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Chemical Constituents of the Bryophytes
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.
Because 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 1a). The
Musci are divided into 7 subclasses and 15 orders (Table 1b) while the
Anthocerotae comprises only three families (Table 1c).
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Table 1a. Classification of Hepaticae (Liverworts)

Subclass: Jungermanniidae
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,
Xenothullus
Order: Takakiales
Family: Takakiaceae: Takakia
Order: Calobryales
Family: Haplomitriaceae: Haplomitrium
Order: Jungermanniales
Suborder: Jungermanniineae
Family: Jungermanniaceae
Subfamily: Lophozioideae: Chandonanthus, Barbilophozia,
Anastrepta, Lophozia, Gymnocolea,
Sphenolobopsis, Sphenobus,
Anastrophyllum, Tritomaria
Jamesonielloideae: Jamesoniella
Myliioideae: Mylia
Jungermannioideae: Jungermannia, Nardia
Family: Gymnomitriaceae: Marsupella, Gymnomitrion, Prasanthus
Acrobolbaceae: Acrobolbus, Tylimanthus
Arnelliaceae: Arenellia, Southbya, Gongylanthus
Plagiochilaceae: Pedinophyllum, Plagiochila
Lophocoleaceae: Heteroscyphus, Leptoscyphus, Lophocolea,
Chiloscyphus, Clasmatocolea
Geocalycaceae: Geocalyx, Harpanthus, Saccogyna
Scapaniaceae: Douinia, Diplophyllum, Scapania
Family: Balantiopsidaceae: Balantiopsis
Schistochilaceae: Schistochila
Suborder: Lepidoziineae
Family: Adelanthaceae
Subfamily: Adelanthoideae: Adelanthus
Odontoschismatoideae: Odontoschisma, Jackiella
Family: Cephaloziellaceae: Cephaloziella
Cephaloziaceae: Cephalozia, Nowellia, Cladopodiella,
Subfamily: Cephalozioideae: Cephalozia, Nowellia, Cladopodiella,
Pleuroclada
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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,
Neotrichocolea
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: Jubulineae
Family: Frullaniaceae ( = Jubulaceae): Frullania, Jubula
Lejeuneaceae
Subfamily: Ptychanthoideae: Marchesinia, Dicranolejeunea
Lejeuneodieae: Cheilolejeunea, Harpalejeunea,
Drepanolejeunea, Lejeunea
Cololejeuncoideae: Colura, Cololejeunea
Subclass: Marchantiidae
Order: Sphaerocarpales
Family: Riellaceae: Riella
Sphaerocarpaceae: Shaerocarpos
Order: Monocleales
Family: Monocleaceae: Monoclea
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,

Neohodgsonia




8 Y. ASAKAWA

Table 1a (continued)

Family: Exormothecaceae: Exormotheca
Corsiniaceae: Corsinia
Suborder: Ricciineae
Family: Oxymitraceae: Oxymitria
Ricciaceae: Ricciocarpos, Riccia

Table 1b. Classification of Musci (Mosses)

Subclass: Andreacidae
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, Oreas, Oreoweisia,
Paraleucobryum, Rhabdoweisia, Trematodon
Family: Leucobryaceae: Leucobryum, Leucophanes
Order: Pottiales
Family: Calymperaceae: Calymperes, Exostratum, Syrrhopodon
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Table 1b (continued)

Pottiaceae: Anoectangium, Barbula, Bryoerythrophyllum,
Chenia, Desmatodon, Dialytrichia, Didymadon,
Eucladium, Gymnostronum, Hydrogonium
Hymenostylium, Hyophila, Leptodontium,
Luisierella, Molendoa, Oxystegus, Phascum,
Pottia, Pseudosymblepharis, Scopelophila,
Streblotrichum, Timmilella, Tortella, Tortula,
Trichostomum, Tuerckheimia, Weissia, Weisiopsis
Encalyptaceae: Encalypta
Order: Grimmiales
Family: Grimmiaceae: Campylostelium, Coscinodon, Grimmia,
Ptycomitrium, Racomitrium, Schistidium
Erpodiaceae: Aulacopilum, Glyphomitrium, Venturiella
Order: Funariales
Family: Disceliaceae: Discelium
Ephemeraceae: Ephemerum, Micromitrium
Funariaceae: Entosthodon, Funaria, Physcomitrella,
Physcomitrium
Splachnaceae: Gymnostomiella, Oedipodium, Splachnum,
Tayloria, Tetraplodon
Order: Schistostegales
Family: Schistostegaceae: Schistostega
Order: Eubryales
Family: Bryaceae: Anomobryum, Brachymenium, Bryum,
Epipterygium, Leptobryum, Mielichhoferia,
Plagiobryum, Pohlia, Rhodobryum
Mniaceae: Cinclidum, Cyrtomnium, Mnium, Orthomnium,
Plagiomnium, Pseudobryum, Rhizomnium,
Trachycystis
Aulacomniaceae: Aulacomnium
Rhizogoniaceae: Pyrrhobryum
Hypnodendraceae: Hypnodendron
Meesiaceae: Paludella
Timmiaceae: Timmia
Bartramiaceae: Bartramia, Bartramidula, Breutelia,
Conostomum, Fleischerobryum, Philonotis,
Plagiopus
Order: Orthotrichales
Family: Rhachitheciaceae: Hypnodontopsis, Rhachithecium
Orthotrichaceae: Amphidium, Drummondia, Macrocoma,
Macromitrium, Orthotrichum, Schlotheimia,
Ulota, Zygodon
Order: Isobryales
Family: Rhacopilaceae: Rhacopilum
Fontinalaceae: Dichelyma, Fontinalis
Climaciaceae: Climacium
Pleuroziopsidaceae: Pleuroziopsis
Hedwigiaceae: Hedwigia
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Table 1b (continued)

Cryphaeaceae: Cryphaeae, Cryptodontopsis,

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

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

Floribundaria, Meteoriella, Meteoriopsis,

Meteorium, Pseudobarbella

Neckeraceae: Bissetia, Himantocladium, Homalia,
Homaliadelphus, Homaliodendron, Neckera,
Neckeropsis, Pinnatella, Thamnobryum

Lembophyllaceae: Dolichomitra, Dolichomitriopsis,

Isothecium, Neobarbella
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,
Helicodontium, Schwetschkea,
Schwetschkeopsis
Leskeaceae: Iwatsukiella, Lescuraea, Leskea, Leskeella,
Lindbergia, Okamuraea, Orthoamblystegium,
Pseudoleskea, Psudoleskeella,
Pseudoleskeopsis, Rigodiadelphus
Thuidiaceae: Abietinella, Anomodon, Boulaya, Bryonoguchia,
Claopodium, Haplocladium, Haplohymenium,
Helodium, Herpetineuron, Heterocladium,
Hylocomiopsis, Miyabea, Rauiella, Thuidium
Amblystegiaceae: Amblystegium, Calliergon, Calliergonella,
Campyliadelphus, Campylium,
Campylophyllum, Cratoneuron,
Drepanocladus, Hamatocaulis,
Hygroamblystegium, Hygrohypnum,
Leptodictyum, Limprichtia, Loeskypnum,
Palustriella, Platydictya, Pleurozium,
Pseudohygrophypnum, Sanionia,
Sarmenthypnum, Sasaokaea
Brachytheciaceae: Brachythecium, Bryhnia, Camptothecium,
Cirriphyllum, Cratoneurella, Eurhynchium,
Homalothecium, Kindbergia,
Kurohimephypnum, Myuroclada,
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Table 1b (continued)

Palamocladium, Platyphypnidium,
Rhynchostegiella, Rhynchostegium,
Scorpiurium
Entodontaceae: Entodon, Orthothecium, Pseudoscleropodium,
Pterigynandrum, Sakuraia
Plagiotheciaceae: Isopterygiopsis, Plagiothecium
Sematophyllaceae: Acroporium, Aptychella, Brotherella,
Clastobryella, Heterophyllium, Meiothecium,
Neacroporium, Pylaisiadelpha, Radulina,
Rhaphidorrhynchium, Rhaphidostichum,
Taxithelium, Trichosteleum, Tristischella,
Wijkia
Hypnaceae: Callicladium, Ctenidium, Ectropothecium,
Eurohypnum, Glossadelphus, Gollania,
Herzogiella, Homomallium, Hondaella, Hypnum,
Isopterygium, Phyllodon, Platygyrium, Podperaea,
Pseudotaxiphyllum, Ptilium, Pylaisiella,
Rhytidiadelphus, Stereodontopsis, Vesicularia
Rhytidiaceae: Rhytidium
Hylocomiaceae: Hylocomiastrum, Hylocomium,
Loeskeobryum, Macrothamnium

Table 1c. Classification of Anthocerotae (Hornworts)

Order: Anthocerotae
Family: Anthocerotaceae: Anthoceros, Megaceros, Phaeoceros
Dendrocerotaceae: Dendroceros
Notothyladaceae: Notothylas

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 LiAIH,
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), -
(27) and B-pinene (28), as minor components. a-Terpineol (17) has been
isolated from stem-leafy liverwort Jungermannia vulcanicola (437).

European Conocephalum conicum elaborates ( — )-thujanol (21) and
its epimer (22) (I46). The '*CNMR 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 B-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 ( + )-a-thujene (20a).

The enantiomeric composition [%( + )/( — )] of the monoterpene
fraction has been estimated as limonene (9) (3/97), B-phellandrene (12b)
(31/69), a-thujene (20a) ( > 95/ < 5), B-sabinene (23) (0/100), a-pinene (27)
(2/98), B-pinene (28) (0/100) and camphene (37) (4/96). In order to
determine the exact enantiomeric composition of the monoterpene
hydrocarbons found in C. conicum, ( + )-8-phellandrene (12b) ([o]p, + 48)
and ( — )-a-thujene (20b), the enantiomer of (20a), were synthesized. In
addition to the above monoterpenoids, the non-chiral monoterpene
hydrocarbons, myrcene (1), a-terpinene (10), y-terpinene (11), terpinolene
(13) and p-cymene (15a), as well as a trace amount of a-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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Chart 1a. Monoterpenoids found in the Hepaticae

13
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Chart 1b. Monoterpenoids found in the Hepaticae

Nerol (4) and its acetate (5), neral (6a), geranyl acetate (8), pulegone
(14), 1-methyl-3-isopropyl benzene (16), a-terpinyl acetate (18), sabinene
hydrate (24), A3-carene (25), 1,8-cineole (26), trans-pinocarveol (31a),
pinocarvone (32), isopinocamphone (33), myrtenol (34), methyl myrtenate
(35), fenchone (36), camphorenaldehyde (41) and cyclocitral (42) have
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been newly found in liverworts together with previously known monoter-
penoids as shown in Chart 1 and Table I1a. The monoterpenoids found
most frequently in liverworts are a-pinene (27), B-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, a-selinene
(354) and related sesquiterpene lactones were isolated from L. hetero-
phylla (586).
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Chart 1c. Mono-, tris-normono- and homomonoterpenoids found in the Hepaticae

B ) A
g

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 Cal ypogeia
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 (85, 8aS)-
( —)-3,8-dimethyl-1,2,6,7,8,8a-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 KoBavasHi et al. shown in Scheme 2 (332).

