(135) might be taylorione containing an extra secondary acetoxyl group. 
The position of the acetoxyl group at C-3 has been clarified by spin 
decoupling experiments on the ketoalcohol (135a). 

A novel l,lO-norsecoaromadendrane-type sesquiterpenoid (136), has 
been isolated from European Mylia taylorii, together with the previously 
known ent-aromadendranes, myliol (98), dihydromylione (99) and taylori
one (Ill) (242). The NMR spectrum of (136) was very similar to that of 
taylorione (Ill) except that the signals of the exomethylene cyclopentene 
were replaced by those of a 3,4-disubstituted furan, thus suggesting the 
novel structure (136). The presence of a small allylic coupling (J = 
1.2 Hz) between H-6 and H-l and the formation of the known carbocyclic 
acid (136a) from (136) by ozonolysis supported the proposed structure of 
the nor-secoaromadendrane-type sesquiterpenoid. 
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(13Sa) (136a) 

5.5 Azulenes and Indenes 

Calypogeia species (Calypogeiaceae) are rich sources of azulenes and 
indenes (19). A sterile culture of Calypogeia azulea produces 1,4-dimethyl
azulene (137), 4-methyl-l-methoxycarbonylazulene (138) and 3,7-
dimethyl-5-methoxycarbonylindene (148) (106). The cultured cells of C. 
granulata produce the same azulenoids as those of intact and re
differentiated plants (321, 453, 539). The blue oil obtained from the 
cultured cells of C. granulata was chroma to graphed on silica gel to give 
( + )-1,8a-dihydro-3,8-dimethylazulene (150) together with 3,7-
dimethylindene-5-carboxaldehyde (149) and 1,4-dimethylazulene (137) 
(50% of oil) (321, 453, 538). Dihydroazulene (150) is too unstable to be 
collected by preparative Gc. It has been isolated by rapid flash chroma
tography (neutral Si02, n-hexane elution, N2 atmosphere) and subse
quent preparative HPLC using n-hexane as a solvent. When the solvent 
was removed under N 2, (150) was converted to 1,4-dimethylazulene (137) 
and a colorless polymer. Compound (150) had UV absorption maxima at 
211 nm (sh), 288 (log E 4.10), 234 (4.40) and 312 (3.73) indicating the 
presence of a conjugated tetraene system. The structure was characterized 
by NMR spectrometry and facile oxidation to 1,4-dimethylazulene, the 
very intense optical activity ([et]D + 1165°) and CD Cotton effects 
(235 nm, ~E - 47.4 and 314.0 nm, ~E + 19.7) suggesting a strongly 
distorted conjugated system (235). The structure of (149) was also 
established by NMR spectrometry and comparison with the NMR 
spectrum of 3,7-dimethyl-5-methoxycarbonylindene (148) isolated from 
C. trichomanis (19). 3,7-Dimethylindene-5-carboxaldehyde (149) is prob
ably derived from a possible precursor (153) via route a or b shown in 
Scheme 1l. In order to confirm this, [2-13C]-labeled acetate was fed to the 
culture to give (137) and (149) in which the asterisked carbons should be 
labeled (321, 453, 538). The 13C enriched, the natural abundance and 
difference spectra of both (137) and (149) showed that carbons 2,5,7,9,10, 
1-Me and the 4-Me of (137) (terpenoid biosynthetic route, Scheme 11) and 
2,5,6,8,9,3-Me and 7-Me, but not the carbonyl carbon of (149), were 
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(137) 1,4-Dimethylazulene ; R1=R2=Me 

(138) 4-Methyl-l-methoxycarbonylazulene ; R1=C02Me, R2=Me 
(139) 4-Methylazulene-l-carbaldehyde 

(=4-Methyl-l-formylazulene) ;R 1=CHO, R2=Me 
(140) 4-Methyl-l-carboxyazulene ; R1=C02H, R2=Me 
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(141) 4-Methoxymethyl-l-carboxyazulene ; R 1 =C02H, R2 =CH20Me 

(142) 1,4-Dicarboxyazulene ; R 1 =R2 =C02H 

(143) 4-Hydroxymethyl-l-methoxycarbonylazulene ; 

R1=C02Me, R2=CH20H 

(144) 4-Carboxy-l-methoxycarbonylazulene ; 

R 1 =C02Me, R2 =C02H 

(145) 1,4-Dimethyl-3-formylazulene 

(146) 4-Formyl-l-methoxycarbonylazulene 

(147) Guaiazulene 

(148) 3,7-Dimethyl-5-methoxy-carbonylindene ; R=C02Me 
(149) 3,7-Dimethylindene-5-carbaldehyde ; R=CHO 

(150) (+)-1 ,8a-Dihydro-3,8-dimethylazulene 
(=3,1 O-Dihydro-l ,4-dimethylazulene) 

Chart 7a. Azulenes and indenes found in the Hepaticae 

enriched. These results indicate that (137) is formed via optically active 
3,1O-dihydro-l,4-dimethylazulene (ISO), and (149) via hypothetical trinor
sesquiterpenoid intermediate by route a and not by route b. However, the 
possibility that azulene (137) might also originate from bicyclogerma
crene (196), trinoranastreptene (51) and anastreptene (93) is not excluded 



44 Y. ASAKAWA 

(149) 

Scheme ll. Incorporation of 13C from [2_13C]-labeled acetate into l,4-dimethylazulene 
and 3,7-dimethylindene-5-carboxaldehyde 

because the yields of trinoranastreptene and anastreptene depend on the 
culture period. It should be noted that cell culture techniques constitute a 
convenient and efficient method for production of very unstable second
ary metabolites of bryophytes and for studies of their biosynthesis 
because most bryophytes are very small plants and it is difficult to collect 
pure mats on a large scale. 

The absolute configuration of 1,8a-dihydro-3,8-dimethylazulene (150) 
was shown to be 8aS by comparing the CD spectrum with 
that calculated for (8aR)-1,8a-dihydroazulene (154) by the SCF-CI
dipole velocity MO method (235). This has also been proved experimen
tally by synthesis of the model compounds (lS,8aS)-( + )-1,8a-di
hydro-l-methoxy-8a-methylazulene (155) and (lS,8aS)-( + )-1,8a
dihydro-l-methoxy-6,8a-dimethylazulene (156) (235), as well as by syn
thesis of two more closely related model compounds, (8aSH + )-
1,8a-dihydro-8a-methylazulene (157) and (8aSH + )-1,8a-dihydro-
6,8a-dimethylazulene (158), and measuring their chiroptical properties 
(236). The CD Cotton effects of (1 57) were stronger and closer in intensity 
to those of natural dihydroazulene (150) than to those of dihydroazulenes 
(155) and (156). The above evidence and X-ray crystallographic analysis 
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ct) 
MeO _ MeO _ 

CO co-
(154) (155) (156) 

cO cO-~ Me 

(157) (158) (159) 

Chart 7b. Synthetic azulene derivatives related to the naturally occurring dihydroazulene 
(ISO) 

of (IS,3SR,4S,7 R,8SR)-( + )-7-bromo-2,3,3a,4,5,7,8,8-octahydro-l,4-di
methoxy-8a-methyl-6(IH)-azulene-6-ethylene acetal (159) completely 
established the absolute configuration of (150) with its twisted 1t-electron 
system (236). 

Further investigation of the hexane extract of in vitro cultures of C. 
azulea resulted in isolation of two additional new azulenoids, 4-
methylazulene-l-carbaldehyde ( = 4-methyl-l-formylazulene) (139) and 
4-methyl-l-carboxyazulene (140), together with the previously known 
azulenes (137) and (138). Structures of the new compounds were based on 
spectroscopic evidence using 2D-COSY (HMBC) and NOESY spectrom
etry (439). SIEGEL et al. (507) studied the n-hexane-dichloromethane
EtOAc extract of in vitro cultures of Calypogeia azulea and isolated seven 
novel azulenes (139, 140, 142 as an ester, 143-146), together with 1,4-
dimethylazulene (137) and (138). The major azulene was (137) (0.05% of 
dry weight of plant). Structures of the new azulenoids were elucidated by 
comparing the IH-NMR and mass spectral data with those ofthe known 
azulenes (137) and (138). Presence of a sharp singlet at {) 10.35 (CH = 0) 
and the far downfield shift of the H-8 signal (doublet at {) 9.64) supported 
the structure proposed for (139). The structures of (139), (140), (143) and 
(144) were established by synthesis using 4-methylazulene and 1,4-
dimethylazulene (137) (507). The ester of (142) is unstable being easily 
hydrolyzed to stable azulene-l,4-carboxylic acid (142), which was also 
obtained by saponification of (144); hence it was suggested that an 
unknown alcohol esterifies the carboxyl group at C-4. The 1 H-NMR and 
mass spectral data of (145) were identical with those of 1,4-dimethyl-3-
formylazulene which was synthesized from l,4-dimethylazulene by 
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formylation with DMF-POCI3 . The structure proposed for (146), 4-
formyl-l-methoxycarbonylazulene is based on the identity of the mass 
fragmentation pattern with that of synthetic (146). Compound (146) has 
also been found in the higher plants Helichrysum ambiguum subsp. 
ambiguum (305) and Ixiolaena leptolepis (356), both in Compositae. 

Compounds (137- 139) and (145) but not the others, have also been 
isolated from C. azulea collected in the field. The yield of the major 
azulene (137) - 2.3 g (0.45% dried weight) - was considerably higher than 
the yield from the in vitro cultures while the yield of (138) was little 
different. 

It had been thought that l,4-dimethylazulene (137) and its analogues 
were characteristic compounds of Calypogeia species (Calypogeiaceae). 

............... OH _ 
HOzC~OH 

(160) 
Mevalonic acid 

--C?0r-Crl 
opp I 

(1 52) (1 96) 
Bicyclogermacrene 
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CHO COzH COzMe 

(139) 
4-Methylazulene-
1-carbaldehyde 

(140) 
4-Methylazulene
l -carboxylic acid 

(138) 
4-Methyl-1-methoxy
carbonylazulene 

Scheme 12. Possible biogenetic pathways for naturally occurring oxygenated azulenoids 
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Subsequently, however 1,4-dimethylazulene was also isolated from Ma
crolejeunea pallescens (Lejeuneaceae) and Plagiochila micropterys (Pla
giochilaceae) (433). Plagiochila longispina contains two new azulenes, 4-
methylazulene-1-carbaldehyde (139) and 4-methoxymethyl-1-
carboxyazulene (141) (507). Structures assigned to the new azulenes were 
based on a comparison of 1 H-NMR and mass spectral data with those of 
1,4-dimethylazulene (137) and 4-methyl-1-methoxycarbonylazulene 
(138). The structure of (141) was conclusively confirmed by synthesis 
using (138) as starting material (507). Azulene (139) exhibited a deep 
purple color in non-polar solvents which changed to carmine-red in polar 
solvents. Possible biogenetic pathways for oxygenated azulenes have 
been proposed by NAKAGAWARA et al. (439) (Scheme 12). 

Guaiazulene (147) has been detected in Mastigophora diclados (622, 
635). 

5.6 Barbatanes (Gymnomitranes) 

Barbatane-type sesquiterpenoids are common constituents of Junger
manniidae and Marchantiidae. Nine barbatanes from liverworts were 
already mentioned in the earlier report (19). Among them, the hydrocar
bon J3-barbatene ( = gymnomitrene) (162) is the most familiar compound. 
However, oxygenated barbatane-type sesquiterpenoids are rare. ex-Bar
batene (161) is often detected by GC-MS; however it seems to be an 
artifact since during preparative GC the facile isomerization of 13-
barbatene to the ex-isomer was observed (342). A total synthesis of ( ± )
gymnomitrol (163) has been reported as preliminary communication (19), 
while a 16-step total synthesis of (163) has been described in a full paper 
(141). 

BazzaniaJauriana contains ex-barbatene (161), J3-barbatene (162) and 
gymnomitrol (163) (581). Bazzania trilobata elaborates a number of 
sesquiterpenoids such as barbatenes, bazzanenes and calamenenes (19). 
The composition of the essential oil from B. trilobata does not change 
with the seasons (283). Three new barbatane-type sesquiterpenoids, 9-
oxogymnomitryl acetate (164), 9ex-hydroxygymnomitryl acetate (165) and 
9ex-hydroxygymnomitryl cinnamate (166) have been isolated from the 
non-pungent Plagiochila trabeculata, together with J3-barbatene (162) and 
gymnomitrol (163); their structures were elucidated by a combination of 
extensive NMR studies and chemical correlations (589). That compound 
(166) was 9ex-hydroxygymnomitryl cinnamate and not 9ex-cinnamoxy
gymnomitrol was established by extensive spin decoupling and 2D-COSY 
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(161 ) (l-Barbatene (162) p -Barbatene (1 63 ) Gymnomitrol (164) 9-0xogymnomitryl 
acetate 

(165) 9(l-Hydroxygymnomitryl acetate ; R 1 =OAc, R2=OH 

(166) 9a-Hydroxygymnomitryl cinnamate ; 

R1=OCOCH=CHC6Hs, R2=OH 

(167) (+)-Gymnomitr-8(12) -en-9a-ol 

(168) (+)-Gymnomitr-8(12)-en-9-one 

(169) (+ )-8p-Hydroxy-gymnomitran-9-one 

(170) (8R)-( +)-Gymnomitran-9-one 

H R 

~ (171) (-)-Gymnomitr-8(12)-en-15-ol ; R=CH20H 
(172) (-)-Gymnomitr-8(12)-en-15-al ; R=CHO 
(173) (-) -Gymnomitr-8(12)-en-15-oic acid; R=C02H 

Chart 8. Barbatanes (gymnomitranes) found in the Hepaticae 

NMR spectrometry, while the stereochemistries of (164-166) were deter
mined by NOE difference spectrometry. 

European wild Reboulia hemisphaerica and its in vitro cultured thallus 
produces (+ )-gymnomitr-8(12)-en-9(X-ol (167) and (+ )-gymnomitr-
8(12)-en-9-one (168) (411, 412). (+ )-8~-Hydroxygymnomitran-9-one 
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(169) has been isolated only from agar cultured R. hemisphaerica while 
(SR)-( + )-gymnomitran-9-one (170) has been found only in material 
gathered in the field. The structure assigned to (167) was based on 1 H- and 
13C-NMR spectral data, comparison with the spectra of gymnomitrol 
(163) and conversion (167) by CDCl3 in an NMR tube to a mixture of 
naturally occurring ( + )-gymnomitr-S(12)-en-9-one (168) and (SR)-( + )
gymnomitran-9-one (170), respectively. The stereochemistry of (167) at 
C-9 was deduced by NOE spectrometry of its monoacetate while its 
absolute configuration was derived from the positive Cotton effect (Ae 
300 nm, + 0.37) of the saturated ketone (170). The structure assigned to 
( + )-S~-hydroxygymnomitran-9-one (169) was also based on a compari
son of its NMR spectral data with those of 170. 

The new gymnomitrenols (167-170) belong to the same series of 
barbatane-type sesquiterpenoids found in other liverworts (19, 589). 
While barbatane-type sesquiterpenoids have not been detected in Japa
nese R. hemisphaerica (55), three new barbatane-type sesquiterpenoids, 
( - )-gymnomitr-S(12)-en-15-01 (171), (- )-gymnomitr-S(12)-en-15-al 
(172) and ( - )-gymnomitr-S(12)-en-15-oic acid (173) have been isolated 
from Marsupella emarginata var. patens, along with (- )-~-barbatene 
(162) (384). Their structures and absolute configurations were established 
by spectroscopic and chemical correlation and by X-ray crystallographic 
analysis of a p-bromobenzoate prepared from (172). 

M. emarginata var. patens is chemically different from M. emarginata 
and M. aquatica because the latter two species produce longipinane-type 
sesquiterpenoids (19). The biogenetic precursor of the gymnomitranes is 
undoubtedly ~-bazzanene (175) whose acid catalyzed rearrangement has 
been investigated by Wu and LIU (634). 

5.7 Bazzananes 

Three bazzanane-type sesquiterpenoids, cx-bazzanene (174), ~-bazzan
ene (175) and bazzanenol were previously known in liverworts (19). 
Structure (177) was proposed for bazzanenol on the basis of the chemical 
and spectroscopic data (19). Further study of the essential oils of seven 
Bazzania species led to the isolation of ( + )-bazzanenol the structure of 
which was revised to (176) (264). cx-Bazzanene (174) has been obtained by 
isomerization of ~-bazzanene (175) with formic acid at room temperature, 
together with cx-tricodiene (182) (Scheme 13) (19). A new bazzanane-type 
hydrocarbon, isobazzanene (178) has been isolated from BazzaniaJauri
ana and B. angustifolia; its structure was elucidated by analysis of the 
1 H NMR and MS spectra and by its partial synthesis from ~-bazzanene 
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-oh-D--b-a-h~ H6 OH 
(174) cx-Bazzanene (175) ~-Bazzanene 

(176) Bazzanenol 

(178) Isobazzanene 

RO OR 

(179) Bazzanenyl caffale ; R=H 
(1 80) R=Me 

(181) Bazzanelin 

Chart 9. Bazzananes found in the Hepaticae 

(177) 

(175) using HCOOH (Scheme 13) (634). Structure (175a) previously 
assigned to the acid rearrangement product (19) has to be revised. Other 
products produced on acid treatment of B-bazzanene were cuparene 
(284), IX-bazzanene (174), isocyclobazzanene (178a) and cyclobazzanene 
(178b) (634, 636) (Scheme 14). The sesquiterpenes (178a, 178b) with the 
bicyclo[2.2.2]octane system which has less energy strain than the 
bicyclo[3.2.1]system have not been found in nature. Further study of the 
chemical constituents of B. fauriana resulted in the isolation of a new 



(182) a-Tricodiene 
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--------
(174) a-Bazzanene 

\ 
-(5JJ 

H 

(175) ~-Bazzanene 

-
(161) a-Barbatene 

(162) ~-Barbatene 

Scheme 13. Formation of oc-bazzanene and oc-tricodiene from ~-bazzanene and possible 
biogenetic pathway for barbatenes 

bazzanenyl ester (179) and p-bazzanene (175) (581). Methylation of (179) 
with methyl iodide gave a dimethyl ether (180) which was further reduced 
with LiAlH4 to afford 3,4-dimethoxycinnamyl alcohol and bazzanenol 
(176), indicating that (179) was bazzanenyl caffeate. That the caffeate ester 
on C-2 was (X-oriented was established by NOE difference spectrometry. 

Bazzanetin (181), a new bis-bazzanenyl cyclobutyrate possessing two 
dihydroxyphenyl groups has been isolated from the methanol extract of 
Bazzania pompeana; its structure was elucidated by chemical degradation 
(hydrolysis, methylation, acetylation and reduction) (249a). 

5.8 Bergamotanes, Bicycloelemanes and Elemanes 

As reported earlier (19), trans-(X- (183) and trans-p-bergamotene (184) 
have been found in two lungermanniales species. The latter hydrocarbon 
has been detected in M onoclea Jorsteri and Radula boryana by GC-MS 
analysis (513). 

Bicycloelemene (185) has been isolated from or detected in Mar
chantiales and lungermanniales. (X- (186), p- (187), y- (188) and b-elemenes 
(189) and elemol (190) have been detected in liverworts; among these p
elemene (187) is the most common as shown in Table lIb. Clasmatocolea 
humilis produces dehydrosaussurea lactone (191) and saussurea lactone 
(192) (45). The former compound has been detected in Plagiochila 
hondurensis (48). From the ethereal extract of French Plagiochasma 
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(175) (174) , 
I 

--Q-)? 
(284) Cuparene 

(178b) 

Scheme 14. Acid treatment of /3-bazzanene 

(183) trans-a-Bergamotene (184) trans-/3-Bergamotene 

Chart 10. Bergamotanes found in the Hepaticae 
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(185) Bicycloelemene (186) Ct-Elemene (187) ~-Elemene (188)..,..Elemene 

~ ~ : 

R OH 

ch IA'-./~ 
o 

(189) 5-Elemene (190) Elemol (191) Dehydrosaussurealactone 

:? 

~ .. " 1A4 
o 

(192) Saussurealaclone 

1J)y~ (193) Elema-1.4(15).11-trien-3.14-olide 

o 1 
H 

(194) Elema-1,4(15).11-trien-3-al 

Chart 11. Bicycloelemanes and elemanes found in the Hepaticae 

rupestre, two novel elemane-type sesquiterpenoids (193) and (194) have 
been isolated (243). The relative stereochemistry of (193) has been 
elucidated by application of IH-IH2D- and delayed IH-IHCOSY 
spectroscopy as well as by NOE difference spectrometry. The spectro
scopic properties of (193) are in good agreement with those of 11,13-
dihydrovernodalin (195) from Vernonia species (Compositae) (193). The 

~ 0 

J;f~~/bH 
o 

(195) 
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structure of (194) was suggested by spectroscopic comparison with (193) 
and confirmed by 1 H_l H 2D shift-correlated and NOE difference spec
trometry. The absolute configuration of both new sesquiterpenoids 
remains to be established. 

5.9 Bicyclogermacranes, Isobicyclogermacranes and Lepidozanes 

Ent-bicydogermacrene (196), which is the biosynthetic precursor of 
bicydoelemanes, aromadendranes, alloaromadendranes, secoaromaden
dranes, maalianes, aristolanes and vitranes is the most widely distributed 
sesquiterpene hydrocarbon in Hepaticae. 3cx-Acetoxybicydogermacrene 
(197) has been isolated only from Jungermanniales, particularly from 
Plagiochilaceae (19). A new labile bicydogermacrane-type sesquiterpene 
aldehyde, (- )-bicydogermacrenal (198), has been isolated from the 
thalloid liverwort Conocephalum conicum (595). The position of the C-13 
aldehyde group was suggested by NOE's between H-5 and CHO, and 
H-7 and Cll-Me. Attempted conversion of (198) to the known bicydo
germacrene (196) was unsuccessful due to instability of (198) under 
reductive conditions. C. conicum also biosynthesizes bicydogermacrene-
14-al (199) (146). Calypogeia species elaborate not only azulenoids but 
also bicydogermacrane-type sesquiterpenoids. From the essential oil 
of the freshly cultured cells of C. granulata, C. trichomanis (453, 539), 
C. muelleriana, C. peruviana and C. to sana (321), 2-acetoxy-3-hydroxy
bicydogermacrene (200) and 3-acetoxy-2-hydroxybicydogermacrene 
(201) were isolated along with 3cx-acetoxybicydogermacrene (197) and 3cx
hydroxybicydogermacrene (203) (539). Plagiochila fruticosa produces 
3cx, 14-diacetoxy-2-hydroxybicydogermacrene (202) (249). 

A small thalloid liverwort, Conocephalum japonicum ( = C. suprade
compositum) produces not only germacranolides (19) but also two new 
bicydogermacrenes, 5-methoxybicydogermacrene (204) and 14-meth
oxybicydogermacrene (205) (584). These methoxylated compounds were 
obtained from the dichloromethane extract; however, they might be 
artifacts formed during the fractionation process on Sephadex LH-20 
using CHCI3-MeOH. 

Bazzania japonica produces (- )-isobicydogermacrenal (206) (84) 
which has also been isolated from Lepidozia vitrea belonging to the same 
family (19). The stereochemistry of isobicydogermacrenal was condu
sively established by a combination of chemical degradation (Scheme 15) 
and X-ray crystallographic analysis of (+ )-isobicydogermacrenol 
(206a). The chair-twist conformation for (206) is in agreement with that of 
the mother hydrocarbon, isobicydogermacrene (206b) (383). 
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C(O-;- """.yq (197) Ja·A"'"ybioyol""m",,", 

(1 96) enl-Bicyclogermacrene r-
~ 
1'1""'CHO 

(1 98) (-)-Bicyclogermacrenal 

AcO~ (200) 2.Acetoxy.3.hydroxybicyclogermacrene HCf'·'f"'<J-
HO~ (201 ) 3-Acetoxy.2.hydroxybicyclogermacrene ACO'··'f"'<J-

HO" •.. ~ ~
c 

.... ,&; _ (202) 3a.14-Diacetoxy-2-hydroxybicyclogermacrene AcCf I, •• : r-

(203) 3a-Hydroxybicyclogermacrene 

~ OMe 
,&; : .'j .... " 

(205) 14-Methoxybicyclogermacrene 

~ ~ ..... , 
(204) 5-Methoxybicyclogermacrene 

(206) ( -)·Isobicyclogermacrenal 

Chart 12a. Bicyclogermacranes and isobicyclogermacranes found in the Hepaticae 
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(206) (206a) 

(206b) 

14 
(206) 

o 

4) R02<i, "'~ -- ' ... 
5) H~H 1/_""1' 

(206d): R=H 
(206e) ; R=Me 

(206c) 

Scheme 15. Reactions of isobicycIogermacrenal 

A new lepidozane-type sesquiterpene alcohol (207) has been isolated 
from Trocholejeunea sandvicensis (14, 556) and Porella swartziana (441a, 
569). The presence of two protons on a cyclopropane ring was confirmed 
by two high field signals at 0 - 0.20 and 0.24. The structure was further 
characterized as (4S*,5S*,6R*,7R*)-1(10)E-lepidozen-5-ol by lH_, 13C_ 
NMR spectrometry as well as by 1 H_l H-2D-COSY and HMBC experi
ments. The relative stereochemistry was deduced from the NOE spec
trometry. The 4(15)-dehydro derivative (209) of (207) has been isolated 
from the marine Actinia Anthopleura pacifica (646). 

Bicylcogermacrene (196) which occurs naturally and the related non
naturally occurring isobicyclogermacrene, lepidozene and isolepidozene 
have been synthesized by short routes starting from geranylacetone (396). 



Chemical Constituents of the Bryophytes 57 

~ (207) (45" ,55" ,6R" ,7 R")-1 (1O)E-L";d,,,o-5~1 J:I:('H 

~H (208) L"Id",,,' 

OH~' 
Chari 12b. Lepidozanes found in the Hepaticae 

( ± )-Isobicyclogermacrenal (206) has been synthesized from piperitone 
(359). ( - )-Lepidozenal (208) has been isolated from Lepidozia vitrea (19). 
The biosynthesis of ent-bicyclogermacrene (196) and its enantiomer 
(196a), ( - )-isobicylcogermacrenal (206) and ( - )-lepidozenal (208) may 
conceivably involve the stereoselective 1,3-diprotonation reactions 
shown in Scheme 16 (383). It is noteworthy that bicyclogermacrene (196), 
( - )-lepidozenal (208) and lepidozenol (210) have also been isolated from 
marine animals (332, 646). 

(209) (210) 

5.10 Bisabolanes, Bourbonanes and Brasilanes 

Bisabolane-type sesquiterpenoids are rare in Hepaticae. Only a.- (212) 
and ~-bisabolene (213) and ar-curcumene (214) were previously detected 
in liverworts by GC-MS analysis (19). Since then, (S)-( + )-Z-a.-bisabolene 
(212) has been isolated from European Scapania crasiretis (435). Two 
new hydroxybisabolanes, (6R,7 R)-( + )-a.-bisabolol (216) and its enan
tiomer (217) have more recently been isolated from Jungermannia vulcani
cola (438) and Frullania brasiliensis (433), respectively. The latter com
pound has also been found in Taiwanese Bazzania tridens (629). It is 
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Scheme 16. Possible biogenetic pathways for bicyclogerrnacrane-type sesquiterpenoids 

interesting that both normal and enantiomeric sesquiterpenoids have 
been found in different species of the same or different genera of the 
Hepaticae. South American Marchantia chenopoda produces bisabola
triene ( = ~-sesquiphellandrene) (215) (345c). An enantiomeric ar-cur
cumene (214) has been isolated from Marsupella emarginata var. patens, 
together with barbatane-type sesquiterpenoids (384). The same com
pound has been detected in cultured cells of Heteroscyphus planus (427a) 
and Lophocolea heterophylla (527a). ( - )-Ent-nuciferal (218) has been 
obtained from Gymnomitrion concinnatum (434). The ( + )-enantiomer 
has been isolated from the higher plant, Torreya nucifera (480). Anthelia 
julacea produced a new bisabolal, julaceal (219), together with (218) 
(435). The absolute and stereostructure of (219) was established by 20-
COSY NMR spectroscopy and by its conversion to ( - )-ent-nuciferal 
(218) by dehydrogenation with OOQ. 
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(212) (S)-(+) -Z-a-Bisabolene (213) I3- Bisabolene (214) (-)·ar·Curcu mene 

~H 
(215) 

Bisabolalriene 

(=I3-Sesquiphellandrene) 

(216 ) (6R,7 R)-( + )-a-bisabolol (217) (6S, 7 S)-( -)-a-bisabolol 

~ :HC I ~ OHC I ~ 
(218) (-)-Nuciferal (219) Julaceal (220) l3-bourbonene 

Chart 13. Bisabolanes and bourbonane found in the Hepaticae 
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As previously reported (19), ~-bourbonene (220) has been detected in a 
Dumortiera and a Scapania species. Mylia nuda produces also ~-bourbon
ene but its absolute configuration remains to be clarified (624). 

A new acid-labile brasilane-type tertiary alcohol, conocephalenol 
(221) has been isolated from the European thalloid liverwort Conoce
phalum conicum, its structure being deduced by 2D-INADEQUATE 
(Incredible Natural Abundance Double Quantum Transfer Experiment) 
NMR spectroscopy (145, 146). The total synthesis of (+ )-cono
cephalenol ([CXJD + 5.85) has been accomplished by TORI et al. in 12 steps 
(552, 570, 573). For comparison conocephalenol was reisolated from 
German Conocephalum conicum. As the natural product had a negative 
rotation ([CXJD - 4.77), the synthetic compound was the enantiomer of 
(221), thus establishing the absolute stereo structure of natural conoce
phalenol (441a). 

Brasilanes (222-224) previously known only from marine organisms 
(517, 620) have now been found in a liverwort. TORI et al. (552) have 
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(221) Conocephalenol 

CharI 14a. Brasilane found in the Hepaticae 

(222) Brasilenol ; R=H (224) Epibrasilenol 
(223) Brasilenol acetate ; R=Ac 

CharI 14b. Brasilanes found in algae 

proposed a possible biogenetic route to conocephalenol by ring closure of 
humulene (Scheme 17). 

5.11 Cadinanes, Amorphanes and Muurolanes 

The earlier report mentioned that y-cadinene (226) and lI..- (228) and y
muurolenes (229) had been detected in several liverworts by GC-MS 
analysis (19). The same sesquiterpene hydrocarbons and lI..-amorphene 
(230) have more recently been found in Jungermanniales, Marchantiales 
and Monocleales. The essential oil of Wiesnerella denudata contains lI..
cadinol (231) (62). T-cadinol (232) and torreyol (236) have been detected 
in essential oils of Lophocolea heterophylla and L. bidentata, respectively 
(527a). ( + )-Ent-epicubenol (233) has been isolated from two Scapania 
species, S. undulata (153) and S. uliginosa (289), and Conocephalum 
conicum (553); its structure was supported by dehydration to ( + )-ent
cubebene on treatment with SOCl2 in pyridine (153). ( - )-Epicubenol 
(234), the antipode of (233) has been isolated from commercial cubeb oil 
(452). y-Cadinene (226), 8-cadinene (227) and epi-cubenol (233) have been 
detected in cultured cells of Heteroscyphus planus (427a). The latter two 
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(221) (225) 

Scheme 17. Possible biogenetic pathway for ( - )-conocephalenol 

compounds have been detected in essential oils of Lophocolea hetero
phylla and L. bidentata (527a). Epicubenol (234) and cubenol (235) have 
been detected in brown algae, Dictyopteris species (179) and red tide (310). 

Mannia subpilosa and Reboulia hemisphaerica belonging to Aytoni
aceae ( = Grimaldiaceae) biosynthesize three new cadinane-type sesquiter
penoids, cadina-4,1l-dien-14-al (237), cadina-4,1l-dien-14-01 (238) and 
14-acetoxycadina-4,1l-diene (240) (613). Further study of the latter 
species resulted in the isolation of a cadinene carboxylic acid (239) (505a, 
623a). Gongylanthus ericetorum produces a new cadinane-type ether (241) 
(44). Lepidozia fauriana biosynthesizes two cadinane lactones, (-)
lepidozenolide (242) and its peroxy compound (243) (505a, 623a). The 
latter compound has also been isolated from L. vitrea (505a, 623a). 

5.12 Calamenanes, Calacoranes and Cadalenes 

As reported earlier (19) calamenene (244), 5-hydroxycalamenene 
(245) and r:t..- (246) and B-calacorenes (247) occur in liverworts. Since then 
7-hydroxycalamenene (248a) (342), 8-hydroxycalamenene (250), 5,8-dihy
droxycalamenene (251) (249) and 7-acetoxy-8-hydroxycalamenene (253) 
(586) have also been found in liverworts. Lophocolea heterophylla elabo
rates cadalene (258) (343). Bazzania trilobata had a rather high content of 
5-hydroxycalamenene (245) (19) but without assignment of stereochemis
try. From the coupling constants of H-l, H-4 and H-13, the relative 
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H H H H ~ 
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OH~ 
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I:f I HAl HO'~ 
(238) Cadina-4,11-dien-14-ol (239) (+)-Cadina-4,ll -dien-14-oic acid 

(240) 14-Acetoxycadina-4,11-diene (241) Gongylantoxide 

(242) Lepidozenolide ; R=H 
(243) Sa-Hydroperoxylepidozenolide ; R=OOH 

Chart 15a. Cadinanes, amorphanes and muurolanes found in the Hepaticae and their 
related compounds 
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Chart 15b. Calamenanes and calacoranes found in the Hepaticae 
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configuration of this substance has since been shown to be (245) with the 
alkyl groups cis as in 7-hydroxycalamenene (249) whose structure was 
established by X-ray crystallographic analysis (157). The absolute config
uration of (245) is based on its CD spectrum. The sign of the Cotton effect 
within the a.-band is determined mainly by the helicity of the cyclohexane 
ring, but depends also on the substitution in the benzene chromophore 
within the a.-band_ As (245) exhibited a positive Cotton effect at 278 and 
272 nm, the absolute configuration at C-l and C-4 was IS and 4S (283), A 
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diastereomeric 5-hydroxycalamenene and its methyl ether have been 
synthesized from o-cresol isobutyrate (486). 

Lophocolea heterophylla produces not only calamenanes (244, 248a, 
253) but also eudesmane-type sesquiterpenoids (586). The structure 
assigned to (253) was based on the IHNMR spectrum, the NOE 
difference spectrum of its methyl ether and the cooccurrence of cis
calamenene (244) and 7-hydroxycalamenene (248a) (586). Heteroscyphus 
planus elaborates 7-hydroxycalamenene (248a) and 5,8-dihydroxycala
menene (251). The structure of the latter compound is based on autooxi
dation of (251) to a 1,4-quinone (252) (249). The structure of a substance 
earlier thought to be 7-hydroxycalamenene (248a) isolated from Japanese 
Bazzania trilobata (587) was revised to 8-hydroxycalamenene (250) (343). 

In vitro cultured gametophytes and suspension cells of Heteroscyphus 
planus produce volatile terpenoids. Chromatography of the methanol 
extracts of the gametophyte grown on Murashige-Skoog (MSK)-3 and 
modified MSK media and suspension cells resulted in the isolation offour 
additional new calamenene-type sesquiterpenoids, (IS)-7-methoxy-I,2-
dihydrocadalene (254), (IS,4R)-7-methoxycalamenene (255), (IS,4R)-7-

AcO ~ 

~ ~ I (253) 7-Acetoxy-8-hydroxycalamenene 

(254) (1 S)-7-Methoxy-1 ,2-dihydrocadalene 

(255) (1S,4R)-7-Methoxycalamenene ; R=Me 
(256) (1 S,4R)-7-Hydroycalamenene ; R=H 

(257) 7-Methoxycadalene 

(258) Cad alene 

Chart 15c, Calarnenanes and cadalenes found in the Hepaticae and their related com
pounds 
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hydroxycalamenene (256) and 7-methoxycadalene (257), along with 
calamenene (244) the absolute configuration of which remain to be 
clarified (427a). Hydrogenation of (254) gave cis-(248b) and trans-cala
menene (255) while methylation of (256) with diazomethane afforded (255). 

5.13 Caryophyllanes, Cedranes and Chamigranes 

As reported earlier (19) ~-caryophyllene (259) has been found not only 
in Jungermanniales and Marchantiales but also in Monocleales; its 
absolute configuration is the same as that isolated from higher plants. 
( - )-~-Caryophyllene oxide (260) has been newly isolated from M archan
tia paleacea var. diptera together with ~-caryophyllene (259) (74). The 
absolute configuration of (260) is the same as that found in tracheophytes. 

While cedrane-type sesquiterpenoids are very rare in Hepaticae, r:t
(261) and ~-cedrenes (262) have been detected in several liverworts by 
GC-MS analysis as shown in Table lIb. 

As reported earlier, the enantiomeric r:t- (263) and ~-chamigrenes (264) 
have been isolated from Scapania species (19). ~-Chamigrene is widely 
distributed in Hepaticae and has since been found in 24 other liverworts. 
Ent-chamigrenic acid (265) has been isolated from the Colombian 
liverwort, Omphalanthus filiformis, together with ent-~-chamigrene (264) 
(441a, 571). The antipode of (265) has been isolated from a conifer, 
Juniperus squamata (352). A novel chamigrane-type sesquiterpene ketone, 
( - )-ent-9-oxo-r:t-chamigrene (266) has been isolated from German M ar
chantia polymorpha (71). Its relative and absolute stereochemistry has 

(259) ~·Caryophyllene (260) ~·Caryophyllene oxide 

(261) a·Cedrene (262) ~·Cedrene 

Chart 16. Caryophyllanes and cedranes found in the Hepaticae 
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(263) a-Chamigrene (264) ~Chamigrene (265) ent-Chamigrenic acid 

(266) ent-9-0xo-a-chamigrene 

Chart 17. Chamigranes found in the Hepaticae 

been determined by a combination of NMR spectroscopy and the 
identity of its CD spectrum with that of synthetic ( - )-ent-9-oxo-lX
chamigrene (213). This is the first report of the isolation of an ent-oxo-IX
chamigrene from natural sources. 

5.14 Chiloscyphanes, Oppositanes, Copaanes and Cubebanes 

Chiloscyphone (267) isolated from Japanese Chiloscyphus polyanthos 
was originally presumed to be a cadinane derivative (272) (19). However, 
because the properties of synthetic (272) were not identical with those of 
chiloscyphone, the structure originally assigned to chiloscyphone had to 
be in error (222). This was confirmed by further work (149). Extraction of 
Scottish Chiloscyphus pallescens gave an alcohol, chiloscypholone (268) 
as well as an eudesmene diol (368) and longiborneol (482) (149). Dehy
dration of chiloscypholone furnished chiloscyphone (267) and isochilos
cyphone (268a) (Scheme 18). The structures assigned to (267, 268, 268a) 
which embody a new carbon skeleton were based mainly on IH_ and 13C_ 
NMR spectrometry. Biogenetically eudesmene diol (368) accompanying 
the chiloscyphanes is an attractive candidate for ring contraction, methyl 
migration (l,2-shift) and dehydration processes which would lead to the 
chiloscyphane carbon skeleton with the correct stereochemistry indicated 
in Scheme 19 (146, 149). 

Fractionation of the ether extract of Taiwanese C. pallescens resulted 
not only in the isolation of chiloscyphone (267) and chiloscypholone 
(268), but also in 11~,12-epoxychiloscypholone (269) and ent-(5R,6S,9R)-
41X-hydroxyoppositan-l0-one (270) (241). Structure (269) was confirmed 
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(267) Chiloscyphone (268) Chiloscypholone 

0: (270) ent-(5R,6S,9R)-4a-Hydroxyoppositan-, O-one H;;>(r1 
O~ 

Chart 18_ Chiloscyphanes and oppositane found in the Hepaticae 

(268) (267) Chiloscyphone (2688) Isochiloscyphone 

1) SOCI2/Py, -20· 

Scheme 18_ Formation of chiloscyphone and isochiloscyphone from chiloscypholone 

(368) (273) Eremophilane (267) (-)-Chiloscyphone 

Scheme 19_ Possible biogenetic pathway for chiloscyphone 



138 Y. ASAKAWA 

by epoxidation of (268) the major epoxide being identical in all respects 
with the natural product. The oppositane structure for (270) was proved 
by analysis of the IH_, 13C-NMR and IH-IH-2D-COSY spectra and by 
NOE spectrometry. The co-occurrence of oppositane- and chiloscy
phane-type sesquiterpenoids supports the biogenetic scheme mentioned 
in the previous paragraph. A very similar ent-oppositane-type bromi
nated sesquiterpene alcohol (271) has been isolated from the red algae, 
Laurencia subopposita (151). 

(271 ) Oppositol (272) 

The revised structure of chiloscyphone (267) has been confirmed by 
two total syntheses of ( ± )-chiloscyphone (204, 220, 221 and 551, 557). 

The absolute configurations of ( - )-chiloscyphone (267) and ( + )
chiloscypholone (268) have also been determined as a result of total 
syntheses of the optically active compounds by the route outlined in 
Scheme 20, the key intermediate alcohol having been resolved by use of 
chiroptical (IS)-( - )-camphanic chloride (558, 559). Racemic ketone 
(276a + 276b) was reduced with NaBH4 to give isomeric alcohols (274, 
277) which were separated by silica gel chromatography, followed by 
esterification with (IS)-( - )-camphanic chloride to furnish a mixture of 
diastereoisomers (275a, 275b, 278a, 278b). Each isomer was separated by 
HPLC, hydrolyzed and finally oxidized to give two ketones, ( + )-(276a) 
and ( - )-(276b), respectively. The CD spectrum of ( + )-(276a) exhibited a 
positive Cotton effect. Alcohol ( + )-(276a) was dehydrated to give only 
( + )-(279) which subjected to the same reactions as before (551, 557) 
afforded ( - )-chiloscyphone (267). The absolute configuration of ( + )
chiloscypholone (268) then followed from its conversion to (-)
chiloscyphone (267) (149). 

However, it turned out that the absolute configuration of ( + )-(276a) 
was misassigned, leading to the incorrect absolute stereochemistry for 
( - )-chiloscyphone and ( + )-chiloscyphone. An X-ray crystallographic 
analysis of the ro-camphanic ester (275a) (558, 559) clearly showed that 
(275a) has the IS,2R,5R,6S,7R configuration, since the absolute configu
rations of the camphanic ester part are known. Since the results of the X
ray analysis of (275a) are unambiguous and ( - )-chiloscyphone has been 
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~'J 
: C02Me 

(±)-{274) 

Cam. Q 

~'M~ 
(27Sb ) 

(278a) 

cam~H 
(±)-{277) 2) 

coX to'M---:-
Cam. = ~ (278b) 

HQ 

~'M~ 
(+)-{274b ) (+)-{279) 

~~0 
1 : CO2 Me Wo2Me 

(-)-(274a ) (+)-{276a ) 

HO 

m~ 
yt10 2Me 

(+) -{274b) 

(- )-{277a ) 

(-)-(276b) 

(+)-{276a) 

o 

~M' 
(-)-(276b) 

(-)-{267) 

1) (15 )-(-) -Camphanic chloride/CH2Cl2-Py/DMAP 2) KOH/MeOH 3) Jones oxd. 
4) POCI3/Py 5) LiAIH. 6 ) Swern oxd . 7) CH2=CH{Me)MgBr 

Scheme 20. Total synthesis of ( - )-chiloscyphone (558, 559) 



140 Y. ASAKAWA 

synthesized from the diastereoisomeric (275b), the absolute configuration 
of (267) and (268) should be revised as shown in Chart 18 and Scheme 20 
(552,560). 

As noted earlier (19) IX-copaene (280) is widespread in Frullania 
species. Bazzania, Lophocolea, Chiloscyphus, Marchantia, Monoclea and 
Trichocolea species also elaborate IX-copaene as shown in Table lIb. IX
Cubebene (281) has been detected in Gymnocolea and Marchantia and ~
cubebene (282) in Herbertus, Lophocolea and Symphyogyna species. ~

Cube bene has also been found in cell culture of H eteroscyphus planus 
(427a) and Jungermannia infusca (457). ( - )-IX-Cubebene (281) and ( - )
~-cubebene (282) have been isolated from the brown algae, Dictyopteris 
species (179). Conocephalum conicum contains cubebol (283) as a minor 
component (249). 

(280) a-Copaene (281) a-Cubebene (282) p-Cubebene (283) Cubebol 

Chart 19. Copaanes and cubebanes found in the Hepaticae 

5.15 Cuparanes and Herbertanes (Isocuparanes) 

The most common cuparane-type sesquiterpenoid is ( - )-cuparene 
(284). 2-Hydroxycuparene (285) is also widespread in stem-leafy and 
thalloid liverworts as shown in Table lIb. H erbertus species are rich 
sources of cuparane-type sesquiterpenoids. H. aduncus produces cupa
rene (284), 2-hydroxycuparene (285), 2,3-dihydroxycuparene (287) and IX
cuparenone (288). H. subdentatus contains not only (284-287) but also 3-
hydroxycuparene (286) (57). The ether extract of Lepidozia concinna 
contains IX-cuparenone (288) and the previously unknown IX-cuparenol 
(289) (37). Some Bazzania, Plagiochila and Radula species contain 2,3-
dihydroxycuparene (287). I-Formyl-2,3-dihydroxycuparene (290) has 
been detected in Plagiochila bispinosa and P. subdura, along with 
isocuparane-type sesquiterpenoids (46). 

( - )-2-(1,2,2-Trimethyl)-cyclopentyl-6-methyl-l,4-quinone ( = cu
pareno-quinone) (291) has been newly isolated from Radula javanica 
( = R. variabilis) (49); it was prepared previously from 2-hydroxycuparene 
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(285) by chromic oxide (19) or m-chloroperbenzoic acid oxidation (59). 
Ent-a.- (292), ~- (293), y- (294), B-cuprenenes ( = angustifolene) (295) and E

cuprenene (296) have been isolated from liverworts. ( - )-B-Cuprenene 
(295) on treatment with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone gives 
( - )-cuparene (284) (382). Both Japanese Bazzania tricrenata and B. 
trilobata produce an unknown sesquiterpene hydrocarbon whose mass 
spectrum had the base peak at m/z 69 and/or 111. Wu (621) suggested 
that this compound might be B-cuprenene (295). 

A new cuparene-type sesquiterpenoid, (R)-( - )-8,11-dihydro-a.
cuparenone (297) has been isolated from the dichloromethane extract of 
southern French Reboulia hemisphaerica, together with the previously 
known (R)-( - )-a.-cuparenone (288) (412). The IH-NMR spectrum sug
gested that it was the 8,11-dihydro derivative of(288), a suggestion which 
was confirmed by preparation of (288) from (297) by dehydrogenation 
with DDQ in benzene. 

( - )-Cyclopropanecuparenol (298) and (- )-epicyclopropanecu
parenol (299), two novel cuparane-type sesquiterpenoids, have been 
isolated from Marchantia polymorpha and M. paleacea var. diptera (74, 
579). The gross structure of (298) was elucidated using 2D-COSY 
techniques as well as by its treatment with p-toluenesulfonic acid which 
gave three ent-cuparene-type sesquiterpene hydrocarbons, a.-(292) and ~
cuprenenes (293) and cuparene (284), indicating that the stereochemistry 
at C-1 was S. The relative stereochemistry of the tertiary hydroxyl group 
and the cyclopropane ring of (298) is based on NOE spectrometry. The 
absolute configuration of the six-membered ring of (298) and (299) 
remains to be established. 

( + )-Cuprenenol (300) has been isolated from Jungermannia rosulans 
(19) while ( - )-ent-cuprenenol (301) has been isolated from Marchantia 
polymorpha (74). A new rearranged cuparene-type sesauiterpenoid (302) 
has been obtained from Demotarisia linguifolia (431). The spectral data 
closely resembled those of the cuprenenols (300, 301), suggesting that it 
was a cuparenenol-like sesquiterpenoid. Dehydration of (302) with 
POCl3 gave an unsaturated hydrocarbon (302a) (Scheme 21). IH_ and 
13C-NMR spectrometry suggested that the gross structure of (302) was 
that of a rearranged cuparene-type sesquiterpene alcohol. The mass 
fragment ions shown in Scheme 21 support this assumption. No useful 
information was obtained from NOE difference spectrometry. 

Ricciocarpos natans is the only species in Ricciaceae containing oil 
bodies. It produces not only cuparene (284), but also two cuparene-type 
lactones, cuparenolide (303) and cuparenolidol (304) (639, 640). The 
relative configurations were established by NOE spectrometry. The B
lactone and the cyclohexane ring were found to be trans-fused while the 
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(284) Cuparene 

~~ 
~ II 

'. " 
H H " 
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--yx~ ~ II 
....... 

H " 
~ bHX 

(285) 2-Hydroxycuparene (286) 3-Hydroxycuparene 

(287) 2,3-Dihydroxycuparene (288) (R)-(-)-(X -Cuparenone (289) (X -Cuparenol 

OHC~ (290) 1-Formyl-2,3-dihydroxy-cuparene 

Hd\Hr." 
(291 ) (-)-2-(1 , 2, 2-trimethyl )-cyclopentyl-6-methyl-1 , 4-quinone 

(292) (X-Cuprenene 

(295) (-)-/i-Cuprenene 
(= Angustifolene) 

(293) ~-C uprenene (294) y-Cuprenene 

(296) (+)-E-Cuprenene 

(297) (R)-(-) -8,11-Dihydro-(X-cuparenone 

(298) (- )-CyclopropanBcuparBnol 

(299) (-)-Epicyclopropanecuparenol 

Chart 20a. Cuparanes found in the Hepaticae 
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H ;=v/-;:,w.~ ~ 
mlz 125.097~ 

(302) (3028) 

1) POCI3 

Scheme 21. Mass fragmentation of rearranged cuparene-type sesquiterpenoid 

cyclopentane and the lactone ring are cis-fused. The absolute configu
ration remains to be clarified. This is the first report of terpenoids in the 
whole family of the Ricciaceae. 

In addition to the above cuparenes, a new odoriferous cuparene-type 
ketone, grimaldone (305), has been isolated from M annia fragrans; its 
relative and absolute stereochemistry is based on an X-ray crystallo
graphic analysis and the CD spectrum (276). N ardia scalaris produces 
two diastereomeric 3,6-peroxy-cupar-l-enes (306), together with 2-hy
droxycuparene (285) (354a). 

Total syntheses of ( ± )-cuparene (284) and the non-natural ( ± )-~
cuparenone have been achieved by ISHIBASHI et al. (297) in 2 and 7 steps, 
respectively. ( + )-~-Cuparenone has also been synthesized by TAKANO 
et al. (530). 

Herbertus (Herbertaceae) and Mastigophora (Lepicoleaceae) are rich 
sources of herbertane (= isocuparane)-type sesquiterpenoids. South 
American Plagiochila bispinosa and P. subdura (46), and Marchantia 
polymorpha also contains isocuparane-type sesquiterpenoids (74, 382). 

( - )-Herbertene ( = isocuparene) [(1S)-1,2,2-trimethyl-m-tolyl-cyclo
pentane] (307), (- )-rx-herbertenol (= 5-hydroxyisocuparene) (308), 
( - )-~-herbertenol (= 3-hydroxyisocuparene) (309), (- )-rx-formyl
herbertenol (= 2-formyl-5-hydroxyisocuparene) (310), (- )-herber
tenediol (= 4,5-dihydroxyispcuparene) (311) and (- )-herbertenolide 
(312) have been isolated from Herbertus aduncus (57, 392-395). H. 
sakuraii produces the latter lactone (623a). 

The mass and NMR spectra of (307) containing a 1,3-disubstituted 
benzene nucleus are very similar to those of cuparene (284), formation of 
(dimethyl isophthalate) by oxidation of (307) with dilute nitric acid and 
methylation supported the relative locations of the methyl and cyclopen
tyl groups on the aromatic ring. While the structure and absolute 
configuration of the cyclopentyl group was established by ozonolysis of 
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(300) (+)-Cuprenenol (301 ) ent-Cuprenenol (302) Demotarisiol 

o 
;;:-{..-o, 
~ 
~ 

... ~ 
rt, ~ 

,. 
(303) Cuparenolide (304) Cuparenolidol (305) Grimaldone 

(306) 3.6-Peroxocupar-l-ene 

'(iQ1"···· .' 
" ...... 

~ 

(307) Herbertene (= (15)-1.2.2-Trimelhyl-m-Iolylcyclopenlane) 

W xiX"· ~ I ··,'···· 
HO ~ 

~' OHC ~ ••... _ 
I ,.,. 

~ OH 

(308) (I.·Herbertenol (309) ( -) -~- Herbertenol (310) (-)-a.-Formylherberlenol 

Hr 
(311 ) (-)-Herbertenediol (312) (-)-Herbertenolide (313) Isocuparene-3,4-diol 

Chart 20b_ Cuparanes and herbertanes (isocuparanes) found in the Hepaticae 

(307) which gave ( - )-camphanic acid. Structure and absolute configu
ration of (308) were similarly settled by combination of 1 H- and 13C_ 
NMR spectrometry and chemical degradation to 1,2,4-trisubstituted 
benzene derivatives, and ( - )-camphanic acid as well as by comparison 
of the spectral data with those of 2-hydroxycuparene (285). Structure 
(309) was deduced by analysis of the coupling pattern of the aromatic 
protons and its production from ( - )-camphonyl bromide by reaction 
with butyllithium-nitrobenzene. 

The structure of a third compound (310) is based on a chemical 
correlation with (308). The methylation of ( - )-cx-herbertenol with Mel 
followed by Mn02 oxidation produced an aromatic aldehyde which was 
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(308) 

~ ~I"" ,,···· y2<' 
:::,... OH 

OH 

(311 ) 

(308a) ; A'=H A2=Bz 

(308b) ; A'=Bz A2=H 

OAc 

(311a) 

1) (PhCOOh/CsHs 2) BzCI/Py 3) LiAIHJEt20 4) AC20/Py 

Scheme 22a. Reactions of herbertenediol 
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(308d) 

demethylated with boron tribromide to give a substance identical with 
(310) while the structure of diol (311) was solved by the chemical 
correlation outlined in Scheme 22a. ( - )-ex-Herbertenol (308) was ben
zoyloxylated with benzoyl peroxide to afford a mixture of benzoyloxy
phenols (1: 1) which was esterified with benzoyl chloride in pyridine to 
give a single dibenzoate (30Sd). Further reduction with LiAIH4 furnished 
a diol whose optical rotation and spectral data were in good agreement 
with those of natural ( - )-herbertenediol (311). 

The structure of lactone (312) was also solved by correlation with ex
herbertenol (308) (Scheme 22b). Reduction of (312) with LiAIH4 gave the 
hydroxyphenol (312a), which was converted to a monomethyl ether 
(312b). Reduction of (312a) and (312b) with triphenylphosphite
methiodide [(PhOhPMel] in hexamethylphosphoric acid (HMPA) and 
reaction of the resulting mixtures with sodium cyanoborohydride af
forded a cyclic ether (312c) which was more easily obtained from (312a) 
with (PhOhPMel in HMPA or p-toluenesulfonic acid in benzene under 
reflux. When (312c) was treated with ethanethiol and Alel3, a hydroxythio
ether (312d) was obtained in good yield whose reduction with Raney-Ni 
gave ex-herbertenol (308). The stereochemistry of the lactone ring is based 
on the chemical shifts ofthe tertiary methyl signals in (312a) and (312b). In 
each case one of the signals resonates at high field and exhibits a shift 
similar to one of the methyl signals of (308) and (30Se) (Scheme 22b). The 
methyl groups responsible for these signals are presumably ~-oriented 
and shielded by the anisotropic effect of the benzene ring. 
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Scheme 22b. Correlation of cuparenolide with IX-herbertenol 

H. aduncus produces not only herbertane-type but also cuparane-type 
sesquiterpenoids such as ( - )-cuparene (284), 2-hydroxycuparene (285), 
2,3-dihydroxycuparene (287) and et-cuparenone (288). Herbertus sub
dentatus (57, 433), H. sakuraii (57), H. divergens (513) and H. acanthelius 
(433) also elaborate cuparane- and herbertane-type sesquiterpenoids. 
( - )-~-Herbertenol (309) has been isolated from Marchantia polymorpha 
(382). Plagiochila bispinosa and P. subdura elaborate et-herbertenol (308) 
and herbertenediol (311), respectively (46). et-Formylherbertenol (310) has 
been found in Triandrophyllum subtrifidum var. trifidum (45). 

@H '. "~" 
~ " I , .. , 
::::,.. OAe 

(314 ) (315) 

Similar herbertane-type sesquiterpenoids (314, 315) have been found 
in the pathogenic fungus Helicobasidium mompa (309). 
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Herbertene (307) was unexpectedly obtained by reaction of a dri
mane-type alcohol, trans-didehydrobicyclofarnesol (317), with formic 
acid in the presence of perchloric acid (Scheme 23) (182). The mechanistic 
interpretation of the rearrangement of (317) to (307) is uncertain. Three 
cyclopropylcarbinyl ions (Scheme 23) are possible intermediates for the 
formation of herbertene (307) and two other such species may be 
responsible for cuparanes as shown in the scheme. Among these isomers, 
(317b) from which (307) would be formed, seems to be the most stable. In 
order to clarify the mechanism for the rearrangement, the following 
experiments were performed (183). Optically active [1,9- 13C]- and [4a-
13C]-trans-didehydrobicyclofarnesol (317) were synthesized. Acid treat
ment of 1,9-labeled (317) (Scheme 24) gave 2,4-labeled (307) and (318) in 
which the labels were randomized over C-5, C-6, C-7 and C-S. Acid 
treatment of 4a-Iabeled (317) gave I-labeled (307) and (318) in which the 
label was randomized over C-l and C-I0. Solvolysis of the very labile 
tosylate (319) with AcOH-AcONa gave an acetate (320) which on 
treatment with formic acid in the presence of a catalytic amount of 
HCI04 furnished (307) and (318) in the ratio 3.5: 1. These results suggest 
that cation (317d) corresponding to (320) might be a common intermedi
ate for both (307) and (318). The proposed mechanism for formation of 
herbertene (307) from (317) is shown in Scheme 25. 

The formal total synthesis of ( ± )-herbertene (307) was accomplished 
by BANERJEE et al. (90) while the first enantio-controlled synthesis of ( - )
herbertene (307) has been accomplished by T AKANO et al. (530). 

The ethyl acetate extract of the rather primitive liverwort M astigo
phora diclados contains cuparene (284), herbertene (307), <1.,- (308) and ~
herbertenols (309) as well as herbertenediol (311) (134, 622, 626). The same 
compounds have also been found in Mastigophora woodsii (134, 626). 
Further fractionation of the ether extract of Malaysian Mastigophora 
diclados resulted in the isolation offour novel isocuparane-type sesquiter
pene dimers, mastigophorenes A (321), B (322), C (323a) and D (324a), 
along with a new isocuparane-type monomer, isocuparene-3,4-diol (313), 
and the known ~-herbertenenol (309) and ( - )-herbertenediol (311) (51, 
186, 191). 

The dimers A (321) and B (322) have the same molecular formula 
CZOH4Z04 while the IR and UV spectra showed the presence of a 
hydroxyl group and a benzene ring. The 1 H - and 13C_ NMR spectra were 
almost identical. The NMR spectra were closely related to those of 
herbertenediol (311) except that one ofthe meta-coupled aromatic proton 
signals of (311) was missing. Also the aromatic doublet at 5 113.4 of (311) 
was replaced by an aromatic singlet at 5117.1 and 117.0 in (321) and (322), 
respectively. These spectral data were compatible with symmetrical 
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Scheme 23. Formation of herbertene from trans-didehydrobicyc1ofarnesol 
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Scheme 25. Proposed mechanism for formation of herbertene from trans-didehydrobicy

clofarnesol 

dimers of herbertenediol (311), presumably linked through an aryl-aryl 
bond at the C-l or C-3 position of (311). The slight spectral differences 
between (321) and (322) could be rationalized as being due to the 
diastereomeric environment caused by the existence of atropisomers with 
respect to the biaryl bond. The aryl-aryl bonds in (321) and (322) were 
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(321) Mastigophorene A 

g' 
(323a) Mastigophorene C ; R=H 
(323b) R=Ac 

(322) Mastigophorene B 

(324a) Mastigophorene D ; R=H 

(324b) R=Ac 

Chart 20c. Herbertanes (isocuparanes) found in the Hepaticae and their derivatives 

presumably formed between the C-3 positions of the two molecules of 
(311) because the chemical shifts of the quaternary carbons involved in 
the biphenyl bond were observed at relatively high field, near 0 117. In 
fact, the sole aromatic proton at 0 6.86 resp. 6.85 showed an NOE 
interaction with the H-14 methyl signal. The tentative structures (321) 
and (322) were also supported by long range 13C-1H-2D-COSY experi
ments. On the basis ofthe spectral data, the mastigophorenes A and Bare 
therefore atropisomers at the biphenyl axis linked at the C-3 positions of 
the two molecules of (311). 

The absolute configurations at the aryl-aryl axes of (321) and (322) 
were established by the CD exciton chirality rule (237). The CD spectrum 
of (321) showed the first positive Cotton effect at 222nm and the second 
negative Cotton effect at 202 nm, indicating (S)-configuration at the 
biaryl axis, whereas (322) had the (R)-configuration because of the first 
negative and second positive Cotton effects at 215 and 202 nm. Accord
ingly, the structures of the mastigophorenes A and B are established to be 
(S)-3,3'-biherbertenediol (321) and (R)-3,3'-biherbertenediol (322), respec
tively. 

Structures of the mastigophorenes C (323a) and D (324a) were 
established by a combination of chemical reaction (acetylation) and 
extensive NMR spectroscopy including 2D-COSY and NOESY tech
niques. The molecular formula ofisocuparene-3,4-diol (313) was identical 
with that of herbertenediol (311) and the 1 H NMR sepctrum contained 
the same spin systems as (311). The arrangement of substituents in the 
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benzene ring of (313) was established by the NOE difference spectrum 
(186). 

Biosynthesis of the mastigophorenes might involve phenoxy radicals 
produced by one electron oxidation of( - )-herbertenediol (311) which is 

(311) Herbertenediol 

/H: 
/ -e 

~-~ ro: ! (32,.) 

~ 
(326.) \ 

(321 . 322) 

(32Sb) 

/ (326b) 

(324a) 

Scheme 26. Possible biogenetic pathways for mastigophorenes A-D 
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a co-metabolite in M. diclados. The phenoxy radicals (325a, 325b) 
subsequently form radical A (326a) or an unstable benzyl radical B (326b) 
which might evolve into a quinonemethide by further oxidation or loss of 
°H. Homocoupling between two radicals (326a) should lead to (321) and 
(322) followed by aromatization. On the other hand, mastigophorene D 
(324a) is most likely to be derived by the direct coupling of the two benzyl 
radicals (326b). Another hetero-coupling between radicals (326a) and 
(326b) should give mastigophorene C (323a) as shown in Scheme 26. 

5.16 Daucanes (Carotanes) and Drimanes 

Only one carotane-type sesquiterpene lactone, hercynolactone (327) 
has so far been isolated from three Barbilophozia species, B. lycopodioides 
(143,275), B. hatcheri (275, 429, 565), B.floerkei (429,565) and B. barbata 
(432). The biogenesis ofhercynolactone can be represented by cyclization 
of all-trans farnesyl pyrophosphate (152) as shown in Scheme 27 (143). 

The earlier report (19) noted that eleven drimane-type sesquiterpen
oids has been isolated from liverworts. Drimenol (328) has since been 
found also in Bazzania, Diplophyllum, Frullania, Targionia and Tricho
colea species. Lejeunea flava elaborates cinnamolide (342) (219). Six 
drimane sesquiterpenoids, polygodial (336), drimeninol (338), isodrimen
inol (339), 6cx-hydroxyisodrimeninol (340), cinnamolide (342), and a new 
drimanolide, dehydroconfertifolin (341) have been isolated from the 
pungent American species Porella roellii (249, 543). The pungency is due to 
polygodial (336). The stereochemistry of (341) has been determined by 
chemical transformation of the known hemiacetal (338) to (341). P. roellii 
is chemically similar to P. jauriei and belongs to the Porella vernicosa 
complex (19). 

Cell suspension cultures of Porella vernicosa produce drimenol (328), 
polygodial (336), isopolygodial (337) and cinnamolide (342) (458). It is 
interesting that in vitro cultures of P. vernicosa produce isopolygodial 
(337) which has not been found in living material. American Porella 
cordaeana produces drimenin (343), 7-ketoisodrimenin (344), and 7-
ketoisodrimenin-5-ene (345) (239a) which have not been found in the 
same species collected in Europe (593). 

Bazzania species belonging to the Lepidoziaceae are rich sources of 
many kinds of sesquiterpenoids. A new drimane-type sesquiterpene ester 
(334a) has been isolated from Bazzania jauriana, together with the 
previously known albicanyl caffeate (335) (581). Methylation of (334a) 
with methyl iodide gave a dimethyl ether (334b) which on reduction with 
LiAIH4 afforded 3,4-dimethoxycinnamyl alcohol and drimenol (328). 
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(327) Hercinolactone 

Chart 21. Daucane (carotane) found in the Hepaticae 

-t--p -- (327 1 

Scheme 27. Possible biogenetic pathways for daucane (carotane)-type sesquiterpenoids 

Thus, the original ester was established as drimenyl caffeate (334a). The 
presence of drimenol (328) in B. fauriana has been detected in the crude 
extract by GC-MS (581). Albicanyl acetate (330) has been isolated from 
Bazzania japonica, along with the previously known albicanol (329) and 
albicanyl caffeate (335) (84). Free albicanol has been found in Diplo
phyllum albicans (Scapaniaceae) (19) and its acetate (330) in the marine 
organism, Cadlina luteomarginata (266). Diplophyllum serrulatum contains 
two new drimane aldehydes, albicanal (331) and isoalbicanal (332), and 
albicanic acid (333), along with drimenol (328) and albicanol (329) as well 
as a monocyclofarnesol (504) (585a). Possible biogenetic pathways 
leading to these compounds are shown in Scheme 28. 

Makinoa crispata belonging to the Metzgeriales produces drimane
type sesquiterpenoids (19). Reinvestigation of the ethyl acetate extract 
of M. crispata resulted in the isolation of three new drimanolides, 
7cx-chloro-6 P-h ydrox yconfertifolin (346), 6 p, 7cx-dih ydroxyconfertifolin 
(347a) and 6p,7p-epoxyconfertifolin (348) (258). Structure (346) was 
established by analysis of the mass spectrum and by 2D-COSY NMR 
spectroscopy. The absolute configuration was deduced from the positive 
Cotton effect at 316 nm of the ketone prepared by Jones oxidation on the 
basis of the cx-axial halo ketone rule while the compound obtained on 
reduction of the halo ketone was identical with ( + )-fragrolide isolated 
from Cinnamosma fragrans (130). The structure of (347a) was established 
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CharI 22a. Drimanes found in the Hepaticae and their derivatives 

in the same manner. Its absolute configuration is based on the strong 
positive Cotton effect at 232 nm of the dibenzoate (347c) obtained from 
(347a) by treatment with dimethylaminopyridine and benzoyl chloride in 
pyridine. Treatment of (346) with sodium hydride in dimethylformamide 
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Scheme 28. Possible biogenetic pathways for drimane-type sesquiterpenoids found in 
Diplophyllum serrulatum 
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(342) Cinnamolide 
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(343) Drimenin (344) 7-Ketoisodrimenin 

(345) 7-Ketoisodrimenin-5-ene 

(346) 7Cl -Chloro-6~- hydroxyconfert ifolin 

(3478) 6~.7Cl -D ihydroxyconfertifolin ; R=H 
(347b) R=Ac 
(347c) R=Bz 

~ (348) 6Il ,7,-Ep",,,"'ortifoi'" 

X'<i 
Chart 22b. Drimanes found in the Hepaticae and their derivatives 

at 0-5 0 yielded an epoxide, presumably 6~,7~-epoxyconfertifolin (348). 
The configuration at C-7 of (346) is assumed to be S as in the case of (347a) 
since it is likely that (346) would be formed in the plant by opening of the 
epoxy ring of (348) due to attack of an anion (CI- or OH-) on C-7. 
Compound (346) could be an artifact, but the isolation of (346) was 
carried out using chlorine-free solvent and the presence of (346) in the 
ethyl acetate extract offresh M. crispata was confirmed by GC-MS. This 
is the first isolation of a chlorine-containing compound from bryophytes. 
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5.17 Eremophilanes and Eudesmanes 

Eremophilane-type sesquiterpenoids are quite rare in Hepaticae. 
Only three such compounds, eremophilene (350), eremofrullanolide (352) 
and its dihydro derivative (353) had been found in lungermanniales prior 
to 1982 (19). Since then eremophilene (350) has been isolated from 
Frullania serratta (51). Some South American liverworts belonging to 
lungermanniales also contain eremophilene (45), as do the essential oils 
from cultured cells of five Calypogeia species (321, 539) and Monoclea 
Jorsteri (513). M arsupella emarginata biosynthesizes longipinane-type 
sesquiterpenoids (19). Further investigation of M. emarginata resulted in 
the isolation of a novel eremophilane-type sesquiterpene, (+)
(4S*,5R*,7S*,8R*)-eremophila-9,1l-dien-8cx-ol (351) whose stereochemis
try was elucidated by extensive NMR spectroscopy (244). 

Previous to 1982, 46 eudesmane-type sesquiterpenoids had been 
found in Hepaticae (19). Three-fourths of these were eudesmanolides. cx
Selinene (354) has been newly detected in Bazzania (341), Monoclea (513), 
Pellia (106), Scapania (622, 638) and Plagiochila (621, 637). ~-Selinene 

(355) has also been detected in many species not only of lungermanniales 
and Metzgeriales but also of Marchantiales as shown in Table lIb. 
Isotachis humectata (45) and Mylia nuda (622, 624), Scapania ornithopo
dioides (622, 638) and S. robusta (631) produce selina-4,1l-diene (356). 0-
Selinene (358) has been isolated by low temperature HPLC from M ono
clea gottschei subsp. neotropica (514). This hydrocarbon has also been 

(350) Eremophilene 

~ . ...oH (351) (+)-(45" .5Fr .7 S' .8R·).Eremophila.9.11-dien-8a.ol 

~"",( 

(352) Eremofrullanolide (353) Dihydroeremofrullanolide 

Chart 23. Eremophilanes found in the Hepaticae 
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Chart 24a. Eudesmanes found in the Hepaticae 

found in in vitro cultured Symphyogyna brongniartii (513)_ Treatment of 
( - )-ct-selinene (354) with formic acid in the presence of CH3S03H gave 
( - )-o-selinene (358) (631). 

Fossombronia (491) elaborates ct-eudesmol (359). ~-Eudesmol (360) 
has been found in Bazzania, Radula, Riccardia, Thysananthus (45) and 
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Balantiopsis (65). As reported earlier (19) ent-selina-ll-en-4-01 (361) has 
been isolated from Riccardiajackii (19). The same alcohol has since been 
detected in German Conocephalum conicum (553). The total synthesis of 
( ± )-(361) has been accomplished by KESSELMANS et al. (325, 326). 
Lepidozia vitrea is a rich source of eudesmane- as well as bicyclogerma
crane-type sesquiterpenoids. The ether extract contains eudesm-3-en-7a-
01 (363), eudesm-4(15)-en-6~,7a-diol (369) and eudesm-3-en-6a-acetoxy-
7a-ol (370), along with the previously known eudesm-3-en-6~,7a-diol 
(371) (585a). Bazzania tridens also produces (363) and a-cyclogermacrone 
(375) (623a). A new methoxyeudesmanal (364) has been isolated from the 
methanol extract of Frullania tamarisci subsp. obscura; its structure was 
deduced by spectroscopic comparison with those of the co-occurring 
eudesmanal (365) and eudesmanolide (390) (82). It is probably an artifact 
formed during the extraction and purification procedure. The same 
species produces a new diol (366) (582), together with costunolide (441) 
and ~-cyclocostunolide (389a) (19); its structure has been settled by 
spectroscopic and chemical correlation as shown in Scheme 29. The NOE 
difference spectrum of (366) and the positive Cotton effect at 295 nm of 
(366b) established the absolute configuration of (366). The C-7 epimer 
(367) of (366) has been isolated from a higher plant, Picea ajamensis 
(Piceaceae) (205). 

~l.'( 
OH OH 

(366) 

~3) 

~y 
O'rO 

(366e) 

1 ) ---- WO'( 
OH 

(366a) 

2) ---- Wy 
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(366b) 

~4) 

Wy+ry, 
o Yr(I' 

(366c) (366d) 

1) P ·TsOHlC6H6 2) PCC/CH2CI2 3) SOCltpy 4) 5% KOHIEIOH 

Scheme 29. Reactions of 50:,7I3(H)-eudesm-4cx,60:-diol 
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Eudesm-4(15)-en-6J3,7J3-diol (368) and ( + )-eudesm-3-en-6J3,71X-diol 
(371) have been isolated from Chiloscyphus pallescens (143, 149) and 
Lepidozia rep tans (146, 147), respectively; the structures were based on 
analysis of the 1 H- and 13C-NMR spectra. The absolute configurations of 
both diols have not been determined. Lophozia ventricosa elaborates 
ventricosin A (286) which is identical with (- )-ent-4(15), 7(11)
eudesmadien-8-one ( = J3-cyclogermacrone) (372) (287). Ent-4(15), 7(11)
eudesmadien-8-one (372) has been isolated previously from higher plants 
in both en anti orne ric forms, the ( + )-form from Atractylodes japonica 
(173) and the ( - )-form from Asarum caulescens (174) and Peteravenia 
schultzii (116). The magnitude and sign of the specific rotation of the 
enone (372) indicate that it belongs to the enantio series. 

Further investigation of the chemical constituents of L. ventricosa 
resulted in the isolation of a new eudesmane-type ketone (373) whose 
structure and absolute configuration have been established by 1 H -, 13C_ 
NMR, lH_1H_ and 13C_1H_ 2D-COSY spectra, by its positive Cotton 
effect at 298 nm and by formation of ent-J3-cyclogermacrone (372) on acid 
treatment of (373) which is a co-metabolite (429, 566). Ent-J3-cyclogerma
crone (372) has also been isolated from Barbilophozia floerkei (429, 566). 
Bazzania Jauriana produces a new eudesmenol (374), together with IX
cyclogermacrone (375) which has been prepared from germacrone by 
cyclization with acidic methanol (581). The structure of (374) was 
elucidated by 2D-COSY NMR spectrometry and by oxidation with PPC 
to the previously known ketone (446). The configuration of the hydroxyl 
group at C-6 is based on the presence of a singlet at cS 3.28 ppm. 

