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1. Introduction
Development of Natural Products Chemistry

Secondary metabolites are naturd products resulting from metabolism that are not essentid
for norma growth, development or reproduction of the plant or organism. These plant
condituents have diverse biologica properties from an evolutionary point of view which go
back to ancient times. The discovery of pure compounds as active principles in plants was
first described a the beginning of the 19" century, and the art of exploiting natura products
has become part of the molecular sciences. To date, more than 80% of the world's population
use plants as ther primary source of medicind agents, and in many countries of the world
there is a wel-established sysem of traditiona medicine, whose remedies are 4ill being
compiled.!!

In the last two decades the approaches to the study of biologicdly active natura products
have changed so dramaticaly that one is amost tempted to say that a new science has been
born.!? Of course, that is not redly the case, but certainly the quiet, dmost slent, revolution
that has occurred has for ever atered the way that naturd products research will be
conducted. Eventhough, the darming rate of disgppearance of traditiona heders and ther
apprentices has been expressed,!®! and the evolution of genomics, proteomics, combinatoria
chemidry, and ultrahigh-throughput screening seem repidly increesing, however, naturd
products discovery programmes are under increasing pressure.

Few areas in which drategies for the conduct of natural product chemistry have changed
include plant sdection and collection, isolation techniques, dructure ducidations, biologicd
evauations, semisynthesis, dereplication, and biosynthesis!*!

In addition, the naturad product literature has also spawned severa current awareness services,
with more and more of the primary literature being available directly on-line, one can imagine
that while drategies for publishing and accessng the chemica literature on natura products
have changed subgantidly in the recent padt, they will change even more dramaticdly in the
very near future!?

It is gpparent that the pace of natura products research and the leve of globd interest in this
paticular area of our environment has risen dramaticaly in the past few years. This trend is
projected to continue for the future as the interface between chemistry and biology becomes
even more interwoven, and the public demand rises for cogt effective medications and
biologica agents from sustainable resources.



2. Objective of Research

Despite the suggestion that components of the oil bodies found in liverworts condsted of
sesquiterpenes!¥ the chemica constituents have only been investigated during the last two
decades because of the collection and separaion of a large quantity of a Sngle pecies and its
identification are difficult and time-consuming.!®

Previous reports on the chemicd andyss of the liverworts reveded tha often liverworts
produce unique sesquiterpenoids with novel carbon skeletons which are not isolated from
higher plants and mogt of the liverwort sesquiterpenoids correspond to the enantiomers of
those of higher plants. In addition, severa biologicdly active compounds® and a large variety
of sesquiterpene hydrocarbons which are important intermediates in the biosynthess of
functionalized sesquiterpenes which may be useful reference compounds in sudying the
product specificity of sesquiterpene synthases, particularly after Ste-gpecific mutageness,
have been isolated from liverworts.

Therefore, the isolaion and dructure eucidation of sesquiterpene hydrocarbons  and
oxygenaed sesquiterpenes of some European liverworts from the families Gymnomitriacese,
Scapaniaceae, Plagiochilaceae and Jungermanniiaceae, were carried out.

Isolation and Identification involve:
- Collection and proper botanicd identification of the liverworts.
- Extraction of the ground liverwort materids; hydroditillation, extraction with solvents
of different polarity at room temperature e.g. hexane, dichloromethane, diethyl-ether.
- GC and GC-MS study of the essentid oils and extracts by comparison of the mass
spectra obtained with known compounds in a data bank established under
identical experimenta conditions.
- Isolation of compounds with unknown mass spectra by a combination of
chromatographic techniques, column  chromatography ~ (CC),  prepardtive  gas
chromatography (PGC) and thin layer chromatography (TLC), etc.
- Structure eucidation by mass spectrometry (MS), aswell as one- and two dimensional
NMR techniques (*H-NMR, 3*C-NMR, 2D- H-'H-COSY, HMBC, HMQC, NOESY).
- Determination of absolute configuration of the isolated compounds by chemica
corrdation (hydrogenation, acid or thermal rearrangement reactions, etc.) with known

compounds monitored by enantiosdl ective gas chromatography (GC).



3. General Part

In this chapter, terpenoids and its biosynthes's, essentid oils, methods of essentid ail
extraction, liverworts, germacranes, andytica methods, cyclodextrins, and determination of
absolute configuration are discussed.

3.1 Terpenoids

The terpenoids, dso caled isoprenoids, are one of the largest groups of naturd products
found in nature with more than 30,000 known examples, and ther number is growing
steadily.[®! Terpenoids are al based on the isoprene unit, 2methylbuta-1,3-diene (1) (Fig. 1),
and their carbon skeletons are built up from the union of two or more of these Cs units -
‘isoprene rule’ proposed by Wallach, (1987 & 1909) and Ruzickaet al. (1953).7%!

\

1

Fig. 1. Isoprene unit, (2-methyl buta-1,3-diene).

Terpenoids range from the essentid oil components, the volatile mono- and sesquiterpenes
(C10 and Cjs), through the less volatile diterpenes (Cyo) to the non-volatile triterpencids and
serols (Cgp), carotenoid pigments (Ca0) and polyisoprene (C). Each of these various classes
of terpencid are of significance in ether plant growth, metabolism or ecology.[*” Most natural
terpenoids have cydlic structures with one or more functiona groups (hydroxyl, carbonyl,
efc.), hence, the find deps in the synthess involve cydlization and oxidation or other
sructura modification such as skeleta rearrangements.

3.2. Terpenoid Biosynthesis
The formation of the common isoprene-derived subunit has been extensvely studied over the
last 50 years, leading to a generdly accepted pathway from acetate activated as acetyl-

coenzyme A (2), via acetoacetyl-coenzyme A (3), 3-hydroxy-3-methylglutaryl-coenzyme A



(5), and mevadonate (7) to isopentenyl diphosphate (IPP) (10), the first precursor possessing
the branched Cs-isoprenic skeletor!*12 (Fig. 2).

A few years ago, however, incorporation of *3C-labeled acetate and glucose into triterpenoids
of the hopane saries and the prenyl chan of ubiquinone from severd bacteria proved
unambiguoudy that the classcd acetate / mevaonae pathway was not operating in al living
organisms and that the isoprenic skeleton can be formed from triose phosphate derivatives via
a non-mevalonate pathway.[131°)

In addition, it has recently been established by incorporation of [1-3C]- and [U-13Cg]glucose
that monoterpenoid essentid oils (geraniol, menthone, pulegone, thymol) ae biosynthessed
in plants by a pathway which is different from the established mevalonic acid route!*®!

3.2.1. The mevalonate pathway

The mevdonae pathway (Fig. 2) involves the enzymatic condensation of two molecules of
acetyl-CoA (2) by acetoacetyl-CoA thiolase to form acetoacetyl-CoA (3). This reection is
followed by a nucdleophilic atack of the acetyl-S-enzyme (4) derived from acetyl-CoA (2) to
subsequently form  3-hydroxy- 3-methylglutaryl-CoA (HMG-CoA) (5) by the enzyme HMG-
CoA gynthasee  The enzyme HMG-CoA reductase (HMGR) catdyses the reductive
deecylation of HMG-CoA 6) to mevadonate (MVA) (7) via mevadate @) and employs two
equivdents of NADPH as reductant. This is followed by mevaonate kinase catadyses of the
firda ATP-dependent phosphorylations of mevaonae (7) to mevaonate 5-phosphate (8).
Subsequently, mevdonate 5-diphosphate (9) is produced by the further action of
phosphomevaonate kinase. These reactions lead to the formation of isopentenyl diphosphate
(IPP) @0). The IPP isomerase catdyses the 1,3-dlylic rearrangement reaction converting 1PP
(10) into dimethyldlyl diphosphate (DMAPP) (11), IPP and DMAPP being the biogenetic

isoprene units (Fig. 2).



9 10, IPP 11, DMAPP

Fig. 2. The mevalonate pathway .

3.2.2. The mevalonate-independent (deoxyxylulose phosphate) pathway

The prdiminary reactions in mevaonate-independent pathway (Fig. 3) involve the reaction of
pyruvate (12) with  thiamine diphosphate (13) to form pyruvae-thiamine diphosphate
complex (14) which undergoes decarboxylation to generate (hydroxethyl)thiamine
diphosphate (15). The first reection of this pathway is a transketolase-like condensation
between pyruvate (12) and Dglyceradehyde 3phosphate (16) to form Edeoxy-D-xylulose 5
phosphate (DXP) (17). This involves condensation of (hydroxethyl)thiamine diphosphate
(15), derived from pyruvate (12), with the adehyde group of glycerddehyde 3-phosphate
(16). DXP (17) is then tranformed into 2-C-methyl-D-erythritol-4-phosphate (MEP) (18).
The anticipated intermediate adehyde (2-C-methylerythrose-4-phosphate) (9) is not released
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from the enzyme but is smultaneoudy reduced by NADPH. Subsequent reactions lead to the
formation of isopentenyl diphosphate (IPP) (10) and DMAPP (11). In contrast to the
mevaonate pathway, where IPP (10) isomerized to DMAPP (11), this last isomerization is
yet to be confirmed as there is growing evidence that it may not occur in the non-mevaonate
pathway.[*? Moreover, the non-mevaonate pathway for isoprencid biosynthesis has been
confirmed in severa bacteria!*’*® and recently for the biosynthesis of diterpencids in two
higher plants, Gingko biloba and Salvia miltiorrhiza [** as wel as for the formation of dll
isoprencids (i.e. gerals, prenylquinones, phytol, carotenoids) of the unicdlular green agee
Scenedesmus obliquus.

Severd terminologies commonly in use for this pathway, incdlude mevaonate-independent
pathway, glyceraldehyde 3-phosphate / pyruvate pathway, deoxyxylulose phosphate (DXP or
DOXP) pathway, and methylerythritol phosphate (MEP) pathway.!*%
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Fig. 3. Hypothetica biogenetic non-meval onate pathway.



3.3. Prenyltransferases (Fig. 4)

Prenyltrandferases are repongble for the dkylaion seps involving DMAPP (11) and one or
more IPP (10) residues. These reactions provide the polyprenyl diphosphate precursors for the
vaious terpenoid families Many polyprenyl diphosphate synthase enzymes ae rddivey
non-specific and catdyse the condensation of DMAPP (11) with IPP (10) units to build up
polyprenyl diphosphate chains of different lenghts. Farnesyl diphosphate synthases catdyses
the successve condensations of IPP (10) with both DMAPP (11) and geranyl diphosphate
(GPP) @0), the precursor to a wide variety of monoterpenoids, to give farnesyl diphosphate
(FPP) (21), the intermediate in sesquiterpenoids formation. Geranylgeranyl diphosphate
(GGPP) @2) synthase catalyses further the condensation step between IPP (0) giving GGPP
(22) the normal progenitor of diterpenoids!*?

Recently, the isolation of the cDNAs encoding (+)- and (-)-germacrene D-synthase, a-
gujunene- and cascailladiene synthase from Solidago canadensis L. and ther functiond

expressionin E. coli have been concluded 2!
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Fig. 4. Enzymes i, geranyl diphosphate synthase; ii, farnesyl diphosphate synthase;
iii, geranylgeranyl diphosphae synthase.



3.4. Biosynthesis of Sesquiter penes

Seqquiterpenes ae widespread in higher plants, liverworts and mosses, fungi, dgee,
arthropods, marine invertebrates, and microorganisms. In the last two decades dudies of
sequiterpene biosynthess have entered an entirdy new phase, as severd individud cyclases
caidyzing the converson of farnesylpyrophosphate (FPP) (21) to a variety of sesquiterpenes
have been isolated and characterized. The availability of sesguiterpene synthases, in crude or
purified form, has dlowed detaled mechanisic andyss of the cydization reactions which
lies a the heart of terpenoid biosynthetic theory.?” Hence, various carbon skeletons of
sesquiterpenes were shown to be products of cyclisations of ether farnesylpyrophosphete
(FPP, 21) or neralidyldiphosphate (NPP) (Fig. 5).

E,E-fanesyl cation

J \ bisaboly! cation
[ j 1 : ‘ @ :
e/ -
®
E E-germacry| cation humulyl cation cis-germacryl cation
| |
eudesmy| caion ®
guayl cation
caryophyllyl cation

Fig. 5. Sesquiterpenes cyclization.



The initid dgep in these cydisaions involves a remova of the pyrophosphate anion
accompanied by paticipation of ether the centrd or termind double bonds leading to the
corresponding cations (eg. germacryl, humulyl, bissbolyl, etc.). Common naturadly occuring
cyclized sesquiterpene skeletons include eudesmane, longipinane etc. (Fig. 6).

X G0

Cadinane, Amorphane; Bisabolane Aromadendrane
Muurolane; Bulgarane
Q@\( Q@\(
Germacrane Elemane Eudesmane
00
Bicyclogermacrane Eremophilane L ongipinane
Barbatane (Gymnomitrane) Anastreptane Chamigrane

Fig. 6. Common cyclic sesquiterpene skeletons.



3.5. Essential Oil

Essentid ails, dso known as volatile oils or essences, are volaile secondary metabolites that
plant produce for their own needs other than nutrition (i.e protectant or atractant).??) The
term ‘essentid oil* is dso used to describe the oils captured via water or steam didtillation or
by mechanicd processng of citrus rinds or dry didillaion of naurd materids In generd,
they are complex mixtures of volatle organic compounds that give characterigic odour and
flavour to the plants. Chemicaly, the terpenes essentid oils can be divided into two classes,
the mono-, and the sesquiterpenes, Go and Gs-isoprenoids, which differ in ther boiling point
range (monoterpenes b.p. 140-180 °C, sesquiterpenes b.p. > 200 °C).[%

These odils ae found in spedid secretory glands or cdls within plants” and their
accummulation is dependent on the developmental stage / phase as well as its concerned part /
organ, tissue, and the cdls The essentid oil production is highly integrated with the
physiology of the whole plant and so depends on the metabolic state and preset developmental
differentiation programme of the synthessing tissue and impact of abiotic stresses (moisture,
soil sdinity, temperature).? The same species of plant can produce an essentid oil with
different properties depending on whether it was grown in dry or damp earth, a high or low
dtitude or even in hot or cold cimaes?® Essentid oils can be extracted from leaves,
flowers, buds, twigs, rhizomes, heartwood, bark, resin, branches or whole plant, seeds and
fruits!?®  Examples of higher plant families particularly rich in essentid oils indude the
Compositae, Matricaria, Labiatae, eg. the mints, Eucalyptus, Rutaceae, Citrus ails, dill etc.

Essentid oils are commercidly important as the bass of natural perfumes and aso of spices
and flavourings in the food industry and are generdly expensve. Thus the high price of the
natura oils coupled with their limited availability has encouraged a search for subgtitutes.

3.6. Methods of Extraction

Severa methods are used for the exraction of essentid oils. The common methods are briefly
discussed. The methods employed depend on the nature of the sample and other factors such
as thermodynamic stability of the essentid oil condtituents.

3.6.1. Hydrodistillation

Hydrodidtillation is one of the sdective way of extracting essentid oils It involves boiling of
the plant maerid in water and capturing the resultant steam, condensing it into water and
essentid oil, and then separating the two phases. This method requires a wel regulated
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heeting sysem to avoid decomposition, rearrangements of terpenes, and hence, produces a

lesser qudity ail. The gpparatus commonly used is cdled clevenger hydrodidtillator.

3.6.2. Steam Distillation

Steam didtillation is the most common method used to cagpure essentid oils. This involves
placing the fresh plant materid onto a grill Stuated indde a ded tank, followed by Spraying
pressurized steam through the materid from below. The heat dlows the essentid oils to be
rdleased and travel with the seam up and into a condensation tube. Where, the steam is
condensated to form an agueous phase and essentid oil, with the essentid oil floating on top.
Subsequently, the essentid oils are skimmed off the top or snce most are less dense than
water, they are dlowed to pour into a separate chamber. The water produced contains other
important plant condituents, mostly water-soluble substances. Mogt plant materials that are
deam didilled are fresh. This method yidds higher qudity essentid oils than hydrodidtillation
snce the amount of plant materid exposed to the seam is minima, thus reducing the
deterioration of the essentia oil components.

3.6.3. Solvent Extraction

Solvent extraction involves soaking of the plant materid into duteble solvent of various
polarity, such as hexane or diethyl ether, to produce a crude extract. This extraction method
yidd, in addition to essentid oils, subgtantid amount of other plant condituents such as
resns, pigments, waxes, and other non voldile materids and avoids the danger of artifact
formation via isomerization, polymerisation, dehydration etc., a rased temperature invovied
in methods such as hydroditillation.

3.6.4. Cold Expression
Cold expresson involves mechanicdly pressng of the plant materid, followed by spraying of
water to ensure that dl of the oil and pulp are captured. The mixture is then centrifuged. This

form of extraction is commonly used for the citrus fruits.

3.6.5. Super Critical Carbon-Dioxide Extraction (CO,)

Super criticd carbon dioxide extraction process utilizes CO,, to extract mogt of the
condituents of the plant materid. The later is placed in a danless sed tank, the CO, is
added, and pressure is increased ingde the tank. With the high pressure and lower
temperatures the CO. liquefies and acts as a solvent extracting the oils and other plant

1



congtituents. Then the pressure is decreased to alow the CO, to evaporates leaving a pure
extract completely free of solvents.

There are two types of CO, extracts, sdective or total. Selective extracts are produced using
lower pressures and contain the volatile oils of the plant, very much like those produced via
deam didillation. Whereas in totd extracts other plant condituents besdes the volatle
essentid oil such as waxes, pigments, and fats are extracted using higher pressure.

3.7. Liverworts

The bryophytes ae taxonomicaly placed between adgae and pteridophytes, with
approximately 18,000 species or more, world wide!?>-2%1  Bryophytes have been hypothesized
to represent several quite separate evolutionary lines and cdlassfied into three coordinate
phyla: Anthocerotophyta (hornworts), Bryophyta (mosses), and Hepaticea (liverworts) 125261

The Hepaticea contain oil bodies which are eadly extracted with organic solvents whilst the
other two classes do not contain il bodies!?”! A typicd liverwort Marsupella emarginata is

shownin (Fig. 7).

Fig. 7. Liverwort: Marsupella emarginata.



Liverworts often produce unique sesquiterpenoids with carbon skeletons which are not
iolated from higher plants, and the absolute configuration of most of the liverwort
sesquiterpenoids correspond to the enantiomer of those of higher plants!?®2% Exceptions are
eg. (-)-frulandlide (23) which occurs in both enantiomeric forms™Y or, (-)-caryophyllene
(24) which isfound in Scapania undulata.*?

In higher plants mainly enantiomericaly pure sesquiterpencids®¥! are formed and very few
examples of the presence of their enantiomers have been reported** An example is Solidago
canadensis in which the presence of two enantiospecific synthases (cyclases) was found to be
responsible for the generation of the two germacrene-D (25) enantiomerd 213! (Fig. 8).

()23 (-)-24 (+)-25 (-)-25

Fig. 8. Sesquiterpenesisolated from the liverworts Scapania undulata, Frullania
species and Solidago canadensis.

Furthermore, in contrast to the liverworts, the optica antipodes of monoterpenoids generally
occur in higher plantsi.e they are often produced as mixture of enantiomers 3! (Fig. 9).

F & ¢

Camphene b-Pinene Limonene

| on
|
|

Linal ool a-Thujene b-Phellandrene
Fig. 9. Common monoterpenes in both liverworts and higher plants.

13



3.7.1. Biologically Active Compoundsfrom Liverworts

Many naturd products, other than akdoids, show medicind properties or other biologica
activities. Among these are sesqui- and diterpenoids as well as phenolic compounds isolated
by solvent extraction from the oil bodies of bryophytes Some of these biologicd activites
indude anti-microbia, anti-fungd, cytotoxic, insect antifeedant, muscle reaxing, some
enzyme inhibitory, and apoptosis inducting activity, etc.?”!

Few of the biologicdly active compounds of liverwort origin include, Pagiochiline-A (26)
from Plagiochila fruticisa and P. ovalifolia and Marsupdlone (27) from Marsupella
emarginata Both 26 and 27 showed antitumor activity.®”) Lemndone (28), the oxidative
product of lemndol (29) has been reported to exhibit remarkably strong cytotoxicity to
DBA/MC fibrosarcoma cells in vitro.l*®! Lemnaone has been isolated for the first time in this

work from the liverwort Mar supella emarginata (Fig. 10).
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Pagiochiline A (26) Marsupellone (27) Lemnalone (28) Lemndlol (29)

Fig. 10. Examplesof biologically active compounds from liverworts

Lemndd (29) dso inhibits tumor growth in vivo.*® Another biologicaly active compound,
Artemisnine (30), an antimdaia drug, was isolated from the Chinese medicind plant
Artemisia annua.®® The (-)-enantiomer of (+)-amorpha-4,11-diene (31) isolated from
Marsupella aquatical*” has been described as the intermediate precursor of Artemisinine
(30)Y (Fig.11).

FPP (21) (-)-31 Artemisinine (30)
Fig. 11. Proposed pathway to Artemisinine (30) via Amorpha-4,11-dien (31) 4
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3.8. Germacranes

Germacranes are tenrmembered monocyclic compounds which  conditute  important
intermediates between farnesyl pyrophosphate (FPP) (21) and many other sesquiterpene
dructures (Fig. 5). Ther unique structurd and conformationa features, generd occurrence in
nature, and their centra role in the biosynthesis of other sesquiterpenes, have received much
atention in modern organic chemistry. 4244

(E,E)-germacrene -A (32) -B (33) -C (34
X
F
-D (25) isogermecrene-A (35)

Fig. 12. Typical Germacrene structures.

The mgority of known germacrenes (32-34) possesses the flexible (E,E)-cyclodeca-1(10),4-
dienering unit asthe main sructurd characterigtic (Fig. 12), but (Z,E)-germacrenes

(melampolides), (E,Z)-germacrenes (hdiangolides) and (Z,2)-germacrenes are dso found in
nature (Fig. 13)!*® The new regioisomer of germacrene A (32), isogermacrene-A (35),
recently isolated from the liverwort Saccogyna viticulosa (L) Dum,*¥ aso belongs to the
(E,E)-germacrene-group.
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Z,E)-germacrenes (E,2)-germacrenes
EE)- ( .
(E.E)-germacrenes (melampolides) (heliangolides)
1
6
15
(Z,2)-germacrenes (E,E)-iso-germacrenes

Fig. 13. Germacrene isomers.

The conformationd behaviour of germacranes, in paticular the (E,E)-germacranes, has been
an area of study for decades!*®*® These studies have shown that the 10-membered ring of
germacranes can adopt four distinct conformations which can be denoted as UU, DU, DU,
and DD. U (up) and D (down) refer to the orientation of the C(14) and C(15) methyl groups.
These conformers have either a crossed (UU and DD) or parald reation of the double bonds
through the ring®® and inversion of the C(7)-C(8) unit!®® As indicated for hedycaryol (36),
(Fig. 14) the conformation of the C(7)-C(8) segment in the 10-membered ring is largely
determined by the C(7) substituent which tends to occupy a pseudoequatoria position.

5
36-DU 36-DD

Fig. 14. Conformational behaviour of hedycaryol (36).
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Many (E,E)-germacrenes show temperature-dependent NMR  spectra  indicative  of
conformationd equilibria in solution. Hedycaryol (36), for example, exists in three different
conformations a room temperature®!! Since these conformations are interconverting a room
temperature, transannular cyclization reactions of hedycaryol (36) only proceed via the most
seble UU conformation.¥  This type of stereosdlectivity in corformationdly controlled
reactions can often be predicted if the mogt stable conformation of the compound involved is
known.!®3 Correct predictions of most stable conformations can be produced by carrying out
molecular mechanics caculations, often in combination with NMR and X-ray data!®*>® The
occurence of these different germacrene conformer plays an important role in the biosynthess
of other sesquiterpenes!®® The totd synthesis of germacranes has been a long-standing
problem manly because of difficulties caused by ther thema indability and the ease with

which these compounds undergo transannular cydlizations°%>->8!

3.8.1. The Cope Rear rangement

A vey important reection for the synthess of germacrane sesquiterpenes is the [3.3]
sgmeatropic Cope rearrangement in which 1,2-divinylcyclohexanes are thermaly converted
into cyclodecadienes®® Cope rearangement has been observed for members of the
germacrane  sesqiterpene skeleton family.[*” 1t is well known that germacrene C (34)1%
yidds racemic d-demene (38), gemacrene B (33) forms racemic g-demene (39),

isogermacrene A (35) yidds iso-b-demene (37) and that (+)-germacrene A (32) is eedly

10

(+)-Germacrene -A (32) Germacrene-B (33) Germacrene-C (34)

e I° i

(- )-b-Elemene (40) rec. g-Elemene (39) rac. d-Elemene (38)  Is0-b-demene (37)
Fig. 15. Thermal or Cope rearrangements of germacrenesto emenes.
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converted into (- )-b-elemene (40), (Fig. 15).144 46-47. 581

Genedly, the equilibrium is determined by the subgtitution paitern, conjugation effects, ring
strain, conformation, and other factors!®! Due to the reversble nature of the conventiond
Cope rearangement, efforts to synthesze germaecrene sesquiterpenes  from  1,2-

divinylcydohexane precursors have met with only limited sucoess[®%-%

3. 9. Analytical Methods

3.9.1. Mass Spectroscopy

It is possble to determine the masses of individud ions in the gas phase. The most common
method of ionisation involves eectron impact (EI) and the dAterndive is chemicd ionisation
(Ch. ClI is a milder ionisation method than El and leads to less fragmentation of the molecular
ion. Other techniques developed to andyze complex and sendtive compounds include, fast
aomic bombardment (FAB), matrix assded laser desorption ionization time of flight
(MALDI TOF), etc.