A unique tris-norsesquiterpene (54) has been isolated from Taiwanese
Bazzania fauriana 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

Chart 2. Tris-norsesquiterpenoids found in the Hepaticae and their related compounds
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Scheme 2. Possible biogenetic pathways for trinoranastreptene and clavukerin 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). In 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).

B-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 widdrane-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 (/9).

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 ( = Heteronuclear Multiple Quantum Coherence), HMBC (*H-
Detected Multiple Bond Heteronuclear Multiple Quantum Coherence
Spectrum Connectivity), NOESY (Nuclear Overhauser and Exchange

(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, Norafricanes and Secoafricanes

Porella 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 LiAlH, gave a triol (59a) and its epimer
(59¢) 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 (59e).
Dehydration of (5§9a) with p-TsOH gave three ring-cleaved compounds
(59f-59h). LiAIH, reduction of (59f) afforded a diol (59i), followed by
benzoylation with p-bromobenzoyl chloride to furnish a mono-benzoate
(59)). The relative stereochemistry of the methyl groups on C-4 and C-10
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 (Ae — 8.7) for (59b) and 253 nm (Ae — 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 LiAlH, to (59a). The
'H- and '3*C-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 (H-'H, long range '3C-'H). Compound (66) may originate
from co-metabolite (59).

From the ether extract of a Colombian liverwort, Porella swartziana,
a new african-type sesquiterpenoid, caespitenone (61) for which pseudo-
guaiane-type structure had been proposed previously (/9) 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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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 'H-'H-, 13C-1H-,
long range '*C-'H-2D-COSYs and HMBC experiments. The absolute
configuration of (61) was settled by the 600 MHz NOESY spectrum of a
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1) LIAIH4/Et,O 2) p-BrBzCIPy 3) Me,CO/CuSO, 4) p-TsOH/CgHg 5) Ac,0/Py

Scheme 3. Reactions of africane-type sesquiterpenoids

mono-alcohol (61a) prepared from (61) with (PhSe), in NaBH, and the
negative Cotton effect at 236 nm (Ae — 11.2) of a mono-bromobenzoate
(61b) prepared from (61a) by reduction with NaBH, in CeCl; 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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2,3)
= p-BrBzOw-

HY]

(61) (61a) (61b)

1) (PhSe),/NaBH,/EtOH 2) NaBH,/CeClyMeOH 3) p-BrBzCI/DMAP/Py

Scheme 4. Reaction of caespitenone

(67) (67a) (67b)
1) Oy/MeOH 2) NaBH, 3) p-BrBzCI/DMAP/Py

Scheme 5. Reaction of secoswartzianin A

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

Further fractionation of the ether extract of P. swartziana yielded four
africane-type, swartzianins A—D (62-65), one 3,4-secoafricane-type seco-
swartzianin B (68) (4#41a, 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 scalaris, isoafricanol (70), the C-4
epimer of africanol (72) which has been found in a sapwood staining
ascomycete fungus (/a) has been isolated together with new diterpenoids
(vide infra) (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



Chemical Constituents of the Bryophytes 31

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).

(74) R=H

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. roellii (543). Reboulia hemisphaerica also pro-
duces ent-aristolone (82) (55), together with the new labile ent-aristol-1,8-
diene (85) (249) and ent-8B-hydroxyaristolene (83) (73). ( + )-Aristol-9-ene
( = a-ferulene) (84) is the minor component of Pleurozia acinosa (625)
while Riccardia jackii produces ent-( + )-aristolan-10B-ol (86) (380). Two
new aristolanes, ( 4+ )-aristol-9-en-12p-al (87) and ( + )-aristol-9-en-12p-
oic acid (88) have been isolated from Taiwanese Bazzania tridens; the
structure assignment was based on analysis of the 'H- and '3C-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).

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

Ent-aromadendrane-type sesquiterpenoids are widespread in Junger-
manniales. Secoaromadendrane-type sesquiterpenoids are mainly dis-
tributed in Plagiochila species. The previously known aromadendrene
(89), alloaromadendrene (90), o- (91) and B-gurjunene (92), anastreptene
(93), ( — )-ledene (94), ( + )-cyclocolorenone (96), spathulenol (97), myliol
(98), dihydromylione (99), and C-10-epi-globulol (100) have been detected
in Jungermanniales. B-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 B-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
semipreparative 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 EicsEr (168). So far, it has been impossible to reduce ( — )-9-
anastreptone to anastreptene (93). Two sesquiterpenoids, B-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-10-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-10-epi-globulol
because of the identity of the spectral data (460).

Mpylia 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
'H- and 3C-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 NaBH, to afford ( — )-a-gurjunene (91)
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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 OsO, gave a diol, which was
treated with NalO, 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 (Ae + 0.49) of ketoalcohol (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-4f,100-Dihydroxyaromaden-
drane (107) has been isolated from Plagiochila ovalifolia (435a). Its
enantiomer has been found in higher plant, Brasilia sickii (114a).

Three dimeric sesquiterpenoids, myltaylorione A (108), myltaylorione
B (109) and bitaylorione (110), were isolated from an ethanol extract of
Mpylia taylorii (531). Structures (108, 109) were suggested by comparison
of the 'H- and 13C-NMR spectra with those of ( — )-dihydromylione (99)
and ( — )-dihydrotaylorione (112) derived from taylorione (111) (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 (113) and mylione (114)
although 113 and 114 have not been found in M. taylorii (Scheme 7).
Bitaylorione (110) was also shown to be a dimeric sesquiterpenoid with a
tricyclic (5,6,5)-ring system on the basis of 2D-'H-'H 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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Chart 6b. Aromadendrane-secoaromadendrane and secoaromadendrane-secoaromaden-
drane dimers found in the Hepaticae

Scheme 7. Formation of dimeric sesquiterpenoids by a Diels-Alder type reaction
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The known 2,3-secoaromadendrane-type sesquiterpenoids plagio-
chilide (121), plagiochiline A (115), B (116), C (117), D (118), E (119), H
(120), hanegokedial ( = plagiochilal A) (123), ovalifolienal (124) and 9a-
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
novel 2,3-secoaromadendrane-type sesquiterpenoids, plagiochilal B (126)
possessing powerful pungency, plagiochiline J (127) and plagiochiline K

Chart 6¢. 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 (/85).

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 Plagiochila fruticosa (185) together with
furanoplagiochilal (126d) in good yield (248, 252). Treatment of (115) with

Scheme 8. Correlation of plagiochilal B, plagiochilines J and K with plagiochiline A
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Chart 6d. Secoaromadendranes and norsecoaromadendranes found in the Hepaticae

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

Two novel hemiacetals, 9a-acetoxy-10p-ovalifolianal (129) and 9pB-
acetoxy-10x-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.



40 Y. ASAKAWA

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 ( — )-bicyclo[5.1.0Jenone (547) in five steps.

Taylorione (111) a 1,10-secoaromadendrane-type sesquiterpene ke-
tone, has been isolated from Mylia taylorii. Its absolute stereostructure
was established by spectral and chemical evidence as well as total
synthesis (19, 647).
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Scheme 10. Formation of plagiochilal B and furanoplagiochilal from plagiochiline A

Two further secoaromadendranes, ( — )-3,10-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 'H-NMR spectroscopy using shift reagent and
by comparing the }3C-NMR spectrum with that of taylorione (111). The
spectral data of a hydroxyketone (135a) obtained from (135) with KOH in
methanol were quite similar to those of taylorione (111), 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 1,10-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 (111) (242). The NMR spectrum of (136) was very similar to that of
taylorione (111) 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-1 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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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-1-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 chromatographed 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 SiO,, n-hexane elution, N, atmosphere) and subse-
quent preparative HPLC using n-hexane as a solvent. When the solvent
was removed under N,, (150) was converted to 1,4-dimethylazulene (137)
and a colorless polymer. Compound (150) had UV absorption maxima at
211 nm (sh), 288 (log £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 ([o]p + 1165°) and CD Cotton effects
(235nm, Ae —47.4 and 314.0nm, Ae + 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 11. 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 !3C 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 ; R'=R%-Me
(138) 4-Methyl-1-methoxycarbonylazulene ; R1=002Me, R%=Me
(139) 4-Methylazulene-1-carbaldehyde
(=4-Methyl-1-formylazulene) ;R1=CHO, R%=Me
CS (140) 4-Methyl-1-carboxyazulene ; R'=CO,H, R®=Me
L (141) 4-Methoxymethyl-1-carboxyazulene ; R‘:COZH, R2=CH20Me
R (142) 1,4-Dicarboxyazulene ; R'=R*=CO,H
(143) 4-Hydroxymethyl-1-methoxycarbonylazulene ;
R'=CO,Me, R?=CH,0H
(144) 4-Carboxy-1-methoxycarbonylazulene ;
R'=CO,Me, R?=CO,H

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

(146) 4-Formyl-1-methoxycarbonylazulene

(147) Guaiazulene

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

(150) (+)-1,8a-Dihydro-3,8-dimethylazulene
(=8,10-Dihydro-1,4-dimethylazulene)

Chart 7a. Azulenes and indenes found in the Hepaticae

enriched. These results indicate that (137) is formed via optically active
3,10-dihydro-1,4-dimethylazulene (150), 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
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Scheme 11. Incorporation of '3C from [2-13C]-labeled acetate into 1,4-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 (15,8aS)-( + )-1,8a-di-
hydro-1-methoxy-8a-methylazulene (155) and (18,8aS)-( + )-1,8a-
dihydro-1-methoxy-6,8a-dimethylazulene (156) (235), as well as by syn-
thesis of two more closely related model compounds, (8aS)-( + )-
1,8a-dihydro-8a-methylazulene (157) and (8aS)-( + )-1,8a-dihydro-
6,8a-dimethylazulene (158), and measuring their chiroptical properties
(236). The CD Cotton effects of (157) 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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Chart 7b. Synthetic azulene derivatives related to the naturally occurring dihydroazulene
(150)

of (18,3SR.4S,7R,8SR)-( + )-7-bromo-2,3,3a,4,5,7,8,8-octahydro-1,4-di-
methoxy-8a-methyl-6(1H)-azulene-6-ethylene acetal (159) completely
established the absolute configuration of (150) with its twisted n-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-1-carbaldehyde ( = 4-methyl-1-formylazulene) (139) and
4-methyl-1-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 'H-NMR and mass spectral data with those of the known
azulenes (137) and (138). Presence of a sharp singlet at 610.35 (CH = O)
and the far downfield shift of the H-8 signal (doublet at 8 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-1,4-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 'H-NMR and
mass spectral data of (145) were identical with those of 1,4-dimethyl-3-
formylazulene which was synthesized from 1,4-dimethylazulene by
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formylation with DMF-POCI,. The structure proposed for (146), 4-
formyl-1-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 1,4-dimethylazulene (137) and its analogues
were characteristic compounds of Calypogeia species (Calypogeiaceae).