A new ent-8J3-hydroxyeudesm-3,II-diene (376) has been isolated from 
East Malaysian Bazzania spiralis along with ent-IX-selinene (354) (341). 
The position and stereochemistry of the axial hydroxyl group in (376) 
were confirmed by its strong resistance to acetylation and by PPC 
oxidation to a non-conjugated ketone which could be qualified by Alz0 3 

to 375. The positive Cotton effect of the latter at 295 nm established the 
absolute configuration. It is interesting to note that B. spiralis elaborates 
ent-eudesmane-type sesquiterpenoids (354, 376). On the other hand B. 
Jauriana produces 6J3-hydroxyeudesm-3-ene (374) whose absolute config
uration is identical with that of many eudesmane-type sesquiterpenoids 
found in higher plants. Ent-cyperone (377) has been isolated from 
German Marchantia polymorpha (71). This is the first example of the 
isolation of the enantiomer of ( + )-IX-cyperone from natural sources. 
LepidoziaJauriana and L. vitrea elaborate a unique eudesmane ether, 6J3-
acetoxyvitranoxide (378) (505a, 623a). Two known eudesmanes, inter
mediol (362) and furanoeudesma-l,3-diene (379) have been detected in the 
essential oil of Lophocolea heterophylla (527a). 
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As reported earlier Frullanil . species are rich sources of 12,6-eu
desmanolides (19). Frullanolide (380b) has been newly found in seven 
Frullania species (47, 60, 63, 513) Dihydrofrullanolide (384) has been also 
detected in five Frullania (47, 6.1, 513) and one Plagiochila species (47). 
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While ( - )-frullanolide (380b) and ( ± )-frullanolide (380a + 380b) have 
been previously synthesized by two groups (19), four additional total 
syntheses of ( ± )-frullanolide have been reported (140, 464, 499, 522). 
( - )-Frullanolide (380b) has also been isolated from Grangea maderaspa
tana (Compositae) (475). The full paper concerning the absolute stereo
structures of two eudesmanolides, ( + )-p-frullanolide (385) and ( + )
brothenolide (386) has been published (541). Frullania bicornistipula 
elaborates dihydro-p-frullanolide (387) (513). While ( + )-arbusculin B 
( = y-cyclocostunolide) (388a) and its enantiomer (388b) have been 
reported earlier from Frullania species (19), the former lactone has since 
been isolated also from F. serratta (51), F. hamatiloba (588) and F. 
brasiliensis (433). (- )-Arbusculin B has also been isolated from F. 
usamiensis, together with ( - )-ent-p-cyclocostunolide (389b) (56). Cono
cephalum japonicum is a rich source not only of germacranolides but also 
of eudesmanolides. Thus arbusculin A (391) and (llS)-dihydroarbusculin 
A ( = colartin) (392) which have been isolated from some Artemisia 
species (Compositae) (181), and (IlS)-dihydro-p-cyclocostunolide (393) 
has now been found in the dichloromethane extract of C.japonicum (584). 

The presence of P-cyclocostunolide (389a) and its dihydro derivative 
(393) has been detected in Frullania bicornistipula by GC-MS (513). East 
Malaysian Wiesnerella denudata elaborates a new 81X-acetoxy-p-cyclocos
tunolide (394) (51) along with the previously known costunolide (441), 
tulipinolide (443) and 81X-acetoxyzaluzanin D (467) (19). Rothin A acetate 
(395a), the C-4(5) double bond isomer of (394) has been isolated from an 
unidentified South American Frullania species (441a). Compound (395a) 
has been prepared from rothin A (395b) by acetylation (296a). ( - )-IX
Santonin (396) has been isolated from differentiated cultures of Fossom
bronia pusilla, together with three diterpene dialdehydes, perrottetianals 
(491). 

Frullania nepalensis biosynthesizes four new eudesmanolides, nepal
ensolides A (397), B (398), C (399) and D (400), together with ent-p
frullanolide (385) (63, 564, 575). Frullania serratta also produces the three 
nepalensolides (397-399), along with p-selinene (355) and arbusculin B 
(388a) (51). The 1H_1H_, 13C_1H COSY and HMBC spectra of (397) 
suggested the presence of a eudesmane skeleton including a cyclopropane 
ring and IX-methylene-y-Iactone. Since the value of the coupling constants 
(J 7 .13 = 3.3 Hz) of the exomethylene protons was larger than 3 Hz, the 
lactone ring was deduced to be trans if the Samek rule [j4J/(trans
lactone) :?: 3Hz:?: /4J/(cis-Iactone)] (481-484) applies. On the other 
hand, NOE spectrometry showed that both H-6 and H-7 were on the 
same side as the methyl group on C-lO while H-5 was unambiguously 
assigned as p-axial from the value of the coupling constants of H-6 (dd, 
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(389a) ~-Cyclocostunolide (389b) ent-~-Cyclocostunolide (390) 4-epi-Arbusculin A 
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Chart 24c. Eudesmanes found in the Hepaticae 
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Chart 24d. Eudesmanes found in the Hepaticae 
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J = 11.6 and 7.6 Hz) and H-5 (d, J = 11.6 Hz). To resolve these contra
dictory conclusions an X-ray crystallographic analysis of (397) was 
carried out which showed that H-6 and H-7 are on the same side as the 
methyl group at C-10, which is consistent with the results obtained from 
the NOE experiments_ Thus the Samek rule was not applicable to this 
case. The absolute configuration ascribed to (397) is based on the positive 
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Cotton effect at 223 and 245 nm. This is the first instance of a eu
desmanolide with a cis-fused (1-methylene-y-Iactone ring and a large 
coupling constant between H-13 and H-7. 

As nepalensolide A (397) did not obey the Samek rule, steric energies 
and conformations of (397) and frullanolide (380b), with a cis-fused (1-
methylene-y-Iactone ring, and four types of possible model lactones as 
well as of some synthetic compounds were calculated by MM2 method 
and allylic coupling constants between H-7 and the exomethylene 
protons were estimated to permit evaluation of the Samek rule as shown 
in Chart 25 (578). The results clearly show that great care should be 
exercised in using the Samek rule, particularly when sesquiterpene 

type A 
Samek rule J<3 
Dihed ral angle 
calcd by MMP2 83.7· 
(coupling const.) (2.5 Hz) 

(397) 
(+)-Nepalensolide A 

A type 
Samek rule 
Obs'rved 

II (J) 
Calculated 

type 
Samek rule 
Observed 

II (J) 

J<3 
5.47(d. 3.3) 
6.26(d. 3.3) 
91 .2·(2.6Hz) 

A 
J<3 

5.47(d. 2.9) 
6.27(d. 2.9) 

B 
J<3 

48.0· 
(0.85Hz) 

(386) 
(+)-Brothenollde 

B 
J<3 

5.52(d. 0.6) 
6.09(d. 0.6) 

B 
J<3 

5.50(d. 1.0,! 
6.06(d. 1.5) 

C 
J<3 

84.0· 
(2.6 Hz) 

(38Gb) 
(-) -Frullanolide 

J<3 
5.60(d. 2) 
6.18(d.2) 
49.2°(O.9Hz) 

J<3 
5.33(d. 2.3) 
6.19(d. 2.6) 
82.3°(2.5Hz) 

(389a) Il-Cyclocoslunol ide 

J<3 
5.38(d.3) 
6.00(d.3) 

0 
J<3 

83.9" 
(2.6 Hz) 

(385) 

(+)-Il-Frultanolide 
B 

J<3 
5.52(d . 0.6) 
6.07(d . 0.6) 

J<3 
S.37(d. 3.4) 
6.06(d. 2.9) 

CharI 25. Observed and calculated coupling constants and dihedral angles of various (1.

methylene-y-Iactones 
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lactones of type A, C and D are isolated. If two conformations are 
possible for sesquiterpene lactones with an ot-methylene-y-Iactone ring, 
another method, for example NOE spectrometry, should be used to 
determine their stereochemistries. Structures of nepalensolides B (398) 
and C (399) were established by spectroscopic comparison with nepalen
solide A (397). 

Frullania tamarisci subsp. tamarisci produces methoxyfrullanolide 
(402) (249) and a unique eudesmane-type lactone dimer (403a) whose 
structure was deduced by lH_ and 13C-NMR spectrometry (146). The 
13C-NMR spectrum had 30 signals thus establishing, the asymmetrical 
nature of the dimer. The stereochemistries assigned to the cyclohexane 
junctions and the lactone rings were based on the coupling constants 
deduced from the lH-NMR spectrum and NOE difference spectroscopy. 
The absolute configuration assigned to each lactone unit was based on 
the co-occurrence of ( - )-frullanolide (380b), ( + )-ot-cyclocostunolide 
(401) and (+ )-costunolide (441). The proposed mode of formation 
involves attack of the cationic species formed in the cyclization of 
costunolide (441) on a molecule of ot-cyclocostunolide (401) followed by 
reaction with water as shown in Scheme 30. The alternative l,4-linked 
dimer is less attractive because of steric hindrance. The dimer was isolated 
from dried F. tamarisci subsp. tamarisci which had been stored in the 
laboratory for at least a year which may be significant (146), because the 
dimer has not been isolated from freshly collected material. 

Much earlier, two eudesmanolide-type dimers to which structures 
(403b) and (404b) were assigned, were isolated from Indian Frullania 
yunnanensis, along with ( - )-frullanolide (380b) and ( - )-dihydrofrul
lanolide (384) (70). Since the spectral data of the presumed (403b) are 
identical with those of dimer (403a) structure (403b) should be abandoned 
and a presumed structure of the second dimer (404b) should be revised to 
the dehydration product of 403a, i.e. (404a). 

H+ 

) 
a O~H 
~

H r:. 
(4048) --.!- q) a) .Q . 

• H < . ; ';:::: -
(441) COSlun~lide 

~(403a) 

(401) a-Cyclocostunolide 

Scheme 30. Formation of dimeric eudesmanolides 
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Two new eudesmanolides, (405) and (406), have been isolated from 
Lophocolea heterophylla (586). The spectral data of the former are similar 
to those of the latter lactone. Dehydration of both (405) and (406) with 
POCl3 in pyridine gave the same Li4 (15), 5,7 (11) 8-tetradien lactone 
indicating that both hydroxyl groups at C-5 and C-9 were axial. On the 
basis of the above results, 2D-COSY NMR data and NOE experiments, 
the structures of the new eudesmanolides were established as (405) and 
(406). 

European Lophocolea heterophylla (343) and South American L. 
coadunata (47) produce ent-isoalantolactone (407). The latter species (47) 
and L. bidentata (527a) contain dihydroisoalantolactone (408) and diplo
phyllolide (409), respectively. This is the first known occurrence of ent
isoalantolactone in nature. European Chiloscyphus polyanthos elaborates 
the 7,8-cis-eudesmanolides (409-411) and a fourth pungent lactone 
assigned structure (412). However, structure (412) has since been revised 
to that of ent-7et-hydroxydiplophyllolide (413) by using NMR shift 
reagents and because of the absence of the usual allylic coupling between 
H-7 and the et-methylene protons (60). ( ± )-3-0xodiplophyllin (411) has 
been totally synthesized by CAINE et al. in 9 steps (126). Ent-7et
hydroxydiplophyllolide (413) has been isolated from Scottish Diplo
phyllum albicans (143) and Clasmatocolea vermicularis (60). The latter 
species also elaborates ent-diplophyllin (410) (60). Tritomaria quinqueden
tata produces ent-diplophyllolide (409) and ent-dihydrodiplophyllolide 
(414) (429,565,567 a) which is identical with a dihydro derivative obtained 
by reduction of (409) with NaBH4 (81). 

Two unique C-35 terpene lactones containing a sesquiterpene and a 
diterpene portion, plagiospirolides A (415) and B (416), have been isolated 
from the Panamanian liverwort Plagiochila moritziana together with ent
diplophyllolide (409) and ent-diplophyllin (410) (513, 515, 516). In HPLC, 
compounds (415) and (416) were represented by one peak each, but in 
GC-MS, thermal decomposition occurred to give two peaks for each 
compound. The fragmentation patterns in the mass spectra of one peak 
from (415) and (416) corresponded to those of diplophyllolide (409) and 
diplophyllin (410), respectively while the retention times of the second 
peaks from (415) and (416) were identical and the molecular formula of 
the second peaks corresponded to that of a diterpene hydrocarbon, 
C2oH32 (Scheme 31). The molecular formulas of (415) and (416) thus were 
C35H5202' the two oxygens being those of a y-Iactone because of the IR 
absorption at 1760 cm -1 and because of the presence in the 
13C NMR spectra of a singlet at (5 182 ppm. In compounds (415) and 
(416), the C-13 position of (409) and (410) was thought to be attached to 
the diterpene moiety because the typical signals of the exomethylene 
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A 

1-
(415) Plagiospirol ide A : R=H 
(417) Plagiospirolide C : R=OH 

C;P' ""ro ::::,... .... 
H 

(409) 

(421) R=OH 
(678) R=H 

A 

;-
(416) Plagiospirolide B : R=H 
(418) Plagiospirolide D : R=OH 

(410) 

Scheme 31. Retro-Diels-Alder reaction of plagiospirolides A-D 

group were missing from the IH-NMR spectra while they appeared as a 
result of the decomposition. The structure of the diterpene part of (415) 
and (416) was suggesteds by the IH-NMR spectral data and by the NOE's 
shown in the Scheme. That (416) was the double bond isomer of(415), was 
easily deduced from the NMR spectra. Compounds (415) and (416) might 
be formed by a Diels-Alder type cycloaddition reaction between two 
dienophiles (409) and (410) present in P. moritziana and the diterpene 
diene (678). 

Further study of the chemical constituents of P. moritziana resulted in 
the isolation of two additional C-35 terpenoids, plagiospirolides C (417) 
and D (418), and a C-30 terpenoid lactone (sesquiterpene + sesquiter
pene), plagiospirolide E (419) (515). On GC analysis, compound (417) and 
(419) decomposed to give diplophyllolide (409) and diplophyllin (410), 
respectively, and the diterpene alcohol (C2oH320) (421), indicating that 
the molecular formula of (417) and (418) was C3sHs203' The NMR 
spectra of (417) and (418), similar to those of (415) and (416), and the 
molecular formulas showed that (417) and (418) possessed the same 
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structures with an extra hydroxyl group being located within the 
diterpene moiety. The position and the relative stereochemistry of the 
hydroxyl group at C-21 were confirmed by an 1 H_l H-2D-COSY spec
trum and NOE spectrometry. Plagiospirolide E (419) decomposed during 
GC analysis to give diplophyllin (410) and a sesquiterpene hydrocarbon, 
C15H22 ([M] + 204) the mass spectrum of which was closely related to 
that of anastreptene (93), thus suggesting that the sesquiterpene moiety 
possessed an aromadendrane skeleton (Scheme 32). Structure (419) was 
proposed not only on the basis of the assumption that (419) is formed by a 
Diels-Alder type reaction with between an a-methylene-y-Iactone moiety 
as dienophile and the aromadendrene derivative (422) as conjugated 
diene but also because of the NOE's indicated in the scheme and the IH_ 
and 13C-NMR spectra. The absolute configuration of the plagiospiroli
des A-E (415-419) has not been established; however, it is probable that 
the spirolactones should be represented as shown, because the absolute 
configuration of (409) and (410) has been established previously. C-35 and 
C-20 terpene dimers are very uncommon structures in the plant kingdom 
and have so far not been found in other bryophytes. These spirolactones 
are not artifacts since they are detected by TLC in the crude extract 
immediately after extraction at room temperature (515). 

Dihydroagarofuran (420) has been detected in Fossombronia pusilla 
(491) and Symphyogyna brasiliensis by GC-MS (513). 

NOE 

~ 

(410) 

~ 
;"'-

(422) 

(419) Plagiospirolide E 

------.-. YO=ro • 

Scheme 32. Degradation of plagiospirolide E 
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5.18 Farnesanes and Germacranes 

Scapania ornithopodioides contains Cl-farnesene (423) (638). Trans-~
farnesene (424) has been detected in fourteen liverworts collected in South 
America (45, 47, 219). Gymnocolea, Lophocolea, Monoclea, Radula and 
Scapania species also produce trans-~-farnesene as shown in Table lIb. 
The essential oil of Plagiochila ovalifolia contains trans-farnesol (425) (62). 
Gymnocolea inflata (432) and Lophocolea heterophylla (527a) biosynthe
size ( + )-nerolidol (426). The same alcohol has also been isolated from the 
essential oils of Plagiochila ovalifolia and Wiesnerella denudata (62). 4,5-
Dehydronerolidol (427) has been isolated from a large thalloid liverwort, 
Dumortiera hirsuta, as the major terpenoid component (585). The same 
compound has been obtained from Brickellia californica (Compositae) 
(117). 

Germacrene-B (428) has been detected in the essential oil of Conoce
phalumjaponicum and Plagiochila ovalifolia (62). Germacrene-D (429) has 
been found in the essential oil of Conocephalum conicum (62) and in the 
crude extracts of Bazzania praerupta (341), Marchantiafoliacea (39) and 
South American Lejeunea species (219), Neteroclada corifluens, Gack
stroemia magellanica (45), Lophocolea bidentata and L. heterophylla (527a). 
Two new gemacrane-type sesquiterpene alcohols, ent-germacra-4(15),5, 
lO(14)-trien-l~-ol (431a) and ent-germacra-4(1 5),5,lO(14)-trien-l Cl-ol 
(432), have been isolated from Jackiella javanica (437). Acetylation of 
(431a) gave a mono-acetate (431b) the 13C-NMR spectrum of which was 
identical with that of germacra-4(15),5,lO(14)-trien-l~-yl acetate (430b) 

(423) a-Farnesene (424) trans -~-Farnesene (425) trans,cis-Farnesol 

(426) (+)-trans-Nerolidol (427) 4,5-Dehydronerolidol 

Chart 26. Farnesanes found in the Hepaticae 



172 Y. ASAKAWA 

(428) Germacrene-B (429) Germacrene-D (430a) R=H 
(430b) R=Ac 

(433) 

(431a) ent-Germacra-4(15),5, 1 0(14)-trien-1 ~-ol ; R=H 
(431b) R=Ac 

(432) ent-Germacra-4'(15),5, 1 0(14)-trien-1 a-a I 

(434) (435) 1,6-Diketogermacrene 

H~ 
(436) 4~-Hydroxygermacra-1 (1 0),5-diene (437) ent-1 (1 OlE, 5E-Germacradien-11-ol 

H~H M 
(438) Germacra-1 (1 0),5-dien-4, 11-diol (439) 2-AcetoxY-8-keto-germacrene 

Chart 27a. Germacranes found in the Hepaticae and their derivatives 

isolated from a brown algae (179), indicating that (431a) was germacra-
4(15),5,10(14)-trien-1~-01 (430a) or its enantiomer. All other NMR spec
tral data supported this structure. The sign of the specific rotation of 
(431a) ([CX]D + 146.3) was opposite to that of (430a) ([CX]D - 180.3). Thus, 
the stereochemistry of(431a) at C-1 and C-7 was R. All spectral data of 
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(432) were consistent with those of (431a), except for the chemical shift of 
the me thine proton bearing the hydroxyl group, thus showing that (432) 
was the C-l epimer of (431a). Two germacrane-type sesquiterpenoids 
(433, 434) possessing 7H-J3 configuration have been isolated from the 
brown algae, Dictyopteris species (180). 4J3-Hydroxygermacra-l(10),5-
diene (436) has been isolated from South American Marchantia plicata 
(433), German Conocephalum conicum (553) and Porella swartziana (569). 
Spectral data and the sign of rotation were identical with those of (436) 
isolated previously from a higher plant, Pseudobrickellia brasiliensis 
(Compositae) (120). 

Ent-l(1O)E,5E-germacradien-ll-ol (437) has been isolated from a 
large thalloid liverwort, Dumortiera hirsuta (585). Its enantiomer has been 
obtained earlier from a higher plant, Ferula communis (Umbelliferae) 
(607). Bryopteris jilicina (432a) and Ptychanthus striatus (249a) contain 
germacra-l(10),5-dien-4,1l-diol (438). Two new ketogermacrenes (435, 
439) have been isolated from Porella swartziana (569) and Conocephalum 
conicum (585), respectively. Their gross structures were deduced from 
extensive spectral data. Lophocolea heterophylla produces furanoger
macra-l(10),4-diene ( = furanodiene) (440) (527a) which has been ob
tained from the higher plant Curcuma zedoaria (206a). 

( + )-Costunolide (441) and dihydrocostunolide (442) were isolated 
from a few Jungermanniales and Marchantiales species as reported 
earlier (19). The same lactones have since been found in Clasmatocolea 
humilis and Plagiochila hondurensis (48). Frullania tamarisci subsp. nis
quallensis, F. californica (63) and F. serratta also elaborate costunolide 
(51), while F. serratta produces tulipinolide (443) and its (llR)-dihydro 
derivative (444) which are also found in the thalloid liverwort Wiesnerella 
denudata (19). (1IS)-Dihydrotulipinolide (445) has also been isolated from 
F. serratta. These are the first report of (443) and its dihydro derivatives 
(444,445) from the Jungermanniales. (1IS)-Dihydrotulipinolide (445) has 
been newly isolated from East Malaysian Wiesnerella denudata (51). 

Four new germacranolides, 4Cl,5J3-epoxy-7Cl,8J3,IICl-H-germacra-
1 (10)-en-12,8Cl-olide (= 11 (13)-dihydro-4Cl,5J3-epoxy-8-epi-inunolide) (447), 
5-keto-7Cl-8J3,llCl-H-germacra -1(10)-en-12,8Cl-olide (448), 1 Cl-hydro
peroxy-4Cl,5J3-epoxygermacra-l0(14),1l(13)-dien-12,8Cl-olide (449) and 113-
hydroperoxy-4Cl,5J3-epoxygermacra-l O(14),II(13)-dien-12,8Cl-olide (450), 
have been isolated from Porella acutifolia subsp. tosana, together with the 
previously known 4Cl,5J3-epoxy-8-epi-inunolide (446) (82, 600). The last
named epoxide (446) had previously been isolated from the Compo sitae; 
its structure rests on X-ray crystallographic analysis (127). The 1 H -NMR 
data of (446), especially the absence or presence of the small coupling 
constants between i) H-8J3 and H-9J3, and ii) H-5Cl and H-6Cl and iii) H-6Cl 
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(440) Furanogermacra-1 (1 O),4-diene (=Furanodiene) 
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(450) 1 ~-Hydroperoxy-4a ,5~-epoxygermacra-1 0(14),11 (13)

dien-12,8a-olide 

Chart 27b. Germacranes found in the Hepaticae 
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and H-7a. (dihedral angles ca. 90°) were very important for structure 
determination of the other new germacranolides present in this sub
species. Treatment of (446) with SOCI2-CHCI3 gave a guaianolide (446a) 

(446a) 

which was also isolated from a methanol extract obtained in the absence 
of light (82). Compound (447) is the C-ll(13) dihydro derivative of (446), 
the presence of an NOE between H-6a. and H-13 establishing the 
orientation of the C-ll methyl group assigned as~. The structure of (448) 
was also established by 1 H NMR spectrometry, with the stereochemistry 
of the C-l1 methyl group as ~-pseudoaxial by the solvent shift method of 
NARAYANAN (443) (oC6 0 6-oCOCI3 = 0.52). That compounds (449) and 
(450) were I-hydroperoxides of (446) was confirmed by field desorption 
mass spectrometry, 1 H NMR spectral data, spin decoupling and 20-
COSY NMR data and the color change (colorless to brown) of the 
solution when 20% potassiqm iodide solution was added to (449) in ether. 
A partial synthesis of (449) and (450) which presumably mimics the 
biogenetic pathway (I7J) and also furnished the a.,~-unsaturated ketone 
(446b) is shown in Scheme 33. 

~··'·>=O 
~ 

(446) 

1) -- ~·,,~o 
~ 

1) O:!"methylene blue, MeOH/400W Hg lamp 

(449) 

(450) 

Scheme 33. Photooxidation of 4cx,5~-epoxy-8-epi-inunolide 
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5.19 Gorgonanes and Guaianes 

As reported earlier (19) ent-maalioxide (453) has been isolated from 
lubula japonica and Plagiochila sciophila ( = P. acanthophylla subsp. 
japonica). Since then the same ether has also been obtained from Lophozia 
ventricosa (146, 287, 429, 566) and Barbilophoziajloerkei (429) and lubula 
japonica (585b). 

Iso-cr-gurjunene (454) which has been isolated previously from Pellia 
epiphylla (19) has more recently been isolated by low temperature HPLC 
from Monoclea gottschei subsp. neotropica and M.forsteri along with a 
new guaiane-type sesquiterpene hydrocarbon, guai-4,11(12)-diene (455) 
(514). The structure of (455) was elucidated by comparing the lH NMR 
spectrum with that of a co-metabolite iso-cr-gurjuene B (454). (lS,lOR)
Guai-4,6-diene (456), the C-lO epimer of (454), has also been isolated from 
Bryopteris filicina (432). The enantiomers of (454) and (456) have been 
prepared from y-gurjunene (459) (183a). Monocleaforsteri also produces 
cr- (457) and ~-guaiene (458) (513). ~-Guaiene (458) has been found in 
Frullania and Radula (513). y-Gurjunene (459) has been detected in Mylia 
nuda by GC-MS analysis (624). Porella swartziana contains two new 
guaienes, guai-4(15)-en-6-one-l-ol (460) and its double bond isomer (461) 
(249, 574a, 574b). 

Two new guaianolides, isoporelladiolide (462) and dehydroisoporella
diolide (463) have been isolated from Porella acutifolia subsp. to sana 
(600), along with the known porelladiolide (464) previously obtained from 
Porella japonica (19). 8cr-Acetoxyzaluzanin D (467) isolated from Japanese 
Wiesnerella denudata has also been obtained from East Malaysian W. 
denudata, along with tulipinolide (443) and related germacranolides (51). 
A new guaianolide, dihydroestafiatin (465) has been isolated from 
Bolivian Frullanoides densifolia (14, 554, 556), along with estafiatin (466) 
which was first obtained from Artemisia mexicana (Compositae) (485). 
The NMR spectrum of (465) was similar to that of (466), except for 
saturation ofthe exomethylene group. Reduction of (466) with NaBH4 in 
EtOAc gave (465). The configuration of the secondary methyl group at 
C-ll was established by a combination of NOE spectrometry and 
Narayanan's lH NMR solvent shift method (443). 

(453) ent-Maalioxide (;Venlricosin 8) 

Chart 28. Gorgonane found in the Hepaticae 
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(454) Iso-a-gurjunene 8 (455) Guai-4,1 1 {1 2) -diene (456) (1 S,1 OR)-Guai-4,6-diene 

(=10-Epi-iso-a-gurjunene 8) 

(457) a-Guaiene (458) ~-Guaiene (459) y-Gurjunene 

~ ('60) (1/1" ,55".7 5" ,10/1")· 0,,'·4(15)·,,·6"00-1-, 

HQ ~ 

~; (461) (1R",5S.7S,10R·)

Guai-3-en-6-one-1-ol 
H 
o 

(462) Isoporelladiolide 

(463) Guai-1 (10),3, 11 (13)-trien-14,2~, 12,6a-diolide 
(=Dehydroisoporelladiolide) 

5.20 Himachalanes and Humulanes 

Ct- (474), ~- (475) and y-Himachalenes (476) have been reported 
previously from several liverworts (19). More recently Ct-himachalene 
(474) has been found in four South American Plagiochila and ~

himachalene (475) from three different South American Plagiochila and 
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(464) Porelladiolide 

Y. ASAKAWA 

(465) Dihydroestafiatin (466) Estafiatin 

(467) 8a-Acetoxyzaluzanin 0 ; RI=Ac. R2=OAc 
(468) Zaluzanin 0 ; RI=Ac. R2=H 

(469) 8a-Acetoxyzaluzanin C ; R I =H. R2 =OAe 

Chari 29b. Guaianes found in the Hepaticae 

(474) a· Himachalene (475) ~- Himachalene (476) y·Himachalene 

Chart 30. Himachalanes found in the Hepaticae 

Triandrophyllum species (45). The latter compound has also been detected 
in Lophocolea heterophylla (527a) and Radula boryana (513). 

The previous report (19) listed five species of Jungermanniales as 
sources of ex.-humulene (477). Three Lejeunea species (219), Scapania 
robusta (631) and Lophozia ventricosa (429) also produce ex.-humulene. 
( + )-Bicyclohumulenone (479) which possesses a strong odor of mush
rooms has been isolated from Plagiochila sciophila ( = P. acanthophylla 
subsp. japonica) (19). The enantiomer of (479) is known from the higher 
plant Acritopappus prunifolius (Compositae) (119). Humulenyl acetate 
(478) and 5-hydroxyisobicyclohumulenone (480) have been isolated from 
an unidentified South American Frullania species (249) and Japanese 
lubula japonica (585b), respectively. ( ± )-Bicyclohumulenone (479) has 
been synthesized from humulene epoxide (77) by a conformationally 
selective trans annular cyclization reaction (505). An alternative synthesis 
of (479) has been accomplished by TAKAHASHI et al. (529). The first total 
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(477) a·Humulene (478) Humulenyl acetate 

(479) (+)·Bicyclohumulenone (480) 5·Hydroxyisobicyclohumulenone 

Chart 31. Humulanes found in the Hepaticae 

synthesis of optically active ( + )-bicycIohumulenone (479) has been 
reported by FUKUYAMA et al. (187) in 12 steps. 

521 Longifolanes, Longibornanes, Longipinanes and Longicyclanes 

Ent-Iongifolene (481), ent-Iongiborneol (482), ent-r1.- (483) and ent-~
longipinene (484) and longipinanol (485) were earlier reported from 
Scapania undulata together with ent-longicycIene (486) (19). Longifolene 
(481) and isolongifolene (487) have since been detected in Scapania 
subalpina and S. uliginosa (289). Mastigophora diclados (621, 635), Plagio
chila moritziana (513) and Scapania robusta (621, 631) also elaborate 
longifolene (481). Longiborneol (482) has also been obtained from 
Chiloscyphus pallescens (149). Longiborneol (482) and 10ngicycIene (486) 
have been totally synthesized as racemates by WELCH et ai. (615). Three 
ent-Iongipinane-type sesquiterpenoids, marsupellol (488), marsupellone 
(489) and acetoxymarsupellone (490) which are chemical markers of 
Marsupellaceae were also previously isolated from M arsupella emargi
nata subsp. tubulosa (19). Further study of the ether extract of German M. 
aquatica resulted in isolation of a new ent-Iongipinane derivative whose 
structure was shown to be (491) by a combination ofNMR spectrometry 
and the transformations shown in Scheme 34 (279). The absolute 
configuration of (491) has been settled by comparison of its CD spectrum 
with that of ( - )-marsupellone (489) (390). French M. emarginata pro
duces three new longipinane-type sesquiterpenoids, 9,1lcx.,14-
triacetoxymarsupellone (492), 9,11 p,14-triacetoxy-marsupellone (493) 



180 Y. ASAKAWA 

H 
15 

~/ .. ,. ....... 

H 

(481) Longifolene (482) Longiborneol (483) ex-Longipinene (484) IHongipinene 

(485) Longipinanol (486) Longieyelene (487) Isolongifolene (488) Marsupellol 

.' ~ ""'~ .... 'OAe 

(489) Marsupellone : R=H (491 ) ent-12~-Aeeloxylongipin·2(1 0)-en-3-one 
(490) Aeeloxymarsupellone ; R=OAe 

~
OAe 

o /~' . " OA, 

Hsi OAe 
1 14 x;QoAe 

o ,./~.. . .... OAe 

Hi' OAe 

x;QoAe 

o H 
l' 

'" .. ~ .. ' 

H./ OAe 

(492) 9,11 ex, 14-Triaeeloxymarsupellone A 

(=ent-9 , 11cx, 14-Triaeetoxylongipin-2(1 0)-en·3-one) 

(493) 9, 11~, 14-Triaeetoxymarsupellone B 

(=ent-9 , 11~, 14-Triaeeloxylongipin-2(1 0)-en-3-one) 

(494) 9,14-Diaeeloxymarsupellone 
(=ent-9, 14-Diaeeloxylongipin-2(1 0)·en-3-one) 

Chart 32. Longifoianes, iongibornanes, iongipinanes and iongicyc1anes found in the Hepa
ticae 
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H~O ~O 
-' (491a) ' 1l 3) ./ ' N~ 

)') \ / (491,) 

~ A'O~O O~ 
o .... (491 ) (-)-ent-12~-Acetoxylongipin· -' I 2(10)-en-3-one 

(491 b) 4) 

K----.. ~O 5) K----.. ~O 
HO~--O~ 

_.' A _.' H 
(491 e) (491f) 

(491 h) 

6) --
(491 g) (. )-enl-Longipinane 

1) KOH/MeOH 2) Cr03·Py/CH2CI2 3) 4) H~Pd-C 5) Jones oxd.lMe2CO 
6) Wolff-Kishner redc. 7) CD30D/CD30Na 

Scheme 34. Reactions of 12~·acetoxylongipin-2(IO)·en-3-one 

and 9, 14-diacetoxymarsupellone (494), together with related longipinenes 
(488-490) (434, 434a). Their stereochemistries were supported by 2D
COSY spectrometry and NOEs. Plagiochasma rupestre contains ent
marsupellone (489) (243). This is the first example of a longipinane-type 
sesquiterpenoid in the Marchantiales. 
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5.22 Maalianes and Monocyclofarnesanes 

Five ent-maaliane-type sesquiterpenes were previously reported in 
Jungermanniales, particularly in Plagiochila species (19). ~-Maaliene 

(495) has again been detected in Frullania, Monoclea, Plagiochila, Radula 
(513) and Scapania species (638). Plagiochila dura, P. lecheri (46) and P. 
moritziana (513, 515) produce maaliol (497). Ent-y-maaliene (496) has 
been isolated from Riccardia chamedryfolia (434). Lepidozia vitrea elabo
rates ent-maalian-5-01 (498) (585a) previously isolated from Plagiochila 
ovalifolia (19). From the ethanol extract of Mylia taylorii, a new maa
liane-type sesquiterpene alcohol, ( + )-ent-maali-4(15)-en-l~-01 (499) has 
been isolated together with a few aromadendrane- and secoaromaden
drane-type sesquiterpeniods (386, 531). Oxidation of (499) with Jones 
reagent gave a cyclohexanone (499c). Acetylation of (499) gave a mono
acetate (499a) whose oxidation with OS04 and NaI04 afforded a keto 
acetate (499b) (Scheme 35). The above chemical evidence and the 1 H
NMR spectrum using a shift reagent [Eu(fodh] established structure 
(499) for the new alcohol. 

The earlier volume (19) listed three monocyclofarnesane-type sesqui
terpenoids (500, 502, 503) from Ptychanthus striatus (Lejeuneaceae) which 
were originally referred to as Ps-l , Ps-2 and Ps-2'and later named 
striatene (500), striatol (502) and ~-monocyclonerolidol (503), their struc
tures being based on a combination of chemical degradation (Scheme 36) 
and spectroscopic evidence (540). The geometry of 8,9-double bond of 
(500) was determined Z by NOE difference spectrometry. The absolute 
configuration of (500) was established by application of the CD exciton 

(495) ~·Maa l iene (496) y-Maaliene (497) Maaliol 

(498) Maalian-S-ol (499) (+ )- enr-Maali-4( 1 S)-en-1 p-ol 

Chart 33. Maalianes found in the Hepaticae 
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HQ Ac9 <n ~H~r-A ~ r- HO 
~ 

o r-
(499) (499a ) (499b ) 

~4) 

~r-
1) AC20 lPy 2) 050. 3) NaIO. 4) Jones oxd. 

(499c ) 

Scheme 35. Reactions of ent-maali-4(15)-en-l~-ol 
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chirality method to benzoate (500e) (234). The positive Cotton effect at 
241 nm (de + 3.1) indicated that the exocyclic double bond and the 
benzoate group constitute a positive chirality. The absolute configuration 
of the tertiary hydroxyl group at C-9 of (502) was also established by 
comparing the CD spectrum of the benzoate (2a) of R-linalool (2) with 
that of the benzoate (502a) of (502) (Scheme 36). Both benz oates exhibited 
negative Cotton effects at 252 nm (de - 0.4 and - 0.5), respectively. The 
structure of (503) was settled by partial synthesis starting from ( ± )
ionone (56) (540). Striatene (500), striatol (502) and monocyclo
nerolidol (503) have been detected in twelve, six and one Lejeunea species 
by GC-MS (219). Monocyclonerolidol (503) and trans-y-monocyclofar
nesol (504) have also been isolated from Spruceanthus polymorphus 
belonging to Lejeuneaceae (437) and Diplophyllum serrulatum (585a), 
respectively, while Porella densifolia subsp. appendiculata and P. dens i
folia var. fallax produce striatene (500) and striatol (502) (67). A similar 
striatane-type sesquiterpene ketone, striatenone (505), has been isolated 
from North American Porella navicularis and European P. cordaeana 
(591,593). The absolute configuration followed from the positive Cotton 
effect at 319 nm. 

A new striatane-type sesquiterpene acid (SOla) has been isolated from 
Malaysian Cheilolejeunea trifaria. The stereo structure was elucidated by 
600 MHz NMR and NOESY spectrometry of its methyl ester (50lb) 
(249). 
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H~E 

Si~~ 
(500) 

t3) 

('(~ 11····'· /'bA 

5)r- (502) R=H 

~ (502a) R=p-BrBz 

(2) R=H 
(2a) R=p-BrBz 

Y. ASAKAWA 

r'(~ + -h+:. ""'~ !>ri""" (Y' 
:::::::,.... ::::::,.... 

(500a) (500b) 

~2) 

~~ 
(500c) 

~4'5) 

~~ 
(500d) R=H 
(500e) R=p-BrBz 

1) MCPBA. 0° 2) H2• Pd-C 3) POCI3 4) Et2NLi 5) p-BrBzCI 

Scheme 36. Reactions of striatene 

Three new monocyclofarnesane-type sesquiterpenoids, ricciocarpins 
A (506), B (507) and ricciofuranol (508), have been isolated from the 
dichloromethane extract of an axenic culture of Ricciocarpos natans 
(Ricciaceae) (639, 640)_ Structures and stereochemistries of these com
pounds were established by a combination of 1H, 13C-NMR spectral 
data, 1H_1H_ and 13C-1H-2D-COSY NMR and NOE spectrometry. The 
presence of a ~-substituted furan in (506) was confirmed by the 1 H NMR 
signals at b 7.42 (br d, J = 1.6 Hz, H-12), 7.39 (t, J = 1.6 Hz, H-lt) and 6.38 
(br d, J = 1.6 Hz, H-IO) and the mass spectrum. The structure of (507) was 
easily deduced from strong IR absorption bands at 1790 and 1755 cm- 1 
assignable to a y-Iactone and the similarity of the 1 Hand 13C NMR 
spectra to that of (506), with the signals of the ~-substituted y-butenolide 
substituted for the ~-substituted furan. NOE spectrometry showed that 
the relative stereochemistry of (508) was the same as that of (506) and 
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(500) Striatene (501a ) Striatenic acid ; R=H 
(501b) R=Me 

C(~ '[1 .... ". He""·" . 

(502) Striatol 

~~OH 
~ ... 
H '" 
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(503) J3- Monocyclonerolidol (504) y·Monocyciofarnesol (505) Striate none 

(506) Ricciocarpin A 

(509) Ancistrofuran 

(513) 

g\~ 
o 0 

(507) Ricciocarpin B (508) Ricciofuranol 

(510 ) (511 ) (-)-Tridensenal (512) (-)-Tridensone 

(514 ) (515) Abscisic acid 

Chart 34. Monocyc1ofarnesanes found in the Hepaticae 

(507). The hydoxyfuran (508) was obtained as a synthetic product prior to 
its isolation from the natural source (86). A similar sesquiterpenoid, 
ancistrofuran (509), has been isolated from the defense secretion of the 
West African termite Ancistrotermes cavithorax (85, 86). The total syn
thesis of (± )-ricciocarpin A (506) has been achieved by EICHER in 9 steps 
(168). 

An aldehyde tridensenal has been isolated from Taiwanese Bazzania 
tridens and the monocyclofarnesane structure (510) proposed for it (623)_ 
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However, a synthesis of the mixture of diastereoisomers (510) clearly 
showed that this proposal was in error since the 13C-NMR spectrum of 
the mixture differed from the spectrum of tridensenal (510) (628). On the 
other hand, one set of signals in the 13C_ NMR spectrum of diastereomer 
mixture (511) coincided with the 13C signals of tridensenal; hence, the 
structure of tridensenal was established as (511) except for the stereo
chemistry at C-1 and C-9 (628). A similar sesquiterpene ketone, ( - )
tridensone (512) accompanies (511); the structure (513) proposed for it 
rests on the IH_ and 13C-NMR spectra induding HMBC and NOESY 
techniques (629). In the mass spectrum the presence of the base peak at 
M/z 123 resulting from a McLafferty-type deavage followed by a loss of a 
hydrogen radical, further supports the proposed structure (513). 

TORI ~t al. (560a) have accomplished the total synthesis of (+)
tridensone (514) and its diastereoisomer (513). Since the naturally 
occurring ketone is levorotatory it has the absolute configuration de
picted in (512). Conocephalum conicum and Marchantia polymorpha 
contain abscisic acid (515) which is considered to be the dormancy 
inducing hormone in liverworts (442a). 

5.23 Myltaylanes and Cyclomyltaylanes 

Mylia species are rich sources not only of aromadendrane- and 
secoaromadendrane-type sesquiterpenoids but also verrucosane-type 
diterpenoids. From the ethanol extract of M. taylorii myltaylenol 
( = myltayl-4(12)-en-15-01) (516) and cydomyltaylenol (517) possessing 
new carbon skeleton have been isolated (533, 535). X-ray crystallographic 
analysis of a nor-keto benzoate (516b) derived from (516) by osmylation, 
period ate deavage and benzoylation demonstrated that the molecule 
consisted of a norbornane system fused to a cydohexane ring. The 
absolute configuration assigned to (516) rests on the sign of the Cotton 
effect at 291 nm (~E + 2.08) of ketone (516a). Structure (517) for cydomyl
taylenol was suggested by acetylation, by comparison with myltaylenol 
(516) and by IH_IH_ and long range 13C-1H-2D-COSY spectrometry. 

(516) Myltaylenol 
(:Myltayl-4( 12)-en-15-ol) 

(516a) R=H 
(516b) R:Bz 
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(517) Cyclomyllaylenol (518a) Cyclomyllaylane-3-ol ; R=OH 
(518b) R=OCOC6H4Br(p) 

~ ~( 
H~"Oo •• ~ I >¢</ 
HO .0 

OH 
(519) Cyclomyllaylane-5-ol (520) Cyclomyllaylyl-3-caffeale 

w·· .. ·" m; ...... " 
". ...... 0 " ....... . 
~ ~ ~ ~ 

(521a) (521b) Cyclomyltaylane 
(= Tridensene) 

(522) 

Chart 35. Myltaylanes and cyciomyltaylanes found in the Hepaticae 
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The configuration of the -CHzOH group at C-ll has been deduced to be 
the same as that ofmyltaylenol using lanthanide shift reagents and NOE 
spectrometry. 

Two new cydomyltaylane-type sesquiterpenoids, cydomyltaylan-3-
01 (518a) and its caffeate (520) have been isolated from Bazzaniajaponica; 
relative configurations were established by a combination of various 1 H
and 13C-NMR techniques and X-ray crystallographic analysis of a p
bromo benzoate (518b) (84, 599). The absolute configuration assigned to 
(518a) is based on the negative Cotton effect at 297 nm of a monoketone 
(522) prepared from (518a) by oxidation with pyridinium chlorochromate 
(84). This information supports the structure of cydomyltaylenol (517) 
proposed by TAKAOKA et al. (535). Somewhat earlier a compound named 
tridensene was isolated from Bazzania tridens for which structure (521a) 
was proposed (623, 628). However, more recently the structure has been 
revised to cydomyltaylane (521b) on the basis on 2D-COSYs and the 
HMBC technique (627). The relative stereochemistry is based on NOE 
difference spectrometry. M annia subpilosa and Reboulia hemisphaerica 
produce cydomyltaylane-5-o1 (519) (614). 
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It is noteworthy that Bazzania (Lepidoziaceae) and Mylia (Junger
manniaceae) and Mannia and Reboulia (Aytoniaceae) produce com
pounds with the same biogenetically unique cyclomyltaylane-skeleton, 
although the three families are morphologically quite different. 

The myltaylane skeleton may be derived from trans-cis-farnesyl 
pyrophosphate (211) through C-3, C-7 cyclization of p-chamigrene (264) 
followed by migration of the C-3 methyl group to the vicinal position 
(533). 

5.24 Pacifigorgianes and Patchoulanes 

Frullania tamarisci subsp. tamarisci produces a sesquiterpene alcohol 
possessing a strong mossy odor. A small amount of this alcohol named 
tamariscol MW 222, was isolated from European F. tamarisci subsp. 
tamarisci (38), and was shown to possess the pacifigorgiane carbon 
skeleton (524) and a positive rotation ( + 19.7°) (J 44, 146, 150). Analysis of 
the 1 H- and 13C-NMR spectroscopic data and the chemical trans
formations shown in Scheme 37 led to relative configuration (523). 
Formation of (523c) and (523d) can be rationalized in terms of alternative 
modes of decomposition of intermediate (523b). The enantiomer of ( + )
tamariscol, ( - )- (523), has been isolated from F. tamarisci subsp. obscura 
and F. nepaiensis grown in Asia and F. tamarisci subsp. asagrayana grown 
in North America (63). The levorotatory isomer, (- )-(523) 
( - 20S), was converted to a hydrindanone (523g) whose optical rotation 
was positive and whose CD spectrum exhibited a negative Cotton effect. 
On the other hand, the same hydrindanone (525h) prepared from 
( - )-carvone (523h) had a negative rotation and exhibited a positive 
Cotton effect (552, 572, 574). Thus ( - )-tamariscol has the absolute 
configuration shown in formula (523) and the (+ )-tamariscol from 
European F. tamarisci is the enantiomer. 

(523) Tamariscol (524) Pacifigorgiol 

Chart 36. Pacifigorgianes found in the Hepaticae and gorgonian 
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(523) (523a) 

(523c) -<+ 
.d) 

1 H 
OH 
(523d) 

2) -

02N 

1) MCPBA 2) LiAIHJCsHs. reflux 3) o-COCI 
02N 

(523e) 

Scheme 37. Reactions of tamariscol 

(5239 ) (523h) 

+ 

(525h) 

189 

--

ill 
(6D~B 
M .81 (I. J:9.9 Hz) 

(523f) 

The total synthesis of ( ± )-tamariscol (523) has been accomplished 
using commercially available p-methoxylacetophenone in 13 steps, (552, 
572,574). CONNOLLY et al. (150) suggest that tamariscol is formed from B
caryophyllene (259) as shown in Scheme 38. 
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-
(259) ~- Caryophyllene (526) Pacifigorgiane (523 ) 

Scheme 38. Possible biogenetic pathway ror tamariscol rrom ~-caryophyllene 

(527) a-Patchoulene (528) ~-Patchoulene 

CharI 37. Patchoulanes round in the Hepaticae 

It is interesting that pacifigorgiol (524), an ichthyotoxic substance 
with the same carbon skeleton has been isolated from a Pacific gorgonian, 
Pacifigorgia cf. adamsii (304). 

Patchoulane-type sesquiterpenoids in the Hepaticae are very rare. \1..

Patchoulene (527) has been detected in Mastigophora diclados (621, 635), 
Plagiochila panamensis (513) and Scapania ornithopodioides (622, 638) by 
GC-MS. The ~-isomer (528) has been detected in BazzaniaJauriana (622). 

5.25 Pinguisanes and Norpinguisanes 

Pinguisane-type sesquiterpenoids whose carbon skeleton does not 
obey the biogenetic isoprene rule have so far not been found in higher 
plants but are limited to liverworts. Sixteen pinguisane- and four 
norpinguisane-type sesquiterpenoids were reported previously mainly 
from Lejeuneaceae, Porellaceae, Trichocoleaceae and Ptilidiaceae in the 
Jungermanniales (19). Aneura pinguis which belongs to the Aneuraceae 
( = Riccardiaceae) in the Metzgeriales also elaborates pinguisanes (534, 
536, 537) (19). Several new pinguisane-type sesquiterpenoids have since 
been isolated from Lejeuneaceae and Porellaceae, together with pre
viously known pinguisanes and norpinguisanes as shown in Table lIb. 
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(529) a-Pinguisene (530) Pinguisenol (531) 7-Keto-8-carbomethoxy
pinguisenol 

"\:R "~ 
(532) Naviculol (533) Isonaviculol (534) Pinguisone methyl ester 

~ aLt<-"'()H 
(535) Porellapinguisenone (536) Deoxopinguisone (537) Pinguisone 

(538) Dehydropinguisone (539) Dehydrodeoxopinguisone 
(=Pinguisenene) 

<J¢R 
OH 

~ 
OR 

(540) Furanopinguisanol 
(=7a-Hydroxydeoxopinguisone) 

(541) Dehydropinguisenol ; R=H 
(542) Dehydropinguiseno1 methyl ether 

(=7-Methoxydehydropinguisenene) ; R=Me 

Chart 38a. Pinguisanes found in the Hepaticae 
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Some South American Plagiochila species (Plagiochilaceae) elaborate 
pinguisane-type sesquiterpenoids (48). Dehydropinguisone (538) has been 
isolated from New Zealand Plagiochila retrospectans and its structure 
established by X-ray crystallographic analysis of the p-bromobenzoate 
prepared from the derived mono alcohol (435a). 

Structure (553) previously proposed for pinguisanin from Lejeunea, 
Porella and Ptilidium species (19) has been revised to (554) by means of 
2D-COSYs and NOESY spectra; all carbon signals were assigned by 
considering substituent effects on the chemical shifts (40). In CDCl3 

solution pinguisanin (554) is slowly transformed into isopinguisanin 
(554a), a transformation which can be observed in the NMR tube. This 
appears to be due to acid catalysis as the transformation occurs also on 
treatment with acid (Scheme 39) while isopinguisanin seems to be stable 

(544) 

(543) (543a) 

4-~ \~ \~ 
(554) (554a) 

(544a) (544b) 

«R"OH 
Scheme 39. Isomerization in the pinguisane series 

OMe 

(544) 
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under these conditions. The allylic cation (544a,544b) may be an 
intermediate in this transformation (146). Trichocoleopsis sacculata pro
duces deoxopinguisone (536) and pinguisone (537) (19) while Neo
trichocolea bissetii produces pinguisanin (554) (585a). 

British Porella platyphylla elaborates not only pinguisanin (554) as 
major component but also an unstable crystalline pinguisane-type sesqui
terpene alcohol (543) which is gradually transformed into isopinguisanin 
(543a) in CDCl3 in the NMR tube (Scheme 39) (146). Two methoxylated 
alcohols (544, 545) have also been isolated from the methanol extract of P. 
platyphylla and are probably artifacts formed by reaction of (554) with 
methanol either during the extraction or on silica gel column chroma
tography. Treatment of pinguisanin (554) in methanol solution in the 
presence of silica gel with a trace amount of mineral acid afforded (554b) 
as major product together with (544, 545) while (554c) was rapidly formed 
from pinguisanin (554) on treatment with DCI/CD30D in the NMR tube 
(146). 

~el ""'OH 
Me 0 , 

OMe 

(554b) 

~031 "'''00 

C03 0 
! 

OC03 

(554c) 

A pinguisane-type lactone isolated from British P. platyphylla had 
spectroscopic properties which are identical with those of pinguisanolide 
which was previously assigned structure (559) (Chart 38c) (146). The 
structure of pinguisanolide should, however, be revised to (560) because 
of the presence of an epoxide ring and the absence of a trisubstituted 
double bond. The relative configuration of the lactone ring of pinguisan
olide differs from that of ptychanolide (558) because irradiation at the 
frequency of H-IO resulted in NOE's at H-ll, H-4 and H-3cx.. Structure 
(561) previously assigned to isopinguisanolide (19) should be revised to 
(562). Pinguisanolide (560) has been found in Neotrichocolea bissetii 
(585a). 

Reinvestigation of the chemical constituents of Porella elegantula 
which is indigenous to New Zealand resulted in isolation of two 
norpinguisane-type sesquiterpenoids and cx.-pinguisene (529) (189). Spec
tral properties of the first norpinguisane were identical with those of a 
previously reported norpinguisone methyl ester of presumed structure 
(567b), (see Chart 38d), however, analysis of the long range 13C_1 H-2D 
COSY spectrum showed that formula (567b) was in error and that it 
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~'''OH (543) 2·H,d".yp'o,"'''o,", 

~"<>H (544) 2·H,d"., · 7 .m""",,,,,"P'O,"',,,, 
OMe 

~ .... OH (545) 2-Hydroxy-llC;-melhoxypinguis-5(10).6·diene 

Me~ 

~ (546) Pinguisenene methyl ester (=Bryopterin A) 

\~ 

OCR (547) Deoxopinguisone methyl ester 

(548) 4-Hydroxydeoxopinguisone-1 2 .1 5 -dimethyl ester 
(=Bryopterin C) 

(549) Deoxopinguisone-1 2.1 5-dimethyl ester (=Bryopterin B) 

~ (550) 6ex.l1 ex-Dimethoxypinguis-5(1 O) ·ene 

MeO""\)~ 

Chart 38b. Pinguisanes found in the Hepaticae 
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MeO 

~0 14 1) 

'/ I ---
o 12 

Me02C 13 

(567a) 

---
(567f) 

NOE 

HO 

(567c) 

1) LiAiHJEt20 2) 2.2-DMP/TsOH 3) 1 N HCVMeOH 4) A~O/Py 

(567d) 

+ 

(567e) 

Scheme 40. Reactions of norpinguisone methyl ester 
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3) 

should be revised to (567a) based on the chemical reactions shown in 
Scheme 40 and NOE spectrometry. Conversion of (567c) to a methyl 
ether was accompanied by inversion of the configuration on C-4 due to an 
SN2 type displacement of the oxonium ion formed between a secondary 
hydroxyl groups and 2,2-dimethoxypropane in the presence of an acid 
catalyst by methanol generated in situ from the reagent. 

The structure of the second norpinguisane, norpinguisanolide, from 
Porella elegantula was shown to be (569), by IH_, 13C_ and 2D-COSY 
NMR spectrometry and the chemical reactions shown in Scheme 41. The 
absolute configuration of (569) was established by means of the p

bromobenzoate (569b) whose CD spectrum showed a first negative 
Cotton effect at 250 nm (de - 2.5) arising from interaction between the p

bromo benzoyl group at C-4 and the furan chromophore indicating that 
C-14 was S (189). The five-membered lactone ring of (569) is in a sterically 
hindered environment due to the two methyl group on C-l and C-4 so 
that ring opening of the y-Iactone under the usual basic condition does 
not occur. The same lactone has been isolated from American Porella 
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1,2) ---~ b~ 
o 

(569a) R=H 
(569b) R=p-BrBz 

1) NaBHJ MaOH 2) p-BrBzCVPy 
OR 3) LiAIHJ Et20 4 ) AC20 /Py 

~OR 
RO 

(569c) R=H 
(569d) R=Ac 

Scheme 41. Reactions of norpinguisanoiide 

cordaeana (239a). Panamanian Bryopteris filicina contains bryopterin D 
which is 2-keto-norpinguisone methyl ester (568) (432a). 

American Porella navicularis produces a new pinguisane-type alcohol, 
naviculol (532), together with the previously known norpinguisone (566) 
and norpinguisone methyl ester (567a) (591). The structure and relative 
configuration of (532) were derived by NMR spectrometry while the 
absolute configuration was settled because of the positive Cotton effect at 
290 nm in the CD spectrum of the monoketone formed by ozonolysis of 
(532). 

The stereostructure of ptychanolide ( = PS-m-3) (558) (19) has been 
established by degradation to (558a) via LiAlH4 reduction, spectral 
evidence, periodate cleavage, Bayer-Villiger oxidation of the resulting 
aldehyde and a second periodate cleavage, and by an X-ray crystallo
graphic analysis (540). The absolute configuration ascribed to (558) 
depends on the positive Cotton effect at 296 nm (~E + 2.6) of cyclopen-

Y:R"OH 01¢:< .. Qk =ZR o .!. 
OAc 

(535a) (557a) (558a) 
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tanone (558a) and is consistent with the absolute configuration of 
previously reported pinguisane-type sesquiterpenoids (19). 

European Porella cordaeana contains two highly oxidized sesquiter
pene lactones, porellapinguisanolide (557) and spiropinguisanin (565a), as 
well as a new ketoaldehyde, porellapinguisenone (535), along with 
pinguisanin (554) and norpinguisone methyl ester (567a) (593). The 
structure of (557) was deduced by extensive NMR spectroscopy. Acetyla
tion of (557) gave a rearranged spirolactone diacetate (557a) which was 
formed by opening of the lactone ring followed by relactonization 
between aldehyde and carboxylic acid in the presence of pyridine. 

That (535) has the same partial structure as (557) was clear from the 
NMR spectra. The locations of the other functional groups were derived 
from the NOE difference spectrum and decoupling experiments. Reduc
tion of (535) with LiAlH4 afforded an allylic alcohol (535a), indicating the 
presence of a ketone group at C-4 and the aldehyde group at C-10. The 
spirolactone (565a) is structurally similar to ptychanolide (558). In the 
IH-NMR spectrum of its diacetate (565b) the signal pattern was quite 
similar to that of the co-occurring pinguisanin (554), except for the 
absence of signals corresponding to the furan ring, suggesting that (565a) 
possessed the same C-1 to C-7 partial structure as pinguisanin. The 
remaining functions consisted of the y-Iactone and two acetoxyl groups, 
one of which was placed at the hemiacetal carbon (oH 6.29; 0 C 102.5). 
Combination of the various paths led to structure and relative configu
ration of (565a) for spiropinguisanin. 

Porella acutifolia subsp. tosana produces a pinguisane-type keto ester 
(531) whose structure was deduced from the IH_ and 13C-NMR spectral 
data and spin decoupling experiments, with the position of each func
tional group being established by 13C_ and long range 13C_1H 2D
COSY-NMR spectra and with NOE difference spectrometry confirming 
the relative stereochemistry. A similar pinguisane-type sesquiterpenoid, 
pinguisenol (530), had previously been isolated from P. vernicosa and P. 
densifolia (19). Thus, (531) is 7-keto-8-carbomethoxypinguisenol. 

Six pinguisane-type sesquiterpenoids, deoxopinguisone (536), dehy
dropinguisenol (541), pinguisanin (554), dehydropinguisanin (555), pin
guisenal (556) and pinguisanolide (560) had been isolated previously from 
Trocholejeunea sandvicensis (19, 82). Further investigation ofthe n-hexane 
extract of this species resulted in the isolation of four additional pingui
sanes (540, 542, 550, 551), together with the known pinguisanes (541, 554, 
555,558) (14, 556). The structure of furanopinguisanol ( = 7cx-hydroxy
deoxopinguisone) (540) was established by spectroscopic comparison 
with dehydropinguisenol (541), the relative stereochemistry being sup
ported by NOE spectrometry. Catalytic hydrogenation of (541) in the 
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(551 ) 6a,ll p-Dimethoxypinguis-5( 1 O)-ene 
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(553) 

(556) Pinguisenat 

o~O\""" 
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(559) 
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(554) Pinguisanine 

(557) Porellapinguisanolide 

~ b~~"~ 
(560) Pinguisanolide 

09*°. 9",,,, .. :AC 
" -. ..: : 

~~"'.' a 
(561) (562) Isopinguisanolide (563) Spirodensifolin A 

R~lli 
6~ 

° 
(564) Spirodensifolin B (565a) Spiropinguisanin ; R=H 

(565b) R=Ac 

Chart 38c, Pinguisanes found in the Hepaticae 
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(566) Norpinguisone ; R1=R2=Me, R3=H2 

(567a) Norpinguisone methyl ester; 
R1=Me, R2=C02Me, R3=H2 

(567b) R1=C02Me, R2=Me, R3=H2 

(568) Bryopterin D ; R1=Me, R2=C02Me, R3=O 

~ o 
(569) Norpinguisanolide 

Chart 38d. Norpinguisanes found in the Hepaticae 
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presence of 10% Pd-C gave a dihydro derivative identical with (540). 
Compound (542) was the methyl ether of (540). The structure of (550) was 
based mainly on IH_, 13C-NMR, IH_IH_, 13C_IH_ and long range 13C_ 
I H 2D-COSY spectrometry, the relative stereochemistry being supported 
by the NOE technique. The second dimethoxypinguisene (551) was 
shown to possess the same skeleton as (550) while the presence of an NOE 
between H-ll and C6 -OMe showed that their cis relationship. Com
pounds (542), (550) and (551) may be artifacts because methanol and 
chloroform were used as eluents during the chromatographic separation 
process. Ptychanolactone (552) has been isolated from Ptychanthus 
striatus; the tentative structure assignment was based 2D NMR spec
trometry (249). 

From the ether extract of the Bolivian liverwort Frullanoides dens i
folia, three new oxygenated pinguisanes, isonaviculol (533), spirodensi
folin A (563) and spirodensifolin B (564) were isolated, along with 
naviculol (532) and ptychanolide (558) (14, 554-556). The IH, 13CNMR 
and mass spectral data of (533) were closely related to those of naviculol 
(532), present in the same species and in P. navicular is, suggesting that 
(533) might be a geometrical isomer of (532). This assumption was 
confirmed by an HMBC experiment with the aid of the 13C_ IH 2D
COSY. The relative stereochemistry was established by the presence of an 
NOE between H-10 and H-15. The rearranged pinguisane-type skeleton 
of spiro dens if olin A (563) was deduced from a study of the IH_, 13C-NMR 
spectra and the strong IR absorption band at 1785 cm - I indicating the 
presence of a y-Iactone as well as HMBC and spin decoupling experi
ments. The stereochemistry followed from the NOE's, indicating that all 
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methyl groups of (563) were ~-oriented and that the acetoxy group at C-3 
was thus (X-oriented. As the NOE's did not distinguish between the 
presence of an (X- or ~-epoxide, an X-ray crystallographic analysis of(563) 
was carried out which established the stereochemistry as depicted in the 
formula (555). 

The spectral data of (564) resembled those of (563) except for the 
presence of an exomethylene and the absence of a secondary methyl and a 
secondary acetoxyl group, indicating that the secondary methyl group 
and acetoxyl group at C-4 and C-3 in (563) were replaced by the 
exomethylene and the hydrogen atom in (564), respectively. The above 
results together with the co-occurrence of (563) in the same liverwort 
established the structure of spirodensifolin B as (564). 

It is noteworthy that ptychanolide (558), whose structure has been 
established by X-ray analysis (540) has also been found in the liverwort 
Ptychanthus striatus, although the stereochemistry at C-5 is different from 
the C-5 stereochemistry of (563) and (564) found in Frullanoides densifolia. 

Porella vernicosa produces deoxopinguisone (536), deoxopinguisone 
methyl ester (547), norpinguisone (566) (19) and norpinguisone methyl 
ester (567a) (19, 189). Cell suspension cultures of P. vernicosa also 
produces the same pinguisane-type sesquiterpenoids (536, 547, 566, 567a) 
among which (567a) is the major compound (458). 

Three new pinguisane methyl esters, bryopterins A (546), B (549) and 
C (548) have been isolated from Panamanian Bryopteris filicina, along 
with norpinguisone methyl ester (567a) (432a). The pinguisane structures 
were proved by analysis of 2D-COSY NMR spectra and by NOE 
spectrometry of the original compounds and the acetates formed by 
LiAIH4 reduction and subsequent acetylation. 

The biosynthesis of pinguisane- and norpinguisane-type sesquiter
penoids has not been studied so far. TAKEDA et al. (540) proposed a 
possible biogenetic route to deoxopinguisone (536), pinguisenene (539) 
and ptychanolide (558) from acetal (570) as shown in Scheme 42. A 
possible biogenetic pathway for the formation of rearranged pinguisane
type sesquiterpenoids (558, 536e) indicated in Scheme 43 has been 
proposed by CONNOLLY (146). The pinguisane skeleton itself (579) might 
be derived from trans, cis-farnesol (211) via bisabolane (571, 572) and 
acorane (573, 574) as shown in Scheme 44 (14, 556). 

Synthetic interest in pinguisane- and norpinguisane-type sesquiter
penoids arises from the unusual tricyclic skeleton which contains four or 
three methyl groups located in a cis relationship on adjacent carbons 
within a cis hydrindane system. The first total synthesis of pinguisone 
(537) and its C-1 isomer was accomplished in 1981 by BERNASCONI et al. 
(103,104). The starting material for the synthesis of both furanosesquiter-
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Scheme 42. Possible biogenetic pathways for pinguisanes and spiropinguisanes 

(S36b) (S36d) (S3Se) 

Scheme 43. Possible biogenetic pathways for spiropinguisanes from deoxopinguisone 

penoids was S-( + ) enantiomer of the well-known 2,3,7,7a-tetrahydro-
7a-methylindene-l,5(6H)-dione, derived from I-methyl-l-(3-ketobutyl)
cyclopenta-2,5-dione by asymmetric aldol cyclization in the presence of a 
catalytic amount of (S)-( - )-proline (230, 231). An alternative total 
synthesis of ( ± )-pinguisone (537) has been achieved by GAMBACORTA et 
al. (192) and UYEHARA et al. (605, 606). The total synthesis of ( ± )
deoxopinguisone (536) has been accomplished by UYEHARA et al. (605, 
606). Three pinguisanes so far not found in nature, 4-epi-pinguisanol and 
3-oxonorpinguisone, have been synthesized by BAKER et al. (87) and 
MATEOS et al. (375), respectively. The first synthesis of ( ± )-isoptychanol
ide, a stereoisomer of naturally occurring ptychanolide (558) which differs 
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A --- A --- A---

I ~P I I 
(211) trans,cis-farnesyl 

pyrophasphate 

(573) acorane 

(576) 

(579) 

(571) bisabolane (572) 

(574) (575) 

(577) (578) 

Scheme 44. Possible biogenetic pathways for pinguisanes from trans,cis-farnesyl pyro
phosphate 

in the configuration of the epoxide function, has been accomplished by 
SOLAJA et ai. (510). 

5.26 Santalanes, Spirovetivanes, Thujopsanes and Vaiencanes 

A new santalane-type sesquiterpene diol (581) has been isolated from 
Porella caespitans var. setigera (596, 597). The structure assignment was 
based on the similarity of the IH_ and 13C-NMR spectra to those of 
tricyclene (581a) and ex-santalol (581b) and chemical transformations. 
Acetylation of (581) gave a mono acetate whose IR spectrum retained 
hydroxyl absorption bands, indicating the presence of a tertiary hydroxyl 
group in (581). Oxidation of (58 1) with PCC afforded an ex-hydroxyketone 



Chemical Constituents of the Bryophytes 203 

~ ti5 I'OH 

(580) p-Santalene (581) a-Santalan-12(R) .13-diol 

Chart 39. Santalanes found in the Hepaticae 

(581c) and an aldehyde also available from cx-santalol (581b) by perman
ganate oxidation (224, 346). The stereochemistry of (581) at C-12 was 
determined by means ofthe diol complexation method (164, 441). The CD 
spectrum [342 nm, Lle - 0.03 in CCl4 employing Eu(fodlJ as complexing 
agent] of (581) showed the 12R configuration. 

(581a) Tricyclene (581 b) a-Santalol (S8te) 

Santalane-type sesquiterpenoids in Hepaticae are otherwise very rare. 
~-santalene (580) has been detected in the liverworts, Plagiochila yokogu
rensis (19) and Gackstroemia magellanica (45) by GC-MS. 

cx-Spirovetivene (582) has been isolated from Scapania robusta and S. 
maxima, together with the ~-isomer (583) (623,632). The NMR signals of 
(582) and its tetrahydro derivative were identical with those of agarospir
ene ( = spirovetivene) (582) which was obtained from agarospirol (586) 
(Scheme 45) and agarospirane (587), respectively. Acid treatment of (582) 
gave ( - )-o-selinene (358) by a sequence of cationic rearrangements. The 
absolute configuration of (582) was suggested by the negative Cotton 
effect at 208 nm (Lle - 1.1); however, other possibilities, such as (585), 
cannot be excluded (621, 623, 632). The structure of ~-spirovetivene (583) 
was deduced from the lH_ and 13C-NMR spectra and by comparison 

(582) a-Spirovetivene (583) ~-Spirovetivene 

Chart 40. Spirovetivanes found in the Hepaticae 
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(585) 

(586) Agarosplrol (582) Agarospirene (587 ) 
(= Spirovetivene) 

Scheme 45. Reactions of spirovetivenes and agarospirol 

with cr-spirovetivene (582). The stereochemistry of (583) remains to be 
established. 

Thujopsane-type sesquiterpenoids in the Hepaticae are also very rare, 
thujopsene (588) having been previously detected only in Leucolejeunea 
xanthocarpa by GC-MS (19). ( + )-Ent-thujopsene (588) and ( - )-ent
thujopsenone (589), have since been isolated from Japanese Marchantia 
polymorpha (74, 382). The ent-configurations of (588) and (589) have been 
confirmed by the chemical correlation shown in Scheme 46. (-)
Thujopsene (588a) obtained from cedar wood oil was oxidized with 
Collins reagent to give ( + )-thujopsenone (589a), the antipode of ent
thujopsenone (589) and ( + )-mayurone (591) (74, 382). A new thujop
sane-type sesquiterpene alcohol (590) has been isolated from Marchantia 
polymorpha together with ent-thujopsenone (589) (71). Dehydration of 
(590) in CHCl3 gave ( + )-thujopsene (588) (Scheme 46), indicating that 
(590) was thujopsene with an axial hydroxyl group at C-7. The stereo
chemistry has been settled by the NOEs shown in the scheme. Thujopsene 
(588) has also been detected in Bazzania (513, 621, 622), Heteroscyphus 
planus (427a), Mastigophora (621, 635), Plagiochila (621,637) and Schisto
chila species (621,630) by GC-MS. 

A valencane-type sesquiterpene alcohol, 7cr-hydroxyvalenc-l (lO)-ene 
(592) has been isolated from Bazzania fauriana (581). Its spectral data 
were very similar to those of valencene (593) except for the absence of the 
signals corresponding to the isopropenyl group which suggested, that 
(592) was valencene with a tertiary hydroxyl group. This assumption and 
the presence of a 7cr-hydroxyl group were confirmed by NMR studies. 
The absolute configuration of (592) was established by synthesis from 
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~ Xt0-
(588) enl-Thujopsene (589) enl-Thujopsenone (590) enl-Thujopsan-7J3-ol 

CharI 41. Thujopsanes found in the Hepaticae 

(588a) (-)-Thujopsene (589a)(+)-Thujopsenone (591) (+)-Mayurone 

(590) ent-Thujopsan-7J3-ol (588) 

1) Collins oxd.lCH2CI2 2) W 

Scheme 46. Formation of ( + )-thujopsenone from ( - )-thujopsene and dehydration of 
ent-tbujopsan-7J3-ol 

( + )-nootkatone (577). The specific optical rotation of the synthetic 
product was [CX]D + 76° [lit. + 75°(581)]. This is the first example of 
valencane-type sesquiterpenoid from the Hepaticae. 

5.27 Vitranes, Widdranes and Zieranes 

The structure and absolute configuration of ( + )-vitrenal (594) iso
lated from Lepidozia vitrea has been established as (1 R,6R,7S, 1 OR)-vitr-4-
en-14-al by a combination of chemical degradation (Scheme 47) and x
ray analysis of the di-p-bromobenzoate (594£) (19, 389). The name vitrane 
has been proposed for the new carbon skeleton (389). 

The total synthesis of( ± )-vitrenal (594) has been accomplished in 12 
steps by MAGARI et al. (360). An alternative total synthesis of( - )-vitrenal 
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(592) 7a-Hydroxyvalenc-l (1 0)-ene (593) Valencene (594) Vitrenal 

Chart 42. Valencanes and vitranes found in the Hepaticae 
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Scheme 47. Reactions of ( + )-vitrenal 
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(595) Widdrene (596) ( · )·Widdrol 
(597) Saccogynol 

Charr 43. Widdranes and zierane found in the Hepaticae 
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(597) (597a) (597b) 

Scheme 48. Cope rearrangement of saccogynol 

(594), the enatiomer of natural vitrenal, has been performed by KODAMA 

et al. (335, 336) using 2-caren-4p-ol. 
Widdrane-type sesquiterpenoids are very rare in the Hepaticae. 

Previously, only widdrene (595) was detected in Omphalanthus platycoleus 
by GC-MS (19). ( - )-Widdrol (596) has since been isolated from Mar
chantia polymorpha (74, 382). 

Saccogyna viticulosa produces large amount of an alcohol, named 
saccogynol (597) and the corresponding hydrocarbon (146). The structure 
of (597) was deduced by detailed analysis of the 1 H-NMR spectrum, but 
the absolute configuration remains to be clarified. Oxidation of (597) did 
not give the expected ketone (597a) but afforded a product (597b) formed 
by Cope rearrangement (Scheme 48). The zierane carbon skeleton is 
rarely found in nature. The only other example is zierone (598) (209). 

(598) Zierone 
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5.28 Miscellaneous Sesquiterpenoids 

A new rearranged drimane-type sesquiterpene ether, named neo
drimanoxide, has been isolated from Plagiochila peculiar is; structure (599) 
was proposed for it by analysis of 1 H- and 13C-NMR spectra as well as its 
mass spectral fragmentation (623). However, more recent work using 
HMBC, NOE and relay COSY NMR spectrometry showed that the 
structure should be revised to (600) which has been named peculiaroxide 
(269, 63Ja). 

Conocephalum conicum produces a new type of sesquiterpene alcohol 
(601) whose structure has been elucidated by extensive NMR spectrome
try including 2D-COSYs and the HMBC method (553). Omphalanthus 
filiformis produces not only ent-chamigrane-type sesquiterpenoids but 
also the rearranged chamigrane-type sesquiterpene acid (602a) named 
omphalic acid whose structure is based on 600 MHz 1 H- and 150 MHz 
13C-NMR spectral data and 2D-COSY's of its methyl ester (602b) (44Ja, 

(599) Neodrimanoxide 

(602a) Omphalic acid ; R=H 
(602b) R=Me 

R 

(603e ) 

~ '" -'. 6"." .. ....... 
..•• ,/1 

(600) Peculiaroxide (601 ) Conicumol 

(603a) Riccardiphenol A ; R=H (604) Riccardiphenol B 
(603b) R=Ac 

H ~ a 0 

(605 ) (606) 

Chart 44a. Miscellaneous sesquiterpenoids found in the Hepaticae and their related 
compounds 



Chemical Constituents of the Bryophytes 209 

(264) ~-Chamigrene 

~w~~=m 
(602c) Omphalane 

Scheme 49. Possible biogenetic pathway for omphalane-type sesquiterpenoids from ~

chamigrene 

571). A possible biogenetic pathway for the formation of om ph alane-type 
sesquiterpenoids is shown in Scheme 49 (441a). 

The methanol extract of Riccardia crassa was chroma to graphed on 
silica gel and Sephadex LH-20 to give two new merosesquiterpenes, 
riccardiphenols A (603a) and B (604) (583). Acetylation and catalytic 
hydrogenation of (603a) gave a monoacetate (603b) and a tetrahydro 
derivative (603c), respectively, indicating that (603a) was a tricyclic 
compound with a phenol group and two double bonds. The position and 
stereochemistry of each functional group was established by a combi
nation of IH_ and 13C-NMR spectroscopic methods, and NOE experi
ments (583). The structure assigned to (604) was based on spectroscopic 
comparison with (603a). The substitution pattern on the benzene ring was 
confirmed by the presence of an NOE between the methoxyl group and 
two aromatic protons. The meroterpene skeleton of (603a) and (604) is 
unprecedented. An isocopalane-type diterpenoid (605) possessing a simi
lar dihydrobenzofuran group and its analogue (606) have been isolated 
from the tropical brown alga, Stypodium zonale (179, 180). 

Cheilolejeunea serpentina produces a new sesquiterpene phenol, ser
pentiphenol (607a) whose relative structure has been determined by use of 
NMR techniques including 2D-COSY and NOE experiments of the 
original compound, its dimethyl ether (607b) and its diacetate (607c) (249). 
A monohydroxy analogue (608) has been isolated from the brown alga 
Sporochnus bolleanus (501a). 

Fractionation of the ether extract of another Cheilolejeunea trifaria 
resulted in the isolation of trifarienols A-E (609-613) containing a new 
sesquiterpene carbon skeleton (249). Structures were deduced by degra
dation and NMR spectrometry. The relative stereochemistry of (609) was 
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(Sll) TrifarienoJ C (S12) TrifarienoJ D 

~ny 
OH 

(S14) RebouJiadienoJ (S15) Chenopodene 

Chart 44b. Miscellaneous sesquiterpenoids found in the Hepaticae and their related 
compounds 

established by X-ray crystallographic analysis and the absolute configu
ration established by means of the CD spectrum [307 nm (Lll: + 53.9) 
and 282 nm (Lll: - 55.9)] of (609) using shift reagent [Eu(fodh] and 
that [250 nm (Lll: + 16.1) and 233 nm (Lll: - 5.26)] of the di-p-bromo
benzoate (135, 233) as was the absolute configuration of 610 by its CD 
spectrum and the CD spectrum of its di-p-bromobenzoate. Both of these 
exhibited signs opposite to those of (609) and its di-p-bromobenzoate. 