Three factors dominate the fragmentation processes, (i) weak bonds tend to be broken most
eadly, (i) stable fragments (not only ions, but aso the accompanying radicas and molecules)
are produced most readily and (iii) some fragmentation processes depend on the ability of
molecules to form cyclic trangtion dates. Thus, fragmentation processes nauraly occur more
often, and ions thus formed give rise to strong peaks in the mass pecrum. Apart from giving
the molecular weight of a substance, the molecular ion of a compound may provide additiona
information. For some dements where there is more than one isotope of high naturd
abundance (eg. bromine has two abundant isotopes "°Br 49% and ®'Br 51%; chlorine dso has
two abundant isotopes 3'Cl 25% and 3°Cl 75%). The relaive intensties of the [M]*, [M+1]*
and [M+2]" ions show a characterigtic pattern depending on the dements which make up the
ion. In addition, the ‘nitrogen rule¢ dates that a molecule with an even molecular weight must
contain no nitrogen atoms or an even number of nitrogen atoms. Thus, a molecule with an odd
molecular weight must contain an odd number of nitrogen atoms.

In High resolution mass spectra (HRMYS) the use of double focussng alows the mass of an
ion to be determined to an accuracy of gpproximately +/-0.0001 of a mass unit, hence, its
possble to obtan the exact aomic compodstion of each ion in a mass spectrum,
unambiguoudly.

Another development which proved to be a very powerful technique is coupled gas
chromatography-mass  spectrometry  (GC-MS), a technique that is widdy used for the
identification of volatile organic compounds in complex mixtures. Neverthdess, it has been
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reported that even where GC-MS is used for andyds assgnments or identification of
compounds cannot often be made on the basis of mass spectrometric data only,[®”! snce many
terpenes have essentialy identicdl mass spectra This can be due to the initid smilarity of
dructures, or due to various fragmentations and rearrangements after ionization. Hence, some

knowledge of retention characteristicsis often required to complement mass spectra data.

3.9.2. Kovats'sIndices

Gas chromatographic retention indices (Kovats indices) are a vaudble ad in the identification
of monoterpenes and sesquiterpenes in essentid oils and related naturd and  synthetic
products. Some 900 Kovat's indices of 400 individua compounds on methyl slicone
(dimethyl polysloxane) and/or Carbowax 20 M liquid phases ae summarized from the
generd literature!®® The dependence of retention index on temperature has been extensively
described, with specific reference to terpenes. Temperature has a relaively smal effect on
Kovat's indices of terpenes on methyl slicone phases, but can have quite marked effects on
the indices on CW 20M.[%8-7°1

3.9.3. Chromatography

Chromatography is defined as the separation of a mixture of two or more different compounds
(in some cases, ions) by digtribution between dationary and moving phases. Various types of
chromatography are possible, depending on the nature of the two phases involved; solid-liquid
(column, thin-layer, and paper), liquid-liquid, and gas-liquid (vapour phase) chromatographic
methods are commonly available. The choice of technique depends largdy on the differentid
solubilities (or absorptivities) and volatilities of the compounds to be separated with respect to
the two phases between which they are to be partitioned. The adsorption chromatography was
discovered by the Russian botanist Michael Tswett in 1903!"Y and later developed in 1931 by
Kuhn and Lederer!’? The underlying mechanisms are the patitioning of the moving
compounds between phases and dso their being reversbly adsorbed on the surface of the
dationary phase. There are, however, various quditative factors to be considered in the choice
of adsorbent and solvent(s), sze of the column (both length and diameter) reative to the
amount of materid to be chromatographed and the rate of eution (or flow). These factors
often enable the chromatographic behaviour of a substance to be predicted.
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3.9.4. Thin Layer Chromatography (TLC)

Thin Layer Chromatography is one of the most important methods for andyzing essentid ails
apat from gas chromatography (GC).[”®! The ratio of fronts (R;) value is dependent upon
many variables which must be watched during the preparation and evduation of the
chromatogram if reproducible results are to be obtaned : Qudity of the layer materid,
activation grade of the layer, layer thickness, chamber saturation, quditiy of the solvent,
development distance, and distance of the starting point from the surface of the solvent.!”
Sometimes a better separation is achieved by the sepwise dution technique, in which
different solvents in successon are made to pass over the chromatogram in the same or
rectangular direction.”!

The effectiveness of TLC had dso been improved by various modification techniques
involving impregnation techniques usng padffinn and AgNOs. The AgNOs-impregnated-
TLC dlows the separation of terpenes according to the number of double bonds!”®7"! The
biosynthesis of terpenes had been followed by TLC"®!

3.9.5. Gas Chromatography and High Performance Liquid Chromatography

Gas chromatography (GC) finds its man gpplication with volatile compounds, faty acids,
mono- and sesquiterpenes, and sulphur compounds. However, the volatility of higher boiling
plant condituents (alcohols, acids) can be enhanced by convertion to esters and/or
trimethylslyl ethers so that there are only few classes which are completely unsuitable for GC
separation. Alternatively, the less volatile congtituents can be separated by HPLC, a method
which combines column efficiency with speed of andyss. A mgor difference between HPLC
and GLC is that the former procedure normaly operates at ambient temperature, so that the
compounds are not subjected to the posshility of thermd rearrangement during separation.
HPLC is manly used for those compounds which are non-voldatile, eg. higher terpenoids,
phenolics of dl types, akadoids, lipids, and sugars. HPLC works best for compounds which
can be detected in the ultraviolet or vigble regions of the spectrum and provides a most
important and versatile method of quantitative plant analyss.

3.9.6. I solation Procedures

The method of isolation employed depends on the quantity and complexity of the essentid oil
as observed by GC or HPLC, in addtion to other factors such as lability and therma instability
of the constituents. The flow chat below shows the interconnectivity of chromatographic
techniques used in the isolation and purification of compounds (Fig. 16). Thus, there is
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condderable overlap in the use of the chromatographic techniques and often a combination of
conventional column chromatography (CC), TLC and HPLC or TLC and GLC may be the
best approach for separating a particular class of plant compound.

Plant materids
Solvent Hydroditillation
Extrection
v
Extract / Essentid oil
v v
| PeP-GC - CC |pf prepTLC|
| | | | .
GC-MS ' v Vv v P analytical GC
0 HPLC >
v
Enantioselective GC
y
| solated compound

Fig. 16. Flow Chart of asimplified | solation protocols

3.9.7. Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance (NMR) spectroscopy isaphysica technique which enables
investigation on the structure of amolecule at the atomic leve. The nucle of isotopes of most
elements possess magnetic moments which arises from the spinning of acharged particle
which generates amegnetic fidd. Thisinvolves the change of the spin state of a nuclear
magnetic moment when the nuc eus absorbs dectromagnetic radiation in a srong magnetic
field. Not al atomic nuclei are NMR-active%* ° Both one- and two dimensional nuclear
magnetic resonance (1D- and 2D-NMR) techniques were employed in the ducidation of

structure of various compounds.
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3.9.7.1. One Dimensional -NMR Experiments

One dimensond -NMR indude, 'H-NMR, *C-NMR, spectra etc. The *H-NMR spectrum,
information relaing to the number of different kinds of the environments of the hydrogen
aoms, the ratio of the hydrogen causng each dgnd, the spin-spin olitting indicating the
neighbouring nonequivalent protons, and the coupling condant (J) which gives further
information about stereochemicd fegtures in the molecule are observed.

3.9.7.2. 13C-NMR Experiments

13C is a rare nucleus (1.1% natural abundance) and the most abundant isotope of carbon ¢2C)
cannot be observed by NMR. Its low concentration coupled with the fact that **C has a
reaively low resonance frequency, leads to its relaive insendtivity as an NMR-active
nucleus (about 1/16000 as sensitive as ‘H). However, with incressing availability of routine
pulsed FT-NMR spectrometers it is now common to acquire many spectra and sum them up,
so 13C-NMR of good quality can be obtained readily. As a consequence, *C-13C couple is not
observed in *C-NMR spectra. A 3C strongly couples to any proton which may be attached
(*Jc is typicaly about 125 Hz for saturated carbon aoms in organic molecules). It is the
usud practice to irradiate the 'H nude during *C acquistion so that dl *H are fully
decoupled from the *C nude (usudly termed broad band decoupling or noise decoupling).
13¢C spectrausualy appear as a series of singletswhen *H isfully decoupled.

3.9.7.3. Digtortionless Enhancement by Polarization Transfer (DEPT)

The DEPT experiment is commonly used to determine the multiplicity of *C signds The
sgnds arisng from carbons in CH; and CH groups (i.e. those with an odd number of attached
protons) appear oppositey phased from those in CH, groups (i.e. those with an even number
of attached protons) eg. signas from CHs and CH groups point upwards while signds from
CH. groups point downwards. Another 3C-experiment useful in structure eucidation is *3C-
PENDANT. The observed spectrum from PENDANT is smilar to that of DEPT with an
additiond less intengve sgnds of the quatenary carbon pointing in the same phase as the CH,

groups.



3.9.7.4. Two-dimensional NMR Experiments

The most important two-dimensond NMR experiments for solving sructurd problems are
COSY (COrrdation  SpectroscopY), NOESY (Nucler Overhauser  Enhancement
SpectroscopY) and HSC (Heteronuclear Shift Correlation).

3.9.7.5. COrreation SpectroscopY (COSY)
The COSY specrum shows which pairs of nucle in a molecule are coupled. The COSY
spectrum is a symmetrical spectrum which has the *H-NMR spectrum of the substance as both
of the two chemical shift axes (F1 and F2). In a sngle COSY spectrum, dl of the spin-spin
coupling pathways in a molecule can be identified. Useful coupling corrdaions observed in
COSY spectrainclude 2J, 3J, 4J, and °J (Fig. 17)

H H 5 H
M Hﬂ \WH
4J-aIIyIic coupling 4J—W-coupli ng 5J—homoallyli c coupling
Fig. 17. Important coupling correlations

3.9.7.6. The Nuclear Overhauser Effect (NOE)

The irredigtion of one nucleus while obsarving the resonance of another may result in a
change in the amplitude of the observed resonance i.e. an enhancement of the sgnd intengty.
This is known as the Nuclear Overhauser Effect (NOE). The NOE is a through space effect,
and its magnitude is inversdy proportional to the sxth power of the distance between the
interacting nuclel. Therefore, because of the distance dependence of the NOE, it is an
important method for edtablishing which groups are close together in space and can be
measured quite accurately.

The NOESY gpectrum relies on the Nuclear Overhauser Effect (NOE) and shows which
pars of nucle in a molecule are close together in space. The NOESY is dso a symmetrical
spectrum which has the *H-NMR spectrum of the substance as both of the two chemical shift
axes (F1 and F2). The NOESY spectrum is very smilar in gppearance to a COSY  spectrum.
In a NOESY spectrum, dl of the nuclei which are close in space (< 5 A°) can be identified.
From the andyss of the NOESY spectrum the reative configuration of a molecule can be
determined when sgnds are not overlgpped. In cases where there is an overlagp, semi- or tota

synthesis or chemical interconversion of functiona groups could be employed.
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3.9.7.7. The Heteronuclear Spectroscopy spectrum (HSC) is the heteronuclear andogue of
the COSY spectrum. The HSC spectrum has the *H-NMR spectrum of the substance on one
axis (F2) and the *3C spectrum (or the spectrum of some other nucleus) on the second axis
(F1). In an HSC spectrum, the correlation between the protons in the *H-NMR spectrum and
the carbon nude in the *C spectrum can be obtained. This include Heteronuclear Multiple-
Bond Corrdation (HMBC) and Heteronuclear Multiple Quantum-Coherence (HMQC). The
HMQC is used to determine the one-bond protonrcarbon shift corrdaion ie 'JC-H
corrdation. While HMBC is used for longrange (two- and three-bonds) H-*C
interconectivity i.e. 2J and 3J correlations.

3.9.7.8. Other Important Spectroscopic Methods

Infrared (IR) and Ultraviolet and Vishble (UV-VIS) specroscopies are other useful anaytica
methods which furnish additiond information in the ducidation of dructures. Infrared (IR) is
most widdy used for the detection of functiona groups in pure compounds, mixtures and for
compound comparison. The main useful region of the infrared spectrum ranges from 4000
650 cmt,

UV-VISis primarily used to measure the multiple bond or aromatic conjugation within

molecules. The UV region extends from 1000-4000A° or 100-400 nanometers (nm).

3.9.8. Determination of Absolute Configuration

Absolute configuration has become an important Structural information, particularly because
of the increesng number of cases where different biologica propertties can be reated to
serecisomers. Severa methods such as X-ray andyds, crcular dichroism (CD), and NMR
techniques have been used for the determination of the absolute configuration of numerous
functiondlised compounds. In addition, derivatisation, specificaly Mosher’'s method has been
widely used for the past decade because of its universdity and accessahility.[®! Recently, a
method has been developed for an acyclic secondary dcohol using the characteristic functions
of 1,5-difluoro-2,4-dinitrobenzene (FFDNB).°®Z Nevertheless, dl these methods were not
without limitations in their various gpplications. In hydrocarbons for example, the lack of
functiond groups for derivatisation, provided very limited gpplications of the aformentioned
methods. Enantiosdlective GC is another method which became an essentid tool for
stereoselective andlyds after the introduction of cyclodextrin derivatives as chird dSationary
phases a decade ago.®%The introduction of this andyticd method enables a precise
stereochemica andysis of the enantiomeric composition of a wide range of compounds®®! In
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addition, assignment of absolute configuration could be achieved in case a reference mixture
of both enantiomers is avalable and the eution order of the enantiomers is known. This is
determined by chemica corrdations of unknown compounds with known sructures by
interconverson (hydrogenation, oxidation, acid- and thermd rearrangements, independent
synthesis, etc). Then, the universdly used Cahn-Ingold-Prelog (CIP) rules®%2% with the
descriptors R and S are being applied for the specification of molecular configurations of

enantiomers and diastereomers.

3.9.9. Cyclodextrins(CDs)

Cyclodextrins (CDs) are naturdly occuring cyclic oligomers of a-1,4-linked D-glucose units
with a unique shape resembling a bottomless flowerpot!”® CDs are derived by enzymatic
hydrolyss of dach by cydodextrin glycosyl tranderases (CGTase) from Klebsiela
pneumonia, Bacillus macerans, and other bacteria strains and are commercidly available!”
The common CDs contain sx (a) (41), seven (b) @2), and eight (g) D-glucose units (43),
with each glucose being in arigid chair conformation (Fig. 18).

a-Cyclodextrin (41) b-Cyclodextrin (42) ¢g-Cyclodextrin (43)

1.37 nm ¥ 1.53 nm

057 u

Fig. 18. Structures and dimensions of a-, b-, and g cyclodextrins
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Ther overdl conformation is manly determined by a-(1-4)-linked glucose units in the “C;-
conformation and dabilized by intramolecular hydrogen bonding between the 2- and 3-
hydroxy groups. Numerous CDs derivatives are obtained by modification of the 2, 3-, and &
hydroxy groups to Galkylated and —acylated products. In contrast to the hydrophilic character
of the outer surface, the cyclodextrin dructure features a hydrophobic cavity that can
encapsulate various guest molecules to produce supramolecular inclusion complexes!81-82
They are widdy used commercidly as purification media. The extreordinary utility of CDs as
chird dationary phases for enantiosdective gas chromatography was discovered by Konig's
group when some of the charaterisic properties (solubility, therma dability, sdlectivity) of
the CDs were improved by subditution of the sugar hydroxy groups with dkyl and acyl
groups!®8! The successful application of CDs derivatives in packed columns for the
prepardtive separation of enantiomers has furnished an efficient tool for the isolation of
optical isomers!®®  In addition, capillary gas chromatography with modified CDs derivatives
have been used extensvely to resolve enantiomers compostion of various monoterpene and
seqquiterpene hydrocarbons. CD phases provide higly rdiable tools for testing the authenticity

of diverse essentid oils[87-8%

26



4. Special Part

This part involves the identification and characterization of the essentid oils of the liverworts
Plagiochila asplenioides, Scapania undulata, Diplophyllum albicans, Marsupella
emarginata, Marsupella aquatica, Marsupella alpina, Tritomaria polita and Barbilophozia
floerkei. In addition, isolation, dtructure ducidation and dereochemidry of new

sesquiterpenes from these liverworts are discussed.

4.1. Chemical Analysisof the Essential Oil of the Liverwort Plagiochila asplenioides.
Plagiochila asplenioides is botanicdly classified as follows!25-2°)

Class : Hepaticae (Liverworts)

Subdass : Jungermanniidae

Order : Jungermanniides

Family : Plagiochilacese

Species: Plagiochila asplenioides

The Pagiochilacese form a large family amongst the Hepdticae, and many species occur
world wide in reasonably wet, humus-rich habitats!®® The number of species assigned to the
genus Plagiochila is more than 1600/1%? and from these about 60 species have been
chemically investigated.®* These species are known to produce a broad and diverse spectrum
of secondary metabolites comprised of mono-, sesqui- and diterpenoids as well as bibenzyls.
Amongst the terpenes isolated from this family, sesquiterpencids are most common, [5:93-101
Few examples of sesquiterpenoids isolated from Plagiochila species (P. peculiaris, P.
ovalifolia, P. poreloides, P. corrugata, P. asplenioides, etc.) include peculiarioxide (44),
3a-acetoxybicyclogermacrene  (45), madiol (46), madiat5-o (47), plagiochilide (48),
cyclocolorenone (49), etc. (Fig. 19).

Recently, Plagiochila species have been classfied into ten chemotypes the 2,3-seco-
aromadendrane-type (1), the bibenzyl-type (I1), the cuparane-herbertane sesquiterpene-type
(1l1), the bibenzyl-cuparane-herbertane-type (1), the gymnomitrane (= barbatane)-
bicylogermacrene  sexquiterpene-type  (V), the bicyclogermacrane-spathulenol-type  (VI),
pinguisane-type (VII), the 2,3-seco-aromadendrane-sesquiterpene lactone-type (VIII), the
cydic bis-bibenzyl-2,3-seco-aromadendrane-type  (IX), and the sesquiterpene lactone-

type.[94’103]
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Peculiarioxide (44) 3a-Acetoxybicyclogermacrene (45) Maaliol (46)

Maalian-5-ol (47) P agiochilide (48) Plagiochiline H (49)

Fig.19. Isol ated compounds from Plagiochila speci es 3105

4.1.1. Composition of the Essential Oils of Plagiochila asplenioides

The GC- and GC-MS-data of the essentid oils of Plagiochila asplenioides collected from two
different locations (Altenau and Kummerfed) in Germany, in December 2001 and February
2004, respectively, were andysed (for GC traces see Figs. 20, 21 and for corresponding
dructures see Figs. 22 and 23). These essentid oils reveded a complex mixture of
sesquiterpene  hydrocarbons including maali-1,3-diene  (50),1'°%  anastreptene  (51), itdicene
(52), a-barbatene 63), b-funebrene B4), g-madiene B5), a-madiene (66), b-barbatene (57),
b-acoradiene (58), b-chamigrene (59), (- )-bicyclogermacrene (60), a-cuprenene (61), a-
chamigrene (62), b-bazzanene (63), g-curcumene (64), leden (65) and fusicocca3,5-diene
(66). In the oxygenated fraction, 3a-acetoxybicyclogermacrene (45), (+)-madian5-d (47),
plagiochilide (48), rodfdliol (67), gymnomitr-3(15)-en-4b-o (68), were identified in the
essentid oils of P. asplenioides from both locations. All the above mentioned compounds
were identified by comparison of their mass spectra and retention indices with a spectra
library edtablished under identicd experimentad conditions, (Joulan and Konig, 1998;
MassFinder Software and Data Bank, Hochmuth et a. 2004).°71%] The unknown
condituents of the essentid oils from both locations which could not be identified were
sdected for isolation, and combination of chromatographic techniques such as column
chromatography, preparative gas chromatography and thin layer chromatography, etc., were
used to isolate the new compounds.
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Fig 20. Gas chromatogram of the essential oil of Plagiochila asplenioides

from Kummerfeld, (Germany). (CPSIL 5, 50°C, 3°C/min., 230°C).
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Fig. 21. Gaschromatogram of the essential oil of Plagiochila asplenioides from Altenau,
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Fig. 23. New compounds from Plagiochil a asplenioides.

4.1.2. Structure of (+)-Muurolan-4,7-peroxide (69)

(+)-Muurolant4,7-peroxide (69, 1.4%), a new tricyclic oxygenated muurolane derivative,
gave a fragmented ion dgnd a m/z 204 as the heaviest ion detected under EIMS. Since the
EIMS gave no conclusive indication of the molecular ion, the chemica ionization was caried
out. Compound 69 gave fragmented ion sSignas & mvz 221 (M*+1-H,0) and mVz 223 (M*+1-
O) on chemicd ionizaion (Cl) udng iso-butane and ammonia as reactant gases, respectively.
Hence the molecular formula could not be detected by CI-MS, however, the structure was
concluded from the amospheric pressure chemica ionization (APCI) technique which
indicated a weak peak at mvz 239 [M+1]". The dementa anaysis experiment of 69 confirmed
the absence of nitrogen. Therefore, the molecular formula of 69 should be CisH2602 to
account for the observed chemica ionization fragments. The molecular formula reveded the
presence of three degrees of unsaturation. The *H-NMR spectrum (CsDs) showed four methyl
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sgndsa d 0.78 (3H, d, H-12, J = 6.9 Hz), 0.87 (3H, d, H-14, J = 6.9 Hz), 1.10 (3H, d, H-13,
J=6.6 Hz), and 1.28 (3H, s, H-15) (Fig. 24).

m NIBAS

T T T T T T T T T T T T T T T
2.3 2.2 2.1 2.0 19 18 1.7 16 15 1.4 13 1.2 11 1.0 0.9 0.8
(ppm)

|—rtverasar

Fig. 24. H'-NMR (500 MHz, C;Dg of Muurolan-4,7-peroxide (69)

Additional structurdl information was obtained from the *C-NMR spectrum of 69 which
confirmed the presence of four methyl groups a d 16.3, 19.3, 21.6 and 27.7, five methylene
groups at d24.7,28.1, 29.3, 39.4, and 41.5, four methine groups a d 34.1, 37.0, 37.7, and
40.1, and two quaternary carbons a d 79.7 and 86.1. The two quaternary carbon signas a d
79.7(s) and 86.1(s) were assgned to the oxygenlinked carbons C-4 and C-7, respectively.
The 2D-'H-'H-COSY spectrum of 69 reveded the partid structure CHy(3)-CHa(2)-CH(1)-
CH(10)-CHz(9)-CHx(8)-. The HMBC spectrum indicated that the tertiary methyl protons (H-
14) corrdated with the methine carbons (C-1, and C-10) and the secondary carbon C-9).
Other important HMBC corrdlations are shown in Fig. 25. All this information from the *C-
NMR in addition to 2D-'H-*H-COSY, HMQC and HMBC (Fig. 25) led to structure 69.



H,C

H3C

Fig. 25. Long-range *H-'3C correlations of 69.  Fig. 26. NOE correl ations of 69.