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 '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 (/9). Among them, the hydrocar-
bon B-barbatene ( = gymnomitrene) (162) is the most familiar compound.
However, oxygenated barbatane-type sesquiterpenoids are rare. o-Bar-
batene (161) is often detected by GC-MS; however it seems to be an
artifact since during preparative GC the facile isomerization of f-
barbatene to the a-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
(140).

Bazzania fauriana contains a-barbatene (161), B-barbatene (162) and
gymnomitrol (163) (581). Bazzania trilobata elaborates a number of
sesquiterpenoids such as barbatenes, bazzanenes and calamenenes (/9).
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), 9a-hydroxygymnomitryl acetate (165) and
9a-hydroxygymnomitryl cinnamate (166) have been isolated from the
non-pungent Plagiochila trabeculata, together with p-barbatene (162) and
gymnomitrol (163); their structures were elucidated by a combination of
extensive NMR studies and chemical correlations (589). That compound
(166) was 9o-hydroxygymnomitryl cinnamate and not 9a-cinnamoxy-
gymnomitrol was established by extensive spin decoupling and 2D-COSY



48 Y. ASAKAWA

ob Ob Uh b

(161) a-Barbatene (162) B-Barbatene (163) Gymnomitrol (164) 9-Oxogymnomitryl
acetate

H
(165) 9a-Hydroxygymnomitryl acetate ; R‘:OAc, R?=OH
R2ue- 3! (166) Sa-Hydroxygymnomitryl cinnamate ;
R'=0COCH=CHCgHs, R®=OH

H

H

) :

H H

CJ

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

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

(169) (+)-88-Hydroxy-gymnomitran-9-one

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

(172) (-)-Gymnomitr-8(12)-en-15-al ; R=CHO

(171) (-)-Gymnomitr-8(12)-en-15-ol ; R=CH,0OH
> (173) (-)-Gymnomitr-8(12)-en-15-oic acid ; R=CO,H

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-9a-~0l (167) and ( + )-gymnomitr-
8(12)-en-9-one (168) (411, 412). ( + )-8p-Hydroxygymnomitran-9-one
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(169) has been isolated only from agar cultured R. hemisphaerica while
(8R)-( + )-gymnomitran-9-one (170) has been found only in material
gathered in the field. The structure assigned to (167) was based on *H- and
13C-NMR spectral data, comparison with the spectra of gymnomitrol
(163) and conversion (167) by CDClI; in an NMR tube to a mixture of
naturally occurring ( + )-gymnomitr-8(12)-en-9-one (168) and (8R)-( + )-
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
( + )-8B-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-8(12)-en-15-01 (171), ( — )-gymnomitr-8(12)-en-15-al
(172) and ( — )-gymnomitr-§(12)-en-15-oic acid (173) have been isolated
from Marsupella emarginata var. patens, along with (—)-B-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 B-bazzanene (175) whose acid catalyzed rearrangement has
been investigated by Wu and Liu (634).

5.7 Bazzananes

Three bazzanane-type sesquiterpenoids, a-bazzanene (174), B-bazzan-
ene (175) and bazzanenol were previously known in liverworts (/9).
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). a-Bazzanene (174) has been obtained by
isomerization of B-bazzanene (175) with formic acid at room temperature,
together with a-tricodiene (182) (Scheme 13) (19). A new bazzanane-type
hydrocarbon, isobazzanene (178) has been isolated from Bazzania fauri-
ana and B. angustifolia; its structure was elucidated by analysis of the
'HNMR and MS spectra and by its partial synthesis from B-bazzanene
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Chart 9. Bazzananes found in the Hepaticae

(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), a-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
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(182) a-Tricodiene (174) a-Bazzanene (175) B-Bazzanene
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(161) a-Barbatene
(162) B-Barbatene

Scheme 13. Formation of a-bazzanene and a-tricodiene from B-bazzanene and possible
biogenetic pathway for barbatenes

bazzanenyl ester (179) and B-bazzanene (175) (581). Methylation of (179)
with methyl iodide gave a dimethyl ether (180) which was further reduced
with LiAlH, to afford 3,4-dimethoxycinnamyl alcohol and bazzanenol
(176), indicating that (179) was bazzanenyl caffeate. That the caffeate ester
on C-2 was a-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-a- (183) and trans-pB-bergamotene (184)
have been found in two Jungermanniales species. The latter hydrocarbon
has been detected in Monoclea forsteri and Radula boryana by GC-MS
analysis (513).

Bicycloelemene (185) has been isolated from or detected in Mar-
chantiales and Jungermanniales. a- (186), B- (187), v- (188) and 6-clemenes
(189) and elemol (190) have been detected in liverworts; among these -
elemene (187) is the most common as shown in Table IIb. 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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Scheme 14. Acid treatment of B-bazzanene

(178b)

(183} trans-o-Bergamotene  (184) trans-B-Bergamotene

Chart 10. Bergamotanes found in the Hepaticae
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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 'H-'H2D- and delayed 'H-'H COSY
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
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structure of (194) was suggested by spectroscopic comparison with (193)
and confirmed by *H-'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-bicyclogermacrene (196), which is the biosynthetic precursor of
bicycloelemanes, aromadendranes, alloaromadendranes, secoaromaden-
dranes, maalianes, aristolanes and vitranes is the most widely distributed
sesquiterpene hydrocarbon in Hepaticae. 3a-Acetoxybicyclogermacrene
(197) has been isolated only from Jungermanniales, particularly from
Plagiochilaceae (19). A new labile bicyclogermacrane-type sesquiterpene
aldehyde, ( — )-bicyclogermacrenal (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 C11-Me. Attempted conversion of (198) to the known bicyclo-
germacrene (196) was unsuccessful due to instability of (198) under
reductive conditions. C. conicum also biosynthesizes bicyclogermacrene-
14-al (199) (146). Calypogeia species elaborate not only azulenoids but
also bicyclogermacrane-type sesquiterpenoids. From the essential oil
of the freshly cultured cells of C. granulata, C. trichomanis (453, 539),
C. muelleriana, C. peruviana and C. tosana (321), 2-acetoxy-3-hydroxy-
bicyclogermacrene (200) and 3-acetoxy-2-hydroxybicyclogermacrene
(201) were isolated along with 3a-acetoxybicyclogermacrene (197) and 3o~
hydroxybicyclogermacrene (203) (539). Plagiochila fruticosa produces
3a, 14-diacetoxy-2-hydroxybicyclogermacrene (202) (249).

A small thalloid liverwort, Conocephalum japonicum ( = C. suprade-
compositum) produces not only germacranolides (19) but also two new
bicyclogermacrenes, 5-methoxybicyclogermacrene (204) and 14-meth-
oxybicyclogermacrene (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 CHCl;-MeOH.

Bazzania japonica produces ( — )-isobicyclogermacrenal (206) (84)
which has also been isolated from Lepidozia vitrea belonging to the same
family (/9). The stereochemistry of isobicyclogermacrenal was conclu-
sively established by a combination of chemical degradation (Scheme 15)
and X-ray crystallographic analysis of ( + )-isobicyclogermacrenol
(206a). The chair-twist conformation for (206) is in agreement with that of
the mother hydrocarbon, isobicyclogermacrene (206b) (383).
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Chart 12a. Bicyclogermacranes and isobicyclogermacranes found in the Hepaticae
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Scheme 15. Reactions of isobicyclogermacrenal

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 8 — 0.20 and 0.24. The structure was further
characterized as (4S*,5S8*6R*,7R*)-1(10)E-lepidozen-5-ol by 'H-, 13C-
NMR spectrometry as well as by *H-'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).
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( £ )-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 p-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,7R)-( + )-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 bicyclogermacrane-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 ( = B-sesquiphellandrene) (215) (345¢). 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 2D-
COSY NMR spectroscopy and by its conversion to ( — )-ent-nuciferal
(218) by dehydrogenation with DDQ.
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Chart 13. Bisabolanes and bourbonane found in the Hepaticae

As previously reported (19), B-bourbonene (220) has been detected in a
Dumortiera and a Scapania species. M ylia 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 ([a]p, + 5.85) has been accomplished by Tor1 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 ([o]p, — 4.77), the synthetic compound was the enantiomer of
(221), thus establishing the absolute stereostructure 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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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 a- (228) and y-
muurolenes (229) had been detected in several liverworts by GC-MS
analysis (/9). The same sesquiterpene hydrocarbons and a-amorphene
(230) have more recently been found in Jungermanniales, Marchantiales
and Monocleales. The essential oil of Wiesnerella denudata contains o-
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 SOCI, in pyridine (153). ( — )-Epicubenol
(234), the antipode of (233) has been isolated from commercial cubeb oil
(452). y-Cadinene (226), 3-cadinene (227) and epi-cubenol (233) have been
detected in cultured cells of Heteroscyphus planus (427a). The latter two
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H+
{ H A
+
— —— —_—
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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-4,11-dien-14-al (237), cadina-4,11-dien-14-0l (238) and
14-acetoxycadina-4,11-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 (/9) calamenene (244), 5-hydroxycalamenene
(245) and a- (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-1, H-4 and H-13, the relative
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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

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 o-band. As (245) exhibited a positive Cotton effect at 278 and
272 nm, the absolute configuration at C-1 and C-4 was 1S and 4S5 (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 'HNMR 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 of four
additional new calamenene-type sesquiterpenoids, (1S)-7-methoxy-1,2-
dihydrocadalene (254), (15,4R)-7-methoxycalamenene (255), (15,4R)-7-

Chart 15¢. Calamenanes 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 Caryophylianes, Cedranes and Chamigranes

As reported earlier (19) B-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.
( — )-p-Caryophyllene oxide (260) has been newly isolated from Marchan-
tia paleacea var. diptera together with B-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, a-
(261) and P-cedrenes (262) have been detected in several liverworts by
GC-MS analysis as shown in Table IIb.