Two new sesquiterpenoids, rebouliadienol (614) and chenopodene 
(615) have been isolated from Reboulia hemisphaerica (249) and Marchan
tia chenopoda (553), respectively. Their structures were elucidated by 
600 MHz NMR spectrometry. 

6. Diterpenoids 

Liverworts are rich sources not only of sesquiterpenoids but also 
diterpenoids. The earlier report (19) mentioned c1erodane-, kaurane-, 
labdane-, pimarane-, phytane-, sacculatane- and verrucosane-type diter-



Chemical Constituents of the Bryophytes 211 

penoids from Hepaticae. In addition to these, abietane-, cembrane-, 
chettaphanin-, dolabellane-, fusicoccane-, rearranged pimarane-, seco
clerodane-, sphenolobane-, spiroclerodane-, trachylobane- and verticilla
ne-type diterpenoids have been isolated from liverworts in the interval. The 
absolute configuration of diterpenoids found in liverworts is generally 
opposite to that found in higher plants, although there are exceptions as 
in the case of abietane-, clerodane- and labdane-type diterpenoids to be 
described subsequently. 

6.1 Abietanes and Cembranes 

Abietatriene (616) has been detected in Plagiochila peculiar is by GC
MS (637). From the ether extract of Porella roellii, dehydroabietic acid 
(617) has been isolated together with some drimane-type sesquiterpenoids 
(249). This is the first record of the isolation of an abietane-type 
diterpenoid from bryophytes. 

European Chandonanthus setiformis (= Tetralophozia setiformis) 
belonging to subgenus Tetralophozia produces the cembrane-type diter
penoid setiformenol (618) whose relative structure has been determined 
by 1H_ and 13C-NMR spectrometry as well as by a 1H_1H total 
correlation spectrum (TOCSY), HMBC and NOESY (429, 566, 567, 
567a). The stereochemistries of the epoxide and C-12 remain to be 
clarified. A very similar cembrane-type diterpene epoxide (620) has been 
found in the marine organism Gorgonian, Solenopodium stochei (113). 
Another cembrane-type epoxyketone, chandonanthone (619) has been 
isolated from Japanese Chandonanthus hirtellus; its gross structure is 
based on IR (1680 cm -1), UV [258 nm, (logE 3.8)] and NMR spectrome
try, the latter including 2D-COSYs (585). This is the first record of 
cembrane-type diterpenoids {rom bryophytes. 

(616) ar-Abietatriene ; R=Me 
(617) Dehydroabietic acid ; R=C02H 

Chart 45. Abietanes found in the Hepaticae 
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18 

(618) Setiformenol (619) Chandonanthone 

Chart 46. Cembranes found in the Hepaticae 

(620) 

6.2 Clerodanes, Secoclerodanes and Spiroclerodanes 

( - )-Kolavelool (621) has been isolated from Jungermannia (245), 
Macrolejeunea (433), Nardia subclavata (585), Pleurozia (52, 625) and 
Scapania species (377); it has also been found in the oleoresin of the higher 
plants Hardwickia pinnata (407) and Solidago elongata (13). Scapania 
bolanderi contains a new clerodane ester, (- )-methyl 13-hydroxy
cleroda-3,14-dien-18-carboxylate (624); its structure is based on spectro
scopic comparison with kolavelool (621) (377) and dimethyl kolavate 
(622) (406). 

Jungermannia species are rich sources of diterpenoids. A new clero
dane-type diterpenoid, clerod-3, 13( 16),14-trien-17 -oic acid (625a) has 
been isolated from J. infusca; its structure was determined by use ofNMR 
techniques (592). As kolavenic acid (623) is easily obtained from Solidago 
species (Compositae), it was also possible to arrive at the structure of 
(625a) by comparing the NMR spectrum of (625a) with that of (623). 
Further fractionation of the ethyl acetate extract of J. irifusca resulted in 
the isolation of six additional new clerodane diterpenoids (626~631) (430, 
594). Structures were assigned by extensive 2D-COSY NMR spectros
copy and chemical correlations. The geometry of side chains (Cll~C16) 
of (626~629) was established by NOE experiments and comparing the 
13C-NMR data with those of the monoterpene aldehydes neral (6a) and 
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(628) Clerod·3,13Z-dien-1S ,17-dial (629) Clerod·3,13E-dien-15 ,17-dial 

Chart 47a. Clerodanes found in the Hepaticae 
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geranial (6b), while the relative stereochemistries of the methyl groups at 
the ring junctions and the points of attachment of the side chain and the 
functional group at C-9 were established by NOE difference spectrome
try. Compounds (629) and (630) have also been obtained from a cell 
culture of J. infusca (457). 

H eteroscyphus bescherellei produces a diterpene acid (632) (83), whose 
NMR spectrum is identical with that of ( - )-junceic acid (633) obtained 
from Solidago juncea (Compositae) (267). However, the sign of the specific 
optical rotation of (632) was opposite, hence (632) from the liverwort is an 
enantiomer of the substance from the higher plant. 

Jungermannia paroica elaborates not only ( - )-kolavelool (621) but 
also the related ent-clerodanes (634-636) among which (636) is new (245). 
Compounds (634) and (635) were first isolated from Solidago serotina 
(397). In the 13C-NMR spectrum, the methyl group on C-16 is more 
shielded in the (E)-isomer (635) (017.8) than in the (Z)-isomer (634) 
(025.3). Conversely, C-12 is more shielded in the (Z)-isomer (026.7) than 
in the (E)-isomer (034.5) (478). The structure of (636) was readily 
established by spectroscopic comparison with those of co-metabolites 
(621,634,635). The absolute configuration of (621, 634, 635) is that of the 
enantio-series. 

From East Malaysian Schistochila aligera, a new clerodane (637a) was 
isolated in the form of its methyl ester (637b) (438). The lH-NMR 
spectrum of (637b) was similar to that of the methyl ester (625b) of(625a) 
from Jungermannia infusca (592) while 2D-COSY and HMBC experi
ments and comparison of the 13C-NMR spectrum of (637b) with those of 
(625b) and (638) (111) provided further evidence. The relative stereo
chemistry assigned to (637a) was supported by the NOE difference 
spectrum. Taiwanese Schistochila acuminata produces two novel clero
danes (639, 640), together with (637a) and its methyl ester (637b) (136, 
137). Relative structures were deduced by analysis of the lH_ and 13C_ 
NMR and NOESY spectra and comparison of the spectral data with 
those of (637a). The presence of the corresponding aldehydes (641, 642) 
and primary alcohols (643, 644) of the two major acids (639) and (637a) in 
some fractions from S. acuminata has been detected by careful analysis of 
the NMR spectral data of the mixtures (136). 

Schistochila nobilis grown in New Zealand elaborates two new 
clerodane-type diterpenoids, schistochilic acids B (645) and C (646) and a 
new secoclerodane-type diterpenic acid, schistochilic acid A (647), along 
with verrucosane-type diterpenoids (561, 563). Relative configurations 
assigned to these compounds are based on lH_IH, 13C_lH, long range 
13C-lH-2D-COSY, HMBC, HOHAHA and NOE techniques, except for 
the C-13 methyl group. 
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(630) Glerod-3, 13( 14 )-dien-15-01-17 -al (631) Glerod-3, 13(16), 14-trien-17-al 

(632) ent-Junceic acid 

GHO 

(633) Junceic acid 

H 

H 

(634) ent-3p.4p-Epoxyclerod-13Z -en-15-al 

GHO 

(635) ent-3p,4P-Epoxyclerod-13E -en-15-al 

(636) ent-3p,4P-Epoxycierod-14-en-13/; -01 

(637a) cis-Glerod-3, 13(16), 14-trien-18-oic acid; R=H 
(637b) Methyl cis-clerod-3,13(16),14-trien-18-oate; R=Me 

Chart 47b. Clerodanes found in the Hepaticae 
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(638 ) (639) cis-Clerod-3, 12E, 14-lrien-1 8-oic acid 

(640) cis·Clerod·3, 12Z, 14·trien·18·oic acid 

gSX .... ~ 
.' _ ...• ' ~ 
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HO 

(641 ) cis·Clerod-3, 12E, 14·trien·18·al (642) cis·Clerod·3, 13(16).14· trien·18-al 

(643) cis-Clerod-3, 12E, 14-trien -1 8-ol (644) cis-Clerod-3, 13(16), 14-trien-18·ol 

gSX .... , , 
- /' °2H 

~ 

C02Me 

#~H 
(645) Schistochilic acid B (646) Schistochilic acid C (647) Schistochilic acid A 

Chart 47c. Clerodanes and secoc1erodane found in the Hepaticae 

Gymnocolin (650) from Gymnocolea injlata was described earlier (19). 
The coupling constants in the 1 H-NMR spectrum suggested a trans
clerodane structure but X-ray crystallographic analysis showed that (650) 
was a cis-clerodane. In the crystalline state gymnocolin has a conforma
tion in which rings A and B are slightly distorted twist boats and ring C is 
a chair (272)_ 
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The bitter diterpenes anastreptin and orcadensin from Anastrepta 
orcadensis (19) possess structures (651) and (652) (143). The relative 
stereochemistries of (651) and (652) were established by extensive use of 
NMR spectrometry (478). The structure of (652) is similar to that of 
gymnocolin (650). The genus Demotarisia of Jungermanniaceae contains 
only one species, D. linguifolia which produces two new clerodane-type 
diterpenoids (653, 654) possessing a y-Iactone and a p-substituted furan 
ring (431). The structure of (653) has been deduced from the 1 H- and 13C_ 
NMR spectra and 2D-COSY's, the relative stereochemistry being based 
on the NOE difference spectrum. The structure assigned to (654) rests on 
spectroscopic comparison with (653) and chemical evidence. Hydrogen
ation of (654) gave a tetrahydro derivative which was identical with (655) 
prepared from (653), also by hydrogenation. 

(648) ent-Clerod·3. 12E. 14·trien·l1~·ol 

Co 
Ct)' ... ,,-OAc 

-.. ~ .... \ 

)-6 
o 

(650) Gymnocolin (651) Anastreptin 

(654) Dihydrolinguifolide (655) 

4)0 
Jll< l,+/-
~O o 

(652) Orcadensin 

(649) 

(653) Linguifolide 

(656) Ventricosenediolide 

Chari 47d. Clerodanes found in the Hepaticae 
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Lophozia ventricosa produces a gorgonane-type sesquiterpenoid (453) 
as well as a clerodane dilactone, ventricosenediolide (656), whose struc
ture has been elucidated by a combination of IH_, 13C-NMR and 2D
COSYs including long range 13C_1H and HMBC techniques (429, 565, 
567a). The relative stereochemistry has been established by the NOE 
difference spectrum and X-ray crystallographic analysis. 

lamesoniella autumnalis produces potent bitter furanoditerpenes 
whose structures had not been established at the time of the previous 
report (19). Since then the dichloromethane and ether extract of 1. 
autumnalis, has furnished three novel clerodane diterpene lactones 
(657-659) (112). The presence of all functional groups in (657) was 
confirmed by IR, MS and NMR spectrometry. 2D-COSY spectroscopy 
showed that it was the cis-clerodane (657). The cis-relationship between 
H-IO and H-19 was confirmed by NOE difference spectrometry which 

OH 

(;02Me 

(658) Jamesonieliide A 

17 

~
OHOR 

.•• ,OAe 
o f . ~ .• " 

;:::,... 

(661) Heleroseyphone B 

(657) 17-Aeetoxy-1~ , 12-dihydroxy-1S, 16-epoxy-cis-ent-eterod-

3,13(16), 14-trien-6o., lS·olide 

(659) Jamesoniellide B (660) Heteroseyphone A 

(662) Heteroscyphone C (663) Heteroscyphone D 

Chart 47e. Clerodanes and spiroclerodanes found in the Hepaticae 
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also showed that the equatorial acetoxyl at C-8 and the axial methyl at 
C-9 are on opposite sides ofthe molecule. Compound (657) is structurally 
related to gymnocolin (650). 

The secoclerodane skeleton assigned to jamesoniellides A (658) and B 
(659) is based on extensive NMR spectrometry including a 13C-1H-2D
COSY. The stereochemistry of (658) follows from the presence of an NOE 
between H-9 and H-12 and between H-9 and H-19. Detailed analysis of 
the NMR spectral data as well as 13C_1H_ and long range 13C-1H-2D
COSY's led to structure (659) for jamesoniellide B with stereochemistry 
being supported by NOE spectrometry. That the two lactones belong to 
the ent-series is suggested by the co-occurrence of ent-Iabdanes in the 
same liverwort. As cis-clerodane lactones with a ~-substituted furan ring 
such as gymnocolin exhibit intense bitterness (19), compound (657) and 
the related clerodanes (658) and (659) may be the bitter principles of 1. 
autumnalis. 

Chromatography of the ether extract of Heteroscyphus planus gave 
four new highly oxidized spiroclerodane-type diterpenoids, heteroscy
phones A-D (660-663), as well as an additional new clerodane, hetero
scyphol (= cleroda-3,12(E),14-trien-lls-01) (648) which gave dienone 
(649) by oxidation with PCC (249, 253). The relative structure of(660) was 
established by a combination of NMR techniques, chemical trans
formations (acetylation, conversion of the lactol to a lactone by PPC 
oxidation) and X-ray crystallographic analysis. The absolute configu
ration assigned to (660) is based on the negative Cotton effect at 298 nm 
(~E - 1.81). The structure of (661) is based on its preparation from (660) 
by removal of the epoxide (reaction with PhSe2Ph/NaBH4 followed by 
mild acid treatment). Analysis of the IR, UV and NMR spectra and 
comparison with those of (660) and (661) led to the conclusion that the 
structures of (662) and (663) were as depicted in Chart 47e. Their absolute 
configuration is probably the same as that of (660). 

6.3 Dolabellanes 

The earlier report (19) mentioned isolation of a diterpenoid bitter 
principle of unknown structure, barbilycopodin, from Barbilophozia 
floerkei and B. lycopodioides. Reinvestigation of the constituents of three 
European Barbilophozia species, B. attenuata, B. floerkei, and B. lycopo
dioides showed that these species produced dolabellane-type diterpenoids 
(143,273). 

The ether extract of the dried and powdered B. attenuata, B. floerkei 
and B. lycopodioides, was chromatographed on silica gel to give barbily-
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(664) 6arbilycopodin (= 1 OR, 18-Diaceloxy-35 ,45 ,75 ,85-
diepoxydolabellane) ; R=OAc 

(665) 10-Deaceloxybarbilycopodin (= 18·Acetoxy-3S ,45 ,75 , 
8S -diepoxydolabellane) ; R=H 

(666) 1 OR, 18-Diacetoxy-3S,45-epoxydolabell-7 E-ene 

(667) 18·Hydroxydolabell·7 E-en-3-one 

Ac I {J5I;1YOH 

(668) Acetoxyodontoschismenol 
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(669) 6, 12-Dihydroxydolabella-3E, 7 E-diene 

(670) 6·Acetoxy-12, 16-dihydroxydolabella-3E, 7 E·diene 

Chart 48a. Dolabellanes found in the Hepaticae 

cop odin (664), while B. fioerkei produced three additional dolabellane
type diterpenoids (665-667). The structure of (664) was deduced by NMR 
spectrometry and the chemical transformations shown in Scheme 50. 
Alkaline hydrolysis of (664) gave (664a), whose oxidation with Jones 



Chemical Constituents of the Bryophytes 221 

V 

Ae~H 
LC.'~ (671 ) 6.1 6Di""o",~ 12~hyd,o"""""."·3E. '''''"" 

OAe 

V 

AC' ~H (672) 6~A~ .. ",~3"~,PO"'~ 12~hyd .. ",dol.b,,,.~7E~"~ 16~.1 
~ '. 

'tHO 

(673) 1B-Hydroxy-4,B-dolabelladiene 

AcO 

(668) (673) 

CharI 48b. Dolabellanes found in the Hepaticae 

reagent afforded a ketol (664b). The Eu(fodh-shifted lH-NMR spectrum 
and spin decoupling suggested that (664b) might contain a dolabellane 
skeleton with one tertiary hydroxyl group, two epoxides and one ketone. 
This was confirmed by an X-ray analysis of (664a) which also established 
the relative configuration. The absolute configuration assigned to (664a) 
is based on the negative Cotton effect of (664b) at 289 nm (AI> - 0.97). 
The structure of the monoepoxide (666) was also established by a study of 
the 1 H- and 13C-NMR spectra and by X-ray crystallographic analysis. 
Treatment of (664) with Zn-Cu in ethanol gave a diacetoxydolabelladiene 
(664e) and a monoepoxide (666) identical with naturallOR,18-diacetoxy-
3S,4S-epoxydolabell-7 E-ene. Spectroscopic comparison of 1 H- and 13C_ 
NMR of (665) and (666) suggested that (665) was lO-deacetoxybarbilyco
podin, a suggestion confirmed by an X-ray crystallographic analysis. The 
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Scheme 50. Reactions of barbilycopodin 

absolute configuration of (665) is assumed to be the same as that of (664). 
The structure assigned to the fourth dolabellane, 18-hydroxy-dolabell-
7 E-en-3-one (667), was arrived at chiefly by a detailed analysis of its 
spectral properties, although the configuration of the secondary methyl 
group has not been clarified. The eleven-membered ring has essentially 
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the same conformation in (664a, 665, 666), a conformation which has been 
characterized as a low-energy form of cycloundeca-l,5-diene by molecu
lar-mechanics calculations (273). Barbilycopodin (664) has also been 
isolated from Barbilophozia barbata (432), B. hatcheri (429, 565) and 
Chandonanthus setiformis ( = Tetralophozia setiformis) (286, 647) which 
belongs to the Lophoziaceae. 

Odontoschisma denudatum of the Lophoziaceae produces five dolabel
lane-type diterpenoids ( + )-acetoxyodontoschismenol (668) and the re
lated compounds (669-672) (381, 388). From the chemical and spectral 
evidence shown in Scheme 51 and the biogenetic isoprene rule, the carbon 
skeleton of(668) has been deduced to be that of a dolabellane. The relative 
stereochemistries ofC-l (Me), C-12 (OH) and C-ll were assigned on the 
basis of a small pyridine-induced solvent shift of C-l (Me) and a weak 
lanthanide-induced shift on addition of Eu(dpmh and the formation of 
dolabellatriene (668a) shown in Scheme 51. The geometries of the two 
double bonds and the conformation of the eleven-membered ring were 
deduced from the 13C-NMR spectrum (016.6 and 17.9 for C-4 and C-8) 
and NOE spectrometry which showed the absence of an NOE between 
the vinyl methyls and vinyl protons. The formation of (668h) suggested 
that the tertiary hydroxyl group at C-12 of (668) was in the ex-configura
tion and trans to the C-l methyl group. The absolute configuration of 

(669) R=H 
1)r--
~ (6698) R=p-BrBz 

(668) 

Ac 

(668g) 

1) p-BrBzCI/Py 2) AC20/Py 3) 5% KOH/MeOH 4) SOCI2/Py 
5) 0 3 6) Me2S 7) HS(CH2hSH 

(668h) 

Scheme 51. Reactions of ( + )-acetoxyodontoschismenol 
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(668) was established by combination of an X-ray crystallographic 
analysis and the exciton chirality method since the CD spectrum of the 
allylic p-bromobenzoate (669a) exhibited a first negative Cotton effect 
(~E240 nm - 8.36). The formation of the 8-lactone (668h) must be accom
panied by inversion of the configuration at C-12 because the C-12 
hydroxyl group is ~-oriented and is cis to the C-l methyl group. The 
solution conformation of (668) has been studied by means of Allinger's 
molecular mechanics (MM2) calculations as well as IH-NMR and CD 
spectrometry (391). The structures of four minor dolabellanoids 
(669-672) have been correlated chemically with (668) as shown in Scheme 
52. The structure of (670) was also confirmed by X-ray crystallographic 
analysis. 

Pleurozia gigantea elaborates dolabellane- (673), fusicoccane-, lab
dane- and rearranged labdane-type diterpenoids (52). The IH_ and 13C_ 
NMR spectrum as well as HMBC experiments, coupled with the co
occurrence of three fusicoccane-type diterpenoids suggested that (673) 
was a dolabellane-type diterpenoid with a dimethylcarbinyl group [m/z 
59 (100%)] and two non-conjugated double bonds. Spin decoupling, IH_ 
1 H 2D-COSY and HMBC experiments led to structure (673), with the 
geometry of the double bonds and the absolute configuration still in 
question. However, a tentative assignment of absolute stereochemistry 

~-y ~YH t ~ , r 

A I ~A I 
!J !J 

Ac 

(669) (670) (671 ) 

l4) 

-d~4 
\--01-1 ''tHO 

(6708) (672) 

1) Py·S03 2) liAIH4 3) AC20 /Py 4) MCPBAlCH2CI2 5) POC oxid. 

Scheme 52. Reactions of dolabellanoids 
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can be made by taking into consideration of the co-occurrence of the 
biogenetically related fusicoccane diterpenoids. 

The first dolabellane-type diterpenoid (674) was isolated from the sea 
hare Dolabella californica (296). Dolabellanes (675, 676) similar to (673) 
have been also isolated from brown algae, but their absolute configu
rations have not been established (6). 

QAc ~ 

y-h 
~ 

':. 

(674) (675) (676) 

The biogenesis of the dolabellane-type diterpenoids by cyclization of 
all-trans-geranyl geranyl pyrophosphate (677) can be represented as in 
Scheme 53 (143, 296). Further cyclization of (677a) in Markownikov 

(677 ) 

-- -----
(6778 ) 

V 

HO¥: H ~ , 
--'If, 

H 

(677b) 

Dolabellanes 

(679) Anadensin (Fusicoccanes) 

Scheme 53. Possible biogenetic pathways for dolabellanes and fusicoccanes from geranyl 
geranyl pyrophosphate 
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fashion affords the diterpenoid skeleton (677b) found in marine or
ganisms as shown in Scheme 53 (143). A different cyclization mode of 
(677a) leads to the fusicoccane-type diterpenoids found in liverworts (see 
below). 

6.4 Fusicoccanes 

Fusicoccane-type diterpenoids are relatively rare in nature although 
they have been found in fungi (88, 89, 92, 487-489) and higher plants (2). 
Anadensin (679) which has been isolated from Anastrepta orcadensis 
(Lophoziaceae) is the first fusicoccane-type diterpenoid found in bryo
phytes (143, 274). The structure of (679) was deduced by analysis of the 
lH_ and 13C-NMR data including Eu(fodh-induced shift values. The 
final stereochemistry of (679) was established by X-ray crystallographic 
analysis. The same compound has been isolated from Plagiochila ovali
folia (435a). 

As mentioned earlier Plagiochila moritziana produces a sesquiterpen
oid linked to a fusicoccane (515). The hydrocarbon, fusicoccadiene (678) 
has been found in Plagiochila geniculata, P. moritziana, P. panamensis, 
Riccardia andina and Symphyogyna brasiliensis (513). 

Pleurozia gigantea elaborates three fusicoccane diterpenoids, fusico
gigantones A (680), B (681) and fusicogigantepoxide (682), together with a 
biogenetically related dolabellane-type diterpene alcohol (673) discussed 
in the previous section (52). The presence of a fusicoccane skeleton and 
the position of the functional groups in (680) were established by IR and 
NMR spectrometry including 2D-COSY s as well as HMBC. Treatment 
of (680) with lithium diisopropylamide (LDA) in tetrahydrofuran gave an 
cx.,~-unsaturated ketone identical with anadensin (679) (274). Hence, the 
absolute configuration of fusicogigantone A was established as (680). 
Compound (681) had lH_, 13C-NMR and mass spectral data similar to 
those of (680). The full structure was settled by a combination of 2D
COSY, HMBC and NOESY techniques, with the absolute stereo
chemistry presumably the same as that of (680). lH_ and 13C-NMR 
spectra as well as 2D-COSY and HMBC experiments of (682) indicated 
that it was also a fusicoccane with two epoxy rings in the five membered
ring, the absolute stereochemistry being presumably the same as (680) 
and (681). This was subsequently confirmed by an X-ray crystallographic 
analysis of the same material isolated from Bryopterisfilicina (432a). This 
was the first report ofthe co-occurrence of biogenetic ally related dolabel
lane- and fusicoccane-type diterpenoids in the plant kingdom. Plagiochila 
corrugata also elaborates a new fusicoccane diepoxide, fusicorrugatol 
(683), together with fusicogigantone (680) (441a). 
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(678) Fusicoccadiene (679) Anadensin (680) Fusicogigantone A 

(681) Fusicogigantone B (682) Fusicogigantepoxide (683) Fusicorrugatol 

~ 'YaH H~f 'YaH ¥ '" ... 
H"... H" ..... 

'. H H 
HO ' ... 

(684) Barbifusicoccine A (685) Barbifusicoccine B (686) Fusicoplagin A ; R'=R2=H 
(687) Fusicoplagin B ; R'=H. R2=Ac 

(688) Fusicoplagin C (689) Fusicoplagin D 

Chart 49a. Fusicoccanes found in the Hepaticae 

Two new fusicoccanes, barbifusicoccines A (684) and B (685), were 
isolated from Barbilophozia jloerkei, along with dolabellanes (664, 665) 
which might be precursors of the fusicoccanes (429, 565, 567a). Structures 
of (684) and (685) were elucidated by IH_ and 13C-NMR, 2D-COSY and 
NOE difference spectra and by considering the nature ofthe co-occurring 
dolabellanoids. Treatment of (685) with p-bromobenzoyl chloride gave a 
monobromo- and a dibromobenzoate. The former, with the acyl group 
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on the 8-membered ring, exhibited an NOE between H-18 and the 
protons on the benzene ring indicating that the hydroxyl and H-18 were 
cis. 

Plagiochila sciophila ( = P. acanthophylla subsp. japonica) contains 
ent-sesquiterpenoids as mentioned earlier. Further fractionation of the 
ethyl acetate soluble portion of a methanol extract of fresh P. sciophila 
resulted in isolation of four new highly oxygenated fusicoccanes, fusico
plagins A (686), B (687), C (688) and D (689) (261). The stereochemistry of 
(686) was established by X-ray crystallographic analysis of the tetraace
tate prepared by acetylation of the hydroxyl groups on C-4 and C-9. The 
absolute stereochemistry at C-4 was shown as S by the allylic benzoate 
chirality method (239) using the C-4 p-bromobenzoate whose CD 
spectrum showed a positive Cotton effect at 244 nm (dE + 7.51). That 
(687) was the 9-0-acetate of (686) was shown by the downfieid shift of the 
H-9 signal and conversion of (686) and (687) to the same tetraacetate. The 
structure assigned to (688) was based on the presence of an acetal proton 
at C-18 and by a chemical correlation which involved reduction of the 
acetylated hemiacetal to a diol followed by conversion to the same 
tetraacetate furnished by (686) and (687). The presence of a tertiary 
methyl group in place of the hydroxymethyl group of (689) indicated that 
C-18 was unsubstituted. The structure of (689) was deduced by spectro
scopic comparison with (686-688). 

Plagiochila spinulosa produces two fusicoccanoids, spinuloplagins A 
(690) and B (691) together with bibenzyl derivative (907) (478). The 
aromatic and terpenoid signals were similar to those of the bibenzyl and 

OMe 

MeO 

(691 ) Spinuloplagin B 

(690) Spinuloplagin A 

Chart 49b. Fusicoccanes found in the Hepaticae 
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fusicoccane diterpenoid. The stereo structure of (690) was established by 
X-ray crystallographic analysis. The second fusicoccane ether (691) was a 
regioisomer of (690) by spectroscopic comparison with those of (690). The 
ortho-diphenol-olefin conjugate moiety present in these compounds is 
unusual and new to liverwort constituents. 

The proposed biogenesis of fusicoccane-type diterpenoids involves 
cyclization of dolabellane which in turn has been formed by cyclization of 
geranyl geranyl pyrophosphate (677), as shown in Scheme 53 (143). 

6.5 Kauranes 

Fourteen ent-kaurane-type diterpenes from liverworts distributed 
over the Jungermanniales in Anthelia, Jungermannia, N ardia, Porella, and 
Solenostoma species were described in the earlier report (19). Kaurene 
(692) is the most commonly encountered kaurane-type diterpenoid and 
has been found in several species (Table IIc). 

A new ent-kauren-15-one-18-oic acid (696) has been isolated from 
Indian Porella densifolia subsp. appendiculata, together with ent-18-
hydroxykauren-15-one (695) (19, 67). Kaurene (692), 15-hydroxykaurene 
(693) and kauren-15-one (694) have also been detected in the methanol 
extract of this species. The structure of (696) has been confirmed by its 
preparation from (695) by Jones oxidation (67). The previous report 
mentioned isolation of ent-18-hydroxykauren-15-one (695), (16R)-ent-18-
hydroxykauran-15-one (697) and ent-kauren-18-oic acid (698) from Po
rella densifolia var. fallax (19). Reinvestigation of the methanol extract of 
P. densifolia var. fallax resulted in the isolation of other known ent
kaurenes, ent-llcx-hydroxykauren-15-one (699a) and (16R)-ent-llcx
hydroxykauran-15-one (700a), together with (698) (67) but (697, 698, 
699a, 700a) found in P. densifolia var. fallax were not detected in P. 
densifolia subsp. appendiculata. A rare 7-oxygenated kaurane-type diter
penoid (701) has been isolated from Plagiochila pulcherrima; its relative 
stereochemistry was established by spectral data and conversion to an 
acetonide (190) while its absolute configuration is based on the CD 
spectrum of its dibenzoate (237) which showed a positive first Cotton 
effect at 238 nm (~E + 22.8) and a negative second Cotton effect at 222 nm 
(~E - 15.8). The positive sign of the first Cotton effect led to the 
conclusion that (701) was ent-kaur-16-en-7cx,15~-diol. 

N ardia species are rich sources of kaurane-type diterpenoids. N. 
scalaris and N. succulenta produce 15-hydroxykaurene (693), kauren-15-
one (694) and (16R)-ent-kauran-15-one (702), together with kaurenyl 
malonates (vide infra) (354a). 
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(695) enl-18-Hydroxykauren-15-one 

(696) enl-Kauren-l 5-ons-18-oie aeid 

{697} (16R)-enl-18- Hydroxykaurane-15-one 

(698) enl-Kauren-18-oie acid 

(699a) enl-llo:-Hydroxykauren-15-ons ; R=H 
(699b) R=Ae 

{700a} (16R )·enl-ll Cl-Hydroxykauran-15-one : R=H 
(700b) R=Ac 

Chart 50a. Kauranes found in the Hepatieae and their derivatives 
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Jungermannia infusca gave (16S)-ent-llot-hydroxykauran-15-one (703) 
which has been prepared from the (16R)-isomer (700a) by isomerization 
using alkali, along with the previously known ent-kaurane-type diterpen
oids (693,694, 699a, 700a, 702) (594). Diterpenoids (699a, 700a) have also 
been isolated from Jungermannia truncata (437). 

J amesoniella autumnalis produces not only clerodane- and labdane
but also the kaurane-type diterpenoids (694, 699a, 700a) (437) previously 
isolated from Jungermannia species (19). Jungermannia vulcanicola con
tains three new ent-kaurane-type diterpenoids, ent-kauren-3J3,15ot-diol 
(704), ent-15ot-hydroxykauren-3J3-yl acetate (705) and ent-3J3-
hydroxykauren-15-one (706) (437). The spectral features (2D-COSYs) 
and comparison of lH-NMR spectrum of (704) with those of the 
previously known ent-kaurenes from the other Jungermannia species 
showed that (704) was a kaurane~type diterpene diol. The position and 
stereochemistry of the hydroxyl group were confirmed by an HMBC and 
NOE spectrometry. Acetylation of (704) and (705) gave the same 
diacetate. The location of the acetoxyl group at C-3 in (705) was 
determined by 2D-COSY s. The presence of a conjugated ketone group in 
(706) was evident from UV maximum at 233 nm. Reduction of (706) gave 
(704) through a garryfoline-cuauchichicine rearrangement (see below) 
while catalytic hydrogenation of (704) afforded a dihydro derivative 
whose CD spectrum exhibited a negative Cotton effect at 308 nm (de 
- 0.59) thus establishing that (704-706) were members of the ent-

kaurane-series. 
Two new kaurane-type diterpenoids, ent-16J3-hydroxykauran-3-one 

(708) and ent-kauran-3J3, 16J3-diol (709), have been isolated from Frulla
no ides densifolia, along with ent-16J3-hydroxykaurane (707) (14, 554, 556). 
The structure of (708) was deduced from the lH_ and 13C-NMR and IR 
spectra as well as an HMBC experiment. Wolff-Kishner reduction of 
(708) afforded a deoxo product identical with (707). Compound (709) had 
a secondary hydroxyl, which was equatorial and J3 (dd at 03.19) in place of 
the ketone function. Reduction of (708) with NaBH4 in methanol gave a 
diol identical with (709) in all respects. 

A new ent-kaurenol, nardiin (710) has been isolated from the chloro
form extract of a large amount (4.19 kg) of Nardia scalaris. Its structure 
and stereochemistry were elucidated by analysis of spectral data and by 
the garryfoline-cuauchichicine type rearrangement accompanying its 
reduction (Scheme 54) (101). Further investigation ofthe ether extract of 
N. scalaris resulted in isolation of the ent-kaurane malonate (7Ha) in the 
form of its methyl ester (7Hb) (148). The relative and absolute configu
rations were established by analysis of the 1 H - and 13C_ NMR spectra, 
and by LiAIH4 reduction followed by oxidation to a ketone which 
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Chari 50b. Kauranes found in the Hepaticae 
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o 
(710) 

o 
(7108) 

Scheme 54. Reduction of (710) 

(712) Sis-( 14R)-ent-kaur-16-en-14-yl malonate 

".', _ rll 
H" OCOCH.c02~ I-" 

(713) (14R)-ent-Kaur-16-en-14-yl phytyl malonate 

(714) (14R)-ent-Kaur-16-en-14-yl epi-bomyl malonate 

(715) (14R)-ent-Kaur-16-en-14-yl fenchyl malonate 

(716) (14R)-ent-Kaur-16-en-15~-hydrogen malonate 

Chart 50c. Kauranes found in the Hepaticae 
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COCH'Co,-rfJ 

(717) ent-Kaur- 16-en - 15~ -yl epi-bornyl malonate 

(718) Bis-ent-Kaur-16-en-1 5~-yl malonate 

COCH'OO~ 
(719) ent- Kaur-16 -en -15~ - yl phytyl malonate 

(720) ent-Kaur-16-en-15~-yl ent-labdan-8(17), 13-dien-15-yl malonate 

Chart 50d. Kauranes found in the Hepaticae 

exhibited a negative Cotton effect at 305 nm (AI:: - 1.17). C-14 oxygen
ated kaurane-type diterpenoids are rare in nature (184, 545). Two more 
complex ent-kaurene malonates (712) and (713) together with the parent 
ent-14cr-kaurenol (726) which was also provided by LiAIH4 reduction of 
(711a) have been isolated from Japanese Nardia subclavata, along with 
(711a) (585), while European N. scalaris furnished the malonate ester 
(714), (715), (716), (717) and (718), along with (711a), (712), (713) and (726) 
(354a). The same kaurene malonates (716, 718) and two new kaurene 
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Chart 50e. Kauranes found in the Hepatieae and their derivatives 
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malonates, ent-kaur-16-en-15~-yl phytyl malonate (719) and ent-kaur-16-
en-15~-yl ent-Iabdan-8(17), 13-dien-15-yl malonate (720) have been iso
lated from European N. succulenta (354a). 

Jungermannia infusca contains very bitter principles. Reinvestigation 
of the methanol extract by a combination of column chromatography on 
silica gel, Sephadex LH 20 and HPLC resulted in the isolation of five new 
kaurane-type glucosides, infuscasides A-E (721a, 722a, 723-725) (436, 
594), along with the known ent-15cx-hydroxykaurene (693) (19). Acety
lation of (721a) gave a hexaacetate (721b). Treatment of (721a) with 
cellulase for 3 months gave an aglycone (721c), indicating the presence of 
one acetoxyl group at C-6'. The position of each hydroxyl group and the 
stereochemistry of (721c) were established by the analysis of 2D-COSY 
and NOESY experiments. That the glucose unit is linked axially was 
based on the difficulty with which (721a) underwent hydrolysis with 
cellulase while the ~-configuration of the glucose at C-6 of (721a) was 
based on the coupling constant (J = 7.6 Hz) involving the anomeric 
proton (H-1'). 

Acetylation of (722a) gave a pentaacetate (722b). Location of an 
acetoxyl group at C-2' in the glucose moiety and of the ketone group 
at C-6 was established by analysis of the cross peaks in the lH_ 
1 H COSY NMR spectrum of (722a). That the glucose unit was linked to 
C-20 was evident from the chemical shift ofH-20, at higher field than the 
other proton hydroxyl bearing carbon, while the stereochemistry and ~
configuration of the glucose unit were established by NOE difference 
spectrum and the coupling constant (J = 7.8 Hz) of the anomeric proton. 
That infuscaside C (723) was the 6-deoxo derivative of (722a), became 
clear on spectroscopic comparison with (721a) and (722a). The spectral 
data of in fusca side D (724) were almost identical with those ofinfuscaside 
B (722a) except for the absence of one acetoxyl group. Acetylation of (724) 
also gave pentaacetate (722b). The spectral data of infuscaside E (725) 
quite resembled those of infuscaside A (721a), except for the absence of an 
acetoxyl group, suggesting that (725) might be deacetoxyinfuscaside A. 
This presumption has been confirmed by acetylation of (725) which gave 
a hexaacetate identical with hexaacetate (721b) from (721a). This is the 
first record of the isolation of terpene glucosides from bryophytes. 

6.6 Labdanes and Chettaphanins 

As mentioned in the previous report (19) six labdane-type diterpen
oids had been isolated from the Jungermanniales prior to 1982 three of 
which belonged to the ent-series, while the absolute stereochemistry of the 
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other three labdanes isolated from Ptychanthus striatus remained to be 
clarified. Since then, a various normal and ent-labdane-type diterpenoids 
have been isolated not only from Jungermanniales but also from Mar
chantiales and the absolute configuration of the previously known 
labdanes in P. striatus has been established. 

Taiwanese Pleurozia acinosa gave a new labdane-type diterpene, 8-
epi-sclareol (727), together with the clerodane ( - )-kolavelool (621) (625). 
The structure of (727) was established by comparison of the 13C_ NMR 
spectrum with the spectra of sclareol (728) and 13-epi-sclareol (729), 
except for the absolute stereochemistry. The same diol has also been 
obtained from East Malaysian P. gigantea (52) and South American 
Plagiochila corrugata (441 a). 

Porella perrottetiana is a rich source of diterpenoids (19). It produces 
( + )-labda-7,14-dien-13-01 (730) and labda-12,14-dien-8ex-ol (731) first 
isolated from Nicotiana tabacum (142) along with the previously known 
ent-labdane-diol (735) (80, 83). Relative and absolute stereochemistry 
followed from spectroscopic comparison with (735) and the presence of 
co-metabolite of (735). Diterpene (730) has also been isolated from Mylia 
nuda (624). 

Marchantia polymorpha, M. paleacea var. diptera produces not only 
ent-sesquiterpenoids but also an ent-diterpenoid, ent-labda-7,13E-dien-
15-01 (736) (74, 80, 579). The same compound occurs in Targionia 
hypophylla (75) while its enantiomer has been isolated from Nicotiana 
setchelli (526). Mylia nuda elaborates ( + )-manoyl oxide (737) (622) 
which occurs in several higher plants. Three previously known labdane
type diterpenoids (738, 739, 740) have been isolated from Jungermannia 
infusca (592). The first two are gomeraldehyde and epi-gomeraldehyde 
found in higher plants (207), the absolute configuration of (+)
isoabienol (740) ([ex]D + 29.1°) previously isolated from conifers has not 
been established (208). A substance assigned formula (740) has been 
obtained from a Sideritis species (125); however, the optical rotation 
([ex]D - 0.4°) differs. 

Three labdane-type diterpenoids, haplomitrenolides A (741), B (742) 
and C (743) have been isolated from the primitive liverwort, Haplomi
trium mnioides (77). The stereochemistry of(741) was established by NOE 
spectrometry. The location of an axial tertiary hydroxyl group at C-9 of 
(742) was deduced from the diamagnetic shifts of C-5 and C-12 (y-effect) 
and the paramagnetic shifts of C-9 (ex-effect) and C-ll (~-effect) compared 
with the 13C-NMR spectrum of (741). The location of a carbomethoxyl 
group at C-20 of (743) was similarly deduced from the diamagnetic shifts 
ofC-3, C-5 and C-19 (y-effect) and the paramagnetic chemical shift ofC-4 
(~-effect) compared with (741). The absolute configuration of the three 
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(732) Labda-12E, 14-dien-8a, 11; -diol (733) (-)-ent-trans -Communic acid 

(734) ent-trans-Cummunol acetate 
(= 19a-Acetoxy-ent-labda-8 (17), 12E, 14-triene) 
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Chart 51 a. Labdanes found in the Hepaticae 
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(739) epi-Gomeraldehyde (740) Isoabeinol 

(741) Haplomitrenolide A ; R' =H. R2=Me 

(742) Haplomitrenolide B ; R'=OH, R2=Me 

(743) Haplomitrenolide C ; R'=H, R2=COOMe 

(745) Scapanin A (= Scapanin) 
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(744) 

(=(11 S ,122)-80:, 12-Epoxy-50:.11 0:-dihydroxylabda-1 2,14-
dien-1-one) 

(746) Scapanin B ; R'=O, R2=R4 =OH, RJ:H2 
(747) R'=H 2 , R2=R4=H. R3=H. ~-OH 
(748) R'=RJ=H, ~-OH , R2=R4 =H 

(749) R'=R3=H, ~-OH, R2=H, R4 =OH, 

(750) R'=O. R2=H, RJ=H. ~-OH , R4=OH 

(751) R' =H. ~'OH , R2=R4=H. R3=H2 
(752) R'=O, R2=H. R3=H2. R4=OH 

(753) R' =H, ~-OH . R2=H, RJ =H2• R4=OH 

>B0 ~-~ ... "" 0 ~ 

~/ _"',.. : 0 
H -

~ H 

(754) Scapanin G (755) (+)-Pallavicinin 

Chart 5ib. Labdanes found in the Hepaticae 
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new labdanes has not been established. A very similar lactone (744), 
nidorella lactone has been isolated from Nidorella hottentotica (Composi
tae) (121). 

Scapania undulata is a rich source of both sesquiterpenoids and 
labdane diterpenoids. Scapanin A (745), originally named scapanin, and 
its dihydro derivatives, (746) (scapanin B), (747-753), the rearranged 
labdane (754) and labda-12E,14-dien-8(X,11~-diol (732) have been isolated 
from S. undulata (143, 144, 277). Their structures and stereochemistries 
were established by a combination of chemical transformations some of 
which are shown in Scheme 55, 1 H- and 13C-NMR studies and X-ray 
analyses of diol (748) and 14,15-dihydroscapanin A (745b). The absolute 
configurations assigned to (745) and (751) are based on the CD spectra of 
(745d) and (751a), respectively. Compound (745) is very sensitive to acids 
and decomposes in CDCl3 solution. Satisfactory spectra were obtained in 
C6D6 or CD30D. When dihydroscapanin A (745b) or tetrahydrosca
panin A (778) was dissolved in CHCl3 in the presence of dilute aqueous 
acid, hydration occurred faster than isomerization and crystalline hy
drate (745d) or (778a) was obtained. In D 20 solution, (745b) or (778) 
equilibrated rapidly, presumably via an oxonium ion intermediate to give 
a mixture of double bond isomers (745b) and (745h). On addition ofD20, 
another rapid change occurs to give a 1: 1 mixture of (778f) and (778g). 
Reaction of (745b) or (746) with NaOMe induces a retroaldol reaction 
followed by an alternative aldol condensation and dehydration to give 
rearrangement products (745c) or (746e), respectively. A related re
arranged labdane, scapanin G (754), has been isolated from Scottish S. 
undulata. German S. undulata contains scapanin A (745) and scapanin B 
(746), but appearance of scapanin B is variable. Extracts from one 
Scottish site gave compounds (732) and (747-750), while those from a 
second site, some three miles from the first and across a watershed, 
furnished scapanin B (746) and compounds (751-753, 754). A new lactone 
with a rearranged labdane skeleton, ( + )-pallavicinin (755), has been 
isolated from Taiwanese Pallavicinia subciliata and its structure estab
lished by X-ray crystallographic analysis (623a). 

As mentioned in the earlier volume (19) four labdane-type diterpen
oids, ptychantins A ( = Ps-3) (756), B ( = Ps-4) (757), C ( = Ps-5) (758) 
and D ( = Ps-7) (759) have been isolated from Ptychanrhus striatus; their 
planar structures were elucidated by spectroscopic evidence. The relative 
and absolute stereochemistry of (757) has since been established by a 
combination of chemical reactions, X-ray crystallography, NOE differ
ence spectrometry, the CD spectrum of a dibenzoate (757a) (80, 250) and 
use of the advanced Mosher method (454) using the ( + )- and ( - )
MTPA esters, (757b) and (757c) (250). The structure and stereochemistry 
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(745d) Or (7788) (745d) or (7788) 

(745h) (7781) (778g) 

H 

1) Oxldalion 2) H~d·C 3) NaOMe 4) CHCI3• H20, W 5) LiAIH, 6) 2HtPl 

Scheme 55. Reactions of scapanins 

of (756), (758), and (759) were established by a combination of NOE 
spectrometry and chemical correlations with (757). Further fractionation 
of the ether extract of P. striatus resulted in the isolation of (760) and 
(761-763) together with (759) (251). The structure of ptychantin E (760) 
was deduced by spectroscopic comparison with the previously known 
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(756) Ptyehantin A (=Ps-3) ; R'= R2=Ae. R3=H 

(757) Ptyehantin B (=Ps-4) ; R'=Ae, R2=R3=H 

(758) Ptyehantin C (=Ps-5) ; R'= R2=R3=H 

(759) Ptyehantin D (=Ps-7) : R' =Ae. R2=H, R3=OH 

(760) Ptyehantin E (761 ) Ptyehantin F (762) Ptyehantin G 
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labda-8(17},12E.1 4-trien-3p-oi 
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(7R )-hydroxymanoyloxide) 

Chart 5Ic. Labdanes found in the Hepaticae 
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BzBr-p 

OBzBr-p 

(7578) (757b) 
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(757c) 

labdanes (756-758) and a chemical correlation with ptychantin B (757), 
both substances giving the same tetraacetate. Structures (761-763) were 
established by a combination of spectral data e H-, 13C-NMR and NOE 
different spectrometry) and chemical transformation (251). The relative 
stereochemistry at C-12 and C-13 of (761) also rests on NOE's between 
H-12 and the C-13 methyl, and between H-12 and a ~-methyl of an 
acetonide prepared from (761) by hydrolysis (LiAlH4/Et20) and acetone 
dimethyl acetal. These diterpenoids isolated from P. striatus are structur
ally very close to forskolin (764) which is a potent and direct adenylate 
cyclase stimulant from Indian Coleus forskohlii (Labiatae) (109). 

3-0xygenated labdanes of this type are rare in the Hepaticae. 
Trichocolea tomentella collected in Japan produces prenyI3,4-dimethoxy
benzoates as major components (19), but Taiwanese T. pluma elaborates 
a new labdane alcohol, (765) (133, 626). The same ent-Iabdane has also 
been isolated from European Jamesoniella autumnalis (112). The com
plete assignment of the IH_ and 13C-NMR signals of (765) has been 
achieved (133), but the assignment of the methyl groups has been revised 
by 2D-COSY s (112). 

Fractionation of the dichloromethane and ether extract of J ameso
niella autumnalis resulted in the isolation of six labdanes (733, 734, 
766-768) (112). Compound (734) was ent-trans-cummunol acetate 
( = 19cx-acetoxy-ent-Iabda-8(17), 12E, 14-triene) by comparison with liter
ature data (93, 448). The antipode of ent-trans-communol acetate has 
been prepared from trans-communol (328). The structure of (766) was 
established by IH_, 13C-NMR and IH-IH-2D-COSY spectra as well as 
NOE spectrometry. The corresponding antipodal diol has been found in 
Mikania alvimii (Asteraceae) (114). Structure (767), the C-3 epimer of 
(766), is based on spectroscopic comparison with (766) and NOE 
spectrometry, while (733) was ( - )-ent-trans-communic acid. The ( + )
enantiomer has been isolated from several higher plants (178, 206). 
Structure assignment for (768), was based on comparison of the spectro
scopic data with those of (733, 734, 766, 767). The stereochemistries 



244 Y. ASAKAWA 

assigned to the secondary hydroxyl group at C-3 and the formyl group at 
C-4 are based on the large coupling constant of H-3 (03.04 d, 
J = 10.6 Hz) which results from a strong hydrogen bond with the 
aldehyde carbonyl and on the results of NOE spectrometry. 

Five highly oxygenated new labdane-type diterpenoids, hamatilo
benes A (769), B (770), C (771), D (772) and E (773), have been isolated 
from Frullania hamatiloba (an erroneous name "F. hamachiloba" was 
cited in the original paper) (588). Structures were established by chemical 
correlations involving PPC oxidation of (769) to (770), conversion of 
(771) and (772) to the same diacetate whose reduction (LiAIH4) gave a 
triol also prepared by LiAIH4 reduction of (770), and NMR spectral data 
including spin decoupling, 2D-COSYs and NOE experiments. The 
absolute configurations assigned to (769- 773) are based on the negative 
Cotton effect at 263 nm (~e - 11.6) of the dibenzoate (770a) derived from 
(770). 

@ .... '~ .,0 

AcO "" A 1 .' OBzCI·p 

" OBzCI-p 

(770a) R=p-CIBz 

The manoyl oxides (769-773) from F. hamatiloba and highly oxygen
ated manoyl oxides from Ptychanthus striatus described above have the 
same absolutt: configuration as that found in higher plants. On the other 
hand, ( - )-manool, jungermanool, labda-12,14-dien-7,8-diol and labda-
7,13(E)-dien-15-01 from the other liverworts (19) possess configurations 
enantiomeric to those found in higher plants. Hepaticae produce lab
danes of both the normal and enantiomeric series. Two new labdane 
malonates (774) and (775) have been isolated from European Nardia 
succulent a, along with the kaurane malonates described earlier (354a). 

A new chettaphanin-type ( = rearranged labdane) diol, pleurodiol 
(776), has been isolated from Pleurozia gigantea together with ( - )
kolavelool (621) (52). The presence of the 13-hydroxy-13-methyl-14-ene 
function in (776) was confirmed by epoxidation, opening of the epoxide 
(LiAIH4) to a 13,14-diol and periodate cleavage to a methyl ketone. The 
chettaphanin-type skeleton assigned to this substance was based on 2D
COSY and HMBC spectrometry. The stereochemistry has not been 
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~ 
" OAc 

(770) Hamatilobene B 
(=(35.6R)-Diacetoxy-

7 -oxomanoyloxide) 

(773) Hamatilobene E 

@ ... ,~ .• t) 

RIO ..• ,R, R3 
" 6R2 

(771) Hamatilobene C 

(=(35,6 R)-Diacetoxy-

(7 S)-hydroxymanoyloxide) ; 

R'=R 2: Ac, R3=H 

(772) Hamatilobene 0 

(=(35,7 S)-Diacetoxy

(6R)-hydroxymanoyloxide) ; 

RI=R3=Ac, R2=H 

(=(3S)-Hydroxy-(7 R)-acetoxymanoyloxide) 

(774) Bis-ent-labda-8(17).13-dien-15-yl malonate 

(775) ent-Labda-8(17) ,1 3-dien-1S-yl hydrogen malonate 

(776) Pleurodiol (777) Levierol 

Chart 51d. Labdanes and chettaphanins found in the Hepaticae 
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established; however, considering the co-occurrence of the clerodane-type 
diterpenoid (621), the tentative stereochemistry shown in the formula has 
been proposed. Another chettaphanin-type diterpenoid (777) has been 
isolated from Pallavicinia levieri (251). The spectral data of (777) were 
very similar to those of (776). The presence of trisubstituted and terminal 
vinyl groups was confirmed by formation of a 4,5-epoxide and a 4,5,14,15-
diepoxide while treatment of (777) with POCl3-pyridine gave a 12,13- and 
a 13(16)-diene. The planar structure of (777) was established by use of 2D
COSYs and HMBC techniques. 

Rearranged labdane-type diterpenoids are rare in nature (490). The 
above constituents are the first record of chettaphanin-type diterpenoids 
from spore-forming plants. 

6.7 Phytanes, Pimaranes and Rearranged Pimaranes 

As shown in Table IIc, phytol (780) has been isolated from or detected 
in various liverworts. Phytadienes (779) which might be derived from 
chlorophyll by pyrolysis during gas chromatography have also been 
detected in Scapania ornithopodioides, Schiffneria hyalina and Trichocolea 
pluma (622). A phytane-type diterpene lactone, naviculide (783) has been 
isolated from American Parella navicularis (591). Structure and stereo
chemistry, except for the stereochemistry at C-3 and C-13 were deduced 
by lH-13C-NMR and NOE spectrometry and the spectral similarity to 
the spectra of linalool (2) and nerolidol (426). The Z-configuration of the 
C-lO,ll-double bond and the E-configuration of the C-7 double bond 
were confirmed by NOE spectrometry and the chemical shift (018.4) of 
the methyl carbon at C-7. 

The ether extract of the primitive liverwort, Haplomitrium mnioides 
contained a new phytane, haplomitrenone (784) (77). The structure and 
stereochemistry assigned to (784) was based on 2D-COSY, NOE experi
ments and comparison of the 13C_ NMR spectrum with that of the 
monoterpene hydrocarbon myrcene (1). 1,2-Bis-nor-phytone (785) has 
been isolated from Nardia scalar is (354a). Phytyl phytenate (786) has 
been isolated from Monoclea gottschei subsp. neotropica and its structure 
deduced from the IR-, lH_ and 13C-NMR spectra (513, 514). Phytol (780) 
has been found in liverworts, but phytenic acid (781) is known only from 
some mosses and not from liverworts (271). 

Ent-pimara-8(14), 15-dien-19-oic acid (787) has been isolated from 
Mastigophora diclados (134, 622, 626). It is interesting that (-)
sandaracopimaric acid (794) with an enantiomeric carbon skeleton was 
found in the same species (623a). Compound (787) and two other 
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Chemical Constituents of the Bryophytes 

(779) Phytadienes 

(782) Geranyl geraniol 

(784) Haplomitrenone 

(785) (1 ,2)-Bis-norphytone 

17 18 19 

17 18 19 

o 

(780) Phytol; R=CH20H 
(781) Phytenic acid; R=C02H 

OH 

(783) Naviculide 

OH 

R~ 

(2) R=Me 
(426) R=(CH2hCH=C(Meh 

20 

20 

Ii 1.85 

(786) Phytyl phytenate 

Chart 52. Phytanes found in the Hepaticae and the Musci 
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~ R 

pimaranes, (788) and termarol (789), had already been found in Junger
mannia thermarum (19). 

East Malaysian Schistochila aligera produces a new substance (790) 
with what appears to be a dolabrane carbon skeleton (438). The skeleton 
was deduced by various NMR techniques. Dehydration of (790) with 
POCl3 in pyridine gave (791), ([ex]D + 86°), whose spectral data closely 
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1.& (787) ent-Pimara-8(14) .15·dien·19·oic acid; R=C02H gif- ... ,\~ 
H (788) ent·Pimara·8(14).1 5·dien·1 9·ol ; R=CH20 H 

'. H "R 

~,-fXI""'" 
S49 H 

(789) Termarol (790) Aligerol 

(792) Dolabradiene (793) ent· Rosa·5.15·diene 

(791 ) Isodolabradiene 

gif ... ,\~ ,.& 
H 

'., H 
t02H 

(794) (-j·Sandaracopimaric acid 

Chart 53. Pimaranes and rearranged pimarane found in the Hepaticae and their related 
compounds 

resembled dolabradiene (792) ([a]o - 70°) (327), except for the 13C_ 
NMR data. Although the 13C-NMR signals of C-15 and C-16 in (791) 
appeared at 0151.3 and 10S.4, those of (792) were observed at 0147.2 and 
114.4 (124). On the other hand, the 13C-NMR spectrum of ent-rosa-5,15-
diene (793) (194) whose relative stereochemistry at C-S, C-9 and C-13 is 
opposite of that of (791), exhibits almost the same chemical shifts ofC-15 
(0151.3) and C-16 (01OS.4) as do (790) and (791). Thus, (791) may be the 
C-13 epimer of (792). The relative stereochemistry of the tertiary hydroxyl 
group at C-4 of (790) has been established as equatorial, since dehy
dration of (790) gave (791) as the major product and there was no NOE 
between H-IS and H-19. 

6.8 Sacculatanes 

The earlier volume (19) listed eleven new sacculatane-type diterpen
oids from liverworts. Sacculatal (795) was originally isolated from 
Trichocoleopsis sacculata (Jungermanniales) and Pellia endiviifolia (Metz-
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geriales) has also been isolated from Riccardia lobata var. yakushimensis 
(42) and Pallavicinia levieri (251) both of which belong to Metzgeriales. 
The former species also contains isosacculatal (796) as a minor compo
nent. Cell suspension cultures of Pellia endiviifolia and P. neesiana 
produce sacculatal (795). It is interesting that in vitro cultures of P. 
endiviifolia do not produce isosacculatal (796) which has been isolated 
from plant material (457). 

Naturally occurring ( - )-sacculatal (795) has been synthesized from 
(4aS,SS,8aS)-( - )-Sf3,8af3-dimethyl-Sex-( 4-methyl-3-pentenyl)-3,4,4a,S, 
6,7,8,8a-octahydro-l(lH)-naphthalenone (227, 228). 

Pellia endiviifolia is a rich source of sacculatane-type diterpenoids. 
Further fractionation of the n-hexane extract of P. endiviifolia resulted in 
the isolation of six sacculatanes (797, 799a, 800, 80la, 803, 804a), together 
with sacculatal (795) and its C-9 epimer (796) (260). The spectral data of 
(797) were similar to those ofisosacculatal (796), except for the presence of 
a secondary hydroxyl group. The position and stereochemistry of the 
hydroxyl group were deduced by the lH_ and 13C-NMR spectra with 
those of isosacculatal (796) and the NOE difference spectrum which 
showed the presence of NOE's between H-l and H-S, and H-l and H-ll 
of the formyl group. The absolute configuration ascribed to (797) is based 
on the negative Cotton effect at 292 nm (~E - 0.98). The structure of 
(799a) was deduced by comparing the spectral data with those of the 
previously known sacculatanolide (798). The f3-configuration of the 
secondary hydroxyl group at C-l was established by the formation of a 
monoacetate (799b) and the presence of NOE's between H-l and H-9, 
and H-l and H-S, respectively. Except for the presence of a hemiacetal 
group, compound (800) was spectroscopically similar to (798) and (799a). 
Acetylation of (SOO) gave a mono acetate (80lb) whose CD spectrum 
exhibited a positive Cotton effect at 239 nm (~E + 1.S3). The stereo
chemistry of the hydroxyl group at C-ll of (800) was assigned as ex 
because of the presence of an NOE between H-ll and H13-Me. The 
absolute configuration of (800) has also been established by preparation 
of the knowndiol (802) from (800) with LiAlH4 and by its positive Cotton 
effect at 243 nm (~E + 2.7S). 

Spectral data of (80la) resembled those of (800), except for the 
presence of a proton (oS.72, d, J = 6.3 Hz) on a carbon-bearing hydroxyl 
group. Acetylation of (80la) gave a monoacetate (SOle). Analysis of 1 H-
1 H, 13C_l H, long range 13C_l H 2D-COSY spectra and NOE spectrome
try led to the structure shown. NOE's were observed between H-l and 
H-9, and H-l and H-S, respectively. The CD spectrum of (801 a) showed a 
positive Cotton effect at 237 nm (~E + 1.S4), indicating that the absolute 
configuration was the same as that of (800). Compound (804a) was 
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(795) Sacculalal (796) Isosacculalal 

(798) Sacculalanolide ; R=H 

(797) 113-Hydroxyisosacculalal 

(800) 1 1 ex-Hydroxysacculalanolide ; 
R'=R2=H 

CHO 

(799a) 113-Hydroxysacculatanolide ; R=OH 

(799b) R=OAc (801 a) 113,1113- Dihydroxysacculatanolide; 
R ' =OH, R2=H 

(801 b) R' =H, R2=Ac 

(801e) R' =OH. R2=Ac 

(802) 

(803) 12-Deoxo-113, 11ex-dihydroxysacculalanolide 

Chart 54a. Sacculatanes found in the Hepaticae and their derivatives 

isolated as the acetate (804b) which had spectral properties very similar to 
those of (80Ie) except for the presence of an exomethylene group 
conjugated with a ketone. The location of the conjugated exomethylene 
group at C-18 was confirmed by 20-COSYs spectra. The relative and 
absolute stereochemistry of (804b) was deduced from the NOE difference 
spectrum and the positive Cotton effect at 238 nm (Ae + 1.33). 



Chemical Constituents of the Bryophytes 

WROI •. , 

i ° H I (804a) 1 P .ll (X-Dihydroxysaeculatenolide ; R=H 

..•• , (804b) R=Ae 

~ o 

~ 
R~ 

lA 
(805) Perrottetianal A ; R=H 
(806) Perrottetianal B ; R=OH 

&F"'OH 
1 1 .• "H 

9 

5, 6 

"- H ' 
l;~=Ae 

6 ,."OAe 
1 

6 

OH 

(808) Saeculaplagin 

(807) 8-Hydroxy-9-hydro
perrottetianal 

~ >Y \lA 
(809) Saeeulaporellin 

Chart 54b. Sacculatanes found in the Hepaticae and their derivative 
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As mentioned in the previous review (19) perrottetianal A (805) occurs 
not only in Metzgeriales and in Jungermanniales, particularly in the 
Porellaceae. Since then the same diterpene dialdehyde has also been 
isolated from Fossombronia pusilla (491), Plagiochila hondurensis (48, 
513), Porella acutifolia subsp. tosana (600), P. caespitans var. setigera 
(597), P. cordaeana (593), P. elegantula (39,189), P. navicularis (591) and 
from in vitro cultured Symphyogyna brongniartii (513). Surface and liquid 
cultures of Fossombronia pusilla furnished a new sacculatane-type diter
pene, 8-hydroxy-9-hydroperrottetianal (807) together with perrottetin A 
(805) and B (806) (94, 491). The amounts of (805) and (806) from the 
cultures and field collected plants are almost the same. The structure of 
(807) was deduced by comparing the NMR spectral data with those of 
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(805) and (806). The relative stereochemistry of (807) is based on NOE 
spectrometry. 

The total synthesis of( + )-perrottetianal (805) has been accomplished 
by HAGIW ARA et al. (226, 229) starting from an optically active Wieland
Miescher ketone analogue (544) in 17 steps. 

A new highly oxygenated sacculatane-type diterpene hemiacetal, 
sacculaplagin (808), has been isolated from P. sciophila ( = P. acantho
phylla subsp. japonica) (256). The sacculatane structure for (808) was 
deduced by 2D-COSY, NOESYand 2D-INADEQUATE techniques on 
the triacetate prepared by acetylation of (808). The stereochemistry at 
C-11 was (1, as the H-11 signal was a singlet thus showing that the H-9, 11 
dihedral angle was close to 90°. The absolute configuration assigned to 
(808) was based on the negative Cotton effect at 231 nm (~E - 16.3) of the 
lactone obtained from (808) by chromic acid oxidation. Finally the 
absolute configuration at C-17 was shown to be S from the following 
evidence. The triacetate was converted to the 14-methoxy-17,18-diol, the 
CD spectrum of which in CCl4 in the presence of Eu(fodh exhibited a 
positive Cotton effect at 322 nm (~E + 7.13). It is interesting from the 
biogenetic point of view that both fusicoccane- and sacculatane-type 
diterpenoids have been isolated from Plagiochila species. 

Porella perrottetiana elaborates perrottetianal (805) as well as a new 
sacculatane-type diterpene hemiacetal, sacculaporellin (809) (83). The 
relative and absolute configuration (809) has been settled by a combi
nation of IH_, 13C_, and IH-IHCOSY spectral data as well as NOE 
spectrometry and by considering that (805) is a co-metabolite. 

6.9 Sphenolobanes 

Six diterpene epoxides (810-815) with a novel carbon skeleton for 
which the name sphenolobane has been proposed have been isolated 
from European Anastrophyllum minutum. Structures were established by 
means of NMR spectrometry including 2D-COSYs, the relative configu
rations being deduced from NOE difference spectra (106, 108). Compound 
(811) is identical with a substance produced by LiAlH4 reduction of (810). 
Compound (813) was prepared from (810) by dehydration with POCI3. 

The sphenolobanes can be considered to be isoprenologues of the 
daucane (carotanes)-type sesquiterpenoid mentioned earlier and presum
ably arise by folding of geranyl geranyl pyrophosphate (677) as shown in 
Scheme 56. It is noteworthy that a similar diterpene alcohol (816) has 
been isolated from an Okinawan sponge, Halichondria panicea (pallas) 
(440). It is also of interest that hercynolactone (327), the only daucane 
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(810) 3cx.4cx-Epoxy-Scx-acetoxy-18-hydroxysphenoloba-
13E.16E-diene ; R=Ac 

(811) 3(X .4(X-Epoxy-Scx.18-dihydroxysphenoloba-
13E.16E-diene ; R=H 

(813) 3cx.4(X-Epoxy-S(X-acetoxysphenoloba-13E.16E.18-triene 

~~ 
~ (814) ,",40-Epo.,-5.-."",.",h".I0',>-, az, "E, 18-.'''' ; R.A, 

OR (815) 30:.40:-Epoxy-Scx-hydroxysphenoloba-13Z.1 6E.18-triene ; R=H 

Chart 55. Sphenolobanes found in the Hepaticae 

reported up to now from the Hepaticae, occurs in the closely related 
species Barbilophozia lycopodioides and B. hatcheri (275). 

6.10 Trachylobanes and Verrucosanes 

A novel trachylobane diterpenoid, 3cx,18-dihydroxytrachyloban-19-
oic acid (818) has been isolated in the form of its diacetate methyl ester 
(819) from Jungermannia exsertifolia subsp. cordifolia (240). The NMR 
spectrum of (819) indicated the presence of a tetrasubstituted cyclopro
pane, two tertiary methyls, a hydroxymethyl, a secondary acetoxyl and a 
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b) -- ---- (810-815) 

(677) (817) 

Scheme 56. Possible biogenetic pathways for sphenolobanes from geranyl geranyl pyro
phosphate 

(818) 3u.18·Dihydroxytrachyloban- t 9·oic acid ; R' =OH, R2 =H 

(819) Methyl 3Cl ,1 8-diacetoxytrachyloban-19-oate ; R' =OAc. R2 =Me 

(820) Methyl trachyloban-19-oate ; R'=H, R2=Me 

Chart 56. Trachylobanes found in the Hepaticae 

carbomethoxyl group, indicating that (819) is a member of the trachylo
bane class. Comparison of the chemical shifts with those for methyl 
trachyloban-19-oate (820) showed that the oxidized methyl groups are 
those of C-18 and C-19, and that the secondary acetoxyl group is at C-3. 
That the latter is equatorial followed from the coupling constants of H-3. 
The remaining relative stereochemistry of (819) was based on the NOE 
difference spectrum. This is the first instance of a trachylobane-type 
diterpenoid from the Hepaticae although similar trachylobanes have 
been found in higher plants (210). 
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Mylia species belonging to the Jungermanniales are rich sources of 
verrucosane- and neoverrucosane-type diterpenoids as mentioned earlier 
(19). In addition to the previously known verrucosanes, three new 
verrucosane diols (821-823) have been isolated from M. verrucosa (534). 
Structures were assigned by a combination of spectral data and chemical 
interconversions and degradation of (823) to (823c) shown in Scheme 57. 

<dR~' .. OH 
HO '. 

, H 
'~*" i 

A 

~ 0 

(821) 2p,9u, 13p-Trihydroxyverrucosane ; R=H 

(822) 9u-Acetoxy-2P, 13P-dihydroxyverrucosane ; R=Ac 

(823) 213, 13P-Dihydroxy-9-oxoverrucosane 

(824) 2p-Hydroxyverrucosane ; R'=R2=R3=H 

(825) 9u-Acetoxy-2P-hydroxyverrucosane ; R'=R3=H, R2=OAc 

(826) 2p-Acetoxy-11 u-hydroxyverrucosane ; R' =Ac, R2=H, R3=OH 

(827) 2p,9u-Dihydroxyverrucosane ; R'=R3=H, R2=OH 

(828) 2j3-Hydroxy-9-oxo-verrucosane (829) Neoverrucosan-5p-ol 

~ <d:2HO H"-"I 
''''4. 

i '~'OH 

H)"'" 

~ 
OH 

(830) 2j3,9a-Dihydroxyverrucos-13-ene (831) 2p,8j3-Dihydroxyverrucosane 

Chari 57a. Verrucosanes found in the Hepaticae 
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2) 

~ ••• H ~" '. OH " 
. . 

i A ·· .. 'OH 

W-t.· OH H . 
H '. 

'.. i 

H 
i 0 

(823) (821 ) (822) 

(823) 
3) --

~3) 

~~ 
HO -

(822a) (822b) 

~ HO : 

2±2--t. .. OH 

~ H 

J:: 1 0 

(823a) (823b) 

i!t: ~" 
/U~ 

(823c) 

1) AC20/Py 2) Jones oxd.lMe2CO 3) O.5N H2S0JMe2CO 
4) SOCI2/Py 5) Os04/Py 6) Nal04 7) 5% KOH-MeOH 

Scheme 57. Reactions of 2p,9Q(,13p-trihydroxyverrucosane 

The configuration of the C-13 hydroxyl group in (821-823) has been 
deduced from solvent shifts in the NMR spectra and the formation of a 
sulfite from (822). Among the three tertiary methyls the signal of the 
methyl on C-IO experienced much larger deshielding solvent shifts than 
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the other effects [A - 0.37, - 0.34 and - 0.14 in (821), (822) and (823): 
A = cS(COCI 3 ) - cS(CsOsN)]. 

Scapania bolanderi furnished a new verrucosane (830) in addition to 
the five previously known verrucosanes (824-828) and neoverrucosane 
(829) (377). The structure assigned to (830) depends on spectroscopic 
comparison eH-NMR and mass spectra) with (821) (19). The structure 
and relative stereochemistry of a new verrucosane (831) from the ether 
extract offresh Gyrothyra underwoodiana was established by a 20-COSY 
experiment and X-ray diffraction (350). The absolute configuration was 
deduced by using the dibenzoate chirality method on its bis(p
bromo benzoate) derivative (831a) of (831) as shown below. The CO 
spectrum of (831a) has a positive Cotton effect at 251 nm (AE + 22.4) and 
a negative Cotton effect at 234 nm (AE - 2.7). The positive sign of first 
Cotton effect showed that the exciton chirality between transition 
moment of two p-bromobenzoate chromophores was positive. 

roraz J" ... 
~ H ., 

H"" i 
OBzBr-p 

(831a) 

BENESOVA et al. (102) isolated a diterpene diol from M. anomala whose 
structure remained to be clarified. It was later shown to be identical with 
2p,91X-dihydroxyverrucosane (827) (246). Further fractionation of the 
ether extract of M ylia taylorii resulted in the isolation of a new hemiacetal 
(832) together with the previously known sesquiterpenoids, myliol (98) 
and taylorione (Ill). The structure of the new verrucosane with a 
hemiacetal linkage between C-2 and C-16 was established by analysis of 
the 1 H- and 13C-NMR spectra (246). Wolff-Kishner reduction of (832) 
gave (824) (19), thus confirming the gross structure of (832) as well as 
defining the absolute stereochemistry, except for the configuration of 
C-15 and C-16. The absolute configuration at these two centers, could, 
however, be established by the NOE difference spectrum of (832) and 
lactone (832a) prepared from (832) with POe. NOE's were observed 
between H-16 and the secondary methyl at C-15 in (832) and between 
H-15 and H-2 in (832a), as shown below (Scheme 58). 

Plagiochila stephensoniana furnished a new verrucosane (833a). The 
absolute stereochemistry was established by a combination of spectral 
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(832 ) (832a ) 

Scheme 58. NOE difference spectroscopy of2~,l6-epoxyverrucosane-16-ol and the derived 
lactone 

data and X-ray crystallographic analysis of its p-bromobenzoate (833b) 
(188). Compound (833a) has a ~-oriented isopropyl group on C-13 
whereas all previously known verrucosane and neoverrucosane-type 
diterpenoids contain an ex-isopropyl group at this position. 

The New Zealand liverwort Schistochila nobilis elaborates a new 
verrucosane (834) together with 13-epi-neoverrucosan-5~-01 (833a) (54). 
The spectral data of (834) were very similar to those of (+)
homoverrucosan-5~-01 (835) obtained from neoverrucosan-5~-01 (829) by 
treatment with acid (19) except for the melting point and the value of the 
specific rotation, indicating that (834) might be the stereoisomer of (835). 
This was confirmed by conversion of (833a) with dilute sulfuric acid to 
(834). Schistochila acuminata (previously referred to S. rigidula) contains 
neoverrucosan-5~-01 (829) and homoverrucosan-5~-01 (835) (626). Heter
oscyphus planus elaborates not only clerodanes but also a new verruco
sane (836), along with the known 13-epi-neoverrucosan-5~-01 (833a) (253). 
The structure assigned to the new verrucosane was based on the 
resemblance of the spectral data to those of (833a) and by chemical 
correlation involving reduction of the primary toluenesulfonate of (836) 
to 833a with NaI/Zn. It is noteworthy that neoverrucosan-5~-01 (829), 
13-epi-neoverrucosan-5~-01 (833a) and homoverrucosan-5~-01 (835) 
have been found in an Okinawan sponge, Halichondria panicea (440). The 
verrucosanes may be formed by a further modification of the dolabellane 
skeleton (143). 

6.11 Verticillanes 

Investigation of lackiella javanica collected in Yaku Island (Japan) 
has led to isolation of a series of diterpenoids, ent-verticillol (837), ent-13-
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(832) (155, 165) -2~ , 16-Epoxyverrucosane-16-ol 

(8339) 13-epi-Neoverrucosan-5~-ol : A=H 
(833b) A=p-BrBz 

(834) 13-epi-Homoverrucosan- 5~-ol (835) Homoverrucosan-S~-ol 

(836) 13-epi-Neoverrucosan-Sp,20-diol 
OH 

Chart 57b. Verrucosanes found in the Hepaticae and their derivatives 
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epi-verticillol (838), ent-verticillanediol (839), ent-13-epi-verticillanediol 
(840) and ent-isoverticillenol (841) belonging to the rare verticillane class 
(247,437). Structures were elucidated by a combination of spectral data 
and an X-ray crystallographic analysis of (839). Monoalcohol (837) is the 
enantiomer of ( + )-verticillol isolated from the conifer Sciadopitys verti
cillata (Taxodiaceae) (311); hence, the absolute configurations of 
(837- 841) are as shown. Dehydration of (837) with SOel2 gave two 
hydrocarbons, verticillene (842) and isoverticillene (843) which have been 
found in the ether extract of 1. javanica (432). The lackiella Shiffn. 
appears to be a very isolated genus, because no verticillane diterpenoids 
have been found in other liverworts so far. 
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(837) ent-Verticillol ; R1=Me, R2=OH, R3=H 

(838) ent-13-epi-Verticillol ; R1=OH, R2=Me, R3=H 

(839) ent-Verticillanediol ; R1=Me, R2=R3=OH 

(840) ent-13-epi-Verticillanediol ; R1=R3=OH, R2=Me 

(841) ent-Isoverticillenol (842) Verticillene (843) Isoverticillene 

Chart 58. Verticillanes found in the Hepaticae 

7. Steroids and Triterpenoids 

Almost all liverworts produce campesterol (= 24Cl-methylcholes
terol) (844a), stigmasterol ( = 24Cl-ethylcholesta-5,22-dien-3~-01) (846a) 
and sitosterol ( = 24Cl-ethylcholest-5-en-3~-01) (848a). Cholesterol (849), 
brassicasterol (850) and campesteryl behenate (845) have previously been 
found in Hepaticae (19). Species which have been shown to contain 
sterols since the earlier review are listed in Table lId. 