Its relative configuration was inferred from the NOESY spectrum, in which NOEs were
observed between the protons H-1 and H-6, as wdl as H-1 and H-14, (Fig. 26). The a-
orientation of the 1,2-dioxane ring was assgned from the spatid interactions of proton H-6
with  methyl protons H-12 and H15. The absolute configuration of 69 was deduced by both
direct rigorous hydrogenation (Fig. 27) and acid rearrangement reactions (Fig. 28). The
comparison of the four fully saturated diasterenisomeric amorphanes (molecular mass 208),
with that of the fully hydrogenated products of an authentic (- )-amorpha-4,7(11)-diene (70,
obtained from the liverwort Marsupella aquatica)*® by enantiosdective GC on a modified
cyclodextrin dationary phase confirmed that the fully hydrogenated derivatives of 69 gave
identical retention times with that of (- )-amorpha-4,7(11)-diene (70). Thus, the absolute
configuration of 69 could be assgned as (1R 4R 6R 7R 10S). In addition, the treatment of
(+)-muurolant4,7-oxide (69) with an acidic ion exchange resn (Amberlyst) for two hours at
room temperature afforded (- )-epi-zonarene (71, 85%)!'%! as the mgor component with (+)-
trans-cdamenene (72) and (-)-ciscdamenene (73) as minor components. The gas
chromatogram showing the comparison of (- )-epi-zonarene (71), the mgor product from the
acid transformation of 69 with the authentic sandards, is given beow (Fig. 28). Compound
69 was resitant to treament with lithium duminium hydride (LIAIH ).
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Fig. 28. Acid transformation of Muurolan-4,7-peroxide (69)

4.1.3. Structure of (+)-Plagio-4,7-peroxide (74) (Fig. 23)

Compound 74, named plagio-4,7-peroxide (19.5%) is an aeomuurolane or abeoamorphane
with a unique skeleton. 74 showed fragmented ion signds a m/z 220 (1.7), 221 (1), 222 (<1),
as the heaviest ions detected under direct inlet EIMS and a chemicd ionization fragmented
ion sgndsa m/z at 221 (M*+1-H,0) and nvz 223 (M*+1-0), smilar to compound 69 using
iso-butane and ammonia as reactant gases respectively. The molecular formula of Ci5H2602
was inferred from the amospheric pressure chemicd ionization (APCI) technique which
indicated a very wesk pesk a mvz 239 [M+1]*. The *H-NMR spectrum (CgDs) of 74 indicated
sgnds of four methyl groups a d 0.81 (3H, d, H12, J = 6.3 Hz), 0.91 (3H, d, H-14, J=6.3
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Hz), 1.23 (3H, d, H13, J = 6.6 Hz), and 1.30 (3H, s, H-15). A well resolved longrange *J-
coupling was observed for methylene proton H-5b at d 1.94 (1H, dd, J = 1.9, 10.4 Hz) and H
7a d 3.30 (IH, d, J = 104 Hz), indicating that the 1,2-dioxane ring dructure exhibits a fixed
Weorientation of the four bonds. Additiond useful information was obtained from the **C-
NMR data. All this information from *C-NMR as well as from 2D H-'H-COSY, HMQC and
HMBC (Fig. 29) led to sructure 74. The relative configurations at G1, G4, G6 and G10
were edtablished by the NOESY spectrum, which showed the spatiad interactions of protons
H-1 with H-14. Other important correlations are shown in Fig. 30. No visble transformation
was observed when 74 was trested with an acidic ion exchange resn (Amberlyst) in hexane
and few drops of hydrochloric acid (HCI) in methanol for 2 hours, respectively. Attempts to
cleave the dioxane ring of 74 by rigorous hydrogenation for 2 hour faled to yied any
trandformation product. Compound 74 was dso sufficiently stable to treament with lithium
duminium hydride (LiAlH4). Thus, compound 74 was assumed to be a peroxide based on the
interpretation of the atmospheric pressure chemicd ionization (APCI) mass spectrometry only
which does not correlate with epoxide function with a molecular mass of M = 222. Recently,
the structure of 74 had been reported in the literature without any andytical data!*%%

o

Fig. 29. Long-range 'H-3C correlations of 74. Fig. 30. NOE correlations of 74.

A gmilar compound of the same skeletal backbone has recently been isolated from the seeds
of Artemisia annua by Brown et a., (2003).'*% The unusua structure was proposed to be
derived from amorphanes / muurolanes which have undergone rearrangement of the decdin
ring. Thus, the novel skeleton might be derived by migration of the G7-C8 bond to a new C6-
C8 bond [i.e plagio-4,7-peroxide (74) is an §(7-6) abeo-amorphane / -muurolang] resulting in
acontraction of ring B, (Fig. 31).
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Amorphane skel eton 8 (7-6)-Abeoamorphane skeleton

Fig. 31. Formation of 8 (7-6) abeoamorphane from an amorphane skel eton

Peroxides are important intermediates in organic chemistry and in biochemistry.[**® The
peroxide bond (O-O) is a wesk bond with dissociation energy of about 30-35 kcal/moal,
consequently, the therma, acid or base dability of the peroxide funtiona group makes the
synthess and characterization difficult. The biologicd assays of peroxides from naturd
products have reveded highly active antibacterid, fungicidd, cytodtatic, and anticarcinogenic

agents 144

4.1.4. Structure of (+)-Plagiochiline-W (75) and (+)-Plagiochiline-X (76) (Fig. 23)
Pagiochiline-W (75) (0.8%) and Pagiochiline-X (76) (0.5%) are seco-aromadendranes
isolated as minor components in addition to the known plagiochiline H (49, an acetylated
hemiacetdl isolated from the livewort Plagiochila yokogurensis).®® These colourless
compounds were isolated from the oxygenated fraction usng preparative GC with a
octakig(2,6-di-O-methyl-3-O-pentyl)-g-CD column.  The assgned names, Plagiochiline-W
(75) and Pagiochiline-X (76) are proposed in accordance with seco-aromadendranes of the
structuraly related plagiochiline A-V isolated from Plagiochila species.[®5-1%%

(+)-Pagiochiline-W (75), a tricyclic ether, showed a molecular ion sgnd a m/z 218
(C15H2,0). The H-NMR spectrum (Cg¢Ds) of 75 indicated signdls of four methyl groups a d
0.89 (3H, d, H-15, J= 7.25 Hz), 0.92 (3H, s, H-12), 0.99 (3H, s, H-13) and 1.77 (3H, s, H-14).
The highly deshielded Sgnd a d 6.78 (1H, s) was assigned to the ol€efinic protons H-2 of the
pyran ring. Plagiochiline-X (76), identicd to 75 with an additiona double bond a Cjs-Cjs,
gave amolecular ion 9gnd a m/z 216 (C15H200).
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The H-NMR spectrum (CgDs) of (+)-plagiochiline-X (76) indicated signds similar to
plagiochiline-W (75). Compound 76 showed three methyl groups @ d 0.91 (3H, s, H-12),
1.02 (3H, s, H13) and 1.73 (3H, s, H-14). The presence of a methyl sgnd & d 0.89 (3H, d,
H-15, J = 7.25 Hz) of compound 75 was replaced by exo-methylene protons a d 4.83 (1H, s,
H-15a) and 4.95 (1H, br.s, H-15b) in 76. This was confirmed by the 3C-NMR sgnd a d
111.57 () and 144.62 (s). The methylene protons H-3 of 75 a d 3.49 (1H, dd, J=5.1, 10.4
Hz) and 3.78 (1H, dd, J = 2.5, 104 Hz), were dso dightly deshielded to d 4.08 (1H, d, J=
11.3 Hz) and 4.27 (1H, d, 3 = 11.3 Hz) in 76.

Additiona structurd information was obtained from the **C NMR data of 75 and 76. The
information from *C-NMR as well as from 2D *H-'H-COSY, HMQC and HMBC (Fig. 32)
led to structures 75 and 76. The proposed relative configurations at G-4, C-5, C-6 and C-7 was
established by NOESY gpectra of 75, which reveded the spatid interactions of proton H-6
with H-7 and H-12. In addition, the interactions of proton H5 with H8a and H;-13 were in
agreement with a cis-fused cyclopropane ring, (Fig. 33). In addition the co-occurence of ¢ )-
bicyclogermacrene (60) and (+)-plagiochiline H (49) support the a-orientation of the
cyclopropane ring.

Fig. 32. Long-rangelH-13C correlationsof 75.  Fig. 33. NOE correlations of 75.

4.1.5. Structure of (- )-4-epi-Maaliol (77)

(- )-4-epi-Madial (77), a tricyclic sesquiterpene acohol which exhibits a molecular ion sgnd
a m/z 222 corresponding to the molecular formula of CisH26O was isolated as a minor
component (1.3%). This is the firsd occurrence of 77 in a liverwort (Hepaticae). The (+)-
enantiomer of 77 with only the reaive configuration determined from 'H-NMR, *C-NMR,
and the NOED spectra has been isolated from the Brazilian Vassoura oil prepared from the
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leaves of Baccharis dracunculifolia DC.*'Y The (+)-enantiomer of 77 had been synthesized
from 4-nor-medi-4-one!*'? during the structure elucidation of madiol (46), but it could only
be characterized by its melting point and its infrared spectrum. The spectral data of 77 were
totally consstent with those of the literature!**™ The structure and stereochemistry of (- )-4-
epi-madiol (77) was further confirmed by trestment with an acidic ion exchange resn
(Amberlyst 15) a room temperature for two hours. The acid transformation of (- )-4-epi-
madio (77) gave b-madiene (78, 9.0%), b-gorgonene (79, 4.0%), sdina-5,11-diene (80,
2.5%), (+)-d-=dinene (81, 75.0%, proved by comparison with an authentic reference
compound by enantiosdlective GC), madioxide (82, 1.0%), sdina-5,7(11)-diene (83, 0.9%),
and a trace of rogfoliol (67, 0.2%) (Fig. 34). According to the report literature, the
dehydration of (- )-meadiol (46) usng thionyl chloride in pyridine gave a mixture of a-, (+)-b-
and (+)-g-madiene, 55, 56, 78.11% Therefore, the formation of b-madiene (78) through the
acid trandformation of 77 suggests that the hydroxy group a G4 is b-oriented and trans to the
a-hydrogen at C-5.

|
\ .
4ll/// .l'////
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67 81 80

Fig. 34. Acid transformation products of (- )-4-epi-maaliol (77).



4.1.6. Structure of Bisabola-1,3,5,7(14)-tetraene (84) (Fig. 23)

Bisabola-1,3,5,7(14)-tetraene (84, 3.2%), a para-substituted aromatic compound, showed a
molecular ion sgnd @ mVz 202 consstent with the molecular formula of CisHz. The 'H-
NMR spectrum (CgDs) showed one doublet and one singlet for methyl groups a d 0.82 (6H,
d, H-12, H13, J = 6.6 Hz) and 2.12 (3H, s, H-15), respectively. The olefinic carbon signals at
d 149.14 () and 111.77 (t), suggested an exomethylene double bond, which was confirmed by
two signds in the *H-NMR spectrum at d 5.05 (1H, d, H-14a, J = 1.3 Hz) and 5.34 (1H, d, H-
14b, J = 1.6 Hz). The downfield shifted sgnds a d 7.01 (2H, d, H-2, H4, J = 7.9 Hz) and
733 (2H, d, H1, H5, J = 8.2 Hz) were assgned to the para-subgtituted aromatic fragment
snce the symmetricdl  patern of the *H-NMR signd indicated a 1,4-disubstituted aromatic
system. Additional structura information was obtained from the *C-NMR data of 84. All this
information fom *C-NMR as well as from 2D *H-'H-COSY, HMQC and HMBC (Fig. 35)

led to structure 84.
CH»
H
C
yo
)\ = ( H,
H,C C -
O

H3C
Fig. 35. Long rangelH 3C correlations of 84.
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4.1.7. Structure of Bisabola-1,3,5,7-tetraene (85) (Fig. 23)

Bisabola-1,3,5,7-tetraene (85, 2.3%), a colourless oil and double bond isomer of bisabola-
1,3,5, 7(14)-tetraene (84), gave a molecular ion signd a mvz 202 (CisHzo). The *H-NMR
soectrum  (CgDg) showed dgnads smilar to 84 except for the disgppearance of the
exomethylene protons, which were replaced by sgnads a d 1.96 (3H, s, H14) and a methine
proton at d 5.84 (1H, br. t H-8, J = 6.94 Hz). The *C-NMR data of 85 as wel as the
information from 2D *H-!H-COSY, HMQC and HMBC (Fig. 36) led to structure 85.

Fig. 36. Long-range H-13¢ correlations of 85.

4.1.8. Structure of (- )-Aromadendra-1(10),3-diene (86)

(- )-Aromadendra- 1(10),3-diene (86) was isolated in trace amounts as a colourless ail from a
non polar fraction. This tricycdic compound exhibited a molecular ion sgnd a m/z 202
corresponding to a molecular formula of CisHz. The *H-NMR spectrum (CgDgs) showed
sgnds of four methyl groups at d 0.98 (3H, s, H-12), 1.08 (3H, s, H-13), 1.55 (3H, s, H-14)
and 1.68 (3H, s, H15). Two highfield shifted protons a d 0.55-0.60 (1H, m, H-7) and 0.68
(1H, t, H6, J = 104 Hz), with the methyl groups & d 0.98 and 1.08, were assigned to the
dimethyl substituted cyclopropane ring annulated to a hydroazulene skeleton. The **C-NMR
data of 86 as wel as the information from 2D-H-'H-COSY, HMQC and HMBC (Fig. 37)
led to the proposed dructure of 86. Its relaive configuration resulted from the NOESY
spectrum (Fig. 38). Assgnment of the a-orientation of the cyclopropane ring was based on
condderations concerning the biogeness of 86 and its co-occurence with (- )-

bicyclogermacrene (60), isolated from the same essentid oil (Fig. 39). The spatid interactions
of proton H-6 with H-7 and one of the methyl group protons, H-12, in addition to the
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interactions of proton H-5 with H-8a and the second methyl group, H13, were in agreement
with the cisfused cyclopropane ring. The co-occurence of bicyclogermercrene (60),
aromadendra- 1(10),3-diene (86) and 3a-acetoxybicyclogermacrene (45) indicate a possble
biogenetic relationship (Fig. 39).
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Fig. 37. Long-range 'H-13C corrd ations of 86. Fg. 38. NOE correlations of 86.
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Fig. 39. Proposed biogenetic relationship of 45, 60 and 86.



4.1.9. Comparative Study of the Essential Oils of Plagiochila asplenioides

Although the two Plagiochila asplenioides from Altenau and Kummerfed showed quite
samilar sesquiterpene  hydrocabon composition, four new oxygenated compounds (+)-
muurolan-4,7-peroxide  (69), plagio-4,7-peroxide  (74), plagiochilineeW  (75), and
plagiochiline-X (76) could be isolated and characterised from the essentid oil of P.
asplenioides collected in Kummerfdd which were not present in the oxygenated fraction
collected in Altenau. In contrast, the aomatic sesquiterpene hydrocarbons bisabola-
1,3,5,7(14)-tetraene (84) and bisabola-1,3,5,7-tetraene (85) which were not present in the
hydrocarbon fractions of P. asplenioides from Kummefdd were isolaed from that of
Altenau. (- )-Aromadendra-1(10),3-diene (86) and (-)-4-epi-madiol (77) were present in the
essentid oils from both locations.

Therefore, congdering the broad range of identified compounds from the two German

P. asplenioides samples, they could be dlassified into both chemotypes-(1) and (V).[%4

4.1.10. Thermal Transformation of Maalian-5-ol (47)
(+)-Madian5-0 (47, 18.7%) is one of the mgor oxygenated components of the essentid oil

of the liverwort Plagiochila asplenioides and a good source of (- )-sdina-5,11-diene (80).[2%)
Thermd dehydration of madian-5-0 (47) at 200 °C injector temperature by preparative GC
gave (-)-sdina-5,11-diene (80), (+)-d-sdinene (81), ¢)-Hina-5,7(11)-diene (83, 8.0%) and
(- )-cascarilladiene (87) as reaction products. 2*C-NMR data of compounds 80 and 83 are

200°¢
: A,,//
(-)-83 (+)-81
Fig. 40. Thermal transformation of maalian-5-ol (47).

reported for the first time (Fig. 40).




4.2. Chemical Analysis of the Essential Oil of Scapania undulata

The botanical dassfication of Scapania undulata, 2529

Class : Hepaticae (Liverworts)

Subclass : Jungermanniidae

Order : Jungermanniiales

Family : Scapaniacese

Species: Scapania undulata,

Severd chemotypes of Scapania undulata have been characterized and the European S
undulata have been classfied into four chemicd races the longifolene-type, the longiborneol-
type, the (+)-ent-epi-cubenol-type and the labdane-type!'®! The congituents of the liverwort
S undulata have been investigated, and its sesquiterpenoid features were reported to be very
complex.32113114 gince saverd interesting compounds have been reported from this family, a
renvedigation of the volaile condituents of S undulata prepared by hydrodidtillation or
extraction with diethylether was carried out.

4.2.1. Composition of the Essential Oils of Scapania undulata

The essentid ol of Scapania undulata, a liverwort which is very awundant in the Harz
mountains near Altenau (Northern Germany), was prepared by hydrodidtillation and andysed
by GC and GC-MS. In order to exclude artefact formation by hydrodidtillation dso a dethyl
ether extract was prepared and investigated by the same methods. The chemica condtituents
of the ether extract were condgtent with the hydrodidtillated product but different in yied.
The following sesquiterpenes were identified in the order of ther dution from a capillay
column with polydimethylsloxane (CPSIL-5) as condtituents of the essentid oil of

S undulata. For structures see Figs. 4lab and for GC-traces see Figs. 4lc-e. Redive
concentrations of mgor compounds are given in parentheses, those below 1% are only listed:
a-longipinene (88, 1.6%), a-ylangene (89), longicylene @0), sativene ©1), b-longipene @2,
5%), (-)-cis(5R, 7R 10S-b-edemene (93), longifdene (94, 19%), b-madiene (78), a-
barbatene (53), E-b-caryophyllene (24), b-ylangene (95), (+)-b-isolongibornere (96, 2.4%),
isobazzanene (97), b-barbatene (57, 1.5%), a-himachdene (98, 4.7%), ar-curcumene (99),
isobicyclogermacrene  (100), (+)-a-amorphene  (101), ghimachdene (102, 2.3%),
isolepidozene (103)1*1% za-bisabolene (104, 1.6%), (+)-a-muurdlene (105), b-himachdene
(106, 1.1%), (+)-hdminthogermacrene  [(+)-1,5-dimethyl-8-(1-methylethenyl)-cyclodeca
1E,5Z-dieng] (107, 1%), (+)-a-chamigrene (62, 2.2%), d-cadinene (108), E-a-bisabolene
(109), (-)-perfora-1,7-diene (110, 1.1%), longipinanol (111, 7.2%, in the ether extract),
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mediol (46), longiborneol (112, 30.2%), 1-epi-cubenol (113), 2-himachden7-ol (114, 2.1%)
and neodilol (115). All known condituents were identified by computer-supported
comparison of their mass spectra and gas chromatographic retention indices with a spectrd
library established under identical experimental conditions197-108!

An essentid oil / extract of Scapania undulata obtained from Norway in June 2002 was aso
andysed by GC, GC-MS. The chemicd compodtion of this S undulata sample was
consgtent with the longiborneol-chemotype collected in Germany, except for the presence of
mintsulphide (116) identified in Norway Scapania undulata sample. Thus, the posshility of a
longiborneol-chemotype as one of the four chemical racesin Norway is confirmed.

The identified condituents of Scapania undulata collected from the Harz area in Germany
suggest that two of four-chemotypes predominate in this region: a chemotype with the mgor
sequiterpene  condituents possessng a cadinane skeleton  (1-epi-cubenol-type) and a
chemotype with longiborneol and longipinane derivaives as mgor condituents (longiborneol
type). Identified essentid oil condituents of the 1-epi-cubenol-type condsts of a-longipinene
(88), b-longipinene (92), b-ylagene (95), cdaene (117), cadina-3,5-diene (118),
germacrene-D  (25), isolepidozene (103), cadina-1,4-diene (119), perfora-l,7-diene (110),
meliol (46), 4a-hydroxygermacra-1(10),5-diene (120), scapanol (121), longiborneol (112),
muurol-4-en-6a -0l (122), 1-epi-cubenol (113), T-muurolol (123), and cubenaol (124),

(Fig. 41a-e).
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a7



110 111 112
OH
/
H
114 115 116
H
118 119

o H

 :

PN PN PN
122 123 124
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4.2.2. Structure of (+)-Helminthoger macrene (107)

(+)-Heminthogermeacrene (107) was isolated for the firg time from a liverwort. The mass
spectrum of the 10-membered monocyclic sesquiterpene hydrocarbon exhibits a molecular
ion 9gnd a m/z 204 corresponding to the molecular formula of GsHz4. The mass spectrum
of 107 and the retention index on a non-polar stationary hase are identica to germacrene A
(32). However, a separation from germacrene A is achieved on a more polar stationary phase
as CPSil 19. The *H-NMR spectrum (CgDs) showed broadened signds in the region between
d 1.84-2.24. The three downfidd shifted singlets for the methyl groups & d 1.57 (3H, s, CHs-
14), 1.66 (3H, br.s, CHs-12) and 1.70 (3H, s, CH3-15) are well resolved (Fig. 42.). In the 3C-
NMR spectrum the olefinic carbon dgnds a d 150.6 (s) and 109.3 (t) suggested an
exomethylene double bond, which was confirmed by two signdsin the *H-NMR spectrum at

107

A | N

5.23 o '5.’2 o '4.I8 o I4.I4 C I4.IO o I3.I6 C I3.12 o '2.23 o ’2.14 o I2.I0 C Il.l6 o Il.l2 I
(ppm)
Fig. 42 H-NMR (500 MHz, C¢Dg) of (+)-Helminthogermacrene (107) at room temp.

d 4.77 (1H, br. s) and 4.85 (1H, s). The multiplet Sgnd a d 5.30-5.44 (2H, m) was assigned
to the two methine protons H-1 and H-5. In addition, the *H-NMR of 107, recorded in
acetone-ds a -8 °C and -16 °C, showed less broadened, separated multiplet signals.
Therefore, one conformation predominates, since only one set of dgnds was observed.
Compared to many germacratrienes showing E,E-configuration of the double bonds in the
cyclodecadiene sysem which show temperature dependent NMR spectra (multiple sets of
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sgnds) indicative of conformationd equilibria in solution,*”*'° 107 occurs essentidly in one
preferred conformation even a room temperature. All this information from as well as **C-
NMR HMBC, HMQC and 'H-'H-COSY led to structure 107. Its relaive configuration
resulted from the NOESY spectrum  which showed that the methyl group a d 1.70 (3H, s,
CHz-15) spdidly interacts with the multiplet sgnd a d 5.30-5.44. This interaction suggests
that H-15 is in cis-configuration with the H-5 methine proton, which is only possble for a
Z- 4-5 double bond. Spatia interactions of H12 at d 1.66 (3H, br.s) with the exo-methylene
protons H,-13 was aso observed (Fig. 43).

H

Fig. 43. NOE corrélations of 107

The H-NMR spectra recorded in CDCkL and the **C-NMR recorded in acetone-dg were
identicd with those reported for the levorotatory enantiomer of 107 found in the defense
secretion of the termite Amitermes wheeleri ') and the same enantiomer isolated from the
mycdium of the fungus Helminthosporium sativum with its structure verified by totd
synthesis/**®11% The unproven absolute configuration of the (- )-enantiomer of 107 was
initidly assgned H-7a as concluded from the sesquiterpene congeners (- )-sativene (91) and
(- )-longifolene (94) which were aso isolated from Helminthosporium sativum.[*'8 To verify
the absolute configuration, an indirect chemica correlation approach was employed. This
involves a transannular cydlization reactions of 107, to rearrangement products which could
be easly identified by subjecting 107 to acid- and thermd (Cope) rearrangement reactions.
The reason is that transannular cydisations usudly creste chird centers regio- and
stereospecificaly in resctions starting from trigona carbons atoms[*®! Hence, the reacting
conformations of 107 could be corrdated with the configuration of the products.



4.2.2.1. Acid Treatment of Helminthoger macr ene (107)

(+)-(107), undergoes rearrangement when stored in CDCl; at 4°C for at least one week to
form a series of sexquiterpene hydrocarbons with mass 204 as observed on treatment of 107
with BF3 in diethyl ether or upon interaction with acidic ion exchange resn Amberlyst 15,
repectively. The isolaion of the unknown mgor compound common to dl three trestments
resulted in a product with *H-NMR, *C-NMR (CDCl;) and MS data totaly consistent with
(- )-a-helmiscapene (125), ealier isolated from S. undulata®® and and synthesized 212!
with known absolute configuration. The Sgn of opticd rotation of isolated 125 was negative

as earlier reported.*?! The MS of 125 is very smilar to thet of its 10-epimer, a-sdinene (126).
Theformation of 125 from 107 can be rationdized as demongtrated (Fig. 44).

. “3s0°C
1/, » ( "'l///

Lo (+)- (107)
H@ “
(+)-81 (-) (125) E

Fig. 44. Acid and thermal rearrangement of (+)-107.

In addition, the resolution of d-sdinene (81), produced by treatment of 107 with BF3, usng
heptakig(6- O-tert .butyldmethylslyl-2,3-di- O-methyl)-b-cyclodextrin  as the dationary phase
confirmed that a mixture of the (+)- and (- )-enantiomer intheratio 5 : 1 was formed.

The formation of both enantiomers of 81 and the co-ocurrence of a smdl amount of
diastereomeric forms of cis-b-elemene ©3) suggest that more than one conformation might be
present during the rearrangement process, dthough 'H-NMR recordings a ambient
temperature, —8°C and —16°C did not reflect any dgnificant doubling of sgnds Thus, the

conformationd  equilibrium in  solution predominantly favoured the (+)-(E,Z2)-107
configurationa isomer.