As reported earlier, the enantiomeric o- (263) and B-chamigrenes (264)
have been isolated from Scapania species (19). p-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-B-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-oxo0-a-chamigrene (266) has been isolated from German Mar-
chantia polymorpha (71). Its relative and absolute stereochemistry has

Chart 16. Caryophyllanes and cedranes found in the Hepaticae
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Chemical Constituents of the Bryophytes
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Chemical Constituents of the Bryophytes

(9%)

(9%)

(&)

(vrse “901)
(¢r9)

(rz9 ‘229 ‘129)
(5£9 ‘9z9
729 ‘129 ‘P€I)
(z89)

(645 ‘sss
bL 1L 19)
(#2)

(69

(6z9)
(612)
(612)
€543)
t749)
(£¥D

(19
(vs28)

(1o
(£9)
()
9
(62#)
(09
(zr6)
(629 ‘€29 ‘129)
(r£9)

[=]
HEHHHH

NN = -

—— ey ey ey by

S1Su2onqgPIDY> g
vsourdsiq ‘g
saprojuvipo vpyooibold
SIDIDIS DIPIDN
1421840f DIIOOUON
vpnu oyl

sopvptp vioydoBuso
vyd.owdjod "y

oyd.iowdiod "y
pa21d1p “1eA paovapd "
DUDO.21I3q DIIUDYIID A
psootguaa vizoydoy
moy
vdojna vaunafajoydor
opjdydoiaray 1
vIvIUIPIq DajosoydoT
supydas T
s1suaaul0q vizopiday
snuoyd "l

STULIOfif1asp
snyddosous13 [
snuapgns ‘g
suabiaatp "H
Snounpo sniiaqa [
vyfur vajorouln
upnoyoipnob viuvjnag
vqondl g
suapril 'q
v.2fiuojo1s g

8L —

€9 —

s —

08¢ —



Y. ASAKAWA

106

(s#) f vXIYad S
(s») f vaabruny *g
(1z9) f sipr1a0oni6 g
(0£9 ‘129) f DrounnoD DjYI0ISIYOS
(r£9 “129) r IsNqo4 °g
(s59) [ saprotpodoystuio pupdnog
(0#9 ‘659) W supipu sodwr0191y
(088) oW wpvly g7 —
(¢19) SN DUIPUD DIPDINY
(11%) W voravydsuuay pynoqay
(99) r stsuaupio “y
(99) Iy vipupydwod -y
(99) f vaafiuioong
(c19) Iy DuDh.10q DNPUY
(99) f vanpqns g
(8#) [ waund g
(€9 ‘129) r stoynoad g
(87) r vuvaUOLy "
(&%) r stsusutandvidonb g
(8#) f vixanaind g
(8#) Iy ool g
(9%) r synoounp g
(99) [ anp g
(8#) Iy pwotoydtp g
(%) [ vpnond g
spunodwod Jaqunu
susWo) S0UAIYYRY  19PIO 901no0s jue|d fr] Do dmx B[OULIO ] JooweN aImpNNg

(panupiuod) qi s|qeL



107

Chemical Constituents of the Bryophytes
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1 Constituents of the Bryophytes
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Chemical Constituents of the Bryophytes
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Chemical Constituents of the Bryophytes
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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-a-
chamigrene (213). This is the first report of the isolation of an ent-oxo-o-
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 (/49). Extraction of
Scottish Chiloscyphus pallescens gave an alcohol, chiloscypholone (268)
as well as an eudesmene diol (368) and longiborneol (482) (/49). 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 *H- and 13C-
NMR spectrometry. Biogenetically eudesmene diol (368) accompanying
the chiloscyphanes is an attractive candidate for ring contraction, methyl
migration (1,2-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)-
4a-hydroxyoppositan-10-one (270) (241). Structure (269) was confirmed
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Chart 18. Chiloscyphanes and oppositane found in the Hepaticae

Scheme 18. Formation of chiloscyphone and isochiloscyphone from chiloscypholone

Scheme 19. Possible biogenetic pathway for chiloscyphone
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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 'H-, 1*C-NMR and *H-'H-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).

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 (15)-( — )-camphanic chloride (558, 559). Racemic ketone
(276a + 276b) was reduced with NaBH, to give isomeric alcohols (274,
277) which were separated by silica gel chromatography, followed by
esterification with (15)-( — )-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 w-camphanic ester (275a) (558, 559) clearly showed that
(275a) has the 1S,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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Scheme 20. Total synthesis of ( — )-chiloscyphone (558, 559)
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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) a-copaene (280) is widespread in Frullania
species. Bazzania, Lophocolea, Chiloscyphus, Marchantia, Monoclea and
Trichocolea species also elaborate a-copaene as shown in Table IIb. a-
Cubebene (281) has been detected in Gymnocolea and Marchantia and -
cubebene (282) in Herbertus, Lophocolea and Symphyogyna species. pB-
Cubebene has also been found in cell culture of Heteroscyphus planus
(427a) and Jungermannia infusca (457). (— )-a-Cubebene (281) and ( — )-
B-cubebene (282) have been isolated from the brown algae, Dictyopteris
species (179). Conocephalum conicum contains cubebol (283) as a minor
component (249).

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 IIb. Herbertus species are rich
sources of cuparane-type sesquiterpenoids. H. aduncus produces cupa-
rene (284), 2-hydroxycuparene (285), 2,3-dihydroxycuparene (287) and o-
cuparenone (288). H. subdentatus contains not only (284-287) but also 3-
hydroxycuparene (286) (57). The ether extract of Lepidozia concinna
contains o-cuparenone (288) and the previously unknown a-cuparenol
(289) (37). Some Bazzania, Plagiochila and Radula species contain 2,3-
dihydroxycuparene (287). 1-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-1,4-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), B- (293), v- (294), 3-cuprenenes ( = angustifolene) (295) and -
cuprenene (296) have been isolated from liverworts. ( — )-8-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 8-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) (¢12). The *H-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-toluenesuifonic acid which
gave three ent-cuparene-type sesquiterpene hydrocarbons, a-(292) and B-
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
POCI; gave an unsaturated hydrocarbon (302a) (Scheme 21). *H- 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 uvseful
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 3-
lactone and the cyclohexane ring were found to be trans-fused while the
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Chart 20a. Cuparanes found in the Hepaticae
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—® m/z 97.1017

Ofp - -0

m/z 125.0979
(302) (302a)
1) POCl3

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 Mannia fragrans; its
relative and absolute stereochemistry is based on an X-ray crystallo-
graphic analysis and the CD spectrum (276). Nardia scalaris produces
two diastereomeric 3,6-peroxy-cupar-1-enes (306), together with 2-hy-
droxycuparene (285) (354a).

Total syntheses of ( + )-cuparene (284) and the non-natural ( + )-B-
cuparenone have been achieved by IsHiBaSHI et al. (297) in 2 and 7 steps,
respectively. ( + )-B-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), ( — )-a-herbertenol ( = S-hydroxyisocuparene) (308),
( — )-B-herbertenol ( = 3-hydroxyisocuparene) (309), (— )-a-formyl-
herbertenol ( = 2-formyl-5-hydroxyisocuparene) (310), ( — )-herber-
tenediol ( = 4,5-dihydroxyisocuparene) (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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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 'H- and !3C-
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 ( — )-a-herbertenol with Mel
followed by MnO,, oxidation produced an aromatic aldehyde which was



Chemical Constituents of the Bryophytes 145

1) (PhCOO0),/C¢Hg 2) BzCIPy 3) LIAIH,/Et,O 4) Ac,O/Py

Scheme 22a. Reactions of herbertenediol

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. ( — )-a-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 (308d). Further reduction with LiAIH, 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 o-
herbertenol (308) (Scheme 22b). Reduction of (312) with LiAlH, gave the
hydroxyphenol (312a), which was converted to a monomethyl ether
(312b). Reduction of (312a) and (312b) with triphenylphosphite-
methiodide [(PhO);PMel] in hexamethylphosphoric acid (HMPA) and
reaction of the resulting mixtures with sodium cyanoborohydride af-
forded a cyclic ether (312¢) which was more easily obtained from (312a)
with (PhO),PMel in HMPA or p-toluenesulfonic acid in benzene under
reflux. When (312¢) was treated with ethanethiol and AlCl,, a hydroxythio-
ether (312d) was obtained in good yield whose reduction with Raney-Ni
gave a-herbertenol (308). The stereochemistry of the lactone ring is based
on the chemical shifts of the 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 (308c) (Scheme 22b). The
methyl groups responsible for these signals are presumably B-oriented
and shielded by the anisotropic effect of the benzene ring.
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Scheme 22b. Correlation of cuparenolide with a-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 a-cuparenone (288). Herbertus sub-
dentatus (57, 433), H. sakuraii (57), H. divergens (513) and H. acanthelius
(433) also elaborate cuparane- and herbertane-type sesquiterpenoids.
( — )-B-Herbertenol (309) has been isolated from Marchantia polymorpha
(382). Plagiochila bispinosa and P. subdura elaborate a-herbertenol (308)
and herbertenediol (311), respectively (46). a-Formylherbertenol (310) has
been found in Triandrophyllum subtrifidum var. trifidum (45).

(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 (/83). Optically active [1,9- !3C]- 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-8. Acid
treatment of 4a-labeled (317) gave 1-labeled (307) and (318) in which the
label was randomized over C-1 and C-10. 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
HCIO, 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 BANERIEE et al. (90) while the first enantio-controlled synthesis of ( — )-
herbertene (307) has been accomplished by TakANO et al. (530).