Lipids of Pallavicinia lyellii were extracted with acetone and the 
extract saponified with 5% KOH-MeOH. The sterol fractions were 
purified by HPLC. The 1 H NMR spectra of each component showed the 
presence of a mixture of campesterol (844a) (16%), 24~-methylcholesterol 
( = dihydrobrassicasterol) (844b) (36%), sitosterol (848a) (33%) and 24~
ethylcholest-5,22-dien-3~-01 (846a, 846b) (15%) (3). The sterol composi
tion of Marchantia polymorpha has also been investigated (463); it 
contains 24Cl-(844a) and 24~-methylcholesterol (844b) (in a 1: 1 ratio) and 
24Cl-(848a) and 24~-ethylcholesterol (848b) (1: 1). CHIU et al. (138) sug
gested that 24~-methylcholesterol (844b) might be formed from 24~
methyl-il25(27)-intermediates because both cyc1olaudenol (1234) and 31-
nor-cyc1olaudenol (1235) have been detected in bryophytes (271). 24-
Methylene sterols are also suggested as a precursors for 24Cl-meth
ylcholesterol (844a) and 24Cl-(848a) and 24~-ethylcholesterol (848b) (138) 
because 24-methylenecyc1oartanol (1236), cyc1oeucalenol (1237) and ob
tusifoliol (1238) have been found in bryophytes (271). 
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Chemical Constituents of the Bryophytes 

(8440) Campesterol (24a Methyl) ; RsH 
(844b) Dihydrobrassicasterol (24~ Methyl) ; R:H 

(845) Campesleryl behenate ; R. C21 H'3CO 

(8481) Sitosterol (24a-Ethyl) ; R.H 
(848b) Clionasterol (24~- Ethyl) ; R.H 

(8468) Stigmasterol (24a-Elhyl) : R- H 
(846b) Stigmasterol (241l·Ethyl) : R:H 
(847) Sligmasteryl glucoside ; R:Glc. 

(849 ) Cholesterol 

293 

(850) Brassicasterol 
(851 ) Squalene (852) (+)-21 « ·Methoxyserral-14·en-3-one 

(853) Friedelin (854) Cycloartenol (855) Cycloart-23-en-31l.25-dlol 

(856) Diploptene (_Hop-22(29)-ene) (857) Diplopt8rol (:Hop-22-01) (858) «-Zeotln 

Chart 59a. Steroids and triterpenoids found in the Hepaticae 
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Mylia taylorii contained steryl esters in 14% yield of the ethanol 
extract while from M. verrucosa, a mixture of steryl esters was isolated in 
7.9% yield (532). Each mixture was subjected to methanolysis to obtain 
fatty acid methyl esters and sterols. The composition of the fatty acid 
methyl esters was determined by GC and GC-MS. The sterols were 
obtained by LiAlH4 reduction of each steryl ester and analyzed by GC 
and GC-MS. 

Campesterol (844a), stigmasterol (846a), cholesterol (847), sitosterol 
(848a) and brassicasterol (850), were detected in M. taylorii, while M. 
verrucosa contained the same sterols save cholesterol. Calypogeia species 
contain sterols esterified with oleic, linoleic and linolenic acids (315). 
The level of C-20 polyunsaturated fatty acids was significantly small. The 
liverworts studied so far are very different from the mosses with respect to 
the proportion of C20 polyunsaturated fatty acids in steryl esters. The 
function of steryl esters is still obscure. 

CHIU et al. (138) investigated the sterol composition offour liverworts, 
a Bazzania species, Conocephalum conicum, M archantia diptera and 
Mastigophora diclados. The major sterols were 24-methylcholesterol 
(844a, 844b), 24-ethylcholest-5,22-dien-3-01 (846a, 846b) and 24-
ethylcholest-5-en-3-01 (848a, 848b). The 24cx- and 24p-epimers of several 
sterols have been distinguished by high resolution 1 H NMR spectral data 
and capillary Gc. The 24-methylcholesterols in all liverworts are a 
mixture of campesterol (the 24cx-epimer) (844a) and 22-dihydrobrassicas
terol (the 24p-epimer) (844b) with campesterol making up 40-80% of the 
24-methylcholesterol fraction. Sitosterol (848a), the 24cx-epimer, was the 
only 24-ethylcholesterol in Conocephalum conicum, but clionasterol 
(848b), the 24p-epimer, has been found in Marchantia diptera (40%) and 
in Mastigophora diclados (10%). On the other hand, stigmasterol (846a), 
24cx-epimer, was the only epimer of 24-ethyl-cholest-5,22-dien-3p-ol. 
More than 30 other species of the liverworts have been studied; however, 
clionasterol (848b) has not been previously reported in liverworts (138). 
Stigmasteryl-3p-glucoside (847) has been isolated from 1sotachisjaponica 
(76) and Jungermannia infusca (436). This is the first time that a steryl 
glucoside has been reported from bryophytes. 

Reports of triterpenoids in the Hepaticae are comparatively rare. The 
last review (19) contained only references to one ursane-, three friedelane
and three hopane-type triterpenoids from Hepaticae (19); since then 
chemical constituents of about 700 species of Hepaticae have been 
investigated by GC-MS. Almost all species contain squalene (851) (37). 
BENES et al. (101) reported the presence of( + )-21cx-methoxyserrat-14-en-
3-one (852) in Nardia scalaris. The very low content of (852) (approx. 
10 ppm) suggests that it might originate from admixture of humus to the 
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liverwort collection. Triterpenoids of this type were originally isolated 
from clubmosses (Lycopodiaceae), ferns (Polypodiaceae) and quite often 
from conifers. 

From Bazzania japonica, friedelin (853) has been obtained in the pure 
state (84). Cycloartenol (854) made up more than 60% of the methyl 
sterols of Mastigophora diclados (138). Some Bazzania species (138), 
Lophozia ventricosa (284) and Mylia taylorii (532), produce cycloartenol 
(854). Wu (626) reported the presence of cycloart-23-en-3~,25-diol (855) in 
Plagiochila peculiaris. Diploptene [= hop-22(29)-ene] (856) has been 
found in four South American liverworts, Adelanthus lindenbergianus, 
Plagiochila bispinosa, P. elata and P. lecheri (46). Conocephalum conicum 
(553), C. japonicum (584) and Diplasiolejeunea patelligera (219) furnished 
diplopterol ( = hop-22-ol) (857). IX-Zeorin ( = 61X,22-dihydroxyhopane) 
(858) which has been obtained from various lichens (152), has also been 
isolated from Conocephalum japonicum (584), Plagiochasma rupestre (243) 
and European Reboulia hemisphaerica (411, 412). C. japonicum also 
yielded hop-22,23-diol (859) (585). Hop-12~,22-diol (860) has been iso
lated from Mannia subpilosa (613). Japanese R. hemisphaerica produces 
hop-61X,111X,22-triol (861a) whose structure has been determined by a 
combination of 600 MHz NMR spectrometry and chemical reaction 
[preparation of diacetate (861 b), dibenzoate (861c) and 8,1l-diketone 
(861d)] (249). A new oleanane-type triterpene, methyl 31X-hydroxy-18-
oleanen-28-oate (862) has been isolated from an unidentified Frullania 

~ ~ R~ ••. r.rR" '''~ , ;"~" "."f>< W \ .,H 

"" , -oH ....• , " em 
(859) Hop·22,23·diol 

(861d) 

(860) Hop·12p.22·d,OI (861 a) Hop·6a.11 a .22·1fiOI : R. H 

(861b) R. Ac 
(861e) R=p-BrBl 

(862) Methyl 3a·hydroxy· 18·oleanen·28·oate 

Chart 59b. Triterpenoids found in the Hepaticae and their derivatives 
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species collected in Venezuela and its stereochemistry determined by 
600 MHz NMR spectrometry (441a). 

8. Aromatic Compounds 

8.1 Benzoic Acid and Cinnamic Acid Derivatives 

The earlier review (19) listed three substituted benzoic acid and 
thirteen benzoates from liverworts. Since then 2-methoxybenzyl benzoate 
(863) has been isolated from Balantiopsis rosea, together with benzyl 
benzoate (864) and ~-phenylethyl benzoate (865) (65). The occurrence of 
(863) in nature is very rare; it has also been found in Uvaria purpurea 
(Annonaceae) (337). South American lsotachis haematodes, Balantiopsis 
erinacea and B. cancellata also elaborate benzyl benzoate (864) (45). B. 
erinacea contains ~-phenylethyl benzoate (865) (45). 

The three prenyl benzoates, trichocolein (867), tomentellin (868) and 
isotomentellin (869) which have been isolated previously from Japanese 
and European Trichocolea tomentella (19) have more recently been 
obtained from East Malaysian T. pluma, along with methyl 3,4-dimeth
oxybenzoate (866) (51). Benzoate (868) has also been isolated from Taiwan
ese T. pluma (133) while Taiwanese T. tomentella contained the benzoates 
(867,868) (622). New Zealand T. mollissima produces tomentellol (870) 
(585a). Tomentellin (868) has been synthesized from geranyl acetate (8) 
(462). 

Eight cinnamic acid derivatives from liverworts were listed earlier 
(19). Four of these were cinnamates from Isotachis japonica. South 
American I. humectata and I. haematodes also furnished benzyl trans
cinnamate (873) (45, 47) while phenyl cinnamate (872) was detected in I. 
humectata by GC-MS (45). South American Balantiopsis erinacea gave ~
phenylethyl cinnamate (875) (45). New Zealand B. rosea produced benzyl 
trans-cinnamate (873), benzyl cis-cinnamate (874), ~-phenylethyl dihy
drocinnamate (876) and ~-phenylethyl cinnamate (875) (65) which were 
isolated earlier from Japanese Isotachis japonica (19). Methyl cinnamate 
(871) has been isolated from the essential oil of the male thallus of 
Conocephalum conicum (580). Thus benzoic and cinnamic acid derivatives 
appear to be restricted to a few of the liverworts examined so far. 

8.2 Bibenzyls 

The earlier review listed fifteen bibenzyls lacking a prenyl group and 
twelve bibenzyls with a prenyl group as having been isolated from 
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(863) 2-Methoxybenzyl benzoate; R=OMe 
(864) Benzyl benzoate; R=H 

o 

Me~Me 
~I 

Me 

(866) Methyl 3,4-dimethoxybenzoate 

(868) Tomentellin 

Me~o A 

~ I 0 H 
Me 

(870) Tomentellol 

(865) p-Phenylethylbenzoate 

Me~-A 
MeoA) -

(867) Trichocolein 

Mexro~ 
~I 

Me 

(869) Isotomentellin 

o 

~OMe 
(871) Methyl cinnamate 

~ - ~ ~I 
IA 0 

(872) Phenyl cinnamate (873) Benzyl trans -cinnamate (874) Benzyl cis-cinnamate 

(875) p-Phenylethyl trans -cinnamate (876) p-Phenylethyl dihydrocinnamate 

Chart 60. Benzoic and cinnamic acid derivatives found in the Hepaticae 
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liverworts (19). A number of different bibenzyls have since been isolated 
not only from Jungermanniales but also Marchantiales as shown in Table 
lIe. 

Lunularic acid (877), a dormancy inducing bibenzyl derivative, is 
widely distributed in liverworts. This carboxylic acid was also isolated 
from an axenic cultured Ricciocarpos natans (351) and suspension 
cultures of Marchantia polymorpha, Jungermannia subulata and Lopho
colea heterophylla grown in Murashige-Skoog's-2 medium (1, 450). The 
callus of M. polymorpha and Calypogeia tosana also produces (877). The 
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content of (877) in the M. polymorpha cultures changed significantly 
during growth, ranging from 1 to 7 J.lg/mg dry weight, and increased 
dramatically to 160% of the control when the medium was deficient in 
phosphate. In nitrogen or glucose deficient medium, the amount of (877) 
decreased to 54% or 27% of the control. 

Lunularin (878), the decarboxy derivative of (877), has been isolated 
from or detected in Dumortiera hirsuta (585), New Zealand M. berteroana 
(39), South American M archantia chenopoda (553), M. paleacea var. 
diptera (74), German and Japanese M. polymorph a (71,74) and Ricciocar
pos natans (640). 

A new labile aromatic compound (879a) named prelunularic acid 
because it possesses a "prearomatic" structure has been isolated from the 
ethanol extract of suspension cultured cells of M archantia polymorpha 

r H 
:::"..1 

I""'" 
.& A 

(877) Lunularie acid ; A.C~H 
(878) Lunularin ; A.H 

(879&) 

(8798) Prelunularie acid ; 
A'.H. A2. 0 . A'. H 

(879b) A'.Me. A2.o. A'.H 

(87ge) A'=Me. R'.a ·H. poOH. R'. Me 

(879d) R'=Me. A2=a-OH. II-H. A'=Me 

(880a) Hydrangenol : R.H 
(BBOb) Hydrangenol 8·Q.I3·glueoside ; R.Gle 

H~~ I H (881 ) 5,4·-Oihydroxybil>enzyl.2-0 -p-O-glueopyranoside ; R=H 
~ 1 R (882) 5,3',4'-Tnhydroxybibenzyl-2-0-Il-Q'glueopyranoside ; A=OH 

:::".. Ie 

(883) 2·-Carboxy-4.3'-dihydroxybibenzyl-3-0·13-0-glucopyranoside 

Chart 61a. Bibenzyls found in the Hepaticae and their derivatives 



Chemical Constituents of the Bryophytes 321 

(449, 450, 453). The UV spectrum of (879a) at pH 12 indicated time
dependent changes with a clear set of isosbestic points at 247, 284 and 
307 nm, while the final spectrum was identical with that of lunularic acid 
(877) [(j"max 238 nm (loge 4.25) and 293 (3.71)] after 160 min at the same 
pH, suggesting that (879a) was directly converted to lunularic acid (877) 
under basic conditions. The orientation of each functional group in the B
ring was confirmed by analysis of the NMR spectrum. Reduction of 
prelunularic acid (879a) with NaBH4' followed by methylation with 
diazomethane afforded two epimeric diol methyl esters, (879c) and (879d) 
(4: 1), the IH-NMR spectra of which showed that the two hydroxyl 
groups at C-3 and C-5 were equatorial-equatorial and axial-equatorial, 
respectively. Esterification of (879d) with p-dimethylaminobenzoyl chlo
ride in tetrahydrofuran and triethylamine under reflux afforded a bis-(p
dimethylamino) benzoate (87ge) whose CD spectrum exhibited typical 
exciton-split Cotton effects at 321 nm (Lle + 46.3) and 295 nm 
(Lle - 14.8), thus establishing that the absolute configurations at C-3 and 
C-5 were Rand S, respectively. Hydrangenol (880a), a dihydrostilbene 
derivative isolated from higher plant Hydrangea species has been thought 
to be the direct precursor oflunularic acid (877) (19), but pre1unularic acid 
(879a) is a more plausible precursor of lunularic acid than hydrangenol 
because (880a) has never been detected in liverworts. Prelunularic acid is 
also present in intact M. polymorpha. Compound (879a) is the first 
example of an intermediate possessing a "prearomatic" structure in the 
phenylpropanoid-polymalonate biosynthetic pathway shown in Scheme 
59. 

The methanol extract of an axenic cultured Ricciocarpos natans was 
partitioned between EtOAc and water followed by fractionation of the 
organic layer to give three new bibenzyl glycosides: 5,4'-dihydroxy
bibenzyl-2-0-~-D-glucopyranoside (881), 5,3',4'-trihydroxybiben
zyl-2-0-~-D-glucopyranoside (882) and 2'-carboxy-4,3'-dihydroxybi
benzyl-3-0-~-D-glucopyranoside (883), together with lunularic acid (877) 
and a cyclic bis(bibenzyl), riccardin C (988) (351). The sugar moiety of 
(881) and (882) was ~-D-glucose. The substitution pattern of the two 
benzene rings and the location of the glucose in the two glycosides (881, 
882) was confirmed by a combination of NOE and long range 13C_1 H 
2D-COSY spectrometry. Structure (883) has been proposed by analysis of 
NMR and NOE data and comparison of the 13CNMR spectra with 
those of lunularic acid (877). This is the first report of bibenzyl glycosides 
in bryophytes although their aglycones are widely distributed in liver
worts. 

As lunularic acid (877) possesses interesting biological activity (see 
Chapter V), many synthetic methods have been reported (19); however, in 
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CH2COSCoA 
3 I 

C02H 

(911) 

~O'H~ V NH2 --~ 
(910) 

Y. ASAKAWA 

o 

(879a) Pre LNA 

\ 
o 

(912) 

\ 
HO 

(880a) 

Scheme 59. Possible biogenetic pathways for prelunularic and lunularic acids 

OH 

all of them the yield of (877) is very poor. On the other hand, hydrolysis of 
hydrangenol-8-0-~-glucoside (880b) which is easily obtained from the 
leaves of Hydrangea macrophylla var. otaksa (Saxifragaceae) with dilute 
acid affords a good yield of hydrangenol (880a) whose reduction with 
NaBH4-PdCI2 produces (877) quantitatively (Scheme 60) (257). In this 
manner hundred gram quantities of (877) may easily be prepared. Three 
alternative efficient and convenient total syntheses of (877) have been 
reported by EICHER et al. (168, 169). The starting material is 6-methyl
salicylic acid ethyl ester (263) prepared from crotonaldehyde and ethyl 
acetoacetate and 10-1 OOg oflunularic acid can be prepared in this way. 

An Ecuadorian liverwort, Plagiochila longispina, produces an unusual 
aromatic compound whose structure was established as 4-(p
methoxyphenylethyl)cyclohex-2-en-1-one (884) by a combination of UV 
(237 nm), IR (1660, 1640 cm -1), MS (m/z 121, 109,95),1 H- and 13C-NMR 
spectrometry (506). The total synthesis has been accomplished by SIEGEL 
et al. in nine steps (506). The C-4 position represents a stereogenic center; 
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H W01 ~ A OH 1) 

~ --
b-Glc-

2) --
(880b) 

H 

(877) 

H 

~H 
(880a) 

1) 0.5 N H2S04"80-90° 2) NaBH4-PdCI2/MeOH 

Scheme 60. Formation of lunularic acid from hydrangenol-8-0-J3-giucoside 
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however, no optical activity was observed indicating that (884) must be a 
racemate. 

Radula species in particular are rich sources of bibenzyl derivatives 
(19, 66). In subsequent work 3-hydroxybibenzyl (885), 3-hydroxy-4-
methoxybibenzyl (887) and 3-methoxy-4-hydroxybibenzyl (888) have 
been detected in R. frondescens (47), together with 3-methoxybibenzyl 
(886) which has also been found in R. buccinifera (66) and R. javanica 
( = R. variabilis) (49). 3,5-Dimethoxybibenzyl (889) and 3-hydroxy-4,5-
methylenedioxybibenzyl (890) have been detected in Radulajavanica (49, 
66). 3-Methoxy-4'-hydroxybibenzyl (891) is widely distributed in Junger
manniales (19) and has more recently been found in two Plagiochila (39, 
46, 358a) and one Radula species (47). Bibenzyl (891) and 3,4'-dimethoxy
bibenzyl (892) had already been detected in Frullania davurica by GC-MS 
(19, 56). Further investigation of the ether extract of F. davurica resulted 
in actual isolation of these two compounds (56) as well as 3-hydroxy-4'
methoxybibenzyl (893) and 3,4'-dimethoxy-4-hydroxybibenzyl (894) (420, 
585). The structures of (891) and its isomer (893) were established by total 
synthesis (39). Dimethoxybibenzyl (892) has also been found in Frullania 
(56), Gongylanthus, Leucolejeunea, and Riccardia species (19) as well as in 
two Plagiochila species (39, 46), three Radula species (47, 66) and Frullania 
falciloba (64). The 4-methyl ether (897) of pellepiphyllin (896) (19) has been 
detected in South American Plagiochilafuegiensis (46). A similar bibenzyl, 
3-hydroxy-4,3'-dimethoxybibenzyl (895) has been isolated from Frullania 
falciloba (64) together with 3,4-methylenedioxy-3'-methoxybibenzyl (898) 
which had previously been detected in four Frullania species (19) and 



324 

Me 

Y. ASAKAWA 

~IP (884) 4-p-(Methoxyphenylethyl)cyclohex-2-en-1-one 

I~ 

1; 
~Me 

(885) 3-Hydroxybibenzyl ; R=H 
(886) 3-Methoxybibenzyl ; R=Me 

(887) 3-Hydroxy-4-methoxybibenzyl ; 
R'=Me, R2=H 

(889) 3,5-Dimethoxybibenzyl 

R 

~HI 
(890) 3-Hydroxy-4,5-methylenedioxybibenzyl 

~ ::t.. 

I~ 

(888) 3-Methoxy-4-hydroxybibenzyl ; 

R'=H, R2=Me 

r IP I R;891) 3-Methoxy-4'-hydroxybibenzyl; R'=Me, R2=H 

I ~ (892) 3,4'-Dimethoxybibenzyl ; R'=R2=Me 

~ (893) 3-Hydroxy-4'-methoxybibenzyl ; R'=H, R2=Me 

R' 
Me 

e 
(894) 3,4'-Dimethoxy-4-hydroxybibenzyl (895) 3-Hydroxy-4,3'-dimethoxybibenzyl 

(886) PeUepiphyllin (=2-Hydroxy-3,4'-dimethoxybibenzyl) ; R=H 
(887) 3,4,4'-Trimethoxy-2-hydroxybibenzyl ; R=OMe 

(898) 3,4-Methylenedioxy-3'-methoxybibenzyl (899) 3,3'-Dimethoxy-4,5-methylenedioxy-4'-hydroxybibenzyl 

Me (900) 3,3'-Dimethoxy-4,5-methylenedioxybibenzyl 

Chart 61b. Bibenzyls found in the Hepaticae 
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Trocholejeunea sandvicensis (82). Structures of (895) and (898) were 
assigned from the IH-NMR and NOE measurements. Bibenzyl (898) has 
been synthesized starting from m-methoxybenzaldehyde and 3,4-dimeth
oxybenzyltriphenylphosphonium bromide (64). Lunularin (878), (898) 
and 3,3'-dimethoxy-4,5-methylenedioxy-4'-hydroxybibenzyl (899) had al
ready been detected in Frullania bonincola (19). Since then bibenzyl (899) 
has been isolated from the same species; its structure was established by 
the synthesis (56). F. ericoides produces a new bibenzyl, 3,3'-dimethoxy-
4,5-methylenedioxybibenzyl (900), together with (898) (56). The structure 
of (900) has been established by total synthesis (56). 

Two new bibenzyls possessing two methylenedioxy groups have been 
isolated from Frullania parvistipula and their structures established as 
3,4;3',4'-dimethylenedioxybibenzyl (902) and 3,3'-dihydroxy-4,5;4',5'
dimethylenedioxybibenzyl (903) on the basis of spectral data and by their 
total synthesis (56). A new bibenzyl, 3,4,5,3',4'-pentamethoxybibenzyl 
(904) has been isolated from Frullania serratta, together with brittonin B 
(905) (19); the structure was verified by comparison with an authentic 
sample (51). Three new bibenzyls, l-carbomethoxy-2,3-dihydroxy-4'
methoxybibenzyl (907), 3-methoxy-4,5-methylenedioxy-4'-hydroxy
bibenzyl (901) and 3,4-dihydroxy-5,3'-dimethoxybibenzyl (908) have been 
obtained from Plagiochila spinulosa (478), P. chacabucensis (46) and 
Stictolejeunea balfourii var. bekkei (219), respectively. A similar bibenzyl, 
notholanic acid (906) has been isolated from the frond exudate of two 
gymnogrammoid ferns (427). The brominated bibenzyl (909) has also 
been isolated from a red alga (211). 

Radula species are also rich sources of bibenzyls with prenyl groups. 
Twelve such bibenzyls from three Radula species were listed in the 
previous review (19). In addition to 3-hydroxy-5-methoxy-4(3-methyl-2-
butenyl)bibenzyl (914) and 2-geranyl-3,5-dihydroxybibenzyl (918) [cor
rected from the previously assigned structure 3,5-dihydroxy-4-
geranylbibenzyl (921a) (vide infra)], five new bibenzyls, 3-hydroxy-4-(3-
methyl-2-butenyl)bibenzyl (913), 3,4'-dihydroxy-4-(3-methyl-2-butenyl) 
bibenzyl (924), 3-hydroxy-4-(3-methyl-2-butenyl)-4'-methoxybibenzyl 
(925), 3-methoxy-4-(3-methyl-2-butenyl)-4'-hydroxybibenzyl (926), 2-
(3,7 -dimethyl-2, 7 -octadienyl)-3,5-dihydroxybibenzyl (922) [corrected 
from the previous assignment 3,5-dihydroxy-4(3,7-dimethyl-2,7-
octadienyl)bibenzyl (923)] have been detected in Radula oyamensis (66). 
Structures of the new bibenzyls were based on the IH-NMR and mass 
spectra and spectroscopic comparison with previously known bibenzyls 
as well as total synthesis. Radula buccinifera also produces the previously 
known prenylbibenzyl (915), radulanin A (960) and radulanin C (962) 
while radulanin A (960) has also been detected in R. voluta (47). Fourteen 
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(901) 3·Methoxy·4.5·methylenedioxy-4·-hydroxybibenzyl 

(902) 3,4;3'.4'-Dimethylenedioxybibenzyl ; R~H 
(903) 3,3'-Dihydroxy-4,5;4',5'-dimethylenedioxybibenzyl ; R~OH 

(904) 3.4,5,3'.4'-Pentamethoxybibenzyl (905) Brittonin B (906) Notholanic acid 

Me 

(907) 1-Carbomethoxy-2,3-dihydroxy-4'-methoxybibenzyl 

H 

H 

Me~Me HH ·n_ ~ 
(908) 3.4,-Dihydroxy-5,3'-dimethoxybibenzyl 

H 

OH Br 

H 

(909) 3,3··Dibromo-4.4',5,5'-tetrahydroxybibenzyl 

(913) 3-Hydroxy-4-(3-methyl-2-butenyl)bibenzyl ; R 1 ~OH, R2 ~H 
(914) 3-Hydroxy-5-methoxy-4-(3-methyl-2-butenyl)bibenzyl ; R 1 ~OH, R2 ~OMe 
(915) 3,5-Dihydroxy-4-(3·methyl-2-butenyl)bibenzyl ; A 1 ~R2 ~OH 
(916) 3,5-Dimethoxy-4-(3·methyl-2-butenyl)bibenzyl ; A '~R2~OMe 

(917) 3,5-Dihydroxy-4-(2,3-epoxy-3-methylbutyl)bibenzyl 

Chart 61c. Bibenzyls found in the Hepaticae and dibromobibenzyl (909) in a red alga 
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OR' (918) 2-Geranyl-3,5-dihydroxybibenzyl ; R'=R2=H 
(919) 2-Geranyl-3,5-dimethoxybibenzyl ; R'=Me, R2=H 
(920) 2-Geranyl-3,5,4'-trihydroxybibenzyl ; R'=H, R2=OH 

327 

(921 a) 3,5-Dihydroxy-4-geranylbibenzyl (=3,5-Dihydroxy-4-
(3,7-dimethyl-2,6-octadienyl) bibenzyl) ; R'=R2=H 

(921 b) R' =H, R2=Me 
(921c) R'=R2=Me 

(922) 2-(3,7 -Dimethyl-2, 7 -octadienyl)-3,5-dihydroxybibenzyl 

(923) 3,5-Dihydroxy-4-(3, 7 -dimethyl-2, 7 -octadienyl) bibenzyl 

(924) 3,4'-Dihydroxy-4-(3-methyl-2-butenyl)bibenzyl ; R'=R2=H 
(925) 3-Hydroxy-4-(3-methyl-2-butenyl)-4'-methoxybibenzyl ; R'=Me, R2=H 
(926) 3-Methoxy-4-(3-methyl-2-butenyl)-4'-hydroxybibenzyl ; R'=H, R2=Me 

(927) 3, 5-Dihydroxy-2-(3-methyl-2-butenyl )bibenzyl.; R'=R2=H 
(928) 3-Methoxy-5-hydroxy-2-(3-methyl-2-butenyl )bibenzyl ; R'=H, R2=Me 
(929) 3-Hydroxy-5-methoxy-2-(3-methyl-2-butenyl)bibenzyl ; R'=Me, R2=H 
(930) 3, 5-Dimethoxy-2-(3-methyl-2-butenyl )bibenzyl ; R'=R2=Me 

Chart 61d. Bibenzyls found in the Hepaticae and their derivatives 
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new bibenzyl derivatives (918, 927-929, 931-934, 937, 938, 940-942, 
943a) have been isolated from Radula kojana, together with two 
bis(bibenzyls), perrottetin E (1023a) and perrottetin F (1024a); structures 
were established by various NMR spectroscopic techniques together with 
chemical transformations (methylation, dehydration and epoxidation) 
and synthesis (50). The 2-prenylbibenzyl (927) has been isolated from 
Lepidozia vitrea (585a) and detected in R.frondescens and R. voluta (47). 
For synthesis of the bibenzyls (913-915, 918, 921a, 927-929), pinosylvin 
(3,5-dihydroxy stilbene) (980a) and pinosylvin monomethyl ether (3-
hydroxy-5-methoxystilbene) (980b) which occur inter al. in Alnus siebol
diana (Betulaceae) (16) were hydrogenated followed by prenylation to 
give the prenylated derivatives (914), (918), (921a-c), 927-930 (50). Two 
alternative syntheses of (929), its methyl ether (930) and the methyl ether 
(919) of (918) have been reported (50). 

The prenylated bibenzyls found in Radula species are very similar to 
those isolated from Cannabis sativa (158). CROMBIE et al. (159) reported 
that the structure of the presumed (921a) from Radula variabilis ( = R. 
javanica) later also isolated from R. complanata, oyamensis and tokiensis 
(66) should be revised to (918) on the basis of the 1 H NMR spectra of 
authentic (921a) (p-cannabigerol) and (918) (o-cannabigerol) prepared by 
synthesis (159) while (921a) was identical with a prenylbibenzyl from 
Helichrysum umbraculigerum (Compositae) as originally proposed (115). 
This was indeed the case. Another synthesis of (921a) has been reported 
by ZINSMEISTER et al. (647). 2-Geranyl-3,5-dihydroxybibenzyl (918) has 
been detected in R. frondescens and R. voluta (47). 2-Geranyl-3,5,4'
trihydroxybibenzyl (920) has been detected in R. frondescens (47) while 
3,5-dihydroxy-4-geranylbibenzyl (= p-cannabigerol) (921a) has been 
found in some South American Radula species (50). The methyl ether 
(938) of (937) was prepared from 3-hydroxy-5-methoxyprenylbibenzyl 
(914). The structure assigned to (937) was supported by NOE difference 
spectrum of its methyl ether and comparison of the spectral data with 
(937) and (938). 

The absolute configuration of C-2' in the new bibenzyls, (940) and 
(941) from R. perrottetii was shown to be S because of positive Cotton 
effects at 262 nm (Ae + 0.6) and 250.5 nm (Ae + 1.3), respectively (546). 
CROMBIE et al. (159) have synthesized (± )-o-cannabichromene (940) and 
its p-isomer by base catalyzed condensation of 3,5-dihydroxybibenzyl 
(980d) with citral. The spectral data of (940) from the liverwort were 
identical with those of synthetic o-cannabichromene. The synthesis of 
methyl ether (941) from 5-methyl ether of (918) by dehydrogenation with 
DDQ has been reported (50). A similar chromene derivative (944) has 
been isolated from the ferns Sceptridium ternatum var. ternatum and S. 
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H (931) 3,S-Dihydroxy-2-(2,3-epoxy-3-methylbutyl)bibenzyl 

H (932) 3-Hydroxy-S-methoxy-2-(3-hydroxy-3-methylbutyl)bibenzyI 

(933) 2,2-Dimelhyl-7 -hydroxy-5-(2-phenylelhyl)chromene ; R' =R2 =H 

(934) 2,2-Dimelhyl-7 -melhoxy-5-(2-phenylelhyl)chromene ; R' =Me, R2 =H 

(935) 2,2-Dimelhyl-7,8-dihydroxy-5-(2-phenylelhyl)chromene ; R' =H, R2 =OH 

(936) 2,2-Dimelhyl-7,8-dimelhoxy-5-(2-phenylelhyl)chromene ; R' =Me, R2 =OMe 

(937) 2,2-Dimelhyl-5-hydroxy-7-(2-phenylelhyl)chromene ; R' =R2 =H 

(938) 2,2-Dimelhyl-5-melhoxy-7-(2-phenylelhyl)chromene ; R'=H, R2=Me 

(939) 2,2-Dimelhyl-5-hydroxy-6-carboxy-7 -(2-phenylelhyl)chromene ; 
R'=C02H, R2=H 

(940) 2(S)-2-Methyl-2-(4-methyl-3-pentenyl)-7-hydroxy-

5-(2-phenylelhyl)chromene; R'=R2=H 

(941) 2(S)-2-Methyl-2-(4-methyl-3-pentenyl)-7 -methoxy-

5-(2-phenylethyl)chromene ; R 1 =H, R2 =Me 

(942) 2(S)-2-Methyl-2-(4-methyl-3-pentenyl)-6-carboxy-

7-hydroxy-5-(2-phenylelhyl)chromene ; R'=C02H, R2=H 

(9438) 6-Hydroxy-4-(2-phenylethyl)benzofuran ; R=H 
(943b) R=Me 

Chart 61e. Bibenzyls found in the Hepaticae and their derivatives 

japonicum (427, 546). The structure of a new benzofuran (943a) was 
elucidated by a combination of spin decoupling experiments and NOE 
spectrometry of its methyl ether (943b) (50). 

H 
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Two new prenylated bibenzyls 2(R)-isopropenyl-6-hydroxy-4(2-
phenylethyl) dihydrobenzofuran (945) and 2,2-dimethyl-7,8-dihydroxy-5-
(2-phenylethyl)chromene (935) have been isolated from Radula perrottetii, 
along with the previously known bibenzyls (927, 933, 946a, 947) (43) and 
the bis(bibenzyls), perrottetins E (1023a), F (1024a) and G (1025). 
Conclusive evidence for structures (945) and (935) was obtained by 
syntheses of (945), its methyl ether (946b) and their isomers (958) and 
(957), and the dimethyl ether (936) of (935), (43). On the basis of model 
reaction, acetates (914a) and (927a) were cyclized with Ca(OClh to yield 
(946b) and (957), with the former being identical with the methyl ether of 
the natural product (945) (43). The bibenzyls (946b) and (957) were 
similarly synthesized from 3-hydroxy-5-methoxystilbene, while dihydro
pinosylvin gave naturally occurring dihydrobenzofuran (945) and isomer 
(958). The absolute configuration of (945) at C-2 was R because of the 
positive Cotton effect of (946b) (298, 299). Biosynthesis of (945) might 
proceed from the coexisting prenyl bibenzyl (927). A synthesis of (936) 
proceeded from 3-hydroxy-4,5-dimethylmethoxybibenzyl which was pre
nylated by 2,2-dimethylallylbromide. The product was dehydrogenated 
with DDQ to afford a chromene derivative (43), identical with (936) 
prepared from (935). 

OMe OMe 

(914a) 

The earlier report (19) noted that five prenyl bibenzyls, 3,5-dihydroxy-
4-(3-methyl-2-butenyl)bibenzyl (915), perrottetin A-D (949-951, 946d) 
and a prenyldihydrochalcone (955) had been isolated from R. perrottetii, 
their structures based on 60 MHz NMR spectrometry. However, these 
assignment had to be revised to (927), (952a), (953a), (954a), (946a) and 
(947) as the result of high resolution NMR spectrometry and synthesis of 
the methyl ethers of the natural bibenzyls (43). The presumed (915) was 
identical with synthetic (927) while the structure of perrottetin A was 
revised to (952a) because of the NOE difference spectrum of the derived 
trimethyl ether (952b) and the total synthesis (43). An alternative synthesis 
of (952a) has been reported by ZINSMEISTER et al. (647). Structures (950) 
and (951) originally assigned to perrottetin Band C were revised to (953a) 
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(945) 2(R)-lsopropenyl-6-hydroxy-4-(2-phenylethyl)dihydrobenzofuran ; R' =R2 =H 

(9468) Perrottetin D ; R'=H, R2=OH 
(946b) R'=Me, R2=H 
(946c) R'=Me, R2=OMe OH 

(946d) 

(947) 3, 5-Dihydroxy-6-carbomethoxy-2-(3-methyl-2-butenyl)bibenzyl; R' =R2 =H 

(948) 3, 5-Dimethoxy-6-carbomethoxy-2-(3-methyl-2-butenyl)bibenzyl; R' =R2 =Me 

(955) 

(949)R=~ 
(950)R=~H 

IJOH 
(951)R=~ 

,_~H 
(953b) R2-

R =Me I ~H 
R'=~ 

(9548) Perrottetin C ;R2 =H 

R,=~H 
(954b) 2 

R =Me 

OH 

(956) 

(957) Tylimanthin A; R'=H, R2=Me 
(958) Tylimanthin B ; R' =R2 =H 

(959) Tylimanthin C ; R' =OMe, R2 =Me 

Chart 61f Bibenzyls found in the Hepaticae and their derivatives 
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and (954a), because hydrogenation of the trimethyl ether (953b) to (954b), 
followed by dehydration gave (952b). 

On the basis of its 1 H NMR spectrum, structure (946d) was originally 
proposed for perrottetin D from R. perrottetii (66) and R. voluta (47). Its 
dimethyl ether (946c) exhibited NOE's between H-(J( and H-5, and H-5 
and OMe-4. This, however, did not exclude the alternative structure 
(946a). The IH_ and 13C-NMR spectra of (946a) and (946c) were almost 
identical with those of (945) and its dimethyl ether (946b), indicating that 
the structure of perrottetin D might actually be (946a). This was 
confirmed by total synthesis (43, 647). The absolute configuration at C-2 
was established as R as a result of the positive Cotton effects exhibited by 
(946a) and (946c) and the dihydro derivative (956) (298, 299). Tylimanthus 
urvilleanus produces similar dihydrobenzofuran derivatives, tylimanthins 
A (957), B (958) and C (959) (45). 

A compound originally assigned structure (955) from R. perrottetii 
(66) was later revised to (947) as a result ofNOE spectrometry and further 
transformations. The positions of one hydroxyl group and a prenyl group 
were confirmed by formation of a 2,2-dimethylchroman from (947) on 
treatment with acid. Compound (947) exhibited an NOE between H-(J( 
and H-l' but not between any other proton and the OMe group while 
methyl ether (948) exhibited NOEs between H-(J( and H-l' as well as H-4 
and OMe-3. These data, the occurrence of the C-4 signal at high field 
[0102.3 in (947) and 93.6 in (948)J and the similarity of the NMR spectra 
of (947) and (948) to those of (927) and (929), forced revision of the 
structure to (947). 

The earlier review (19) also mentioned the isolation of what was 
thought to be (915) and its monomethyl ether (914) from European 
Radula complanata. Further fractionation of the crude extract of R. 
complanata yielded 3,5-dihydroxy-2-(3-methyl-2-butenyl)bibenzyl (927) 
and two new bibenzyls, 4'-hydroxyradulanin H (964) (542) and radulanin 
L (965a) (43). The Rts of (927) and the presumed (915) were the same while 
the MS spectra were almost identical. However, while the chemical shifts 
of H-2 and H-6, C-2 and C-6, and C-3 and C-5 in (915) are the same, but 
the same protons and carbons in (927) show different chemical shifts (159). 

OH 

(927b) 
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In order to obtain the natural bibenzyl (915), an attempt was made to 
demethylate (916) and (914) using BBr3 or EtSNa in HMPA; however, 
under these conditions, chroman (927b) and deprenylated material were 
obtained in place of (915) (43). Synthesis of (915) has, however, been 
reported by EICHER (169) and ZINSMEISTER et al. (647). 

Radulanin A (960) has been isolated from R. javanica and R. 
complanata (19). The latter species also produces radulanin H (963a) and 
3,5-dihydroxy-4-(2,3-epoxy-3-methylbutyl)bibenzyl (917) (66). Confirma
tion for structure (960) was provided by the spectral data and a 2D
COSY as well as the NOE difference spectrum of its methyl ether, 
radulanin B (961) (19). The structure assigned to (963a) was supported by 
the NOE difference spectrum of its methyl ether (963b), the presence of a 
hydrogen bonded carboxyl group (1650 em -1) and the NMR spectra of 
the related compounds (960, 961, 963b). The structure of 4'-hydroxyradu
lanin H (964) was suggested by comparison of the spectral data with those 
of the co-metabolite, radulanin H (963a) (542). The structure of radulanin 
L (965a) from R. complanata has been established by an extensive NMR 
study (49). The presence of a 1,2-disubstituted benzene ring and the 
locations of the functional groups in the two benzene rings was evident 
from the coupling patterns in the 1 H NMR spectra and the NOE 
difference spectra of (965a) and its methyl ether (965b). 

As mentioned earlier Radula javanica (= R. variabilis) produces 
several bibenzyls possessing a dihydrooxepin skeleton (19). Further 
fractionation of the methanol extract of R. javanica has yielded three 
unusual new cyclopropanochroman derivatives, radulanin I (966), J (967) 
and K (968a), together with the previously known radulanins A (960) and 
H (963a) (19) and 2-geranyl-3,5-dihydroxybibenzyl (918) while the addi
tional presence of 3-methoxybibenzyl (886) and 3,5-dimethoxybibenzyl 
(889) was detected by GC and GC-MS (49). The presence of a 1,1,2-
trisubstituted cyclopropane ring and two protons on the carbon bearing 
the ether oxygen of(966) and (967) was deduced from the 1H_ and 13C_ 
NMR spectra. Methylation of (966) gave a monomethyl ether which was 
identical with (967). The substitution pattern and the position of each 
functional group on the benzene ring of(966) was established by the NOE 
difference spectrum of (967). Comparison of the spectral data of (966) and 
radulanin K (968a) showed that the compounds differed only with respect 
to presence or absence of the carboxyl, leading to two possible structures 
(968a) or (968b) for radulanin K. Structure (968a) was favored as the 
closely related compounds (966) and (967) occur in the same species. 
Radulanin J (967) and radulanin K (968a) are optically active with a 
positive optical rotations and negative Cotton effects [(230 nm in (967) 
and 263 nm in (968a)]. On the other hand, radulanin I (966) and its methyl 
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(960) Radulanln A : R'_R2_R'_R'_H 

(961 ) Radulanin B ; R'=R2=R'=H, W=Me 
(962) Radulanin C : A' . A2.A'_H, A'.OH 

(963.) Aadulanin H ; A'=A3=A'=H, A2=C02H 
(963b) A'.R2=C02Me, R3: Me, R':H 

(964) 4'-Hydroxyradulanin H ; A' =A3.H, R2.C02H, R'=OH 

(965.) Aadulanin L : A'=OH, A2.A'.A'_H 

(965b) A' =OMe, R2=R'=H, R'.Me 

(966) Aadulanin I (-3-Melhyl-6-hydroxy-8-(2-phenylethyl)-
3, 5-cyclopt'opanochroman) : A '.R2.H 

(967) Aadulanin J (_3·Methyl·6·methoxy·8·(2·phenylethyl)· 

3, 5·cyclopropanochroman): A'.H, A2.Me 

(968.) Radulanin K (.3·Methyt·6·hydroxy.7·carboxy·8·(2·phenylethyl) . 
3, 5-cyclopropanochroman); A'.C02H, A2.H 

(969) Perronetinene 

(980.) Pinosylvin : R'.A2.H 

(980b) Pinosylvin methylelher ; A' . Me, R2. H 
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ether (967) exhibited negative optical rotations and posItIve Cotton 
effects (237 nm in (966) and 230 nm in 967). The absolute value of the 
optical rotations and the amplitudes of the CD curves of (966) and (967) 
were smaller than those of radulanin J (967) which suggested that (966) as 
isolated might be a mixture of the Rand S forms. However, the IH-NMR 
spectrum of (966) in the presence of a chiral shift reagent exhibited the 
signals of only one enantiomer, hence the difference in optical rotation 
and the amplitudes of the CD curves had to be ascribed to a small 
impurity in (966). The presence of both Rand S cyclopropanochroman 
derivatives in R. javanica is noteworthy and also represents the first 
isolation of a cyclopropanochroman from natural sources. Radula perrot
tetii biosynthesizes a unique bibenzyl, perrottetinene (969): Its structure 
and relative configuration are based on 600 MHz NMR spectrometry 
(585a), 
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8.3 Bis-Bibenzyls 

The Hepaticae are rich sources ofbis-bibenzyl derivatives. The earlier 
review mentioned two such compounds, riccardin A (985a) and marchan
tin A (993) from Riccardia multifida (Metzgeriales) and M archantia 
polymorpha (Marchantiales), respectively as well as marchantin B, an 
unidentified bis-bibenzyl from M. polymorpha (19). Since then riccardin B 
(987a) has been isolated from R. multifida together with riccardin A (985a) 
(79). European Preissia quadorata produces riccardin B (987a) (249a). 
Riccardin A (985a) contains an 18-membered ring whose benzene units 
are connected by an ether oxygen between benzene rings A and B and by 
a biphenyl bond between the benzene rings C and D. In the lH-NMR 
spectrum a strongly shielded one proton doublet at 85.33 (lH) has been 
assigned to an inner proton (H-3) on benzene ring A which lies over the 
plane of benzene ring B. 

The IR and lH-NMR spectra of riccardin B (987a), its dimethoxy 
derivative (987b) and its diacetate (987c) quite resembled those of (985a), 
its dimethyl ether (985b) and its diacetate (985c), indicating that riccardin 
B might be a desmethoxy derivative (987a) of (985a) with an additional 
ether linkage between C-12 and C-ll' in place of the biphenyl bond. The 
structures assigned to riccardin A and B have been confirmed by total 
synthesis. That of riccardin A (985a) has been achieved by GOTTSEGEN et 
al. (216) by mean of Wittig reaction. Riccardin B (987a) has been 
synthesized in three different laboratories. The macrocyclic bis-bibenzyl 
framework was constructed by an intermolecular Wadsworth-Emmons 
olefination of phosphonate which was prepared from diethyl[ 4-[2-
methoxy-5-(1,3-dioxan-2-yl)-phenoxy]benzyl] phosphate and methyl-3-
methoxy(3-formylphenoxy) benzoate (334, 504). A second efficient and 
short-step synthesis of riccardin B (987a) by mean of nickel-catalyzed 
intramolecular cyclization of acyclic precursors has been accomplished 
by IYODA et al. (302). GOTTSEGEN et al. (216) and NOGRADI et al. (447) 
synthesized riccardin B (987a) via Ullmann coupling, Wittig reaction and 
an intermolecular Wurtz reaction using sodium and tetraphenylethene. 
Riccardin C (988), demethylated riccardin A (985a), first isolated from 
Reboulia hemisphaerica (55) has also been obtained from South African 
(61) and Indian Marchantia polymorpha (72) and Indian M. palmata (72) 
and New Zealand M onoclea Jorsteri (590), Ricciocarpos natans (351) and 
Japanese Blasia pusilla (249). Methylation of (988) gave a trimethyl ether 
identical with the dimethyl ether (985b) of riccardin A (985a). The 
structure ofriccardin C (988) has been confirmed by total synthesis (215, 
216). 
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Chart 62a. Bis-bibenzyls found in the Hepaticae and their derivatives 
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Biosynthesis of the riccardins may occur via lunularic acid (877) or 
lunularin (878) which is widely distributed in leafy and thalloid liverworts. 

Two new bis-bibenzyl derivatives, riccardins D (989a) and E (990) 
have been isolated from the New Zealand thalloid liverwort Monoclea 
jorsteri, along with riccardin C (988) and perrottetin E (1023a) (590). 
Structure elucidation of (989a) and (990) was carried out by extensive spin 
decoupling and NOE spectrometry on the naturally occurring com
pounds and their tri- and dimethyl ethers (989b) and by spectroscopic 
comparison with riccardin A (985a). Birch reduction of (989b) gave the 
non-cyclic bis-bibenzyl derivative (989c), which incorporated a p-meth
oxybenzyl and a p-hydroxyl benzyl group (Scheme 61). The location of 
these three methoxyls and the single hydroxyl group was established by 
spin decoupling experiments. Riccardin F (986) previously named riccar
din D, has been isolated from Marchantia tosana (74) and Blasia pusilla 
(249) and its structure established by comparing its spectral data with 
those of ric card ins A (985a) and C (988). Marchantia chenopoda contains 
riccardin G (991), the isomer of (990) (553). 

The common thalloid liverwort, Marchantia polymorpha belonging to 
Marchantiaceae (Marchantiales) grows on wet soil. It was known that 
extracts of this species had inhibitory activity against Gram positive 
bacteria, produced allergenic contact dermatitis and were diuretic (see 
Chapter V). The extract was chromatographed on silica gel and then 
Sephadex LH-20 (CHCI3-MeOH 1: 1) to give seven macrocyclic bis
bibenzyls, marchantins A (993), B (994), C (995), D (999), E (1000a), F 
(1001) and G (1002) among which marchantin A was the major compo
nent (22, 74, 78, 579). Marchantin A (993) and the related compounds 
(994-1002, 1005a, 1006a, l007a) have been isolated from French (74), 

OR' 

1) -
(9a9a) Riccardin D ; R' = R2 =H 

(9go) Riccardin E ; R'.H. R2=Me 

(9a9b) 

OMe OH 

2) -

Scheme 61. Reactions of riccardins D and E 

OMe 
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German (71), Indian (72), Malaysian (553) and South African M. poly
morpha (61), Ecuadorian M. chenopoda (553), M. plicata (433), Japanese 
M. paleacea var. diptera and M. tosana (74, 78) as shown in Table lIe. 
Marchantins A, Band C were found not only in the thallus (female, male 
and sterile), but also in the capsule with peduncle of M. polymorpha and 
M. paleacea var. diptera (78), while the marchantins of M. tosana were 
found only in its sterile thallus (78). Marchantins A and B were also 
isolated from Malaysian Wiesnerella denudata belonging to the Conoce
phalaceae (Marchantiales) (51) while marchantin C (995) has been 
isolated from Dumortiera hirsuta (Marchantiaceae) (585) and Reboulia 
hemisphaerica (Aytoniaceae) (614). The latter species also produces 
marchantin C di- (996) (614) and mono methyl ether ( = marchantin 0) 
(997) (249). Marchantin P (998), the isomer of (997), has been isolated from 
M archantia chenopoda (553). It is interesting that marchantin C (995) is 
distributed not only in the Marchantiales, including M onoclea Jorsteri 
(513) and M. gottschei subsp. neotropica (514), but also in the Jungerman
niales, such as Plagiochila sciophila ( = P. acanthophylla subsp. japonica) 
(259) and Schistochila glaucescens (562). 

The yield ofmarchantin A (993) depends on the species. For example, 
pure marchantin A (993) has been isolated in 100-120 g quantity from 
Japanese M. paleaceae var. diptera (from 2 kg of dried material) whereas 
the total extract of German M. polymorpha contains ca 20% of marchan
tin A (993) (71). Its structure was established by a combination of UV, IR, 
1 H- and 13C-NMR spectrometry, the chemical transformations shown in 
Scheme 62, as well as an X-ray crystallographic analysis of the trimethyl 
ether (993a) (22, 579). The IH-NMR spectrum of (993) contains signals of 
four benzylic methylenes, signals of three OH protons which disappear 
on addition of D 20 and thirteen protons on benzene rings. That 
marchantin A (993) possessed three phenolic hydroxyl groups followed 
from methylation with methyl iodide which gave a trimethyl ether (993a) 
and acetylation which gave a triacetate (993b). Treatment of (993) with 
methylene iodide in dimethylsulfoxide in the presence of cupric oxide 
gave a methylene dioxide (993c), indicating two vicinal phenolic hydrox
yls. The remaining two oxygen atoms were ether oxygens since the IR 
spectrum of (993a) contained neither carbonyl nor hydroxyl absorption 
bands. Hence (993) was a cyclic bis-bibenzyl in which the two bibenzyls 
units were linked by two ether oxygens. Hydrogenation of (993a) in the 
presence of platinum oxide gave a hydrogenolysis product (993d), which 
afforded a mono acetate (993e) and a tetramethyl ether (993£), respective
ly. Methylation of (993d) with CD3I gave a trideuterated methyl ether 
(993g). In the mass spectra of (993d-993g), base peaks were observed at 
m/z 167, 167,181 and 184, together with an intense fragment ion at m/z 91, 
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the base peak of (993e) being due to fragment ion which had lost acetate. 
This implied that cleavage of one of the ether linkages had occurred 
at C-4. Treatment of (993£) with sodium in liquid ammonia furnished a 
monomethoxybibenzyl (886) and a monohydroxytrimethoxybibenzyl 
(993h). In the lH-NMR spectrum of (886), A2B2 signals were absent, 
indicating that the methoxyl group was placed at C-13 or C-14. In the 1 H
NMR spectrum of (993h), signals of meta-coupled protons were observed 
at 86.20 and 6.40, suggesting that C-l', C-2' and C-6' were substituted. 
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The two bibenzyls were synthesized by Wittig reactions ofbenzyltriphen
ylphosphonium bromide with m-methoxybenzaldehyde and of 3,4,5-
trimethoxybenzyltriphenylphosphonium bromide with m-hydroxybenz
aldehyde, respectively (36a, 579). Hence, one ether oxygen linked C-2' 
and the A-ring and another oxygen linked between C-ll' and B-ring. 

Birch reduction of (993a) gave two bibenzyl derivatives (891) and 
(993i) whose structures were also established by synthesis (36a, 579). This 
showed that one of the ether oxygens linked C-1 and C-2' and another 
oxygen linked C-ll' and the B-ring. That the second ether oxygen was 
also attached to C-14 was established by NMR spectrometry including 
the 13C_1H and long range 13C-1H-2D-COSY and NOE experiments. 

(993i) 

These results coupled with the Birch reduction of (993a) and (993C) 
established the substitution patterns of the four benzene rings leading to 
(993) as the full structure of marchantin A. Marchantin A (993) and its 
derivatives are viscous gums, however, the trimethyl ether (993a) fur
nished crystals suitable for X-ray analysis. In the IH-NMR spectra of 
(993) and (993a), H-3' appears at unusually high field (~5.13). This is 
understandable as the result of the paramagnetic effect of two benzene 
rings A and D between which H-3' is sandwiched. The total synthesis of 
marchantin A (993) in 12 steps has been accomplished by KODAMA et al. 
(333,334). Structures ofthe other marchantins B-G (994, 995, 999, l000a, 
1001, 1002) have been established in a similar manner and chemical 
correlation. A total synthesis of marchantin B (994) was carried out by HA 
et al. (225). 

IH_ and 13C-NMR spectra of the marchantins and their derivatives 
have been completely assigned using NOE difference, 13C-1H-2D-COSY 
and long range proton selective decoupling (LSPD) spectra; this 
permitted derivation of the structures of marchantin H (1003) from 
Plagiochasma intermedium (Marchantiales) and marchantin I (1004) from 
Riccardia multifida (Metzgeriales) (550, 576). The former bis (bibenzyl) 
had been isolated from South African Marchantia polymorpha (61) and 
M. diptera (623) and Plagiochila sciophila ( = P. acanthophylla subsp. 
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japonica) (259). Marchantins H (1003) and I (1004) were synthesized by 
HA et al. (225) and DIENES et al. (163), respectively. 

A collection of Marchantia polymorpha, from Germany furnished the 
new marchantins J (1005a), K (l006a) and L (1007a), together with 
marchantins A-E (993, 994, 995, 999, l000a) and G (1002) (71). Methyla
tion and acetylation of (1005a) gave a trimethyl ether (1005b) and a 
triacetate (1005e), indicating the presence of three phenolic hydroxyl 
groups. The presence of an ethoxyl group at the benzylic position were 
established by the IH_ and 13C-NMR spectra. The 13C-NMR spectrum 
of (IOOSa) was almost identical with that ofmarchantin E trimethyl ether 
(IOOOb), except for replacement of one of the methoxyls by an ethoxyl 
group indicating that (1005a) was monoethoxymarchantin A. This was 
confirmed by NMR spectrometry of (1005b) including NOE difference 
spectra. This constitutes the first record of an ethoxylated compound 
from bryophytes. 

Methylation and acetylation of (I006a) gave a pentamethyl ether 
(1006b) and a tetraacetate (1006c), respectively. The IH-NMR signals of 
(1006b) were similar to those of marchantin F (1001), except for the 
presence of the methoxyl groups, suggesting that (1006b) possessed the 
same skeleton as marchantin F (1001). The NOE difference spectrum and 
spin decoupling experiments clarified the position not only of the 
methoxyl groups but also the substitution pattern in the four benzene 
rings of (1006b). Marchantin L (1007a) was methylated and acetylated to 
afford a trimethyl ether (1007b) and a tetraacetate (1007e), respectively, 
indicating that (1007a) possessed three phenolic hydroxyl groups and a 
hydroxyl group on an aliphatic carbon atom. The IH_ and 13C-NMR 
spectra of (1007b) resembled those ofmarchantin A trimethyl ether (993a), 
except for the presence of one secondary hydroxyl group on a benzylic 
carbon atom, indicating that (1007b) was marchantin A trimethyl ether 
with a hydroxyl group on C-7, 8, 7' or 8'. The location of the hydroxyl 
group at C-7 was established by extensive spin decoupling as well as NOE 
difference spectrometry which permitted complete assignment of the 
proton and carbon signals of (1007b). 

Indian Marchantia polymorpha elaborates not only marchantins A 
(993), C-E (994, 999, lOOOa), G (1002), riccardin C (988) and perrottetin E 
(1023a), but also two new macrocyclic bis-bibenzyls, isoriccardin C (992a) 
and isomarchantin C (IOlla) (72). Isoriccardin C (992a), isomarchantin C 
(IOlla), riccardin C (988), marchantins C (995) and G (1002) have also 
been isolated from Indian M. palmata (72), while isomarchantin C (IOlla) 
has been isolated from Mylia nuda (Jungermanniales) (622) and Bryop
teris filicina (432). Gross structures of (992a) and (IOlla) have been 
proposed by analysis of the IH_ and 13C-NMR spectra with substitution 
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Chart 62b, Bis-bibenzyls found in the Hepaticae and their derivatives 
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pattern on each benzene ring and the position of each functional group 
being established by spin decoupling and NOE experiments on (992a) 
and (1011a), and their methyl ethers (992b, 1011b). 

Taiwanese Mannia subpilosa produces marchantinquinone (1008) 
(612) as well as marchantin M (1009) and marchantin N (1010) (613, 623a). 
Analysis of the 1H_ and 13C-NMR spectra of (1008) as well as NOE and 
spin decoupling experiments showed that (1008) was a marchantin-type 
cyclic bis-bibenzyl with one phenolic hydroxyl group at C-1' and 1,2-
disubstituted quinone in the B-ring. Presence of quinone was also 
evidenced by the UV (373 nm) and IR adsorption bands (1652 and 
1672 cm -1) and by a comparison of the 13C-NMR spectrum of (1008) 
with that of 2-methyl-1,4-quinone and 2-methoxy-5-methyl-1,4-quinone. 
Further support for the structure was provided by the presence in the 
mass spectrum of intense fragment ions at m/z 211 (60%) and 107 (35%) 
corresponding to double benzylic cleavage and the stable p-hydroxytro
pylium ion. Within Aytoniaceae ( = Grimaldiaceae) which belong to the 
Marchantiales, M annia, Plagiochasma and Reboulia species produce 
common macro cyclic bis-bibenzyls. 

Mannia Jragrans collected in North Korea elaborates not only 
cuparane-type sesquiterpenoids but also a cyclic bis-bibenzyl, pakyonol 
(1012), whose structure was elucidated by analysis of NMR spectral data 
(280). 

Two new cyclic bis-bibenzyls, neomarchantins A (1013a) and B 
(1014a) have been isolated from New Zealand Schistochila glaucescens 
(562). Structures were elucidated utilizing the 1H_ and 13C-NMR and 
NOE difference spectra of di- (1013b) and trimethyl ether (1014b). 
Neomarchantin A (1013a) is identical with demethylated pakyonol (1012) 
(280). Neomarchantin A has also been isolated from M onoclea Jorsteri 
(513), and M. gottschei subsp. neotropica (514) and Preissia quadorata 
(249a). 

Plagiochila sciophila ( = P. acanthophylla subsp. japonica) biosynthe
sizes not only the previously known marchantins C (995), H (1003) and 
perrottetin E (1023a), the latter a member of the perrottetin class, which 
contains single o,p-ether linkage between two bis-bibenzyl groups, but 
also the new plagiochins, plagiochins A-D (1015a, 1016a, 1017a, 1018a) 
which possess an additional ortho biphenyl linkage between the two 
benzyl groups (259). The structure and stereochemistry of (1015a) were 
established by chemical reactions (methylation and acetylation), 1H_ 
NMR spectrometry and NOE studies on the pentamethyl ether (1015b) 
as well as by an X-ray crystallographic analysis of the latter (1015b). This 
showed that ring A is perpendicular to ring C and parallel with ring D. 
The proton at C-3' is strongly shielded by both rings A and D, causing a 
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Chart 62c. Bis-bibenzyls found in the Hepaticae and their derivatives 
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high field shift to M.83 in (1015a). This phenomenon has been also 
encountered in the series of marchantins and riccardins described earlier 
(550,576). Structures of the remaining cyclic bis-bibenzyls (1016a, 1017a, 
1018a) were also deduced from the double resonance and NOE difference 
spectra of acetylated derivatives (1016b, 1017b, 1018b). Plagiochins C 
(1017a) and D (1018a) have been synthesized by KESERU et al. (323). 

Plagiochilafruticosa produces not only 2,3-secoaromadendranes (19) 
but also two new cyclic bis-bibenzyls, isoplagiochin A (1019) and 
isoplagiochin B (1020) (249). The structure of (1019) was established by a 
combination of 2D-COSY techniques and NOE spectrometry on triace
tate (1019a) and trimethyl ether (1019b) and the preparation of dihydro
derivative (1019c) and X-ray crystallographic analysis of (1019a). The 
structure of (1020) was based on spectroscopic comparison with (1019). 
Further fractionation of the methanol extract of P. fruticosa yielded two 
additional bis-bibenzyls, isoplagiochin C (1021) and isoplagiochin D 
(1022a) whose structures are based on spectroscopic comparison with 
(1019) and (1019c) (262b). 

Radula species are rich sources not only of bibenzyls but also bis
bibenzyls. From R. perrottetii (598) and R. kojana (50), the new perrottetin 
E (1023a) and perrottetin F (1024a) have been isolated. The former species 
elaborates an additional new bis-bibenzyl, perrottetin G (1025) (598). 
Perrottetin F (1024a) has also been isolated from Lunularia cruciata (255). 
Structure (1023a) was deduced by extensive NMR studies of (1023a) and 
its trimethyl ether (1023b) and was confirmed by total synthesis of (1023a) 
(598, 647). The presence of one additional hydroxyl group at C-2' in 
perrottetin F (1024a) was deduced by NMR studies of its tetramethyl 
ether (1024b) and confirmed by total synthesis (403). Methylation of 
perrottetin G (1025) gave a tetramethyl ether which was identical with 
(1024b) prepared from (1024a), indicating that (1025) was a monomethyl 
ether of (1024a). The position of the methoxyl group of (1025) on l' was 
based on the absence of an NOE on irradiation of the methoxyl group. 
Conclusive evidence for the structure of (1025) was also obtained by its 
total synthesis (403). 

Perrottetin E (1023a) has also been isolated from Jungermannia 
comata (437), Marchantia polymorpha (72), Monocleaforsteri (513, 590), 
M. gottschei subsp. neotropica (514), N ardia subclavata (585), Pellia 
endiviifolia (254), and Plagiochila sciophila ( = P. acanthophylla subsp. 
japonica) (259). Two new bibenzyl ethers, perrottetin E-ll'-methyl ether 
(1026) and 14-hydroxyperrottetin E-ll'-methyl ether (1027) have been 
isolated from Pellia endiviifolia, along with perrottetin E (1023a). Struc
tures were established by spectroscopic methods including NOE experi
ments, the usual alkylations, acylations and hydrogenolysis reactions and 
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by total syntheses (254). Jubula japonica elaborates a new bis-bibenzyl, 
perrottetin H (1028) (= 14-hydroxyperrottetin F) (585b) while Pellia 
epiphylla contains three new bis-bibenzyls, 14-hydroxyperrottetin E 
(1029), 14'-hydroxyperrottetin E (1030) and 14,14'-dihydroxyperrottetin 
E (1031), along with perrottetin E (1023a), whose structures were 
elucidated by spectroscopic comparison with 14-hydroxyperrottetin E
ll'-methyl ether (1027) and NOE spectrometry (J59a). A new bis
bibenzyl, 7',8'-dehydroperrottetin F (1032) has been isolated from Lunu
laria cruciata, along with perrottetin F (1024a) (255). The structure 
assigned to (1032) is based on spectral data and correlation with 
perrottetin F (1024a) by hydrogenation. The position ofthe double bond 
at C7' -C8' was confirmed by NOE spectrometry of the tetramethyl ether. 
Radula perrottetii contains isoperrottetin A (1033) (585a), a new bis
bibenzyl, biogenetically correlated with isoplagiochin D (1022a) (262b). 

Further fractionation of the methanol extract of M archantia paleacea 
var. diptera resulted in the isolation of the new paleatin A (1034) and 
paleatin B (1035) (255). The structure of (1034) was established by 13C_1 H 
and long range 13C_1 H-2D-COSY techniques, NOE spectrometry on 
hexametj:lyl ether (1034b) and tetraacetate (1034a), by comparing spectral 
data of (1034b) with those ofthe pentamethyl ether (1000c) prepared from 
marchantin E (1000a) as well as by the chemical transformations and 
correlation shown in Scheme 63. Structure (1035) is based on spectro
scopic comparison with (1034) and on the correlation also shown in 
Scheme 63. These phenolic compounds are of interest because they are 
the linear analogues of the macrocyc1ic bis-bibenzyl ethers which have 
been found in Jungermanniales, Marchantiales, Metzgeriales and Mono
c1eales and are possible biogenetic precursors of the marchantins, plagio
chins and riccardins. 

In addition to (1024a) and (1032), Japanese L. cruciata also yielded a 
highly unusual bis-bibenzyl dimer, cruciatin (1036) (249). The structure of 
(1036) was established by analysis of 1 H- and 13C-NMR spectra as well as 
by the chemical degradation outlined in Scheme 64. Methylation and 
acetylation of (1036) gave a hexaacetate (1036a) and hexamethyl ether 
(1036b), respectively, indicating that (1036) possessed six phenolic hy
droxyl groups. Birch reduction of the hexamethyl ether (1036b) afforded 
two bibenzyls (891) and (1042h) and bis-bibenzyl (1024f) all these of 
which were synthesized from p-benzyloxybenzaldehyde (1084a) and 3,4-
dimethoxybenzaldehyde (1042f) by a Wittig reaction and from naturally 
occurring perrottetin F (1024a) by dimethylation, respectively. Cruciatin 
(1036) is a dimer of perrottetin F (1024a), two phenolic hydroxyl groups of 
which are linked to two benzylic methylenes at C-7' and C-8' of another 
perrottetin E molecule. 
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(10348) 

~5) 

(1034d) 

~6) 

11) 
OH OH 

1) -
OH OH 

(1034) 

~3) 
OEt OEt 

(1034e) 

OH 

(10248) Perrottetin F 

2) -
(1034b) 

OEt OEt 

4) - + 

(091e) (10261) 

OEt 

3) -
(1024d) 

1) AC20/Py 2) Mel/K2C03/Me2CO 3) Etl/K2C03/Me2CO 4) Na/liq. NH3, ·78' 
5) p-TsOH/CsHs 6) H2/10% Pd·C 

Scheme 63. Reactions of paleatins A and B and correlation with perrottetin E 
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Me 
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Scheme 64. Reactions of cruciatin and correlation with perrottetin E 
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As mentioned earlier, Blasia pusilla contained phytosterols, lunularic 
acid (877) and lunularin (878) (19). Further investigation of the methanol 
extract of B. pusilla resulted in the isolation offour new cyclic bis-bibenzyl 
dimers, pusilatins A-D (1037a, 1038a, 1039a, 1040a). The structure of 
(1037a) has been established by a combination of 600 MHz NMR 
spectrometry of the parent compound and its hexaacetate (1037b) and X
ray crystallographic analysis of the latter derivative. Structures of the 
remaining compounds are based on 1 Hand 13C NMR spectrometry of 
their permethylated or peracetylated derivatives and spectroscopic com
parison with those of (1037a) (262a-c). 

(10378) Pusilatin A ; R=H 
(1037b) R=Ac 

(10398) Pusilatin C ; R=H 
(1039b) R=Ac 
(1039c) R-Me 

OR OR 

(10388) Pusilatin B ; R=H 
(1038b) R=Ac 
(1038c) R=Me 

OR 

o 

(1040a) Pusilatin D ; R=H 
(1040b) R=Ac 

Chart 62e. Bis-bibenzyls found in the Hepaticae and their derivatives 
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The minimum strain energies of all possible cyclic bis-bibenzyl 
skeletons derivable from a hypothetical acyclic precursor, perrottetin E 
(1023a) by oxidative cyclization have been calculated using the DTMM 
and MM2 programs and compared with the natural marchantin, isomar
chantin, neomarchantin, riccardin and plagiochin series (324). This 
indicated that riccardin B (987a) is of very low energy (total energy, 
1.2 Kcalmol- 1; free enthalpy change (~G*) - 26.3 Kcalmol- 1) com
pared with the marchantin and plagiochin series which have energies of 
10.2 and 35.1 Kcalmol- 1 and ~G*, - 17.3 and 5.2 Kcalmol-l, respec
tively. 

8.4 Long Chain Alkyl Phenols 

Schistochila appendiculata contains the long chain alkylphenols 
(1043-1051) (53). The presence of phenols (1046, 1049), salicylic acids 
(1047,1050) and potassium salicylates (1048, 1051) as minor components 
of a mixture with (1043), (1044) and (1045), respectively, was deduced from 
GC-MS of methylated products of (1043-1045). GC-MS analysis further 
indicated that S. appendiculata also contained 6-undecylcatechol (1052) 
and 3-heptadecenylphenol (1053). 

3-Undecylphenol (1043), 6-undecylsalicylic acid (1044) and the po
tassium salt of the long chain alkylsalicylic acid have not been found 
previously in nature although a crystalline salicylic acid derivative named 
anagigantic acid has been isolated from Anacardium gigantheum (Anacar
diaceae) and its structure tentatively proposed as 3-undecylsalicylic acid 
(1044) (501). 3-Tridecylphenol (1046) and 6-tridecylsalicylic acid (1047) 
have been found in the brown algae, Caulocystis species (3'22). The fruit of 
Ginkgo biloba produces 6-pentadecenyl- and 6-pentadecylsalicylic acid 
(1050) (162,177) and many Anacardiaceae species elaborate various types 
of n-C15 and n-C17 alkyl phenols (162, 177). However, isolation of 
(1043-1045) is the first record of long chain alkylphenols in the bryo
phytes. These long chain alkyl phenols therefore appear to be significant 
chemical markers of Schistochila appendiculata. As most species belong
ing to lungermanniales produce terpenoids as major markers, S. appendi
culata is one of the chemically most distinct liverworts. 

Omphalanthus filiformis produces chamigrane-type sesquiterpenoids 
and an alkylresorcinol, 5-heptadeca-8(Z),11(Z),14(Z)-trienylresorcinol 
(1054) (441a, 571) which has also been isolated from the higher plant 
Philodendron scandens subsp. oxycardium (Araceae) (470). The brown 
alga, Cystophora torulosa elaborates a very similar alkylresorcinol (1055) 
(179). 
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11 

(1043) 3-Undecylphenol ; R=H 
(1044) 6-Undecylsalicylic acid; R=C02H 
(1045) Potassium 6-undecylsalicylate ; R=C02K 

13 

(1046) 3-Tridecylphenol ; R=H 
(1047) 6-Tridecyl salicylic acid; R=C02H 
(1048) Potassium 6-tridecyl salicylate; R=C02K 

15 

(1049) 3-Pentadecylphenol ; R=H 
(1050) 6-Pentadecylsalicylic acid; R=C02H 
(1051) Potassium 6-pentadecyl salicylate; R=C02K 

(1052) 6-Undecyl catechol 

OMe 

11 S(17H33 

~I 
H 

(1053) 3-Heptadecenylphenol 

(1054) 5-Heptadeca-8(Z), 11 (Z), 14(Z)-trienylresorcinol mono methyl ether 

Chart 63. Long chain alkyl phenols found in the Hepaticae 

OH 

HO 

(1055) 

8.5 Naphthalenes and Isocoumarins 

The presence of naphthalene (1056) has been detected in South 
American Triandrophyllum subtrifidum and Plagiochila subdura by 
GC-MS (46). Taiwanese Wettsteinia inversa produces 2,4,7-trimethoxy
naphthalene (1057), along with three new isocoumarins, 8-hydroxy-6,7-
dimethoxy-3-methylisocoumarin (1061), inversin (= 6-methoxy-7,8-
methylenedioxy-3-methylisocoumarin) (1062) and dihydroinversin (1063) 
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MeO~OMe 

~ 
OMe 

~:M' 
0-.1 

(1058) Wettstein A (1056) Naphthalene (1057) 2,4,7-Trimethoxynaphthalene 

~> ~O 

OMe 

~OMe 
~OMe 

OMe 

(1059) Wettstein B (1060) Wettstein C 

Mem--=::: 
~ I 0 

MeO 

OH 0 

MeoNY--=::: 
~ I 0 

a 
'--0 0 

(1062) Inversin 

(1061) 8-Hydroxy-6, 7 -di-methoxy-3-methylisocumarin 

H M)9Y 
'--0 0 

(1063) Dihydroinversin 

(1065a) Scapaniapyrone A; R'=R2=H 
(1065b) R'=H, R2=Ac 
(1065c) R'=Me, R2=Ac 

OMe MW 
'--0 0 

(1064) Wettsteinolide 

Chart 64a. Naphthalenes and isocoumarins found in the Hepaticae and their derivatives 

while New Zealand W. schusterana biosynthesizes three new naphthalene 
derivatives, wettsteins A-C (1058-1060) and a new isocoumarin, wett
steinolide [= 3(R)-methyl-5,6-dimethoxy-7,8-methylenedioxydihydro
isocoumarin] (1064), together with dihydroinversin (1063) (37). These 
structures were established by various techniques of 600 MHz NMR 
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spectrometry (2D-COSY, HMBC, HMQC and NOE). The (R)
configurations at C-3 of (1063) and (1064) are based on the negative 
Cotton effect [317 nm and 269.5 nm in (1063) and 321 and 267 nm in 
(1064) and the positive Cotton effect [248 nm in (1063) and 245 nm in 
(1064)] (256a). Scapania undulata produces not only various sesquiter
penoids but also a new naphthalene derivative, scapaniapyrone A (1065a) 
(421) which contains two phenolic hydroxyl and two carboxylic groups 
because it forms a diacetate (1065b) and dimethyl ester (1065c). The 
structure was deduced by analysis of 13C_1 H and long range 13C_1 H-2D
COSY spectra. 