No significant rearrangement products were observed when 107 was treated with slicagd for
3 hours. A seriesof cis-fused sdlinenes have been isolated from S. undulata,!*?

Hel minthosporium sativum{*?*! and the termite Amitermes excellens,'*?®! hence, 107 could be a
possible biogenetic precursor rather than the E,E-germacrenes eg. germacrene- A (32),

Fig. 44.

4.2.2.2. Hydrogenation of a -Helmiscapene (125) and Absolute Configuration of (+)-107
The comparison of hydrogenation products from (- )-a - hedmiscagpene (125) with the
hydrogenated products of compounds of known absolute configuration like (+)-a -sdinene
(126), (+)-b-sdinene (127) and (- )-sdina-5,11-diene (80), one of the dehydrated products of
(- )-madlian5-0ll1%! (47) by enantiosdlective GC again confirmed the absolute configuration
of (- )-(125) which is characterized by b-orientation of the angular methyl subgtituent at C-10
and the H-5 and H-7 protons and thus should be (5S, 7S, 10S). From this it can be concluded
that the absolute configuration of the precursor (+)-heminthogermacrene (107) should adso be
7S (b-orientation of the H-7 proton). Moreover the co-occurrence of (- )-a-ylangene (89)1%?
and (+)-a-amorphene (101) in the essentid il of S, undulataisin agreement with the
proposed absolute configuration (Fig. 45).

.',////(
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125

126 127
Fg. 45. Compounds mentioned in thetext.



4.2.2.3. Hydrogenation of Helminthoger macr ene (107)

The hydrogenation of hdminthogermacrene (107) for 2 hours a room temperature using
paladium /charcod in hexane resulted in complex mixtures of compounds with M = 206 and
M = 208. Attempts to compare the hydrogenation products of 107 with both (+)- and ()-
gemacrene-D  (25) isolated from Solidago canadenss and Mentha piperita was not
conclusve dnce both enantiomers of 25 dso gave smilar complex mixture of compounds
with M = 206 and M = 208. Thus, the complexity of the product mixture showed that
ggnificant isomerization was occuring. Smilar observations have been reported for (E,E,E)-
1,7-dimethylcyclodeca-1,4,7-triene  (pregeljerene B) (128) isolaed from the foliage of

Juniperus erectopatens > (Fig. 46).

}.
}.....

(+)-107 (-)-25 (+)-25

128 36 32
Fig. 46. Germacrenes mentioned in the text.

4.2.2.4. Thermal | somerization (Cope rearangement) of (+)-107 (see Fig. 44)

Therma isomerization of 107 was achieved above 350 °C to afford cis-b-eemene (93),
another b-elemene diastereomer (129) and a trace of "normd" ¢ )-b-elemene @0) in the rdio
of (8 :1: ~0.08), respectively (elution order from CPSIL-5). 93 and 129 exhibit mass spectra
undiginguishable from that of b-demene (40) with a molecular ion sgnd a& mv/z 204 and
molecular formula Ci5H24. Further investigation of the products obtained from rearrangement
of 107 by enantiosdective GC on octakis(2,6-di-O-methyl-3-O-pentyl)-g-cyclodextrin  [Fig.
47] suggests that the third product formed is a racemic mixture of b-demene (40) indicaing



germacrene A (32) as precursor. The other conceivable possibility is that there are epimers
formed that happened to codute with the respective b-eemenes (40) which is highly unlikey
as the separation is such that epimers should be resolved as well.

F
a
A
(+)
UL‘
C
I I > (+)- 40
0 o

Fig. 47. Comparison of the demenesfrom (+)-107 (a); (+/-)-40
(b) and co-injection (c) on the Cyclodextrin phase 2,6-Me-3-Pe-g-
CD at 100 °C isothermal.
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4.2.3. Structure of (- )-cisb-Elemene (93)

cis-b-Elemene (93) was detected only in trace amounts in the origind essentid ail of

S undulata. As shown above in Figs. 44 and 47, it can be generated from 107 by Cope
rearrangement and isolated by preparative GC a an injector temperature of 390 °C. 93
exhibits a mass spectrum undisinguisheble from b-demene (40) with a molecular ion sgnd
at m/z 204 corresponding to the molecular formula Ci5H24.

The *H-NMR of 93 was recorded in both GsDs and CDCl; to achieve the best resolution over
the whole chemica shift range The *H-NMR (CgDs) showed signals of three nethyl snglets
a d 1.05 (3H s, CHs-14), 1.66 (3H, s, CH3-15) and 1.67 (3H, s, CHg-12). Interetingly, the
CHz-15 dgnd in 93 is dightly up-field shifted by 0.04 ppm as compared to b-elemene @0).
The two methylene protons a d 5.01 (ddd, 2H, H2, J = 1.26, 11.0, 17.3 Hz) formed an ABX
sysem with a methine proton a d 6.29 (dd, 1H, H1, J = 11.0, 17.3 Hz). Additiond Structura
information was obtained from the *3C-NMR spectrum of 93 which confirmed the presence
of three methyl groups a d 21.4, 22.9 and 27.8, six methylene groups a d 28.0, 33.8, 42.2,
109.1, 112.9 and 113.4, three methine groups at d 46.5, 56.2 and 143.3 and three quaternary
cabons at d 39.5, 147.2 and 150.3. The structure of compound 93 was elucidated based on
infformation established by 2D-'H-'H-COSY, HSQC, HMBC (Fig. 48), and NOESY in
comparison with the spectra data of authentic b-eemene (40)

For the relative configuration of 93 a cis-relationship at G5 and G10 was concluded from a
srong NOE interaction of the H5 and H 14 protons. Furthermore, interactions between H9a
with both H-5 and H-7 confirmed that the three hydrogens are on the same sde of the

molecule. Since 93 is formed from 107 with retention of its configuraion a C-7, b-
orientation for H-7, and consequently for CHs-14, is suggested (Fig. 49).

Ceohy,

N1

H2C e CH3

‘0 H
//// f_/
H W H
C‘H\3( CH,

Fig. 48. Long-rangelH-l?’C correlations of 93.  Fig. 49. NOE correlations of 93.




The structure of compound 129, a diastereomer of 93 (see Fig. 47), was assigned based on
identicd MS and *H-NMR data with 93. Although, the chemicd shift of the Signdls of 129 in
the 'H-NMR (CgDs) were dightly shifted up-field with the methine proton a d 6.22 (1H, dd, J
= 11.0, 17.7 Hz) compared to d 6.29 in 93. The dight up-fied shift of the methine proton
sgnd to d 6.23 (dd, 1H, J = 11.4, 17.7 Hz) was aso observed in the *H-NMR, recorded in
CDCl;, as compared to d 6.31 (dd, 1H, J = 11.03, 17.7 Hz) of 93, while the corresponding
proton of authentic b-elemene @0) absorbs a d 5.80 (1H, dd, J= 10.7, 17.3 Hz). The G10
methyl snglet Sgnd of 129 dso gppeared dightly shidlded a d 1.04 as compared to that of
93a d 1.05.

4.2.4. Comparison of the Cope rearrangement of (+)-107 and Germacrene A (32)

The Cope rearrangements products of (+)-hdminthogermacrene (107) was compared with
that of (+)-germacrene A (32), isolated from a diethyl ether extract of Solidago canadensis
under identical conditions. Cope rearrangement of 32 gave two products in a raio of 955
(Fig. 50a). The mgor compound was confirmed to be (- )-b-demene (40), while the new
minor product 129a was observed for the first time. The existence of an additiona €emene-
type compound has never been identified before even though it has been speculated [1°!

Compound 129a €eutes before (-)-b-demene (40) from the GC column during the Cope
rearrangement of (+)-germacrene A (32), and it increeses with increesing amount of
rearranged 32. The MSof 129a isvery Smilar to “‘normd’’ b-eemene (40).

Coinjection of the two Cope rearrangement products from heminthogermacrene (107) and
germacrene A (32) on two columns in padld with dimethylpolysioxane CPSI-5 and the
more polar CPSil-19 dationary phase, respectively, reveded that (129a) is not identicd to

D /
>120°C
H
(+)-32 129 (5%)
@ g
—_— +
>350 °C .., ey
' “, ‘i,
y I H/ H/
PN
(+)-107 (- )-93 (88%) (+)-40 (1%) 129 (11%)

Fig. 50a Cope rearrangement of germacrene-A (32) and hel minthogermacrene (107).
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cis-b-demene (93) but coduteswith 129.

Coinjections usng enantiosdlective GC shows separation of 129 and 129a, hence both are of
opposite absolute configuration. The mixture was hydrogenated to confirm that one more
product was generated in addition to b -elemene (40).

The results of molecular mechanics cdculdions caried out to determine the redive
dabilities of each conformation of germacrene-A (32) in their ground and trandtion dates in
the literature "1 were in agreement with the thermal isomerization products 40 and 129a.

This observation is sSmilar to the therma isomerization of bicyclogermacrene (60)1*%°!  (Fig.
50b) and hedycaryol (36).1'?°! Bicyclogermacrene (60) rearranged to bicyclodlemene (133)
and isobicyclogermacrene (100) as shown. The (E,Z)-isomer of 36 rearranged a 500 °C to
the corresponding cis-isodemol (130) and three different diasterecisomers (130a-c), (Fig.
500).[22% |n other cases, eg. germacrene-A (32), -B (33) and -C (34), have been reported to
produced only one type of diastereomer upon heating.'*%%% (Fig. 50b).

In addition, compound 129a, a diasterecisomer of b-demene (40) was dso identified for the
fird time in fresh codus roots oils (Saussurea lappa) obtained from Japan in June 2002,
(Adio, A. M. and Konig, W. A., Unpublished results).

Therefore, since heminthogermacrene (107) having 1(10),4-E,Z configuration undergoes
thermd rearrangement a higher temperatures (> 300 °C) compared to germacrene A (32)
with 1(10),4-E,E- configuration which undergoes Cope rearrangements at room temperature.
This suggests that 107 is more stable than 32.



A (A

(+)-Germacrene -A (32) Germacrene-B (33) Germacrene-C (34)

(- )-b-Elemene (40) rac. g-Elemene (39) rac. d-Elemene (38)

-G -G

Bicycloelemene (133) Bicyclogermacrene (60) | sobicyclogermacrene (100)

Elemd (130a, 26%) cis-lsoelemol (130, 56%)

500 °C + +

E,Z-Hedycaryol (36)

OH

130b (0%) 130c (18%)

Fig. 50b. Therma or Cope rearrangements of germacrenes to el emenes.
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4.2.5. Acid Transformations of Ger macrene-A (32) and B (33)

When the diethyl ether extract of S canadensis was exposed to dlica gel a room temperature
for 24 hours it gave (- )-sdin-11l-en4-o (131, 23%), (131 had been reported as a magor
constituent of the essential ail of Conocephalum conicum!*281) in addition to reported
trans-sdinenes, 126, 127 and 132.[*2°1 Thus germacrene-A (32) rearranges to these bicyclic
sysgems in an andogous fashion as in hdminthogermacrene (107). The proposed pathway for
the formation of 131 is depicted as shown (Fig. 51). This observation has never been reported
before for compound 32, even though it has been reported that germacrenes B 33) and -C
(34) gave sSimilar oxygenated products when subjected to acid rearrangement reactions[**0-1%2
Smilar acid rearrangement reaction products of germacrene B (33) were obtained but it was
noticed that this rearrangement occurred rather dowly with very low yied as compared to 32
under the same conditions. Therefore, condgdering the rate and the yidd of trans-sdinenes
formed, its suggested that 33 is more dable than 32 when treated with slica ge under the
same conditions. 32 aso proved to be much more stable than reported in literature with dlica

gd if the experiment was run within avery short period of time.

ER
(+)-32 —
P
F
D’ = (-)-(126) D' = (+)-(132) ()-(13D)

D' = (+)-(127)

Fig. 51. Rearrangement of (+)-germacrene-A (32) to selinenes.
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4.2.6. Structureof (- )-Perfora-1,7-diene (110)

Pefora-1,7-diene (110), a new bicyclic sesquiterpene with perforane skeleton exhibited a
molecular ion signd @ mVz 204 consstent with the molecular formula of CisHas. The 'H-
NMR spectrum (CsDs) showed signds of a doublet and three snglets for methyl groups & d
0.82 (3 H, d, H13, J=6.6 Hz), 0.74 (3H, s, H-14), 1.62 (3 H, br.s, H-12) and 1.74 (3 H, s,
H-15). The downfield shifted sgnas a d 5.40 (br.s, 1 H) and 5.45 (br.s 1 H) were assigned to
the olefinic methine protons H-2 and H-7, respectively. Additiond structurd information was
obtained from the *C-NMR spectrum. The connectivity of structure 110 by 2D-'H-'H-COSY
and HMBC spectra (Fig. 52) confirmed a perforane skeleton. The relative configuration at G
4, C-5 and C-11 was edtablished by the NOESY spectrum, which reveded the interaction of
protons H-4 and H-11, H-13 and H-14, (Fig. 53).

Fig. 52. Long-rangelH-13C correlationsof 110.  Fig. 53. NOE correlations of 110.

Compound 110 exhibits identicd *H-NMR and MS data as the unknown compound
'undulatene whose incomplete *H-NMR was earlier reported from the same species®2 A
possible biogenetic pathway for the perforane skeleton from cis-trans-farnesyldiphosphate is
proposed (Fig. 54). Keto-hdides and hydroxyl derivatives with perforane backbone have
ealier been isolated from the maine algee Laurencia perforata, and their structures were
confirmed by tota synthesis!*3*1*°! Other hydroxy and acetoxy derivatives with perforane
skeleton from arelated Laurencia species have also been reported.!**®!



ﬂ
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Fig. 54. Proposed biogenetic pathway for Perfora-1,7-diene (110).



4.3. Chemical Analysis of the Essential Oil of Diplophyllum albicans

Diplophyllum is another large genus of the Scapaniacese. In this genus, five epiphytic species,
D. serrulatum, D. taxifolium, D. andrewsii, D. obtusifolium and D. albicans, are known.!*3’!
Previous invedtigations of both D. taxifolium and D. albicans species indicated the presence
of ent-eudesmane-type sesquiterpenoids!t®139 D, taxifolium and D. albicans species have
been found to produce ent-a-sdinene (126) and ent-sHina-4,11-diene (132) together with
anastreptene 61) and b-elemene @0).1**"! In addition, from the polar constituents of these two
species, an eudesmane-type sesquiterpene lactone, diplophyllin (134) was identified as a
magor component. Diplophyllin (134) and other sesguiterpene lactones were not reported in
D. serrulatum. The condituents of D. serrulatum were found to contan drimane-type
sesquiterpenoids eg. abicanic acid (135), dbicand (136), and isodbicand (137) (Fg.
55).1%%7 Hence, D. serrulatum are chemicaly different from D. taxifolium and

D. albicans!*®! D. albicans produced pungent substances which showed inhibitory activity
towards the germination and root eongation of rice husks!'*® Diplophyllin (134) isolated
from this liverwort showed significant activity against human epidermoid carcinoma.!*3%!

4.3.1. Composition of the Essential Oil of Diplophyllum albicans

GC and GC-MS of the essentid oil obtaned by hydrodidtillation from the liverwort
Diplophyllum albicans collected in June 2002 from Altenau (Germany) was investigated. The
essentid  oil reveded a complex mixture of sesquiterpene  hydrocarbons  including,
bicyclodemene (133, 0.1%), maai-1,3-diene (50), anastreptene 61, 23.0%), b-demene (40,
1.3%), tritomarene (138), b-barbatene 67, 0.3%), b-acoradiene (58, 0.3%), d-sdinene @1,
0.7%), bicyclogermacrene (60, 14.0%), b-bazzanene (63, 0.1%), ent-(+)-a-sdinene (126),
ent-(- )-Hina-4,11-diene (132), and the three tricyclic sesquiterpenes aromadendra-4,10(14)-
diene (139, 0.8%), aromadendra-4,9-diene (140, 0.7%) and aromadendra-1(10),4-diene (41,
0.3%).[241] |n the oxygenated fraction, 4-dehydroviridiflorol (142, 4.6%),

3a - acetoxyhicyclogermacrene (45, 0.8%),[142 (+)-8,9-epoxysdina-4,11-diene (143),
(+)-ent-8a - hydroxyeudesma-3,11-diene (144, 0.3%),[4%1%1 diplophyllin (134, 18.2%), ent-
diplophyllolide (145, 8.1%), and ent-dihydrodiplophyllin (146, 2.5 %), could be identified in
D. albicans by comparison of their mass spectra and retention indices with the spectrd library
established under identicd  experimentd  conditions/*%"1%1  (Fig. 55) Oxygenated
sesquiterpenes 45, 143, 144 and sesquiterpene hydrocarbons 139, 140 and 141 were identified
for thefirg timeinaD. albicans.
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Fig. 55. Sesquiterpenoidsidentified in the essentid oil of Diplophyllum.



4.3.2. Structure of (+)-Eudesma-4,11-dien-8a -ol (147)

(+)-Eudesma-4,11-dien-8a-ol (147) a double bond isomer of 144 was isolaed for the first
time in a livewort D. albicans. 147 exhibited a molecular ion a m/z 220 corresponding to the
molecular formula of Cis5H240. The *C-NMR spectrum reveded the presence of 15 carbon
resonances. 'H-NMR and HMQC spectroscopic analysis indicated a total of 23 protons
directly attached to the carbon skdeton. The *H-NMR spectrum showed three singlets for
methyl groups a d 1.49 (3H, s, H-14), 1.53 (3H, s, H-12) and 1.58 (3H, s, H-15). The Sgnd
a d 386 (1H, d, J = 22Hz) was assgned to the oxygenated methine H-8. Additiond
dructurd  information was obtaned from the 3C-NMR spectrum which confirmed the
presence of three methyl groups @, a d 19.6, 22.8 and 28.2), six methylene groups ¢, at d
19.3, 24.8, 33.6, 41.5, 48.1 and 111.6), two tertiary carbons (d, a d 50.7 and 67.5) and four
quaternary carbons (s, at d 34.8, 124.8, 135.7 and 147.7). All the information from the 2D 1H-
'H-CcOSsY, HMQC, and HMBC (Fig. 56a) anaysis were consstent with the assigned structure
of 147. Its reative configuration was derived from the NOESY spectrum, which indicated
NOE interactions of H-7 and H-8 (Fig. 56b).

C /OH
( CH
=
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CHs CH»

Fig. 56a. Long-rangelH 3¢ corrdations of 147. Fi g. 56b. NOE correlations of 147.
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The two saturated hydrogenation products of authentic (+)-a-sdinene (126) have the same
retention times with two of the four saturated mgor hydrogenation products of eudesma-4,11-
dien8a-o (147) usng capillay GC with different cyclodextrin derived chird dationary
phases (Fig. 57). Therefore, the absolute configuration of 147 was to be (7S 8S 10S). The
assgned absolute configuration is consgent with the co-occurence of ent-(- )-sdina-4,11-

diene (132) and ent-(+)-a -sdinene (126) in the hydrocarbon fraction of the liverwort sample.

126
Fig. 57. Hydrogenation products of eudesma-4,11-dien-8a-ol (147).



4.3.3. Dehydration of 4-Dehydroviridiflorol (142)
The sesqiterpene hydrocarbons 139, 140 and 14111 were identified for the firgt time in the

essentid oil of Diplophyllum albicans. These compounds were aso derived upon dehydration
of 4-dehydroviridiflorol (142) (Fig. 58).

— 4 10014
142 139=p" % 141= o 10
140=p"°
Fig. 58. Dehydration of 4-dehydroviridiflorol (142).
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4.4. Chemical Analysisof the Essential Oils of four Marsupella species
The botanical dassfication of Marsupella specied 252!

Class : Hepaticea (Liverworts)

Subdclass : Jungermanniidae

Order : Jungermanniiales

Family : Gymnomitriaceae (Marsupellacese)

Species: Marsupella emarginata, M. aquatica, M. alpina

The chemicd compogtion of the liverwort Marsupella emarginata, common in aess of
moderate devation and manly growing on weater flooded rocks in smal mountain rivers in
Europe and in other countries has been investigated [ 146-14°!

Previoudy, four closdy related species, namely M. emarginata ssp. tubulosa,!'*® M.
emarginata var. patens!*® M. emarginata!**"1*® and M. aquatica,****®Y have been
chemicdly investigated. The man components of these gpecies were ent-longipinane
seqquiterpenoids which may be important chemicd markers for Marsupella species. Only
Japanese M. emarginata var. patens*®! did not contain longipinanes, ent-gymnomitrane
sesqiterpenoids being isolated, instead. French M. aquatica®®” aso afforded the nove ¢)-
gymnomitr-3(15)-en-9b-ol  (68), in addition to longipinanes. 9-acetoxymarsupelol (148),
9,11a,14-triacetoxymarsupellone (150), 9-acetoxymarsupdione (151), marsupdlol (152), and
(H)-(4S5R 7S,8R)-eremophila-9,11-dien-8a-o  (149) which was found in French M.
emarginata (Fig. 55a).!14%!
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Fig. 59a. Sesquiterpene constituents of Marsupella speci es 146152
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A GC-MS andyss of a French M. emarginata indicated the absence of gymnomitrane
sesquiterpenoids!*#®  whilst  highly acetylated longipinanes were found in German M.
emarginata but not in the Russian species 4]

Recent sudies of the Scottish liverwort M. emarginata var. aquatica have faled to give
longipinane, gymnomitrane, and eremophilane sesquiterpenoids  but, instead, four nove
amorphanes!'®? Thus, M. aquatica is closdly related to M. emarginata as indicated by the
presence of the same ent-longipinane type condituents. However, the two species clearly
differ in their morphologica properties and chemicd composition.!*®>3! Recently, a review on
the chemisry of M. emarginata has been published!®***® Antitumor activity hes been
reported for (- )-marsupellone (27) and 9-acetoxymarsupellone (151).[1%4

4.4.1. Composition of theEssential Oil of the Liverwort Marsupella emarginata

The essentid ail of the livewort M. emarginata collected in early March 2001 near Altenau,
Harz mountains (Germany) was obtained by hydrodidtillation. The GC and GC-MS of the
essentid oil revedled a complex mixture of traces of monoterpenes [tricyclene (153), a-
pinene (154), camphene (155), b-pinene (156), limonene (157)], diphatic and aromatic
compounds [octan3-one (158), oct-1-en-3-ol (159), oct-1-en-3-ylacetate (160), benzadehyde
(161), phenylacetddehyde (162)] and a complex mixture of sesquiterpenes, including a-
longipinene (88, 0.3%), ()-b-longipinene @2, 9.4%), longifolene @4, 1.5%), b-ylangene @5,
1.5%), b-barbatene (57, 1.7%), a-himechdene (98, 0.4%), 2-epi-b-caryophyllene (163,
0.7%), b-chamigrene (59, 0.75%), aristolochene (164, 0.9%), vdencene (165, 0.9%) and
traces of anastreptene (51), a-ylangene (89), gymnomitra-3(15),4-diene (166), arigola-
1(10),8-diene (167), thujopsene (168), isobazzanene (97), dloaromadendrene (170), o
muurolene (171), trans-b-bergamotene (172), a-muurolene (105), cuparene (169), a-
cuprenene (61), and d-cadinene (108) could be identified from the hydrocarbon fraction. In
the oxygenated fraction, marsupdlol (152, 12.3%), marsupellone (27, 47.8%), (+)-lemndol
(29, 2.6%, enantiomeric to a compound previoudy identified as a condtituent of the soft cord
Lemnalia tenuis),[**® together with gymnomitr-8(12)-en-9b-ol 68, 1.2%)*°% condtituted the
mgor components identified by comparison of their mass gpectra and retention indices with a
spectral library established under identicl experimental conditions''%"2%¢! (Fig. 59b-c). Other
unidentified congtituents were sdlected for isolation.
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Fig. 59b. Sesquiterpene constituents of Marsupella emarginata (Altenau, Germany).
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4.4.2. Structure of (- )-7-epi-Eremophila-1(10),8,11-triene (173)

The new sesquiterpene hydrocarbon 173 wasisolated from the hydrodistillation product of

M. emarginata by preparative GC. The mass spectrum exhibits a molecular ion signad a m/z
202 corresponding to the molecuar formula of CisHzz. The *C-NMR and DEPT spectra of
compound 173 indicated sgnds of three primary carbons @ 15.7, 17.9, 20.4), four secondary
carbons @ 26.0, 27.1, 40.7, 110.7), five tertiary carbons d 38.9, 42.2, 124.6, 128.1, 130.0)
and three quaternary carbons (d 36.2, 141.4, 149.4). The *H-NMR spectrum showed signals of
a doublet and a singlet for methyl groups a d = 0.80 (3 H, d, J = 6.6 Hz) and 0.94 (3 H, 9),
respectively. The downfidd methyl snglet (d 1.68) indicated that this methyl group is
attached to a double bond. The olefinic carbon sgnas a d 149.4 (s) and 110.7 (dd) suggested
a methylene double bond, which was confirmed by two signds in the *H-NMR spectrum at d
=484 (1H,t,J=16Hz) and 492 (1 H, 5). Thevinylicprotona d =556 (1H, d, J=9.8
Hz) coupled with another vinylic proton & d = 6.08 (1 H, dd, J = 2.5, 9.8 Hz). The other
vinylic proton & d = 541 (1 H, t, J = 35 Hz) coupled with the neighbouring methylene group
ad=201(2H, br. d J=40Hz). All thisinformation from **C-NMR and DEPT as well as
that from 'H-H-COSY, HMQC and HMBC (Fig. 60) spectra led to the proposed structure

173. Its reaive configuration resulted from the NOESY spectrum, which indicated a spatid
interaction of protons H-14 with H-15 and H-7 (Fig. 61).