The ethyl acetate extract of the rather primitive liverwort Mastigo-
phora diclados contains cuparene (284), herbertene (307), a- (308) and B-
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 of four 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 B-herbertenenol (309) and ( — )-herbertenediol (311) (51,
186, 191).

The dimers A (321) and B (322) have the same molecular formula
C,0H4,0, while the IR and UV spectra showed the presence of a
hydroxyl group and a benzene ring. The *H- and !*C-NMR spectra were
almost identical. The NMR spectra were closely related to those of
herbertenediol (311) except that one of the meta-coupled aromatic proton
signals of (311) was missing. Also the aromatic doublet at & 113.4 of (311)
was replaced by an aromatic singlet at 8 117.1 and 117.0in (321) and (322),
respectively. These spectral data were compatible with symmetrical
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Scheme 23. Formation of herbertene from trans-didehydrobicyclofarnesol
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Scheme 24. Acid-catalyzed rearrangement of trans-didehydrobicyclofarnesol

(307) (R)-(+)-Herbertene

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-1 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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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 & 117. In
fact, the sole aromatic proton at & 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-'H-2D-COSY experi-
ments. On the basis of the spectral data, the mastigophorenes A and B are
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 of isocuparene-3,4-diol (313) was identical
with that of herbertenediol (311) and the '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

Scheme 26. Possible biogenetic pathways for mastigophorenes A-D



152 Y. ASAKAWA

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 of hercynolactone can be represented by cyclization
of all-trans farnesyl pyrophosphate (152) as shown in Scheme 27 (143).

The earlier report (/9) 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) (279). Six
drimane sesquiterpenoids, polygodial (336), drimeninol (338), isodrimen-
inol (339), 6a-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. fauriei 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). 1t 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) (2394) 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 fauriana, together with the
previously known albicanyl caffeate (335) (58/). Methylation of (334a)
with methyl iodide gave a dimethyl ether (334b) which on reduction with
LiAlH, afforded 3,4-dimethoxycinnamyl alcohol and drimenol (328).
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Chart 21. Daucane (carotane) found in the Hepaticae

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 (79). Reinvestigation of the ethyl acetate extract
of M. crispata resulted in the isolation of three new drimanolides,
Ta-chloro-6B-hydroxyconfertifolin (346), 6B,7a-dihydroxyconfertifolin
(347a) and 6,7B-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 a-axial haloketone 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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Chart 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 (347¢) 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 (343) Drimenin (344) 7-Ketoisodrimenin

Chart 22b. Drimanes found in the Hepaticae and their derivatives

at 0-5° yielded an epoxide, presumably 6B,7B-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 (C1~ 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 of fresh 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 Jungermanniales prior
to 1982 (19). Since then eremophilene (350) has been isolated from
Frullania serratta (51). Some South American liverworts belonging to
Jungermanniales also contain eremophilene (45), as do the essential oils
from cultured cells of five Calypogeia species (321, 539) and Monoclea
forsteri (513). Marsupella emarginata biosynthesizes longipinane-type
sesquiterpenoids (/9). Further investigation of M. emarginata resulted in
the isolation of a novel eremophilane-type sesquiterpene, ( + )-
(4S*5R*,78* 8 R*)-eremophila-9,11-dien-8a-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. a-
Selinene (354) has been newly detected in Bazzania (341), Monoclea (513),
Pellia (106), Scapania (622, 638) and Plagiochila (621, 637). B-Selinene
(355) has also been detected in many species not only of Jungermanniales
and Metzgeriales but also of Marchantiales as shown in Table 1Ib.
Isotachis humectata (45) and Mylia nuda (622, 624), Scapania ornithopo-
dioides (622, 638) and S. robusta (631) produce selina-4,11-diene (356). &-
Selinene (358) has been isolated by low temperature HPLC from Mono-
clea gottschei subsp. neotropica (514). This hydrocarbon has also been

Chart 23. Eremophilanes found in the Hepaticae



158 Y. ASAKAWA

Chart 24a. Eudesmanes found in the Hepaticae

found in in vitro cultured Symphyogyna brongniartii (513). Treatment of
( — )-a-selinene (354) with formic acid in the presence of CH,SO,H gave
( — )-6-selinene (358) (631).

Fossombronia (491) elaborates a-eudesmol (359). f-Eudesmol (360)
has been found in Bazzania, Radula, Riccardia, Thysananthus (45) and
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Balantiopsis (65). As reported earlier (19) ent-selina-11-en-4-ol (361) has
been isolated from Riccardia jackii (19). The same alcohol has since been
detected in German Conocephalum conicum (553). The total synthesis of
( £+ )~(361) has been accomplished by KEesseLmANs et al. (325, 320).
Lepidozia vitrea is a rich source of eudesmane- as well as bicyclogerma-
crane-type sesquiterpenoids. The ether extract contains eudesm-3-en-7a-
ol (363), eudesm-4(15)-en-68,7a-diol (369) and eudesm-3-en-6a-acetoxy-
Ta-ol (370), along with the previously known eudesm-3-en-6p,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 B-cyclocostunolide (389a) (/9); 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).

Scheme 29. Reactions of 5a,7p(H)-eudesm-4a,6a-diol
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Eudesm-4(15)-en-6B,7B-diol (368) and ( + )-eudesm-3-en-6p,7a-diol
(371) have been isolated from Chiloscyphus pallescens (143, 149) and
Lepidozia reptans (146, 147), respectively; the structures were based on
analysis of the 'H- and '*C-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 ( = B-cyclogermacrone) (372) (287). Ent-4(15), 7(11)-
eudesmadien-8-one (372) has been isolated previously from higher plants
in both enantiomeric 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 ‘H-, 13C-
NMR, 'H-'H- and '3C-'H- 2D-COSY spectra, by its positive Cotton
effect at 298 nm and by formation of ent-B-cyclogermacrone (372) on acid
treatment of (373) which is a co-metabolite (429, 566). Ent-B-cyclogerma-
crone (372) has also been isolated from Barbilophozia floerkei (429, 566).
Bazzania fauriana produces a new eudesmenol (374), together with o-
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 & 3.28 ppm.

A new ent-8-hydroxyeudesm-3,11-diene (376) has been isolated from
East Malaysian Bazzania spiralis along with ent-a-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 Al,O,
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-cudesmane-type sesquiterpenoids (354, 376). On the other hand B.
Jfauriana produces 6B-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 ( + )-a-cyperone from natural sources.
Lepidozia fauriana and L. vitrea elaborate a unique eudesmane ether, 6p-
acetoxyvitranoxide (378) (5054, 623a). Two known eudesmanes, inter-
mediol (362) and furanoeudesma-1,3-diene (379) have been detected in the
essential oil of Lophocolea heterophylla (527a).
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Chart 24b. Eudesmz nes found in the Hepaticae

As reported earlier Frullanic. species are rich sources of 12,6-eu-
desmanolides (/9). Frullanolide (380b) has been newly found in seven
Frullania species (47, 60, 63, 513) Dihydrofrullanolide (384) has been also
detected in five Frullania (47, 63, 513) and one Plagiochila species (47).
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While ( — )-frullanolide (380b) and ( + )-frullanolide (380a + 380b) have
been previously synthesized by two groups (/9), 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, ( + )-B-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-B-cyclocostunolide (389b) (56). Cono-
cephalum japonicum is a rich source not only of germacranolides but also
of eudesmanolides. Thus arbusculin A (391) and (11S)-dihydroarbusculin
A (= colartin) (392) which have been isolated from some Artemisia
species (Compositae) (/81), and (11S)-dihydro-B-cyclocostunolide (393)
has now been found in the dichloromethane extract of C. japonicum (584).

The presence of $-cyclocostunolide (389a) and its dihydro derivative
(393) has been detected in Frullania bicornistipula by GC-MS (513). East
Malaysian Wiesnerella denudata elaborates a new 8a-acetoxy-B-cyclocos-
tunolide (394) (51) along with the previously known costunolide (441),
tulipinolide (443) and 8a-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). ( — )-a-
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-f-
frullanolide (385) (63, 564, 575). Frullania serratta also produces the three
nepalensolides (397-399), along with B-selinene (355) and arbusculin B
(388a) (57). The 'H-'H-, **C-'H COSY and HMBC spectra of (397)
suggested the presence of a eudesmane skeleton including a cyclopropane
ring and a-methylene-y-lactone. Since the value of the coupling constants
(J7,13 = 3.3 Hz) of the exomethylene protons was larger than 3 Hz, the
lactone ring was deduced to be trans if the Samek rule [/4]/(trans-
lactone) > 3Hz > /4)/(cis-lactone)] (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-10 while H-5 was unambiguously
assigned as fB-axial from the value of the coupling constants of H-6 (dd,
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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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Chart 24e. Eudesmanes found in the Hepaticae

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 a-methylene-y-lactone 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 «-
methylene-y-lactone 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

Chart 25. Observed and calculated coupling constants and dihedral angles of various a-
methylene-y-lactones
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lactones of type A, C and D are isolated. If two conformations are
possible for sesquiterpene lactones with an a-methylene-y-lactone 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 'H- and '*C-NMR spectrometry (/46). The
I3C.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 'H-NMR spectrum and NOE difference spectroscopy.
The absolute configuration assigned to each lactone unit was based on
the co-occurrence of ( — )-frullanolide (380b), ( + )-a-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 a-cyclocostunolide (401) followed by
reaction with water as shown in Scheme 30. The alternative 1,4-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 (/46), 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.c. (404a).