An aqueous extract of air-dried gametophytic tissue of Pellia epiphylla 
furnished the unusual naphthalene derivative (1066) (474). Its structure 
was suggested by analysis of the spectroscopic data and by considering 
the possible biosynthesis of such a phenyl-substituted naphthalene 
system from two caffeic acid molecules, a common phenolic unit in 

OH 

HO 

OH 

HO 

HO 

OH 

(1066) 6,7-Dihydroxy-4-(3,4-dihydroxyphenyl)naphthalene-
2-carboxylic acid 

C02R (1067) (1 R,2S)-2,3-Dicarboxy-6,7-dihydroxy-1-
(3',4'-dihydroxy)-phenyl-1,2-dihydronaphthalene ; R=H 

(1068) 2,3-Dicarboxy-6, 7-dihydroxy-1-(3' ,4'-dihydroxy)
phenyl-1,2-dihydronaphthalene-10-methyl ester; R=Me 

OH 

OH 

(1 069) 2,3-Dicarboxy-6,7-dihydroxy-1-(3',4'-dihydroxy)
phenyl-1,2-dihydronaphathalene-9,5"-shikimic acid ester 

Chart 64b. Naphthalenes found in the Hepaticae 
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OH 

-C02 -------
-4H 

(1066) 

Scheme 65. Possible biogenesis of napthalene derivative 

liverworts, as shown in Scheme 65 (474). The proposed structure was 
confirmed by total synthesis of (1066) (168, 474, 647). Further investiga
tion of the methanol extract of gametophytes of the same species gave 
three new phenyldihydronaphthalene derivatives, (1067), (1068) and 
(1069) (159a). The structures of (1067) and (1068) are based on a 
combination of negative F AB and CI mass spectra and NMR spectro
scopic comparison with the phenyldihydronaphthalene moiety of rab
dosiin from Rabdosia japonica (3a). The structure of (1069) was also 
established by the negative CI mass spectrum and comparison of the 1 H 
and 13C NMR spectra with (1067) and (1068) as well as shikimic acid 
(1085) and 5-0-caffeoyl shikimate. 

8.6 Neolignans, Phenanthrenes and Phthalides 

A neolignan, ( - )-licarin A (1070) has been isolated from Jackiella 
javanica (437). In the original paper, the structure of (1070) was repro
duced erroneously, one methoxyl group being missing. The same sub
stance has been isolated from the higher plant Urbanodendron verrucosum 
(4); ( + )-licarin A, the enantiomer of (1070), was found in Magnolia 
kachirachirai (172). This is the first record of a neolignan from bryophytes. 

Plagiochila spinulosa contains two phenanthrene derivatives, 2-
hydroxy-3,4-7 -trimethoxy-9, lO-dihydrophenanthrene (1071) and 3,4,7-
trimethoxy-9,lO-dihydrophenanthrene (1072) (144) whose structures 
have been assigned by study of their NMR spectra. Riccardia jackii 
elaborates a dihydrophenanthrene whose structure has been established 
as 3,4-dimethoxy-5-hydroxy-9,lO-dihydrophenanthrene (1073) by X-ray 
crystallographic analysis (380). 2,5-Dimethoxy-3-hydroxyphenanthrene 
(1074) has been isolated from Marchantia tosana and 2-hydroxy-3,6-
dimethoxyphenanthrene (1075) from M. paleacea var. diptera (74). A 
similar trisubstituted phenanthrene derivative (1076) has been isolated 
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~ d Me 

YLrO-OH 

OMe 

(1070) (-)-Licarin A 

(1071) 2-Hydroxy-3,4, 7 -trimethoxy-9, 1 O-dihydrophenanthrene ; R=OH 
(1072) 3,4,7-Trimethoxy-9,10-dihydrophenanthrene ; R=H 

(1073) 3,4-Dimethoxy-5-hydroxy-9,1 O-dihydrophenanthrene 

66Y:H1 
Me (1074) 2,5-Dimethoxy-3-hydroxyphenanthrene 

I ~ ~ 
.& .& 

~OMle H (1075) 2-Hydroxy-3,6-dimethoxyphenanthrene 

Me ~ ~ 

1.& .& 

~ 
?' H 

I (1076) 2-Hydroxy-3,7-dimethoxyphenanthrene 
I ~ ~ 

Me .&.& 

Chart 65. Neolignan and phenanthrenes found in the Hepaticae 

from Indian M. polymorpha, together with various macrocyc1ic bis
bibenzyls as described earlier (72). The position of each functional group 
in the phenanthrenes from Marchantia species was deduced by studying 
NOE of the original compounds and their methyl ethers. A similar 9,10-
dihydrophenanthrene derivative (1077) has been found in the Senegalese 
red algae, Polysyphonia ferulacea (5). 

(1077) 
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A new phthalide, 3-(4'-methoxybenzyl)-5,6-dimethoxyphthalide 
(1078), has been isolated from Frullania falciloba, together with the two 
bibenzyls mentioned earlier (64). 

MeO 

MeO 

MeO 

Me 

Me 

Me 

(1078) 3-( 4'-Methoxybenzyl)-S,6-dimethoxyphthalide 

(1079) 3-(3' ,4' -Dimethoxybenzyl)-7 -hydroxy-S-methoxy
phthalide 

(1080) Radulanolide 

(1081) 3-(3'-Methoxy-4',S'-methylenedioxybenzyl)
S, 7 -dimethoxyphthalide 

(1082) 3-(3',4' ,S'-Trimethoxybenzyl)-S, 7 -dimethoxyphthalide 

Chart 66. Phthalides found in the Hepaticae 
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The arrangement of the functional groups on the two benzene rings 
was established by NOE spectrometry. Balantiopsis rosea produces a new 
phthalide named balantiolide, 3-(3',4'-dimethoxybenzyl)-7-hydroxy-5-
methoxyphthalide (1079) (65). The presence of the partial structure, a 3-
substituted 7-hydroxy-5-methoxy-phthalide, was deduced from the in
tense UV (252 nm) and IR absorption band (1735 cm -1) assignable to a 
chelated phthalide. The arrangement of the three methoxyl groups on the 
two benzene rings was deduced by analysis of the 1H-NMR spectrum, 
spin decoupling and the NOE difference spectrum. Radula complanata 
contained a new phthalide named radulanolide (1080) together with 
various bibenzyl derivatives (66). The presence of a 7-hydroxyphthalide 
was deduced from the intense IR absorption band at 1735 cm - 1 while the 
complete structure rests on analysis of 1H-NMR and mass spectral data 
and spin decoupling experiments. Two new phthalides (1081) and (1082) 
have been isolated from Trocholejeunea sandvicensis; their structures are 
based on an analysis of the 1H_ and 13C-NMR spectra (82). 

8.7 Miscellaneous Aromatic Compounds 

Shikimic acid (1085) has been obtained from Conocephalum conicum 
(214). Plagiochila asplenioides and Lophocolea bidentata produce ellagic 
acid (1086) (214). The latter species contains 4-vinylguaiacol (1090) (527 a). 
Blasia pusilla produces orellinic acid methyl ester (1088) (249). Phenyl ace
toaldehyde (1087) has been detected in the essential oil of Lophocolea 
heterophylla (527a). p-Hydroxybenzaldehyde (1084) has been isolated 
from Marchantia paleacea var. diptera (74), M. polymorpha (61, 71) and 
Wiesnerella denudata (51). M. polymorpha also produces m-hydroxybenz
aldehyde (1083) (71). Plagiochila spinulosa elaborates the dihydrophen
anthrenes (1071) and (1072) as well as methyl 2-methyl-3,4-
methylenedioxy-6-methoxybenzoate (1089) (144). From an unidentified 
Jamaican liverwort, CONNOLLY (144) isolated two aromatic compounds, 
(1091) and (1093). 3,4-Dimethoxystyrene (1092) was isolated from Malay
sian Asterella species and callus of Conocephalum conicum (585). The 
former liverwort elaborates skatole (1099) (249). From Marchesinia 
brachiata, an allylbenzene has been isolated whose structure is either 
(1094) or (1095) (219). 1-(3,4-Dihydroxy-5-methoxybenzyl)-3-methylbut-
2-ene (1096) has been isolated from Plagiochila rutilans; the structure was 
established by synthesis (278). 

The prenylindole derivatives, 6-(3-methyl-2-butenyl)indole (1097) and 
7-(3-methyl-2-butenyl) indole (1098) have been isolated from European 
Riccardia chamedryfolia (19,435). The same indole derivative has been 
isolated from Japanese R. multifida (78). Conocephalum conicum and 
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9H 

ArR2 

Y 
Hype 

HO OH 

CHO 
(1083) m-Hydroxybenzaldehyde ; 

R'=H, R2=OH 
(1084) p-Hydroxybenzaldehyde ; 

R'=OH, R2=H 

C02H 

(1085) Shikimic acid 
(1086) Ellagic acid 

~
OH OMe 

:::"..1 

~ 

(1087) Phenylacetoaldehyde (1088) Orellinic acid methyl ester (1090) 4-Vinylguaiacol 

Meo~ 

~/""\,,~ MeO OMe 

(1089) Methyl 2-methyl-3,4-methylenedioxy-6-methoxybenzoate 

(1091) 2,4,5-Trimethoxystyrene; R=OMe 
(1092) 3,4-Dimethoxystyrene ; R=H 

(1093) 2,4,5-Trimethoxyallylbenzene 

(1094) 4-Hydroxy-3,5-dimethyoxyallylbenzene ; R'=Me, R2=H 
or 3-Hydroxy-4,5-dimethoxyallylbenzene; R'=H, R2=Me 

(1095) 3-Hydroxy-4,5-dimethyoxyallylbenzene 

Meo~.& 
1 (1 096) 1-(3,4-Dihydroxy-5-methyoxybenzyl)-3-methylbut-2-ene 

HO .& 

OH 

Chart 67a. Miscellaneous aromatic compounds found in the Hepaticae 
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H 

I 

(1098) 7 -(3-Methyl-2-butenyl) indole 

~ VL-/ 
(1099) Skatole; R=Me 

H 

~~ 
H~ 
M~ 

(1100) Indole acetic acid; R=CH2C02H 
(1101) Indole 3-acetonitrile ; R=CH2CN 

(1102) 2,5-Dihydroxy-4-methyl-6-methoxyacetophenone 

(1103) 2,5-Dihydroxy-4-formyl-6-methoxyacetophenone 

-.::::··0 -.:::: OH ~ I H I 
HO£OMe .& 

CHO 
o 

(1104) Trocholejeunin (1105) &-Tocopherol 

Mb- (1106a) Isotachioside (=2-Methoxy-4-hydroxyphenyl-1~-glucoside); 
GlcO OR R=H 

~ D (ll06b) R=Me 

y OGIC 

HO ~ D (1107) Salidroside; R=H 
(11 08) ~-(3,4-Dihydroxyphenyl)-ethyl-O-~-D-glucoside ; R=OH 

Chart 67b. Miscellaneous aromatic compounds found in the Hepaticae 
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Marchantia polymorpha produce indoleacetic acid (1100) (442a). Trocho
lejeunea sandvicensis elaborates not only various pinguisane-type sesqui
terpenoids but also highly oxidized acetophenone derivatives 
(1102-1104) which are shown in Chart 67b. These structures were based 
on analysis of spectroscopic data (22). Radula perrottetii contains b
tocopherol (1105) (585a). 

Isotachisjaponica contained a phenyl glucoside (1106a) whose struc
ture is based on the 1 H-, 13C_NMR and NOE difference spectra and mass 
spectral fragmentation [m/z 140 (base)] of (1106a) and its methyl ether 
(1106b) (76). The same glucoside (1106a) has been isolated from the higher 
plant Berchemia racemosa (292). Two phenylethanoid glucosides salidro
side (1107) (408) and fJ-(3,4-dihydroxyphenyl)-ethyl-O-fJ-D-glucoside 
(1108) (502) have been isolated from an axenic culture of Ricciocarpos 
natans, together with three new bibenzyl glucosides (881,882,883) (351). 
Three new glycerol glucosides (1109-1111) have been isolated from 
aqueous alcoholic extract of Frullania muscicola and their structures 
elucidated by a combination of chemical degradation (alkaline hydroly
sis) and F AB-MS as well as NMR spectrometry (345b). The absolute 
configuration at C-2 for (1109-1111) has not been determined. Isolation 
of (1106a), (1107) and (1108) constitutes the first record of such glucosides 
from the bryophytes, although a number of flavonoid glucosides have 
been found in the bryophytes (see the following section). 

R ~
3 

R' 

H i~~ HO~ = Caffeoyl 

o 
H20H 

(11 09) 1·0-~-D-(6·-Caffeoyl)-glucopyranosyl glycerol ; R' =R2 =H R3 =Caffeoyl 

(1110) 1-0-~-D-(4'-Caffeoyl)-glucopyranosyl glycerol ; R' =R3 =H R2 =Caffeoyl 

(1111) 1-0-~-D-(3'-Caffeoyl)-glucopyranosyl glycerol; R'=Caffeoyl R2=R3=H 

Chart 67c. Miscellaneous aromatic compounds found in the Hepaticae 

8.8 Flavonoids 

Flavonoids are widely distributed in Hepaticae. Previous reviews 
(19,271) listed the presence of flavonoids in 58 liverwort species from 32 
genera (19) and 55 species from 31 genera (271). A total of 103 flavonoids 
from liverworts were listed in the 1982 review (19). The review of 
MARKHAM in "The Flavonoids Advances in Research Since 1980" with 
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tables provide 11 good listing offlavonoids up to 1988 (362). In this review, 
flavonoids isolated from or detected in 106 liverwort species are included 
and their distribution in 6 orders ofthe Hepaticae is also discussed. Other 
review articles dealing with flavonoids ofbryophytes have appeared (363, 
416, 648). The distribution of C-glycosylflavones in 22 species of the 
liverworts has been investigated (413). All compounds were isolated from 
an 80% aq. methanol extract. No flavones could be detected in Herbertus, 
Mastigophora and Ptilidium species. The distribution of flavonoids in 
Trichocolea and Porella species is not uniform. Some Trichocolea species 
produce flavonoids while others do not. Porella species elaborate fla
vones which differ qualitatively and quantitatively depending on the 
species. For example, the flavonoids pattern of P. platyphylla collected in 
16 different localities from various parts of Europe is surprisingly 
different (413). 

444 liverwort and four hornworts have been analyzed for occurrence 
of flavonoids by two-dimensional thin layer chromatography (2D-TLC) 
(416) and some basic information on isolation and identification tech
niques of flavonoids by 2D-TLC has been reviewed (417). IH_ and 13C_ 
NMR spectrometry may be of use in structure determination of flavone 
C-6 or C-8 glycosides because the presence of a C-8-linked hexose results 
in the existence of rotamers, in which the hexose and B-ring interact 
sterically to give isomers distinguishable by NMR techniques (367). The 
number of species screened for flavonoids and their polar more de
rivatives mainly by 2D-TLC has been reported by MARKHAM (363). In 
members of Marchantiidae which have been investigated, flavonoids are 
generally present. The main flavonoid types present in Marchantiidae are 
flavone O-glucuronides followed by flavone C-glycosides, while flavonols 
are very rare. Table IIf shows the distribution of flavonoids in the 
Hepaticae. Apigenin (1112) and luteolin (1143) derivatives are common. 

Flavone C- and O-glycosides, flavonols, dihydroflavones, dihydro
chalcones, and aurones have all been found in one or more liverworts, but 
isoflavones, chalcones, biflavones, anthocyanins, and proanthocyanidins 
have not been detected. The order Bryales of Musci contains flavone C
and O-glycosides, biflavones, aurones, isoflavones, and deoxyanthocya
nins; however, proanthocyanidins and 3-hydroanthocyanins has not yet 
been detected. Flavonoids in bryophytes are distributed over 8 orders 
(363). Those orders lacking flavonoids are the Anthocerotales (Anthoce
rotae), Andreaeidae, Polytrichales, Sphagnales and Tetraphidales (Musci). 
Less than half of the Metzgeriales and Jungermanniales (Hepaticae) 
investigated biosynthesize flavonoids, while on the other hand, the 
distribution of flavonoids in Marchantiales and Sphaerocarpales is 
estimated to be 70-100%. It is obvious from the data in Table IIf that the 
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374 Y. ASAKAWA 

R'~OR2 12 

OH 0 (1112) Apigenin; R =R =H 
(1113) Apigenin-7,4'-dimethyl ether; R' =R2 =Me 

(1114) Acacetin; R'=H, R2=Me 

(1115) Apigenin-4'-0-glucoslde ; R 1 =H, R2 =Glc 

(1116) Apigenin-7,4'-di-0-galacturonide ; R' =R2 =Gal A 

(1117) Apigenin-7 -0-glucoslde-4'-0-galacturonide ; R' =Glc, R2 =Gal A 

(1118) Apigenin-7,4'-di-0-glucuronide ; R' =R2 =GA 

(1119) Apigenin-7-0-rhamnosylglucuronide-4'-0-glucuronide or 

Apigeni n-7 -O-glu cu ron ide-4' -O-rham nosylg I ucu ronide ; 

R'=Rha-GA, R2=GA or R'=GA, R2=Rha-GA 
(1120) Apigenin-7-0-neohesperidoslde ; R'=Neoh, R2=H 

(1121) Apigenin-7-0-glucoside ; R'=Glc, R2=H 

(1122) Acacetin-7-0-rhamnoarabinosyl galacturonide ; 

R'=Rha-Ara-Gal A, R2=Me 

(1123) Acacetin-7-0-rhamnoxylosyl galacturonide ; 

R' =Rha-Xyl-Gal A, R2 =Me 

(1124) Acacetin-7 -O-rhamnoglucosyl glucuronide ; 

R' =Rha-Glc-GA, R2 =Me 

(1125) Acacetin-7-0-diglucuronide ; R'=GA-GA, R2=Me 

(1126) Acacetin-7-0-di-galacturonide ; R' =Gal A-Gal A, R2=Me 

F.l2 

H~OH 
R'~ 'L!I 

OH 0 

(1127) Apigenin-6,8-di-C-glucoside (=Vicenin-2) ; R' =R2 =Glc 

(1128) 6-Hydroxyapigenin (=Scutellarein) ; R'=OH, R2=H 

Chart 68a. Flavones found in the Hepaticae 

predominant flavonoid type in all orders is represented by flavone 
derivatives. The Metzgeriales are characterized by flavone-C-glycosides, 
the Jungermanniales by flavone-C- and flavone-O-glycosides, and the 
Marchantiales, Sphaerocarpales and Monoc1eales by flavone-O-glucuro
nides. The Takakiales and Bryales (Musci) produce a wider range of 
flavone glycosides than the other orders, in particular 25% ofthe Bryales 
contain biflavonoids (362, 363) (Chapter III). 

The Monoc1eales and Sphaerocarpales can be distinguished from the 
Marchantiales by the complete lack of flavone C-glycosides. The Mar
chantiales produce flavone C-glycosides (11 %); these are of the bio
synthetically simple apigenin-6,8-di-C-glucoside (1127) and lute olin 6,8-
di-C-glucoside (1164) type and distinct from the flavonoid C-glycosides 
found in the Jungermanniales and the Metzgeriales in which oxidation of 
the B-ring in flavones is characteristic and in which many different types 
of sugars (glucose, rhamnose, arabinose and xylose) have been detected. 
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The flavonoids profile of the lungermanniales is similar to that of the 
Metzgeriales. 

To proceed to more specific cases, the distribution offlavonoids in 14 
species of the subgenus Chonanthelia in the genus Frullania has been 
investigated leading to isolation and identification of 18 flavonoids three 
of which are aglycones and 15 of which are glycosides (645). The free 
aglycones are apigenin (1112), lute olin (1143) and 6-hydroxyluteolin 
(1166). Luteolin-7-0-glucoside (1147) was the only glycoside found in all 
species, thus luteolin and its 7-0-glucoside are chemical markers for 
species within subgenus Chonanthelia. Both compounds had already been 
isolated previously from F. dilatata (425), whereas this is the first report of 
the co-occurrence of apigenin (1112) and 6-hydroxyluteolin (1166) as free 
aglycones in any Frullania species. As a result of comparative flavonoid 
analysis, two basic species groups can be distinguished by their flavonoid 
distribution. This result is in good accordance with their morphological 
classification into two sections, Cladocarpicae and Chonanthelia. F. 
ecklonii exhibits a flavonoid pattern intermediate between that of sect. 
Cladocarpicae and that of Chonanthelia. Frullania jackii and F. davurica 
are definitely distinguished by different chromosome numbers. The 
chromosome number of the former is n = 17 and that of the latter is n = 9 
for the female and n = 8 for the male plant. The pattern of lipophilic 
compounds proved to be very similar in both taxa; more specially, the 
bibenzyl constituents of F. jackii are qualitatively and quantitatively 
identical with those of F. davurica. Twenty different flavonoids were 
isolated from both taxa; luteolin-7,3',4' -trimethyl ether (1146) and 
luteolin-3',4' -dimethyl ether (1144) being common to both. The occur
rence of all three flavone aglycones in both taxa is taxonomically highly 
significant and suggests that they are closely related to each other. The 
major flavone O-glycoside of both species is the very rare 6-
hydroxyluteolin-7-0-sophoroside (1169) which has been found for the 
first time in any bryophytes (420) .. Most O-glycosides of F. davurica are 
based on 6-hydroxyapigenin (= scutellarein) (1128) and 6-hydroxy
luteolin-3' -methyl ether (1185), whereas 6-hydroxyluteolin (1166) is the 
aglycone of most F.jackii-O-glycosides. Rhamnosides were detected only 
among the glycosides of F.jackii, xylosides with one exception only in the 
glycosides of F. davurica (420). Thus the flavonoid patterns of F.jackii and 
F. davurica suggest that they are closely related but nevertheless different 
taxa. 

Brachiolejeunea phyllorhiza and B. laxifolia (Lejeuneaceae) produce 
luteolin-7-0-glucoside (1147). The former also contains luteolin (1143) 
and its 7-0-acylglucoside as well as 6-hydroxyluteolin-7-0-acylglucoside 
(217). Isoorientin-7-0-glucoside (lutonarin) (1186) was isolated from 
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R2~ P H 
~ I I ~ A (1129) 6·Hydroxyapigenin (=Scutellarein)-7·0-diglucoside ; R'=H. R2=Glc-Glc 

R' (1130) Scutellarein-7-0-glucoside-S"-malonate ; R'=H. R2=S-Malonyl Glc 

H (1131) Scutellarein-7 -O-xyloside ; R' =H, R2 =Xyl 

Glc 

OMe 

(1132) Scutellarein-6-0-xyloside-7-0-glucoside ; R'=Xyl, R2=Glc 
(1133) Scutellarein-7-0-glucoxylglucoside ; R'=H, R2=Glc-Xyl-Glc 

(1134) Scutellarein-7 -O-glucoside-6"-hydroxy-3-methylglutarate ; 

R'=H, R2=6-Hydroxy-3-methylglutaryl Glc 
(1135) Scutellarein-S-O-glucoside-7-0-rhamnoglucoside ; R' =Glc, R2 =Rha-Glc 

(1136) Apigenin-S-C-rhamnoside-7-0-glucoside (=lsofurcatain-7-0-glucoside) ; R=Rha 
(1137) Apigenin-S-C-glucoside-7-0-glucoside (=Saponarin) ; R=Glc 

(1138) Apigenin-6, 7 ,4'-trimethyl ather ; R' =R2 =Me 

(1139) Pectolinarigenin-7-0-glucuronide ; R'=Me, R2=GA 

(1140) Pectolinarigenin-7-0-galacturonide ; R'=Me, R2=Gal A 
(1141) 4'-Methoxyscutellarein-7 -O-glucronylrhamnoside ; 

R'=H, R2=GA-Rha 

Me~Me yy- (1142) 5-Hydroxy-7,8,4'-trimethoxyflavone 

R' 

(1143) Luteolin ; R'=R2=R3=H 

(1144) Luteolin-3',4'-dimethyl ether; R'=H, R2=R3=Me 

(1145) Luteolin-7,3'-dimethyl ether (=Velutin) ; R'=R2=Me, R3=H 
R3 (1146) Luteolin-7,3',4'-trimethyl ether; R'=R2=R3=Me 

(1147) Luteolin-7-0-glucoside ; R'=Glc, R2.R3=H 

(1148) Luteolin-7-0-glucoside-S"-malonate ; R'=6-Malonyl Glc, R2=R3=H 

(1149) Luteolin-7-0-glucuronide ; R'=GA, R2=R3=H 

(1150) Luteolin-7-0-gentiobiose ; R' =Ge, R2 =R3 =H 

(1151) Luteolin-3'-O-glucoside ; R'=R3=H, R2=Glc 
(1152) Luteolin-4'-O-glucoside ; R'=R2=H, R3=Glc 
(1153) Luteolin-4'-O-glucuronide ; R'=R2=H, R3=GA 
(1154) Luteolin-7-0-glucoside-S"-hydroxy-3-methylglutarate ; 

R' =S-Hydroxy-3-methylglutaryl Glc, R2 =R3 =H 
(1155) Luteolin-7,4'-di-O-glucuronide ; R'=R3=GA, R2=H 

(1156) Luteolin-7,3'-di-O-glucoside ; R'=R2=Glc, R3=H 

(1157) Luteolin-4'-O-rhamnosyl-~-D-galacturonide ; 

R'=R2=H, R3=Rha-Gal A 

(1158) Crysoeriol-7-0-glucoside ; R'=Glc, R2=Me, R3=H 

(1159) Crysoeriol-7-0-glucuronide ; R'=GA, R2=Me, R3=H 

(1160) Crysoeriol-7-0-neohesperidoside ; R'=Neoh, R2=Me, R3=H 
(1161) Crysoeriol-7,4'-di-O-glucoside ; R'=R3=Glc, R2=Me 

(1162) 3',4'-Dimethoxyluteolin-7-0-rhamnoarabinosyl galacturonide ; 

R'=Rha-Ara-Gal A, R2=R3=Me 
(1163) 3',4'-Dimethoxyluteolin-7-0-rhamnoxylosyl galacturonide ; 

R'=Rha-Xyl-Gal A, R2=R3=Me 

Chart 68b. Flavones found in the Hepaticae 
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R20WD-3 OR' 

9' I I ~ II OR5 

R' ~ 
OH 0 

(1164) Luteolin-S,8-di-C-glucoside (~Lucenin-2) : R 1 ~R3 ~Glc, R2~R' ~R5 ~H 
(1165) Luteolin-S,8-di-C-arabinosie ; R 1 ~R3 ~Ara, R2 ~R4 ~R5 ~H 
(1166) S-Hydroxyluteolin ; R'~OH, R2~R3~R'~R5~H 
(1167) Luteolin-S,7-dimethyl ether (~Cirsilol) , R'~OMe, R2~Me, R3~R'~R5~H 
(1168) Luteolin-S,3',4'-trimethyl ether (~Eupatilin) ; R'~OMe, R2~R3~H, R'~R5~Me 
(1169) 6-Hydroxyluteolin-7-0-sophoroside ; R 1 ~OH, R2 ~Soph, R3 ~R' ~R5 ~H 
(1170) S-Hydroxyluteolin-7-0-glucoside ; R 1 ~OH, R2 ~Glc, R3 ~R'~R5 ~H 
(1171) Nodifloretin-7-monomethyl ether (~Pedalitin) ; R'~OH, R2~Me, R3~R'~R5~H 
(1172) S-Hydroxyluteolin-7,3'-dimethyl ether; R 1 ~OH, R2 ~R'~Me, R3 ~R5 ~H 
(1173) 6-Hydroxyluteolin-6-0-xyloside-7-0-glucoside ; R'~O-Xyl, R2~Glc, R3~R'~R5~H 
(1174) 6-Hydroxyluteolin-S-O-glucoside-7-0-xyloglucoside ; R 1 ~O-Glc, R2 ~Xyl-Glc, 

R3~R4~R5~H 

(1175) Nodifloretin-7-0-rhamnoside-4'-O-glucuronide ; 
R'~OH, R2~Rha, R3~H, R'~Me, R5~GA 

(1176) Nodifloretin-7-0-xyloglucoside ; R'~OH, R2~Xyl-Glc, R3~R5~H, R4~Me 
(1177) Nodifloretin-6-0-xyloside-7-0-glucoside ; R 1 ~O-Xyl, R2 ~Glc, R3 ~R5~H, R4 ~Me 
(1178) Nodifloretin-6-0-glucoside-7-0-xyloside ; R 1 ~O-Glc, R2~Xyl, R3~R5~H, R4~Me 
(1179) Nodifloretin-7-0-glucoside-6"-hydroxy-3-methylglutarate ; 

R 1 ~OH, R2 ~6-Hydroxy-3-methylglutaryl Glc, R3 ~R5~H, R'~Me 
(1180) S-Hydroxyluteolin-S-O-diglucoside ; R 1 ~O-Glc-Glc, R2 ~R3 ~R' ~R5 ~H 
(1181) 6-Hydroxyluteolin-7-0-rhamnoside ; R 1 ~OH, R2~Rha, R3~R'~R5~H 
(1182) 6-Hydroxyluteolin-7 -O-glucoside-6"-hydroxy-3-methylglutarate ; 

R 1 ~OH, R2 ~6-Hydroxy-3-methylglutaryIGlc, R3 ~R4 ~R5 ~H 
(1183) S-Hydroxyluteol in-7 -O-glucoside-4" -hydroxy-3-methylglutarate ; 

R 1 ~OH, R2 ~4-Hydroxy-3-methylglutaryIGlc, R3 ~R' ~R5 ~H 
(1184) 6-Hydroxyluteolin-7-0-glucoside-3"-hydroxy-3-methylglutarate ; 

R 1 ~OH, R2 ~3"-Hydroxy-3-methylglutaryl-Glc, R3 ~R'~R5 ~H 
(1185) 6-Hydroxyluteolin-3'-methyl ether (~Nodifloretin or Batatifolin)-7-0-sophoroside ; 

R'~OH, R2~SOPh, R3~R5~H, R4~Me 
(1186) Isoorientin-7-0-glucoside (~Lutonarin) ; R '~R2~Glc, R3~R'~R5~H 
(1187) Luteolin-6,8-di-C-glucoside-3'-glucoside (~Lucenin-2 3'-glucoside) ; 

R 1 ~R3 ~R' ~Glc, R2 ~R5 ~H 
(1188) Luteolin-6-C-glucoside-B-C-arabinoside (~Carlinoside) ; R 1 ~Glc, R2 ~R4 ~R5~H, R3 ~Ara 
(1189) Luteolin-6-C-arabinoside-B-C-glucoside (~Isocarlinoside) ; 

R'~Ara, R2~R'~R5~H, R3~Glc 
(1190) Onopordin-7,4'-di-O-polysaccharide ; R 1 ~R'~H, R2~R5~Polysaccharide, R3~OMe 

Chart 68c. Flavones found in the Hepaticae 
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Stictolejeunea squamata and Lejeunea cavifolia. The latter also yielded 
tricetin-6,8-di-C-~-D-glucopyranoside (1199) (217). Twenty-two species 
of Lejeuneaceae, subfamily Ptychanthoideae were studied for flavonoids 
and cinnamic acid derivatives. Almost all species produce both types of 
compounds (347). Frullanoides densifolia (Lejeuneaceae) produces kaem
pferol3-methyl ether (1191) which rarely occurs in higher plants and had 
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not previously been isolated from bryophytes (347). A M etzgeria species 
also produces kaempferol-6-C-glucoside (1193) and its 3-0-glucoside 
(1194) which are very rare in plant kingdom (363). 

Mylia anomala, M. nuda, M. taylorii and M. verrucosa contain the 
flavone 6,8-di-C-~-glucopyranosides vicenin-2 (1127) and lucenin-2 
(1164) which are widely distributed in liverworts (424). The former seems 
to be one of the flavone C-glycosides frequently found in Jungerman
niales and Metzgeriales. 

There are four dendroid liverworts, Jensenia connivens (subfamily 
Pallavicinioideae), Symphyogyna podophylla (subfamily Symphyogyno
ideae), Hymenophytonflavellatum and H. leptopodum (Hymenophytaceae), 
all belonging to the order Metzgeriales, in New Zealand. The four species 
differ remarkably different in flavonoid patterns, the two Hymenophyton 
species being differentiated from Jensenia and Symphyogyna by high 
levels offlavonoids. Hymenophyton leptopodum may be a more advanced 
species than H. jlavellatum since the latter species elaborates kaempferol 
(1192) glycosides with the common flavonoids, apigenin (1112) and 
acacetin (1114) glycosides being found in both H. jlabellatum and H. 
leptopodum (129). Plagiochilajamesonii produces a new tricetin glycoside, 
tricetin-6,8-di-C-IX-L-arabinoside (1202), along with the known tricetin-
6,8-di-C-~-D-glucopyranoside (1199) and tricetin-6-C-~-D-glucosyl-8-C
IX-L-arabinoside (1205) (441a). 

An unexpected doubling of signals occurs in the 13C_ NMR spectra of 
tricetin-6,8-di-C-glucopyranoside (1199) and tricetin-6-C-arabinopy
ranoside-8-C-glucoside (1203) isolated from or detected in Metzgeria 
Jurcata containing 8-C-hexosyl substituents at room temperature, but not 
in the spectra of those containing 8-C-arabinosyl substituents (367). This 
suggests that interaction occurs between C-linked (~)-monohexose at C-8 
and the B-ring. As the phenomenon has not been observed in 8-C
pentopyranosides, the primary hydroxyl group of the hexose would 
appear to be the function interacting with the B-ring. This results in 
restricted rotation of the B-ring and/or the hexose, giving rise to a mixture 
of two NMR-distinguishable isomers. Rotational isomers should be 
interconvertible at high temperatures and indeed the doubling dis
appeared when spectra of lucenin-2 (1164) and selgin-6,8-di-C-glucoside 
( = stellarin-2) (1204) were measured at 90°. The absence of signal 
doubling in 8-C-hexosylisoflavonoids is due to the greater distance of the 
B-ring from the glycosyl moiety at C-8 which eliminates the steric 
interaction. 

Further fractionation of an 80% aqueous methanolic extract of 
Metzgeria Jurcata var. uvula resulted in the isolation of a new flavone 
glycoside, apigenin-6-C-IX-L-rhamnoside (= isofurcatain)-7-0-~-D-
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glucopyranoside (1136) and tricetin-6-C-[3-D-glucopyranoside-8-C-cx-L
arabinopyranoside (1205) (369, 549). The 7-0-linked glucose of the 
former compound is considered to be [3-linked to apigenin-6-C
rhamnoside since H-l of the glucose unit appears as a doublet (J = 
9.8 Hz) centered at 05.26 in the lH-NMR spectrum. Furthermore, 
the sugar carbon signals associated with the O-linked glucose resemble 
those observed in the 13C-NMR spectrum of apigenin-6-C-[3-D
glucopyranoside-7 -0-[3-D-glucopyranoside (1137). 

(1191) Kaempferol·3·methyl ether ; R=Me 
(1192) Kaempferol ; R=H 

H~H 
GI~;-:' 

OH 0 

(1193) Kaempferol·6·C-glucoside ; R=H 
(1194) Kaempferol-6-C-glucoside-3-0-glucoside ; R=Glc 

(1195) Tricetin ; R'=R2=R3=H 

(1196) Apometzgerin ; R'=R2=Me, R3=H 

(1197) Tricin ; R'=R3=Me, R2=H 

(1198) Selgin ; R'=Me, R2=R3=H 

(1199) Tricetin-6,S-di-C-glucoside ; R'=R3=Glc, R2=R4=H 

(1200) Tricetin-6-C-glucoside (=Isoaffinetin) ; R'=Glc, R2=R3=R4=H 
(1201) Tricetin-7-0-glucoside-3'-O-glucoside-6"-hydroxy-3-methylglutarate ; 

R'=R3=H, R2=Glc, R4=6-Hydroxy-3-methylglutaryl Glc 
(1202) Tricetin-6,S-di-C-arabinoside ; R'=R3=Ara, R2=R4=H 

(1203) Tricetin-6-C-arabinoside-S-C-glucoside ; R'=Ara, R2=R4=H, R3=Glc 

(1204) Selgin-6,S·di-C-glucoside (=Stellarin-2) ; R'=R3=Glc, R2=H, R4=Me 

(1205) Tricetin-6-C-glucoside-S-C-arabinoside ; R'=Glc, R2=R4=H, R3=Ara 

(1206) Tricin-6,S-di-C-glucoside 

Chart 68d. Flavones and fiavonols found in the Hepaticae 
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Flavonoids of two Eupleurozia and eight Pleurozia species (Pleurozi
aceae) were analyzed by 2D-TLC (422). Pleurozia acinosa, P. articulata and 
P. caledonica produce a new flavone glycoside, lucenin-2 3'-O-glucoside 
(1187), together with lucenin-2 (1164), stellarin-2 (1204) and tricetin-6,S
di-C-glucoside (1199). The flavonoid pattern of P. gigantea, P. giganteoides 
and P. heterophylla is similar to that of the above three species, except for 
the absence of lucenin-2 3' -glucoside (1187). P. conchifolia contains 
(1164, 1199, 1204) as well as carlinoside (1188) and isocarlinoside (1189). 
Luteolin-4'-O-glucuronide (1153) and luteolin (1143) were isolated from 
Eupleurozia paradoxa along with lucenin-2 (1164). E. simplicissima pro
duces (1164, 1199, 1204) as well as vicenin-2 (1127) and tricin-6,S-di-C
glucoside (1206). 

Cell suspension cultures of M archantia paleacea var. diptera produces 
luteolin (1143) (457). Apigenin-7,4'-dimethylether (1113) were isolated 
from Reboulia hemisphaerica (411) and Plagiochasma rupestre (Aytoni
aceae) (243). The latter species contains luteolin-6,S-di-C-arabinoside 
(1165) (491 a). R. hemisphaerica also produces 5-hydroxy-7,8,4' -tri
methoxyflavone (1142) (411). 

Total syntheses of tricetin (1195), apometzgerin (1196), tricin (1197) 
and selgin (1198) which occur as flavonoid components in bryophytes 
have been accomplished by EICHER et al. (168, 355, 647). 

9. Lipids 

9.1 n-Alkanes and Related Compounds 

The earlier review (19) listed the distribution ofn-alkanes in 40 species 
of liverworts. The relative amounts of odd and even numbered n-alkanes 
in some species are close to equal in contrast to the situation encountered 
in higher plants in which odd carbon numbered n-alkanes (normally 
C27-C33 ) are predominant. 

Lophocolea heterophylla contains n-alkanes (CI5-C25), n-nonacosan-
10-one (1207) and cerides which were transesterified with MeOH to give 
methyl esters of fatty acids (CI2-C26) and alcohols (CIS-C26). Palmitic 
and stearic acids and docosanol are predominant. The main ceride in the 
wax is docosanyl hexadecanoate. More polar esters which were trans
esterified with MeOH yielded primary aliphatic alcohols (C13-CI6), 
nonacosan-IO-ol (1208) which is the major component, and normal fatty 
acids (C12-C24) (343). 

The essential oils of Conocephalum conicum, Plagiochila ovalifolia and 
Wiesnerella denudata (62) and Lophocolea heterophylla and L. bidentata 
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(527a) contain 1-octen-3-o1 (1213) and 1-octen-3-yl acetate (1214) as well 
as monoterpenoids. Optically pure (S)-( + )-1-octen-3-01 (1213) and (R)
( + )-1-octen-3-yl acetate (1214) have been isolated from Conocephalum 
japonicum (585). The latter compound was also isolated from Frullania 
davurica (585). C. japonicum and Plagiochila sciophila ( = P. acantho
phylla subsp. japonica) contain octan-3-yl acetate (1215) and 3-octanone 
(1216), respectively (62). n-Nonanal (1217) and 2-methylbutanol (1218) 
have been detected in C. japonicum (62) and Porella cordaeana (593), 
respectively. The former aldehyde has been detected in Lophocolea 
bidentata (527a). The essential oil of Lophocolea heterophylla contains n
hexanol (1209), n-hexanal (1210), n-heptanal (1211), 1-octanol (1212), n
nananal (1217) and n-decanal (1219) (527a). Octanol, octenol, octanal and 
octanone have also been detected in some mosses (see Chapter III). 

9.2 Fatty Acids 

Most liverworts contain various free fatty acids (19,271). A new 
acetylenic acid, 9-octadecen-6-ynoic acid (1220a) has been isolated from 
the thalli of Riccia fiuitans (Marchantiales), together with the previously 
known 9,12-octadecadien-6-ynoic (1221) and 9,12,15-octadecatrien-6-
ynoic acids (1222) (340). The triglycerides were transesterified with 5% 
H 2S04 in MeOH and the resulting methyl esters were purified by 
preparative GC to give three methyl esters of each fatty acid (1220a, 1221, 
1222). Hydrogenation of the methyl ester (1220b) of (1220a) gave stearic 
acid methyl ester. The IR spectrum of (1220b) had a band at 2310 cm-1, 
assignable to a nonterminal acetylenic group. The stereochemistry at the 
double bond and the position of the functional groups of (1220b) were 
based on the 1 H -NMR spectrum and spin decoupling experiments. This 
is the first record of acetylenic fatty acids in liverworts. 

Investigation oftwelve other Riccia species resulted in the detection of 
acetylenic fatty acids in all species (339). Acetylenic fatty acids were 
components not only of the triacylglycerols but also, to a remarkable 
degree, in the glycolipids, specially in the monogalactosyl diglycerides. In 
species belonging to subgenus Ricciella, 9-octadecen-6-ynoic acid (1220a) 
was the predominant component. On the other hand, the major fatty acid 
of the species of subgenus Euriccia was 9, 12,15-octadecatrien-6-ynoic acid 
(1222). 

The family Ricciaceae consists of two genera, Ricciocarpos and Riccia. 
Ricciocarpos is mono typic; the sole member is R. natans which is free of 
acetylenic acids. The fatty acid composition of R. natans is similar to that 
of Marchantiaceae with linolenic acid ( = 18: 3(03) as the major compo-
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nent together with large amounts of arachidonic acid (ARA) 
( = 5Z,8Z, llZ,14Z-eicosatetraenoic acid) (20: 4(06) (1223) and eicosapen
taenoic acid (EPA) (= 5Z,8Z,llZ,14Z,17Z-eieosapentaenoic acid) 
(20: 5m3) (1224) (339). Marchantia, Corsinia and Oximitra species are free 
of acetylenic fatty acids (339). M onoclea Jorsteri belonging to Monocle
aceae contains 9-octadecen-6-ynoic acid (1220a), along with unidentified 
acetylenic acids. 

Further investigation of the methanol extract of the largest thalloid 
liverwort, Monoclea Jorsteri collected in New Zealand, resulted in the 
isolation of two new fatty acids, 10-keto-8E-octadecen-6-ynoic acid 
(1225) and 10-hydroxy-octadec-6-yn-8E-enoic acid (1226) whose struc
tures were elucidated by chemical and spectral evidence (590). The 
position of the ene-yne-one system and the location of the ketone group 
in (1225) followed from IR, UV (267 nm), 1H_ and 13C-NMR spectrome
try as well as the mass fragmentation of hexahydro derivative (1225a) 
shown in Scheme 66. In addition to the acetylenic and intense carbonyl 
bands (2200 and 1680 cm - 1), the IR spectrum exhibited a more intense 
band characteristic of a trans-ethylenic double bond (1590 em -1). The 
arithmetic difference in frequencies between two absorption bands is 
90 cm - 1, indicating that the enone system has the s-cis conformation. 
Oxidation of (1226) with PCC gave (1225) thus establishing its structure. 
Highly unsaturated fatty acids with an ene-yne system are widespread in 
the Musci. Acetylenic fatty acids are also frequently found in mosses, but 
are limited to a few families or genera, such as the Ditrichaceae, 
Dicranaceae, Bryum and Fontinalis (307, 338) (see Chapter III). 

SHINMEN et al. (503) have reported that Marchantia polymorpha is a 
rich source of both ARA and EPA. A culture of M. polymorpha contained 
high amounts of ARA and EPA (92 and 48 mgl-l, respectively) under 
photomixotrophic conditions. The cell culture of M. polymorpha shows 
rapid growth in Murashige-Skoog's medium (MSK)-2 or MSK-12. ARA 

(1225) 

1) H2/Pd·C/EtOH 

1) 

mlz 156.1514 

mlz 200.1432 

(12258) 

Scheme 66. Hydrogenation ofmonoc1eic acid and mass fragments ofhexahydro derivative 



Chemical Constituents of the Bryophytes 

(1220a) 9-0ctadecen-6-ynoic acid; R=H 
(1220b) R=Me 

(1221) 9, 12-0ctadecadien-6-ynoic acid 

~C02H 
~ (1222) 9,12,15-0ctadecatrien-6-ynoic acid 

15 

8 5 

~H 
11 14 

(1223) Arachidonic acid (=5Z,BZ, 11 Z, 14Z-Eicosatetraenoic acid) 

8 5 

~H 
11 14 17 

(1224) Eicosapentaenoic acid (=5Z,BZ, 11 Z, 14Z, 17 Z-Eicosapentaenoic acid) 

(1225) Monocleic acid (=1 O-Keto-BE-octadecen-6-ynoic acid) 

(1226) Monocleolic acid (=10-Hydroxy-BE-octadecen-6-ynoic acid) 

Chart 69. Fatty acids found in the Hepaticae 
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and EPA were found mainly as components of diacylglycerides. In 
addition to ARA and EPA, 16:0 (palmitic), 16: 1 (palmitoleic), 16: 2,16: 3, 
18:0 (stearic), 18: 1 (oleic), 18:2 (linoleic), 18:3(X «(X-linolenic), 18:3y (y,y
linolenic), 18:4(03,20:3(06 and 20:4(03 acids were found in the triglycer
ide, fatty acid, diglyceride and steryl ester portions of M. polymorpha 
culture, 16:0, 16:3 and 18:3 being predominant. 

Steryl ester fraction of Mylia taylorii and M. verrucosa contains oleic, 
linolenic and linoleic acids (532). The level of C-20 polyunsaturated fatty 
acids is significantly low. In general the liverworts studied so far are very 
different from the mosses with respect to the proportion of steryl esters. 
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10. Sulfur-Containing Compounds 

A strong seaweed-like odor is produced on drying of liverworts. 
Dimethyl sulfide (1227) which is one of the important flavors of seaweeds 
has been detected in European Porella cordaeana by GC-MS and FPD 
detector used for GC (593). Pellia endiviifolia and Plagiochila sciophila 
( = P. acanthophylla subsp. japonica) also produce dimethyl sulfide (62). 

Isotachis japonica produces simple benzoates and cinnamates (19). 
Reinvestigation of the chemical constituents of 1. japonica resulted in the 
isolation of two new sulfur-containing esters, isotachin A (1228) and 
isotachin B (1229) whose structures were elucidated by a combination of 
IH_ and 13C-NMR and high resolution mass spectrometry (76). A new 
trans-~-methylthioacrylate, isotachin C (1230), has been isolated from 
Balantiopsis rosea, along with previously known benzoates and cinnama
tes as well as isotachins A (1228) and B (1229) and 2-methoxybenzyl 
benzoate (863) (65). The position of the methoxy group on the benzene 
ring was deduced from the NMR spectrum and observation of an NOE 
only between H-3 and the methoxyl group. Sulfur-containing compounds 
have not been found previously in bryophytes. 

CH3SCH3 
(1227) Dimethylsulfide 

(1228) Isotachin A (1229) Isotachin B 
(=Benzyl trans-~-methyl thioacrylate) (=~-Phenylethyl trans-~-methyl thioacrylate) 

o OMe 

M"s~ 
(1230) Isotachin C 

(=2-Methoxybenzyl trans-~-methyl thioacrylate) 

Chart 70. Sulfur-containing compounds found in the Hepaticae 

11. Carbohydrates 

Earlier reports (19, 271) mentioned the detection of many carbohy
drates in bryophytes. Five water soluble carbohydrates, ( - )-L-bornesitol, 
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Chemical Constituents of the Bryophytes 391 

( - )-D-mannitol, (+ )-glucose, ( + )-sucrose and ( + )-trehalose have 
been isolated from Mylia taylorii, in the form of their peracetyl derivatives 
(387). The absolute configuration of these sugars is the same as that found 
in higher plants, although many sesqui- and diterpenoids isolated from 
liverworts are enantiomers of those found in higher plants. The soluble 
carbohydrates from seven other liverwort species are listed in Table IIg. 

III. Chemical Constituents of Musci (Mosses) 

1. Mono- and Diterpenoids 

Lower terpenoids are rare in mosses. That entomophilous species of 
the Splachnaceae possess a characteristic odor has been known for a long 
time. Flies attracted by the odor of Splachnum rubrum serve as spore 
carriers to fresh dung. The volatile components of ten species of 
Splachnum have been analyzed by GC and GC-MS (344, 469). Phellan
drene (Cl- or ~-form) (12a or 12b), ~3-carene (25) and Cl-pinene (27), have 
been detected in female and male gametophytes of S. rubrum, together 
with octane derivatives. 3-Carene has also been detected in gametophytes 
of S. luteum and seta of S. rebrum. This is the first report of monoter
penoids in mosses. 

Ent-16~-hydroxykaurane (707) has been isolated from Saelania glau
cescens (445) as the first diterpenoid from a moss. Compound (707) is 
thought to contribute to the bluish tint of S. glaucescens. It is also the 
major component in the waxy coating of the liverworts Anthelia juratz
kana and A. julacea (Hepaticae) (19). Hypnum plumaeforme produces 
momilactone A (1231) and momilactone B (1232 (448a) which have been 
isolated from the seed husk of Oryza sativa (321a). Chamaecydin (1233) 
which has been found in the seed of the conifer tree, Chamaecyparis obtusa 
(268a) has been isolated from Thuidium kanedae (448a). 

(1 231) Momilactone A (1232) Momilactone B (1233) Chamaecydin 

Chart 71. Diterpenoids found in the Musci 
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2. Steroids, Triterpenoids and Carotenoids 

Mosses contain mainly campesterol (24Cl-epimer) (844a), stigmasterol 
(24Cl-epimer) (846a) and sitosterol (24Cl-epimer) (848a), together with 
cholesterol (849), bras sica sterol ( = 24-methyl-5,22-cholestadienol) (850) 
and 24-methyl-5,7,22-cholestatrienol (1239) as the minor component as 
shown in Tables IlIa (138, 271). The sterol composition of Plagiomnium 
succulentum and Sphagnum palustre has been investigated by high 
resolution lH-NMR spectroscopy and capillary GC (138, 436). The data 
indicate that the 24-methylcholesterol of the two species is a mixture of 
the 24Cl- (844a) and 24~-epimers (844b), whilst the 24-ethyl-5-cholesterol 
of S. palustre is a mixture of the 24Cl- (848a) and 24~-epimers (848b) and 
that of P. succulentum is only the 24Cl-epimer. Both species elaborate only 
the 24Cl-epimer (846a) of 24-ethyl-5,22-cholestadienol. Similar phenom
ena were observed in the sterol composition ofliverworts (see Chapter II, 
Table lId). Cholesterol (849) was also found in the sterol fractions of both 
species. 

Triterpenoids are widely distributed in mosses. Table IlIa lists ursane-, 
fernane-, friedelane-, hopane-, lupane-, taraxane-, cycloeucalane-, cy
cloartane-, cyclolaudane-, 24-methylenecycloartane-, norcyclolaudane
and obtusifolane-type triterpenoids. Sphagnum species (peat moss) pro
duce Cl-amyrin (1240), taraxerol (1244) and taraxerone (1245) (300). 
Thuidium kanedae elaborates two fernane-type triterpenoids, fern-7-ene 
(1246) and fern-9(1l)-ene (1247) (70). The latter triterpene has also been 
obtained from Scleropodium touretii (132), together with cyclolaudenol 
(1234), and cycloeucalenol (1237) which has also been found in Brachythe
cium rivulare and Campylopus introJlexus (132). 3Cl-Friedelinol (1248) has 
been found in Leucobryum glaucum (288). The most common triterpenoid 
in mosses in diploptene [= hop-22(29)-ene] (856) which has been 
detected in Abietinella (270, 372), Brachythecium, Campylopus (132), 
Climacium (372), Ctenidium (132), Hypnum, Neckera (372), Pseudosclero
podium (373), Rhytidiadelphus (288, 372), Thamnium (371) and Thuidium 
species (70, 132). Lupeol (1249) has been found only in Thuidium kanedae 
(70). Hypnum, Pseudoscleropodium and Rhytidiadelphus triquetrus var. 
typicus elaborate ursolic acid (1241) which is widespread in higher plants 
(372, 373). Dicranum elongatum produces cycloartenol (854) (170, 319). 
Cyclolaudenol (1234) and 31-norcyclolaudenol (1235) are relatively com
mon; the former has been found in 10 species and the latter detected in 7 
species including Sphagnum teres (271). Dicranum elongatum (170) and 
Thuidium tamariscifolium (371) elaborate 24-methylenecycloartanol 
(1236). Racomitrium lanuginosum biosynthesizes obtusifoliol (1238) (132, 
288). R. japonicum produces ~-amyrin (1242) and 11,12-dehydroursolic 
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(1234) Cyclolaudenol 

(1237) Cycloeucalenol 

(1240) a-Amyrin ; R=Ma 
(1241) Ursolic acid ; R=C02H 

(1244) Taraxarol 

(1247) Fam-9{1 1 )-ena 

Y. ASAKAWA 

(1235) 31-No<cyclolaudenol (1236) 24-Melhylenecycloartanol 

(1238) Obtusiloliol (1239) 24-Melhyl-5.7.22-cholestalrlenol 

(1242) /l-Amyrin (1243) 11 .12-Dehydroursolic acid lactone 

(1245) Taraxerone (1246) Fern-7-ene 

J" ... 

(1248) Ja-Friedelinol (1249) lupeol 

Chart 72. Steroids and triterpenoids found in the Musci 
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acid lactone (1243), together with squalene (851), friedelin (853), hop-
22(29)-ene (856), ex-amyrin (1240), taraxerol (1244) and lupeol (1249) 
(448a). All triterpenoids listed above have so far not found in liverworts, 
with the exception of cycloartenol (854), diploptene (856) and 3ex
friedelinol (1248). 

The distribution of carotenoids in several mosses has been investi
gated (167). Mosses contain antheraxanthin, auroxanthin, ex-carotene, ~
carotene, ~,~-carotene-4-one ( = echinenone), cryptoxanthin, epoxylu
tein, lutein, neo-~-carotene, neoxanthin, neoxanthin neo A, violaxanthin 
and zeaxanthin as shown in Table HId (271). Antheraxanthin, ex- and ~
carotenes, lutein, neo-~-carotene U, neoxanthin, violaxanthin and zeax
anthin have also been found in Hepaticae (19). 

3. Aromatic Compounds 

3.1 Benzoic and Cinnamic Acid Derivatives 

A reliable and precise procedure for isolation, separation and deter
mination of mono phenolic substances in Sphagnum species by HPLC has 
been described by WILSCHKE and RUDOLPH (618). The benzoic acid 
derivatives, p-hydroxybenzaldehyde (1084), p-hydroxybenzoic acid 
(1251), vanillic acid (1253) and vanillin (1254) and the cinnamic acid 
derivatives, p-coumaric acid (1256), caffeic acid (1257), ferulic acid (1258), 
o-coumaric acid (1259), m-coumaric acid (1260), sphagnic acid 
( = sphagnum acid) (1261) and 2,5-dihydro-5-hydroxy-4-(4'-hydroxy
phenyl)-2-furanone (1262) have been detected as shown in Table HIb. 
Racomitrium japonicum contains p-hydroxybenzaldehyde (1084) (448a). 
Caffeoyl diglycoside in Pohlia wahlenbergii has been detected by 
MARTENSSON and NILSSON (374). 

Splachnum and Aplodon species produce benzoic acid (1250), phenyl
acetic acid (1263) and phenylacetylene (1264) (344). Benzyl alcohol (1228b), 
phenylethyl alocohol (1229b), phenol (1265), phenylacetoaldehyde (1087), 
benzophenone (1266), indole (1267) and pyrrolidine (1268) have been 
detected in a few Splachnum species by GC and GC-MS (344). 

DAVIDSON et al. (160) investigated the phenolic components of two 
mosses, Brachythecium rutabulum and Mnium hornum. The alcoholic 
extract of shoots of both species contained gallic acid (1252) and 
protocatechuic acid (1042). p-Hydroxybenzoic acid (1251) and vanillic 
acid (1253) were identified in immature capsules and shoot extracts of 
Mnium hornum after alkaline hydrolysis. Trans-cinnamic acid (1255) has 
been detected in the shoots of B. rutabulum and in the extract M. hornum 
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Chemical Constituents of the Bryophytes 

(1250) Benzoic acid; R1=R2=R3=H 

(1251) p-Hydroxybenzoic acid; R 1 =R3 =H, R2 =OH 

(1252) Gallic acid; R1=R2=R3=OH 

(1253) Vanillic acid; R1=H, R2=OH, R3=OMe 

(1255) trans-Cinnamic acid; R1=R2=H 

(1256) p-Coumaric acid; R1=OH, R2=H 

(1257) Caffeic aCid; R1=R2=OH 

(1258) Ferulic acid; R1=OH, R2=OMe 

(1259) o-Coumaric acid; R1=H, R2=OH 

(1260) m-Coumaric acid; R1=OH, R2=H 

(1261) Sphagnic (=Sphagnum) acid 

21M
' 

CHO 

(1254) Vanillin 

Chart 73. Benzoic and cinnamic acid derivatives found in the Musci 

H~Co,H 
HO 

(1042) 

407 

capsule after hydrolysis. M. hornum shoots and immature capsule and 
immature capsules of B. rutabulum also produce caffeic acid (1257). p
Coumaric (1256) and m-coumaric acids (1260) have also been found in B. 
rutabulum and M. hornum, respectively. 

The Millon-positive component of the cell walls of Sphagnum magel
lanicum has been characterized as p-hydroxy-~-(carboxymethyl)

cinnamic acid ( = sphagnic acid or sphagnum acid) (1261) (476,602-604). 



408 Y. ASAKAWA 

V 02H 
V!ECH (YH 

IA 

(1263) Phenylacetic acid (1264) Phenylacetylene (1265) Phenol 

0 

(» Q d'o A N 
A A H H 

(1266) Benzophenone (1267) Indole (1268) Pyrrolidine 

Chart 74. Miscellaneous aromatic compounds and nitrogen-containing compounds found 
in the Musci 

Degradation of sphagnic acid with 2N NaOH at 3500 for 5 min gives p
hydroxybenzoic acid (1251) (602). RUDOLPH and SAMLAND (477) studied 
the distribution of sphagnic acid in 51 mosses, 9 Hepaticae and Antho
ceros punctatus; the acid was detected in all 30 Sphagnum species 
(Sphagnales) but not in the others. Synthesis of sphagnic acid which is 
biosynthesized via the shikimate pathway was inhibited by N
(phosphonomethyl)g1ycine and accumulated shikimate. The high content 
of sphagnic acid and other phenolic compounds in the cell walls of 
Sphagnum species may be partly responsible for the resistance of 
Sphagnum to decomposition. 

WILSCHKE et al. (617) have investigated the biosynthesis of sphagnic 
acid (1261) using L(U-14C)-phenylalanine, L-(2,3,4,5,6-3H)-phenylalanine 
and (U-14C)-acetate as tracers. The labeled hydrogen was located in the 
aromatic ring, while the p-hydroxybenzoic acid isolated after degradation 
ofsphagnic acid labeled with sodium (U_ 14C) acetate was not radioactive. 
These results indicate that the p-hydroxycinnamic acid and the carboxy
methyl side chain are formed from shikimate and malonate, respectively. 

3.2 Flavonoids 

3.2.1 Flavones 

The review by MARKHAM in "Flavonoid Advances in Research Since 
1980" lists flavonoids up to 1988 and also discusses their distribution in 
the Musci (362). Most of the published work on flavonoids of mosses 
deals with the Bryales (subclass Bryidae). Species belonging to this order 
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contain flavone C- and O-glycosides, biflavones, aurones, isoflavones and 
deoxyanthocyanins as shown in Table HIc. 

Hypnobryales produce not only dihydroflavonol, but also its dimer, 
bi-dihydroflavonol. Proanthocyanidins and 3-hydroanthocyanins have 
so far not been detected in Musci. 

HPLC using a photodiode detector is a useful technique for simple 
and rapid separation system of complex flavonoid mixtures (399). In this 
manner a well separated fingerprint chromatogram of a crude extract of 
Bryum capillare has been obtained. The complete analysis including 
extraction required only two hours and permitted identification of 16 
pure flavonoids including biflavonoids (vide irifra) (508). Bryum capillare 
produces flavone glucoside malonyl esters such as luteolin-7-0-
glucoside-6" -malonate (1148), diosmetin-7-0-glucoside-6" -malonate 
(1275), and 6-hydroxyluteolin-7-0-glucoside-6"-malonate (1279) (508, 
519) as well as isoflavone glucoside malonyl esters, both types being new 
in the plant kingdom. 

Rhizomnium magnifolium and R. pseudopunctatum produce the same 
flavonoid glucuronides, the first to have been isolated from mosses, 
namely apometzgerin-7-0-glucuronide ( = tricetin-3',4'-dimethyl ether-
7-0-monoglucuronide) (1295), selgin-7,5' -di-O-glucuronide (1296) and 
tricetin-7,3' -di-O-glucuronide (1297) which are new as natural products, 
together with luteolin-7-0-glucuronide (1149), crysoeriol-7-0-glucuronide 
(1159), luteolin-7,3' -di-O-glucuronide (1276) (423). Rhizomnium punc
tatum contained no flavonoids but other unidentified phenolic com
pounds. On the other hand, Bryum pseudotriquetrum yielded more than 
twenty different phenolic compounds, fifteen of which were identified 
(520). Among these apigenin-7-0-neohesperidoside-6"-malonyl ester 
(1269), luteolin-7 -O-neohesperidoside-6" -malonyl ester (1278), 
scutellarein-7-0-glucoside-6" -malonyl ester (1130) and kaempferol-3-0-
galactoside-4' -O-glucoside (1288) were new. This is the first record of 
flavonols in mosses. Plagiomnium elatum produces a new flavone gluco
side, luteolin-6-C-~-D-glucopyranoside-8-C-cx-L-rhamnoside ( = elatin) 
(1280), together with luteolin-6-~-D-glucoside ( = isoorientin) (1281) and 
luteolin-8-C-~-D-glucoside ( = orientin) (1282), and a biflavone, 5'-dihy
droxyamentoflavone (1308) (see later) (10). While P. cuspidatum elabo
rates lutonarin (1186), isoscoparin-7-0-glucoside (1283) and saponarin 
(1137), together with four biflavonoids (10). Isoorientin-O-glycosides are 
widely distributed in the plant kingdom, particularly in the genus 
Gentiana (Gentianaceae). 

Nineteen flavonoids, including apigenin (1112), luteolin (1143) and 
their glucosides, isoscutellarein-7-0-glucoside (1285) and hypolaetin-7-
O-glucoside (1287) have been detected in antarctic Bryum argenteum 
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~" 
(1269) Apigenin-7-0-neohesperidoside-6"-malonate ; R=6-Malonyl neoh 
(1270) Apigenin-7-0-glucoside-6"-malonate ; R=6-Malonyl Glc 

R' 

OH 0 

OH 0 

(1271) Shaltoside , R'=Glc, R2=Ara 

(1272) Isoshaftoside ; R'=Ara, R2=Glc 
(1273) Vitexin-2"-rhamnoside ; R'=H, R2=Glc-2"-Rha 

(1274) Diosmetin-7-0-glucoside ; R'=Glc, R2=H, R3=Me 

(1275) Diosmetin-7-0-glucoside-6"-malonate ; R' =6-Malonyl Glc, R2=H, R3=Me 
(1276) Luteolin-7,3'-di-O-glucuronide ; R'=R2=GA, R3=H 
(1277) Luteolin-7-0-neohesperidoside ; R' =Neoh, R2=R3=H 

(1278) Luteolin-7-0-neohesperidoside-6"-malonate ; R 1=6-Malonyl neoh, R2=R3=H 

(1279) 6-Hydroxyluteolin-7-0-glucoside-6"-malonate ; R' =OH, R2=6-malonyl Glc, R3=H 
(1280) Luteolin-6-C-glucoside-8-C-rhamnoside (=Elatin) ; R' =Glc, R2=H, R3=Rha 

(1281) Luteolin-6-C-glucoside (=Isoorientin) ; R' =Glc, R2=R3=H 
(1282) Luteolin-8-C-glucoside (=Orientin) ; R'=R2 =H, R3 =Glc 

GIC0wD=e 
?'I I ~O H 

Glc ~ 

OH 

~ 
OH 0 

OH 0 

(1283) Isoscoparin-7-0-glucoside (1284) Isoscuteliarein ; R=H 
(1285) Isoscutellarein-7-0-glucoside ; R=Glc 

(1286) Hypolaetin ; R=H 
(1287) Hypolaetin-7-0-glucoside ; R=Glc 

Chart 75a, Flavones found in the Musci 
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(1288) Kaempferol-3-0-galactoside-4'-glucoside ; R '_Gal , R2 -Glc 
(1289) Kaempferol-3-0-glucoside ; R' _Glc, R2_H 

(1290) Kaempferol-3-0-galactoside ; R '_Gal, R2_H 
(1291) Kaempferol-3-0-neohesperidoside ; R' _Neoh, R2_H 
(1292) Kaempferol-3,4'-di-O-glucoside ; R'_R2_Glc 
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(1293) Kaempferol-3-0-glucoside-S"-malonate ; R' _S-Malonyl Glc, R2_H 
(1294) Kaempferol-3-0-rhamnosylglucoside ; R' _Rha-Glc, R2_H 

(1295) Apometzgerin-7-0-glucuronide (_ Tricetin-3',4'-dimethyl ether-7-0-monoglucuronide ; 

R' _R2=Me, R3=H 

(1296) Selgin-7,5'-di-O-glucuronide ; R' =Me, R2=H, R3_GA 

(1297) Tricetin-7,3'-di-O-glucuronide ; R' =GA, R2=R3=H 

HO 

(1298) 3,5,7,4'-T etrahydroxy-3'-(3"-formyl-S"-hydroxyphenyl)flavanone 

(1299) Eriodictyol 

Chart 75b_ Flavones, fiavonols, fiavanones and fiavanols found in the Musci 

(365). Isoscutellarein (1284) and hypolaetin (1286) and their 7-0-gluco
sides had not been found previously in bryophyte. Twenty flavonoids 
including biflavones were detected in B. schleicheri while kaempferol-3-
O-glucoside (1289) and kaempferol-3-0-neohesperidoside (1291) were 
detected in Bryum pallescens (521). 

The flavonoid patterns of the gametophytes and sporophytes of B. 
capillare are different. The pattern of the adult gametophyte undergoes 
several changes in the course of development. During maturation of the 
spore, new flavonoids appear and apigenin-7-0-glucoside (1121) and its 
6"-malonate (1270) disappear (519). 

It is suggested that Tetraphis pellucida (Tetraphidales) produces 
dihydroflavonols (362). Actually, a new dihydroflavonol, 3,5,7,4'
tetrahydroxy-3'-(3"-formyl-6"-hydroxyphenyl)flavone (1298) was iso-
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lated from Hypnum cupressiforme (Hypnobryales), together with five new 
bi-dihydroflavonols (509). 

3.2.2 Isoflavones 

While the most widespread flavonoids in Musci and Hepaticae are 
flavones which occur mainly as 0- and C-glycosides as discussed in the 
previous section isoflavones in bryophytes are very rare. ANHUT et al. (12) 
were the first to report isolation of isoflavonoids from a moss, Bryum 
capillare. These are 5,7,3',4'-tetrahydroxyisoflavone (= orobol)-7-0-
glucoside (1301) and 7-0-glucoside-6"-malonate (1303) and 5,7,3'
trihydroxy-4'-methoxyisoflavone (= pratensein-7-0-glucoside) (1305) 
and 7-0-glucoside-6"-malonate (1306) together with the aglycones oro
bol (1300) and pratensein (1304) (12, 519). B. schleicheri also contains a 
new isoflavone glucoside (1302) and the same isoflavones (1300, 1301, 
1303) as those found in B. capillare (521). The isoflavonoids were detected 
in 80% MeOH extracts of fresh and air-dried plant material. When the 
fresh plant was extracted with ice cold acetone, the aglycones were absent 
which suggests that the aglycones in Bryum species arise by chemical and 
enzymatic hydrolysis during the extraction. Bryum capillare is the first 
non-vascular plant in which isoflavonoids were encountered. More than 
90% of known isoflavones has been found in subfamily Leguminosae and 
the remainder in other angiosperm and gymnosperm families. 

(1300) Orobol ; R'=R2=H 

(1301) Orobol-7-0-glueoside ; R'=Gle, R2=H 

(1302) Orobol-7-0-diglucoside ; R'=Gle-Gle, R2=H 

(1303) Orobol-7-0-glueoside-S"-malonate ; R'=S-Malonyl Gle. R2=H 
(1304) Pratensein ; R' =H, R2 =Me 

(1305) Pratensein-7-0-glueoside ; R'=Gle, R2=Me 

(1306) Pratensein-7-0-glueoside-S"-malonate ; R'=S-Malonyl Gle, R2=Me 

Chart 76. Isoflavonoids found in the Musci 

3.2.3 Biflavones 

For a long time, 5',3"'-dihydroxyamentoflavone ( = 5',8"-biluteolin) 
(1309) from the moss Dicranum scoparium (357, 459) was the only known 
biflavonoid from bryophytes. Since then this compound and other 
biflavonoids have been isolated from the other mosses (Table HIc). The 
most common moss biflavonoids are dimers of luteolin and their 2,3- or 
2",3"-dihydro derivatives. 

It has been suggested that biflavonoids are part of the cell wall 
phenolics of the mosses. In spite of extensive studies on flavonoids of 
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Hepaticae and in Anthocerotae, biflavonoids have not so far been found 
in these two classes, whereas in Musci, on the other hand, biflavonoids 
occur frequently and have been isolated from seven distinct families, 
Bartramiaceae, Bryaceae, Dicranaceae, Grimmiaceae, Hylocomiaceae, 
Leucodontaceae and Mniaceae (196). The polar moss biflavonoids are 
found in the hydrophilic cell walls, whereas the more lipophilic gymno
sperm biflavonoids are accumulated in the cutinized layer. Biflavonoids 
are extracted from mosses by percolation with aq. MeOH or acetone after 
defatting with CHCl3 or CH2 CI2 . 

Most of the naturally occurring biflavonoids possess C-C inter
flavonoid linkages and their structure determination is difficult, particu
larly whether C-6 or C-S is involved in the C-C linkage. 13C-NMR 
spectroscopy has proved to be an excellent method for structure eluci
dation of biflavonoids (368). For example, each signal in the 13C-NMR 
spectrum of carbon atom of 5',S" -biluteolin (1309) isolated from Dicranum 
scoparium could be assigned thus leading to determination of the 
structure (459). 

Hylocomium splendens (95) and Antitrichia curtipipendula (197) pro
duce a biflavone, 5',3'" -dihydroxyrobustaflavone (1312), and Racomitrium 
lanuginosum elaborates 5',S"-biluteolin (1309) together with biflavone 
(1312) (197). Presence of a 3',6" linkage was suggested by the similarity of 
the UV spectrum to that of lute olin (1143) and the mass spectrum of 
underivatized compound and its octamethyl ether. The site of the 
interfiavonyl linkage was established by 13C-NMR spectrometry, the 
quaternary carbon at C-6" appearing at 0 lOS.9, close to that (0109.3) of 
robustaflavone (1310). 

The gametophytic tissue of Bryum capillare yielded two new biflavo
noids, bryoflavone (1313) and heterobryoflavone (1314) which might be 
formed by oxidative coupling of a flavone and isoflavone moiety. 
Structures were characterized by a combination of IH_, 13C-NMR, FD
MS and UV spectral data and comparison of the IH_, 13C-NMR and UV 
spectra with those of lute olin (1143) and orobol (1300) which were found 
in the same species (199). Investigation of the flavonoids of Dicranum 
robustum has led to the finding ofluteolin (1143), the rare 5',S" - (1309) and 
5',6" -biluteolins (1312) as well as dicranolomin (= 2',6" -biluteolin) 
(1315), 2,3-dihydrodicranolomin ( = 2,3-dihydro-2',6" -biluteolin) (1316) 
and 2",3" -dihydro-5',6" -biluteolin (1317) (364). These biflavonoids were 
obtained by a combination of droplet counter-current chromatography 
(DCCC), preparative TLC and HPLC. Compound (1316) is the first 
record of a dihydrobiluteolin as a natural product and compounds (1315) 
and (1316) are representatives of a unique biluteolin series with a 2',6"
interflavone linkage. 
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(1307) Amentoflavone ; R'=R2=H 
(1308) 5··Hydroxyamentoflavone ; R'=OH, R2=H 

(1309) 5',3"'·Dihydroxyamentoflavone (=5',8"·Biluteolin) ; R' =R2=OH 

(1310) Robustaflavone ; R'=R2=H 

(1311) 5'-Hydroxyrobustaflavone ; R' =OH, R2 =H 

(1312) 5',3"'·Dihydroxyrobustaflavone (=5',6"·Biluleolin) ; R'=R2=OH 

H 

OH 

(1313) Bryoflavone 

H 

(1315) Dicranolomin (=2',6"-Biluteolin) 

(1314) Helerobryoflavone 

Chart 77a. Biflavonoids found in the Musci and their related compound 

Plagiomnium elatum produces a new biflavone, 5' -hydroxyamentofla
vone (1308) (l0, 197). The FD-MS of (1308) showed a molecular ion at m/z 
554 indicating the presence of a heptahydroxy-biflavone whose structure 
was suggested by the co-occurrence of apigenin (1112) and lute olin (1143) 
and the UV spectrum of an equimolar mixture of(1112) and (1143) which 
was superimposable on that of (1308). Comparison of the IH-NMR 
spectrum with those of amentoflavone (1307) and 5',8"-biluteolin (1309) 
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led to the complete structure. The 4',5'-dimethyl ether (1318) of (1308), 
named 5' -methoxybilovetin has been isolated previously from Ginkgo 
biloba (308). Thus, 5' -hydroxyamentoflavone (1308) is the first example of 
a biflavone in tracheophytes as well as bryophytes. 

Three new dihydrobiflavonoids, 2,3-dihydro-5'-hydroxyamentofla
vone (1320), 2,3-dihydro-5',3"'-dihydroxyamentoflavone (1321) and 2,3-
dihydro-5'-hydroxyrobustaflavone (1322), have been isolated from Plagi
omnium cuspidatum (11), together with 5',3'" -dihydroxyrobustaflavone 
(= 5',6" -biluteolin) (1312) as well as apigenin, luteolin and crysoeriol 
glucosides (10, 95). The 1 H NMR spectrum of (1320) exhibits a typical 
three proton ABX system at 02.78, 3.18 and 5.46 as well as two meta 
coupled aromatic doublet at 05.91 and 5.91 which are assignable to the 
protons at C-2 and C-3, and C-6 and C-8 of the dihydroflavone, 
respectively. The signals of H-3",6",2"',3"',5'" and 6'" are found at almost 
the same position and are of the same multiplicity as in the spectra of 
amentoflavone (1307) and 2,3-dihydroamentoflavone (1319) (368). There
fore, the second flavonoid moiety is apigenin (1112), linked via C-8. Two 
additional meta-coupled doublets at 06.87 and 7.04 are assignable to the 
C-2' and C-6' protons of the flavone moiety, eriodictyol (1299). The 
structure of (1321) was established by comparing the IH_ and 13C-NMR 
spectra with those of (1320) and 5',8" -biluteolin (5',3'" -dihydroxyamento
flavone) (1309) (357, 459). 

Gametophytes of Philonotisfontana produce two novel biflavonoids, 
philonotisflavone (= 2',8"-biluteolin) (1323) and 2,3-dihydrophilonotis
flavone (1324), together with previously known four biflavonoids, 5',3"'
dihydroxyamentoflavone (1309), 5',3'" -dihydroxyrobustaflavone (1312), 
dicranolomin (1315), and 2,3-dihydro-5',3"'-dihydroxyamentoflavone 
(1321) (198). Structures of the new biflavonoids were deduced by 
comparing the 1 H-NMR spectrum with that of dicranolomin (1315) and 
by analysis of the 13C_ NMR spectrum. Dicranoloma robustum also 
contains philonotisflavone (1323) (364) and its 2,3-dihydro derivative 
(1324) (196). 

Rhytidiadelphus squarrosus (Hylocomiaceae) also produces a new 
biflavonoid, 5'-hydroxyrobustaflavone (1311), together with three known 
biflavonoids, 5' -hydroxyamentoflavone (1308), 5',3'" -dihydroxyamento
flavone (1309) and 2,3-dihydro-5' -hydroxyamentoflavone (1320) (498). 
The structure assigned to (1311) was based on a combination ofFAB-MS, 
IH_, 13C-NMR spectrometry and UV data and comparison of the 
spectral data with those of the previously known biflavone, 5',3"'
dihydroxyrobustaflavone (1312). 