H H
CH
CH2 "///,/
14CH;
HsC CH

Fig. 60. Long-range H-3C correlations of 173. Fig. 61. NOE correlations of 173.



The absolute configuration was derived by comparison of the fully hydrogenated products of
(+)- and (- )-vaencene (165)1*°% with those of 173 by enantiosdective GC on a modified
cyclodextrin stationary phase. The two tetrahydro derivatives of 173 and, those of

(- )-vdencene (165) are identica (Fig. 62).

X

i, (
173
¢Pd /C, H,

+
"'l///( "'////(

173a 173b

TPd /C,H,
X
a'l////(

(-)-Vaencene (165)
Fig. 62. Hydrogenation products of (-)-7-epi-eremophila-1(10),8,11-triene ( 173).

il

The formation of the sesquiterpene hydrocarbon 173 could be related to the hydroxy-
derivative (149) (Fig. 63). (+)-Eremophila-9,11-dien-8a-o (149, Rlcps 5 = 1666) was
identified in the essentid ol of this sample on the bass of its mass ectra fragmentation and
retention index.[*4®!

—_—
.,,,/,/‘( -:,////(
149

173
Hg. 63. Possible formation of 173 from 149.
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4.4.3. Structureof (- )-Marsupellyl acetate (175)

175, the acetate of marsupellol (152), was isolated from the essentid oil of M. emarginata by
preparative GC. The mass spectrum exhibits a molecular ion sgnd a n/z 262 corresponding
to the molecular formula C17H2602. The H-NMR spectrum of 175 shows four singlets
corresponding to methyl groupsa d = 0.60 (3 H, s), 0.89 (3H, s),0.92 (3H, s) and 1.70 (3 H,
s). The latter signa corresponds to an acetoxy methyl group. Two protons belonging to an
exocydlic double bond absorbed at d =4.86 (1H, s) and 5.17 (1H, s). A 9gnd a d 5.90 (1 H,
dd, J1 = 1.3, J» = 8.8 Hz, H4) indicated a methine proton connected to an acetoxy group.

The BC-NMR and DEPT spectra showed signdls for four primary carbon atoms d 21.2, 24.3,
27.9, 28.3), five secondary carbons d 22.0, 36.8, 39.7, 41.3, 112.3), four tertiary carbons (d
38.9, 50.5, 54.1, 68.7) and four quaternary carbons (d 32.9, 42.1, 153.2, 170.0). The signa at
d 68.7 was assgned to a terttiary carbon bound to an oxygen of the acetoxy group. The
dgndsa d 112.3 ¢) and 153.2 () indicated the presence of an exocyclic double bond. The
'H-1H-COSY, HMQC and HMBC (Fig. 64) spectra were in agreement with structure 175.
The rddive configuration, paticulaly of C-4 carying the acetoxy group was determined
from a NOESY spectrum. In addition, NOEs were observed for protons H6 with H4 and H
1(Fig. 65).

Fig. 64. Long-range'H-3C correlations of 175.  Fig. 65. NOE correlations of 175,
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Trestment of 175 with potasum carbonate (K>CO3) in methanol gave a product identica
(same GC-MS charcteristcs and same retention times on polysloxane and cyclodextrin
derived GC phases) with marsupellol (152). Oxidation of 152 with pyridiniumdichromeate
(PDC) gave marsupdlone 7). Both compounds 27 and 152 are present as mgor components
of the essentid ail of M. emarginata. (Fig. 66).

H H H
AcO, HO (@]
+ K,CO; / MeOH _PDC
H H H
175 152 27

Fg. 66. Functiona group conversion of 175 to 27.

4.4.4. Structure of (- )-4-epi-M ar supellyl acetate (176)

The mass gpectrum of 4-epi-marsupdlol acetate (176) from M. emarginata exhibits a
molecular ion pesk a m/z 262 consistent with the molecular formula of G7H2602. The 3C-
NMR spectrum revedled the presence of 17 carbon resonances. *H-NMR and HMBC
demondtrated that a total of 26 protons were directly attached to the carbon skeleton. In
addition, the molecular mass of 262 was confirmed by chemicd ionization MS. The H- and
13C-NMR spectra patterns of 176 were dmost identical to those of 175, except for the NMR
absorptions at d 4.85 (1H, d, J = 1.3 Hz) and 5.02 (1H, dd, J1 = 0.6 and Jo = 1.9 Hz)

corresponding to the exomethylene protons.  Also a chemicd shift difference in the strongly
lowfidd shifted Sgnd & d 5.99-6.03 (1 H, m, H4) for the oxygenated methine proton was
observed. By examination of the 2D 'H-'H-COSY, HMQC and HMBC (Fig. 67) spectra the
Structure was identified as 176. The rdative configuration of 176 was derived from a NOESY
spectrum, which indicated interactin of protons H-4 with H-1 and H-2 (Fig. 684).



Fig. 67. Long- rangelH 3¢ correlations 176. Fig. 68a. NOE correl ations of 176.

Compounds 175 and 176, having the same skeeton and molecular formula G 7H260-, showed
amog identicdl mass spectrometric fragmentation patterns (EI and Cl), however, ther
chromatographic retention times on diverse GC phases differed suggesting 175 and 176 to be
sterecisomers. Compound 176, an epimer of 175, upon saponification yielded a corresponding
4-epi-marsupdlol (L74), which was dso isolated as a trace component of M. emarginata. The
relative configuration of 174 was deduced from 176 (Fig. 68b). Marsupellol (152) and 4 epi-
marsupdlol (174) showed smilar *H-NMR data and mass spectra fragmentation patterns but
different retention times on both polysioxane and cyclodextrin derived GC phases. In
addition, oxidation of 4-epi-marsupdlol (174) with pyridiniumdichromate (PDC) adso gave
marsupellone (27).

HOy, .
+ K,CO, / MeOH _PDC
H
176 174

Fig. 68b. Functional group conversion of 176 to 27.
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4.4.5. Structure of (+)-5-Hydr oxymar supellol acetate (177)

177 has the same tricyclic sesquiterpene backbone as 175 and 176 but the mass spectrum
exhibited a molecular ion peak a m/z 278 corresponding to the molecular formula G7H20s.
The *H-NMR and *C-NMR spectraof 177 were aso similar to those of 175 and 176 except
for thesigndsa d 4.97 (1 H, t, J = 1.3 Hz, H15b), 544 (1 H, d, J=1.9 Hz, H-4) and 3.99
(1H, s, H-5). Also the 3C-NMR indicated a signd a d 80.1 d) which was assigned to the
carbon attached to the hydroxy group. The rdative configuration of 177 was derived from a
NOESY spectrum, which indicated interactions of proton H-5 with H-1 and H-6 (Fig. 69).
Sodium hydroxide hydrolyss of 177 gave a diol with a molecular ion pesk a m/z 236,

suggesting amolecular formula CisH240:.

Fig. 69. NOE correlations of 177.

4.4.6. Structure of Lemnalone (28)

In addition, lemnaone (0.5%) @8) , the ketone corresponding to lemnalol 29) was isolated as
a trace component from the essentid oil of Marsupella emarginata. This ketone, found for the
fird time in naure, is a colourless ail, exhibiting a molecular ion sgnd a m/z 218 that
correspond to @ molecular formular of CisH2,0. The *H-NMR spectrum (CgDs), showed
sgnds of one snglet and two doublets for the methyl groups a d 0.62 (3H, s), 0.76 (3H, d, J
= 6.3 Hz) and 0.78 (3H, d, J = 6.6 Hz) respectively. 28 was further confirmed by comparison
of its El mass spectrd data and retention times on both achird and chird GC with those of the
oxidative product of (+)-lemnaol @9). Compound 28 has been reported to exhibit remarkably
strong cytotoxicity to DBA/MC fibrosarcoma cells in vitro.®® The rdative configuration of
28 was deduced from lemndoal (29) (Fig. 70).
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Fig. 70. Chemical conversion of lemnalol (29) to lemnalone (28).
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Lemndone (28) showed a very dmilaa MS fragmentation pattern as marsupdlone (27,
47.8%), the mgjor component of the oxygenated fraction (Fig. 71).

/A

. /

Fig. 71. Possible M S fragmentati on of marsupellone (27) and lemnalone (28).



4.5. Composition of the Essential Oil of another Sample of Marsupella emarginata

The essentid oilsof M. emarginata collected from a second location in Germany

(Saarland) in March 2001, was obtained by hydrodidtillation. This essentid ail, in addition to
the ether extract of M. emarginata (Ehrch.) Dum obtained from another location (Jgpan) in
October 2000, was analysed by GC and GC-MS. All known congtituents (Table 1, and Figs.
72ab), were identified by mass spectrometry in connection with their gas chromatographic
retention indices by comparison with a gpectrd library edtablished under identica
experimental conditions!*%"1%1  The relative concentrations of the identified compounds were
illustrated with respect to the components present in trace amounts (Table 1). Gymnomitrane-
4-one (178) and 15-nor-3-gymnomitrone (179, thefirg example of anaturaly occurring
nor-gymnomitrane derivative)[**® were dso identified in the essentid oil of M. emarginata
for the firg time. Structures of the newly isolated unknown condituents from the essentia oil
of this liverwort are discussed.
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Table 1. Sesguiterpene condituents of the liverwort Marsupella emarginata from three
different locations.

Sesquiterpene Altenau Saarland Japan
Myltayl-4-ene (199) X
Gymnomitra-3(15),4-diene (166) X X
a-Barbatene (53) XX X
a-Longipinene (88) X

Anastreptene (51) X

b-Longipinene (92) XXXXXX X

Longifolene (94) XX

b- Ylangene (95) XX

Aristola-1(10),8-diene (167) X

Thujopsene (168) X X

| sobazzanene (97) X XX XX
b-Barbatene (57) XX XXXXXXXX XXXXXXXX
trans a-Bergamotene X

Myltayl-4(12)-ene (198) X
a-Himachalene (98) X X

Allo-Aromadendrene (170) X
b-Acoradiene (58) X X
2-epi-(E)-b-Caryophyllene (163) X

g-Muurolene (171) X X
Selina-4,11-diene (132) XXXX
b-Selinene (127) X
b- Bazzanene (63) X XX
b-Chamigrene (59) X X X
transb-Bergamotene (172) X

d-Cuperene (197) X
Aristolochene (164) X

Valencene (165) X

a-Muurolene (105) X X
a-Chamigrene (62) X X
7-epi-Eremophila-1(10),8,11-triene (173) XX

Marsupellol (152) XXXX X

Lemnalol (29) XX

Marsupellone (27) XXXXXXXX X X
Lemnalone (28) X

4-epi-Marsupellol (174) X

Gymnomitr-3(15)-en-4b-ol (68) X XXXXXXXXXX

Marsupellyl acetate (175) X

4-epi-Marsupellyl acetate (176) X

5a-Hydroxymarsupellyl acetate (177) X

4b-Acetoxygymnomitr-3(15)-ene (180) X XXXXXXXXXX
Gymnomitr-3(15)-en-12-ol (194) X
Gymnomitr-3(15)-en-12-al (193) XXX
Gymnomitr-3(15)-en-12-oic acid (192) XXXXXXXX
12-Acetoxygymnomitr-3(15)-ene (187) XX




Gymnomitr-3-en-15-ol (189) X
a-Barbatenal (186) XX

Gymnomitrane-4-one (178)

X
15-nor-3-Gymnomitrone (179) X
Gymnomitr-3(15)-ene-4-one (188) X
X
X

15-Acetoxygymnomitr-3-ene (185)

4b,5b-Diacetoxygymnomitr-3(15)-ene (181)

3a,15a-Epoxy-4b-acetoxygymnomitrane (184) X
3b,15b-Epoxy-4b-acetoxygymnomitrane (183) XX
5b-Acetoxygymnomitr-3(15)-ene (182) X
(+)-Eremophila-9,11-dien-8a-ol (149) X

X represents relative trace amount; number of x corresponds to the relatively increased amount from the gas chromat ogram.
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Fig. 72b. Gas chromatogram of the essential oil of Marsupella
emarginata (Saarland, Germany). (CPSIL 5, 50°C, 3°C/min., 230°C).



45.1. Structureof (- )-4b -Acetoxygymnomitr-3(15)-ene (180)

The mass spectrum of 180 showed a molecular ion sSgnd a m/z 262 corresponding to
C17H260,. In the *H-NMR spectrum of 180 four singlet signds corresponding to methyl
goups & d 0.75 (6H, s), 0.90 (3H, ) and 1.75 (3H, S) were observed, the latter
corresponding to a methyl group attached to a carbonyl of an acetoxy group. The olefinic
cabon sgnas a d 107.6 ¢) and 149.2 §) suggested an exomethylene double bond, which
was confirmed by two signds in the *H-NMR spectrum a d 4.84 (1H, t, J=2.2 Hz) and 5.01
(1H, t, J = 2.2 Hz). The deshidded signdl a d 6.04 (1H, ddt, J;=10.1, J,=4.7, J;=2.2 Hz) was
assigned to the oxygenated methine proton. The *C-NMR and DEPT spectra of compound
180 indicated sgnds of four primary carbons d 20.6, 23.3, 24.1, 27.7), Six secondary carbons
(d 27.7, 36.3, 37.7, 45.4, 47.0, 107.6), two tertiary carbons (d 56.9, 70.4) and five quaternary
carbons @ 45.1, 54.8, 5.8, 149.2, 170.1). The 2D *H-'H-COSY, HMQC, and HMBC (Fig.
73) spectra confirmed the structure of 180. The spatid interactions of protons derived from
the NOESY gpectrum furnished the reative configuration of 180 (Fig. 74). A well-resolved
longrange “*J-coupling was observed for methylene protons H10 and H8, indicating the five-
membered ring dructure to exhibit a fixed W-orientation of the four bonds. Sptid
interactions were aso observed between H4 and H10b, H8b, H5 and dightly with the H-
15 protons, suggesting that they are on one sde and between H13/14, and H12 and H-8a at
the other sde of the plane of the molecule, thus indicating that H-4 has a-orientation. The
absolute configuration of 180 was confirmed by chemica correation.

The methanolic potasum carbonate hydrolyss of 180 gave a deacetylated product. The
resulting acohol gave the same GC-M S characteristics and retention times on polysiloxane

A By
s
NG

Fig.73. Long-range 'H-33C correlations of 180. Fi g. 74. NOE correl ations of 180.



and cyclodextrin derived GC phases with the known (- )-gymnomitr-8(12)-en-9b-ol (68).[25%
Moreover, 'H-NMR data of 68 messured in CgDs were totdly identicd with those
reported.[**°! Therefore, the new naturally occuring compound 180 should be an epimer of the
product obtained by acetylation of (+)-gymnomitr-8(12)-en-9a -l

4.5.2. Structure of (- )-4b ,5b -Diacetoxygymnomitr-3(15)-ene (181)

(- )-4b,5b - Diacetoxygymnomitr-3(15)-ene  (181), was obtained from the essentid oil of M.
emaginata. The chemicd ionization mass spectrum of 181 exhibited a molecular ion a
[M+NH,;*] m/z 338 and nolecular formula GigH2g04. The *H-NMR spectrum (CgDs) showed
dgnds of five anglets for methyl groups a d 0.74 (3H, s, H13), 0.78 (3H, s, H-14), 0.86
(3H, s, H-12), 1.76 (3H, s, H-19) and 1.80 (3H, s, H17). The olefinic carbon signds & d
146.82 ) and 107.85 () suggested an exomethylene double bond, which was confirmed by
two signds in the *H-NMR spectrum at d 4.87 (1H, t, H-15a, J = 2.2 Hz ) and 5.03 (1H, t, H-
15b, J = 22 Hz). The Sgnds a d 548 (1H, d, J = 4.1 Hz) and 6.27-6.29 (1H, m), were
assigned to the methine protons connected to the acetoxy groups at G5 (d 76.5) and G4 (d
69.6) respectively. Information from 2D *H-'H-COSY, HMQC, HMBC (Fig. 75) spectra in
addition to the 3C-NMR confirmed structure 181. lts relaive configuration resuted from the
NOESY interactions of the two oxygenated methine protons H4 and H5, the interactions of
both H4 and H5 with H8b and H-10b, interactions of protons H17 and H 15, in addition to
the interactions between protons H19 and H14 (Fig. 76). The relative configuration of 181 at
C-4 and C-5 is assumed to be 4b, S which is identica to the naturdly occurring € )-4b-
acetoxygymnomitr-3(15)-ene (180) isolated from same essentid ail.

Fig.75. Long-range 'H-°C correlations of 181. Fi g.76. NOE correlations of 181.
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4.5.3. Structure of (+)-5b -Acetoxygymnomitr-3(15)-ene (182)

Compound 182, (+)-5b-Acetoxygymnomitr-3(15)-ene, exhibits a molecuar ion pesk a nvz
262 corresponding to G7H260,. The ¥C-NMR spectrum revealed the presence of 17 carbon
resonances. *H-NMR and HMQC demonstrated that a totd of 26 protons were directly
atached to the carbon skeleton. The *H-NMR spectrum (C¢Dg) showed sgnds of four
snglets for the methyl groups a d 0.79 (3H, s, H-13), 0.83 (3H, s, H-14), 0.92 (3H, s, H-15)
and 1.71 (38H, s, H-17). In addition, compound 182 shared severa spectra smilarities with
180 and 181. The congderation of this data led to the concluson that 182 is a Structurd
isomer of 180 with the acetoxy group attached to C-5-paogtion. The difference in subditution
reflected principdly in the *H-NMR signds shift of methyls (H-13 and H-14), in addition to
the 3C-NMR signd a C-5 (d 76.4). Information from 2D ‘H-H-COSY, HMQC, HMBC
(Fig. 77) spectra in addition to the *C-NMR confirmed structure 182. Its relaive
configuration from the NOESY spectrum could not be ascertained from the interactions of the
oxygenated methine protons H5 with H4b and the overlapped signa of protons H8a, H-10a,
H-9 and H-1a (Fig. 78).

Fig.77. Long-range H-B¢ correlations of 182. Fig. 78. NOE correlations of 182.

Neverthdess, the configuration a C-5 of 182 was concluded to show a b-oriented acetoxy
group on biogenetic grounds and the fact that its K;COs; /MeOH hydrolyss gave gymnomitr-
3(15)-en-5b-a (190), an epimer of (-)-gymnomitr-3(15)-en-5a-0 (191) (Fig. 79a) isolated

from the liverwort Cylindrocolea recurvifolia.[*6%



el

191
Fig. 79a. 5a- and 5b- Hydroxygy mnomitr-3(15)-en-ol (191and 190).

Purification of compound 190 by preparative GC gave the sesquiterpene hydrocarbon (- )-
gymnomitr-3(15),4-diene (166).1°Y The 3C-NMR data of 166 are reported for the first time.
Compound 166 occurs naturdly in the essentid oil of M. emarginata. 166, also resulted from
the therma dehydration of (- )-gymnomitr-3(15)-en-4b-al (68) (Fig. 79b).

Compound 68 is one of the mgor components obtained from hydrodidillation of M.
emarginata. Oxidation of 68, with pyridinium dichromate (PDC) in dry dichloromethane gave
(- )-gymnomitr-3(15)-ene-4-one (188) which was dso identified in the essentid oil.
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Fig. 79%. Functional group interconversions of related gymnomitrane sesquiterpenoids.



4.5.4. Structure of (- )-3b,15b -Epoxy-4b -acetoxygymnomitrane (183)

Compound 183, the 3b,15b-epoxide of 180 and its structura isomer, (184, 3a,15a-epoxide),
were isolated. Both compounds, 183 and 184, showed smilar MS and NMR spectrd data.
Compounds 183 and 184 exhibited a molecular ion a& mz 278 (M+NH4" = 296)
corresponding to the molecular formula Ci7Hzs03. *H-NMR and HMQC  spectroscopic
andyses indicated a tota of 26 protons directly atached to the carbon skeleton. The *H-NMR
spectrum (CgDg) of 183 showed dgnds of four snglets for the methyl groups & d 0.72 (3H, s,
H-13), 0.73 (3H, s, H14), 0.82 (3H, s, H-12) and 1.68 (3H, s, H-17). The downfield shifted
sgnd a d 2.27 (1H, d, J = 5.04 Hz) and 2.60 (1H, d, J = 5.04 Hz) were assigned to the epoxy-
methylene at G15. The proton sgnd a d 5.85 (1H, dd, J = 7.6, 11.4 Hz), attached to C-4 (d
65.9) was assgned to the acetoxy methine proton, H4. **C-NMR data of 183 are consistent
with the assigned structure.

4.5.5. Structure of (- )-3a ,15a -Epoxy-4b -acetoxygymnomitrane (184)

Compound 184, the 3a,15a-epoxide of compound 180, aso showed smilar *H-NMR (CgDs).
The *H-NMR spectrum (C¢Dsg) of 184 showed signds of four singlets for the methyl groups a
d 0.73 (3H, s, H13), 0.74 (3H, s, H14), 0.87 (3H, s, H12) and 1.60 (3H, s, H-17). The
difference in stereochemidry of the epoxy-ring in compound 184 is reflected principdly in the
'H-NMR sgnds shift of methyls (H-12 and H17), the epoxy-methylene appeared a d 2.09
(1H, d, H-15a, J = 5.7 Hz), 2.90 (1H, d, H-15b, J = 5.7 Hz) and the acetoxy methine proton
signa appeared more deshielded a d 5.95 (1H, dd, H-4, J = 7.6, 10.7 Hz) as compared to that
of compound 183. In addition, the *C-NMR signals at G4 (d 67.9) and G-3 (d 61.9) were

CC--HIII\LO /éHg

AcO

Figs. 80and 81. Long—rangelH-13C correations of 183 and 184 respectivdy.
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ds dightly deshidded in 184. All the information from the 2D *H-H-COSY, HMQC, and
HMBC (Figs. 80 and 81) andysis were condstent with the assgned structures 183 and 184.

The relative configuration of compound 184 was derived from the NOESY spectrum (Fig. 82)
which indicate spatid interactions of proton H-4 with both H-8a and H-10b. The NOEs

observed for proton H-4 of compound 184, were smilar to those of the likely precursor,
compound 180. Thus, suggesting a b-orientation for the acetate group on G4. Compound 183

demondrated amilar spatid interactions but in this case, H-4 interacted with the overlapped
signd of protons H-8b, H-10b and H-5b (Fig. 83).

Fig. 82. NOE correlations of 184. Fig. 83. NOE correlations of 183.

Therefore, to determine the absolute configuration of compounds 183 and 184, the supposed
precursor, compound 180 of known absolute configuraion was epoxidised with m-
chloroperbenzoic acid, (m-CPBA) in chloroform. The epoxidation of 180 gave a mixture of
two epoxides 183 and 184, in the ratio of 10 : 1. Thus confirming the b-orientation of the
acetate group of compounds 183 and 184. Although, m-CPBA epoxidation of 180 gave a
ratio of 10 : 1 for compounds 183 and 184 respectively, the ratio of 183 and 184 in the
essentid oil of M. emarginatais 4 : 3. Therefore, 183 and 184 have the same configuration at
C-4. The absolute configuration of the epoxy-ring in 183 and 184 were assigned by
comparison of the shidding-deshidding effect of the oxirane ring on the chemicd shifts of
other neighbouring protons with respect to compound 180 by spectra andysis of the *H-NMR
(CeDs). In the magor epoxide 183, deshidding of the chemicd shifts of protons H4, H-5a and
the bridge protons, H»-1 (at d 1.80 and 1.89) might be due to the proximity of the
electronegative oxygen of the epoxy- ring. While in the minor epoxide 184, dthough H-4, 8b,
10b were dightly deshielded, the bridge protons HB-1 (at d 1.29 and 1.82) were shielded as
compared to the bridge protons of 180 (at d 1.40 and 1.92). Thus, the mgor epoxide was
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assigned D, 15b (183) and the minor 3, 15a (184). A smilar effect has been reported for
related gymnomitrane compounds isolated from the liverwort Gymnomitrion obtusum (Lindb)
Pears.*%?l The new compound 183 has recently been isolated by the Taiwanese group from

Marsupella emarginata collected from Scotland.[*6?!