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
POCI, in pyridine gave the same A* (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-
phyliolide (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-7a-hydroxydiplophyllolide (413) by using NMR shift
reagents and because of the absence of the usual allylic coupling between
H-7 and the a-methylene protons (60). ( + )-3-Oxodiplophyllin (411) has
been totally synthesized by CAINE et al. in 9 steps (126). Ent-To-
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, 567a) which is identical with a dihydro derivative obtained
by reduction of (409) with NaBH, (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,
C,0H;; (Scheme 31). The molecular formulas of (415) and (416) thus were
C;5H;,0,, the two oxygens being those of a y-lactone because of the IR
absorption at 1760 cm™' and because of the presence in the
13C NMR spectra of a singlet at § 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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Scheme 31. Retro-Diels-Alder reaction of plagiospirolides A-D

group were missing from the "H-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 'H-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 (C,oH;,0) (421), indicating that
the molecular formula of (417) and (418) was C;5H;,0;. 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 'H-'H-2D-COSY spec-
trum and NOE spectrometry. Plagiospirolide E (419) decomposed during
GC analysis to give diplophyliin (410) and a sesquiterpene hydrocarbon,
C,sH,, ((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-lactone moiety
as dienophile and the aromadendrene derivative (422) as conjugated
diene but also because of the NOE’s indicated in the scheme and the *H-
and '*C-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

H /.\
(419) Plagiospirolide E :

O,
|—> _."ro +
)

(410

Scheme 32. Degradation of plagiospirolide E
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5.18 Farnesanes and Germacranes

Scapania ornithopodioides contains a-farnesene (423) (638). Trans-B-
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-B-farnesene as shown in Table IIb.
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-
phalum japonicum 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), Marchantia foliacea (39) and
South American Lejeunea species (219), Neteroclada confluens, Gack-
stroemia magellanica (45), Lophocolea bidentata and L. heterophylla (527a).
Two new gemacrane-type sesquiterpene alcohols, ent-germacra-4(15),5,
10(14)-trien-1p-ol (431a) and ent-germacra-4(15),5,10(14)-trien-1a-ol
(432), have been isolated from Jackiella javanica (437). Acetylation of
(431a) gave a mono-acetate (431b) the }*C-NMR spectrum of which was
identical with that of germacra-4(15),5,10(14)-trien-1B-yl acetate (430b)

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

Chart 26. Farnesanes found in the Hepaticae
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SO GOy Oy

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

(430b) R=Ac
RO

(431a) ent-Germacra-4(15),5,10(14)-trien-1B-ol ; R=H
(431b) R=Ac

HO
@ (432) ent-Germacra-4(15),5,10(14)-trien-1c-ol
oy r

(435) 1,6-Diketogermacrene

(436) 4B-Hydroxygermacra-1(10),5-diene (437) ent-1(10)E, 5E-Germacradien-11-ol

v %

(438) Germacra-1(10),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 (/79), indicating that (431a) was germacra-
4(15),5,10(14)-trien-1p-ol (430a) or its enantiomer. All other NMR spec-
tral data supported this structure. The sign of the specific rotation of
(431a) ([o]p + 146.3) was opposite to that of (430a) ([oa]p — 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 methine proton bearing the hydroxyl group, thus showing that (432)
was the C-1 epimer of (431a). Two germacrane-type sesquiterpenoids
(433, 434) possessing 7TH-p configuration have been isolated from the
brown algae, Dictyopteris species (180). 4B-Hydroxygermacra-1(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-1(10)E,5E-germacradien-11-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 filicina (432a) and Ptychanthus striatus (249a) contain
germacra-1(10),5-dien-4,11-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-1(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 (11R)-dihydro
derivative (444) which are also found in the thalloid liverwort Wiesnerella
denudata (19). (118)-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. (11S)-Dihydrotulipinolide (445) has
been newly isolated from East Malaysian Wiesnerella denudata (51).

Four new germacranolides, 4o,5B-epoxy-7a,8B,11a-H-germacra-
1(10)-en-12,8x-olide (= 11(13)-dihydro-4a,5B-epoxy-8-epi-inunolide) (447),
S-keto-7a-8f,11a-H-germacra -1(10)-en-12,8a-olide (448), 1o-hydro-
peroxy-4a,5p-epoxygermacra-10(14),11(13)-dien-12,8a-olide (449) and 1pB-
hydroperoxy-4a,5B-epoxygermacra-10(14),11(13)-dien-12,8a-olide (450),
have been isolated from Porella acutifolia subsp. tosana, together with the
previously known 40,5B-epoxy-8-epi-inunolide (446) (82, 600). The last-
named epoxide (446) had previously been isolated from the Compositae;
its structure rests on X-ray crystallographic analysis (127). The 'H-NMR
data of (446), especially the absence or presence of the small coupling
constants between i) H-8 and H-9pB, and ii) H-5a and H-6a and iii) H-6«
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(446) 40, 5B-Epoxy-8-epi-inunoclide

(447) 40,5B-Epoxy-7c,8p,11a-H-germacra-1(10)-en-12,8a-olide
(=11(13)-Dihydro-4a,58-epoxy-8-epi-inunolide)

(448) 5-Keto-70,8p,110-H-germacra-1(10)-en-12,80-olide

(449) 10-Hydroperoxy-4c.,58-epoxygermacra-10(14),11(13)-
dien-12,8a-olide

(450) 1B-Hydroperoxy-4a.,5p-epoxygermacra-10(14),11(13)-
dien-12,8a-olide

Chart 27b. Germacranes found in the Hepaticae



Chemical Constituents of the Bryophytes 175

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 SOC1,-CHCI, 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-11(13) dihydro derivative of (446),
the presence of an NOE between H-6a and H-13 establishing the
orientation of the C-11 methyl group assigned as §. The structure of (448)
was also established by 'H NMR spectrometry, with the stereochemistry
of the C-11 methyl group as f-pseudoaxial by the solvent shift method of
NARAYANAN (443) (8CD4-6CDCl; = 0.52). That compounds (449) and
(450) were 1-hydroperoxides of (446) was confirmed by field desorption
mass spectrometry, 'H NMR spectral data, spin decoupling and 2D-
COSY NMR data and the color change (colorless to brown) of the
solution when 20% potassiym iodide solution was added to (449) in ether.
A partial synthesis of (449) and (450) which presumably mimics the
biogenetic pathway (/71) and also furnished the o,B-unsaturated ketone
(446b) is shown in Scheme 33.

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

As reported earlier (19) ent-maalioxide (453) has been isolated from
Jubula 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 Barbilophozia floerkei (429) and Jubula
Jjaponica (585b).

Iso-a-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 *H NMR
spectrum with that of a co-metabolite iso-a-gurjuene B (454). (15,10R)-
Guai-4,6-diene (456), the C-10 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). Monoclea forsteri also produces
o- (457) and B-guaiene (458) (513). B-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-1-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. tosana
(600), along with the known porelladiolide (464) previously obtained from
Porella japonica (19). 8a-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 Frullanocides 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 of the exomethylene group. Reduction of (466) with NaBH,, in
EtOAc gave (465). The configuration of the secondary methyl group at
C-11 was established by a combination of NOE spectrometry and
Narayanan’s 'H NMR solvent shift method (443).

(453) ent-Maalioxide (=Ventricosin B)

Chart 28. Gorgonane found in the Hepaticae
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5.20 Himachalanes and Humulanes

o- (474), B- (475) and y-Himachalenes (476) have been reported
previously from several liverworts (19). More recently a-himachalene
(474) has been found in four South American Plagiochila and B-
himachalene (475) from three different South American Plagiochila and
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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 a-humulene (477). Three Lejeunea species (219), Scapania
robusta (631) and Lophozia ventricosa (429) also produce o-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) (/19). Humulenyl acetate
(478) and 5-hydroxyisobicyclohumulenone (480) have been isolated from
an unidentified South American Frullania species (249) and Japanese
Jubula japonica (585b), respectively. ( + )-Bicyclohumulenone (479) has
been synthesized from humulene epoxide (77) by a conformationally
selective transannular cyclization reaction (505). An alternative synthesis
of (479) has been accomplished by TAKAHASHI et al. (529). The first total
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Chart 31. Humulanes found in the Hepaticae

synthesis of optically active ( + )-bicyclohumulenone (479) has been
reported by FukuyaMma et al. (I187) in 12 steps.

5.21 Longifolanes, Longibornanes, Longipinanes and Longicyclanes

Ent-longifolene (481), ent-longiborneol (482), ent-o- (483) and ent-p-
longipinene (484) and longipinanol (485) were earlier reported from
Scapania undulata together with ent-longicyclene (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 longicyclene (486)
have been totally synthesized as racemates by WELCH et al. (615). Three
ent-longipinane-type sesquiterpenoids, marsupellol (488), marsupellone
(489) and acetoxymarsupellone (490) which are chemical markers of
Marsupellaceae were also previously isolated from Marsupella emargi-
nata subsp. tubulosa (19). Further study of the ether extract of German M.
aquatica resulted in isolation of a new ent-longipinane derivative whose
structure was shown to be (491) by a combination of NMR 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, 9,11a,14-
triacetoxymarsupellone (492), 9,11B,14-triacetoxy-marsupellone (493)
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Chart 32. Longifolanes, longibornanes, longipinanes and longicyclanes found in the Hepa-
ticae
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1) KOH/MeOH 2) CrO5-Py/CH,Cl, 3) 4) Ho/Pd-C 5) Jones oxd./Me,CO
6) Wolff-Kishner redc. 7) CD;OD/CD3;ONa

Scheme 34. Reactions of 12B-acetoxylongipin-2(10)-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). B-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-ol (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-1B-ol (499) has
been isolated together with a few aromadendrane- and secoaromaden-
drane-type sesquiterpeniods (386, 5317). Oxidation of (499) with Jones
reagent gave a cyclohexanone (499c). Acetylation of (499) gave a mono-
acetate (499a) whose oxidation with OsO, and NalO, afforded a keto
acetate (499b) (Scheme 35). The above chemical evidence and the 'H-
NMR spectrum using a shift reagent [Eu(fod),] established structure
(499) for the new alcohol.