Five new bi-dihydroflavonols, hypnogenol A (1325) and hypnogenol 
B (1326), and their derivatives (1327-1329), possessing an aromadendrin 
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(1316) 2,3-Dihydrodicranolomin 
(=2,3-Dihydro-2',6"-biluteolin) 

OMe 

OH 

Y, ASAKAWA 

H 

OH 

(1317) 2",3"-Dihydro-5',6"-biluteolin 

(1318) 5'-Methoxybilovetin 
(=5'-Methoxyamentoflavone-4'-methyl ether) 

(1319) 2,3-Dihydroamentoflavone ; R'= R2=H 

(1320) 2,3-Dihydro-5'-hydroxyamentoflavone ; R'=OH, R2=H 

(1321) 2,3-Dihydro-5',3"'-dihydroxyamentoflavone ; R' =R2=OH 

(1322) 2,3-Dihydro-5'-hydroxyrobustaflavone (1323) Philonotisflavone (=2',8"-6iluteolin) 

Chart 77b, Biflavonoids found in the Musci and their related compounds 

skeleton elongated in the 3'-position by a second dihydroflavonol, were 
isolated from Hypnum cupressiforme by means of HPLC on diol phases 
(509), The dihydroflavonol skeleton of (1325) and its substitution pattern 
were confirmed by 13C NMR spectroscopy and shift calculation as well as 
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(1324) 2,3-Dihydrophilonotisflavone 
(1325) Hypnogenol A ; R=OH 
(1326) Hypnogenol B ; R=H 

H 

H 
H 

(1327) 3,5,7,4',3",5",7" ,3"',4"'-Nonahydroxy-3' ,6"-biflavanone 

(1328) 3,5,7,4',3",5", 7"-Heptahydroxy-3'-O-4"'-biflavanone 

(1329) 1 "',2''',3''',4'''-T etrahydro-3,3" ,5,5",7, 7"-hexahydroxy-4"'
keto-3',1 "',4'-O-2"'-biflavanone 

(1330) 3,3'''-Binaringenin 

(1331) 2,3-Dihydro-3,3"'-biapigenin 

Chart 77c Biflavonoids found in the Musci 
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13C-1H-2D COSY spectrum. The 3'-3'" linkage between the subunits of 
the dimer was established by the presence ofNOE between H-2' and H-2, 
and H-6' and H-2. Compound (1327) is the biftavonoid with 3'-6'" linked 
subunits derived from aromadendrin and taxifolin. The structures of the 
other biftavones were established by spectroscopic comparison with 
(1325). The hypnogenols (1325, 1326) are a new class ofbiftavonoids in the 
nature. Homalothecium lutescens produces two new biftavones, 3,3"'
binaringenin (1330) and 2,3-dihydro-3,3"'-biapigenin (1331) (497a). Their 
structures have been based on the 1 H NMR spectroscopic comparison 
with those of synthetic 3,3"'-biapigenin. 

Campylopus holomitrium produces a unique biftavonoid, campylopus
aurone (1332) in which aureusidin (1333) is linked to eriodictyol (1299) by 
a 5'-6" bond, along with 5',8"-biluteolin (1309) and 5',6"-biluteolin (1312) 
(198a). 

3.2.4 Aurones and Anthocyanins 

The sporophytes of Funaria hygrometrica produce bracteatin (1335) 
(614a) whereas some Marchantiales species (Hepaticae) elaborate 
aureusidin-6-glucuronide (1334) (19). 

The 3-deoxyanthocyanins luteolinidin-5-0-glucoside (1336) and 
luteolinidin-5-0-diglucoside (1337) occur in Bryum cyclophyllum (99), B. 
rutilans and B. weigelii (98). Three red pigments sphagnorubins A, B 

OH 

(1333) Aureusidin ; R=H 
(1332) Campylopusaurone (1334) Aureusidin·S·().glucuronide ; R=GA 

(1335) Bracteatin 

Chart 78. Aurones found in the Musci 
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OH -
OH OH 

(1341) t t (1341&) 

HOy) 

HoM....c·'C + 
Ho.. "'-1.0\'- ;1'H 0" u:;r-vt 

! - (1338, 1338c) 

(1341 b) 

(1341 d) 

(1341c) 

000 

(1341g) 

HO~~ 02H 
... 1 

H 
(1257) 

~H~ (1341e) 

------ H ~ I 02H 

H ~ .& 

(1341f) 

Scheme 67. Three possible biogenetic pathways for sphagnorubin A 

OH 

(1338c) 

429 

OH 

OH 
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H0¢-6-°H I '<::: '< ~ n OH 
.& .& 

O-Glu 

HW-O-°H 
I '<::: ...., ~ n OH 

.& .& 

O-di-Glu 

(1336) Luleolinidin-5-0-glucoside (1337) Luleolinidin-5-0-diglucoside 

OH 

OH 

o 
(1338) Sphagnorubin A 

HO (=[2-(3'.4'-Dihydroxyphenyl)-8, ll-dihydroxy-9H-phenanlhro [2, 1-b] pyran-9-one)] 

OH 

OH 

(1339) Sphagnorubin B 
(=[2-(3'.4'-Dihydroxyphenyl)-8,9-dihydroxy-ll-melhoxyphcnanlhro [2, 1-b] pyryliumchloride)] 

OH 

OMe 

(1340) Sphagnorubin C 
(=[8, 9-Dihydroxy-2-( 4'-hydroxy-3'-melhoxyphenyl)-11-melhoxyphenanlhro [2,l-b]-pyryliumchloride)] 

Chart 79. Anthocyanins found in the Musci 

and C have been detected in Sphagnum magellanicum, S. nemoreum and 
S. plum (476). Sphagnorubin ( = Sphagnorubin A) from S. magellanicum 
was shown to be [2-(3',4'-dihydroxyphenyl)-8,1l-dihydroxy-9H
phenanthro[2,1-bJpyran-9-oneJ (1338) by chemical transformations and 
JR, UV, NMR and MS spectra (610). Three routes have been proposed 
for biogenesis of sphagnorubin A (1338) and its anhydro base (1338c) 
(Scheme 67) (610). 

A simple screening method for separation and identification of 
sphagnorubins developed by MENTLEIN (401) led to isolation of sphag
no rubin B (1339) and sphagnorubin C (1340), from the peat moss, 
Sphagnum rubellum, together with sphagnorubin A (1338). Structures of 
the new anthocyanidines were established by comparing the spectra data 
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(UV, IR, Mass, 1 H - and 13C_ NMR) with those of (1338) and by chemical 
degradation (402). 

(1342) Ohioensin A; R'=R2=R3=R4=H, R5=OH 
(1343) Ohioensin B ; R'=R4=R5=H, R2=Me, R3=OH 
(1344) Ohioensin C ; R'=R2=R4=R5=H, R3=OH 
(1345) Ohioensin D ; R'=R5=H, R2=Me, R3=R4=OH 
(1346) Ohioensin E ; R'=R5=H, R2=Me, R3=OH, R4=OMe 

Chart 80. Benzonaphthoxanthenones found in the Musci 

000 

H~ 
(1341e) 

.C02 .. H 

[0) 

HOC..nQ-[o) 
2 [0) 

+ .. 

----------~ .. ~ .. 
[0) 

(1342 - 1346) Ohioensins 

Scheme 68. Proposed biogenesis of ohioensins 

[0] 

.. 

OH 
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3.3 Benzonaphthoxanthenones 

Polytrichum species contain not only highly unsaturated fatty acids 
but also benzonaphthoxanthenones. From 95% ethanol extract of Amer
ican P. ohioense, five novel benzonaphthoxanthenones, ohioensins A-E 
(1342-1346) have been isolated (645a, 645b). The stereostructure of 
ohioensin A (1342) was established by a combination of spectrometry 
(UV, IR, MS, 2D-COSY, NOE and CD) and X-ray crystallographic 
analysis (645a). Structures of the remaining compounds (1343-1346) were 
determined by comparing the spectral data of (1343-1346) with those of 
(1342) and by chemical correlation (methylation). Comparison of the CD 
spectra of ohioensins B-E (1343-1346) with that of ohioensin A (1342) 
indicated that they had the same configurations (645b). Biogenesis ofthe 
ohioensins may involve condensation of o-hydroxycinnamate with hy
droxylated phenanthrenes or 9,10-dihydrophenanthrenes as shown in 
Scheme 68 (645b). 

4. Lipids 

4.1 n-Alkanes and Related Compounds 

Mosses contain odd and even-membered n-alkanes in the range, 
C15-C35. The predominant n-alkanes of mosses are n-C27, 29, 31. The 
relative proportion of odd- and even membered n-alkanes of mosses is 
similar to that in ferns and higher plants (271). 

Species belonging to the Splachnaceae contain not only monoterpene 
hydrocarbons but also other volatile components, such as octane de
rivatives and lower fatty acids (344). Octanal (1347), 3-octanone (1216), 3-
octanol (1352), trans-2-octenal (1348), 1-octen-3-01 (1213) which is widely 
distributed in liverworts, 1-octanol (1212) and 2-octen-1-01 (1350) have 
been detected in Splachnum luteum, S. sphaericum. 2-0ctanol (1351) and 2-
ethylhexanal (1349) have also been detected in S. sphaericum, while S. 
melanocaulon, S. vasculosum and Aplodon wormskioldii produce 3-oc
tanol. A. wormskioldii, S. vasculosum, S. sphaericum, S. rubrum, Tayloria 
tenuis and Tetraplodon mniodes also contain 1-octen-3-01 (1213). Ethyl 
acetate, 2-hexanol, 6-methyl-5-hepten-2-one and 2,2-dimethyl-4-
pentanol (or another isomer) and ethyl 2,3-dimethyl butylate have been 
detected in a few species of Splachnaceae. 

Fontinalis antipyretica is a large moss growing in water which emits 
strong odor on being dried at room temperature (100). In the ether 
extract, 10 compounds have been detected by GC-MS. n-Hexanal is the 
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major component and is responsible for the characteristic odor. In 
addition, the presence of ethanal, ethyl formate, ethyl acetate, ethanol, 2-
heptanone, ethyl hexanoate, hexyl acetate, octanone and ethyl heptano
ate was indicated by a combination of GC-MS and GC cochromatogra
phy with authentic specimens (100). The distribution of n-alkanes, 
alkanals, alkanols, alkanones and alkanoates found in mosses is shown in 
Table I1Id. 

4.2 Fatty Acids 

The lower fatty acids, acetic, propionic, butylic, valeric, caproic, 
isovaleric, phenylacetic and cydohexylcarboxylic acids have been detect
ed in several species of Splachnaceae as shown in Table HId. Palmitic 
acid which is widespread in liverworts has been detected in Aplodon 
wormskioldii, Splachnum sphaericum and S. rubrum (344). Fontinalis 
antipyretica produces tetracosanoic acid together with volatile compo
nents (100). 

Analytical methods for the lipids in bryophytes have been reviewed by 
BEUTELMANN et al. (105). PFAFF MANN and HARTMANN (465) reported an 
analytical technique for phospholipids and an assay for phospholipases 
from mosses. GC-MS analyses of ether-soluble carboxylic, phenolic, 
alkanoic, hydroxyalkanoic, hydroxyalkanedioic and dihydroxyalkanoic 
acids, liberated on saponification of solvent-extracted tissues of 
Sphagnum palustre and S. cusp ida tum have been summarized by CALDI
COTT and EGLINTON (128). S. palustre contains 16-hydroxyhexadecanoic 
and 1O,16-dihydroxyhexadecanoic acids as the major components while 
7-hydroxyhexadecanedioic and 8,16-dihydroxyhexadecanoic acids are 
the major fatty acids of S. cuspidatum. 

Most mosses contain considerable amounts of long chain poly
unsaturated fatty acids, particularly acids with four and five double 
bonds, such as eicosatetraenoic [arachidonic (ARA)] (1223) and 
5,8,1l,14,17-eicosapentaenoic acids (EPA) (1224) (7, 201). Some mosses 
also contain acetylenic fatty acids, mainly 9,12,15-octadecatrien-6-ynoic 
(18: 3w3) (1222) as the major component, along with lesser amounts of 
9,12-octadecadien-6-ynoic acid (18: 30)6) (1221) and 1l,14-eicosadien-8-
ynoic acid (1353) (7, 8). Neither ARA and EPA nor acetylenic fatty acids 
occur in higher plants in which fatty acids with two and three double 
bonds, octadecadienoic ( = linoleic, 18: 2) and octadecatrienoic ( = lino
lenic, 18: 3) are the predominant fatty acid constituents. 

The fatty acids in Polytrichum juniperinum, Hedwigia ciliata, Hyloco
mium splendens, Sphagnum and Brachithecium + Mnium have been studied 
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by GC (202). The lipids obtained from the CHCI3 - MeOH extracts of each 
material were saponified with KOH. After removal of unsaponifiable 
components, the fatty acids were esterified with diazomethane. From 1 kg 
of mixed mosses consisting of Mnium and Brachythecium species, 1.3 g of 
the pure fatty acid methyl esters was obtained. The individual mosses 
contained 10% and 35% of arachidonic acid (1223), together with C14:0, 
16:0,16:1,16:3,18:0,18:1,18:2,18:3,18:4,20:0, 20:1, 20:2, 20:3, 
20:5, 22:~ and 24:0 among which C18:3 predominated. 

The fatty acid composition of Polytrichaceae (4 species), Grimmi
aceae (2), Ditrichaceae (4), Dicranaceae (1), Mniaceae (4) and Amblystegi
aceae (7) has been analyzed by GC (8). All species contained C18: 1 (oleic), 
18:2 (linoleic), 18:3 Qinolenic), 20:4 (arachidonic acid: ARA) (1223) and 
20: 5 (eicosapentaenoic acid: EPA) acids (1224). ARA (10-29%) and EPA 
(1-19%) as well as 18: 3 (16-21 %) were the predominant fatty acids in the 
Mniaceae. Dicranum montanum (Dicranaceae) and Ceratodon purpureus 
(Ditrichaceae) yielded an acetylenic fatty acid, 9,12,15-octadecatrien-6-
ynoic acid (1222), the former in approx. 10%, the latter in 19-25% yield. 
Cratoneuronfilicinum, Campylium stellatum and Drepanocladus exannula
tus (Amblystegiaceae) represented an interesting family because they 
produce C22: 5 (7, 10, 13, 16, 19-docosapentaenoic acid) (1354) (8). 

ANDERSON et al. (8) isolated 9,12,15-octadecatrien-6-ynoic acid (1222) 
from several mosses and showed that this acetylenic acid was present only 
in the triglyceride (TG) fraction. Fontinalis antipyretica also produces 
9,12-octadeca-dien-6-ynoic acid (1221), 9,12,15-octadecatrien-6-ynoic 
acid (1222) and its C20 homologue, 1l,14-eicosadien-8-ynoic acid (1353), 
as the major components of the triglycerides (307). These acids have been 
found neither in the monogalactosyl diglyceride (MGDG) nor in the 
digalactosyl diglyceride (DGDG) fraction. The total lipids contain satu
rated (C16:0) and monoenoic acids (C16:1-C24:1), dienoic acids 
(C16: ro6-C22ro6, in which 18: 2006 is the major component), trienoic 
acids (C16:3ro3-20:3ro6, in which 18:3003 is major), tetraenoic acids 
(C18 :4003-20:4003, in which 20:4005 is major), pentaenoic aids (C20: 5003) 
and acetylenic acids (1221) (4-32%), (1222) (0.8-2.0%) and (1353) 
(94.5-10.1 %). In addition to the above acetylenic acids, F. antipyretica 
elaborates 10,13-nonadecadien-7-yn-2-one (1355) and 10,13,16-
nonadecatrien-7-yn-2-one (1356). The acetylenic fatty acid content in the 
triglycerides of the green and brown segments of Dicranum elongatum has 
been investigated by using capillary GC (318). 

The fatty acids represented in the acyl lipids of 38 moss species from 
the four families, Ditrichaceae, Seligeriaceae, Dicranaceae and Leuco
bryaceae were studied by KOHN et al. (338). Twenty-one species of 
Dicranaceae and four species of Ditrichaceae contained acetylenic fatty 
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Chart 81. Fatty acids found in the Musci 

acids as the acyl groups of the triglycerides. The major fatty acid in the 
triglycerides of both families was 9,12,15-octadecatrien-6-ynoic acid 
(1222) (10_0-88.3% mol% of the total fatty acids). 9,12-0ctadecadien-6-
ynoic acid (1221) was found in small amounts ofless than 5 mol%. All five 
species of Campylopus, Blindia acuta (Seligeriaceae) and Leucobryum 
glaucum (Leucobryaceae) were free of acetylenic fatty acids. 

A novel cyc1opentenoyl fatty acid, dicranenone A (1357), has been 
isolated from the ether extract of fresh Dicranum scoparium together with 
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the previously known 9Z,12Z-octadecadien-6-ynoic (1221), 9Z,12Z,15Z
octadecatrien-6-ynoic (1222) and 13-hydroxy-9Z,11E,15Z-octadeca
trien-6-ynoic acids (1359) and 1-monoglyceride of(1222) and 1,2-diglycer
ide of (1359) (290, 291). Dicranum japonicum furnished another new 
cyclopentenonic acid, dicranenone B1 (1361) which possesses an allenic 
group, together with (1221, 1222, 1357). The structure of (1357) was 
established by UV, IR, 13C-NMR and mass spectrometry while the 
specific rotation and the CD spectrum suggested that the stereochemistry 
was the same as that of the prostaglandin A2 (1364) series. Spin 
decoupling experiments suggested structure (1360) and its 10-oxo isomer 
as possible structures of dicranenone B1 with structure (1360) being 
preferred by analogy with (1357), but without specification of the 
stereochemistry of the allene. Acid (1359) corresponding to intermediate 
(1222a) has been detected as a minor constituent in D. scoparium. D. majus 
produces dicranenone (1357), dicranenone B (1360) and dicranenone B1 
(1361) and 12-oxo-PDA 3 (1363) (291). Dicranoloma cylindrothecium also 
contains (1357), (1360) and (1361), along with dihydrodicranenone B 
(1362) and (1222) (291). An additional cyclopentenoyl fatty acid, 12-oxo
PDA 1 (1358) has been found in Leucobryum scab rum, together with 12-
oxo-PDA 3 (1363) (291). Fissidens areolatus and F. nobilis elaborate 
9,12,15-octadecatrien-6-ynoic acid (1222) and the former also produces 
(1357) and (1360) (291). It has been suggested that the acids having triple 
bonds are means of maximizing energy storage because acetylenic 
triacyglcerols are accumulated under conditions of stress (290). 

o 

~2H 
6H 

(1364) PG A2 

The fatty acid composition of the lipids, steryl and wax esters of spores 
of the moss Polytrichum commune has been investigated by KARUNEN et al. 
(312, 317). The fatty acid composition of the polar lipids in Ceratodon 
purpureus and Pleurozium schreberi and of the mono- and diglycosyl 
diglyceride fractions of germinating Polytrichum commune spores have 
also been investigated using GC (314, 316). 

The lipid content and the changes in fatty acid composition among 
glycolipids (MGDG and DGDG) of Sphagnum jimbriatum often reflect 
the light and temperature conditions of the habitat (345). 

The distribution of acyl lipids and their component fatty acids in 
bryophytes has been reviewed by KARUNEN (315). 
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Polar lipids constitute the bilayer of plant membranes. Glycolipids 
comprise 45-50% of the monogalactosyl diacylglycerols (MGDG), 
25-30% of the digalactosyl diacylglycerols (DGDG) and up to 10% of 
the sulfoquinovosyl diacetylglycerol (SQDG) of acyl lipids in higher 
plants. The major phospholipid of chloroplasts is phosphatidylglycerol 
(PG) and some phosphatidylcholine (PC). The extrachloroplastic lipids 
are PC and diphosphatidyl glycerol (DPG). These polar lipids are found 
universally in all plants. The mosses and liverworts differ from gymno
sperms and angiosperms because they contain an additional zwitterionic 
lipid, diacyl-glyceryltrimethylhomoserine (DGTS). Analysis of the fatty 
acid moieties of the polar lipids in mosses and liverworts has shown the 
presence of highly unsaturated long chain fatty acids (C20-C22) in 
mosses and liverworts. The mosses can be classified into groups based the 
content of C20 polyenoates in the MGDG. Sphagnales and Polytrichales 
always contain a low proportion of C20 polyunsaturated fatty acids 
(C20: 4 + C20: 5) while the percentage of these acids is somewhat higher 
in Dicranales. Bryales (Bryum, Rhodobryum, Aulacomnium) also contain a 
low proportion of C20 polyenoates, while other species in the same order 
(Herzogiella, Plagiothecium) exhibit an extremely high level of these 
unsaturated acids. SEWON (500) reported the distribution of fatty acids of 
MGDG in 55 specimens of Bryophyta from 13 orders or suborders and 
found that the proportion of C20 polyenoates increased in the following 
order: liverworts < Sphagnales < Polytrichales < Bryales (haplolep
ideae lineage) < Bryales (diplolepideae pleurocarpous suborder Hypni
neae). This order represents the phylogenetic branching sequence, Hypni
neae being young taxa and liverworts the oldest branch (500). 

The proportion of fatty acids in the DGDG resembles that found in 
the MGDG. The content ofC20 polyenoates in the SQDG and the PG is 
very much lower than that in the MGDG and DGDG. This phenomenon 
is characteristic not only ofbryophytes (Hepaticae and Musci) but also of 
ferns (Pteridophytes). 

The proportion of C20 polyunsaturated fatty acids in the MGDG 
from some mosses changes depending on the season and the habitat. For 
example, the proportion of arachidonic acid is highest in summer and 
that of linolenic acid lowest in the MGDG from Mnium and Dicranum 
species, but in winter and spring, this is reversed. On the basis of the above 
chemical evidence it has been suggested that arachidonic acid and 
linolenic acid content in both mosses is controlled environmentally (315). 
The proportion of C20 polyunsaturated fatty acids may be influenced 
also by temperature, light intensity or length of daylight. For example, the 
level of C20 polyenoates in MGDG of Polytrichum commune pro
tonemata is lower at higher than at lower light intensity. Darkness 



456 Y. ASAKAWA 

decreases the levels of all polyunsaturated fatty acids (16:3003 in the 
MGDG and 20:4006 in the PE) in Leptobryum pyriforme protonemata. 
Cold induces an increase in the proportion of all polar lipid classes and in 
the degree of unsaturation. 

Triacylglycerols (TAG) which might be located in the globules of 
mosses spores and of leaf cells are reserve substances of mosses and an 
energy source for growth. The proportion ofT AG in mosses is high in late 
winter or early spring when mosses are photosynthetically active. The 
fatty acid composition of the TAG in mosses consists of palmitic, stearic, 
oleic, linoleic and linolenic acids which are similar to those found in seed 
oils. The content of C20 polyunsaturated fatty acids is low in certain 
Sphagnum, Polytrichum and Leptobryum species, however, Hylocomium, 
Mnium and Pleurozium species include these unsaturated fatty acids in the 
TAG. Acetylenic fatty acids have been found in Bryaceae, Dicranaceae, 
Ditrichaceae, Fontinalis antipyretica, F. squamosa, Tortula muralis and 
Schistostega pennata. 

The steryl esters of mosses are composed ofC20 polyunsaturated fatty 
acids as well as oleic, linoleic and linolenic acids. Sphagnales contain 
arachidonic-rich steryl esters, however, the arachidonic acid content in 
the steryl ester fraction of the spores and protonemata of Polytrichum 
commune is low. This implies that the Polytrichales are highly evolved 
mosses. 

The wax esters in mosses are comprised of fatty acids esterified with 
long chain aliphatic alcohols (common wax esters) or isoprenoid fatty 
acids (isoprenoid wax esters). The common esters are minor constituents 
of surface lipids whereas isoprenyl wax esters are found inside the cells. 
The composition offatty acids and long chain alcohols of mosses (Andrea, 
Dicranum, Pogonatum and Saelania) after hydrolysis is very similar to that 
in higher plants, i.e. they consist of even numbered polyunsaturated acids 
(CI6, 18,20,22,24 and 26) and polysaturated alcohols (C22, 24, 26, 28 and 
30). The major fatty acids and alcohols of isoprenoid wax esters found in 
the gametophytes of mosses (Dicranum, Hygrohypnum, Mnium and 
Sphagnum species) is phytenic acid (781) and phytol (780) or geranyl 
geraniol (782). It is thought that the surface lipids of mosses prevent water 
penetration of the leaf surfaces. 

5. Miscellaneous 

The endogenous plant hormone, indole acetic acid (1100) has been 
found in Funaria hygrometrica, Physcomitrella patens and Polytrichum 
formosum (110). Bryophytes are believed to be among the oldest of land 
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plants and hence it is interesting to know whether they contain lignin or 
not (176, 358). The gametophytic stems of the giant mosses, Dawsonia 
grandis, D. longiseta, D. papuana, D. polytrichoides, D. superba, Dendroligo
trichum dendroides, Polytrichadelphus magellanicum and Polytrichum 
commune were treated with NaOH-Na2S for the study on the presence of 
lignin (404). The solubilized material on methylation and oxidation with 
KMn04 -NaI04 in aq. NaOH, then with H2 0 2 in aq. Na2C03 gave a 
mixture of aromatic carbocyclic acids, the major components of which 
were estimated as methyl esters by GC. The identified compounds were 
methyl 3,4-dimethoxybenzoate (= methyl veratrate) (1365), dimethyl 
isohemipate (1366), dimethyl metahemipate (1367) and methyl 4,7,9-
trimethoxy-2-dibenzofurancarboxylate (1368). These mosses are devoid 
of lignin but contain another type of phenolic cell wall material. 
Furthermore cross polarization solid state 13C_ NMR spectrometry of 
Dawsonia superba, Leucobryum candidum, Rhizomnium parramatense, 
Sphagnum crista tum and Thamnobryum pandum showed that 1,3,5-trihy
droxybenzene constituted the aromatic building block of these mosses. 
The aromatic founds in mosses can therefore not be described as lignin 
(619). 

A novel 15-methoxyansamitocin P-3 (1370) has been isolated from 
two mosses, I sothecium subdiversiforme and Thamnobryum sandei, to
gether with the known maytansinoids (1369, 1371, 1372) (479). Whole 
moss (20.3 kg) of I. subdiversiforme on extraction with ether furnished 
only trace amounts (estimated yield 50 Ilg) of (1369-1372). These com
pounds have also been obtained from T. sandei (6.1 kg), again only in 
trace amounts (in the final stage of purification, 10.1 mg of extract was 
subjected twice to HPLC and the eluates again purified by HPLC). The 
structure determination of (1369-1372) was carried out using 1 H -NMR 
spectroscopy (400 MHz, after FID accumulation of ca. 15,200-53,000 
times). As the proportion of these macro cyclic compounds in the moss 
extracts was extremely low, it is possible that symbiotic microorganisms 
produce maytansinoids (644). In order to clarify this question, microor
ganisms from the mosses described above and from the surrounding soil 
were separately cultured and the chloroform extracts ofthe supernatants 
and broths checked for the presence of maytansinoids. However, the 
extract was inactive. On the other hand, the ether extract of the leaf mold 
which consisted the decayed mosses and a small amount of soil showed 
potent antitumor activity against P-388. Spectroscopic investigation 
showed the active compounds to be ansamitocin P-3 (1369) and de
oxypodophyllotoxin (1373). The leaf mold originating from mosses 
apparently plays an important role in the regulation of the moss 
ecosystem since maytansinoids possess potent antimicrobial activity 
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Chart 82. Miscellaneous compounds found in the Musci 
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(1375) Pheophytin a (1376) 132.Hydroxy.(132.R)pheophytin a 

(1 377) 132-Hydroxy·(132-Sjpheophytln a (1378) 132.Hydroxy.(132.R)pheophytin b 

(1 379) 132.Hydroxy.(132-S)pheophytin b (1 380) 132-(MeOO)·( 132' R)pheophytin a 

Chart 83. Miscellaneous compounds found in the Musci 
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against plant pathogenic bacteria. The presence or absence of may tan
sinoids and podophyllotoxins in 1 sothecium and Thamnobryum species 
has not been established. 

Thuidium kanedae biosynthesizes not only diterpene lactone (1233) 
but also an amide (1374) (448a). Entodon rubicundus is a unique species 
because it elaborates pheophytins, pheophytin a (1375), 132-hydroxy
(132-R)-pheophytin a (1376), 132-hydroxy-(132-S)-pheophytin a (1377), 
132-hydroxy-(13 2-R)-pheophytin b (1378) and 132-hydroxy-(132-S)
pheophytin b (1379) along with a novel 132-(MeOO)-(132-R)
pheophytin a (1380) (448a). These chlorophyll derivatives (1375-1380) 
have been found in silkworm excreta (441b). 

WANG et al. (611) in studying cytokinins in culture media from 
gametophyte over-producing mutants of the moss Physcomitrella patens 
detected two cytokinins one of which was identified as N 6_(L\2_ 
isopentenyl)adenine (2iP). 

Bryophyta, Pteridophyta and Spermatophyta have been investigated 
as to their ability to detoxify heavy metals like Cd2 + through the 
formation of (y-Glu-Cys)n-Gly peptides ( = phytochelatins) (200). Mar
chantia polymorpha, when grown in axenic culture was capable offorming 
2-(y-Glu-Cys) and 3-(y-Glu-Cys). 

IV. Chemical Constituents of Anthocerotae (Hornworts) 

1. Sesquiterpenoids 

Cuparane-type sesquiterpenoids such as cuparene (284) which are 
widely distributed in the Hepaticae have been detected in Megaceros and 
Phaeoceros species by GC-MS, in trace amounts although Anthocerotae 
do not contain oil bodies (18, 68, 69). 

2. Aromatic Compounds 

2.1 Cinnamic Acid Derivatives 

Methanol extracts of Anthoceros laevis ( = Phaeoceros laevis) and A. 
punctatus were separated into neutral and phenolic fractions by 5% 
NaHC03• The phenolic fraction, after being acidified, was chromato
graphed on silica gel to give methyl coumarate (1381) and methyl caffeate 
(1382) (400). Megaceros arachnoideus and M. fiagellaris have been 
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(1381) Methyl coumarate 
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Chart 84. Cinnamic acid derivatives and lignans found in the Anthocerotae 
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investigated for the presence offlavonoids and other phenolics. A range of 
other phenolics was observed on 2D-TLCs, whose chromatographic 
behavior on cellulose TLC with H20 and n-BuOH-2N NH3 (1: 1) as 
solvents suggested that they were carboxylic acids, probably cinnamic 
acids, with at least one free carboxyl group (416). However, flavonoids 
have not yet been detected in any of the Antocerotae. Caffeic acid (1257) 
has been isolated from Anthoceros punctatus (536). 

2.2 Lignans 

The Anthocerotae biosynthesize lignans (Table IV). 2% Acetic acid 
extracts of fresh Dendroceros japonicus, M egaceros fiagellaris, N otothylas 
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temperata and Anthoceros laevis ( = Phaeoceros laevis) were purified by 
HPLC to give a new lignan, megacerotonic acid (1383), as the major 
component (536). In addition, a second new lignan, anthocerotonic acid 
(1384a) has been isolated from fresh Anthoceros punctatus along with (R)
rosmarinic acid (1385) and caffeic acid (1257) (536, 537). Folioceros 
fuciformis also elaborates rosmarinic acid (536). The structure of (1383) 
and the absolute stereochemistry of (1385) were reproduced erroneously 
in print (537). The presence of p,o- and p-substituted phenyl rings in (1383) 
was established by lH_ and 13C-NMR spectrometry. Methylation with 
diazomethane gave a tetramethyl derivative which was hydrogenated or 
reduced with NaBH4 to afford a 7',8'-dihydro derivative or a primary 
alcohol resulting from reduction of the carbomethoxy group. The stereo
chemistry, the position of the phenyl rings and the geometry of vinyl 
group were established by NOESY experiments. The absolute configu
ration of (1383) is based on use of the CD chirality method (237, 238). The 
CD spectrum of (1383) displayed positive and negative Cotton effects at 
305 nm (~E + 8.5) and 232 nm (~E - 11.7), respectively. 

The structure of (1384a) was also established by a combination of 
NMR spectrometry and hydrolysis followed by methylation with diazo
methane which gave a dimethyl ester (1384b) and secondary alcohol 
which was identical with methyl (3,4-dimethoxylphenyl)-lactate (1385a) 
prepared from the co-metabolite rosmarinic acid (1385) by alkaline 
hydrolysis followed by methylation (Schem 69). The R-configuration at 
C-I0 of (1384a) was established by comparing the CD spectrum of (1385a) 
with that of (R)-methyl aryllactate derived from (R)-rosmarinic acid 
(1385). The total synthesis of rosmarinic acid has been reported by 

(1384a) ~ 

OMe 

(1384b) 

1} 5% KOH/MeOH 2) CH2N2 

rnJz 222 $"OH 

~ ~ ~M. 
~ OMe 

+ 

OMe 

(1 385a) (A)·Methyl aryllactate 

t1•4) 

(1385) {R}-Rosmarinic acid 

Scheme 69. Reactions of anthocerotonic and (R)-rosmarinic acids 
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ZINSMEISTER et al. (647). Anthocerotonic acid (1384a) may be directly 
derived from (R)-rosmarinic acid (1385) and p-coumaric acid (1256) in 
Anthoceros punctatus (536,537). Rosmarinic acid (1385) has been found in 
the fern, Blechnum brasiliense (122), and in seed plants, especially in the 
Lamiaceae (525). This is the first record of the isolation of a lignan from 
non-vascular plants. Hornworts had so far been regarded as chemically 
simple (24). 

v. Biologically Active Substances of Bryophytes 

Generally, bryophytes are not damaged by bacteria, fungi, insects, 
snails and slugs. It is also known that some bryophytes contain allelo
chemicals. A number ofbryophytes have been used as medicinal plants in 
North America (9), China (165) and Europe (195). More than 400 years 
ago, RI (472) stated that some Fissidens and Polytrichum species pos
sessed diuretic activity and that these ashes promoted human head hair 
growth. Most bryophytes used medicinally have been applied as decoc
tions. Bryophytes are also crushed and the resulting powder is mixed with 
oil to make an ointment which reputedly cures cuts, burn and external 
wounds. North American Indians have used Bryum, Mnium, Philonotis 
species and Polytrichum juniperinum as medicinal mosses to cure burns, 
bruises and wounds. M archantia polymorpha has been used as a diuretic 
in Europe. Fresh liverwort was soaked with white liquor and patients 
drank the resulting mixture of liquor and extracts. Some bryophytes also 
show antitumor activity. In addition to the biological activities described 
above, some bryophytes emits characteristic fragrant odors and, depend
ing on the source, an intensely pungent, bitter and saccharine-like taste. 
The biological activity ascribed to the Hepaticae is due mainly to 
terpenoids and aromatic compounds which are constituents of oil bodies, 
or to hydrophilic diterpenoids. 

The following bryophytes are medicinal plants and are said to possess 
certain physiological activity and effects: 

[Hepaticae] Conocephalum conicum (antimicrobial, antifungal, anti
pyretic, antidotal activity; used to cure cuts, burns, scalds, fractures, 
swollen tissue, poisonous snake bites and gallstones), Frullania tamarisci 
(antiseptic activity), Marchantia polymorpha (antipyretic, antihepatic, 
antidotal, diuretic activity; used to cure cuts, fractures, poisonous snake 
bits, burns, scalds and open wounds), Reboulia hemisphaerica (for 
blotches, hemostasis, external wounds and bruises). 

[Musei] Bryum argenteum (antidotal, antipyretic, antirhinitic activity; 
for bacteriosis), Cratoneuron filicinum (for malum cordis), Ditrichum 
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pallidum (for convulsions, particularly in infants), Fissidens japonicum 
(diuretic activity, for growth of hair, burns and, choloplania), Funaria 
hygrometrica (for hemostasis, pulmonary tuberculosis, hematemesis, 
bruises, athlete's foot dermatophytosis), Haplocladium catillatum (antido
tal, antipyretic activity; for adenopharyngitis, uropathy, mastitis, erysi
pelas, pneumonia, urocystitis and tympanitis), Leptodictyum riparium 
(antipyretic; for choloplania and uropathy), Mnium cuspidatum (for 
hematostasis and nosebleed), Oreas martiana (for anodyne, hemostasis, 
external wounds, epilepsy, menorrhalgia and neurasthenia), Philonotis 
fontana (antipyretic, antidotal activity; for adenopharyngitis), Plagiopus 
oederi (as a sedative, and for epilepsy, apoplexy and cardiopathy), 
Polytrichum species (diuretic acitivity; for growth of hair), Polytrichum 
commune (antipyretic, antidotal; for hemostasis, cuts, bleeding from 
gingivae, hematemesis and pulmonary tuberculosis), Rhodobryum gigan
teum (antipyretic, diuretic, antihypertensive; for sedation, neurasthenia, 
psychosis, cuts, cardiopathy and expansion of heart blood vessels), 
Rhodobryum roseum (as a sedative and for neurasthenia and cardiopathy), 
Taxiphyllum taxirameum (antiphlogistic; for hemostasis and external 
wounds) and Weissia viridula (antipyretic, antidotal; for rhinitis) (36). 

In the earlier review (19) pungency and bitterness, allergenic contact 
dermatitis, anticancer, tumor promoting, antimicrobial and antifungal as 
well as antifeedant, piscicidal and schistosomisidal activities of com
pounds isolated from Hepaticae were discussed (19). Several reviews 
dealing with biologically active substances found in bryophytes have 
been published (20-23, 29, 30, 32, 34-36). In this section, more recently 
isolated biologically active compounds and their activities will be dis
cussed. 

1. Characteristic Scents 

Some bryophytes emit intense mushroomy, sweet-woody, intense 
turpentine, sweet-mossy, fungal-like, carrot-like or seaweed-like scents 
when upon being crushed. Among these are Asterella species (resembling 
the higher plant, Houttuynia cordata), Conocephalum conicum (Hout
tuynia cordata-like, strong mushroomy), Conocephalum japonicum (also 
Houttuynia cordata-like), Frullania species (turpentine-like), Funaria hy
grometrica (sea-star like), Geocalyx graveolens, Jungermannia and Le
jeunea species (turpentine-like), Leptolejeunea elliptica (mixed odor of 
naphthalene and dried bonito), Lophocolea heterophylla (strongly and 
distinctly mossy), L. minor (strongly mossy), Lophozia vicrenata (pleasant 
resembling cedar oil), Moerkia species (intensely unpleasant), Pellia 
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endiviifolia (dried seaweed-like), Plagiochila sciophila ( = P. acanthophylla 
subsp. japonica) (sweet mossy and woody), Plagiochila ovalifolia etc. 
(turpentine-like), Porella cordaeana (dried seaweed-mossy like), Porella 
vernicosa complex (pungent and turpentine-like), Riella species (anise
like), Solenostoma obovata (carrot-like), Takakia lepidozioides (mixed 
odor of cinnamon and burnt wheat powder), Trichocolea tomentella 
(sulfur-like) and Wiesnerella denudata (strong sweet mushroomy). 

European Porella cordaeana emits a strong seaweed-mossy like scent. 
Dimethyl sulfide (1227) which is one of the significant flavor chemicals of 
seaweed has been found in the head space of P. cordaeana (593) which also 
contains the monoterpene hydrocarbons myrcene (1), y-terpinene (11), r:t.

thujene (20), ~-sabinene (23), r:t.-pinene (27), ~-pinene (28), and camphene 
(37). The characteristic odor of P. cordaeana may be due to the mixture of 
these components (593). Dimethyl sulfide has also been identified in the 
crude extracts of Pellia endiviifolia and other Metzgeriales species (62). 

HEROUT (268) reported that the substance responsible for the mossy 
scent of European Lophocolea heterophylla had the formula C12H200 
but the structure was not determined. Further fractionation of the ether 
extract of the same species resulted in the isolation of a homomonoter
pene alcohol, ( - )-2-methylisoborneol (48), responsible for the character
istic mossy fragrance (586). This unusual homomonoterpenoid has also 
been found among the metabolites of Actinomycetes, Streptomyces and 
Actinomadura species (203). The female, male, sterile and receptacle of 
Conocephalum conicum emit a strong sweet-mushroomy scent; ( - )-~

sabinene (23) and ( + )-bornyl acetate (39) have been isolated as the major 
components from the ether or pentane extract, together with methyl 
cinnamate (871), (S)-( + )-I-octen-3-01 (1213) and (R)-( + )-I-octen-3-yl
acetate (1214) which are primarily responsible for the fragrance of the 
most expensive Japanese mushroom, Tricholoma matsutake (524), while 
the steam distillate of C. conicum contained ( + )-bornyl acetate (3%),1-
octen-3-01 + ~-sabinene (27%) and l-octen-3-yl acetate (12%) (62). C. 
japonicum emits a mossy scent different from C. conicum. The steam 
distillate of C. japonicum contains l-octen-3-yl acetate (1213) (12%), 
whereas the content of l-octen-3-01 and ~-sabinene is very low (1 %) (62). 

Almost all liverworts which smell of mushrooms contain l-octen-3-01 
and its acetate but the strong sweet-mushroomy scent of the ether extract 
of Wiesnerella denudata is due to ( + )-bornyl acetate (39) and mixtures of 
the monoterpene hydrocarbons r:t.-terpinene (10), ~-phellandrene (12b), 
terpinolene (13), r:t.-pinene (27), ~-pinene (28) and camphene (37), (17, 58). 
The odor of the steam distillate of W. denudata is weaker than that of its 
ether extract. The steam distillate contains nero I (4) (14%), neryl acetate 
(5) (27%) and y-terpinene (11) (31 %), but the content of l-octen-3-01 (7%) 



Chemical Constituents of the Bryophytes 467 

and its acetate (2%) is very low (62). Plagiochila ovalifolia has a strong 
turpentine odor. The ether extract contains linalool (2), p-cymene (15a), ex
and ~-pinenes (27, 28), and camphene (37) whereas the essential oil of P. 
ovalifolia contained l-octen-3-yl acetate (20%) and trans-nerolidol (426) 
(36%) (62). 

The essential oil of Plagiochila sciophila ( = P. acanthophylla subsp. 
japonica) which has a mild turpentine-mushroomy odor is composed of 
dimethyl sulfide (2%), ex-pinene (3%), 3-octanone (1216) (2%), ~-sabinene 
(23) (5%), ~-barbatene (162) (19%) and an unidentified component 
([M]+ 190, base 41) (62). 

A small French thalloid liverwort, Targionia hypophylla, emits a very 
intense and fragrant scent when crushed due primarily to cis- (29) and 
trans-pinocarveyl acetates (30) which have been isolated from the meth
anol extract (75). 

The characteristic fragrance of a miniature liverwort, Leptolejeunea 
elliptica is due to p-ethylanisol (1386) (442). The intense turpentine-like 
odor of some species of Frullania, Jungermannia, Lejeunea, Plagiochila 
and Porella species which resembles that of conifer needles is caused by 
mixtures of simple monoterpene hydrocarbons (36). 

The oxygenated sesquiterpene ketone, bicyclohumulenone (479) iso
lated from Plagiochila sciophila ( = P. acanthophylla subsp.japonica) (19) 
possesses an aroma reminiscent of a variety of scents based on a strong 
woody note resembling the odor of patchouli, vativer, cedar wood, orris, 
moss and carnations. The pacifigorgiane-type sesquiterpene alcohol 
tamariscol (523) which has been isolated from European Frullania 
tamarisci subsp. tamarisci (150), Japanese F. tamarisci subsp. obscura 
which grows in high mountains and high latitudes, Taiwanese F. nepalen
sis and American F. asagrayana (63, 511) similarly possesses a remarkable 
aroma reminiscent of the woody and powdery green notes of mosses, foin, 
fluvia, costus, violets leaf and seaweeds. Both compounds are highly 
esteemed in commerce. Epoxytamariscol (523a) derived from tamariscol 
(523) possesses the same fragrant scent as (523). They are used as perfumes 
as such or perfume components ofthe powdery floral-, oriental bouquet-, 
fantastic chypre-, fancy violet- and white rose-types in various cosmetics 
(25-28,31). After it had been shown that both the tertiary alcohol and the 
2-methyl-l-propenyl group attached to the cyclohexane ring oftamaris
col were necessary for the characteristic scent of (523), thirteen mini
tamariscols were synthesized by Grignard reactions of2,7-dimethylcyclo
hexanone, 2-methylcyclohexanone, 4-methylcyclohexanone, cyclohexan
one and cyclopentanone with vinylmagnesium bromide, 2-methyl-l
propenylmagnesium bromide and 2-methyl-2-propenylmagnesium 
bromide, respectively. All mini-tamariscols possessed characteristic odors 
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but I-hydroxy-l-(2-methyl-l-propenyl)-cyclohexane (1387) had a sweet 
mossy aroma similar to that of tamariscol itself (511). 

A thalloid liverwort Mannia fragrans emits a pleasant and intense 
scent which can be detected at a distance of many meters. This specific 
fragrance is caused by a cuparane-type sesquiterpene ketone, grimaldone 
(305) (280). It is noteworthy that ent-Iongipinan-3,12-dione (491f) pre
pared from ent-12~-acetoxylongipin-2(lO)-en-3-one (491) has a very 
pleasant odor resembling that of grimaldone (305) (279). 

A small thalloid liverwort, an Asterella species grown in Pulau 
Daya~g Bunting island, Malaysia, emits very intense unpleasant odor 
which is due to skatole (1099) (249). 

Several species belonging to the Splachnaceae (Musci) emit volatile 
fecal odors to which flies are attracted. KOPONEN et al. (344) analysed the 
volatile components of Aplodon, Splachnum, Tayloria and Tetraplodon 
species by GC-MS. The identified volatiles were complex mixtures of 
octane derivatives (1-octen-3-01, 3-octanone, etc.), fatty acids (butyric, 
caproic, valeric, benzoic acids, etc.), monoterpene hydrocarbons «(1-
pinene, ~-pinene, etc.) and indole. 

2. Pungency, Bitterness and Sweetness 

Some genera ofbryophytes produce intensely pungent, bitter or sweet 
substances which exhibit interesting biological activities described in the 
following sections. It has long been known that most bryophytes growing 
in North America contain unpleasantly tasting substances some of which 
taste like immature green pea seeds or pepper (293). MIZUTANI (409) 
reported that Porella vernicosa contained very pungent substances and 
that J amesoniella autumnalis contained an intense bitter principle whose 
taste resembles that of the leaf of lilac and Swertia japonica or the root of 
Gentiana scabra var. orientalis. It is known that the sharp hot taste of 
Porella species (P. vernicosa complex belonging to chemo-type I) is due to 
polygodial (336) (19). Porella roellii (chemo-type I) of North America 
contains large amounts of polygodial (543). Porella acutifolia subsp. 
tosana which belongs to chemo-type IV (pinguisane-sacculatane/ 
pinguisane-germacrance/guaiane-type) is also very pungent. This is due 
to the presence of the hydroperoxygermacranolides (449, 450) (600). 

The earlier review (19) stated that sesquiterpene lactones, secoaroma
dendrane-type sesquiterpene hemiacetals and sacculatane-type diterpene 
dialdehyde possessing an intensely pungent taste had been isolated from 
some Chiloscyphus and Wiesnerella, Plagiochila, and Pellia and Tricho
coleopsis species, respectively. The strong pungent taste of Pallavicinia 
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levieri is due to sacculatal (795) (251). Plagiochiline A (115) from 
Plagiochila species (19) showed a strong pungent taste. Enzymatic 
treatment of (115) with amylase in phosphate buffer or with human saliva 
produced two 2,3-secoaromadendrane-type aldehydes, plagiochilal B 
(126) and furanoplagiochilal (126d) (252). The former dialdehyde has been 
isolated from Plagiochila fruticosa (185) and the latter monoaldehyde 
from P. yokogurensis and three other species (19). The dialdehyde 
possesses a strong pungent taste which implies that the intense pungency 
is not due to plagiochiline A (115) itself, but to plagiochilal B (126) whose 
partial structure is similar to that of the very pungent drimane dialde
hyde, polygodial (336). 

Some Lophoziaceae species are intensely bitter. Thus Gymnocolea 
i1iflata is amazingly and persistently bitter and induces vomiting when 
one chews a few leaves for several seconds. The earlier review (19) already 
mentioned that this is due to gymnocolin A (650), a cis-clerodane-type 
furanoditerpene lactone. The bitter tastes of Anastrepta orcadensis, 
Barbilophozia lycopodioides and Scapania undulata are due to anastreptin 
(651) (143, 478), barbilycopodin (664) (143) and scapanin A (745) (277), 
respectively. Barbilycopodin (664) has also been found in B. attenuata, B. 
barbata, B. fioerkei (273, 429) and B. hatcheri (429, 565). 

Jungermannia irifusca has an exceedingly intense bitter taste. This is 
due to the presence of the infuscasides A-E (721a, 722a, 723-725), which 
are kaurane glucosides (436); however, the corresponding aglycones are 
tasteless. It is interesting that other kaurene glycosides such as stevioside 
from the higher plant Stevia rebaudiana (Compositae) are intensely sweet. 

Some Fissidens and Rhodobryum species possess a sweet taste like 
saccharine. However, the substances responsible for the taste remain to 
be isolated. 

3. Allergenic Contact Dermatitis 

Several liverworts (Frullania asagrayana, F. bolanderi, F. dilatata, F. 
eboracensis, F.franciscana, F. infiata, F. kunzei, F. nisquallensis, F. liparia, 
F. tamarisci, Marchantia polymorpha, Metzgeria furcata, Radula compla
nata and Schistochila appendiculata) and mosses (Eurhynchium organum, 
Isothecium stoloniferum, Leucolepis menziesii, Mnium cuspidatum, M. 
undulatum, Polytrichum juniperinum, Rhytidiadelphus loreus and 
Sphagnum palustre) cause intense allergenic contact dermatitis (36). 
Frullania species (Hepaticae) are notable as liverworts which cause 
allergy. The allergy-inducing substances of Frullania species are sesqui
terpene lactones with an ex-methylene-y-Iactone group (19). Patients 
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sensitive to Frullania react equally and strongly to ( + )- (380a) and ( - )
frullanolides (380b) which have been isolated from Frullania dilatata and 
F. tamarisci, respectively (19). Two groups of guinea pigs were sensitized 
by means of ( + )- and ( - )-frullanolides, respectively, and no cross
sensitization occurred (91). This was the first experimentally documented 
demonstration of stereospecificity in allergenic contact dermatitis. 

There are more than 500 Frullania species composed of two main 
chemo-types. Type A contains sesquiterpene lactones with an tX-meth
ylene-y-butyrolactone group whilst type B does not contain any sesqui
terpene lactones (19). When patients sensitive to Frullania species come 
into contact with type A, an amazingly intense allergy is induced. 

It has also been known that some Radula species cause allergenic 
contact dermatitis (19). Radula complanata is often intermingled with F. 
dilatata. In fact, ( + )-frullanolide (380a) has been isolated from the crude 
extract of the mat of R. complanata (66). It has been confirmed that some 
mats collected in western France were contaminated by F. dilatata which 
has been detected under a binocular microscope. Thus the hapten of R. 
complanata is not due to the chemical constituents of this liverwort, but to 
( + )-frullanolide and other sesquiterpene lactones found in Frullania 
dilatata. 

Members of the Porella vernicosa complex are rich sources of 
polygodial (336) which exhibits pungency and irritancy. Guinea pigs were 
sensitized to polygodial using intradermal injections in Freund's com
plete adjuvant. Cross-reaction with a mixture of racemic warburganal 
and (- )-warburganal (1388) isolated from Polygonum hydropiper 
showed a high specificity of the allergenic response because (-)
warburganal gave a stronger skin reaction than the racemic mixture 
(518). 

A large beautiful liverwort Schistochila appendiculata collected in 
New Zealand causes allergenic contact dermatitis. The allergenic reaction 
is brought on by alkylphenols (C11, C13, C1S and C17) (1043,1046,1049, 
1053), long chain alkyl salicylic acids (Cll, C13, C1S) (1044, 1047, 1050) 
and their potassium salts (1045, 1048, 1051) as well as a long chain 
catechol (1052) (53). Such allergenic contact dermatitis is very similar to 
that caused by the long chain alkylphenols of the fruit of Ginkgo biloba 
and Anacardiaceae (162, 177). 

4. Antitumor Activity 

Through the agency of the National Cancer Institute, USA, 184 
species in 97 genera of mosses, 23 species in 16 genera of liverworts, and 
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one hornwort have been screened for antitumor agents using the P388 
lymphocytic leukemia test system (512). Ground material of each species 
was extracted with 90% hot EtOH in a Soxhlet apparatus for 8 hr, 
followed by concentration of the extract in vacuo and partition of the 
residue between chloroform or dichloromethane and water (1: 1). The 
CHCl3 or CH2Cl2 fractions were tested. Prior to 1974, the materials were 
extracted with 50% ethanol or with petroleum ether, ethanol and 
aqueous EtOH, sequentially. Extracts of 75 moss species were toxic; 
extracts of 43 moss species were active. Active species came from the 
following families; Brachytheciaceae, Dicranaceae, Hypnaceae, Mni
aceae, Neckeracea, Polytrichaceae, Grimmiaceae and Thuidiaceae. The 
level of antitumor activity amongst the liverwort species was somewhat 
lower with only 4 of 23 species screened exhibiting P388 activity; these 
were Bazzania trilobata and Porella bolanderi (Jungermanniales) and 
Conocephalum conicum and Dumortiera hirsuta (Marchantiales). The only 
hornwort studied, Anthoceros fusiformis, was inactive. The substances 
responsible for the activities remain to be identified. 

As mentioned earlier, the chemical constituents of Musci, Hepaticae 
and Anthocerotae differ considerably; in particular those of Hepaticae are 
mono-, sesqui- and diterpenoids as well as bibenzyls and cyclic bisbiben
zyls and it may well be that the standard extraction procedure using 90% 
hot EtOH for 8 hr is too vigorous for the Hepaticae which inter al. 
contain hemiacetals, dialdehydes, a number of unstable acetylated ter
penoids etc. Thus many biologically active constituents have been 
obtained by extraction of bryophytes with ether or methanol at room 
temperature. 

As mentioned in the earlier review (19) a few eudesmanolides and a 
germacranolide possessing inhibitory activity against KB cells have been 
isolated from some liverworts. Conocephalum conicum and Wiesnerella 
denudata contain some guaianolides which exhibited anticancer activity 
against P-388 lymphocytic leukemia (19). 

Riccardins A (985a) and B (987a) isolated from Riccardia multifida 
inhibited KB cells at a concentration of 10 and 12 flg/ml, respectively 
(79), as did a pinguisane-type sesquiterpene alcohol, dehydropinguisenol 
(541), at a concentration of 12.5 flg/ml (82). Trocholejeunea sandvicensis 
contains highly oxygenated aromatic compounds among which (1104) 
showed cytotoxic activity against KB cells (EDso 12.5 flg/ml) (82). The 
following compounds isolated from liverworts also showed cytotoxic 
activity against KB cells, values in parentheses show the concentration in 
flg/ml: Plagiochiline A (115) (0.28) from several Plagiochila species, 
eremofrullanolide (352) (1.70) and oxyfrullanolide (381) (0.80) from F. 
dilatata, epoxyfrullanolide (383) (2.65) prepared from ( + )-frullanolide 
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(380a), 4-epiarbusculin A (390) (0.50) from F. tamarisci subsp. obscura, 8cx
acetoxyzaluzanin D (467) (2.50), zaluzanin D (468) (1.50), and 8cx
acetoxyzaluzanin C (469) (1.60) from Wiesnerella denudata, marchantin A 
(993) (8.39), B (994) and C (995) (10.0) from several M archantia species and 
perrottetin E (1023a) (12.5) from Radula perrottetii and a few species of 
Marchantiales (35, 36). TIC (100%) values of plagiochiline A (115) and 
marchantin A (993) against P388 were estimated as 115 and 117%, 
respectively (35, 36). 3-Methoxy-4' -hydroxybibenzyl (891) from Plagio
chila species showed cytotoxicity against monkey kidney cells (BSC) at 
60 ~g/well (358a). 

BELKIN et al. (97) reported that alcoholic or acidic extracts of 
Polytrichum juniperinum showed antitumor activity against Sarcoma 37 
transferred into the muscle of CAFI mice. However, no active compound 
has so far been isolated from this species. ZHENG et al. (645a, 645b) found 
that the 95% ethanol extract of the moss, Polytrichum ohioense collected 
in Maryland showed cytotoxicity in the human nasopharynxcarcinoma 
(9KB). Fractionation of the extract resulted in the isolation of five new 
benzonaphthoxanthenones, ohioensins A-E (1342-1346) which showed 
cytotoxic activity not only against 9KB, but also murine P388 leukemia 
(9PS), human lung carcinoma (A-549), human breast adenocarcinoma 
(MCF-7) and human colon adenocarcinoma (HT-29): values in paren
theses show the concentration in EDso ~g/ml: ohioensin A (1342) ( > 10, 
1.0, > 10, 9.0 and> 10 against 9KB, 9PS, A-549, MCF-7 and HT-29), 
ohioensin B (1343) (9.7, > 10, > 10, 3.4 and 4.3), ohioensin C (1344) 
( > 10,1.0,8.7,6.7 and> 10), ohioensin D (1345)( > 10,1.0, > 10, > 10 
and > 10) and ohioensin E (1346) ( > 10, 1.0, 6.2, > 10 and > 10). 
Ohioensins A, C, D and E showed moderate cytotoxicity against 9PS. 
Ohioensin B also showed marginal activity against HT-29 and MCF-7 
cells. 

Marsupellone (489) and acetoxymarsupellone (490) from Marsupella 
emarginata showed antitumor activity (ICso 1 ~g/ml) against P388 (434). 
SAKAI et al. (479) found that the ether extract of Isothecium sub
diversiforme showed intense antitumor activity (ICso 3 ~g/ml) against 
mouse lymphocytic leukemia (P388). The active fraction after being 
concentrated ten times gave TIC values of 149% at a dosage of 40 mg/kg, 
for 1-5 days. As mentioned earlier, the fresh moss (20.3 kg) gave four 
maytansinoids (1369-1372) in yields of 2.0 x lO- s to 8.0 X 10- 6 g, pre
sumably responsible for the activity and believed to produced by 
microorganisms associated with the moss. 15-Methoxyansamitocin P-3 
(1370) exhibited antitumor activity (ICso 2.0 x lO- s ~g/ml) against P388 
in vitro (479, 643). This activity is 100 times stronger than that of the 
known antitumor drug, adriamycin (ICso 1.7 x 10- 3 ~g/ml). Compounds 
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(1369, 1371, 1372) have been isolated from the fermentation broth of 
Nocardia species (15), and from the higher plants, May tenus bunchananii 
(353) and the Indian plant Trewia nudiflora (467). 132-Hydroxy-(13 2-R) 
pheophytin a (1376) and its epimer (1377) found in Entodon rubicundus 
have in vitro cytostatic activity against hepatoma tissue culture (HTC) 
cells (441 b). 

Some sesqui- and diterpenoids from liverworts cause irritation of the 
mouse ear, induction of ornithine decarboxylase (ODC), and adhesion of 
cultured human pro myelocytic leukemia cells (HL-60), all activities 
associated with tumor promotion (35, 36) while ( + )-frullanolide (380a) 
from Frullania dilatata inhibited tumor promotion (455). 

5. Antimicrobial and Antifungal Activity 

Several liverworts (Bazzania species, Conocephalum conicum, Dumor
tiera hirsuta, M archantia polymorpha, M etzgeria furcata, Pellia endivii
folia, Plagiochila species, Porella vernicosa complex, P. platyphylla, 
Radula species, etc.) and mosses (Atrichum antustatum, A. undulatum, 
Dicranum scoparium, Isothecium stoloniferum, Mnium puncta tum, Ortho
trichum rupestre, Polytrichum commune, P. juniperinum, Thuidium re
cognitum var. delicatulum, Tortula muralis, Sphagnum jimbriatum, S. 
palustre and S. strictum) show antimicrobial activity (35, 36). Several 
liverworts, such as Bazzania species, Conocephalum conicum, Diplo
phyllum albicans, Lunularia cruciata, M archantia polymorpha, Plagiochila 
species, Porella vernicosa complex, Radula species and mosses, Atrichum 
undulatum, Bryum pallens, Dicranella heteromalla, D. scoparium, Micro
bryum delicatulum, Mnium hornum, Oligotrichum hercynicum, Plagiothe
cium denticulatum, Pogonatum aloides, P. urnigerum, Polytrichum com
mune, Pseudoscleropodium purum, Sphagnum nemoreum, S. portoricense, S. 
strictum and S. subsecundum display antifungal activity (35, 36). The 
earlier review (19) mentioned isolation of three antibiotic sesquiterpen
oids and four antibiotic bibenzyls from some liverworts. 

The naturally-occurring prenyl bibenzyls (918, 927) and a chemically 
modified bibenzyl (952b) showed antimicrobial activity against Staphylo
coccus aureus (20-30 Ilg/ml) (43, 66). 3-Methoxy-4'-hydroxybibenzyl 
(891) showed antifungal activity against Candida albicans (MIC 
125 Ilg/ml) and Trichophyton mentagrophytes (MIC 62.5 Ilg/ml) but not 
against Escherichia coli and Pseudomonas aeruginosa (358a). 

Marchantin A (993) from Marchantia chenopoda, M. polymorpha, M. 
paleacea var. diptera, M. plicata and M. tosana, shows antibacterial 
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activity against Acinetobacter calcoaceticus (MIC 6.25 »g/ml), Alcali
genesfaecalis (100), Bacillus cereus (12.5), B. megaterium (25), B. subtilis (25), 
Cryptococcus neoformans (12.5), Enterobacter cloacae, Escherichia coli, 
Proteus mirabilis, Pseudomonas aeruginosa, Salmonela typhimurium (100) 
and Staphylococcus aureus (3.13-25) and antifungal activity against 
Alternaria kikuchiana, Aspergillus fumigatus (MIC 100 J.1g/ml), A. niger 
(25-100), Candida albicans, Microsporum gypseum, Penicillium chryso
enum (100), Piricularia oryzae (12.5), Rhizoctonia solani (50), Saccharomy
ces cerevisiae, Sporothrix schenckii (100), Trichophyton mentagrophytes 
(3.13) and T. rubrum (100) (35, 36, 575). 

The dolabellane-type diterpenoids (668-670) from Odontoschisma 
denudatum and their derivatives (668b, 668c) had growth inhibitory 
activity against pathogenic fungi, with (668) of 39% against Botrytis 
cinerea, 38% against Rhizoctonia solani and 22% against Phythium 
debaryanum at a concentration of 100 ppm (381). Compounds (669, 670, 
668b, 668c) showed similar activities against the three microorganisms. 

Some phenolic sesquiterpenoids isolated from Herbertus aduncus 
inhibit the growth of some plant pathogenic fungi (394). Thus (X
herbertenol (308) and f3-herbertenol (309) exhibited 50% growth inhibi
tion (150) of Botrytis cinerea, Rhizoctonia solani and Phythium deba
ryanum at 20-60 ppm while cx-formylherbertenol (310) caused 150 of B. 
cinerea and R. solani at 8-10 ppm and f3-bromoherbertenol (309b) (not a 
natural product) produced similar results at ca. 15 ppm. Petroleum ether 
extracts of Fossombronia pusilla and F. himalayensis had antibacterial 
activity against Escherichia coli, Staphylococcus aureus and Bacillus 
subtilis etc. at a concentration of 100 J.1g/ml. (X-Santonin (396) had the 
highest activity followed by 8-hydroxy-9-hydroperrottetianal (807), per
rottetianal A (805) and perrottetianal B (806) (491). Tridensenal (511) 
from Bazzania tridens had weak antimicrobial activity against Staphylo
coccus aureus (ATCC 3359) at 400 J.1g/ml (628). The concentration of 
lunularic acid (877) in many liverworts may suffice to prevent fungal 
attack almost completely (497). 
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Dicranenone A (1357) from the moss Dicranum scoparium and dicra
nenone B1 (1361) from D. japonicum showed antibiotic activity against 
Piricularia oryzae and Bacillus cereus at concentrations of 60 



Chemical Constituents of the Bryophytes 475 

and 400 ppm, respectively (290). Similar activities were displayed by 
9Z,12Z,15Z-octadecatriene-6-ynoic acid (1222) and I-monoglyceride of 
13-hydroxy-9Z,llZ,15Z-octadecatriene-6-ynoic acid (1359) (291). The 
antibiotic constituents of Atrichum, Dicranum, Mnium, Polytrichum and 
Sphagnum species were thought to be polyphenolic compounds (396). 

Polar biflavonoids occur frequently in Musci and are concentrated in 
the hydrophilic cell walls. It has been suggested that high concentrations 
of biflavonoids in certain mosses cause resistance to fungal infection and 
deter browsing insects (196). 

6. Insect Antifeedant and Molluscicidal Activity 

As mentioned earlier (19) plagiochiline A (115), a sesquiterpene 
hemiacetal found in several Plagiochila species, is a very strong antifee
dant against the African army worm (Spodoptera exempt a). The pungent 
sacculatal (795) isolated from Pellia endiviifolia and Trichocoleopsis 
sacculata, two pungent eudesmanolides (409) and (413) from Chiloscyphus 
polyanthos, a germacranolide (443) from Wiesnerella denudata and the 
sesquiterpene lactones (380a) and (380b) from Frullania dilatata and F. 
tamarisci, a drimanolide (342) from the Porella vernicosa complex, and the 
bitter gymnocolin (650) from Gymnocolea infiata also have antifeedant 
activity against larvae of Japanese Pieris species; however, the activities 
are significantly less than that of plagiochiline A (115) (35, 36). 

Albicanol acetate (330) from Bazzania japonica (84) had potent 
antifeedant properties against gold fish (266). 

A series of natural drimanes and related synthetic compounds was 
tested for antifeedant activity against aphids. Polygodial (336) from the 
Porella vernicosa complex and a higher plant, Polygonum hydropiper and 
warburganal (1388) from the African tree Warburgia ugandensis were the 
most active substances (41). Natural (- )-polygodial (336) and the 
synthetic ( + )-enatiomer (1389) showed similar levels of activity as aphid 
antifeedants (41). Polygodial (336) has also been found in porostome 
nudibranchs, Dendrodoris species (456). It was shown to inhibit feeding of 
fish (166). 

The new cuparane-type sesquiterpenoids (303, 304) and monocycIo
farnesane-type (506-508) from Ricciocarpos natans and lunularic acid 
(877) which is widespread in liverworts and the related compounds (1390, 
1391) have been tested against Biomphalaria glabtata, one of the snail 
vectors of schistosomiasis (Bilharzia) (641). Ricciocarpin A (506) is the 
most toxic compound with an LC100 (100% lethal concentration) of 
11 ppm, ricciocarpin B (507) with a y-Iactone moiety causes a significant 
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Chart 85a. Some biologically active compounds found in the Hepaticae 

reduction of the activity to an LC lOO of 43 ppm. Cuparenolide (303) 
showed molluscicidal activity with LC lOO at 32 ppm, however, cuparenoli
dol (304) was not active. Lunularic acid (877) and two synthetic lunularic 
acid methyl ester (1390) and 5-hydroxylunularic acid (1391) were active at 
47, 10 and 8 ppm, respectively. 

The consumption of bryophytes by animals has not been investigated 
in detail. It has been suggested that moss shoots are seldom eaten freely 
by either vertebrates or invertebrate herbivores. Moss shoots are not 
commonly damaged by slugs, but immature capsules are not grazed. 
DAVIDSON et al. (160) on investigating the phenolic constituents of the two 
mosses, Brachythecium rutabulum and Mnium hornum found that ferulic 
acid (1258) and p- (1256) and m-coumaric acids (1260) were concentrated 
in the wall-bound fraction of the shoot and other phenolics within the 
immature capsule or were common to both moss tissues. Protocatechuic 
(1042) and gallic acids (1252) within the shoot are responsible for the 
antifeedant property against slugs (160). 
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7. Plant Growth Regulatory Activity 

It is well known that higher plants do not grow around many 
bryophytes. For example, Leucobryum glaucum and Sphagnum mats are 
almost free of other plants. HUNECK and MEINUNGER (285) tested 81 
bryophytes (52 mosses species from 20 different families and 29 liverworts 
species from 14 different families) for growth regulatory activity using 
Lepidium sativum seedlings as test system. Fresh bryophytes were put into 
Petri dishes and moistened with distilled water. To each bryophyte seeds 
of L. sativum were added and the length of the shoots and roots measured 
after 10 days at room temperature under normal conditions of day and 
night. Brachythecium rutabulum, Distichium capillaceum, Fissidens taxifo
lium and Hypnum cupressiforme (Musci) and Marchantia polymorpha 
(Hepaticae) promoted the growth of shoots, Ctenidium molluscum and 
Hypnum cupressiforme (Musci) and Conocephalum conicum and Plagio
chila porelloides (Hepaticae) accelerated the growth of roots, and Dicra
nella cerviculata, Leucobryum glaucum, Orthodontium lineare, a number of 
Sphagnum species (Musci) and BarbilophoziaJloerkei, Cephalozia bicuspi
data, Lepidozia reptans, M arsupella emarginata and Ptilidium pulcher
rimum (Hepaticae) inhibited the growth of both shoots and roots. The 
compounds responsible for the activities were not isolated. 

Most crude extracts of bryophytes, especially those containing pun
gent substances, show inhibitory activity against germination, root 
elongation, and second coleoptile growth oflettuce, rice in husk, radishes, 
wheat etc. Several plant growth regulatory terpenoids have been isolated 
from liverworts (19). 

The plant growth inhibitory activities of isobicyc1ogermacrenal (206) 
and lepidozenal (208) from Lepidozia vitrea and their hydroxy derivatives 
(206a) and (210) were tested against rice seedling (383). Compounds (206) 
and (208) completely inhibited the growth of leaves and roots at a 
concentration of 50 and 250 ppm, respectively. The 50% growth inhibi
tion (Iso) of (206) against leaves and roots was 6 and 7 ppm. The 
hydroxylated product (206a) was less active than (206) while alcohol (210) 
was more active than (208) and inhibited the growth ofleaves and roots at 
a concentration of 100 ppm. The enantiomeric pair, ( + )-vitrenal (594) 
from Lepidozia vitrea and its synthetic enantiomeric ( - )-vitrenal, were 
tested for growth regulatory activity using rice seedlings and lettuce 
hypocotyles (335, 336, 383, 389). The (+ )-isomer produced strong 
inhibition (Iso = 18 ppm), while the ( - )-isomer exhibited weak stimu
latory activity (Pso = 2.18 X 103 ppm) against rice seedlings and weak 
inhibitory activity (Iso = 27.79 x 103 ppm) against lettuce hypocotyles. 
Some 2,3-secoaromadendrane-type sesquiterpene hemiacetals show 
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plant growth inhibitory activity (29, 35, 36). The methoxylated plagiochi
lines (1392, 1393) which were derived from plagiochiline C (117) also 
inhibited the growth of rice seedlings (378). ( - )-Polygodial (336) found 
in Porella species inhibits the germination and root elongation of rice in 
husk (19) while the synthetic ( + )-polygodial (1389) exhibits a similar 
level of activity in phytotoxicity tests (41). 

Anastrophyllum minutum contains four new sphenolobane-type diter
penoids among which 3a:,4a:-epoxy-5a:-acetoxy-18-hydroxysphenoloba-
13E,16E-diene (810) decreased shoot and root elongation of rice in husk 
at a concentration between 10 and 500 ppm. Compound (810) possesses 
low growth inhibitory activity against rice seedlings (108). It is known 
that lunularic acid (877) found in most of liverworts has a weak 
allelopathic effect (19). Drought resistance of the thallus is controlled by 
lunularic acid (497). 

Funaria hygrometrica (Musci) elaborates ethylene which is a plant 
growth promoter (110). 

The endogenous plant hormone, indole acetic acid (IAA) ( = auxin) 
(1100) has been isolated from a few liverworts (9, 35, 36) and the mosses 
(110). The several effects of IAA on moss development include inhibition 
of protonema growth, stimulation of rhiziod formation, transformation 
of buds to filaments, torsion of young stems and complete suppression of 
leaves on gametophores. The hormonal system responsible for those 
effects includes the sequential interaction oflAA and cytokinin as a main 
component and perhaps cyclic AMP as an antagonistic system. Indole 3-
acetonitrile (1101) has been detected in Asterella angusta and Pallavicinia 
canarus and might very well be the precursor of IAA (19, 35, 36). The 
biosynthetic pathway leading to auxin in moss protonema is shown in 
Scheme 70 (123). 
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Scheme 70. Biogenetic pathway for indole-3-acetic acid (auxin) in moss protonemata 
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8. Superoxide Release Inhibitory Activity 

Excess superoxide anion radical (02 -) in organisms causes various 
angiopathies, such as cardiac infarction, arterial sclerosis etc. Some 
flavonoids, tannins, polyphenols and carotenoids have superoxide dis
mutase-like activity. Clerod-3,13(16)-14-trien-17-oic acid (= infuscaic 
acid) (625a) from Jungermannia irifusca inhibited the release of superoxide 
from rabbit PMN at ICso 15 j.l.g/ml and from guinea pig peritoneal 
macrophage induced by formyl methionylleucyl phenylalanine (FMLP) 
at ICso 2 j.l.g/ml (592). Other clerodanes (626, 627, 628) show the same 
type of activity, however, to a lesser degree (430). Norpinguisone methyl 
ether (567a) from Porella elegantula exhibited 50% inhibition at 35 j.l.g of 
the release of superoxide from the guinea pig peritoneal macrophage 
(189). The same activity (ICso 7.5 j.l.g/ml) has been found in cyclo
myltaylyl-3-caffeate (520) from Bazzania japonica (84). Other sesquiter
penoids, plagiochilide (121), bicyclogermacrenal (198), herbertenediol 
(311), isocuparene-3,4-diol (313) and norpinguisone (566), and the diter
penoids, infuscaside A (721a), infuscaside B (722a) and perrottetianal A 
(805) from liverworts also inhibited superoxide release from guinea pig 
peritoneal macrophage (ICso 12.5-50 j.l.g/ml) (35, 36). 

9. 5-Lipoxygenase, Calmodulin and Thromboxane Synthetase Inhibitory 
Activity 

Marchantin A (993) from several M archantia species showed 5-
lipoxygenase inhibitory activity [(89% at 10- s mol, 94% at 10- 6 mol, 
45% at 10- 7 mol, 16% at 10- 8 mol) against LTB3 ( = 5S,12R-dihy
droxy-6,8,10,14-eicosatetraenoic acid)], (99% at lO- s mol, 97% at 
10- 6 mol, 70% at 10- 7 mol, 40% at 10- 8 mol) against 5-HETE (= 5-
hydroxy-6,8,1l,14-eicosatetraenoic acid)] and calmodulin inhibitory 
activity at IDso 1.85 j.l.g/ml (35, 36, 579). Perrottetins A (952a) and D 
(946a) from Radula perrottetii and prenyl bibenzyls (913, 927, 960, 964), 
also from Radula species, riccardin A (985a) from Riccardia multifida and 
marchantins D (999) and E (1000a) from Marchantia species had calmo
dulin inhibitory activity (IDso 2.0-95.0 j.l.g/ml). The simple bibenzyls 
(886, 892, 898, 902) from Radula and Frullania species also showed weak 
calmodulin inhibitory activity (IDso 100 j.l.g/ml) as did the labdane-type 
diterpene diol (735) (IDso 82 j.l.g/ml) (35, 36). Perrottetin A (952a), 
prenylbibenzyls (918,927, 946a, 963a), marchantins D (999) and E (1oooa) 
and riccardin A (985a), also inhibited 5-lipoxygenase (76-4% at 
10- 6 mol) (35, 36, 43, 50). 