4.5.6. Structure of (- )-15-Acetoxygymnomitr-3-ene (185)

(- )-15-Acetoxygymnomitr-3-ene (185), was isolated for the first time as a natura product.
Compound 185 has been reported as a reaction product in the structurd establishment of an
dlylic primary doohol 189, and only patid 'H-NMR data of 185 ae avaleble in the
literature®* The *H-NMR spectrum (CgDs) showed signals of four singlets for methyl groups
at d 0.78 (3H, s, H13), 0.83 (3H, s, H14), 0.94 (3H, s, H12) and 1.7 (3H, s, H-17). The
sgndsa d 4.51 (2H, d, J = 88 Hz) and 5.41 (1H, br.s)) were assigned to protons H 15 and
H-4, respectively. All the information from the 2D *H-'H-COSY, HMQC and HMBC (Fig.
84a) spectra andysis in addition to the *C-NMR (Table 3) were consistent with the assigned
sructure 185. Trestment of 185 with K2CO3 in methanol gave the de-acetate compound (+)-
189, which was dso isolated and identified in the essentid oil of M. emarginata for the first
time. The spectral data of 189 were totally consistent with literature data[*®!

AcO
E@

\ H.C
CH33’\_)

Fig. 84a. Long-range H-Bc corrd ations of 185.

In addition, (+)-a-barbatena (186), the ketone corresponding to 189, was isolated for the first
time from liveworts. The spectrd data of 186 were consstent with those reported in the
literature, and the polarimetric Sgn was oppodite to the (- )-enantiomer isolated from the
roots of the higher plant Joannesia princeps.*%® The 13C-NMR (CgDs) of 186 are availablein
Table 3. The isolation procedures for (+)-a-barbatend (186) isolated from the liverwort
Marsupellaemarginatais shown below (Fig. 84b).
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(+)-a-Barbatenal (186)
Essentidl oil of
Marsupella emarginata
(Saarland)

, !

b ALl colum Civometography
Oxygenated Fraction 1.

7

L ] Preparative TLC
ML (Multiple steps)

Preparative GC
OHC H | 6-Me-2,3-Pe-g-CD

(+)- a-Barbatenal (98 %)
(+)-a-Barbatenal (186) .

o N

o o mt

Fig. 84b. Isolation of (+)-a-Barbatena (186) from Marsupella
emarginata (Saarland, Germany)




4.6. Composition of the Ether Extract of M. emarginata (Ehrch.) Dum from Japan

The GC and GC-MS of the ether extract of M. emarginata (Ehrch.) Dum collected from
another region (Japan) was invedtigated. In the oxygenated fraction, the new compound, 12-
acetoxygymnomitr-3(15)-ene (187, 2.1%), was isolated, in addition to the known (+)-
gymnomitr-3(15)-en-12-oic acid (192, 35.9%), (- )-gymnomitr-3(15)-en-12-d (193, 10.7% ;
13C-NMR data are reported for the first time, Table 4) and a trace of gymnomitr-3(15)-en12-
o (194, 03%, identified by MS fragmentation only, Rlcpg. 5 = 1746). ldentified
sesquiterpene hydrocarbon condtituents of the ether extract include a-barbatene (53), b-
barbatene (57), gymnomitr-3(15),4-diene (166), isobazzanene (97), b-bazzanene (63), sina-
4,11-diene (132), thujopsene (168), a-muurolene (105), as shown in Figs. 85a-b and Table 1.

27

105 127 132 166
OcA CHO

=

168 187 192 193

9

H

194 196 197 D' =108 2
D*=199
Fig. 85a Sesquiterpenoids congtituents of Marsupella emar ginata (Japan).
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Fig 85b. Gas chromatogram of the essential oil of Marsupella
emarginata(Ehrch.) Dum. (Japan). (CPSIL 5, 50°C, 3°C/min., 230°C).



4.6.1. Structure of (+)-12-Acetoxygymnomitr-3(15)-ene (187)

Compound 187, the acetate of 194, exhibited a molecular ion & m/z 262 corresponding to
C17H260,. The 'H-NMR spectrum (C¢Dg) showed signds of three singlets for the methyl
groups a d 0.72 (3H, s, H-14), 0.77 (3H, s, H-13) and 1.70 (3H, s, H-17). The olefinic carbon
dgnds a d 150.6 (s) and 108.9 (t) suggested an exomethylene double bond, which was
confirmed by two signds in the *H-NMR spectrum at d 4.74 (1H, t, H-15a, J = 2.2 Hz ) and
477 (1H, t, H-15b, J = 22 Hz). The 9gnd a d 4.00 (2H, br.s) was assgned to the methylene
protons connected to the acetate group at G12 (d 68.9). Information from 2D ‘H-H-COSY,
HMQC, HMBC (Fig. 85c) spectra in addition to the *3C NMR (extracted data from HMQC
and HMBC) confirmed sructure 187. The shown rdative configuration of 187 was assumed
to be the same as the absolute configuration since the absolute configuration of the
deacetylated form, 194 had been determined by X-ray.[24°]

In concluson, the essentid oil obtaned by hydrodigtillation of Marsupella emarginata
collected from Searland (southern part of Germany) and the ether extract of the Japanese
sample condsts of a series of gymnomitrane dructures in addition to a few known
longipinane-based compounds @7 and 92), with no trace of lemndol @9), lemnaone 28) and
eremophila-9,11-dien-8a-ol (149). While the extract of Marsupella emarginata from Altenau
(Germany) condgs of large numbers of longipinane-based compounds, few gymnomitrane
(180 and 166) and in addition lemndadl (29), lemndone (28), eremophila-9,11-dien8a-adl
(149). This implies that the sesquiterpenoid compogtiond differences of the M. emarginata
gpecies are clear in the oxygenated fraction and in the reaive amount of b-longipinene (92)
and b-barbatene (57) in the sesquiterpene hydrocarbon fraction.

HsC
CH3®

Fig. 85c. Long-range H-Bc correlations of 187.
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4.7. Composition of the Essential Oil of Marsupella aquatica

Fresh plant maerid of Marsupella aquatica collected near Gaschurn/Montafon, Audtria, in
July 2001 a an devation of 1900 m was hydrodidtillated. The essentid oil yielded a complex
mixture of voldiles from which the following condituents were identified by GC-MS

comparison with a data bank.*%” 1% These incdlude b-elemene @40, 0.4%), a-barbatene (53,
0.4%), isobazzanene (97, 0.5%), b-barbatene (57, 3.2%), b-acoradiene (58, 1.3%), (+)-
amorpha-4,11-diene (31, 9.6%), and (-)-amorpha-4,7(11)-diene (70, 25.2%). In addition,
traces of a-longipinene (88), cyclomyltaylane (195),1**”) anastreptene (51), a-copaene (196),
b-copaene, calarene (L17), a-chamigrene (62), cadina-1,4-diene (119), and d-cuprenene (197)
could be identified (Fig. 86ac). (+)-Amorpha-4,11-diene (31, Fig. 86d) and (- )-amorpha-
4,7(11)-diene (70) were isolated for the firg time from M. aquatica. The (- )-enantiomer of 31
has been described as an intermediate in artemisinine (30) biosynthesis*Y while the (+)-
enantiomer of 70 was a congtituent of a higher plant, Ageratina adenophora.!*®®!



31 40 51 D35 =57

—\
58 62 63 70
H

D' = 108
195 19 197 D= 199

Fig. 86a. Sesquiterpene hydrocarbon condituentsof Marsupella aquatica (Audria).
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Fig. 86b. Sesquiterpenoids constituents of M. aquatica (Austria).
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Since (+)-Amorpha-4,11-diene @1) was isolated from the essentid oil of M. aquatica for the
fird time, its asolute configuration was confirmed by coinjection with an authentic (-)-
enantiomer of 31 usng 6T-2,3-Me-b-CD at 120 °C isothermal (Fig. 86d).

(- )-Amorpha-4,11-diene (31)

(+)-Amorpha-4,11-diene (31)

1 e T R
|0 1|5 ?|>O min.

Fig. 86d. Separation of synthetic (- )-Amorpha-4,11-diene
from (+)-Amorpha-4,11-dieneisolated from Marsupella
aquatica by Capillary gas chromatography, using 6T-2,3-Me-
b-CD at 120 °C isothermal .

4.7.1. Structureof (- )-Myltayl-4(12)-ene (198)

A sesquiterpene hydrocarbon with an irregular carbon skeleton 198 euted just after

b-barbatene 67) from a non-polar dimethylpolysiloxane column and was isolated for the firgt
time from a natura source. The mass spectrum exhibited a molecular ion sgnd a m/z 204
corresponding to CisHos. The *H-NMR spectrum of 198 was examined in both CgDg and
CDCl; solution for better resolution of the various multiplet signds The H-NMR spectrum
recorded in GDg showed three methyl singlets a d 0.77, 0.91 and 0.92. The ol€efinic carbon
ggndsa d 102.0 ) and 154.5 (§) suggested an exocyclic double bond which was confirmed
by two signds in the *H-NMR spectrum at d 4.69 (1 H, d, J=1.6 Hz) and 4.90 (1 H, d, J=1.5
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Hz). A sysem of methylene protons coupling with one another a d 1.77 (1 H, br.d, J=16.4
Hz) and 247 (1 H, d, J=16.4 Hz) was observed. The *C-NMR and DEPT spetra of 198
indicated signds of three primary carbons (d 19.4, 23.4, 28.9), seven secondary carbons d
19.5, 27.8, 28.1, 30.4, 36.6, 40.6, 102.0), one tertiary carbon @ 58.0) and four quaternary
carbons d 33.7, 47.2, 53.1, 154.5). The 2D 'H-'H-COSY, HMQC and HMBC (Fig. 87a),
spectra confirmed the structure of 198. Important  ‘H-1C HMBC of ¢ )-myltayl-4(12)-ene
(198) are shown (Fig. 87a). The relative configuration of 198 was deduced from the NOESY
spectrum (Fig. 87b), which showed spatid interactions between protons H14 and H-5, H13
and H-3, H-8a/1a and aso between H-15 and H-10a, 8a/1a.

Fig. 87a Long-range 'H-13¢ correlations of 198. Fig. 87b. NOE correlations of 198.

The *H-NMR recorded in CDCl; was totaly in agreement with that of synthetic ()- myltayl-
4(12)-enel*®®  The numbering sysem is condgtent with that of (-)-myltaylenol, a
sesquiterpene acohol previoudy identified as a congtituent of the liverwort Mylia taylori.[*%%
Takaoka et al., (1985)!'% proposed that the myltaylane framework may be derived from cis-
fanesyl diphosphate through C-3 - C-7 cydization of b-chamigrene followed by migration of
the C-3 methyl group to the vicind podtion via an anti-Markownikov route.

4.7.2. Structure of (- )-Myltayl-4-ene (199)
Compound 199, the double bond isomer of 198 eluted before b-demene (40) from a non

polar dimethylpolysiloxane column. The mass spectrum of 199 exhibited a molecular ion
dgnd a m/z 204 condgtent with the molecular formula CisH4, indicating four degrees of

unsaturation. The *H-NMR (CgDs) showed three methyl singlets & d 0.88 (3H, ), 0.94 (3H,
s), 0.99 (3H, s) and one dlefinic methyl & d 1.62 (3H, s). The 2D H-'H COSY, HMQC and
HMBC spectra confirmed the structure of 199. The reative configuration of 199 was deduced

103



from the NOESY spectrum which showed spatid interactions of the methyl group protons H
14 with methine H5, and H10b / H9a Spatial interactions of H13 protons with H3, H-1b,
H-2b, H8a and H15 protons were observed. In addition proton H5 aso interacts with H14
and H-9a/10b (Fig. 88).

Fig. 88. NOE correlations of 199.

The proposed mass spectra fragmentation of 199 is shown in (Fig. 89).

L D
> | —
RD,_A H N Y\—  -CHj or
+e S
199

m/z=204 m/z=28 m/ z= 176

m/z=161

Fig. 89. Possible MS fragmentation pattern for 199.
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The biogenetic pathway via a Markownikov route is proposed in addition to the earlier
suggested antiMarkownikov route by Takaoka et a.®® The co-occurence of 198, 199 and
cycdomyltaylane (195) supports formetion of the myltaylanyl cation in both routes (Fig. 90).

@
CH

O &

. wﬁV‘O\N(\ A
A / junicedrany! carbeniumion \

B
Markownikov 37
c\@ | \/c@

chamigrenyl carbeniumion A

| |
cyclomyltaylane (195) myltayl-4-ene (199) myltayl-4(12)-ene (198)

Fig. 90. Proposed biogenetic pathway for 195, 198 and 199.
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4.7.3. Structure of (+)-7b -Hydroxyamor pha-4,(11)-diene (200)
7b-Hydroxyamorpha-4,(11)-diene (200), showed a molecular ion sgnd a nm/z 220, and the
molecular formular was determined as GsH2.O ([M*] mVz 220.1832) by HR-EIMS. The 1H-
NMR spectrum (CgDg) of compound 200, indicated signds of three methyl groups & d 0.92
(3H, d, H-14, J = 6.3Hz), 1.57 (3H, br.s, H-15), and 1.81 (3H, s, H-12). Additiond signdis a
d 4.85 (1H, s, H-13a), 4.90 (1H, s, H-13b) and 1.81 (3H, s, H-12) revealed the existence of an
isopropenyl group. The olefinic carbon sgnasa d 150.92 (s) and 111.50 (t) confirmed the
isopropenyl methylene double bond. The *C-signd a d 75.58 was assigned to the tertiary
hydroxy goup a G7. The 2D *H-H-COSY, HMQC and HMBC (Fig. 91) spectra in addition
to the *C-NMR confirmed structure 200. Its relative configuration resulted from the NOESY

spectrum (Fig. 92a).

H3C\/CH2

Fig. 91. Long-range'H-*C correlationsof 200. Fig. 92a. NOE correlations of 200.
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The absolute configuration was determined by comparison of the fully hydrogenation
products of (-)-amorpha-4,7(11)-diene (70) with (+)-200, by enantiosdlective GC on a
cyclodextrin dationary phase. The four fully hydrogenated derivatives of 200 are identicd
(same GC-MS characteridics and same retention times on achird polysiloxane and chird

cyclodextrin derived GC phases) with that of the hydrogenated products of compound 70
(Fig. 92b). Therefore the absolute configuration of 200 at G-1, G6, and G 10 was concluded
to be (1R 6S 10S). The 7S -configuraion assgned to 200 was inferred from the four mgor
hydrogenation products which suggested that proton H-6 must be cis-configuration to the
hydroxy on C-7. In addition, the assgned 7S-configuration is consstent with (+)-amorpha-
4,11-diene (31) and (+)-1-epi-cubenol (113) isolated and characterised in the M. aquatica ail.

H

o OH
200
lelPd
H H
™7
H H
200a 2000
+
b H
\\\\‘w. Y
200¢ H/é\ 200 H £

THz /Pd

H

(- )-Amorpha-4,7(11)-diene (70)

Fig. 92b. Complete hydrogenation products of 70 and 200.
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4.7.4. Structure of (- )-9a -Hydroxyamor pha-4,7(11)-diene (201)

(- )-9a-Hydroxy-amorpha-4,7(11)-diene (201), has the same bicyclic sesquiterpene skeleton
as 200. Compound 201 showed a molecular ion d9gnd a Mz 220, and the molecular formula
was determined as CisH4O ([M*] m/z 220.1816) by HR-EIMS. The H-NMR spectrum
(CeDg) of 201 showed smilar sgnds as 200, except for the absence of the sgnd of the
isopropenyl group. 201 indicated four methyl groups a d 1.03 (3H, d, H-14, J = 6.6 Hz), 1.58
(3H, s, H15) and 1.66 (6H, br.s, H-12 and H13). A chemicd shift Sgnd a d 2.98 (1H, dt,
H-9, J = 4.1, 11.4 Hz) was assigned to the methine proton H9, indicating the presence of a
secondary hydroxy group a C-9. Additiond useful structurd information was obtained from
the *C-NMR. The 2D 'H-'H-COSY, HMQC and HMBC (Fig. 93) spectra in addition to the
13C-NMR data confirmed structure 201. Its relaive configuration resulted from the NOE
spectrum, which indicated interactions of protons H-1 with H-6 and H-14 (Fig. 94). The
absolute configuration of 201 was determined by usng a dmilar method as for compound
200. The a-orientation of the secondary hydroxy group was deduced from the spetid

interactions of H-9 and H-14.
e
CH 3
3 H ' H
OH : H

HsC \C

3

NI / | M
HsC CH, éc

Fig. 93. Long-rengelH 13C correlations of 201.  Fig. 94. NOE corrdations of 201.

oo

4.75. Structureof (- )-3a -Hydroxyamorpha-4,7(11)-diene (202)

(- )-3a-Hydroxy-amorpha-4,7(11)-diene (202), CisH240 ([M'] mvz 220.1826) exhibited a
smilar *H-NMR as 201 except that the a-oriented secondary hydroxy group is now on G 3 at
d 67.4 (d). The 2D H-'H-COSY, HMQC and HMBC (Fig. 95) spectra in addition to the *C-

NMR confirmed the dructure. Its relaive configuration was determined from the NOESY
spectrum, which gave NOEs between protons H-1 and H-6, H-1 and H-14 (Fig. 96).
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Fig. 95. Long-range H4-B¢ correlations of 202. Fig. 96. NOE correlations of 202.

Direct hydrogenation of compound 202 afforded identica products as in 200 and 201. In
addition, the acohol 202 dehydrates at the injector port (200 °C) of the preparative GC
during purification to afford (+)-amorpha-2,4,7(11)-triene (203). Compound 203 showed a
molecular ion signd & m/z 202 corresponding to the molecular formula of CisHz. The *H-
NMR spectrum (CgDg) indicated the loss of a secondary hydroxy group at G-3 of compound
202 which is replaced by the formation of the endocyclic double bond a d 5.85 (1H, d, J=9.5
Hz) and 6.08 (1H, dd, J = 6.0, 94 Hz) (Fig. 97). The rdative configuration of 203 was
deduced from NOESY, which is smilar to that of 202 (Fig. 96). The complete hydrogenation
of 203 gave identica products as compounds 70, 200, 201 and 202.

203
Fig. 97. Chemicd interconversion of 202.
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4.7.6. Structure of (- )-3a -Acetoxyamor pha-4,7(11)-diene (204)

(- )-3a-Acetoxyamorpha-4,7(11)-diene (204), the acetate of 202 was isolated from the same
essentid ail. It showed a molecular ion dgnd a 262 corresponding to the molecular formula
of Ci7H2602. The *H-NMR spectrum of 204 shows five singlets corresponding to methyl
groups at d 0.86 (3H, d, H-14, J = 6.3 Hz), 1.65 (9H, br.s, H-12, H13 and H15) and 1.74
(3H, s, H17). Thesgnd a d 5.33 (1H, br.d, H3, J = 5.0 Hz) was assigned to the methine
proton connected to the acetoxy group. Additional sructura information was obtained from
13C-NMR. The rdaive configuration of 204 resulted from its NOESY spectrum, which is
amilar to that of 202 (Fig. 96). The hydrolyss of compound 204 usng K.COs; / MeOH
afforded compound 202. Therefore 204 should have the same absolute configuration as 202

(Fig. 97).

4.7.7. Structure of (- )-Amorpha-4,7(11)-dien-3-one (205)

(- )-Amorpha-4,7(11)-dien-3-one (205), an a, b-unsaturated ketone with amorphane skeleton ,
showed a molecular ion signd & m/z 218 and the molecular formula of GsH2,O ([M*] mVz
218.1668) was determined by HR-EIMS. The 'H-NMR spectrum (CgDg) indicated four

methyl group sgndsa d 0.72 (3H, d, H-14, J = 6.3 Hz), 1.59 (6H, br.s, H-12 and H13) and
1.82 (3H, s, H-15). The proton signd a d 5.91 was assigned to the methine proton H-5 with a
downfied shifted carbon signd & d 147.93 d). The 2D 'H-'H COSY, HMQC and HMBC
(Fig. 98) in addition to the *C-NMR spectra confirmed the structure of 205. Its relative
configuration was determined from the NOESY spectrum, which was smilar to that of

compound 202 (Fig. 96).
CH;
o) \

H,C CHj
Fig. 98. Long-range 'H-3¢ corre ations of 205.

110



Treatment of (-)-202 with pyridinium dichromate (PDC) in dry dichloromethane gave a
product identical (same GC-MS characterigics, same retention times on achira polysiloxane
and chird cyclodextrin derived GC phases) with (-)-205. Hence (-)-205 has the same
absolute configurations at the stereogenic centres C-1, C-6 and C-10 asin 202 (Fig. 97).

4.7.8. Structure of (+)-2,8-Epoxyamorpha-4,7(11)-diene (206)
(+)-2,8-Epoxyamorpha-4,7(11)-diene @06), showed a molecular ion sgnd a nV/z at 218 and
the molecular formula of CysH2,0 ([M*] mvz 218.1680) was determined by HR-EIMS. The
'H-NMR spectrum (CgDs) indicated signds of four methyl groups a d 0.87 (3H, d, H-14, J =
7.25Hz), 1.39 (3H, s, H-13), 1.58 (3H, s, H-12) and 1.61 (3H, br.s, H-15). Thesignas a

d 4.04 (1H, s) and 4.49 (1H, s) are assgned to the two methine protons a the oxygenated C-2
and G8 respectively.The 2D *H-'H-COSY, HMQC and HMBC spectra (Fig. 99), in addition
to the ¥ C-NMR extracted from the HMBC and HSQC data, confirmed structure 206. Its
relative configuration resulted from the NOESY spectrum, which indicated interactions of
proton H-1 with H-6 and H14 (Fig. 100). Direct rigorous hydrogenation of 206 gave smilar
products to that of the hydrogenation of (- )-amorpha-4,7(11)-diene (70), hence, the absolute
configuration of 206 a C-1, C-6, and C-10 were confirmed. The a-orientation of the oxane
ring was deduced by the spatid interactions of protons H2 and H1. Therefore, 206 showed
(1R 2S56R,8510S)- configuration.

CH,

H&C/'ﬁ/‘
Pl

HsC CHs
Fig. 99. Long-range 'H-13¢ correlations of 206. Fig.100. NOE correlations of 206.
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Trestment of 206 with acidic ion exchange resin (Amberlyst) for 2 hours a room temperature
gave caddene (207) and two additiond compounds, the mgor one being identical to an

authentic sample of a -calacorene (208) (Fig. 101).

206 208
Hg. 101. Acid transformation of 206.

4.7.9. Structureof (+)-5,9-Epoxyamorpha-3,7(11)-diene (209)
(+)-5,9-Epoxyamorpha-3,7(11)-diene (209), a trace compound (0.05%), CisH2.0 ([M7]
218.1679) exhibited a similar *H-NMR spectrum (CgDs) as 206, except that the position of the
two methine protons at the oxygenated carbon have shifted to d 3.70 (1H, s, H9) and 3.93
(1H, s, H-5). In addition, the endocyclic double bond was situated at C compared to C' in
206. Additiond dructurd information was obtaned from HMBC and HMQC which
confirmed the presence of two carbon-oxygentlinkages a d 72.9 (d, C-9) and 73.9 (d, C-5).
In addition, the methine carbon a d 120.0 (d, C-3) and three quatenary carbons at d 121.9 (s,
C-11), 1298 (s, C-7) and 137.8 (s, C-4) were confirmed from the HMBC spectrum. Its
relative configuration was deduced from the NOESY spectrum, which indicated interactions
of protons H-1 with H-14 and H-6. Proton H-5 dso interacts with H-6 (Fig. 102).

CH3

H‘—}
H,C CHs,

Fig.102. NOE corrdations of 209



Determination of the absolute configuration of 209 was achieved by hydrogendion as with
206, and it was shown to be (1S5S6R9R10R). Subjected to acidic ion exchange resin
(Amberlyst) treatment (Fig. 101), 10% of 209 formed smilar compounds as 206. Regarding,
theyield of degradation products 209 was relatively stable compared to 206.

4.7.10. Structure of (- )-2a -Acetoxyamor pha-4,7(11)-diene (210)

The mass spectrum of this new sesquiterpene acetate exhibited a molecular ion signad a nvz
262 corresponding to the molecular formula of Ci7H.60,. The H-NMR and *C-NMR
spectral patterns of 210 were smilar to those of amorpha-4,7(11)-diene (70) with additiond
sgnds due to the presence of an acetate group. The proton signd a d 5.28 (1 H, dt, J1= 2.8,
Jo= 8.5 Hz) was assgned to an oxygenated methine carbon and d 1.72 (3 H, s) to the methyl
group of the acetyl moiety. By andyss of the *H'H-COSY, HMQC and HMBC spectra (Fig.
103) the tructure was identified as 210. The rdative configuration of 210 was derived from
the NOESY gpectrum, which indicated NOEs between protons H1 and H6, H1 and H14,
H-2 and H6 (Fig. 104). In addition, the orientation of the a-acetoxy group was deduced from
the spatid interaction of H-2 with H-1 and H-6 in the NOE spectrum.