The earlier volume (/9) listed three monocyclofarnesane-type sesqui-
terpenoids (500, 502, 503) from Ptychanthus striatus (Lejeuneaceae) which
were originally referred to as Ps-1, Ps-2 and Ps-2’'-and later named
striatene (500), striatol (502) and B-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

Chart 33. Maalianes found in the Hepaticae
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Scheme 35. Reactions of ent-maali-4(15)-en-1f-ol

chirality method to benzoate (500e) (234). The positive Cotton effect at
241 nm (Ag + 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 benzoates exhibited
negative Cotton effects at 252 nm (Ae — 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. densi-
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 (501a) has been isolated from
Malaysian Cheilolejeunea trifaria. The stereostructure was elucidated by
600 MHz NMR and NOESY spectrometry of its methyl ester (501b)
(249).
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1) MCPBA, 0° 2) H,, Pd-C 3) POCI; 4) Et,NLi 5) p-BrBzCl

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 'H, '3C-NMR spectral
data, 'H-'H- and '3C-'H-2D-COSY NMR and NOE spectrometry. The
presence of a B-substituted furan in (506) was confirmed by the 'H NMR
signals at § 7.42 (br d, J = 1.6 Hz, H-12), 7.39 (t, J = 1.6 Hz, H-11) and 6.38
(brd, J = 1.6 Hz, H-10) and the mass spectrum. The structure of (507) was
easily deduced from strong IR absorption bands at 1790 and 1755 cm ™!
assignable to a y-lactone and the similarity of the 'H and !3C NMR
spectra to that of (506), with the signals of the B-substituted y-butenolide
substituted for the p-substituted furan. NOE spectrometry showed that
the relative stereochemistry of (508) was the same as that of (506) and
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Chart 34. Monocyclofarnesanes 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 }3C-NMR spectrum of
the mixture differed from the spectrum of tridensenal (510) (628). On the
other hand, one set of signals in the 1*C-NMR spectrum of diastereomer
mixture (511) coincided with the !3C 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 'H- and '3C-NMR spectra including HMBC and NOESY
techniques (629). In the mass spectrum the presence of the base peak at
M/z 123 resulting from a McLafferty-type cleavage followed by a loss of a
hydrogen radical, further supports the proposed structure (513).

Tort et al. (560a) have accomplished the total synthesis of (+)-
tridensone (514) and its diastercoisomer (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 Mpyltaylanes and Cyclomyltaylanes

Mpylia 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-15-0l) (516) and cyclomyltaylenol (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,
periodate cleavage and benzoylation demonstrated that the molecule
consisted of a norbornane system fused to a cyclohexane ring. The
absolute configuration assigned to (516) rests on the sign of the Cotton
effect at 291 nm (Ae + 2.08) of ketone (516a). Structure (517) for cyclomyl-
taylenol was suggested by acetylation, by comparison with myltaylenol
(516) and by 'H-'H- and long range *C-'H-2D-COSY spectrometry.
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Chart 35. Myltaylanes and cyclomyltaylanes found in the Hepaticae

The configuration of the -CH,OH group at C-11 has been deduced to be
the same as that of myltaylenol using lanthanide shift reagents and NOE
spectrometry.

Two new cyclomyltaylane-type sesquiterpenoids, cyclomyltaylan-3-
ol (518a) and its caffeate (520) have been isolated from Bazzania japonica;
relative configurations were established by a combination of various *H-
and 3C-NMR techniques and X-ray crystallographic analysis of a p-
bromobenzoate (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 cyclomyltaylenol (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 cyclomyltaylane (521b) on the basis on 2D-COSYs and the
HMBC technique (627). The relative stereochemistry is based on NOE
difference spectrometry. Mannia subpilosa and Reboulia hemisphaerica
produce cyclomyltaylane-5-ol (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 B-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°) (144, 146, 150). Analysis of
the 'H- and '3C-NMR spectroscopic data and the chemical trans-
formations shown in Scheme 37 led to relative configuration (523).
Formation of (523¢) 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. nepalensis grown in Asia and F. tamarisci subsp. asagrayana grown
in North America (63). The levorotatory isomer, (— )-(523)
( — 20.5°), 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.

Chart 36. Pacifigorgianes found in the Hepaticae and gorgonian
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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 p-
caryophyllene (259) as shown in Scheme 38.
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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. o-
Patchoulene (527) has been detected in Mastigophora diclados (621, 635),
Plagiochila panamensis (513) and Scapania ornithopodioides (622, 638) by
GC-MS. The B-isomer (528) has been detected in Bazzania fauriana (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 IIb.
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%T}R

CO,Me
(529) a-Pinguisene (530) Pinguisenol (531) 7-Keto-8-carbomethoxy-
pinguisenol
HO. \l % ? .l‘ COzMe
(532) Naviculol (5633) Isonaviculol (534) Pinguisone methyl ester
(535) Porellapinguisenone  (536) Deoxopinguisone (537) Pinguisone
(538) Dehydropinguisone (539) Dehydrodeoxopinguisone

(=Pinguisenene)

(540) Furanopinguisanol
(=7a-Hydroxydeoxopinguisone)

(541) Dehydropinguisenol ; R=H
(542) Dehydropinguisenol 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 (435q).

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 CDCl,
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

Scheme 39. Isomerization in the pinguisane series
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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) (/9) 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 CDCl, 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 (554¢) was rapidly formed
from pinguisanin (554) on treatment with DCI/CD,OD in the NMR tube

(146).

~nQD

OCD;4
(554b) (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-10 resulted in NOE’s at H-11, H-4 and H-3a. Structure
(561) previously assigned to isopinguisanolide (/9) 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 a-pinguisene (529) (/89). 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 1*C-'H-2D
COSY spectrum showed that formula (567b) was in error and that it



194 Y. ASAKAWA

Chart 38b. Pinguisanes found in the Hepaticae
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Scheme 40. Reactions of norpinguisone methyl ester

should be revised to (567a) based on the chemical reactions shown in
Scheme 40 and NOE spectrometry. Conversion of (567¢) 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 'H-, 13*C- 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 (Ae — 2.5) arising from interaction between the p-
bromobenzoyl 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-1 and C-4 so
that ring opening of the y-lactone under the usual basic condition does
not occur. The same lactone has been isolated from American Porella
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Scheme 41. Reactions of norpinguisanolide

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 LiAlH, 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 (Ae + 2.6) of cyclopen-

OH

-n0Ac O

CE)AC
(535a) (557a) (558a)



Chemical Constituents of the Bryophytes 197

tanone (558a) and is consistent with the absolute configuration of
previously reported pinguisane-type sesquiterpenoids (/9).

European Porella cordaeana contains two highly oxidized sesquiter-
pene lactones, porellapinguisanolide (§57) 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 LiAlH, 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
YH-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-lactone and two acetoxyl groups,
one of which was placed at the hemiacetal carbon (6H 6.29; 6 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 'H- and !3*C-NMR spectral
data and spin decoupling experiments, with the position of each func-
tional group being established by '3C- and long range '*C-'H 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 of the 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 ( = 7a-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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Chart 38¢c. Pinguisanes found in the Hepaticae
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(566) Norpinguisone ; R'=R?=Me, R®=H,

R! (567a) Norpinguisone methyl ester ;
R'=Me, R?=CO,Me, R®=H,
7 R®  (567b) R'=CO,Me, R?=Me, R®=H,
0 (568) Bryopterin D ; R'=Me, R?>=CO,Me, R*=0
RZ

(569) Norpinguisanolide

Chart 38d. Norpinguisanes found in the Hepaticae

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 'H-, 13C-NMR, 'H-'H-, '3C-'H- and long range !3C-
'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-11 and C4-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 densi-
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 '*H, 13C NMR
and mass spectral data of (533) were closely related to those of naviculol
(532), present in the same species and in P. navicularis, suggesting that
(533) might be a geometrical isomer of (532). This assumption was
confirmed by an HMBC experiment with the aid of the !3C-'H 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 spirodensifolin A (563) was deduced from a study of the 'H-, :3C-NMR
spectra and the strong IR absorption band at 1785 cm ™! indicating the
presence of a y-lactone 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 B-oriented and that the acetoxy group at C-3
was thus a-oriented. As the NOE’s did not distinguish between the
presence of an a- or B-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) (/9) 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
LiAlH, 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 (/46). 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

Scheme 43. Possible biogenetic pathways for spiropinguisanes from deoxopinguisone

penoids wa's S-( + ) enantiomer of the well-known 2,3,7,7a-tetrahydro-
7a-methylindene-1,5(6 H)-dione, derived from 1-methyl-1-(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 UvEeHARA 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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Scheme 44. Possible biogenetic pathways for pinguisanes from trans,cis-farnesyl pyro-
phosphate

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

5.26 Santalanes, Spirovetivanes, Thujopsanes and Valencanes

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 'H- and !3C-NMR spectra to those of
tricyclene (581a) and ao-santalol (581b) and chemical transformations.
Acetylation of (581) gave a monoacetate whose IR spectrum retained
hydroxyl absorption bands, indicating the presence of a tertiary hydroxyl
group in (581). Oxidation of (581) with PCC afforded an a-hydroxyketone
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OH
.l"H

(580) p-Santalene (581) a-Santalan-12(A),13-diol

Chart 39. Santalanes found in the Hepaticae

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

E EC E

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

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

a-Spirovetivene (582) has been isolated from Scapania robusta and S.
maxima, together with the B-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 ( — )-d-selinene (358) by a sequence of cationic rearrangements. The
absolute configuration of (582) was suggested by the negative Cotton
effect at 208 nm (Ae — 1.1); however, other possibilities, such as (585),
cannot be excluded (621, 623, 632). The structure of B-spirovetivene (583)
was deduced from the 'H- and '3C-NMR spectra and by comparison

(582) a-Spirovetivene (583) B-Spirovetivene

Chart 40. Spirovetivanes found in the Hepaticae
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Scheme 45. Reactions of spirovetivenes and agarospirol

with a-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 CHCI; 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), M astigophora (621, 635), Plagiochila (621, 637) and Schisto-
chila species (621, 630) by GC-MS.

A valencane-type sesquiterpene alcohol, 7a-hydroxyvalenc-1(10)-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 7a-hydroxyl group were confirmed by NMR studies.
The absolute configuration of (592) was established by synthesis from
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( + )-nootkatone (577). The specific optical rotation of the synthetic
product was [o]p + 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 (1R,6R,7S,10R)-vitr-4-
en-14-al by a combination of chemical degradation (Scheme 47) and X-
ray analysis of the di-p-bromobenzoate (594f) (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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=
OHC Z >
(992) 7u-Hydroxyvalenc-1(10)-ene (593) Valencene (594) Vitrenal

Chart 42. Valencanes and vitranes found in the Hepaticae

1) LIAIH, 2) MnO, 3) CsHsN-SOs, LIAIH, 4) Hy-PtO, 5) MCPBA 6) Li/NH.(CH,)sNH,
7) p-BrBzCl/Py

Scheme 47. Reactions of ( + )-vitrenal
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(594), the enatiomer of natural vitrenal, has been performed by Kobpama
et al. (335, 336) using 2-caren-4f-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 (/46). The structure
of (597) was deduced by detailed analysis of the '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 peculiaris; structure (599)
was proposed for it by analysis of 'H- and !3C-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, 631a).