480 Y. ASAKAWA 

Lunularic acid (877) which is found in almost all liverworts and has 
been synthesized by various methods has anti-hyaluronidase activity 
(ICso 0.13 nM). This activity is stronger than that of tranilast (N-3',4'
dimethoxycinnamoylanthranilic acid) which is anti-allergenic agent de
veloped in Japan for oral administration (257). Lunularic acid also 
inhibits thromboxane synthetase (IDso 5.6 x 10- 3 mol) (212). 

10. Vasopressin (VP) Antagonist and Cardiotonic Activity 

The prenylated bibenzyl (929) from Radula complanata collected in 
France has vasopressin antagonist activity (27 J.1g/ml) as do two synthetic 
prenyl bibenzyls (921b, 921d) which are monomethyl ethers of the 
naturally-occurring bibenzyls (921a, 918a) found in Radula species 
showed similar activity (57 J.1g/ml for 921b and 17 J.1g/ml for 921d) (35, 36, 
43). Marchantin A (993) from Marchantia species increases coronary 
blood flow (2.5 ml/min at 0.1 mg) (35, 36). This compound may be used as 
a coronary vasodilator. 
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11. Piscicidal Activity 

Crude extracts containing pungent substances possess strong hemo
lytic activity. The strongest piscicides are the pungent ( - )-polygodial 
(336) isolated from Porella vernicosa complex (19) and sacculatal (795) 
from Pallavicinia levieri (251), Pellia endiviifolia (19), Riccardia lobata 
var. yakushimensis (42) and Trichocoleopsis sacculata (19). Killie-fish 
( = Oryzia latipes) are killed within 2 hr by 0.4 ppm solution of (336) and 
(795), and within 20 min if the concentration is raised to 7 ppm. Killie-fish are 
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also killed within 2 hr by a 0.4 ppm solution of synthetic very pungent 
( + )-polygodial (1389). Hence piscicidal activity is not affected by the 
chirality of polygodial. Polygodial is also very toxic to fresh water 
bitterlings which are killed within 3 min by a 0.4 ppm solution. On the 
other hand, isopolygodial (337) from cultured cells of Porella vernicosa 
and the higher plant Polygonum hydropiper and isosacculatal (796) from 
Pellia, Riccardia and Trichocoleopsis species lack piscicidal activity even 
at 10000 ppm. These results indicate that piscicidal activity of polygodial 
and sacculatal is significantly related to pungency, which in turn depends 
on the absolute configuration of a formyl group at C-9 position. 
Diplophyllin (410) isolated from Chiloscyphus polyanthos and Diplo
phyllum albicans, ( + )-frullanolide (380a) from Frullania dilatata and 
plagiochiline A (115) from many Plagiochila species also had piscicidal 
activity against killie-fish (0.4 ppm-6.7 ppm/240 min (35, 36, 60). 

12. Neuritic Sprouting Activity 

Mastigophorenes A (321), B (322) and D (324a) from Mastigophora 
diclados exhibited neurotrophic properties at 10 - 5 -10 -7 M, greatly 
accelerating neuritic sprouting and network formation in the primary 
neuritic cell culture derived from the fetal rat hemisphere but mastigo
phorene C (322) and the monomeric isocuparenes (309, 311, 313) sup
pressed neuritic differentiation (186). Plagiochilal B (126) from Plagio
chilafruticosa showed not only acceleration of neurite sprouting but also 
enhancement of choline acetyl transferase activity in a neuronal cell 
culture of the fetal rat cerebral hemisphere at 10 - 5 M (185). 

13. Muscle Relaxing Activity 

Marchantin A (993) and related cyclic bis-bibenzyls are structurally 
similar to bis-bibenzylisoquinoline alkaloids such as tubocurarine (1395) 
which are pharmacologically important muscle relaxing active drugs. 
Surprisingly, marchantin A (993) and its trimethyl ether (993a) also had 
muscle relaxing activity (255, 528). Nicotine in frog Ringer solution effects 
maximum contraction of rectus abdominis in frogs (RAF) at a concentra
tion of 10- 6 M. After preincubation of marchantin A trimethyl ether 
(993a) (at a concentration of 2 x 10- 7-2 X 10- 4 M) in Ringer solution, 
nicotine (10- 8-10- 4 M) was added. At a concentration of 10- 6 M, the 
contraction of RAF decreased by about 30%. d-Tubocurarine (1395) 
exhibits similar effects as does (993a) using acetyl choline and the same 
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(1395) d-Tubocurarine 

results as described above obtained. Although the mechanism of action of 
marchantin A (993) and its methyl ether (993a) in effecting muscle 
relaxation is still unknown, it is interesting that these cyclic bisbibenzyls 
from liverworts possessing no nitrogen atoms cause concentration de
pendent decrease of contraction of RAF. Marchantin A and its trimethyl 
ether also had muscle relaxing activity in vivo in mice. MM2 calculations 
indicate that the conformation of marchantin A and its trimethyl ether 
and the presence of an ortho hydroxyl group in (993) and an ortho 
methoxyl group in (993a) contribute to the muscle relaxation activity 
(528). 

14. Miscellaneous 

The liverwort Ptychanthus striatus and the mosses Barbella pendula, 
B. enervis, Floribundaria nipponica, Hypnum plumaeforme and Neckerop
sis nitidula contain much vitamin B2 (523). Chickens and puppies fed a 
diet including the powdered bryophytes gained more weight than did 
control animals. The supplement did not cause any sickness or distaste 
(528). Most mosses contain high unsaturated fatty acids. icHIKAWA et al. 
(290, 291) reported the presence of prostaglandin-like fatty acids (1357, 
1358, 1360-1363) in Dicranum scoparium, D. japonicum and Leucobryum. 
These and other unsaturated fatty acids are viscous liquids and it is 
thought that they are instrumental protecting herbivorous animals living 
in very cold places from cold (468). 

Acetylcholine (1396) and a cytokinin-like compound N 6 _(L12_ 

isopentenyl)adenine have been found in callus tissue from the hybrid of 
Funaria hygrometrica x Physcomitrium pyriforme (110, 611). Marchantia 
polymorpha and Pellia endiviifolia (liverwort), Atrichum undulatum and 
Mnium hornum (moss) produce IX-tocopherol (= vitamin E) (1397), 
vitamin K (1398), plastoquinone (1399), plastohydroquinone (1400) and 
IX-tocoquinone (1401) (35, 36). Racomitrium japonicum also contains IX
tocoquinone (1401) (448a). 
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Chart 85b. Some biologically active compounds found in the bryophytes 

VI. Chemosystematics of Hepaticae 

The secondary metabolites, terpenoids and aromatic compounds 
such as flavonoids and bibenzyls found in bryophytes are valuable tools 
for studying chemosystematics. Some liverworts produce a number of 
complex terpenoids whereas others contain only one or two structurally 
simple terpenoids and aromatic compounds. If greater chemical complex
ity of related secondary metabolites represents an advanced character 
with a group of related taxa it might serve to delineate not only chemical, 
but evolutionary relationships within Hepaticae at the genus or family 
level (33). However, since the pattern of terpenoids and aromatic 
compounds often depends not only on developmental stage, season and 
altitudinal distribution, but also on sex, male, female and sterile forms of 
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the same species and collections from different habitats should be 
examined. 

In an earlier review (19) the chemosystematics of two subclasses, the 
Jungermanniidae and the Marchantiidae, and the chemical interrela
tionship between the Jungermanniales and the Metzgeriales were dis
cussed briefly. In the modern classification of the Hepaticae, the Junger
manniales and Metzgeriales are united within the subclass Jungermanni
idae (493). The chemical evidence regarding the Metzgeriales and the 
Jungermanniales supports SCHUSTER'S phylogenetic classification of the 
two orders. The significant chemical markers of74 species, 21 genera and 
33 families of the Hepaticae and Anthocerotae have been presented (18). 

Comparative phytochemistry and taxonomy of Metzgeriales and 
Jungermanniales based on the occurrence of flavonoid and cinnamic acid 
derivatives has been discussed (414). In the Metzgeriales, the Metzgeri
aceae, Blasiaceae and Hymenophytaceae are distinguished by their flavon
oids whereas the Aneuraceae and Pelliaceae possess a characteristic 
pattern of cinnamic acid-type compounds. Families of the Jungerman
niales can be divided into three groups: 1) those containing phenolic 
cinnamic acid derivatives, 2) those phenolic group with possibly flavone 
or flavonol derivatives and 3) those phenolic group with flavones as main 
components. 

Basing the chemosystematics of Hepaticae on the comparative fla
vonoid chemistry is valid only at family, genus and species levels (419). The 
distribution of C-glycosyl flavones in 22 species of liverworts has been 
investigated by 2D-TLC (413). All compounds were isolated from an 80% 
aq. methanol extract. No flavones could be detected in Herbertus, 
Mastigophora and Ptilidium species. The flavonoids chemistry of Tricho
colea and Porella species is not uniform. Some Trichocolea species 
produce flavonoids but others do not. 

MUES et al. (426) analyzed the flavonoids of about 470 liverworts and 
150 mosses by 2D-TLC and detected flavonoids. In ca. half of the species 
of each class flavonoids were detected. Liverworts are distinguished from 
mosses by the presence of dihydroflavones and flavonols. Mosses, on the 
other hand contain 3-deoxyanthocyanidins, isoflavones, biflavones and 
isoflavone-flavone dimers whereas liverworts do not. The predominant 
flavones of liverworts are of O-glucuronides, combined O-glycosides/ 
O-glucuronides and di-C-glycosides. Flavone O-glucuronides, combined 
O-glycosides/O-glucuronides are predominant flavonoids of Marchan
tiidae (Hepaticae) and O-glycosides and di-C-glycosides are major fla
vonoids in Jungermanniidae. The predominant flavonoids of mosses are 
free aglycones and O-glycosides. Tricetin 6,8-di-C-~-D-glucopyranoside 
(1199) is considered to be a marker flavone di-C-glycoside for liverworts, 
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since it has not been found in any other plant group. Flavone di-C
glycosides are flavonoid markers of leafy liverworts (426). 

MARKHAM (362, 363) proposed the following phylogenetic relation
ships between liverwort orders based on flavonoid distribution shown in 
Fig. 1. The seven orders are related to the hypothetical ancestral stock by 
a process of biochemical reduction (or simplification) of flavonoids. 
Takakia has been shown to contain the key biosynthetic capabilities of all 
other Hepaticae orders. Within Marchantiales, Conocephalaceae and 
Marchantiaceae are considered to be advanced families since they 
elaborate basic flavone glucuronides. The Ricciaceae is a less advanced 
family because elaboration of basic apigenin and luteolin O-glucuronides 
is much less extensive. The Corsiniaceae and Sphaerocarpaceae (Sphaero
carpales) are also considered to be less evolved families on the flavonoid 
data. On the basis ofthe flavonoid features the Radulaceae, Frullaniaceae 
(Jungermanniales) and Metzgeriaceae (Metzgeriales) were considered as 
the most highly evolved families in the Jungermanniales and the Metz
geriales. However, the distribution of terpenoid and lipophilic aromatic 
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Fig. 1. Phylogenie relationships between orders of Hepatieae, based on flavonoid distribu
tion (363) 
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compounds which have often been obtained from Hepaticae as major 
components of oil bodies does not accord with these suggestions. For 
example, neither terpenoids nor complex cyclic bis-bibenzyls which are 
characteristic chemical markers of Aneuraceae, Riccardiaceae and Di
laenaceae of Metzgeriales have so far been detected in any species 
belonging to the Metzgeriaceae. It is very dangerous to draw conclusions 
about the phylogeny of Hepaticae using as criteria only flavonoids or 
terpenoids. It is necessary to use those major metabolites which are 
significant endogenous characters of the Hepaticae. 

Although a number of different flavonoids have been isolated from or 
detected in mosses, particularly Bryales, there is still no solid base for 
chemotaxonomic evaluations of mosses with flavonoids as marker 
components at the order, family or genus levels (419). 

The use of electrophoresis for bryophyte taxonomy has been reviewed 
by KRZAKOWA (349). Several liverworts and mosses have been studied by 
electrophoretic methods (527). Sharp electrophoretic intraspecific polar
ization has not been detected in mosses and it seems that in this respect 
mosses are more similar to angiosperms than to liverworts. 

In the following, the chemosystematics of several families of Hepati
cae will be discussed in more detail. 

1. Jungermanniidae 

1.1 Metzgeriales 

1.1.1 Metzgeriaceae 

Metzgeriafurcata var.furcata has been divided into three chemotypes 
on the basis of flavonoid distribution: Type I: tricetin-apigenin-type; Type 
II: apigenin-glycoside-type and Type III: apigenin-Iuteolin-type (419, 
549). 

1.1.2 Aneuraceae (Riccardiaceae) 

Aneuraceae ( = Riccardiaceae) are classified into two genera, Aneura 
and Riccardia on the basis of morphology. The compositon of the 
terpenoids and aromatic compounds of Aneura is significantly different 
from that of Riccardia. For example, Riccardia multifida produces the 
macrocyclic bis-bibenzyl derivatives, riccardins A (985a) and B (987a), 
together with a unique prenylindole (1097) (78, 79) which has been found 
in R. chamedryfolia (19). On the other hand, Aneura pinguis elaborates 
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pinguisane- and norpinguisane-type sesquiterpenoids (19), which are 
significant chemical markers of some Jungermanniales species (18). There 
is no obvious affinity between Riccardia lobata var. yakushimensis and the 
other Riccardia species because the former species produces characteristic 
sacculatane- (795) and isosacculatane-type diterpenoids (796) as major 
components (42). R. lobata var. yakushimensis is morphologically similar 
to Pellia endiviifolia belonging to the Dilaenaceae and should be placed in 
a different genus within Riccardiaceae. The chemical results support this 
suggestion because both R. lobata var. yakushimensis and P. endiviifolia 
biosynthesize the sacculatal (795) and isosacculatal (796) as major 
components (42). Riccardia crassa is chemically quite different from the 
other Riccardia species because it biosynthesizes new type of sesquiter
pene phenols, riccardiphenols A (603a) and B (604) (583). Electrophoretic 
study indicates that Aneura pinguis has two phenotypes. A similar 
intraspecific variation has been found in Pellia endiviifolia and P. 
epiphylla (527). 

1.1.3 Pallaviciniaceae 

Pallavicinia subciliata ( = P. longispina) is chemically similar to P. lyellii 
because both produce aromadendrane- and bicyclogermacrane-type 
sesquiterpenoids as major components (19). P. levieri produces the 
strongly pungent diterpene dialdehyde, sacculatal (795), together with a 
chettaphanin-type diterpenoid (777) (251). Thus, P. levieri is chemically 
distinct from the other two Pallavicinia species. P. levieri is very close to 
Pellia endiviifolia [Pelliaceae ( = Dilaenaceae)] because the major com
ponent of the latter species is sacculatal (19). 

1.1.4 Blasiaceae 

In Japan, only two species of Blasiaceae are known, Blasia pusilla and 
Cavicularia densa. The distribution offlavonoids in these two species has 
been investigated (419). Both species elaborate apigenin and crysoeriol 
glycosides; thus the flavonoid composition supports the notion that 
Blasia and Cavicularia are closely related within the family Blasiaceae. 
Blasia pusilla is a very isolated species of thalloid liverworts because it 
produces cyclic bis-bibenzyl dimers (1037a-l040a) (262a-c). Blasia pu
silla is also chemically close to Riccardia multifida [Aneuraceae 
( = Riccardiaceae)] because both species produce the same riccardin-type 
macro cyclic bisbibenzyls, riccardins C (988) and F (986) (249). However, 
the riccardins have not been detected in C. densa. 
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1.2 Calobryales 

1.2.1 Haplomitriaceae 

Haplomitrium mnioides belongs to the order Calobryales which is 
considered to be a very primitive taxon. The Calobryales are traditionally 
divided into suborder Calobryineae and suborder Takakiineae (493) 
while GROLLE (223) classified Takakia and Haplomitrium in the inde
pendent order, Takakiales and Calobryales (Chapter I). H. mnioides pro
duces complex labdane-type diterpenoids; hence, chemically speaking, it 
is a more advanced species than those of the Isotachidaceae and the 
Herbertaceae of Jungermanniales. In Takakia lepidozioides and T. cera to
phylla, neither phytanes nor labdanes have been detected, thus the genera 
Haplomitrium and Takakia are clearly different and the Takakiales are 
properly considered as an order regarded as a proper order (77) as 
mentioned by GROLLE (223). 

1.3 Jungermanniales 

1.3.1 Jungermanniaceae 

The polymorphic liverwort Jungermannia infusca is taxonomically 
complex. J. infusca is divided into three chemotypes. Collections belong
ing to Type I are intensely bitter because they contain the potent bitter 
kaurane-type glucosides (721a, 722a, 723-725) (594). Collections belong
ing to Type II and III are tasteless. Type II biosynthesizes ent-kauranes 
(693, 694, 699a, 699b, 700a, 700b, 702), while Type III produces both 
clerodanes (626-629, 631) and (625a, 630) and labdanes (738-740). These 
chemical data play an important role in helping to understand the 
polymorphism of J. infusca (594). Jungermannia comata is characterized 
chemically since it produces only a bis-bibenzyl, perrottetin E (1023a) 
(437), which has also been found in leafy liverworts such as Radula species 
(49,50,598) and thalloid liverworts Marchantia and Monoclea species 
(590). 

J. truncata is chemically similar to J. infusca (kaurane-Iabdane-type). 
J. vulcanicola chemically resembles J. infusca (kaurane-Iabdane-type) 
although the hydroxylated positions in the kaurane skeleton are different 
(437). 

J. exsertifolia subsp. cordifolia produces a trachylobane-type diter
penoid (818) which has not been found in any other Jungermannia species 
so far (240). Thus, chemically, at least J. exsertifolia is a very isolated 
species of Jungermannia. 



Chemical Constituents of the Bryophytes 489 

Nardia compressa (19), N. scalaris and N. subclavata (585) are 
chemically close to chemo-type II (ent-kaurane-type) of the Jungermannia 
because all three Nardia species biosynthesize ent-kaurane diterpenoids. 
However, occurrence of malonate esters of ent-kauranes is the most 
significant chemical property of the N ardia genus. 

The genus Demotarisia of Jungermanniaceae resembles morphologi
cally the genus Jamesoniella of Lophoziaceae. D. linguifolia produces 
clerodane-type diterpenoids as the major components (431) while Jame
soniella autumnalis produces kauranes (431), labdanes and clerodanes 
(112) as major components. Thus, there is no chemical affinity between D. 
linguifolia and J amesoniella autumnalis except for the presence of the 
common clerodanes in both species. 

Three chemotypes of Mylia species have been discovered so far. Type 
I (M. taylorii) contains aromadendrane- and secoaromadendrane-type 
sesquiterpenoids (386), type II (M. anomala, M. verrucosa) contains 
verrucosanes and neoverrucosanes (246, 534) and type III (M. nuda) 
contains labdanes (624). Mylia anomala, M. nuda, M. taylorii and M. 
verrucosa all produce common flavone 6,8-di-C-~-D-glucopyranosides 
which are widely distributed in other liverworts (424). The presence of the 
characteristic verrucosanes and common flavone-6,8-di-C-glycosides 
indicate that the genus Mylia is isolated within Jungermanniaceae 
intermediate between the Jungermanniaceae and the Plagiochilaceae 
(419,424). 

1.3.2 Lophoziaceae 

This group has been included in Jungermanniaceae as subfamily 
Lophozioideae or classified as the independent family Lophoziaceae (see 
Table la). 

The chemical constituents of the Lophoziaceae are very complex and 
some of them are structurally similar to substances found in marine 
organisms. 

Members of Lophoziaceae are chemically divided into six chemotypes 
as follows: Type I, an eudesmane-type, includes Lophozia ventricosa and 
Tritomaria quinquedentata, type II, a cembrane-type, includes Tetralo
phozia setiformis and Chandonanthus hirtellus, Type III, a daucane 
sesquiterpenoid- and dolabellane diterpenoid-type, includes Barbilo
phozia floerkei, B. hatcheri and B. lycopodioides, type IV, a clerodane
type, includes Gymnocolea iriflata, type V, a labdane-, kaurane- and 
clerodane-type, includes J amesoniella autumnalis (429, 565) and type VI, a 
sphenolobane diterpene-type, includes Anastrophyllum minutum (J08). 

Jamesoniella autumnalis which has been included within Jungerman
niaceae as the lone member of subfamily Jamesonielloideae or within 
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Lophoziaceae is chemically close to Jungermannia truncata and J. 
infusca (kaurane-types), which are part of the subfamily Jungermanni
oideae in Jungermanniaceae, because common ent-llot-hydroxykauranes 
have been found in J. autumnalis and the two Jungermannia species (437). 

1.3.3 Gymnomitriaceae (Marsupellaceae) 

Gymnomitrion and M arsupella species are common liverworts in the 
Gymnomitriaceae. G. obtusum is chemically different from G. concinnatum 
because the former contains barbatane (gymnomitrane)-type sesquiter
penoids (e.g. 162) as major components (19) and the latter contains a 
bisabolane, ent-nuciferal (218) (432). Marsupella emarginata and M. 
aquatica are chemically close because both species elaborate longipinanes 
(19,279,434, 434a). M. emarginata var. patens is chemically more similar 
to Gymnomitrion obtusum than the above two M arsupella species since it 
produces barbatanes and no longipinanes (384). 

1.3.4 Arnelliaceae 

Three genera, Arnellia, Gongylanthus and Southbya are known in the 
family Arnelliaceae. The chemical constituents of only one species, 
Gongylanthus ericetorum, have been investigated and a unique cadinane
type sesquiterpene ether (241) has been isolated as the major component 
(44). As compound (241) has not been found in any liverworts so far 
examined, it is used as one of the chemical markers of Gongylanthus 
genus. 

1.3.5 Plagiochilaceae 

There are at least 3000 species of Plagiochila. Of these, two European 
(19), one New Zealand (39, 188), 12 Japanese (19), 13 Chilean (46) and 30 
Peruvian Plagiochila species (48) have been investigated chemically and 
classified into eight chemo-types as follows: Type 1: 2,3-secoaromaden
drane-type, type II: bibenzyl-type, type III: cuparane-isocuparane-type, 
type IV: bibenzyl-cuparane-isocuparane-type, type V: gymnomitrane 
(barbatane)-bicyclogermacrane-type, type VI: bicyclogermacrane-spath
ulenol-type, type VII: pinguisane-type and type VIII: sesquiterpene 
lactone-type. Members of type I are further subdivided into more highly 
evolved or more primitive species depending the degree of oxidation and 
acetylation of the 2,3-secoaromadendrane-type sesquiterpenoids (33). 
Plagiochila micropterys which belongs to chemotype I is unique because it 
produces 1,4-dimethylazulene along with the 2,3-secoaromadendranes 
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(433). P. stephensoniana belonging to chemo-type II is also characteristic 
because it biosynthesizes an epi-verrucosane which has not been found in 
any Plagiochila species so far examined (188). P. alternans (433) and P. 
rosariensis which belong to chemotype VII (48) are chemically very 
distinct from the other Plagiochila species examined so far because they 
produce pinguisanes which are significant chemical markers of some 
species of Lejeuneaceae, Porellaceae, Trichocoleaceae and Aneuraceae 
( = Riccardiaceae) (18). Panamanian P. moritziana which has been placed 
in chemotype VIII elaborates very characteristic sesquiterpene lactone 
dimers (415-419) (515, 516). P. trabeculata which belongs to type V is 
quite isolated from the other Plagiochila species examined so far because 
it elaborates only barbatane-type sesquiterpenoids (589). P. trabeculata is 
closely related chemically to Gymnomitrion obtusum belonging to Marsu
pellaceae since both species produce the same barbatanes, although the 
two species are morphologically quite distinct (19). There is no chemical 
relationship between Plagiochila rutilans and the other Plagiochila 
species examined since the former species produces a characteristic 2,2-
dimethylallylbenzene (1096) (278). European P. spinulosa is chemically 
similar to South American P. exigua. The terpenoids of both species are 
distinctly different from all other species examined (295). P. sciophila 
( = P. acanthophylla subsp. japonica) is one of the isolated Plagiochila 
species because it produces fusicoccane diterpenoids (686-689) (261) and 
unique bis-bibenzyls (1015a, 1016a, 1017a, 1018a) (259). There is some 
chemical affinity between P. sciophila and P. corrugata because the latter 
species elaborates fusicoccanes similar to those isolated from P. sciophila 
(441a). Japanese P. sciophila are divided into three forms, P. sciophila fo. 
japonica (Fo. 1), fo. fragilis (Fo. 2) and fo. robusta (Fo. 3), by their 
sesquiterpene constituents: Fo. 1 produces cyclocolorenone (96), ~

barbatene ( = gymnomitrene) (162), bicyclogermacrene (196), maalioxide 
(453) among which (453) is the major component, Fo. 2 contains (162), 
(196) and (453) but (96) is absent, while Fo. 3 only elaborates (162) and 
(453) (379). 

1.3.6 Lophocoleaceae 

The Lophocoleaceae are divided into five genera; Chiloscyphus, 
Clasmatocolea, Heteroscyphus, Leptoscyphus and Lophocolea. Chiloscy
ph us polyanthos is chemically close to Clasmatocolea vermicularis because 
two species produce the same eudesmanolide, diplophyllin (410), as the 
major secondary metabolite (19,60). Lophocolea heterophylla is chemical
ly unique because it contains a homomonoterpene ( - )-2-methyliso
borneol (48) which is one step more evolved than monoterpene, together 
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with calamenene-type sesquiterpenes (244, 248a, 253) and eudesmanoli
des (405-408) (586). While Chiloscyphus polyanthos elaborates eudesman
olides (19), c. pallescens produces chiloscyphane- (267-269) and opposi
tane-type sesquiterpenoids (270) (146, 241), thus, there is no chemical 
affinity between the two Chiloscyphus species. Heteroscyphus bescherellei 
produces ent-junceic acid (632) as the major secondary metabolite, no 
other terpenoid found in species belonging to the genera Lophocolea and 
Chiloscyphus has been detected even by GC-MS (83). H. planus contains 
the highly oxygenated clerodanes (660-663) together with 2,3-secoaroma
dendranes which are significant chemical markers of Plagiochilaceae 
(252). Thus, H. planus is chemically rather similar to those Plagiochila 
species which belong to chemotype I (18, 48). The differences presented in 
this section indicate that there is no chemical affinity between Chiloscy
phus, Heteroscyphus and Lophocolea although so far only six species of 
Lophocoleaceae have been investigated chemically. 

1.3.7 Scapaniaceae 

Scapania undulata is highly evolved by chemical criteria since its 
sesquiterpenoid features are very complex (33). European S. undulata 
comprises three chemical races; an ( + )-ent-epicubenol (233) type, a 
longifolene (481) type and a longiborneol (482) type (281, 289). The 
chemical composition of S. uliginosa and S. subalpina differs considerably 
from that of S. undulata (289). Each of the three Scapania species whose 
segregation is based on morphological differences possesses a specific 
chemical profile. 

Little attention has been paid to seasonal and geographical variation 
of secondary metabolites within the Hepaticae. HUNECK et al. (282) 
studied the amounts oflongifolene (481), longiborneol (482) and longipin
anol (485) in the essential oil of Scapania undulata in the course of one 
year. The yield of essential oil content reaches a maximum of 1.39% in 
March. The content of longifolene ( ~ 28%) and longiborneol ( ~ 34%) 
remains relatively constant although it reaches a distinct maximum in 
April, while the content of longipinanol increases slowly to 24% from 
January to April followed by a sharp decrease to 3% between April and 
May. Scottish S. undulata may be divided into two chemical races based 
on the presence or absence of specific labdane-type diterpenoids (289). 

1.3.8 Balantiopsidaceae 

Balantiopsis rosea is morphologically close to I so tach is, although the 
former is included in the Balantiopsidaceae (Jungermanniineae) and the 
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latter in the Isotachidaceae (Herbertineae) (232). Because the chemical 
constituents of B. rosea are quite close to those of I.japonica except for the 
presence or absence of sesquiterpenoids, it has been suggested that both 
genera are very close and might share a common ancestor (65). 

1.3.9 Adelanthaceae 

The Adelanthaceae are divided into two subfamilies, Adelanthoideae 
and Odontoschismatoideae which contain Odontoschisma and lackiella 
genera. There is no chemical affinity between Odontoschisma denudatum 
and lackiellajavanica because the former produces dolabellane diterpen
oids (669-672) (381, 388) and the latter produces ent-verticillane diter
penoids (837-843) (247,437) which have not been found in any liverworts 
so far examined. Wettsteinia schusterana (37) and W. inversa (623a) which 
belong to Adelanthoideae are chemically very isolated from the other 
lungermanniales species because they biosynthesize unique naphthalene 
(1057-1060) and isocoumarin derivatives (1061-1064). There is no chemi
cal affinity between Wettsteinia and the former two genera. 

1.3.10 Schistochilaceae 

The Schistochilaceae contain 54 species, five of which have been 
investigated chemically. So far there appear to be four chemotypes in this 
family, type I: a long chain alkylphenol-type (Schistochila appendiculata), 
type II: a bis-bibenzyl-type (S. glaucescens), type III: a 13-epi-neo- and 13-
epi-homoverrucosane-type (S. nobilis), type IV: a 13-neoverrucosane- and 
13-homoneoverrucosane-type (S. acuminata) and type V which contains 
rearranged pimaranes and clerodanes (S. aligera). 

S. appendiculata produces long chain alkylphenols (1043, 1047, 1049) 
as major components; no terpenoids were detected even by GC-MS (53). 
On the other hand no alkylphenols have been detected in S. nobilis (54). 
The difference in chemistry supports the placement of the two species 
within Schistochila. S. appendiculata has been placed in a subgenus, 
Schistochila, within section Schistochila while S. nobilis is in subgenus 
Chaetoschistochila, section Volantes (496). S. glaucescens produces the 
new bis-bibenzyl derivatives (1013a, 1014a) (562). Similar compounds 
have been found not only in lungermanniales and Metzgeriales but also 
in Marchantiales and Monocleales (22,61, 71, 72, 78,579,590). It is 
noteworthy that the Taiwanese S. acuminata elaborates 13-neoverruco
sane (829) and a 13-homoverrucosane (835) (626) while S. nobilis produces 
their 13-epimers (833a, 834) (54). 
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1.3.11 Antheliaceae 

Two Anthelia species, A. julacea and A. juratzkana, are known in 
Europe. The latter species also grows in Asia. A. julacea produces not 
only ent-16J3-hydroxykaurane (707), but also two unique bisabolanes, ent
nuciferal (218) and its dihydro derivative (219) which are significant 
chemical markers of this species (435). The major component of A. 
juratzkana is also ent-16J3-hydroxykaurane (707) (19). The Antheliaceae 
are chemically similar to the Jungermanniaceae because they biosynthe
size the same ent-kauranes as well as ent-nuciferal (218) (434). 

1.3.12 Lepidoziaceae 

There are two chemotypes of Bazzania species, an albicanyl caffeate
cuparane-type (type I) and a calamenane-type (type II). B.fauriana whose 
morphology is quite different from other Bazzania species produces 
bazzanenyl- (179), drimenyl- (334a) and albicanyl caffeate (335) as well as 
valencane- (592), barbatane- ( = gymnomitrane-) (161-163) and eudes
mane-type sesquiterpenoids (374,375) (581). Thus, B. fauriana is also 
chemically quite distinct from the above two-types. The chemical results 
correlating with the morphological difference led to the proposal that B. 
fauriana represents a different chemotype III (581). HAYASHI and MATSUO 
(264) reported differential distribution of sesquiterpenoids in seven 
Bazzania species, B. bidentula, B. japonica, B. pompeana, B. tricrenata, B. 
tridens, B. trilobata and B. yoshinagana. The chemical markers of these 
Bazzania species are barbatanes and bazzananes. B. pompeana seems to 
be a more advanced species because of its chemical complexity. Bazzania 
spiralis, B. harpago and B. praerupta collected in East Malaysia are 
chemically neither closely related to each other nor related to previously 
examined Bazzania species (19, 341). It is interesting that B.japonica and 
B. tridens contain cyclomyltylane-type sesquiterpenoids (518a, 520) 
(84,627). Similar cyclomyltaylanes and myltaylane (517,516) have also 
been isolated from Mylia taylorii belonging to the Jungermanniaceae 
(533, 535), although there is no morphological affinity between Bazzania 
and Mylia. Some Bazzania and Porella species are characterized by the 
formation of drimanes. The former contained esterified drimanes while 
the latter elaborate the drimane dialdehyde, polygodial (336) (33). Lepi
dozia species produce bazzanene (175) as the major component. This 
sesquiterpene hydrocarbon is also a chemical marker of Bazzania species 
belong to the same family (18). 
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1.3.13 Calypogeiaceae 

Calypogeia species characteristically produce l,4-dimethyl azulene 
(137) and analogues which are chemical markers of this family 
(18,321,439,507,538,539). The same substance has been isolated from 
South American Macrolejeunea pallescens (Lejeuneaceae), Plagiochila 
micropterys and P. longispina (Plagiochilaceae) (433, 507). In spite of this 
the Calypogeiaceae, Lejeuneaceae and Plagiochilaceae cannot be con
sidered as related. 

1.3.14 Isotachidaceae 

The Isotachidaceae comprise one of the isolated families of the 
Jungermanniales. Isotachis japonica produces the unique sulfur-contain
ing acrylates (1228, 1229) (76), simple benzoates and cinnamates which 
are very important chemical markers of the genus (19). No terpenoids 
have been detected in I.japonica even by GC-MS analysis (76). However, 
I. humectata and I. haematodes collected in South America produce 
mono- and/or sesquiterpenoids as well as the same benzoates and/or 
cinnamates found in I. japonica (45,47). It has been suggested that I. 
humectata and I. haematodes are more highly evolved species than I. 
japonica. 

1.3.15 Trichocoleaceae 

There are three genera of Trichocoleaceae, Trichocolea, N eotricho
colea and Trichocoleopsis. While there is no chemical affinity among these 
genera (19), Trichocolea pluma is chemically quite similar to T. tomentella 
because both species produce prenylbenzoates (51). 

1.3.16 Ptilidiaceae 

The genus Mastigophora has been included in the Ptilidiaceae (232) or 
in the Lepicoleaceae subfamily Mastigophoroideae (223). The major 
constituents of Ptilidium species are pinguisane-type sesquiterpenoids 
(19) which have not been found in Mastigophora species. Herbertus 
species (Herbertaceae, in suborder Ptilidiineae) produce the same isocu
parane (herbertane)-type sesquiterpenoids (309,311,313) (57,393), as 
those found in Mastigophora diclados (186,191). These results indicate 
that the Mastigophoroideae are almost identical chemically with the 
Herbertaceae and that the two families might originate from a common 
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ancestor. CHAU'S proposal (134) that the genus Mastigophora is close to 
H erbertus species is supported by the chemical results cited here. 

1.3.17 Herbertaceae 

The Herbertaceae which are considered to be morphologically very 
primitive produce only cuparanes and herbertanes (isocuparanes) 
(57,393). No other sesquiterpenoids have been detected in this family. 
The chemical data support the taxonomic position of this family. 
Trichocolea tomentella which is referred to suborder Herbertineae in the 
modern classification of the Hepaticae contains isoprenylbenzoates (19). 
It is apparent that there is no chemical affinity between H erbertus and 
Trichocolea species. 

1.3.18 Radulaceae 

Radula Dum. is an isolated genus in the Jungermanniales. 61 Asian 
Radula taxa have been recognized and are taxonomically divided into 
three subgenera: Radula, Cladoradula and Odontoradula (642). The 
chemical constituents of 13 Radula species have been analyzed by TLC, 
GC and GS-MS (43,49,50,66). Subgenus Radula produces characteristic 
bibenzyls with a seven-membered dihydrooxepin skeleton and subgenus 
Cladoradula biosynthesizes prenylated bibenzyls with a five-membered 
ring together with 2-prenyl-3,4,5-trihydroxybibenzyls (49,50,66). R. 
kojana (subgenus Odontoradula) elaborates bibenzyls with a 2,2-
dimethoxychromene ring skeleton along with 2-prenyl-3,5-
dihydroxybibenzyls. In a study of R. brunnea, R. constricta and R. 
okamurana (subgenus Radula) and R. chinensis and R. companigera 
(subgenus Cladoradula) neither perrottetin A-type compounds 
(952a, 953a, 954a) nor the cyclized compounds (933, 945, 946a) could be 
detected by TLC, GC and GS-MS (43). R. perrottetii, also within 
subgenus Cladoradula, is chemically different from the other Radula 
species examined so far because it elaborates 3,4,5-trihydroxy-2-(3-
methyl-2-butenyl)bibenzyl (952a) and its cyclization products as major 
components (43). These chemical differences among the three subgenera 
support the modern classification of the Radulaceae (642). Almost all 
compounds isolated from Radula species are bibenzyls and/or prenyl 
bibenzyls and the presence of terpenoids is extremely rare. These data 
also support the notion that the Radulaceae comprise a quite isolated 
family in the Jungermanniales (542). 

The water soluble yellow pigments of Radula buccinifera, R. carring
tonii, R. complanata, R. grand is, R. lindenbergiana, R. nudicailis, R. 
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plicata, R. tasmanica, R. uvifera and R. wichurae have been investigated 
and found to consist of different flavonoids (415). As mentioned earlier 
Radula complanata furnished ten flavone di-C-glycosides identified as 
apigenin, luteolin and tricetin di-C-glycosides, with glucose and arabi
nose as C-linked sugars. Tricetin-6,8-di-C-~-D-glucopyranoside (1199) 
was detected in all ten taxa and is considered as one of the chemical 
markers for the genus. In R. lindenbergiana, two different flavonoid 
patterns have been observed. One (the Middle Europe type) produces 
flavone-C-glycosides almost identical with those found in R. complanata. 
Another, the Mediterranean-type, produces the same tricetin-6,8-di-C
glycosides (1199, 1203, 1205), but lacks apigenin derivatives and elabo
rates an additional tricetin-6-C-hexoside, probably tricetin-6-C-~

glucoside (1200). 

1.3.19 Pleuroziaceae 

The Pleuroziaceae are a distincitive family of the Jungermanniales 
which is sometimes placed in a separate suborder Pleuroziineae because 
of several unique morphological features. It is considered to be closer to 
the Jungermanniineae than to the Radulineae and Porellineae (422). The 
chemical constituents of Pleurozia acinosa are similar to those of P. 
gigantea; however, the latter produces dolabellane- (673), fusicoccane
(680-682) and chettaphanin-type diterpenoids (776) and the distribution 
of sesquiterpenoids in P. gigantea is also different from that of P. acinosa 
(52, 625). In view of the greater complexity of the diterpenoids P. gigantea 
is assumed to be more advanced than P. acinosa. It is also interesting that 
fusicoccanes have been found in some Plagiochila species (261,441a) 
although the Plagiochilaceae are morphologically quite different from the 
Pleuroziaceae. 

The flavonoid pattern of ten species of Pleuroziaceae (genera Pleu
rozia and Eopleurozia) has been investigated using 2D-TLC (422). The 
flavone di-C-glycosides, lucenin-2 (1164), tricetin-6,8-di-C-glucoside 
(1199) and stellarin-2 (1204) were found to be marker flavonoids for 
Pleurozia, while there was no chemical affinity between Eupleurozia and 
Pleurozia. The species of Pleurozia were divided into three groups by 
flavonoid pattern. The first group, P. acinosa, P. articulata and P. 
caledonica produce 3' -O-glucosylated lucenin-2 (1164) and the marker 
flavonoids, lucenin-2 (1164), stellarin-2 (1204) and tricetin-6,8-di-C
glucoside (1199). The second group, P. conchifolia is characterized by the 
presence of the marker flavonoids as well as two further lute olin-type C
glycosides, carlino side (1188) and isocarlinoside (1189). The third group, 
P. gigantea, P. purpurea, P. giganteoides and P. heterophylla only produce 
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the marker flavonoids. These four species are suggested to be most 
advanced in the Pleuroziaceae because of their reduced flavone pattern 
(422). Two Eupleurozia sections are recognized: E. sec. Eupleurozia 
(E. paradoxa) and E. sec. Ampliatae sect. nov. (E. simplicissima). Eupleurozia 
giganteoides was returned to Pleurozia on the basis of its flavonoid 
pattern and morphological evidence. 

1.3.20 Porellaceae 

The Porellaceae are close morphologically to the Frullaniaceae; 
however, there is no chemical affinity at all, except for the presence of an 
aromadendrane-type sesquiterpene ketone, ent-cyclocolorenone (96) in 
both chemo-type V of Frullania and in the Porella vernicosa complex (19). 

Fifteen Porella species analyzed chemically were divided into five 
types, a drimane-aromadendrane-type (type I), a sacculatane-type (II), a 
pinguisane-type (III), a pinguisane-sacculatane-type (IV), and a pseudo
guaiane-sacculatane-type (V) (18). Type V actually produces africanes 
instead of pseudoguaianes (441 a, 571, 596, 597). 

Indian Porella densifolia subsp. appendiculata which belongs to 
chemo-type III is chemically very similar to Japanese P. densifolia var. 
fallax, since both species produce common pinguisanes and ent-kauranes 
(67). P. cordaeana collected in Europe and Porella navicularis grown in 
North America elaborate neither drimanes nor aromadendranes which 
have been found in Porella vernicosa complex of type I, but produce 
mainly striatane- and pinguisane-type sesquiterpenoids and sacculatane
type diterpenoids and therefore belong to chemo-type IV of the Porell
aceae (593,591). 

Porella acutifolia subsp. tosana is chemically very similar to P. 
japonica (Type IV) because both species produce the same pinguisane
germacrane-, and guaiane-type sesquiterpenoids and the same saccula
tane-type diterpenoid, perrottetianal (805a), except for the presence of 
germacra-12,8tX-olide and the absence of germacra-12,6tX-olide in P. 
acutifolia subsp. tosana (600). Because P. acutifolia subsp. tosana contains 
both 12,8tX and 12,6tX-olides it could be considered a more advanced 
species than P. japonica (600). 

Porella platyphylla is considered more primitive than the other 
Porella species since it elaborates only pinguisanes as the major compo
nents (33). P. platyphylla is chemically variable at least as regards its 
flavonoid because the flavonoid patterns of this species collected in 16 
different localities of various parts of Europe are surprisingly different 
(413). Japanese P. caespitans var. setigera is chemically very close to South 
American P. swartziana because both species produce unique africane
and secoafricane-type sesquiterpenoids (441a, 571, 571a, 571b, 597). 
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1.3.21 Frullaniaceae 

The family Frullaniaceae comprises more than 500 species. Twenty
five taxa of Frullania have been studied chemically and divided into five 
chemotypes; a sesquiterpene lactone-bibenzyl-type (type I), sesquiterpene 
lactone-type (type II), a bibenzyl-type (type III), a monoterpene-type 
(type IV) and a cyclocolorenone-type (type V) (18,19). Frullaniafalciloba 
belongs to chemotype III since it elaborates bibenzyl derivatives as major 
secondary metabolites and no sesquiterpene lactones (64). F. serratta is 
assigned to chemotype I because of the presence of eudesmane-type 
sesquiterpene lactones and bibenzyl derivatives (51). F. hamatiloba is 
chemically very distinct since the major constituents are labdanes with a 
sesquiterpene lactone as a minor component (588). F. hamatiloba repre
sents as sixth chemotype, i.e. a labdane-sesquiterpene lactone-type 
(Type VI) (588). This correlates with the morphological differences be
tween F. hamatiloba and other typical Frullania species. 

F. tamarisci subsp. obscura grown in Asia which belongs to chemo
type II, is further divided into two subtypes, Type-T and type-O (63, 511). 
Type-T produces the unusual pacifigorgiane-type sesquiterpene alcohol 
tamariscol (523) and 5ex, 7~(H)-eudesm-4ex,6ex-diol (366) as the major 
components, whereas type-O lacks these two sesquiterpenoids while 
eudesmane-type sesquiterpene lactones are predominant. Representa
tives oftype-T have been found in high mountains at 1500-3000 m altitude 
and in the northern part of Japan (42-44 ON), while type-O occurs more 
frequently at lower altitudes between 32 and 40 oN. Type-Tis chemically 
similar to the American F. tamarisci subsp. asagrayana and European F. 
tamarisci subsp. tamarisci which produce tamariscol (523), although the 
sesquiterpene lactones present are different. American F. tamarisci subsp. 
nisquallensis is chemically different from F. tamarisci subsp. asagrayana 
and F. tamarisci subsp. tamarisci, except for the presence of ( - )
frullanolide (380b). Taiwanese F. nepalensis produces tamariscol as a 
minor component, but its sesquiterpene lactones differ from those in the 
F. tamarisci complex containing tamariscol. 

1.3.22 Lejeuneaceae 

The Lejeuneaceae are the largest family of the Hepaticae (ca. 80 
genera and hundreds of species) and are mainly tropical in distribution. 
Most species are epiphytes and confined to the rain forest. About 60 
species of Lejeuneaceae in 26 genera have so far been checked for the 
occurrence ofterpenoids (19). It appears that most of taxa elaborate large 
quantities of sesquiterpenoids and/or diterpenoids, whereas only few 
synthesize monoterpenoids and aromatic compounds. 
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Subfamily Ptychanthoideae has been divided into a Ptychanthus 
complex (Mastigolejeunea, Thysananthus, Ptychanthus and Tuzibean
thus), an Acrolejeunea complex (Acrolejeunea, Trocholejeunea and Frullan
oides), an Archilejeunea complex (Spruceanthus and Archilejeunea) and a 
Lopholejeunea complex (Lopholejeunea and Marchesinia). This classifi
cation is supported by the presence or absence of striatene- (500, 502), 
deoxopinguisone- (536) and pinguisanine-type sesquiterpenoids (554) 
(18,217,219). Frullanoides densifolia of Lejeuneaceae is chemically very 
close to Porella japonica of Porellaceae, because both species produce 
pinguisanes and guaianolides (14,554-556). Porella cordaeana and P. 
navicularis also produce closely related pinguisanes, rearranged pingui
sanes and monocyclofarnesanes like those found in Frullanoides densifolia 
(591,593). Similar pinguisane- and the same norpinguisane-type sesqui
terpenoids found in Porella species have been isolated from Bryopteris 
filicina belonging to the subfamily Bryopteridoideae (Lejeuneaceae) (432). 
These results further support the conclusion that the Lejeuneaceae and 
the Porellaceae originated from a common ancestor (18). Macrolejeunea 
pallescens is a very distinct species because it elaborates 1,4-
dimethylazulene (137) which is one of the significant chemical markers of 
the Calypogeiaceae (433). 

The subfamily Lejeuneoideae contains Lejeunea, Leptolejeunea and 
Omphalanthus complex, etc. Ten species belonging to the Omphalanthus 
complex have been investigated chemically. Cheilolejeunea serpentina and 
C. trifaria produce serpentiphenol (607a) and trifaranes (609-613) which 
have not been found in any other liverworts examined so far (249) while C. 
excisula and C. imbricata elaborate striatene-type sesquiterpenoids as the 
major components (219). Thus, there are at least two chemotypes in 
Cheilolejeunea genus. The major components of Omphalanthus filiformis 
(441a, 571), O. paramicola and O. platycoleus (219) are chamigrane-type 
sesquiterpenoids (264). Thus, the Omphalanthus are chemically different 
from the Cheilolejeunea. The major components of Leucolejeunea xantho
carpa, L. aff. decurrens, Anoplolejeunea conferta are striatanes indicating 
that these species are similar to the Cheilolejeunea producing such 
sesquiterpenes (219). Leptolejeunea elliptica belonging to the Leptole
jeunea complex is chemically very distinct from any other species of the 
Lejeuneaceae so far examined because it produces a unique aromatic 
ether, p-ethylanisol (1386) (219,442). 

Nipponolejeunea is morphologically very peculiar and is nowadays 
placed in the monotypic subfamily Nipponolejeuneoideae. The unique 
presence of the monoterpenes, borneol (38) and bornyl acetate (39) (19) 
clearly underlines the patristic differences between this genus and other 
Lejeuneaceae (217, 219). Striatane-type sesquiterpenoids [striatene (500) 
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and striatol (502)] have been detected in the subfamilies Bryopterido
ideae, Ptychanthoideae and in some members of the Omphalanthus 
complex (Lejeuneoideae), but not in Nipponolejeuneoideae, Cololejeu
neoideae or the Lejeunea complex (Lejeuneoideae). As the Bryopterioideae 
and the Omphalanthus complex are morphologically closer to Ptychan
toideae than to the other groups which have been investigated so far, the 
distribution of striatane- and pinguisane-type sesquiterpenoids apparent
ly corroborates morphological evidence and seems indicative of major 
evolutionary relationships (219). Five different types of flavonoid (flavon
ols, flavone di-C-glycosides, flavone CjO-glycosides, flavone O-glyco
sides and acylated flavone O-glucosides) have been observed in four 
Lejeunea species, all of which have been found in other liverworts as well 
(217). Thus, there appears to be no essential difference in flavonoid 
chemistry between Lejeuneaceae and the other liverworts. 

2. Marchantiidae 

2.1 Sphaerocarpales 

The taxonomic position of Carrpos species is still uncertain. Carrpos is 
thought to be related to Corsinia and both of these genera have been 
united in the order Marchantiales. The phytochemical relationship of 
Carrpos to Corsinia has been discussed by MARKHAM (361). Because ofthe 
presence of flavonols, Corsinia coriandrina is considered to be an isolated 
and more primitive member of the order of the Marchantiales whilst 
Carrpos is strongly aligned with the reduced members of the "main
stream-type" Marchantialean genera, because Carrpos sphaerocarpos 
( = M onocarpus sphaerocarpus) elaborates biosynthetically simple fla
vone 7-0-g1ucuronides as well as aureusidin-6-0-g1ucuronide (1334). The 
phytochemical results do not support the suggested inclusion of both 
genera in the same isolated suborder Cordiniinae in Marchantiales. 
Carrpos is placed near Sphaerocarpos either in a separate suborder 
(Carripinae) or in a separate family [Carrpaceae ( = Monocarpaceae)] 
(361). 

2.2 Monocleales 

M onoclea species are placed in a separate order Monocleales on the 
basis of morphology. The Monocleales differ chemically from the Metz
geriales and Marchantiales because they produce cyclic bis-bibenzyls 
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different from those found in the other orders (590). M.Jorsteri grown in 
New Zealand produces two new acetylenic fatty acids (1225,1226) as well 
as perrottetin- (1023a) and riccardin-type bis-bibenzyls (989a, 990) (590). 
On the other hand, M. gottschei biosynthesizes not only bis-bibenzyls, 
perrottetin E (1023a), marchantin C (995) and neomarchantin A (1013a), 
but also sesquiterpenoids. Neither riccardin-type bis-bibenzyls nor fatty 
acids containing an ene-yne-one partial structure have been isolated from 
M. gottschei. Reinvestigation of the constituents of the New Zealand 
species M.forsteri showed the presence of sesquiterpenoids, the content of 
which is considerably lower than that in M. gottschei and of simple 
composition in all habitats examined (514). The chemical constituents of 
M. gottschei from different geographical regions and even within the same 
populations vary widely. Two allopatric subspecies are recognized in M. 
gottschei, based on the morphology, M. gottschei subsp. gottschei in Chile 
and M. gottschei subsp. elongata in tropical America (218). Chemically, 
M. gottschei appears to be a more advanced species than M. Jorsteri. 

It is thought that Makinoa species of Japan and south-east Asia might 
have evolved from Monoclea via Verdoornia growing in New Zealand 
(294). However, there is no chemical affinity between M akinoa and 
Monoclea. 

2.3 Marchantiales 

2.3.1 Targioniaceae 

Targionia species are very small thalloid liverworts and produce 
pinane-type mono terpene acetates (29,30) as major secondary meta
bolites (75) (Scheme 71). Apparently no chemical affinity between Tar
gioniaceae and other families belonging to Marchantiales. Recently, 
WHITTEMORE (616) suggested from the distribution of flavonoids that the 
Targioniaceae are derived from ancestors similar to the modern families 
Exormothecaceae and Aytoniaceae. 

2.3.2 Aytoniaceae (Grimaldiaceae) 

The Aytoniaceae (= Grimaldiaceae) have been divided into two 
subfamilies, Aytonideae and Reboulioideae. Plagiochasma rupestre and 
P. intermedium of Aytonideae are chemically distinct, the former species 
producing elemane-type sesquiterpenoids as major components (243) and 
the latter the cyclic bis-bibenzyl, marchantin H (1003) (550, 576). Reboulia 
hemisphaerica and Mannia Jragrans which belong to the second sub-
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Scheme 71. Possible biogenetic pathways for monoterpenoids found in four liverworts 
belonging to the Marchantiales 

family are chemically similar because they produce cuparene-type sesqui
terpenoids and macrocyclic bis-bibenzyls. There are two chemical races 
in Reboulia hemisphaerica. Material grown in Europe produces mainly 
cuparanes (303, 304) while Asiatic material elaborates aristolanes (82, 83) 
and no cuparanes (249). M. fragrans and M. subpilosa differ chemically, 
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the former elaborating cuparanes and neomarchantin-type macrocyclic 
bis-bibenzyls (276, 280), and the latter cadinanes (613) and marchantin
type cyclic bis-bibenzyls (612). Aytonideae and Reboulioideae are chemi
cally related since both subfamilies give rise to macrocyclic bis-bibenzyls. 
The occurrence of the common bis-bibenzyls in Mannia, Plagiochasma 
and Reboulia (Aytoniaceae) and some Marchantia species suggests that 
the Aytoniaceae have closer affinities to the Marchantiaceae (61). 

2.3.3 Conocephalaceae 

Conocephalum conicum is chemically more advanced than C. japo
nicum ( = C. supradecompositum) since the former elaborates not only 
monocyclic but also bicyclic monoterpenoids and the latter produces 
only limonene (9), as a minor metabolite. C. conicum is also more closely 
related chemically to Wiesnerella denudata than C. japonicum because 
they produce the same monoterpenoids except for the presence or 
absence of bornyl ferulate (1402) (19, 33). 

C. japonicum and W. denudata produce eudesmanolides and germa
cranolides. The latter species also elaborates guaianolides (467-469), 
hence W. denudata might be considered to be more evolved than 
C. japonicum. It has been suggested that tulipinolide (443) found in 
Wiesnerella denudata might be formed from costunolide (441) which has 
not been detected in Japanese W. denudata (19, 33). This suggestion was 
supported by the subsequent isolation of (441) from East Malaysian W. 
denudata (51). 

Four enzymes, the peroxidase, glutamate-oxaloacetate transaminase, 
glutamic dehydrogenase and esterase of twenty-one populations of 
European Conocephalum conicum have been studied (348). From each 
population, ten thalli were investigated by means of starch gel electro
phoresis. This led to conclusion that there are three chemical races in 
European C. conicum. Volatile components of ninety populations of 
Japanese C. conicum have been analyzed by GC-MS with the presence of 
three chemical races, ex.-thujene-type (77 samples), bornyl acetate-type 
(9 samples) and methyl cinnamate-type (4 samples) being confirmed (580). 

PORTER (466) analyzed the flavonoids of Conocephalum conicum 
collected at widespread sites across the northern hemisphere as well as 
Japanese C. japonicum. On the basis the flavonoids pattern, European 
samples of C. conicum were divided into four chemical races. One of the 
races consists of plants with less robust thalli, hence the chemical 
differences are correlated with a recognizable morphological truit. The 
North American collections of C. conicum showed the greatest biosyn
thetic diversity and share features common to both the East Asian and 
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European populations. This suggests that North America is the species 
origin. The flavonoid chemistry shows that C. conicum has strong 
affinities to that of Preissia quadorata. The flavonoid glycoside chemistry 
of Sino-Japanese collection of C. japonicum was clearly different from that 
of C. conicum, a distinction which is also evident from the terpenoid 
chemistry, hence Sino-Japanese C. japonicum was placed in a separate 
genus Sandea (33, 68). 

2.3.4 Lunulariaceae 

The Lunulariaceae are a chemically primitive family in suborder 
Marchantiineae as the genus Lunuiaria, its sole representative, produces 
acyclic bis-bibenzyls (1024a, 1032) (255) and their dimer (1036) (249). The 
family is related chemically to the Marchantiaceae rather than the 
Conocephalaceae. 

2.3.5 Marchantiaceae 

Bucegia and Neohodgsonia have at times been placed in their own 
subfamily within the Marchantiaceae. Comparative flavonoid biochemis
try does not support this close relationship between the two genera 
because the flavonoids of Neohodgsonia are apigenin 7-0-glucuronide 
(1403) as well as luteolin-7-0-glucuronide (1149), luteolin-7,3'-di-O
glucuronide (1276) and luteolin-3'-O-glucuronide (1404) which are com
monly encountered in Marchantiaceae and thus contrast significantly 
with those of Bucegia (19, 366). The earlier positioning of Neohodgsonia 
and Bucegia together as a distinct group on morphologial grounds must 

(1403) Apigenin-7-0-glucuronide 

(1149) Luteolin-7-0-glucuronide ; R'=GA, R2=R3=H 

(1276) Luteolin-7,3'-di-O-glucuronide ; R'=R2=GA, R3=H 

(1404) Luteolin-3'-O-glucuronide ; R'=R3=H, R2=GA 

Chart 86. Flavonoids found in Neohodgsonia species 
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be modified such that Bucegia is separated from all other genera of 
Marchantiaceae (366). 

Ontogenetic data have suggested that Marchantiopsidae have a close 
affinity with the Metzgeriales (155). The occurrence of common cyclic 
bis-bibenzyl derivatives in some species of Metzgeriales (78, 79,254) and 
Marchantiales (22, 61, 71, 72,579) may provide support for this sugges
tion. 

Gas chromatograms of crude extracts of Japanese and French 
M archantia polymorpha were identical. The major terpenoids of both 
species were ( + )-~-chamigrene (264), ( - )-cuparene (284) and ( - )
cyclopropanecuparenol (298) (74). However, marchantin A (993), a cyclic 
bis-bibenzyl which is the most abundant constituent of Japanese 
M. polymorpha, has not been detected in French M. polymorpha. The 
latter elaborates marchantin E (lOOOa) as the major secondary meta
bolite. The chemical constituents of M. paleacea var. diptera resemble 
those of M. polymorpha, both species producing the same sesquiterpen
oids and marchantin-type compounds. M. tosana is chemically different 
from M. polymorpha and M. paleacea var. diptera because the sesquiter
penoid content in M. tosana is very low and it produces the riccardin-type 
cyclic bis-bibenzyl (986) (74). Collections of Japanese M. polymorpha, 
M. paleacea var. diptera and M. tosana from different localities exhibited 
considerable degree of intraspecific uniformity both qualitatively and 
quantitatively when the crude extracts were checked by TLC, GC and 
GC-MS. The chemical constituents from either female and male thalli or 
capsule with pedancle were quite similar to those of sterile thalli of the 
same species. 

Indian and French collections of M. polymorph a are chemically very 
similar as both species produce marchantin E (lOOOa) as the major 
secondary metabolite although marchantin A (993) has not been detected 
in the French race (72). M. palmata and M. polymorpha exhibit chemical 
affinities since both species elaborate the same cyclic bis-bibenzyl de
rivatives (72). The distribution of sesquiterpenoids and cyclic bis-biben
zyls in German M. polymorpha is closely related to that of Japanese M. 
polymorpha, but not to French, Indian or South African collections of the 
same species (71). New Zealand M archantia berteroana is chemically 
similar to Japanese and French M. polymorpha since it produces the same 
cuparane-type sesquiterpenoids as those found in the latter species, 
although bis-bibenzyls have not been detected in M. berteroana (39). 
On the other hand, there is no chemical affinity between New Zealand M. 
foliacea and the four other M archantia species mentioned above (39). 

Dumortiera hirsuta and Preissia quadorata have been included in the 
Marchantiaceae. The characteristic cyclic bis-bibenzyl, marchantin C 
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(995) has been found in the former species (585), but not in the latter 
species (78). This chemical result supports the view that Dumortiera is 
allied to the Marchantia, but shows that there is no chemical affinity 
between Preissia and M archantia (78). There are at least three chemical 
races of Japanese D. hirsuta based on elemol (190)-type, dehydronerolidol 
(427)-type and germacrane (437)-type sesquiterpenoids (585). 

2.3.6 Ricciaceae 

The Ricciaceae comprise two genera, Ricciocarpos and Riccia. Riccia 
species constitute one of the most isolated genera within the Marchan
tiales, since they elaborate large quantities of phytosterol mixtures (18). 
Ricciocarpos natans is chemically very different from Riccia because it 
elaborates the monocyclofarnesanes (506-508) (639, 640) and a bis
bibenzyl, riccardin C (988) as well as bibenzyl glycosides (881-883) and 
phenethyl glycosides (1107, 1108) (351). 

VII. Chemosystematics of Musci and Anthocerotae 

Although it is estimated that there are approximately 14000 species in 
700 genera of the M usci, only about 320 species of 120 genera have been 
studied chemically (419). As mentioned earlier, the Musci are chemically 
simple because they do not contain oil bodies. Only flavonoids, poly
unsaturated fatty acids and steroids have been found as major secondary 
metabolies. 

At the subclass level, the Sphagnidae and Andreaeidae are quite 
different from Bryidae because no flavonoids have been detected in the 
first two subclasses. One hundred and fifty species belonging to the 
Bryidae have been analyzed for flavonoid occurrence; however, it is 
difficult to evaluate the chemosystematics using fiavonoids as chemical 
markers at the order, family, or genus level (419). 

ANDERSON et al. (8) pointed out in 1974 that the characteristic fatty 
acid patterns and fatty acids markers as well as differences in the classes of 
lipids present in mosses could be useful in the classification of mosses. 
Thus, the fatty acid composition of the lipids of the Amblystegiaceae, 
Ditrichaceae, Grimmiaceae, Mniaceae and Polytrichaceae is quite differ
ent. Some species of Grimmiaceae stand out by their very high content of 
18: 3 acid while the polyunsaturated C20 acids are at an extremely low 
level. The major fatty acids of Polytrichum species are 18: 1, 18: 2 and 
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18: 3, the level of 18: 1 being higher than in other families Amblystegi
aceae, Ditrichaceae, Grimmiaceae and Mniaceae. Ceratodon species which 
belongs to the Ditrichaceae are distinct because they produce the 
acetylenic fatty acid, 9,12,15-octadecatrien-6-ynoic acid (= 18: A3) 
(1222). Ceratodon purpureus is chemically different from Ditrichum capil
laceum and D. inclinatum (Ditrichaceae) because the latter two species lack 
acetylenic acids. On the basis of morphology, Dicranum (Dicran
aceae) is in a different family than Ceratodon (Dicranaceae), however, 
Dicranum montanum is closely related to Ceratodon species since the fatty 
acid composition of the former species is very similar to that of Ceratodon. 
In some members of Mniaceae, the content of 20:4 arachidonic acid 
(ARA) is very much higher than that in the other five families. Members of 
Amblystegiaceae have in common the property that the level of 20: 5 fatty 
acid is higher than the level of 20: 4 acid. Cratoneuron filicinum and 
Drepanocladus exannulatus are different from all other mosses because of 
their very low content of 18: 2 acid and the presence of appreciable 
amounts of 22: 5. This could indicate that these two species are closely 
related. 

The fatty acids of the triglycerides of Ditrichaceae (7 species), Seligeri
aceae (1), Dicranaceae (31) and Leucobryaceae (1) have been investigated 
leading to an arrangement of these families into three types of fatty acids 
patterns (338). The first type includes most of the species containing the 
acetylenic acid, 9,12,15-octadecatrien-6-ynoic acid (= 18: 3A) (1222). 
Dicranaceae belong to type 1. The second is the 18:3A-18:2m6 and 
18: 3m3-type which includes C. purpureus and Ditrichum pusillum. Type 3, 
the 18: 3A free-linolenic acid-type, includes Ditrichum flexicaule, Blindia 
acuta, Campylopus pyriformis, etc. 

The genus Ditrichum is clearly divided into two groups. One includes 
Ditrichum pusillum and D. heteromallum whose acetylenic fatty acid 
pattern is similar to that of Ceratodon purpureus. The second group 
includes D. cylindricum and D.flexicaule which lack acetylenic acids and 
differ in the pattern ofthe other fatty acids. This difference also reflects the 
differences in the morphological characters of these species. Acetylenic 
acids have been detected in all of the Dicranella and Dicranum species. 
The occurrence of the 18: 3A fatty acid may be regarded as the genus
specific feature of Dicranella and Dicranum. The genera Campylopus, 
Dicranodontium, Dicranoweisia crispula and Paraleucobryum form a 
group which is free of acetylenic acids. The fatty acids level confirms that 
Campylopus is closely related to Dicranodontium and that the genera 
Campylopus, Dicranodontium and Paraleucobryum can be regarded as a 
separate complex within the Dicranaceae, possibly forming a link to the 
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Leucobryaceae. Amphidium mougeotii whose taxonomy is not clear might 
be included in the Dicranaceae on the basis of its fatty acid pattern (338). 
However, the fatty acid pattern is important only when considered 
together with morphological characters thus, these endogenous prop-
erties provide valuable taxonomic information for mosses. . 

The Anthocerotae are the smallest class of bryophytes and include 
about 360 species. As mentioned earlier, horn worts do not produce oil 
bodies. The chemical constituents of hornworts have not been studied 
thoroughly since, as has also been mentioned earlier, only six hornworts 
having been investigated chemically so far (418). While a few sesquiter
penoids as well as a lignan have been identified, neither flavonoids nor 
lunularic acid which are widely distributed in Hepaticae have been found 
in Anthocerotae (426). Thus, on the basis of limited experimental work 
the Anthocerotae appear to be quite different chemically from the other 
two classes of bryophytes. Because of the lack of the chemical infor
mation, it is not possible at this time to consider the chemosystematics of 
the Anthocerotae. 

VIII. Chemical Relationships Between Algae, Bryophytes and 
Pteridophytes-Evolution of Bryophytes 

The evolutionary relationships between Hepaticae, Musci and Antho
cerotae (Bryophyta) and the relationship of Bryophyta to the other plant 
phyla are obscure. Botanists have considered the origins of the lower 
terrestrial plants, bryophytes and pteridophytes and their evolution and 
differentiation from the point of view of cytology, morphology, ecology 
and paleontology. Traditionally there have been two hypotheses regard
ing the evolution of bryophytes. The first is the progressive theory which 
states that bryophytes have their origin in the green algae and that the 
pteridophytes are in turn derived from bryophytes. The second hypoth
esis, the reduction theory, regards the green algae as being the ancestor of 
Psilophytales (Cooksonia, Rhynia), from which evolved both bryophytes 
and pteridophytes. Both hypotheses have been enthusiastically discussed 
and both have their proponents. It is, however, rather difficult to discuss 
the evolution of the lower terrestrial green plants, especially because of 
the absence of fossil material of bryophytes. Biochemical properties have 
not been considered and little attention has been paid to the investigation 
of the chemical interrelationships between algae, bryophytes and pterido
phytes, although various characteristic secondary metabolites, such as 
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terpenoids, fiavonoids, bibenzyls, steroids and fatty acids, have been 
isolated from or detected in these three plant groups. European Equi
setum fossils (2 x 108 years old) and the present-day E. sylvaticum (Sphen
opsida) contain the same n-alkanes and their contents are qualitatively 
almost identical (330), indicating that these plants have preserved their 
biochemical properties during their long history whereas the morpho
logical features have changed dramatically. It is hoped that a comparison 
of the chemical constituents of present-day algae, bryophytes and pteri
dophytes may provide an insight into the evolutionary relationship 
between these three plant groups. 

On the basis of morphology bryophytes have been divided into the 
three classes of the Hepaticae, the M usci and the Anthocerotae. It seems 
that mosses are more similar to angiosperms than to the liverworts 
because of the absence of sharp electrophoretic intraspecific polarization 
in mosses (527). The cutin acids of Sphagnum moss and liverworts from 
the order Marchantiales have been analyzed. The relative abundances of 
the 8,16-, 9,16- and 10,16-dihydroxyhexadecanoic acids may be of value 
in the chemotaxonomy of Sphagnum species. From the results of their 
cutin acid composition, liverworts and mosses may be less closely related 
than generally supposed, the Sphagnum cutins are similar to those of 
higher plants (128). The nucleotide sequences of 5S ribosomal RNAs of 
four bryophytes, Marchantia polymorpha, Lophocolea heterophylla (He
paticae), Plagiomnium trichomanes (Musci), Anthoceros punctatus (Antho
cerotae) were determined by the method involving chemical degradation 
of [3' _32p]RNA (320). The 5S rRNA sequences of M. polymorpha and L. 
heterophylla resembled those of P. trichomanes (97-99% identity). The 5S 
rRNA sequences of A. punctatus are less similar to those of the above 
three bryophytes (91-92% identity). These results suggest that the 
Hepaticae are closely related to the Musci and that both classes have 
evolved in different directions after emergence of the Anthocerotae. The 
bryophytes are less closely related to green algae plants (78-83%) than to 
seed plants. 

Amino acid sequences of the chloroplast-type ferredoxin [2Fe-2S] of 
many organic photosynthetic organisms have been studied and com
pared with each other to establish structure-function and phylogenetic 
relationship (405). Marchantia polymorpha ferredoxin was purified by 
DE-52 and Sephadex G-75 column chromatography and the complete 
amino acid sequence of the carboxymethylated ferredoxin was deter
mined. The total number of amino acid residues was 95 with tryptophan 
lacking; the molecular weight was calculated as 10,174, excluding the iron 
and sulfur atoms. M. polymorpha ferredoxin is placed between fern or a 
horsetail ferredoxin and a green algal ferredoxin. 
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However, as mentioned earlier, the secondary metabolites of Hepati
cae, Musci and Anthocerotae are quite different and exhibit no chemical 
affinities except for the presence of common sterols and fatty acids. 

The Hepaticae are chemically quite complex although their morphol
ogy is relatively simple. The chemical composition of the Musci is 
uniform, although some species are morphologically more complex than 
the Hepaticae. In the case of the Anthocerotae, both chemical and 
morphological features are simple. On the other hand, marine algae 
produce a large number of complex secondary metabolites, terpenoids 
and aromatic compounds, although their morphology is relatively 
simple. The pteridophytes whose morphology is quite complex also 
produce a number of complex secondary metabolites which are very 
different from those of algae and bryophytes. Considering these levels of 
chemical and morphological complexity, the present Hepaticae seem to 
be rather closer to the algae (24). 

1. Similarities and Differences in Terpenoid and Steroid Content 

Most liverworts examined so far elaborate a great number of terpen
oids with the exception of triterpenoids and lipophilic aromatic com
pounds. The Musci, however, are not known to biosynthesize sesquiter
penoids or diterpenoids although a few monoterpene hydrocarbons and a 
kaurene-type diterpene alcohol (707) have been found in some Splachna
ceae species (344) and in Saelania glaucescens (445), respectively. Thus, 
considering only lower terpenoids, it would appear that the origins of two 
classes are quite different. The Anthocerotae may be related distantly to 
the Hepaticae, but the only evidence to support this is the presence in 
them of trace amounts of cuparane-type sesquiterpenoids. On the whole, 
however, the overall chemical features of Anthocerotae are completely 
different from the Hepaticae and the Musci. Terpenoids and lipophilic 
aromatic compounds are widespread in marine algae, particularly in 
brown and red algae (179). Some of them are the same as, and a number of 
them are both structurally and chiroptically very similar to, those isolated 
from or detected in the Hepaticae. Table V shows the distribution of 
terpenoids, aromatic compounds and steroids in algae, bryophytes and 
pteridophytes. The Hepaticae produce a number of monoterpenoids, 
several of which have also been detected in steam distillates of the algae. 
Even in the red tide phytoplankton Gymnodinium nagasakiense, a mono
terpene alcohol, ex-terpineol (17) and sesquiterpenoids, ex-cadinol (231), 
epi-cubenol (234), cubenol (235) and calamenene (244) have been identi
fied (310). 
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Cadinane-, calamenane-, cubebane-, drimane-, elemane-, eudesmane-, 
germacrane-, muurolane- and vitrane-type sesquiterpenoids have been 
found in both the Phaeophyceae (brown algae) and the Hepaticae. 
Bisabolane-, chamigrane-, cuparane-, eudesmane- and monocyclofarne
sane-type sesquiterpenoids occur in both the Rhodophyceae (red algae) 
and the Hepaticae. Riccardiphenol A (603a) (583) is structurally close to 
isocopalane-type diterpenoid (605) and monoterpene analogue (606) 
found in brown algae (179,180). Both the Hepaticae and the Phaeophy
ceae biosynthesize the same skeletal sesquiterpene phenols, serpenti
phenol (607a) (249) and sporochnol (608) (501a). Many soft coral species 
contain the same or similar sesquiterpenoids and azulene-like com
pounds as those found in the Hepaticae and their chiroptical properties 
are also the same. These terpenoids might have a dietary origin, probably 
from phytoplanktons or algae. Few sesquiterpenoids have been found in 
Chlorophyceae (green algae). Only farnesane-type sesquiterpenoids have 
been isolated from marine green algae (179). 

The biogenesis of the ent-sesquiterpenoids found in liverworts has 
been discussed by MATSUO (376). These are biosynthesized stereo
specifically by special enzymes; the enzyme-substrate complex for sesqui
terpenoid synthesis in liverworts may involve a conformation inverse to 
that of higher plants. 

Cembrane-, cis-clerodane-, dolabellane-, fusicoccane-, kaurane-, lab
dane-, pimarane-, sacculatane- and verrucosane-type and some other 
diterpenoids have also been isolated from the Hepaticae. As shown in 
Table V, labdane-type diterpenoids have been found in green and red 
algae; their absolute configuration is the same as that of the labdanes 
found in the Hepaticae. Pimarane-type diterpenoids also occur in red 
algae. Cembrane-type diterpenoids which have been obtained from both 
marine animals (179), Zooxanthella (461, 473) and higher plants also 
occur in Hepaticae (429, 566, 567) as do dolabellane diterpenoids which 
otherwise are found only in brown algae and marine animals (179, 429, 
566). A fusicoccane diterpenoid has been found in the brown algae, 
Dictyota species (175). A number of skeletally different diterpenoids which 
are isoprenologues of eudesmane-, germacrane-, guaiane- and bourbon
ane-type sesquiterpenoids occur in brown algae as well as in the 
Hepaticae. The sacculatanes (795, 796, 805) from the Hepaticae and the 
dictyolanes (1405) from brown algae may be biosynthesized from the 
same precursor as shown in Scheme 72. Diterpenoids are relatively rare in 
the Chlorophyceae. Thus, the diterpenoid content of Hepaticae is closely 
related to that of the Phaeophyceae. 

The steroidal components of the Hepaticae, the Musci, the Anthoce
rotae and pteridophytes are very similar. They produce campesterol 
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(677) Geranyl geranyl 
pyrophosphate 

Y. ASAKAWA 

~PP qIP 

+ (I _ 
H.......,~ 

A A 

(677) Geranyl geranyl 
pyrophosphate 

l 
l 

qI 
(805) Perrottetianal 

(1405) Dictyolanes 

(795, 796) Sacculatals 

Scheme 72. Possible biogenetic pathways for dictyolanes and sacculatanes from geranyl 
geranyl pyrophosphate 

(844a), stigmasterol (846a) and sitosterol (848a), which are also widely 
distributed in seed plants. In primitive Hepaticae, for example, in 
Isotachis, Haplomitrium and Lepidozia species, stigmasterol is the pre
dominant sterol followed by campesterol as the second major sterol. On 
the other hand, the ratio of campesterol, stigmasterol and sitosterol in 
highly evolved liverworts like the Marchantiales is very similar to that in 
higher plants. Algae also produce sterols, but they are distinct from those 
of the Hepaticae. Green algae contain C27-C29 sterols, cholesterol (849) 
and clerosterol (1406). Brown algae biosynthesize fucosterol (1407) 
(80-90% of total content), together with 24-methylenecholesterol (1408) 
and cholesterol (849), while red algae also contain cholesterol, des
mosterol (1409) and 22-dehydrocholesterol (1410). Recently, a sterol 
possessing insect moulting activity which had previously been found in 
pteridophytes and higher plants has been reported from red algae (179). 