OAc CHs
H
S

Fig. 103. Long-range -3¢ correlations of 210. Fig.104. NOE correlations of 210.

To determine the absolute configuration of 210, it was converted to the corresponding
adcohol (211) by basic hydrolyss. Rigorous hydrogenation of the acohol (211) resulted in
eght fully saturated diasterecisomeric amorphane / cadinane / muurolanes (mass 208) which
were compared to the corresponding fully hydrogenated products of (- )-amorpha-4,7(11)-
diene (70) (see Fig. 92b).

GC invedigations on a column with a cyclodextrin derived chird dationary phase showed
that the compounds 70 and 211 gave the same retention times for dl the fully hydrogenated
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products. Thus, the absolute configuration at the stereogenic centers G1, C-6 and G-10 of 70
and 210 areidenticd.

(- )-2a-Hydroxyamorpha-4,7(11)-diene (211), CisH240 ([M*] 220.1809), the de-acetylated
form of ¢ )-2a-acetoxyamorpha-4,7(11)-diene @10) was aso isolated. The 2D *H-'H-COSY,
HMQC and HMBC spectra in addition to the *C-NMR (Table 5) confirmed the structure 210.
Its relative configuration was determined from the NOESY spectrum (Fig. 105). Its absolute
configuration was deduced from direct hydrogenation of 211.

Fig.105. NOE correlations of 211.

4.7.11. Structureof (- )-2b-Acetoxyamorpha-4,7(11)-diene (212)

(- )-2b-Acetoxyamorpha-4,7(11)-diene 212) has the molecular formula G7H2602. This could
not be confirmed by mass spectrometry (the heaviest ion detected under El conditions
corresponds to GysH,2 due to immediate loss of acetic acid). The 3C-NMR spectrum revedled
the presence of 17 carbon resonances. *H-NMR and HMBC demonstrated that a total of 26
protons were directly attached to the carbon skeleton. The *H-NMR and *C-NMR were
identicd to those of (-)-2a-acetoxyamorpha-4,7(11)-diene (210) except for dight chemicd
shift changes. The 2D *H-'H-COSY, HMQC and HMBC spectra confirmed the structure of
212. The gspatid interactions of compound 212 protons were derived from the NOESY
spectrum, which is amilar to that of 210 (Fig. 104) except for the lack of spatid interactions
between protons H-2 and H-6. The absolute configuration of 212 was confirmed by de-
acetylation followed by pyridiniumdichromate (PDC) oxidation. The oxidation product
(+)-amorpha-4,7(11)-dien-2-one (213) of 212, gave identicd andyticd data (same 'H-NMR,
sane GC-MS characteritics and same retention times on achird polysiloxane and chird
cyclodextrin derived GC phases) with the PDC oxidation product of 210 (Fg. 106). Thus, the
stereochemistry of 212 at the stereogenic centers C-1, C-6 and C-10 was confirmed.
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210 211 213
Fig. 106. Saponification and oxidaion of 210 and 212.

4.7.12. Structureof (+)-Sdina-4,11-dien-9b-ol (214)

The mass spectrum of this new sesguiterpene acohol exhibits a molecular ion sgna a nvz
220 corresponding to the molecular formula of GisHo40. The *H-NMR spectrum in GsDg was
not well resolved in the range d 1.65-1.90 but the overlgpping sSgnds integrated to 6 H. The
'H-NMR in CDCl; showed moderately overlapping signds in this range The H-NMR
spetrum recorded in CDCl; showed three methyl snglets a d 1.10, 1.63 and 1.76. The
deshidlded sgnd a d 3.37 (1 H, dd, J1= 3.8, Jo= 11.7 Hz) was assgned to the proton

adjacent to a hydroxy group. The exomethylene proton signds showed a multiplet at d 4.72-
4.75 in CDClg, and well resolved signdls in GsDs at d 4.80 (1 H, ) and 4.83 (1 H, s). The **C-
NMR and DEPT gpectra showed singds for three primary carbons @ 17.7, 19.8, 20.8), six
secondary carbons (d 18.7, 30.0, 33.0, 35.6, 36.2, 108.8), two tertiary carbons (d 43.2, 79.1)
and four quaternary carbons (d 40.1, 127.5, 133.1, 149.2). The 2D 'H-'H-COSY, HMBC

(Fig. 107) and HMQC spectra confirmed the dructure of 214. The spatid interactions of
protons H-7 and H-9 from the NOESY spectrum furnished the relative configuration

(Fig. 1083).

OH
CHy
(\ CH,
Hs
c/
H>
CHs CH,

Fig. 107. Long-range 113 correlations of 214. Fig. 108a. NOE correlations of 214.
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To determine the absolute configuration, a chemica correation was carried out by comparing
the fully hydrogenated products of 214 with the hydrogenation products of (+)-b-sdinene
(127). The resulting GC with an achird polysiloxane column showed that two out of the four
hydrogenation products of 214 gave identicad retention times with two hydrogenation
products of (+)-b-sdinene (127). The same retention times were also observed when
enantiosdlective GC was applied. This confirmed that the actud stereochemisiry of 214 at the
stereogenic centers C-7 and C-10 are the same with the authentic (+)-b-sdinene (127) (Fig.
108b).

OH

214

127
Hg. 108b. Hydrogenation of selina-4,11-dien-9b-ol (214)
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The spatid interaction of H-7 and H9 confirmed that the hydroxy group on G9 must be b-

oriented. This was supported by the difficulty of dehydration, since the dehydration of 214
adways resulted in the formation of the chlorinated derivative of 214. Hence, the hydroxy

group must be b-oriented to be sterically hindered.
Compound 214 was oxidized with PDC to (+)-eudesma-4,11-diene-9-one (215), (Fig. 108c).

(iH 0o
9
PDC
214 215

Fig. 108c. Oxidation of selina-4,11-dien-9b-ol (214).

In addition, (+)-1-epi-cubenol (113) was isolated and characterised. The spectra data of 113
were consistent with those reported in the literature!**! Its  absolute configuration was
determined by treatment of 113 with acidic ion exchange resn (Amberlyst) for 2 hours a
room temperature to afford (+)-cadina-1,4-diene (119, 85%) and (+)-trans-cadamenene (72,
5%) (Fig. 109).

119~ O\ 3 7 O\ 72 /:\

Fig. 109. Acid rearrangement of 1-epi-cubenol (113).

The co-existence of compounds (- )-70, (+)-200, (-)-201, (-)-202, (-)-204, (- )-205, (+)-206,
(#)-209, (-)-210, (-)-211, (-)-212 with (-)-(1R2S6R 10S)-2a -acetoxy-11-methoxy-
amorpha-4,7-diene  (216) and (- )-(1R2S6R 109)-2a -acetoxyamorpha-4,7(11)-dien-8-one
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(217)!*%2 identified on the basis of their mass spectrd fragmentation and retention indices,
suggested a common sructurd, stereochemica and biogeneticd relationship.

Thus, the essentid oil of the Marsupella aquatica sample collected in Audria conggts of
mainly amorphanes, traces of cadinane / muurolane (eg. (+)-1-epi-cubenol (113), few
gymnomitrane based compounds eg. a- barbatene 63) and b-barbatene &7) with traces of
longipinanes eg. a-longipinene (88). No trace of lemndol (29) was detected. Hence,
Marsupella aquatica is different from the two Marsupella emarginata samples in terms of

their chemica compogtion.
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4.8. Composition of the Essential Oil of Marsupella alpina

M. alpina was collected in July 2001 near Gaschurn (Austria) at an elevation of 2000 m. a -

Pinene (154, 4.2%) was the only mgor monoterpene in the hydroditillation product. In

Addition, limonene (L57), 1-octen-3-ol (159, 1.1%) and its acetate (160, 1.2%) were detected.
In the sesquiterpene region anastreptene (51, 0.8%), cis-a-bergamotene (218, 0.8%), b-
santdene (219, 1.2%), (-)-Hina-4,11-diene (132, 8.4%), eudesma-3,5,11-triene (220,
3%),1179171 2_pentylfuran (221), (+)-a-selinene (126, 3.7%) and the sesquiterpene lactones

(- )-dihydrodiplophyllin (146, 2.5%),[24% and diplophyllolide, 145, 24.3%)],[**® were

identified by comparison with a spectra library [171%8 (Fig. 110a-b). In this work the isolation
of unknown compounds 222 (10.7%), 143 (7.8%) and 223 (3.1%) are discussed.
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Fig. 110a. Condituents of Marsupd la alpina (Austria).
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Fig. 110b. Gas chromatogram of the essential oil of Marsupella alpina (Austria). (CPSIL 5, 50°C, 3°C/min., 230°C).
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4.8.1. Structure of (+)-8,9-Epoxyselina-4-11-diene (143)

Eudesmane sexquiterpenoid 143 was isolaed from Marsupella alpina. The mass spectrum
exhibited a molecular ion sgnd a m/z 218 corresponding to the molecular formula of
C15H2,0. The 13C-NMR and DEPT spectra of 143 showed signdls of three primary carbons (d
18.4, 21.2, 22.5), five secondary carbons (d 19.0, 25.4, 32.1, 35.8, 111.4), three tertiary
carbons d 46.4, 56.8, 60.6) and four quaternary carbons @ 33.5, 124.5, 133.4, 148.0). The
'H-NMR spectrum showed signds of three singlets for the methyl groupsat d = 1.27 (3 H, s,
H-14), 1.46 (3 H, s, H15), 1.82 (3 H, s, H-13). The downfidd methyl signds a d 1.46 and
1.82 suggested that both are separately attached to double bonds. The olefinic carbon signals
a d 148.0 (s), and 111.4 (), suggested a methylene double bond, which was confirmed by two
sgnds in the *H-NMR spectrum a d 4.89 (1 H, t, J=1.6 Hz) and 5.07 (1 H, s). The methine
protonatd 2.59 (1 H, d, J=3.8 Hz) coupleswith the adjacent methine proton a another

CHj
Fig. 111. Long-range H-1¢ correlations of 143. Fi g. 112. NOE correlations of 143.

oxygenated carbon a d 3.06 (1 H, d, J=3.8 Hz). Information from 2D H-H-COSY, HMQC
and HMBC spectra (Fig. 111) in addition to the **C-NMR and DEPT suggested structure 143.
Its rdative configuration resulted from the NOESY spectrum, which indicated NOES between
protons H7 and H8, H-8 and H9 (Fig. 112). The configuration of 143 at C-7 and C-10 was
determined by chemica corrdaion with (+)-a-sdinene (126), which was one of the mgor
seqquiterpene  hydrocarbons  isolated from the same essentid oil in conjunction  with
enantiosdlective gas chromatography. Rigorous cataytic hydrogenation of 143 resulted in
two fully saurated diasterecisomeric eudesmanes (molecular mass 208), which were
compared with the fully hydrogenated products of authentic (+)-a-sdinene (126). The
comparison by enantiosdective GC showed that the two compounds gave the same retention
times for dl the fully hydrogenated products.



4.8.2. Structure of (- )-Selina-4(15),11-dien-5b -ol (222)

The sesquiterpene acohol 222 shows an eudesmane skeleton. The mass spectrum showed a
molecular ion signd & m/z 220 corresponding to the molecular formula of GsH240. The 'H-
NMR spectrum of 222 recorded in GDs showed two snglet Sgnds corresponding to methyl
groups a d 0.85 and 1.65. The presence of two exomethylene double bonds was confirmed by
cabon sgnds a d 107.3 ¢), 152.9 () and 108.9 (), 150.8 (s), respectively. This assgnment
was confirmed by three signdsin the *H-NMR spectrumatd 4.59 (1 H, s), 4.73 (1 H, s) and
4.85 (2 H, d, J=11.4 Hz), respectively. The tertiary hydroxy group was assigned to G5. The
13C-NMR and DEPT spectra of compound 222 indicated signds of two primary carbons
(d 20.0, 21.2), eight secondary carbons @ 22.8, 26.5, 32.1, 34.6, 35.3, 35.8, 107.3, 108.9),
one tertiary carbon (d 40.3) and four quaternary carbons (d 38.4, 75.5, 150.8, 152.9). The 2D
'H-'H-cosY, HMBC (Fig. 113) and HMQC spectra confirmed the structure of 222. The
spatid interactions of protons from the NOESY spectrum furnished the reltive configuration

H2 CH3
C

NRER

CH, CH,
Fig. 113. Long-range 'H-33C correlations of 222 Fig. 114. NOE correl ations of 222.

of 222 (Fg 114). Rigorous cataytic hydrogenation of 222 resulted in Smultaneous
dehydration to two fully saturated diasterecisomeric eudesmanes (molecular mass 208), were
was compared with the fully hydrogenated products of authentic (+)-a-sdinene (126). The
comparison by enantiosdective GC showed that the two compounds gave the same retention
times for dl the fully hydrogenated products. Thus, the absolute configuration of 222 at the
stereogenic centers C-7 and C-10 were confirmed as (7S, 10S). The b-orientation of the
hydroxy group was derived from the NOESY spectrum, which indicated the interaction of the
hydroxy proton with H-7. Compound 222 exhibited oppodte configuration to its (+)-
enantiomer, (+)-5a-hydroxy-b-sdinene which was isolated from the agrid parts of Cassinia
subtrapica F. Mell.,''? and later synthesized 2”314 The 'H-NMR spectra recorded in CDCl
were consstent with the three earlier reports/*’174 The sign of opticd rotation of 222 is
negative. The assgned absolute configuration is condgtent with the co-occurence of ent-(-)-
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dina-4,11-diene (132) and ent-(+)-a-sdinene (126) in the hydrocarbon fraction of the

liverwort sample,

4.8.3. Structure of (+)-Sdina-4(15),11-dien-5a -ol (223)

Only trace amounts of 223 could be isolated. The mass spectrum showed a molecular ion
sgnd & m/z 220 corresponding to the molecular formula of GisH240. The *H-NMR spectrum
of 223 recorded in CgDs showed two singlets corresponding to methyl groups a d 1.07 (3 H,
s) and 1.66 (3 H, s). The presence of two methylene double bonds was confirmed by carbon
dgndsa d 109.0 (), 110.2 () and 2x 149.6 (s). The carbon signa a d 75.1 was assigned to a
tertiary hydroxy group. The H-NMR, 3®*C-NMR, HMBC, HMQC and GC-MS data of 223
were dmost identical to those of 222 except that the 'H-NMR spectrum of 223 was highly
broadened at room temperature which is typica for cis-decain derivatives!*®® Therefore, 223
should therefore be the C-5 epimer of 222. The sense of optical rotation of 223 is pogtive.
Compound 223 should therefore be the (+)-enantiomer of the reported (- )-5b-hydroxy-b-
sdinenel*?14  |n condusion, the chemica profile of this Marsupella alpina sample is
different from that of M. emarginata and M. aquatica since it produces the eudesmane-type
sexuiterpenoids  chemicaly gmilar to Diplophyllum albicans which beongs to the

Scapani aceae.
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4.9. Chemical Analysisof the Essential Oil of Tritomaria polita

Class : Hepaticea (Liverworts)

Subdlass : Jungermanniidae

Order : Jungermanniides

Family : Jungermanniiacese

Subfamily : Lophozioidese: Tritomaria

The chemicd condituents of the Lophoziacese are very complex, and substances structuraly
smilar to those found in marine organisms have been found in a few species. Thus, based on
terpenoid condituents, members of the Lophoziaceee are chemicdly divided into nine
chemotypes®¥ Tritomaria quinquedentata and T. polita belong to chemotype-1 which shows
eudesmane-type sesquiterpenoids.

Previoudy, T. polita had been taxonomicaly separated and listed as Saccobacis polita (Nees)
Buch.[*%¥ Tritomaria quinquedentata has been investigated by several research groups!*”>17®)
while Tritomaria polita has not been chemically investigated. Recently, the eudesmanes
7-epi-isojunenal (224) and 7-epi-junendl (225) wereisolated from T. quinguedentata

(Fig. 115q).1178

. '///,//

M// '/, ///

Tl
Tl

oH oH
7-epi-lsojunenol (224) 7-epi-Junenal (225)
Fig. 115a. Compounds iolated from Tritomaria qui nquedentata.
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4.9.1. Composition of the Essential Oil of Tritomaria polita

The essentid oil of T. polita collected in Otzta/Tyrol (Austria), was prepared by
hydrodidtillation and andysed by GC and GC-MS. As condituents of the essentid oil of
Tritomaria polita, the following known sesquiterpene hydrocarbons were identified in order
of thar dution from a capillay column with polydimethylsloxane (CPSIL-5). Redative
concentrations of magor compounds ae given in parentheses, those bedow 1% rdative
abundance are just liged: b-demene (40), aromadendrene (226), allo-aromadendrene (170,
1.5%), a-amorphene (101), 8a-hydroxyeudesma-3,11-diene (144), eremophilene (227), (+)-
a-sdinene (126, 5%),11""1  d-amorphene (228),11"® «dina-3,7(11)-diene @29) (Fig. 115b-c).
Thus, in the essentid oil of T. polita, monoterpenes and sesquiterpene hydrocarbons are

present only as minor condituents, but mgor pesks of oxygenated sesquiterpenes are
unknown.
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Fig. 115c. Gas chromatogram of the essential oil of Tritomaria polita

from Austria. (CPSIL 5, 50°C, 3°C/min., 230°C).
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4.9.2. Structureof (+)-(5S,7S,10S)-Eudesma-3,11-dien-8-one (230)
(+)-Eudesma-3,11-dien-8-one (230), was isolated for the first time as a naturd product. The
'H-NMR (CDCl) and the positive optica rotation of 230 were consistent with the reported
synthesized oxidation product of ent-8b-hydroxy-eudesma-3,11-diene (144).'7° |ts rdative
configuration was derived from the NOESY spectrum, indicated interaction of H-5 and H-7
(Fig. 116). Treatment of 230 with activated basc dumina for two days a room temperature
afforded  (+)-(5S109-eudesma-3,7(11)-diene-8-one  (231) and (+)-3,4,4aR7,8,8aR-
hexahydro-5,8a- dimethylngphthden-2(1H)-one (233) (Fig. 117).

Fig. 116. NOE correlations of 230.

4.9.3. Treatment of (+)-Eudesma-3,11-dien-8-one (230) with alumina

(+)-3,4,4aR,7,8,8aR- hexahydro-5,8a- dimethylngphthalen-2(1H)-one (233) is assumed to be a
degradation product since it exhibited a molecular ion & m/z 178 corresponding to G2HisO.
A comparison of the 'H-NMR data (CsDs) of 233 with 230 showed the disappearance of
sgnds a d1.85 & 3H, CHz-12), 4.77 & 1H, H-13a) and 4.97 &, 1H, H-13b) and thus
reveded the loss of an isopropenyl group. This was confirmed by the *H-NMR spectrum in
CDCls. It aso showed the disgppearance of the signals a d 1.78 (s, 3H, CH3-12), 4.77 (s, 1H)
and 4.96 (s, 1H) corresponding to the isopropenyl residue. The GC-MS data and the *H-NMR
(CDCls) of 233 were condgent with the (-)-enantiomer obtained by degradation of
podocarpic acid.*®! |n addition, the mass spectrometric investigation of a sample of 233 kept
in chloroform solution a room temperature for 24 hours showed a compound with a
molecular ion a m/z 288. This suggests further degradation of 233 in the presence of traces of
HCl in the chloroform solution. 230 proved less sable in dumina and sengtive to heat. The
atempt to isolate it by prep. GC dways resulted in a mixture with 231 (8%). The thermd
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ingability of 230 could be due to formation of a resonance stabilized dlyic carbanion ion by

loss of hydrogen from the a - position to the carbonyl group (Fig. 1174).
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Fig. 117a Rearrangement of Eudesma3,11-dien-8-one (230) on treatment with basic
alumina.

4.9.4. Structure of (+)-(5S,10S)-Eudesma-3,7(11)-dien-8-one (231)

Compound 231, an a,b-unsaturated ketone with positive optica rotation, was isolated from
the essentid oil of T. polita. It showed identicad mass spectrum and same retention times on
both achird and chird capillay GC columns with the product formed from 230. The (-)-
enantiomer of 231 has been reported as a congtituent of the liverwort Bazzania faurianal*8!
and the racemic compound, resuting from the oxymercuration-demercuration reaction of
germacrone (232) (Fig. 117b).12821 The 'H-NMR data (CDChk) of 231 are in agreement with
the reported data. The *C-NMR data (C¢Dg) of 230 and 231 are reported for the first time.
The absolute configuration of 230 and 231 was deduced by chemica corrdation with (+)-a-
sinene (126). Reduction of 230 with lithum duminium hydride gave a sequiterpene
adcohol whose GC-MS data were identicad to the isolated ent-8a -hydroxyeudesma-3,11-diene
(144). Compound 231 (63%) was formed when 144 was trested with pyridinium dichromate
(PDC) for 2-hours in addition to 230 (Fig. 117a). All spectrd data and the sgn of optical
rotation were in agreement with a compound described as a condituent of the liverwort
Bazzania spiralis*”® The absolute configuration of 144 was determined by comparison of its
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hydrogenated products with that of authentic (+)-a-sdinene (126) by capillay GC with
different cyclodextrin derived chird stationary phases.

AN

Hg. 117b. Germacrone (232)

4.9.5. Structure of (+)-6b -Hydr oxyeudesm-11-ene (234)

The sesquiterpene adcohol 234 showing an eudesmane skeleton exhibited a molecular ion at
m/z 222 corresponding to the molecular formula CisH260. The *H-NMR (CeDg) spectrum
showed sgnds of a doublet and two singlets for methyl groups & d 1.31 (d, 3H, J = 6.3 H2),
0.82 (5, 3H) and 1.63 (5, 3H), respectively. The olefinic carbon sgnals a 113.2 ¢) and 146.5
(s), suggested an exo-methylene double bond, which was confirmed by two signds in the ‘H-
NMR spectrum a d 4.81 (5, 1H) and 4.88 &, 1H). The sgnd & d 70.5 was assigned to a
secondary carbon with the hydroxyl group. All information from **C-NMR and DEPT as well
as from 2D H-'H-COSY, HMQC and HMBC (Fig. 118), were consistent with the assigned
dructure 234. Its reative configuration was derived from the NOESY spectrum, which
indicated spatid interactions of H6 and H7 with a-H-14. Overlapped signals were observed
for protons H-15, H-1b and protons H?2a and H8b, hence, prevent a precise stereochemica

assgnment (Fig. 119).

6
H
15CH; OH CH,

Fig. 118. Long-rangelH-13C correlationsof 234.  Fig. 119. NOE corrdations of 234.
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The b-orientation of the hydroxyl group a C-6 and of the isopropenyl group a C-7 was
derived from the gpatid interactions of H-6 and H-7 with a-H-14. Rigorous cataytic
hydrogenation of 234 resulted in a Smultaneous dehydration and hydrogenation to two fully
saturated diasterecisomeric eudesmanes (molecular mass 208), which were compared with the
fully hydrogenated products of authentic (+)-a-sdinene (126). Enantiosdective GC showed
that one of the hydrogenation products of 234 gave identica retention times with a
hydrogenation product of (+)-126. This is possble if an intermediate with a G6- C-7 double
bond is formed, which generates two diastereoisomeric products upon hydrogenation. Thus,
the absolute configuration at the stereogenic centers G5 and G 10 could be assgned. The a-
orientation of the G10 methyl group (H-14) was further confirmed by the 95% conversion of
234 to (- )-d-sdinene ent-81), when 234 was trested with acidic ion exchanger Amberlyst for
2-hours. As areault, 234 shows (4S5R 6R, 7S 10S)- configuration.

4.9.6. Structure of (- )-6a -Hydroxyeudesm-11-ene (235)

compound 235, a sesquiterpene acohol with a molecular ion a m/z 222 corresponding to the
molecular formula of C15H260 showed similar mass spectrum as well as *H-NMR, *C-NMR,
2D 'H-'H-COSY, HMBC and HMQC data as 234. Compound 235 gave similar resuits as 234
when subjected to cadytic hydrogenation, but the different relative configuration assigned to
C-7 was shown by the NOESY spectrum, which indicated spatid interactions between
protons H-5, H-6 and H-7. Therefore, H-7 isin b-orientation with respect to H-5 (Fig. 120).

Fig. 120. NOE correlations of 235.

To confirm the orientation of the methyl group a C-10, 235 was subjected to acid
rearrangement reection usng Amberlyst for 2 hours a room temperature. From this reaction,
only about 60% of compound 235 formed (- )-d-sdinene (81). Thus, the rate of loss water
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molecule in both compounds 234 and 235 suggests that both have different hydroxy group
orientation and consequently, 235 shows (4S5R,6S, 7R, 10S)-configuration.