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 'H- and 150 MHz
13C-NMR spectral data and 2D-COSY’s of its methyl ester (602b) (4414,

Chart 44a. Miscellaneous sesquiterpenoids found in the Hepaticae and their related
compounds
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G0y~ —cc

(264) p—Chamigrene

— G- —cd -y
(602c) Omphalane

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

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

The methanol extract of Riccardia crassa was chromatographed 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 'H- and !*C-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 (607¢) (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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Chart 44b. Miscellaneous sesquiterpenoids found in the Hepaticac and their related
compounds

established by X-ray crystallographic analysis and the absolute configu-
ration established by means of the CD spectrum [307 nm (Ae + 53.9)
and 282 nm (Ase — 55.9)] of (609) using shift reagent [Eu(fod);] and
that [250 nm (Ae + 16.1) and 233 nm (Ae — 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 (/9) mentioned clerodane-, 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 peculiaris 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 !H- and !3C-NMR spectrometry as well as by a 'H-'H 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 ™ *), 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 from bryophytes.

R

(616) ar-Abietatriene ; R=Me
(617) Dehydroabietic acid ; R=CO,H

Chart 45. Abietanes found in the Hepaticae
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(618) Setiformenol (619) Chandonanthone

Chart 46. Cembranes found in the Hepaticae

HO

(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 of NMR
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. infusca 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 (C11-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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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).

Heteroscyphus 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)
(825.3). Conversely, C-12 is more shielded in the (Z)-isomer (326.7) than
in the (E)-isomer (834.5) (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) (¢#38). The 'H-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) (/11) 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 'H- and 3C-
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 'H-'H, !3C-H, long range
13C-'H-2D-COSY, HMBC, HOHAHA and NOE techniques, except for
the C-13 methyl group.
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(630) Clerod-3,13(14)-dien-15-ol-17-al (631) Clerod-3,13(16),14-trien-17-al

(633) Junceic acid
CHO

(634) ent-3p3,4B-Epoxyclerod-13Z -en-15-al

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

(636) ent-3p,43-Epoxyclerod-14-en-13¢-ol

(637a) cis-Clerod-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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Chart 47¢. Clerodanes and secoclerodane found in the Hepaticae

Gymnocolin (650) from Gymnocolea inflata was described earlier (19).
The coupling constants in the '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) (/43). 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-lactone and a B-substituted furan
ring (431). The structure of (653) has been deduced from the 'H- and !3C-
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.



218 Y. ASAKAWA

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 'H-, 13C-NMR and 2D-
COSYs including long range *3C-'H and HMBC techniques (429, 565,
567a). The relative stereochemistry has been established by the NOE
difference spectrum and X-ray crystallographic analysis.

Jamesoniella 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 J.
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-10 and H-19 was confirmed by NOE difference spectrometry which

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 of the 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 *3C-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 **C-'H- and long range *3*C-'H-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-labdanes in the
same liverwort. As cis-clerodane lactones with a B-substituted furan ring
such as gymnocolin exhibit intense bitterness (/9), compound (657) and
the related clerodanes (658) and (659) may be the bitter principles of J.
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-11¢-ol) (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
(Ae — 1.81). The structure of (661) is based on its preparation from (660)
by removal of the epoxide (reaction with PhSe,Ph/NaBH, 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 (/9) 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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Chart 48a. Dolabellanes found in the Hepaticae

copodin (664), while B. floerkei 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
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Chart 48b. Dolabellanes found in the Hepaticae

reagent afforded a ketol (664b). The Eu(fod);-shifted "H-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 (Ae — 0.97).
The structure of the monoepoxide (666) was also established by a study of
the 'H- and '3C-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 natural 10R,18-diacetoxy-
38,4S-epoxydolabell-7E-ene. Spectroscopic comparison of *H- and !3C-
NMR of (665) and (666) suggested that (665) was 10-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-
7E-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-1,5-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 of C-1 (Me), C-12 (OH) and C-11 were assigned on the
basis of a small pyridine-induced solvent shift of C-1 (Me) and a weak
lanthanide-induced shift on addition of Eu(dpm); 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 *3C-NMR spectrum (§16.6 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 a-configura-
tion and trans to the C-1 methyl group. The absolute configuration of

1) p-BrBzClIPy 2) Ac,0/Py 3) 5% KOH/MeOH 4) SOCI,/Py
5) O, 6) Me,S 7) HS(CHy),SH

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
(A€340 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 B-oriented and is cis to the C-1 methyl group. The
solution conformation of (668) has been studied by means of Allinger’s
molecular mechanics (MM?2) calculations as well as "H-NMR and CD
spectrometry (397). 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 H- and *3C-
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, 'H-
1H 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

1) Py-SO; 2) LiAH, 3) Ac,O/Py 4) MCPBA/CH,Cl, 5) PDC 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).

The biogenesis of the dolabellane-type diterpenoids by cyclization of
all-trans-geranyl geranyl pyrophosphate (677) can be represented as in
Scheme 53 (743, 296). Further cyclization of (677a) in Markownikov

Scheme 53. Possible biogenetic pathways for dolabellanes and fusicoccanes from geranyl
gerany! 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
'H- and '*C-NMR data including Eu(fod);-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-COSYs as well as HMBC. Treatment
of (680) with lithium diisopropylamide (LDA) in tetrahydrofuran gave an
a,B-unsaturated ketone identical with anadensin (679) (274). Hence, the
absolute configuration of fusicogigantone A was established as (680).
Compound (681) had 'H-, **C-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). 'H- and '*C-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 Bryopteris filicina (432a). This
was the first report of the co-occurrence of biogenetically 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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Chart 49a. Fusicoccanes found in the Hepaticae

Two new fusicoccanes, barbifusicoccines A (684) and B (685), were
isolated from Barbilophozia floerkei, along with dolabellanes (664, 665)
which might be precursors of the fusicoccanes (429, 565, 567a). Structures
of (684) and (685) were elucidated by *H- and !3C-NMR, 2D-COSY and
NOE difference spectra and by considering the nature of the 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 (Ae + 7.51). That
(687) was the 9-O-acetate of (686) was shown by the downfield 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

Chart 49b. Fusicoccanes found in the Hepaticae
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fusicoccane diterpenoid. The stereostructure 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, Nardia, Porella, and
Solenostoma species were described in the earlier report (/9). Kaurene
(692) is the most commonly encountered kaurane-type diterpenoid and
has been found in several species (Table Ilc).

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-1la-hydroxykauren-15-one (699a) and (16R)-ent-11a-
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 (/90) while its absolute configuration is based on the CD
spectrum of its dibenzoate (237) which showed a positive first Cotton
effect at 238 nm (Ae + 22.8) and a negative second Cotton effect at 222 nm
(Ae — 15.8). The positive sign of the first Cotton effect led to the
conclusion that (701) was ent-kaur-16-en-7a,15B-diol.

Nardia 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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Chart 50a. Kauranes found in the Hepaticae and their derivatives
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Jungermannia infusca gave (16S)-ent-11a-hydroxykauran-15-one (703)
which has been prepared from the (16 R)-isomer (700a) by isomerization
using alkali, along with the previously known ent-kaurane-type diterpen-
0ids (693, 694, 699a, 700a, 702) (594). Diterpenoids (699a, 700a) have also
been isolated from Jungermannia truncata (437).

Jamesoniella 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-3p,15«-diol
(704), ent-15a-hydroxykauren-3B-yl acetate (705) and ent-3B-
hydroxykauren-15-one (706) (437). The spectral features (2D-COSYs)
and comparison of 'H-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-COSYs. 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 (Ae

— 0.59) thus establishing that (704-706) were members of the ent-
kaurane-series.

Two new kaurane-type diterpenoids, ent-16B-hydroxykauran-3-one
(708) and ent-kauran-3p, 16B-diol (709), have been isolated from Frulla-
noides densifolia, along with ent-16B-hydroxykaurane (707) (14, 554, 556).
The structure of (708) was deduced from the 'H- and !3C-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 B (dd at 83.19) in place of
the ketone function. Reduction of (708) with NaBH, 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 of the ether extract of
N. scalaris resulted in isolation of the ent-kaurane malonate (711a) in the
form of its methyl ester (711b) (148). The relative and absolute configu-
rations were established by analysis of the 'H- and '3C-NMR spectra,
and by LiAlH, reduction followed by oxidation to a ketone which
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Chart 50b. Kauranes found in the Hepaticae
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Chart 50c. Kauranes found in the Hepaticae
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(720) ent-Kaur-16-en-158-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 (Ag — 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-140-kaurenol (726) which was also provided by LiAlH, 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 Hepaticae and their derivatives
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malonates, ent-kaur-16-en-158-yl phytyl malonate (719) and ent-kaur-16-
en-15B-yl ent-labdan-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-150-hydroxykaurene (693) (/9). 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 (721¢) 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 B-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 !'H-
"H COSY NMR spectrum of (722a). That the glucose unit was linked to
C-20 was evident from the chemical shift of H-20, at higher field than the
other proton hydroxyl bearing carbon, while the stereochemistry and B-
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 infuscaside D (724) were almost identical with those of infuscaside
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 (/9) 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 *3C-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 (441a).

Porella perrottetiana is a rich source of diterpenoids (19). It produces
( + )-labda-7,14-dien-13-0l (730) and labda-12,14-dien-8a-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-7,13 E-dien-
15-0l (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) ([a]p + 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
([o]p — 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 (a-effect) and C-11 (B-effect) compared
with the '3C-NMR spectrum of (741). The location of a carbomethoxyl
group at C-20 of (743) was similarly deduced from the diamagnetic shifts
of C-3, C-5 and C-19 (y-effect) and the paramagnetic chemical shift of C-4
(B-effect) compared with (741). The absolute configuration of the three
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Chart 51b. 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-12 E,14-dien-8a,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, 'H- and '3C-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 CDCI, solution. Satisfactory spectra were obtained in
CsDg or CD;OD. When dihydroscapanin A (745b) or tetrahydrosca-
panin A (778) was dissolved in CHCI, in the presence of dilute aqueous
acid, hydration occurred faster than isomerization and crystalline hy-
drate (745d) or (778a) was obtained. In D,O 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 of D,0,
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 (745¢) 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 (751753, 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 Ptychanthus 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 (757¢) (250). The structure and stereochemistry
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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 ded<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>