The evolutionary stage at which plants changed from producing 24~
ethylsterols to producing 24cx-ethylsterols appear to involve the bryo-
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(1406) Clerosterol (1407) Fucosterol (=stigamasta-5,24(28)E-dien-313-ol) 

(1408) 24-Methylenecholesterol 

(1410) 22-Dehydrocholesterol 
(=Cholesta-5,22Z-dien-3~-ol) 

(1409) Desmosterol 

Chart 87. Some sterols found in algae 

phyta, some species of which produce both epimers (138, 463). On the 
other hand, sitosterol in higher plants is epimerically pure 241X-ethylcho
lesterol (848a) whereas clionasterol in algae is 24~-ethylcholesterol (848b). 
The situation with respect to 24-methylcholesterol in plants is similar. 
Algae elaborate the 24~-methyl epimer (844b) exclusively, while higher 
plants biosynthesize epimeric mixtures of 241X- (844a) and 24~-meth
ylsterols (844b) in which the former is predominant. All of the 24-
methylcholesterol samples from bryophyta are epimeric mixtures (e.g. 
241X/24~: 1: 1 in Marchantia polymorpha, 1: 2 in Plagiomnium succulentum, 
1: 4 in Sphagnum palustre). The higher level of 24~-methyl sterols and the 
presence epimeric mixtures of 24-ethylsterols in bryophyta is consistent 
with their accepted position between the thallophytes and the tracheo
phytes shown in Table VI (J 38). 

Triterpenoids are very rare in the Hepaticae and algae. Norcycloar
tanes have been isolated from green algae along with squalene, three 
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Table VI. Evolutionary Level of Algae, Bryophytes and Higher Plants by Fatty Acids 
and Sterols 

Algae:---------+.Bryophytes--------->.Higher plants 

Fatty acids 
C20-22 polyenes C20-C24 polyenes 
(4 to 5 double bonds) (4 to 6 double bonds) 

(X+P 
(p: predominant) 

longer chain and 
highly unsaturated 

Sterols, 24-methyl, ethyl 
(X+P 
(1: 1) 
(1 :2) 
(1 :4) 

C16-C18 
(3 double bonds 
maximum) 
shorter chain and less 
unsaturated 

(X+P 
«(X: predominant) 

squalene oxides and squalene alcohol. Almost all liverworts contain 
squalene, and traces of hopane-type triterpene hydrocarbons and alco
hols have been isolated from or detected in some primitive or evolved 
liverworts. This phenomenon suggest that triterpenoid biosynthesis is 
blocked in most Hepaticae, however, hopanoids which are the significant 
chemical markers of pteridophytes, have often been obtained from the 
Musci. Thus, the distribution of common triterpenoids shows that the 
Musci and pteridophytes are somewhat related (24). 

2. Similarities and Differences in Content of Aromatic Compounds 

Lunularic acid (877), its decarboxylation product lunularin (878) and 
their related bibenzyl derivatives are widespread in the Hepaticae, but not 
in the Anthocerotae, the Musci or pteridophytes. However, a novel 
bibenzyl derivative (909), benzyl alcohol and some derivatives have been 
found in red algae (179,180,211). Thus, the Hepaticae are related to algae 
but not to the Musci and the Anthocerotae. 

Schistochila appendiculata, 1 so tach is japonica and Balantiopsis rosea 
of Jungermanniales produce a large number of aromatic compounds. S. 
appendiculata biosynthesizes 3-undecyl- (1043), along with 3-tridecyl
(1046) and 3-pentadecylphenol (1049) as well as 6-undecyl- (1044), 
tridecyl- (1047) and pentadecylsalicylic acid (1050) and their potassium 
salts. 3-Tridecyl phenol (1046) and 6-tridecylsalicylic acid (1047) have also 
been isolated from the brown algae, Caulocystis cephalornithos (Sargassa-
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ceae) (322). Phloroglucinols and resorcinols which are similar to these 
phenolic compounds, have been reported as metabolites of brown algae 
(179). Omphalanthus filiformis elaborates 5-heptadeca-8(Z), 11 (Z), 14(Z)
trienylresorcinol (1054) (441a, 571). The very similar 5-heptadecatrienyl
resorcinol (1055) has been isolated from the brown alga, Cystophora 
torulosa (179). 

Some Hepaticae elaborate aromatic compounds which carry isopren
oid substituents such as 2,2-dimethylallyl- and geranylbibenzyls or 2,2-
dimethylallylcatechol (278). Similar aromatic compounds are widespread 
in the brown algae. Some species of Jungermanniales, Marchantiales and 
Metzgeriales produce characteristic cyclic bis-bibenzyls possessing bi
phenyl and biphenyl ether linkages and many structural similar phloro
glucinol derivatives having biphenyl and/or biphenyl ether linkages are 
present in brown algae (179, 211). No flavonoids have been detected in the 
brown and red algae, although a chromone derivative has been isolated 
from brown algae. The presence of flavonoid glycosides in Chlorophy
ceae has been established in only one species, Nitella hookei (179) while 
the Hepaticae, the Musci and pteridophytes produce a number of 
flavonoids. This is the most significant biochemical difference between 
algae and lower terrestrial green plants. Stilbenoids, bibenzyls and 
cyclized bis-bibenzyls, flavonoids and their derivatives are biosynthesized 
through the shikimate-malonate pathway so that in algae, the bio
synthesis of flavonoids appears to be blocked. 

A number of nitrogen-containing compounds has been isolated from 
green and red algae as well as from pteridophytes, but nitrogen
containing substances from the Hepaticae are very rare, the two prenyl
indoles from the Riccardia species of the Metzgeriales representing the 
only instance (79). No alkaloids have been detected in the Musci and the 
Anthocerotae, except for the maytansinoids found in certain mosses and 
or the soil on which the mosses grow (479, 644). 

Two primitive liverworts, Isotachis japonica and Balantiopsis rosea, 
elaborate unique sulfur-containing aromatic compounds, benzyl thio· 
acrylate (1228) and p-phenylethyl thioacrylate (1229). Some red algae 
produce sulfur-containing heterocyclic compounds. Similar cyclic poly
sulfides are present in Dictyopteris species (Phaeophyceae) whilst 3-
methylmercaptopropylamine (1411) has been isolated from Desmarestia 
species (Phaeophyceae) (329). Dimethyl sulfide (1227) which is formed 
from a dimethyl p-carboxyethyl sulfonium derivative (propiothetin) 
(1412) by enzymatic or in vitro degradation is the odoriferous substance of 
most marine algae (Scheme 73). More than 6000 species of liverworts, in 
particular, the Metzgeriales, emit a strong sulfur-like odor on drying. 
Dimethyl sulfide has been detected in Porellaceae, Plagiochilaceae 
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(1411) 3-Methylmercaptopropylamine 

Chart 88. A sulfur-containing compound found in algae 

Me, 
S+(CH2)2CO£ 

MI 
(1412) Propiothetin 

Me 
---I". 's + CH2=CH-C02H 

MI 
(1227) (1412a) 

Scheme 73. Formation of dimethylsulfide from dimethyl ~-carboxyethyl sulfonium deriva
tive (propiothetin) 

(Jungermanniales) and Dilaenaceae ( = Pelliaceae) (Metzgeriales) as de
scribed in Chapter 1. On the other hand, neither dimethyl sulfide nor 
other sulfur containing substances have been detected in Musci and 
Anthocerotae. Thus, the Hepaticae are closely related to the marine algae, 
but not to the Musci and the Anthocerotae. 

3. Similarities and Differences in Alkane and Fatty Acid Content 

The distribution of n-alkanes in plants is of chemosystematic signifi
cance. In higher plants including the ferns, there is usually a maximum in 
the n-C27-C33 region the odd carbon number n-alkanes strongly 
predomination. On the other hand, the Hepaticae produce mainly n
alkanes in the C15-C20 range and only a small amount of higher 
homologues, while the odd/even ratio is approximately 1. The distribu
tion of n-alkanes in the Musci is closely related to that of pteridophytes 
and seed plants, while the n-alkanes and the odd/even ratio in green, 
brown and red algae is quite similar to that of the Hepaticae. Thus, from 
this point of view the Hepaticae are more closely related to the algae than 
to other lower terrestrial green plants. 

Algae-green, brown and red-contain highly unsaturated long 
chain fatty acids (C18: 1, 18: 2, 18: 3, 18 :4,20:4,20: 5) as well as palmitic 
acid, as the major components of the fatty acid fraction (306). A large 
number of halogenated C15lipids possessing an ether linkage and a triple 
bond have been isolated from Laurencia species which belong to the 
Rhodophyceae (179). The fatty acid content of the Musci is similar to that 
of algae with palmitic acid, C18: 1, 18 :2,18: 3,18:4 and arachidonic acid 
(1223) as major components. Some mosses also produce other highly 
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unsaturated fatty acids, including acetylenic acids and prostaglandine
like acids with a cyclopentenone skeleton (8, 290, 291). The Hepaticae also 
produce arachidonic and eicosapentaenoic acid (1224) (503), along with 
CI8 acids with yne-ene and yne-en-one functional groups (339, 340, 590). 
Thus, the fatty acid profile of the Hepaticae is similar to that ofthe Musci, 
although studies of the fatty acids of the Hepaticae have so far been 
restricted to relatively few species (19, 271). A survey of distribution of 
the fatty acids in the plant kingdom shows that high levels of C20 and C22 
unsaturated fatty acids are found in algae and decreasing amounts in 
bryophyta. However, some mosses growing in or near water produce an 
abundant C20 and C22 polyunsaturated fatty acids and it has been 
suggested that the C20 and C22 polyunsaturated fatty acids in such 
mosses may have an essential physiological function (313). The fatty acid 
profile of higher plants is different from that of the bryophytes; CI6 and 
CI8 acids rather than the C20 and C22 unsaturated fatty acids found in 
bryophytes with a maximum of three double bonds are predominant. The 
evolutionary position of bryophytes is thus reflected in their fatty acid 
composition as shown in Table VI. However, SEWON reported that 
bryophytes have an evolutionary pattern of their own for MGDG fatty 
acids and that the evolution of their fatty acid biosynthesis cannot just be 
described as an intermediate stage between lower and higher plants (500). 

Botanists have suggested that bryophytes have evolved from the 
green algae as mentioned earlier; however, it is obvious that there is 
almost no chemical affinity between green algae and Hepaticae. While 
halogen-containing terpenoids and aromatic compounds have not been 
isolated from brown algae (179,180), several halogenated terpenoids have 
been found in green algae and almost all terpenoids and aromatic 
compounds found in red algae possess one or two halogen atoms. This is 
the most characteristic chemical difference among marine algae. On the 
other hand, among the more than 800 species of the Hepaticae studied 
chemically so far, only one, M akinoa crispata (Metzgeriales), has yielded a 
halogenated terpenoid, i.e. the drimane derivative (346) (258). On this 
basis, the Hepaticae seem to be most closely related chemically to the 
Phaeophyceae among marine algae, although the Rhodophyceae contain 
a number of terpenoids related to those found in the Hepaticae. DAVIS 
(161) has already pointed out that the Hepaticae might be related to 
brown algae because of morphological and embryological similarities. It 
is noteworthy that the above chemical similarity between the Phaeophy
ceae and the Hepaticae supports this hypothesis. 

On the basis of the secondary metabolites isolated from algae, 
bryophytes and pteridophytes, the Hepaticae and the Musci should be 
separated taxonomically because there are no chemical affinities between 
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two classes. It seems that both classes might have originated from 
completely different ancestors. MATSUO (376) suggested that the Hepati
cae seem to be biochemically related to the fungi rather than the algae on 
the basis of the presence of ent-sesquiterpenoids in both plant groups. 
This hypothesis is not tenable because as mentioned repeatedly enan
tiomeric terpenoids have been isolated from or detected in both marine 
algae and the Hepaticae. 

Although no definite statement can be made at present with respect to 
the evolutionary processes of algae and lower terrestrial green plants, 
endogenous chemical characteristics may play an important role in 
helping to understand the evolution and differentiation of algae and 
lower terrestrial green plants is shown in Fig. 2 on the basis of the 
chemical similarities or differences described above (24). 

CRANDAL-STOTLER (156) has divided bryophytes into four divisions 
Takakiophyta, Hepatophyta, Anthocerophyta and Bryophyta on the 
basis of morphological, anatomical and developmental studies. It seems 
that the Takakiophyta occupy either a somewhat intermediate position 

Green Brown Algal Pool 
Green 

Fig. 2. Hypothetical chemical phylogeny of algae, bryophytes and pteridophytes (24) 
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between the Hepatophyta and the Bryophyta or might be included in the 
Hepatophyta because Takakia species biosynthesize characteristic ses
quiterpene hydrocarbons and eudesmanolides which are also significant 
chemical markers of the Jungermanniales and hopane-type triterpenoids 
(19). The morphological classification of Takakiales and Calobryales is 
supported by their chemical properties (77). Recently, SMITH and 
DAVISON (509a) reclassified Takakia ceratophylla as a moss by the 
characteristics of its sporophyte and antheridia. 
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acetate 171 
Germacrene-B 121,171,172 
Germacrene-D 121,171,172 
Germacrone 160 
Ginkgo bi/oba 351, 425, 470 
ent-Globulol 33, 34, 75 
( + )-ent-Globulol 33, 35 
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diolide 125, 177 
(X-Gurjunene 33, 34, 68, 124 
( - )-(X-Gurjunene 33 
~-Gurjunene 33, 34, 69 
y-Gurjunene 124, 176, 177 
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Gyrothyra underwoodiana 265, 277 

Halichondria panicea 272,278 
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Hamatilobene D 244, 245, 260 
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Hedwigia ciliata 433,438,443 
Helichrysum ambiguum subsp. 

ambiguum 46 
Helichrysum umbraculigerum 328 
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Herbertus aduncus 105, 107, 108, 109, 110, 

111,140, 143, 146,474 
H erbertus divergens 90, 104, 105, 107, 11 0, 

146 
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(lS,4R)-7-Hydroxycalamenene 64,65, 100 
(IS,4S)-7-Hydroxycalamenene 63, 100 
8-Hydroxycalamenene 61, 63, 64, 100 
p-Hydroxy-~-(carboxymethyl)-cinnamic 
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6cx-Hydroxyisodrimeninol 112, 152, 154 
l~-Hydroxyisosacculatal 262,270 
ent-16~-Hydroxykaurane 231,232,254, 

391,393,494 
ent-16~-Hydroxykauran-3-one 231,232, 

254 
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butenyl)bibenzyl 302, 325, 326 
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Isoporelladiolide 125, 176, 177 
Isoprenyl hydroquinones 517 
Isoprenyl quinones 517 
2(R)-Isopropenyl-6-hydroxy-4-(2-
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Isotachis sp. 492, 518 
I sothecium sp. 460 
Isothecium stoloniferum 469,473 
Isothecium subdiversiforme 450, 457, 472 
Isotomentellin 296, 297, 298 
Isovaleric acid 433, 446 
Isoverticillene 266, 279, 280 
ent-Isoverticillenol 266, 279, 280 
Ixiolaena leptolepis 46 

Jackiellajavanica 72,90,121,171,266,278, 
279, 315, 355,493 

J ackiella sp. 493 
Jamesoniella autumnalis 218,219,231,243, 

249,250,253,257,259,468,489 
Jamesoniella colorata 66, 81, 90 
Jamesoniella sp. 489 
Iamesoniellide A 218,219,250 
Jamesoniellide B 218, 219, 250 
Jamesonielloideae 489 
Jensenia connivens 378 
Jensenia erythropus 81, 90, 120, 252 
Jones oxidation 153,229 
Jones reagent 182, 220, 221 
Jubula japonica 71, 81, 124, 126, 176, 178, 

312,347 
Julaceal 58, 59, 96 
Junceic acid 215 
( - )-J unceic acid 214 
ent-Junceic acid 215,248,492 
Jungermannia autumnalis 490 
Jungermannia colorata 71 

Jungermannia comata 311,345,488 
J ungermannia exsertifolia 

subsp. cordifolia 264, 273, 281, 285, 
288,488 

Jungermannia infusca 140,212,214, 231, 
236, 237, 247, 248, 253, 254, 255, 256, 
257, 287, 294, 387, 388, 389, 469, 479, 
488, 490 

Jungermannia obovata 15,22 
Jungermannia paroica 214,247, 248 
Jungermannia rosulans 109, 141 
Jungermannia sp. 212, 229, 231, 465, 467, 

488,489,490 
Jungermannia subulata 252, 261, 285, 297, 

299 
Jungermannia thermarum 262, 267 
Jungermannia torticalyx 387, 388, 389 
Jungermannia truncata 231,253,488,490 
Jungermannia vulcanicola 12, 18, 57, 95, 

231, 254, 488 
Jungermanniaceae 188, 217, 488, 489, 

490,494 
Jungermanniales 22,26,33, 51, 54, 60, 65, 

135, 157, 173, 178, 182, 190, 229, 236, 
237, 266, 268, 271, 275, 292, 297, 319, 
323, 338, 341, 347, 351, 362, 373, 374, 
375, 378, 389, 390, 471, 484, 485, 487, 
488, 493, 495, 496, 497, 520, 521, 522, 
524,525 

Jungermanniidae 47,484 
Jungermanniineae 492,497 
Jungermannioideae 490 
Jungermanool 244 
Juniperus squamata 65 

Kaempferol 378, 379 
Kaempferol-3,4'-di-O-glucoside 413,421 
Kaempferol-3-0-galactoside 413, 421 
Kaempferol-3-0-galactoside-4' -

O-glucoside 409,413,421 
Kaempferol-6-C-glucoside 372, 378, 379 
Kaempferol-3-0-glucoside 413, 421 
Kaempferol-3-0-glucoside-6" -

malonate 413,421 
Kaempferol-6-C-glucoside-3-0-

glucoside 372, 378, 379 
Kaempferol-3-methyl ether 372, 377, 379, 

411 
Kaempferol-3-0-neohesperidoside 413, 

421 
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Kaempferol-3-0-rhamnosyl-
glucoside 413, 421 

ent-Kauran-3~,16~-diol 231, 232, 254 
Kauranes 229,230,232,233,234,235,514 
(16R)-ent-Kauran-15-one 229, 232, 254 
ent-Kauren-3~,151X-diol 231,232,254 
ent-Kaur-16-en-71X,15~-diol 229, 232, 253 
Kaurene 229 
ent-Kaurene 230, 252 
(14R)-ent-Kaur-16-en-15~-hydrogen 

malonate 233, 255 
ent-Kauren-18-oic acid 229,230,253 
Kauren-15-one 229 
ent-Kauren-15-one 230,253 
ent-Kauren-15-one-18-oic acid 229,230, 

253 
ent-Kaur-16-en-15p-yl ent-labdan-8(17), 

13-dien-15-yl malonate 234, 236, 255 
(l4R)-ent-Kaur-16-en-14-yl epi-bornyl 

malonate 233, 255 
ent-Kaur-16-en-15~-yl epi-bornyl malo

nate 234, 255 
(14R)-ent-Kaur-16-en-14-yl fenchyl 

malonate 233, 255 
(14R)-ent-Kaur-16-en-14-yl-hydrogen 

malonate 232, 254 
(14R)-ent-Kaur-16-en-14-yl malonate 232 
Kaurenyl malonates 229 
(14R)-ent-Kaur-16-en-14-yl phytyl 

malonate 233, 255 
ent-Kaur-16-en-15~-yl phytyl 

malonate 234, 236, 255 
7-Keto-8-carbomethoxypinguisenol 131, 

191, 197 
5-Keto-71X,8~,111X-H-germacra-1(1O)-en-

12,81X-olide 123, 173, 174 
7-Ketoisodrimenin 112, 152, 156 
7-Ketoisodrimenin-5-ene 112, 152, 156 
2-Keto-norpinguisone methyl ester 196 
10-Keto-8E-octadecen-6-ynoic acid 382, 

383,387 
Kiaeria starkei 436, 443 
( - )-KolaveIool 212, 213, 214, 237, 

244, 247 
Kolavenic acid 212, 213 

Labda-12,14-dien-7,8-diol 238, 244, 257 
Labda-12E,14-dien-81X, 111; -diol 238, 240, 

257 
Labda-7,13E-dien-15-ol 238, 244, 257 

ent-Labda-7,13E-dien-15-ol 237 
Labda-7,14-dien-13-01 238,257 
( + )-Labda-7,14-dien-13-01 237 
Labda-12,14-dien-81X-ol 237, 238, 257 
ent-Labda-8(17),13-dien-15-yl hydrogen 

malonate 245, 260 
Labdanes 236,238,239,242,243,245,514 
ent-Labda-8(17), 12E,14-trien-3~-01 242, 

259 
Labiatae 243 
Lactone dimer A 118 
Lactone dimer B 118 
Lamiaceae 464 
Laurencia sp. 522 
Laurencia subopposita 138 
( - )-Ledene 33 
ent-( - )-Ledene 34, 70 
Leguminosae 422 
Lejeunea albescens 72,80,81,84,86,87,90, 

121, 282, 285 
Lejeunea cavifolia 372, 377 
Lejeunea discrenata 288 
Lejeunea discreta 71, 72, 90, 121, 129, 134, 

282, 285 
Lejeunea fiava 112, 152 
Lejeunea glaucescens 16, 72, 282, 285, 288 
Lejeunea lumbricoides 66, 68, 72, 86, 121, 

128 
Lejeunea sp. 81, 84, 86, 90, 171, 178, 183, 

192, 282, 285, 288, 465, 467, 501 
Lejeuneaceae 47, 182, 183, 190, 375, 377, 

491, 495, 499, 500 
Lejeuneoideae 500, 501 
Lepicoleaceae 143,495 
Lepidium sativum 477 
Lepidolejeunea ornata 16, 21, 72, 252, 285 
Lepidozanes 54, 57 
Lepidozenal 57, 95, 477 
( - )-Lepidozenal 57 
Lepidozene 56 
Lepidozenol 57 
(4S*,5S*,6R*,7 R*)-1(1O)E-Lepidozen-5-

01 56,57,95 
Lepidozenolide 62, 97 
( - )-Lepidozenolide 61 
Lepidozia borneensis 84, 87, 102, 105 
Lepidozia concinna 108, 140 
LepidoziaJauriana 61,97,98, 116, 160 
Lepidozia reptans 81,90,105,115,160,282, 

285,288,477 
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Lepidozia sp. 494, 518 
Lepidozia vitrea 54, 57, 61, 94, 95, 98, 115, 

116, 128, 135, 159, 160, 182, 205, 303, 
328,477 

Lepidoziaceae 152, 188,494 
Leptobryum pyriforme 439, 443, 456 
Leptobryum sp. 456 
Leptodictyum riparium 465 
Leptolejeunea elliptica 465,467, 500 
Leptoscyphus liebmanianus 69, 72, 81, 90, 

120,290 
Leptoscyphus sp. 491 
Lethocolea glossophylla 72, 90 
Leucobryaceae 452,453,508,509 
Leucobryum candidum 457 
Leucobryum glaucum 392, 397, 439, 443, 

453,477 
Leucobryum neilgherrense 439, 443 
Leucobryum scabrum 439, 443, 447, 448, 

454 
Leucobryum sp. 482 
Leucodontaceae 423 
Leucolejeunea all decurrens 71, 102, 128, 

129, 282, 285, 289, 500 
Leucolejeunea sp. 323 
Leucolejeunea xanthocarpa 204, 500 
Leucolepis menziesii 469 
Levierol 245, 260 
{ + )-Licarin A 355 
{ - )-Licarin A 315, 355, 356 
Lignans 461,517 
Lignin 457 
Limonene 12, 13, 15, 16, 504 
Linalool 13, 16,246,467 
R-Linalool 183 
Linalyl acetate 13, 16 
Linguifolide 217, 249 
Linoleic acid 294, 383, 433, 452, 456 
cx-Linoleic acid 383 
y,y-Linoleic acid 383 
Linolenic acid 294, 381, 383, 433, 452, 455, 

456 
5-Lipoxygenase inhibitory activity 479 
Lippia integrifolia 30 
Lithium diisopropylamide 226 
Longibornanes 179, 180 
Longiborneol 126, 136, 179, 180, 492 
ent-Longiborneol 179 
Longicyclanes 179, 180 
Longicyclene 179, 180 

ent-Longicyclene 179 
Longifolanes 179, 180 
Longifolene 126, 179, 180,492 
ent-Longifolene 179 
ent-Longipinan-3,12-dione 468 
{ - )-ent-Longipinane 181 
Longipinanes 179, 180 
Longipinanol 126, 179, 180,492 
cx-Longipinene 126, 180 
ent-cx-Longipinene 179 
~-Longipinene 126, 180 
ent-~-Longipinene 179 
Longipinenes 181 
Lophocolea bidentata 15, 18, 19,20,21,22, 

24, 25, 60, 61, 69, 72, 75, 80, 81, 87, 96, 
97,102,104,105,113,119,121,168,171, 
261,317,358,380,381,385,386 

Lophocolea coadunata 81, 87, 99, 104, 118, 
119, 168, 285 

Lophocolea heterophylla 15, 16, 17, 18, 19, 
20, 21, 22, 25, 58, 60, 61, 64, 69, 72, 75, 
80, 81, 87, 95, 96, 97, 98, 99, 100, 102, 
104, 105, 113, 115, 116, 118, 120, 121, 
122, 125, 160, 168, 171, 173, 178, 297, 
299, 317, 358, 380, 381, 385, 386, 465, 
466, 491, 510 

Lophocolea minor 465 
Lophocolea sp. 140, 171, 491, 492 
Lophocoleaceae 491, 492 
Lopholejeunea eulopa 68,99, 101, 105 
Lopholejeunea howei 17, 99, 105, 282, 285 
Lopholejeunea subfusca 68, 69, 72, 99, 121, 

285 
Lophozia ventricosa 22, 24, 87, 90, 101, 102, 

105, 108, 115, 116, 124, 125, 160, 176, 
178, 218, 249, 282, 285, 289, 291, 295, 
489 

Lophozia vicrenata 465 
Lophoziaceae 223, 226, 469, 489, 490 
Lophozioideae 489 
Lucenin-2 369, 377, 378, 380, 411, 497 
Lucenin-23'-glucoside 372, 377, 380 
Lung carcinoma (A-549) 472 
Lunularia cruciata 312, 313, 345, 347, 473 
Lunularia sp. 505 
Lunulariaceae 505 
Lunularic acid 297,299,320,321,322,323, 

337, 350, 474, 475, 476, 478, 480, 509, 
520 

Lunularic acid methyl ester 476 
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Lunularin 299, 320, 325, 337, 350, 520 
Lupanes 515 
Lupeol 392, 397, 402, 403 
Lutein 399, 403 
Luteolin 362, 366, 375, 376, 380,409,410, 

422,423,424,425 
Luteolin-6-C-arabinoside-8-C-

giucoside 372,377 
Luteolin-6,8-di-C-arabinoside 370, 377, 380 
Luteolin-6,8-di-C-glucoside 369, 374, 

377,411 
Luteolin-7,3' -di-O-giucoside 368, 376 
Luteolin-6,8-di-C-glucoside-3' -

glucoside 372, 377 
Luteolin-7,3'-di-O-giucuronide 409, 412, 

420, 505 
Luteolin-7,4' -di-O-giucuronide 368, 376 
Luteolin-3',4'-dimethyl ether 367,375, 376 
Luteolin-6,7-dimethyl ether 370, 377 
Luteolin-7,3'-dimethyl ether 367,376 
Luteolin-7-0-gentiobiose 368, 376 
Luteolin-6-C-P-D-glucopyranoside-8-C-IX-

L-rhamnoside 409 
Luteolin-3'-O-glucoside 368, 376 
Luteolin-4' -O-giucoside 368, 376 
Luteolin-6-C-glucoside 413,420 
Luteolin-6-p-D-glucoside 409 
Luteolin-7-0-giucoside 367,375,376,411 
Luteolin-8-C-glucoside 413,420 
Luteolin-8-C-p-D-glucoside 409 
Luteolin-6-C-glucoside-8-C-

arabinoside 372, 377 
Luteolin-7-0-glucoside-6" -hydroxy-3-

methylglutarate 368, 376 
Luteolin-7-0-glucoside-6" -malonate 368, 

376, 409, 411 
Luteolin-6-C-giucoside-8-C-

rhamnoside 412,420 
Luteolin-3' -O-glucuronide 505 
Luteolin-4' -O-glucuronide 368, 376, 380 
Luteolin-7-0-giucuronide 368,376,409, 

411,505 
Luteolinidin-5-0-digiucoside 418,428,430 
Luteolinidin-5-0-giucoside 418, 428, 430 
Luteolin-7-0-neohesperidoside 412,420 
Luteolin-7-0-neohesperidoside-

6"-malonate 412,420 
Luteolin-7 -O-neohesperidoside-6" -malonyl 

ester 409 
Luteolin-4' -O-rhamnosyl-p-D

galacturonide 368, 376 

Luteolin-6,3,4' -trimethyl ether 370, 377 
Luteolin-7,3',4'-trimethyl ether 367,375, 

376 
Lutonarin 372, 375, 377, 409, 411 
Lycopodiaceae 295 
Lymphocytic leukemia (P388) 471, 472 

Maalianes 182, 513 
Maalian-5-ol 128, 182 
ent-Maalian-5-ol 182 
p-Maaliene 127, 182 
y-Maaliene 128, 182 
ent-y-Maaliene 182 
ent-Maali-4(15)-en-1p-ol 183 
( + )-ent-Maali-4(15)-en-lp-ol 128, 182 
Maaliol 128, 182 
MaaIioxide 491 
ent-Maalioxide 124, 176 
Macrolejeunea pallescens 47, 78, 247, 495, 

500 
Macrolejeunea sp. 212 
Magnolia kachirachirai 355 
Makinoa crispata 72, 81, 91, 107, 112, 153, 

156,261,282,285,289,290,523 
M akinoa sp. 502 
Malum cordis 464 
Manniafragrans 109, 143,282,285,289, 

311,343,468, 502, 503 
Mannia sp. 188, 343 
Mannia subpilosa 61,97, 130, 187,292,295, 

310, 343, 503 
Mannitol 388 
( - )-D-Mannitol 391 
( - )-Manool 244 
Manoyl oxide 238, 257 
( + )-Manoyl oxide 237 
Marchantia berteroana 81, 91, 101, 105, 

107, 282, 285, 289, 299, 320, 506 
Marchantia chenopoda 58,95, 135,210, 

299,308,309,320,337,338,473 
Marchantia diptera 282,283,285,289,294, 

310,340 
Marchantiafoliacea 96,97,104,121,171, 

282, 285, 289, 506 
Marchantia paleacea var. diptera 17,19,20, 

65,101,102,105,107,109,113,141,237, 
257, 261, 299, 308, 309, 310, 313, 316, 
317,320,338,347,355,358, 366, 380, 
473,506 

Marchantia palmata 103, 114,261,282, 
285, 289, 308, 309, 310, 335, 341, 506 
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Marchantia plicata 87, 103, 104, 122, 173, 
282,285,290,308,338,473 

Marchantia polymorpha 65, 80, 81, 85, 87, 
95, 101, 102, 103, 105, 107, 108,109, 110, 
114, 116, 130, 135, 141, 143, 146, 160, 
186,204,207, 237, 257, 261, 280, 282, 
284, 285, 289, 290, 297, 299, 308, 309, 
310,311,316,317,318,320,321,335, 
337,338, 340, 341, 345, 356, 358, 361, 
366, 382, 383, 386, 460, 464, 469, 473, 
477,482,506,510,519 

Marchantia tosana 17, 72, 85, 91, 97, 101, 
308,309, 316, 337, 338, 355,473, 506 

Marchantia sp. 140,356,382,472,479,480, 
488, 506, 507 

Marchantiaceae 337, 338, 381, 485, 505, 
506 

Marchantiales 22,51,60,65, 135, 157, 173, 
181,237,266, 292, 297, 319, 335, 337, 
338,340,343, 347, 362, 373, 374, 381, 
389, 428, 471, 472, 485, 493, 501, 502, 
503, 506, 510, 518, 521, 524 

Marchantiidae 47, 362,484, 501 
Marchantiineae 505 
Marchantin A 308, 335, 336, 337, 338, 339, 

340,341,472,473,479,480,481,482, 
506 

Marchantin A trimethyl ether 341,481 
Marchantin B 308, 335, 336, 337, 338, 340, 

341,472 
Marchantin C 309, 336, 337, 338, 340, 341, 

343, 472, 502, 506 
Marchantin C dimethyl ether 309,336,338 
Marchantin C monomethyl ether 309, 336, 

338 
Marchantin D 309,336, 337, 340, 341, 479 
Marchantin E 309, 336, 337, 340, 341, 347, 

479, 506 
Marchantin E trimethyl ether 341 
Marchantin F 310, 336, 337, 341 
Marchantin G 310, 336, 337, 340, 341 
Marchantin H 310, 340, 341,342, 343, 

502 
Marchantin I 310, 340, 341, 342 
Marchantin J 310, 341, 342 
Marchantin K 310,341, 342 
Marchantin L 310,341, 342 
Marchantin M 310, 342, 343 
Marchantin N 310,342, 343 
Marchantin 0 309, 336, 338 
Marchantin P 309, 336, 338 

Marchantinquinone 310,342, 343 
Marchantiopsidae 506 
Marchesinia brachiata 101, 282, 285, 289, 

317, 358 
Marsupella aquatica 49, 127, 179,490 
Marsupella emarginata 49, 113, 126, 127, 

157,179,472,477,490 
M arsupella emarginata subsp. tubulosa 179 
Marsupella emarginata var. patens 49, 58, 

81, 83, 95, 387, 388, 389, 490 
Marsupella sp. 490 
Marsupellaceae 179, 490, 491 
Marsupellol 126, 179, 180 
Marsupellone 126,179, 180,472 
( - )-Marsupellone 179 
ent-Marsupellone 181 
Mastigolejeunea humilis 68, 128,282, 285, 

289 
Mastigolejeunea undulata 99,285 
Mastigophora diclados 47,69,79,81,84,91, 

98, 99, 105, 108, 109, 110, 111, 126, 130, 
135, 147, 152, 179, 190, 246, 262, 282, 
284, 286, 289, 290, 291, 294, 295, 481, 
495 

Mastigophora sp. 143,204, 362,484,495, 
496 

Mastigophora undulata 282,289 
Mastigophora woodsii 109, 110, 147 
Mastigophorene A 111, 147, 150, 151,481 
Mastigophorene Bill, 147, 150, 151,481 
Mastigophorene C 111, 147, 150, 151,481 
Mastigophorene Dill, 147, 150, 151, 152, 

481 
Mastigophoroideae 495 
Mastitis 465 
Maytanbutine 450, 458 
Maytansinoids 457, 460, 472 
May tenus bunchananii 473 
( + )-Mayurone 204,205 
McLafferty-type cleavage 186 
M egaceros arachnoideus 460 
M egaceros fiagellaris 460, 461, 462 
Megaceros sp. 460 
M egaceros tosanus 462 
Megacerotonic acid 461,462,463 
Menorrhalgia 465 
132-(MeOO)-(132-R)-pheophytin a 451, 

459,460 
Methanol 41, 193, 195, 199, 231, 471 
5'-Methoxyamentoflavone-4' -methyl 

ether 426 
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15-Methoxyansamitocin P-3 450,457,458, 
472 

m-Methoxybenzaldehyde 325,340 
2-Methoxybenzyl benzoate 296,297,298, 

384 
3-(4'-Methoxybenzyl)-5,6-

dimethoxyphthalide 316,357 
2-Methoxybenzyl trans-~-methyl-

thioacrylate 384, 390 
3-Methoxybibenzyl 300, 323, 324, 333 
5-MethoxybicycIogermacrene 54, 55,94 
14-MethoxybicycIogermacrene 54, 55,94 
5'-Methoxybilovetin 425,426 
7-Methoxycadalene 64, 65, 100 
(lS,4R)-7-Methoxycalamenene 64, 100 
7-Methoxydehydropinguisenene 131, 191 
(lS)-7-Methoxy-1,2-dihydrocadalene 64, 

100 
4~-Methoxyeudesmanal 115, 158 
Methoxyfrullanolide 118, 164, 167 
3-Methoxy-4-hydroxybibenzyl 300, 323, 

324 
3-Methoxy-4'-hydroxybibenzyl 300,323, 

324,472,473 
3-Methoxy-5-hydroxy-2-(3-methyl-2-

butenyl)bibenzyl 304, 327 
2-Methoxy-4-hydroxyphenyl-1 ~-O

glucoside 318,360 
p-Methoxylacetophenone 189 
3-Methoxy-4-(3-methyl-2-butenyl)-4'

hydroxybibenzyl 303, 325, 327 
4-Methoxymethyl-1-carboxyazulene 43, 

47,79 
3-(3'-Methoxy-4',5' -methylenedioxy

benzyl)-5,7-dimethoxyphthalide 316, 
357 

3-Methoxy-4,5-methylenedioxy-4'
hydroxybibenzyl 301, 325, 326 

6-Methoxy-7 ,8-methylenedioxy-3-
methylisocoumarin 352 

2-Methoxy-5-methyl-1,4-quinone 343 
4-p-(Methoxyphenylethyl)-cycIohex-2-en

I-one 299,322,324 
4'-Methoxyscutellarein-7-0-

g1ucronylrhamnoside 366, 376 
( + )-21cx-Methoxyserrat-14-en-3-one 291, 

293,294 
(R)-Methyl aryllactate 463 
4-Methylazulene 45 
4-Methylazulene-l-carbaldehyde 43, 45, 

46,47,79 

4-Methylazulene-1-carboxylic acid 47 
(R)-( + )-Methylbenzylamine 25 
2-Methylbornanes 23 
2-Methyl-2-bornene 15,22,23 
2-Methylbutanol 381,386 
6-(3-Methyl-2-butenyl) indole 318, 358,360 
7-(3-Methyl-2-butenyl) indole 318,358,360 
Methyl caffeate 460, 461, 462 
4-Methyl-1-carboxyazulene 43,45, 79 
24-Methyl-5,22-cholestadienol 392,395 
24-Methyl-5,7,22-cholestatrienol 392, 397, 

402 
24-Methylcholesterol 294, 519 
24cx-Methylcholesterol 280 
24J3-Methylcholesterol 280 
Methyl cinnamate 296, 297, 298, 466 
Methyl cis-cIerod-3,13(16),14-trien-18-

oate 215, 248 
Methyl coumarate 460, 461, 462 
2-MethyIcycIohexanone 467 
4-MethylcycIohexanone 467 
Methyl 3cx,18-diacetoxytrachyloban-19-

oate 264, 274 
Methyl 3,4-dimethoxybenzoate 296, 297, 

298, 448, 457 
Methyl (3,4-dimethoxylphenyl)-lactate 463 
3(R)-Methyl-5,6-dimethoxy-7,8-methylene-

dioxydihydroisocoumarin 353 
2-Methylenebornane 15,22,23 
24-Methylenecholesterol 516,518,519 
24-MethylenecycIoartanol 280,392,397, 

402,515 
3,4-Methylenedioxy-3'-

methoxybibenzyl 301, 323, 324 
Methylenetriphenylphosphorane 33 
4-Methyl-1-formylazulene 43,45, 79 
6-Methyl-5-hepten-2-one 432,446 
3-Methyl-6-hydroxy-7-carboxy-8-(2-

phenylethyl)-3,5-cycIopropano
chroman 307, 334 

( - )-Methyl13-hydroxy-cIeroda-3,14-
dien-18-carboxylate 212, 213, 247 

Methyl 3cx-hydroxy-18-oleanen-28-
oate 292, 295 

3-Methyl-6-hydroxy-8-(2-phenylethyl)-3,5-
cycIopropanochroman 307,334 

Methyl iodide 51, 152 
2-Methylisoborneol 15 
( - )-2-Methylisoborneol 15,22,23,466, 

491 
1-Methyl-3-isopropylbenzene 13, 14, 18 
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3-Methylmercaptopropylamine 521, 522 
4-Methyl-l-methoxycarbonylazulene 42, 

43, 46, 47, 79 
Methyl-3-methoxy(3-formylphenoxy) 

benzoate 335 
3-Methyl-6-methoxy-8-(2-phenylethyl)-3,5-

cyclopropanochroman 307,334 
Methyl 2-methyl-3,4-methylenedioxy-6-

methoxybenzoate 317, 358, 359 
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Plagiochin D 311, 343, 344, 345 
Plagiodiila acanthophylla 466 
Plagiomnium cuspidatum 409,410,411,413, 

416,425 
Plagiomnium elatum 409,410,411,412,413, 

415,424 
Plagiomnium ellipticum 439, 444 
Plagiomnium maximoviczii 439, 444 
Plagiomnium succulentum 392, 394, 395, 

519 
Plagiomnium trichomanes 510 
Plagiopus oederi 465 
Plagiospirolide A 119, 165, 168, 169, 170 
Plagiospirolide B 119, 165, 168, 169, 170 
Plagiospirolide C 119, 165, 169, 170 
Plagiospirolide D 119, 165, 169, 170 
Plagiospirolide E 119, 165, 169, 170 
Plagiothecium denticulatum 473 
Plagiothecium euryphyllum 439, 444 
Plagiothecium laetum 439, 444 
Plagiothecium nemorale f. japonicum 439, 

444 
Plagiothecium sp. 455 
Plant growth regulatory activity 477,478 
Plastohydroquinone 482, 483 
Plastoquinone 482, 483 
Platinum oxide 338 
Pleuridium subulatum 435, 436, 439, 444 
Pleurodiol 244, 245, 260 

Pleurozia acinosa 20, 32, 67, 86, 87, 88, 89, 
92,103,237,247,257,369,372,373,380, 
497 

Pleurozia articulata 369, 372, 373, 380, 497 
Pleurozia caledonica 369,372,373,380,497 
Pleurozia conchifolia 369, 372, 373, 380, 497 
Pleurozia gigantea 74, 224, 226, 237, 244, 

247, 251, 257, 260, 283, 287, 289, 380, 
497 

Pleurozia giganteoides 380, 497 
Pleurozia heterophylla 380, 497 
Pleurozia purpurea 497 
Pleurozia sp. 212, 380, 497, 498 
Pleuroziaceae 380,497,498 
Pleuroziineae 497 
Pleurozium schreberi 393, 394, 395, 439, 

444,454 
Pleurozium sp. 456 
Pneumonia 465 
Podophyllotoxins 460 
Pogonatum aloides 473 
Pogonatum infiexum 439, 444 
Pogonatum sp. 456 
Pogonatum urnigerum 439, 444, 473 
Pohlia longicollis 398, 399, 400, 401 
Pohlia nutans 440 
Pohlia wahlenbergii 403 
Polygodial 112, 152, 154, 194,468,469, 

470, 475, 494 
( + )-Polygodial 476,478,481 
( - )-Polygodial 475,478,480 
Polygonum hydropiper 470,475,481 
Polypodiaceae 295 
Polysyphonia ferulacea 356 
Polytrichaceae 452,471, 507 
Polytrichadelphus magellanicum 449, 450, 

457 
Polytrichales 362, 455, 456 
Polytrichidae 401, 419, 451 
Polytrichum commune 393, 394, 395, 397, 

398,399,400,401,440,444,449,450, 
454,455,456,457,465,473 

Polytrichum formosum 434, 456 
Polytrichum formosum subsp. euformosum 

var. typicum 396 
Polytrichumjuniperinum 433,440,444,464, 

469, 472, 473 
Polytrichum ohioense 419,432,472 
Polytrichum sp. 432, 456, 464, 465, 475, 

507 



610 Subject Index 

Porella acutifolia subsp. tosana 123, 125, 
131, 173, 176, 197,263,271,468,498 

Porella bolanderi 471 
Pqrella caespitans var. setigera 27, 32, 66, 

67, 134, 202, 263, 271, 498 
Porella cordaeana 16, 18, 19,20,21,32,67, 

112, 114, 129, 131, 133, 134, 152, 183, 
196, 197, 263, 271, 291, 381, 384, 386, 
390, 466, 498, 500 

Porella densifolia 197 
Porella densifolia subsp. appendiculata 20, 

21, 74, 86, 92, 101, 103, 129, 131, 134, 
183, 229, 253, 261, 283, 287, 289, 498 

Porella densifolia var.fallax 74,86,92, 101, 
103, 129, 183, 229, 253, 498 

Porella elegantula 92, 131, 134, 193, 195, 
261, 263, 271, 283, 287, 289, 479 

Porellafauriei 152 
Porella japonica 176, 498, 500 
Porella navicularis 129, 131, 134, 183, 196, 

199,246,262,263,271,498,500 
Porella perrottetiana 237,257,261,263,272 
Porella platyphylla 132, 133, 134, 193, 283, 

287,289,362,473,498 
Porella roellii 32,67, 112, 152,211,247,468 
Porella sp. 192,229,362,467,468,478,484, 

494, 498, 500 
Porella squamurifera 87, 92, 283, 287 
Porella swartziana 27,30,56,66,67,70,92, 

95, 101, 121, 122, 124, 173, 176,283,287, 
291,498 

Porella vernicosa 111,112, 131, 132, 134, 
152,197,200,466,468,470,473,475, 
480,481,498 

Porellaceae 190, 271, 491, 498, 500, 521 
Porelladiolide 125, 176, 178 
Porellapinguisanolide 133, 197, 198 
Porellapinguisenone 131, 191, 197 
Potassium 6-pentadecyl salicylate 313,352 
Potassium 6-tridecyl salicylate 313, 352 
Potassium 6-undecyl salicylate 313, 352 
Pratensein 414,422 
Pratensein-7-0-glucoside 414, 422 
Pratensein-7-0-glucoside-6" -

malonate 415,422 
Preissia quadorata 308, 311, 335, 343, 505, 

506 
Preissia sp. 507 
Prelunularic acid 299, 320, 321, 322 
Propionic acid 433, 446 

Propiothetin 521, 522 
Prostaglandin A2 454 
Proteus mirabilis 474 
Protocatechuic acid 403, 404, 476 
Ps-1 182 
Ps-2 182 
Ps-2' 182 
Ps-3 240, 242, 259 
Ps-4 240, 242, 259 
Ps-5 240, 242, 259 
Ps-7 240, 242, 259 
Ps-m-3 196 
Pseudobrickellia brasiliensis 173 
Pseudomonas aeruginosa 473, 474 
Pseudoscleropodium purum 395, 396, 397, 

473 
Pseudoscleropodium sp. 392 
Psilophytales 509 
Psychosis 465 
Pteridophytes 5,455, 513,514, 515, 516, 

517, 520, 521, 524 
Ptilidiaceae 190,495 
Ptilidiineae 495 
Ptilidium ciliare 386 
Ptilidium pulcherrimum 477 
Ptilidium sp. 192, 362, 484, 495 
Ptychanolactone 133, 198, 199 
Ptychanolide 133, 193, 196, 197, 198, 199, 

200, 201 
Ptychanthoideae 377, 500, 501 
Ptychanthus striatus 122, 128, 129, 131, 

133, 173, 182, 199, 200, 237, 240, 241, 
243,244,259,482 

Ptychantin A 240, 242, 259 
Ptychantin B 240, 242, 243, 259 
Ptychantin C 240, 242, 259 
Ptychantin D 240, 242, 259 
Ptychantin E 241, 242, 259 
Ptychantin F 242, 259 
Ptychantin G 242, 259 
Ptychantin H 242, 259 
Pulegone 13, 14, 18 
Pulmonary tuberculosis 465 
Pusilatin A 313, 350 
Pusilatin B 313,350 
Pusilatin C 313, 350 
Pusilatin D 313, 350 
Pyridine 60, 145, 154, 168, 267 
Pyridinium chlorochromate 12, 187 
Pyrrolidine 403, 406, 408 
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Rabdosia japonica 355 
Rabdosiin 355 
Racemic warburganal 470 
Racomitrium canescens 440, 444 
Racomitrium heterostichum 440, 444 
Racomitrium japonicum 392, 395, 397, 403, 

404,451,482 
Racomitrium lanuginosum 392, 396, 397, 

415, 416, 423 
Radula boryana 18, 51, 69, 85, 89, 92, 106, 

120, 124, 125, 128, 178 
Radula brunnea 496 
Radula buccinifera 106, 300, 301, 302, 306, 

323, 325, 496 
Radula carringtonii 496 
Radula chinensis 496 
Radula companigera 496 
Radula complanata 106, 301, 302, 303, 306, 

307,316,328, 332, 333, 358, 469, 470, 
480,496,497 

Radula constricta 496 
Radulafrondescens 80, 114, 120,300,301, 

303, 323, 328 
Radula grandis 496 
Radula javanica 108, 140, 300, 303, 306, 

307, 323, 328, 333, 334 
Radula kojana 107, 120, 283, 287, 290, 303, 

304,305,312,328,345,496 
Radula lindenbergiana 496, 497 
Radula nudicailis 496 
Radula okamurana 496 
Radula oyamensis 106, 302, 303, 325, 328 
Radula perrottetii 108, 261, 304, 305, 306, 

307,312,313, 318, 328, 330, 332, 334, 
345, 347, 361, 472, 479, 496 

Radula plicata 497 
Radula sp. 140, 158,171,176,182,303,323, 

325,328,345,470,473,479,480,488, 
496 

Radula tasmanica 497 
Radula tokiensis 303, 328 
Radula uvifera 497 
Radula variabilis 108, 140, 300, 303, 306, 

307, 323, 328, 333 
Radula voluta 120, 303, 304, 306, 325, 328, 

332 
Radula wichurae 497 
Radulaceae 485, 496 
Radulanin A 306, 325, 333, 334 
Radulanin B 333, 334 

Radulanin C 306, 325, 334 
Radulanin H 307, 333, 334 
Radulanin I 307, 333, 334 
Radulanin J 307, 333, 334 
Radulanin K 307, 333, 334 
Radulanin L 307, 332, 333, 334 
Radulanolide 316, 357, 358 
Reboulia hemisphaerica 32, 48, 49, 61, 67, 

80, 82, 83, 85, 89, 93, 97, 106, 108, 109, 
130, 135, 141, 187,210,287, 292, 295, 
308, 309, 335, 338, 363, 366, 380, 464, 
502,503 

Reboulia sp. 188, 343 
Rebouliadienol 135,210 
Reboulioideae 502, 504 
Retro-Diels-Alder reaction 169 
Rhabdiweisia crispata 435,436,440,444 
Rhabdiweisia fugax 435, 436, 440, 444 
Rhamnose 374, 388 
Rhamnosides 375 
Rhinitis 465 
Rhizoctonia solani 474 
Rhizogonium spiniforme var. badakense 440, 

444 
Rhizomnium magnifolium 409,411,412,413, 

414 
Rhizomnium parramatense 457 
Rhizomnium pseudopunctatum 409, 411, 

412,413,414 
Rhizomnium punctatum 409, 440, 444 
Rhizomnium tuomikoskii 440, 444 
Rhodobryum giganteum 465 
Rhodobryum roseum 440, 444, 465 
Rhodobryum sp. 455, 469 
Rhodophyceae 512,513,514,515,516,517, 

522, 523 
Rhynia sp. 509 
Rhytidiadelphus loreus 469 
Rhytidiadelphus sp. 392 
Rhytidiadelphus squarrosus 415,416,425, 

440,445 
Rhytidiadelphus squarrosus subsp. 

eusquarrosus 396 
Rhytidiadelphus squarrosus subsp. 

squarrosus 395 
Rhytidiadelphus triquetrus 395 
Rhytidiadelphus triquetrus var. typicus 392, 

395, 396, 397 
Riccardia andina 66,74,75,82,93,95, 106, 

226,251 
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Riccardia chamedryfolia 128,182,318,358, 
486 

Riccardia crassa 114, 135,209,487 
Riccardiajackii 32,67,71,74,80,84,85,93, 

106, 113, 114, 115, 159, 261, 315, 355 
Riccardia lobata var. yakushimensis 17,262, 

269, 480, 487 
Riccardia multifida 307, 308, 310, 318, 335, 

340,358,471,479,486,487 
Riccardia prehensilis 114,287,289 
Riccardia sp. 89, 158, 261, 323, 481, 486, 

487,521 
Riccardiaceae 190, 486, 487, 491 
Riccardin A 307, 335, 336, 337, 471, 479, 

486 
Riccardin B 308, 335, 336, 351, 471, 486 
Riccardin C 308, 321, 335, 336, 337, 341, 

487, 507 
Riccardin D 308, 336, 337 
Riccardin E 308,336,337,487 
Riccardin F 308, 336, 337, 487 
Riccardin G 308; 336, 337 
Riccardiphenol A 135, 208, 209, 487, 512 
Riccardiphenol B 135, 208, 209, 487 
Riccia duplex 386 
Ricciaf/uitans 381, 386 
Riccia sp. 381,507 
Ricciaceae 141, 143, 184, 381, 485, 507 
Ricciella sp. 381 
Ricciocarpin A 129, 184, 185, 475 
(± )-Ricciocarpin A 185 
Ricciocarpin B 129, 184, 185, 475 
Ricciocarpos natans 17, 106, 109, 129, 141, 

184, 261, 297, 299, 308, 319, 320, 321, 
335, 361, 381, 386, 475, 507 

Ricciocarpos sp. 381,507 
Ricciofuranol 129, 184, 185 
Riella sp. 466 
Robustaflavone 423, 424 
Roivaineniajacquinotii 69,82,93,107,114, 

120,287 
ent-Rosa-5,15-diene 268 
(R)-Rosmarinic acid 461, 462, 463, 464 
Rothin A 162 
Rothin A acetate 118, 162, 164 

p-Sabinene 12, 14, 466, 467 
( - )-p..Sabinene 18, 466 
Sabinene hydrate 14, 19 
( + )-D-Saccharofructose 388 

Saccharomyces cerevisiae 474 
Saccogyna viticulosa 135, 207 
Saccogynol 135, 207 
Sacculaplagin 263, 271, 272 
Sacculaporellin 263, 271, 272 
SacculataI 262,268,269,270,469,475,480, 

487 
( - )-SacculataI 269 
Sacculatals 518 
Sacculatanes 268,270,271,514 
Sacculatanolide 262, 269, 270 
Saelania glaucescens 391, 393, 511 
Saelenia sp. 456 
Salidroside 319, 360, 361 
Saliva 38,41 
Salmonela typhimurium 474 
Samek rule 162, 165, 166 
( - )-Sandaracopimaric acid 246, 262, 268 
Sandea sp. 505 
ex-Santalan-12(R),13-diol 134, 203 
Santalanes 202, 203 
p..SantaIene 134, 203 
ex-SantaIol 202, 203 
ex-Santonin 118, 164, 474 
( - )-ex-Santonin 162 
Saponarin 376,409,410 
Sarcoma-37 472 
Sargassaceae 520 
Saussurea lactone 51, 53, 89 
Saxifragaceae 322 
Scapania bolanderi 212,247,265,277 
Scapania crasiretis 57, 74, 95 
Scapania glaucoviridis 89 
Scapania javanica 74, 82 
Scapania maxima 135, 203 
Scapania ornithopodioides 67,69, 70, 82, 85, 

86,87,93,95, 103, 106, 109, 113, 114, 
119, 120, 128, 130, 157, 171, 190, 246, 
261 

Scapania ornithopodioides var. trifidum 99 
Scapania parvid.ns 387, 388, 389 
Scapania ref/exa 107 
Scapania robusta 68, 69, 70, 85, 97, 98, 106, 

107, 109, 113, 114, 125, 126, 135, 157, 
178, 179, 203 

Scapania sp. 59,60,65, 157, 171, 182,212, 
492 

Scapania stephanii 388, 389 
Scapania subalpina 93, 98, 120, 126, 179, 

492 
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Scapania uliginosa 60, 74, 97, 126, 179, 492 
Scapania undulata 60,97, 126, 179,240, 

257,258,314,354,469,492 
Scapaniaceae 153,492 
Scapaniapyrone A 314,353,354 
Scapanin 239, 240 
Scapanin A 239, 240, 258, 469 
Scapanin B 239, 240, 258 
Scapanin B-type labdane 258 
Scapanin G 239, 240, 258 
Scapanins 241 
Sceptridium japonicum 329 
Sceptridium ternatum var. ternatum 328 
Schiffneria hyalina 71, 246, 261, 283, 287, 

290 
Schiffneriolejeunea nymannii 103, 129, 283, 

287 
Schiffneriolejeunea omphalanthoides 68, 71, 

74, 129, 283, 287 
Schistochila acuminata 68, 70, 74, 82, 85, 93, 

103, 106, 109, 135, 214, 248, 249, 265, 
266, 278, 493 

Schistochila aligera 17, 74, 89, 93, 96, 98, 
214, 248, 262, 267, 493 

Schistochila appendiculata 313, 351, 469, 
470, 493, 520 

Schistochila glaucescens 309, 311, 338, 343, 
493 

Schistochila glaucoviridis 85, 93, 98, 106 
Schistochila laminigera 66, 74, 82, 93, 1-06, 

261 
Schistochila nobilis 82, 214, 249, 265, 278, 

493 
Schistochila reflexa 74, 85, 106 
Schistochila rigidula 68, 278 
Schistochila sp. 204 
Schistochilaceae 493 
Schistochilic acid A 214,216,249 
Schistochilic acid B 214, 216, 249 
Schistochilic acid C 214,216,249 
Schistosomiasis 475 
Schistosomisidal activity 465 
Schistostega pennata 456 
Schlotheimia japonica 440 
Schuster's phylogenetic classification 484 
Sciadopitys verticillata 279 
Sclareol 237, 238 
8-epi-Sclareol 237, 238, 257 
13-epi-Sclareol 237, 238 
Sc/eropodium touretii 392, 396, 397 

Scopelophila cataractae 440, 445 
Scutellarein 365, 374, 375 
Scutellarein-7-0-diglucoside 365, 376 
Scutellarein-7-0-glucoxylglucoside 365, 

376 
Scutellarein-7-0-glucoside-6" -hydroxy-3-

methylglutarate 365, 376 
Scutellarein-7-0-glucoside-6" -

malonate 365,376,410 
Scutellarein-7-0-glucoside-6" -malonyl 

ester 409 
Scutellarein-6-0-glucoside-7-0-

rhamnoglucoside 365, 376 
Scutellarein-7-0-xyloside 365, 376 
Scutellarein-6-0-xyloside-7 -0-

glucoside 365, 376 
Secoafricanes 27, 28 
Secoaromadendranes 33, 39 
2,3-Secoaromadendranes 345 
Secoclerodanes 212 
Secoswartzianin A 27,28, 30, 67 
Secoswartzianin B 28, 30, 67 
Seligeriaceae 452, 453, 508 
Selgin 379, 380 
Selgin-6,8-di-C-glucoside 373, 378, 379, 

411 
Selgin-7,5'-di-0-glucuronide 409,414,421 
Selina-4,11-diene 114, 157, 158 
Selina-ll-en-4-ol 115, 158 
ent-Selina-11-en-4-ol 159 
Cl-Selinene 15, 157 
ent-Cl-Selinene 113, 158, 160 
( - )-Cl-Selinene 158 
~-Selinene 157, 162 
ent-~-Selinene 113, 158 
y-Selinene 114, 158 
o-Selinene 114, 157, 158 
( - )-o-Selinene 158, 203 
Senecio oxyriifolius 31 
Sephadex G-75 510 
Sephadex LfI-20 54, 209, 236, 337 
Serpentiphenol 135,209,210,500, 512, 513 
Serratanes 515 
~-Sesquiphellandrene 58, 59, 95 
Sesquiterpenoids 5, 25, 26, 27, 66 
Setiformenol 211, 212, 247 
Shaftoside 412, 420 
Shikimate 408 
Shikimic acid 317,355,358,359 
Sideritis sp. 237 
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Silica gel 33, 42, 138, 193, 209, 219, 236, 
337,460 

Silica gel-Lobor 12 
Siringosterol 516 
Sitosterol 280,288,293,294,392,394,516, 

518,519 
Skatole 318,358,360,468 
Sodium 335 
Sodium cyanoborohydride 145 
Sodium hydride 154 
Solenopodium stochei 211 
Solenostoma obovata 466 
Solenostoma sp. 229 
Solidago elongata 212 
Solidago juncea 214 
Solidago serotina 214 
Solidago sp. 212 
Solvent shift method 175 
Southbya sp. 490 
I3-Spathulene 33, 34, 71 
Spathulenol 33, 35 
( + )-Spathulenol 33 
ent-Spathulenol 33, 34, 71 
Sphaerocarpaceae 485 
Sphaerocarpales 362, 374, 485, 501 
SphagnaIes 362, 408, 455, 456 
Sphagnic acid 403,405,407,408 
Sphagnidae 401,406, 419, 451, 507 
Sphagnorubin 430 
Sphagnorubin A 418, 428, 429, 430 
Sphagnorubin B 418,428,430 
Sphagnorubin C 418, 430 
Sphagnum acid 403, 405, 407 
Sphagnum angustifolium 440,445 
Sphagnum aongstroemii 405 
Sphagnum balticum 405 
Sphagnum centrale 405 
Sphagnum compactum 405 
Sphagnum contortum 405 
Sphagnum cristatum 457 
Sphagnum cuspidatum 405, 433, 440, 445 
Sphagnum fallax 405 
Sphagnum fimbriatum 405, 440, 445, 454, 

473 
Sphagnum fuscum 393, 405 
Sphagnum imbricatum 405 
Sphagnum jensenii 405 
Sphagnum lindbergii 405 
Sphagnum magellanicum 405,406,407,418, 

430,440,445 

Sphagnum majus 405 
Sphagnum moUe 405 
Sphagnum nemoreum 405,418,430,440, 

445,473 
Sphagnum obtusum 405 
Sphagnum palustre 392, 394, 395, 405, 433, 

440,445,469,473,519 
Sphagnum papil/osum 405 
Sphagnum plum 418,430 
Sphagnum portoricense 473 
Sphagnum quinquefarium 405 
Sphagnum riparium 405 
Sphagnum rubellum 405,418,430 
Sphagnum sp. 392, 397, 398, 399, 400, 401, 

403,404,405,408,433,456,475,477, 
510 

Sphagnum squarrosum 406 
Sphagnum strictum 473 
Sphagnum subfulvum 406 
Sphagnum subsecundum 406,473 
Sphagnum temellum 406 
Sphagnum teres 392, 396, 397, 406 
Sphagnum urussowii 405 
Sphagnum warnstorfii 406 
Sphenolobanes 272, 273, 274 
Sphenolobus minutus 70, 83 
Sphenopsidae 510 
Spinuloplagin A 228, 252 
Spinuloplagin B 228, 252 
Spiroclerodanes 212, 218 
Spirodensifolin A 134, 198, 199 
Spirodensifolin B 134, 198, 199,200 
Spiropinguisanes 201 
Spiropinguisanin 134, 197, 198 
Spirovetivanes 202, 203, 204 
Spirovetivene 203, 204 
cx-Spirovetivene 135, 203 
I3-Spirovetivene 135, 203 
Splachnaceae 391, 432, 433, 468, 511 
Splachnum luteum 391, 393, 406, 432, 434, 

445,446 
Splachnum melanocaulon 432, 445, 446 
Splachnum rubrum 391, 393, 404, 406, 432, 

433, 434, 446, 447 
Splachnum sp. 391,403,468 
Splachnum sphaericum 404, 406, 432, 433, 

434,445,446 
Splachnum vasculosum 404, 406, 432, 434, 

445,446 
Spodoptera exempta 475 
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Sporochnol 210, 512 
Sporochnus bolleanus 209 
Sporothrix schenckii 474 
Spruceanthus polymorphus 129, 183 
Squalanes 515 
Squalene 290, 293, 294, 395, 403, 519, 520 
Staphylococcus aureus 473, 474 
Stearic acid 380, 383, 456 
Stellarin-2 373, 378, 379, 380, 411, 497 
Stephaniella paraphyllina 74, 93 
Steroids 293,402, 511, 516 
Sterols 519 
Stevia rebaudiana 469 
Stevioside 469 
Stictolejeunea balfourii var. bekkei 17, 18, 

74,125,287,302,325 
Stictolejeunea squamata 74,261,283,287, 

372,377 
Stigamasta-5,24(28)E-dien-3p-ol 519 
Stigmasterol 280, 284, 293, 294, 392, 394, 

516,518 
Stigmasteryl glucoside 287,293 
Stigmasteryl-3p-glucoside 294 
Streptomyces sp. 466 
Striatene 128, 182, 183, 184, 185, 500 
Striatenic acid 129, 185 
Striatenone 129, 183, 185 
Striatol 129, 182, 183, 185, 501 
Stypodium zonale 209 
Styrene derivatives 517 
( + }-Sucrose 391 
Sulfoquinovosyl diacetylglycerols 455 
Sulfur-containing compounds 384, 517 
Sulfuric acid 278 
Superoxide dismutase-like activity 479 
Superoxide release inhibitory activity 479 
Swartzianin A 28, 30, 66 
Swartzianin B 28, 30, 66 
Swartzianin C 28, 30, 67 
Swartzianin D 28, 30, 67 
Swertia japonica 468 
Symbiezidium barbiflorum 20, 287 
Symbiezidium transversale var. 

hookeriana 283, 287 
Symphyogyna brasiliensis 89,119,170,226, 

251 
Symphyogyna brongniartii 22, 25, 83, 93, 

104, 114, 158, 263, 271 
Symphyogyna podophylla 378 
Symphyogyna sp. 140 

Symphyogynoideae 378 
Syzygiella anomala 70,74, 120, 287,291 

Takakia ceratophylla 488, 525 
Takakia lepidozioides 466, 488 
Takakia sp. 485, 488, 525 
Takakiales 374, 485, 488, 525 
Takakiineae 488 
Tamariscol 130, 188, 189, 190, 467,468, 

499 
( + )-Tamariscol 188 
( - )-Tamariscol 188 
( ± }-Tamariscol 189 
Tamariscol MW-222 188 
Taraxanes 515 
Taraxerol 392, 397, 402, 403 
Taraxerone 392,397,402 
Targionia hypophylla 12,17,20,21,107, 

111,237,257,467,503 
Targionia sp. 152,502 
Targioniaceae 12, 502 
Taxifolin 428 
Taxiphyllum taxirameum 465 
Taxodiaceae 279 
Tayloria sp. 468 
Tayloria tenuis 432, 434 
Taylorione 35, 36, 40, 41, 76, 277 
Termarol 262, 267, 268 
Terpenoids 5, 511, 513 
ex-Terpinene 12, 13, 17, 466 
y-Terpinene 12,13,17,466 
Terpinene-4-ol 13, 18 
ex-Terpineol 12, 13, 18, 511 
Terpinolene 12, 13, 18, 466 
ex-Terpinyl acetate 13, 14, 18 
Tetracosanoic acid 433 
Tetrahydrofuran 226, 321 
1"',2"',3"',4"'-Tetrahydro-3,3",5,5",7,7"-

hexahydroxy-4'" -keto-3',4' -0-2"'
biflavone 417,427 

Tetrahydroscapanin A 240 
3,5,7,4'-Tetrahydroxy-3' -(3" -formyl-6"

hydroxyphenyl)flavanone 414,421 
5,7,3',4'-Tetrahydroxyisoflavone-7 -0-

glucoside 422 
Tetralophozia setiformis 74,211,223,247, 

489 
Tetraphenylethene 335 
Tetraphidales 362, 421 
Tetraphis pellucida 421 
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Tetraplodon mniodes 432, 434 
Tetraplodon sp. 468 
Thamnium alopecurum subsp. 
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Thamnium sp. 392 
Thamnobryum pandum 457 
Thamnobryum plicatulum 440, 445 
Thamnobryum sandei 450, 457 
Thamnobryum sp. 460 
Thuidiaceae 471 
Thuidiopsis furfurosa 398, 399, 400, 401 
Thuidium glaucinum 440, 445 
Thuidium kanedae 391, 392, 395, 396, 397, 

450,460 
Thuidium recognitum 398, 399, 400, 401, 

440,445 
Thuidium recognitum var. delicatulum 441, 

445,473 
Thuidium sp. 392 
Thuidium tamariscifolium 392, 397 
Thuidium tamariscinum 441,445 
( + )-Thujanol 12 
( - )-Thujanol 12, 14, 18 
l-epi-Thujanol 14, 18 
at-Thujene 12, 13, 466 
( + )-at-Thujene 12, 18 
( - )-at-Thujene 12 
Thujopsanes 202, 205 
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Thujopsene 204 
( + )-Thujopsene 204 
( - )-Thujopsene 204, 205 
ent-Thujopsene 135, 205 
( + )-ent-Thujopsene 204 
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ent-Thujopsenone 135, 204, 205 
( - )-ent-Thujopsenone 204 
Thymol 13, 18 
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121, 12~ 261, 28~ 291 
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101, 113, 114, 121, 283, 287, 291 
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287 
Thysananthus mollis 68, 75, 101, 113, 283, 

287,291 
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103, 107 
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Tomentellin 296, 297, 298 
Tomentellol 296, 297, 298 
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Torreyol 60, 62, 97 
Tortula muralis 441, 445, 456, 473 
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9,11at,14-Triacetoxymarsupellone A 127, 

179, 180 
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179, 180 
Triacylglycerols 456 
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Triandrophyllum subtrifidum 283, 352 
Triandrophyllum subtrifidum var. 

trifidum 93, 98, 99, 102, 107, 110, 125, 
146, 283, 287, 291, 314 

Tricetin 379, 380 
Tricetin-6-C-arabinopyranoside-8-C

glucoside 378 
Tricetin-6-C-arabinoside-8-C

glucoside 373, 379 
Tricetin-6,8-di-C-arabinoside 373, 

379 
Tricetin-6,8-di-C-at-L-arabinoside 378 
Tricetin-6,8-di-C-glucopyranoside 378 
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glucopyranoside 377, 378, 484, 497 
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497 
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421 
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Tricetin-6-C-~-glucoside 497 



Subject Index 617 

Tricetin-6-C-glucoside-8-C
arabinoside 373, 379 
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Tricetin-6-C-[3-D-glucosyl-8-C-cx-L
arabinoside 378 

Trichocolea rnol/issirna 296, 298 
Trichocolea plurna 17, 18,20,68,69,96, 

104, 111, 243, 246, 259, 261, 296, 298, 
495 

Trichocolea sp. 140, 152,362,484,495,496 
Trichocolea tornentella 243, 261, 296, 298, 

466,495,496 
Trichocoleaceae 190,491,495 
Trichocolein 296, 297, 298 
Trichocoleopsis sacculata 193,268,475,480 
Trichocoleopsis sp. 468, 481, 495 
Tricholorna rnatsutake 466 
Trichophyton rnentagrophytes 473, 474 
Trichophyton rubrurn 474 
Tricin 379, 380 
Tricin-6,8-di-C-glucoside 373, 379, 380 
cx-Tricodiene 49, 51 
Tricyc1ene 202, 203 
3-Tridecylphenol 313,351,352,520 
Tridecylsalicylic acid 520 
6-Tridecylsalicylic acid 313,351,352 
Tridensenal 186, 474 
( - )-Tridensenal 130, 185 
Tridensene 130, 187 
( + )-Tridensone 186 
( - )-Tridensone 130, 185, 186 
Triethylamine 321 
Trifarienol A 135, 209, 210 
Trifarienol B 135, 209, 210 
Trifarienol C 135, 209, 210 
Trifarienol D 135, 209, 210 
Trifarienol E 135, 209, 210 
1,3,5-Trihydroxybenzene 457 
5,3',4'-Trihydroxybibenzyl-2-0-[3-D
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5,7,3' -Trihydroxy-4'
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3,4,5-Trihydroxy-2-(3-methyl-2-

butenyl)bibenzyl 496 
2 [3,9cx, 13 [3-Trihydroxyverrucosane 264, 

275,276 
2,4,5-Trimethoxyallylbenzene 317, 359 
3-(3',4',5'-Trimethoxybenzyl)-5, 7-

dimethoxyphthalide 316, 357 

3,4,5-Trimethoxybenzyltriphenylphos
phonium bromide 340 

3,4,7-Trimethoxy-9, 1 0-
dihydrophenanthrene 315, 355, 356 

3,4,4' -Trimethoxy-2-hydroxybibenzyl 301, 
324 

2,4,7-Trimethoxynaphthalene 314,352, 
353 

2,4,5-Trimethoxystyrene 317, 359 
( - )-2-(1,2,2-Trimethyl)-cyc1opentyl-6-

methyl-1,4-quinone 108, 140, 142 
(lS)-1,2,2-Trimethyl-rn-tolyl-

cyc10pentane 109, 143, 144 
Trinoranastreptene 22, 24, 25, 43, 44, 46 
Triphenylphosphitemethiodide 145 
Tris-normonoterpenoids 15, 16, 23 
Tris-norsesquiterpenoids 24, 66 
Triterpenoids 293, 294, 295, 402 
Tritornaria quinquedentata 75, 119, 168, 

287, 386, 489 
Trocholejeunea sandvicensis 56,95, 131, 

132, 133, 197, 301,316, 318, 325, 358, 
361,471 

Trocholejeunin 318, 360 
Tryptophan 478 
Tubocurarine 481 
d-Tubocurarine 481,482 
Tulipinolide 122, 162, 173, 174, 176, 504 
Tumor promoting activity 465 
Tylimanthin A 306, 331, 332 
Tylimanthin B 306, 331, 332 
Tylimanthin C 306,331, 332 
Tylirnanthus urvilleanus 120, 283, 287, 306, 

332 
Tympanitis 465 

Ullmann coupling 335 
Umbelliferae 173 
6-Undecylcatechol 313, 351, 352 
3-Undecylphenol 313, 351, 352, 520 
3-Undecylsalicylic acid 351 
6-Undecylsalicylic acid 313, 351, 352, 520 
Urbanodendron verrucosurn 355 
U rocystitis 465 
Uropathy 465 
Ursanes 515 
Ursolic acid 392, 397, 402 
Uvaria purpurea 296 

Valencanes 202,206 
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Valencene 204, 206 
Valeric acid 433, 446 
Vanillic acid 403, 404, 407 
Vanillin 403,404,407 
Vasopressin antagonist activity 480 
Ve1utin 367, 376 
Ventricosenediolide 217, 218, 249 
Ventricosin A 115, 160, 161 
Ventricosin B 124, 176 
Vernonia sp. 53 
Verrucosanes 273,275,277,278, 279, 514 
ent-Verticillanediol 266, 279, 280 
ent-13-epi-Verticillanediol 266, 279, 280 
Verticillanes 278, 280 
Verticillene 266, 279, 280 
( + )-Verticillol 279 
ent-Verticillol 266, 278, 280 
ent-13-epi-Verticillol 266,279,280 
Vesiculariaferriei 441,445 
Vicenin-2 364, 374, 378, 380,410 
4-Vinylguaiacol 317,358,359 
Vinylmagnesium bromide 467 
Violaxanthin 400, 403 
Viridiflorol 34, 75 
( - )-Viridiflorol 33 
Vitamin B2 482 
Vitamin E 482, 483 
Vitamin K 482, 483 
Vitexin-2" -rhamnoside 412, 420 
Vitranes 205,206, 514 
Vitrenal 135, 206, 207 
( + )-Vitrenal 205, 206, 477 
( - )-Vitrenal 205,477 
(IR,6R,7S,10R)-Vitr-4-en-14-al 205 
Volatile terpenoids 64 

Warburganal 475, 476 
( - )-Warburganal 470 
Warburgia ugandensis 475 
Weissia viridula 465 
Wettstein A 314, 353 
Wettstein B 314,353 
Wettstein C 314, 353 
Wettsteinia inversa 314, 352,493 
Wettsteinia schusterana 314,353,493 
Wettsteinia sp. 493 
Wettsteinolide 314, 353 
Widdranes 205, 207 
Widdrene 207 
( - )-Widdrol 135,207 
Wiesnerella denudata 16, 17, 18, 19, 21, 60, 

97,101,118,121,122,123,125,162,171, 
173, 176,261,291,308,309,317,338, 
358, 380, 385, 466, 471, 472, 475, 503, 
504 

Wiesnerella sp. 468 
Wijkia concavifolia 441, 445 
Wittig reaction 33, 335, 340, 347 
Wollf-Kishner reduction 231,277 

Xanthones 517 
Xylose 374, 389 
Xylosides 375 

Zaluzanin D 178, 472 
Zeaxanthin 401,403 
IX-Zeorin 292, 293, 295 
Zieranes 205 
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Zooxanthella sp. 512 
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