4.9.7. Structureof (+)-6,11-Epoxyeudesmane (236)

The new tricyclic compound (+)-236 exhibited a molecular ion & m/z 222 corresponding to
the molecular formula of CisH60. The *C-NMR spectrum revedled the presence of 15
carbon resonances. *H-NMR and HMQC indicated a total of 26 protons directly attached to
the carbon skeleton. The *H-NMR spectrum showed signdls of a doublet and three singlets for
methyl groups a d 1.09 (d, 3H, J = 5.9 Hz), 0.58 5, 3H), 1.30 (5, 3H) and 1.31 @, 3H)
repectively. The downfield shifted sgnd a d 4.28 dd, 1H, J = 7.4, 8.7 Hz) was assigned to
an oxygenated methine proton a H-6. Information from 2D *H-H-COSY, HMBC, HMQC
spectra (Fig. 121) in addition to the 3C-NMR and DEPT confirmed structure 236. Its relaive
configuration resulted from spatid interactions of H-14 with the protons of H6, H7 and H
15 as observed from the NOESY spectrum. The interactions of H15 with H6 may ke due to
congirains introduced by the orientetion of the oxetanering (Fig. 122).

H,C / CH,
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Fig. 121. Long-range 'H-13C corrdations of 236. Fig. 122. NOE correlations of 236.

s
w

4.9.8. Structure of (- )-6,7-seco-Eudesma-7(11)-en-6-al (237)

Compound 237, a colourless oil isolated as a trace component by preparative GC, shows a
new seco-eudesmane skeleton. The mass spectrum exhibited a molecular ion a m/z 222 and
molecular formula C15H260. The *H-NMR spectrum (CgDs) showed signas of a doublet and

three snglets for methyl groups a d 0.68 (3H, d, J = 6.0 Hz), 0.81 (3H, s), 1.60 (3H, s) and
1.68 (3H, 9), respectively. The singlets of methyl groups a d 1.60 and 1.68 indicate that they
are attached to a double bond. The downfied shifted Sgnd & d 9.46 (1H, d, H-6, J = 4.4 Hz)
was assigned to the adehyde proton. The *C-NMR data are consistent with structure 237.
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The 2D *H-H-COSY, HMBC (Fig. 123) and HMQC spectra confirmed the structure of 237.
In the NOESY spectrum of 237, spatid interactions between the addehyde proton and the
methyl protons H-14 and H15 were observed (Fig. 124). This suggested that H 14 and H15
might be on the same dde of the molecule since the addehyde group could be rotating. In
addition, protons H4 and H-5 protons overlapped and the exact stereostructure on C-4 and C-
5 could not be deduced.

CHs 15CH3 O

Fig. 123. Long-rangelH-13C correlationsof 237.  Fig. 124. NOE correlations of 237.

Trestment of 237 with acidic ion exchange resn afforded (- )-d-sdinene (81, 13%) and
compound 235 (75%). The correlation with € )-81 confirmed the a-orientation assgned to the
methyl group at C-10.

4.9.9. 6,11-Epoxyeudesmane (236) Transformationswith Amberlyst

To determined the absolute configuration of 236, it was treated with acidic ion exchange resin
(Amberlyst) for 2 hours & room temp. This rearrangement gave an unknown hydrocarbon
(m/z 204, base peak 108) (4%) and 238 (7%), )-d-selinene B1) (24%) (its stereochemical
identity could be proved by comparison with an authentic reference compound by
enantioselective GC with cyclodextrin columns) as well as compounds 234 (33%), 235(19%),
and 237 (2.1%), which were dso origindly present in the essentid oil of T. polita. A possible
biogendtic relationship between compounds 236, 237, 234 and 235 is shown (Fig. 125).
Therefore, 237 could be a direct precursor of 235 as amilar trestment of 237 with acidic ion
exchange resn for 2 hours gave predominantly 235 (75%) and (- )-d-sdinene 81) (13%). 234
was not observed among the reaction products of 237. This implied that 234 is formed
directly by acd hydrolyss of 236 via a cationic intermediate. The formation of the isomeric
acohols 234 and 235 confirmed the C-O-linkege at C-6 in 236. The proposed scheme aso
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suggests that 237 could be formed directly from 236 via a mechaniam involving the opening
of the oxetane ring in the absence of protons. From the co-occurence of 236 and 237 it can
not be excluded that the latter is an artefact formed during the isolation procedure. In anaogy
to reactions described,[*®3 it is adso possible that one of the isomeric acohols 234 or 235 isa
precursor of 237. The presence of (-)-d-sdinene (81) in the acid hydrolyss products
confirmed the a- orientation of the methyl group & C-10. As a result of these investigations,
(4S,5R,6S,7R,109)-configuration could be assigned to 236.
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Fig. 125. Possible biogenetic schemefor the isolated compounds from Tritomaria polita.
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4.9.10. Structure of (+)-Eudesma-5,7(11)-diene (238)

The sesquiterpene hydrocarbon 238, an acid hydrolyss product of 236, exhibited a molecular
ion a& m/z 204 corresponding to the molecular formula CisHos (Fig. 126a). The *H-NMR
spectrum (CsDs) showed sgnas of a doublet and three singlets for methyl groupsa d 1.09 (d,
3H, J = 6.6 Hz), 1.07 (bor.s, 3H), 1.70 (br.s, 3H) and 1.80 (br.s, 3H), respectively. The signa
a d 6.32 pr.s, 1H) was assgned to the methine proton H-6. Compound 238 has a mass
spectrum dmogt identical to (- )-d-sdinene (81). The structure of 238 was derived from the
'H-NMR data by comparison with the known data of 81, the latter showing doublets for the
gemind methyl groups. Its redive configuraion was deduced from 236. The absolute
configuration of 238 was determined from its comparison with a closdy rdaed sdina-
5,7(11)-diene (83) of known absolute configuration. Compound 83 was generated from the
therma dehydration of (+)-madian5-o (47) isolated from Plagiochila asplenioides, (Fig.
126b). The coinjection of 238 with 83 on CPSIL-5 and CPSIL-19 confirmed that the G4-
methyl group in compound 236 should be b-oriented. Hence, 238 should be the 10-epimer of
(- )-sdina-5,7(11)-diene (83) (Fig. 126) and, thus, should show (4S,10S)-configuration.

Compound 238 with unspecified configuration had previoudy been reported as a congtituents

of Olibanum ail.[184

(-)- d-sdinene(81) 6,11-Epoxyeudesmane (236) Eudesma-5,7(11)-diene (238)
Fig. 126a. Acid transformation of 6,11-epoxyeudesmane (236).

200°C
-

X

(+)- d-selinene (81) Madian-5-0l (47) Eudesma-5,7(11)-diene (83)
Fig. 126b. Thermd transformation of maalian-5-ol (47).
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4.9.11. Structureof (+)-6,11-Epoxyisodaucane (239)

From the hydrocarbon fraction of the liverwort 239 , a new tricyclic skeleton with isodaucane
backbone was isolated. 239 exhibited a molecular ion a m/z 222 corresponding to the
molecular formula C15H260. The *H-NMR showed signds of a doublet and three singlets for
methyl groups & d 1.21 (d, 3H, J = 6.6 Hz), 0.85 s, 3H), 1.17 (5, 3H) and 1.30 (5, 3H),
respectively. The downfidd shifted sgnd a d 3.22 ¢, 1H, J = 9.8 Hz) was assigned to the
methine H6 which coupled with an adjacent proton H5 at d 1.99 (t, 1H, J = 9.5 Hz). The 2D
'H-1H-COSY, HMQC and HMBC (Fig. 1274) spectra in addition to the 3 C-NMR confirmed

the dructure. Its relaive configuration resulted from the NOESY spectrum, which showed an
interaction of protons H-15 with H-4, and H-5 (Fig. 127b).

A \:>
cH, © Chs

Fig. 127a Long-range *H-3C correlations of 239. Fig. 127b. NOE correlations of 239.

No vighle changes were observed in the GC and GC-MS of 239 after trestment with acidic

ion exchange resn for 2-8 hours. Thus, 239 was a rdatively stable compound. Its absolute
configuration remains undetermined.
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4.10. Chemical Analysisof the Liverwort Barbilophoza floerkei

Barbilophozia is another species of the Lophoziaceae family classfied as chemotype-VI. This
chemotype  conssts  of  daucane-sesquiterpenoid-dolebellane-type  compounds!®*!
Barbilophozia species are known to produce sesqui- and di-terpenoid substances with novel
skeletons 164185188 These gpecies incdude B. floerkeana, B. floerkei, B. hatcheri and B.
lycopodioides.

4.10.1. Composition of the Essential Oil of the Liverwort Barbilophozia floerkei

GC and GC-MS of the essentid oil obtained from the hydrodidtillation of Barbilophozia
floerkei collected in August 2002 from Altenau in Germany, reveded a complex mixture of
mono-, sesqui-, and di-terpenes. The identified compounds include, a-pinene (154),
camphene (155), 3-octanone (158), b-pinene (156), limonene (L57), trinoranastreptenel8%:1921
(241, 33.0%, dso caled inflaene and davukerin BI*%%1%%)  anastreptene €1), tritomarene
(138), trans-a -bergamotene (242), aloaromadendra-4(15),10(14)diene (243),
bicyclogermacrene  (60), b-bissbolene (240) 1,4-dimethylazulene (244) and 3a-
acetoxyhicyclogermacrene (45).1°1 All these compounds were identified by comparison of
their mass spectra and retention indices with a gspectra library established under identica
experimental conditions'®”-1%! (Fig. 128).
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Fig. 128. Mono- and sesquiterpene congtituents of the essential oil of Barhilophozia floerkei.
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4.10.2. Structureof (+)-1,2,3,6-Tetrahydro-1,4-dimethylazulene (245)
(+)-1,2,3,6-Tetrahydro- 1,4-dimethylazulene (245), a bicyclic-C12 compound was isolated by
preparative GC. The mass specrum exhibits a molecular ion a m/z 160, consstent with the
molecular formula of CioHig ([M*] mvz 160.1240) was determined by HR-EIMS. The *H-
NMR spectrum (CgDs) showed sgnds of a doublet and a singlet for methyl groups a d 1.12
(3H, d, H11, J = 6.9 Hz) and 1.79 (3H, s, H-12), respectively. The methyl singlet signd a d
1.79 indicated that this methyl group is attached to a double bond. The deshidded sgnds a d
5.05 (1H, t, J = 6.6 Hz), 5.56 (1H, dd, J = 6.6, 16.1 HZ) and 6.10 (1H, d, J = 9.5 Hz) were
assgned to the vinylic protons a H-5, H-7, and H-8, respectively. In addition, proton H-5
exhibits a long-range “J-W-coupling with H-7.  Additiona structurd information was
obtained from the the **C-NMR spectrum of 245 which confirmed the presence of two methyl
groups (q, a d 20.49 and 21.00), three methylene groups (t, at d 28.18, 31.95 and 34.17), four
tertiary carbons (d, at d 42.55, 115.17, 119.19 and 125.28) and three quaternary carbons (s, at
d 133.82, 142.59 and 146.10). Since the **C-NMR, HMBC and HMQC spectra of 245 showed
the presence of three double bonds and the molecular formula of 245 indicated the presence of
five units of unsaturation, a bicyclic molecule was concluded. All the informaion from the
2D *H-H-COSY, HMQC and HMBC (Fig. 129) analysis were consistent with structure 245,

Fig. 129. Long-range 'H-3C correlations of 245.

4.10.3. Structureof (- )-2,3,3a,4,5,6-Hexahydro-1,4-dimethylazulen-4-ol (246)

(-)-2,3,3a4,5,6-Hexahydro-1,4-dimethylazulen-4-ol - (246), a new trinor-guaiane acohal,
occurred as a trace component in the essentid oil of B. floerkei. 246 was isolated from the
oxygenated fraction by preparative GC. The bicyclic dcohol gave a molecular ion a m/z 178,
and molecular formular was determined as GH1s0 ([M*] mvz 178.1354 by HR-EIMS. 'H-

NMR spectrum (CgDeg) of 246 showed sgnds of two singlets for methyl groups a d 1.00 (3H,
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s, H12) and 1.57 (3H, s, H-11), respectively. The Sgnds at d 5.51 (1H, m) and 6.26 (1H, d, J
= 11.7 Hz) were assigned to the vinylic protons a H-7, and H-8, respectively. The Carbon
sgnd a d 74.7 was assigned to the tertiary hydroxy group. All this information from 3C-
NMR as wdl as from ‘H-'H-COSY, HMQC and HMBC (Fig. 130a) led to structure 2486. Its
relative configuration resulted from the NOESY spectrum (Fig. 130b) which showed a spdtid
interaction of H-10 with H-6a but no interaction with H-12. In contrast, H 12 interacted with
H-6b, hence, H-10 and H-12 were not on the same sde of the plane of the molecule.
Moreover, the methyl protons H-11 interacted with the methine H-8. 246 could be the 4-
hydroxy-derivative of the related structure, calvukerin A, (247) 1% (Fig.131).
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Fig.130a. Iong-rangelH-13C correlations of 246. Fig. 130b. NOE correlations of 246.

4.10.4. Structure of 5,6-Dihydro-1,4-dimethylazulene (248)

5,6-Dihydro-1,4-dimethylazulene (248), a yelow ail, was isolaed in trace amount by column
chromatography. The mass specrum exhibited a molecular ion sgnd & m/z 158 and thus
molecular formula of CioHi4. The molecular formula of 248 indicated the presence of S
units of unsaturaion. The H-NMR spectrum (CgDs) showed signds of two singlets for
methyl groups a d 1.81(3H, s) and 1.93 (3H, s) respectively. The strongly deshidlded signds
at d 5.63-5.67 (1H, m), 6.29 (1H, d, J = 5.4 Hz), 6.51 (1H, d, J = 5.4 HZ) and 6.57 (1H, d, J =
11.0 Hz) were assgned to the four vinylic protons. The presence of four protons multiplet
sgnd in the dlylic region of the *H-NMR spectrum suppport the proposed structure 248.
Since the sample was not enough for the 2D-NMR experiments, additiona <ructurd
information were obtained by spectra anaysis and comparison of the 'H-NMR dita with that
of the 310-dihydro-1,4-dmethylazulene (249) and 1,6-dihydroazuler*®*1% (Fig. 131).
Compound 248 decomposed during purification on preparative GC, hence, 248 was thermdly
unstable.
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245 246 247 248
Fig.131. Structures of compounds 245, 246, 247, 248 and 249.

4.10.5. Acid Rearrangement of (+)-Trisnoranastreptene (241)

Since traces of sx unknown compounds with m/z 160 were detected in the essentid oil of
Barbilophozia floerkei, 241 (33.0%, a mgor component) showing a mass spectra (MS)
comparable to the trace components was subjected to acid transformation to determine if al
the m/z 160 compounds are related. Acid induced transformation of 241 afforded compounds
245, 246 and three other labile compounds of nmVz 160 with two of them having a base pesk of
131 and the third with a base peak of 117 (Fig. 132). These three compounds decomposed
amost immediately after isolation by preparative GC, due to thermd ingtability. Attempts to
isolate the three compounds with dlica gd by preparative TLC dso faled, and aways
resulted in numerous rearranged products. These three compounds are likely to be the other
hydro-1,4-dimethylazulene-related compounds, snce a member of this group of compounds,
3,10-dihydro-1,4-dimethylazulene (249) was labile*®*¥ From the co-occurence of 245, 246
and 241, it cannot be excluded tat the latter is the likely precursor of compounds 245 and
246, and that they are artefacts formed during the isolation procedure. 241 has been reported
to have ichthyotoxic properties!*®Y The racemic mixture of 241 has been synthesized %2

245

Threelabile m/z 160 compounds.
Fig. 132. Acid rearrangement of Trisnoranastreptene (241).
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Compounds 241, 245 and 246 are usualy referred to as nor-compounds or considered as
degraded sesquiterpenes formed by oxidative cleavage of carbon-carbon bonds. Although
details of their biosynthess are not known, it is possble tha they are formed by enzymétic
degradation of a parent sesquiterpene which is structuraly related. Kobayashi et d, [2°0
proposed a scheme for the formation of the trisnoranastreptene (241) and other related
compounds (Fig. 133). Known nor-sesquiterpenes include, cyprotene and cyperene from
Cyperus alopecuroides*"” and albene and petasitene from Petasites hybridus.!*%"!

241

Fig. 133. Possible biogenetic pathwaysfor trisnoranastreptene (241) and davukerin (247) from farnesyl
pyrophosphate (21).12%%
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5 Summary

Sesquiterpene hydrocarbons and oxygenated sesquiterpenes from European liverworts of the
families Gymnomitriaceae, Scepaniaceae, Plagiochilaceae, and Jungermanniiacese  were
investigated. The essentid oils and extracts were andysed by GC and GC-MS. All known
compounds were identified by comparison of their mass spectra and retention indices with a
data bank established under identicd experimental conditions!°”1% Unknown compounds
were isolated by combination of chromatographic techniques (prep. -GC, -TLC, CC, etc.), and
their dructures were €ucidated by mass spectrometry (MS) and NMR-spectroscopic
techniques (*H-NMR, *C-NMR, 2D-'H-'H-COSY, HMBC, HMQC, NOESY). Absolute
configurations were determined by chemicd corrdation (hydrogendtion, as wel as acid or
thermd transformation reactions, etc.) and monitored by enantiosdective GC.

The essentid oil of Plagiochila asplenioides collected from two different locations (Altenau
and Kummerfed) in Germany were andysed by GC and GC-MS. The andyss showed that
the P. asplenioides species contained a broad range of compounds and hence could be
classfied into both chemotypes-(I) and (V). Four new oxygenated compounds, (+)-muurolan
4,7-peroxide (69), (+)-plagio-4,7-peroxide (74), (+)-plagiochiline-W  (75), and (+)-
plagiochiline-X (76) were isolated and characterised in the essentia oil of P. asplenioides
collected from Kummerfeld. In contrast, arometic sesquiterpene hydrocarbons bisabola-
1,3,5,7(14)-tetraene (84) and bisabola-1,3,5,7-tetraene (85) were isolated from

P. asplenioides from Altenau. Whereas, compounds (- )-aromadendra-1(10),3-diene (86) and
(- )-ent-4-epi-madial (77) were obtained from both locations (Fig. 134).
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Fig. 134. New Sesquiterpenoidesfrom Plagiochila asplenioides.
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The European Scapania undulata have been characterised into four chemica races**® Two
chemotypes predominate in the German Haz mountans the cubenol-type and the
longiborneol-type. (+)-Heminthogermacrene (107) ( Fig. 135) was isolated for the firgt time
in a livewort S, undulata collected in the Harz mountains. Its absolute configuration was
determined by transannular cyclisation rearrangement reactions. Thermd isomerization of
107 at 350 °C afforded cis-b-elemene ©3), another b-elemene diasteromer (129) and a trace
of "normd" trans-(+)-b-demene (40) in the ratio of (8 : 1 : ~0.08), respectively. In order to
compare the characteristics of (+)-heminthogermacrene (107) (a E,Z-germacrene) with the
common E,E-germacrene, (+)-germacrene-A (32) was isolated from Solidago canadenss.
The thermd isomerization of 32 gave trans-(- )-b-elemene @0) and the enantiomer of the b-
elemene diastereomer 129a in a ratio of 95:5, respectively a reatively low temperaure (less
than 120 °C). Thus, 107 is much less susceptible to Cope rearrangement than 32. In addition,
acid trandformations of 107 gave (- )-a-hdmiscgpene (125) while 32 gave a-sdinene (126),
b-sdinene (127), sdina-4,11-diene (132), and the alcohal 4a -hydroxysdina-11-ene (131).
Perfora-1,7-diene (110) was the firs perforane hydrocarbon isolated in nature. A possble
biogenetic pathway for the perforane skeleton was proposed (Fig. 54).

Andyss by GC and GC-MS of the essentid oil and diethyl ether extract of another Scapania
undulata sample obtained from Norway in June 2002 confirmed the presence of the
longiborneol- chemotype of Scapania undulatain Norway.

In the essentid oil of Diplophyllum albicans, (+)-eudesma-4,11-dien-8a-ol (147) was isolated
and characterised.
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Fig. 135. New Sesquiterpenesfrom Scapania undul ata and Diplophyllum al bicans.
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The essentid oil of Marsupella emarginata obtained from Altenau (Germany), condsts of a
lage number of longipinane-based compounds among which were isolated (- )-4-epi-
marsupelol (174), ¢)-marsupdlyl acetate (L75), (- )-4-epi-marsupellyl acetate (L76), and (+)-
5-hydroxymarsupellyl acetate (177). In addition, (- )-eremophila-1(10),8,11-triene (173) and
lemndone (28) were isolated. In the essentid oil of Marsupella emarginata collected from

Saarland (southwestern part of Germany) and the diethyl-ether extract of a Japanese sample, a
sies of gymnomitrane related compounds in addition to few known longipinane-based

compounds were detected. The new gymnomitrane-type sesquiterpenoids include, (- )-4b-
acetoxygymnomitr-3(15)-ene (180), (- )-4b,5b-diacetoxygymnomitr-3(15)-ene (181), (+)-5b-
acetoxygymnomitr- 3(15)-ene (182), (- )-3b,15b -epoxy-4b -acetoxygymnomitrane (183),

(- )-3a,15a -epoxy-4b-acetoxygymnomitrane  (184), (- )-15-acetoxygymnomitr-3-ene  (185),
(+)-a-barbatena (186) from the Saarland M. emarginata, while (+)-12-acetoxygymnomitr-
3(15)-ene (187) was isolated from the Japanese M. emarginata (Fig. 136).

Fig. 136. New Sesquiterpenoi ds from Mar supell a emar ginata goecies.
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In contragt to the M. emarginata species, the essentid oil of Marsupella aquatica obtained
from Audria manly condsts of amorphanes, traces of cadinane or muurolane, and few
gymnomitrane based compounds with a trace of longipinane. The new isolated sesquiterpene
hydrocarbons (Fig. 137) include (- )-myltayl-4(12)-ene (198) and (- )-myltayl-4-ene (199).
These myltaylenes were the firg myltaylane hydrocarbons to be isolated in naure thus, an
additiona biogenetic pathway in accordance with Markownikov rule was proposed.

The new amorphane-type sequiterpenoids include, (+)-7b-hydroxyamorpha-4,11-diene
(200), (-)-9a-hydroxyamorpha-4,7(11)-diene (201), (-)-3a-hydroxyamorpha-4,7(11)-diene
(202), (-)-3a-acetoxyamorpha-4,7(11)-diene (204), (-)-amorpha-4,7(11)-dien-3-one (205),
(+)-2,8-epoxyamorpha-4,7(11)-diene (206), (+)-5,9-epoxyamorpha-3,7(11)-diene (209), (-)-
2a -hydroxyamorpha-4,7(11)-diene (211) and (- )-2b-acetoxyamorpha-4,7(11)-diene (212),
(- )-2a-acetoxyamorpha-4,7(11)-diene (210), (+)-amorpha-4,11-diene (31) and (- )-amorpha-
4,7(11)-diene (70). The only new sdinane isolaed from M. aquatica was (+)-9b-
hydroxysdina-4,11-diene (214).

In the essentid oil of Marsupella alpina, the new compounds were (+)-8,9-epoxysdina-4,11-
diene (143), (- )-dina-4(15),11-dien-5b-ol (222) and (+)-sdina-4(15),11-dien-5a -0l (223).

147



A\
a H £ 0 H ‘ 198 199
PN
H H
20 M OH 201 M ‘

=1
O

206 H ‘
AcO
H H ' OH
\
H ‘ H ‘
209 212 214

e

|
Caniil

"',II/ "'I,I/

. T T

Fig. 137. New sesquiterpenoids from M. aquatica and M. alpina.
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From the essentid oil of Tritomaria polita the sesquiterpenoids (+)-eudesma-3,11-dien-8-one
(230), (+)-eudesma-3,7(11)-dien-8-one (231), (+)-6,11-epoxyeudesmane (236), (-)-6,7-
secoeudesm-7(11)-en-6-d (237), (+)-6b-hydroxyeudesm-11-ene  (234), (-)-6a-
hydroxyeudesm-11-ene (235), (+)-6,11-epoxyisodaucane (239) were identified for the firgt
time as natural compounds.

Bicydic Cip-norsesquiterpenes  including, (+)-1,2,3,6-tetrahydro-1,4-dimethylazulene  (245),
(- )-2,3,3a,4,5,6-hexahydro-1,4-dimethylazulenr4-ol  (246) and  5,6-dihydro-1,4-dimethyl-
azulene (248) were isolated from the essentid oil of Barbilophoza floerkei (Fig. 138).

230 231 234

245 246 248
Fig. 138. New sesquiterpenoids from T. polita and B. floerkel .
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The complete NMR data of some nauraly occuring compounds which are not available in
the literature were presented. These include (- )-gymnomitr-3(15),4-diene (166),

(- )-b-longipinene ©2), (+)-germacrene-A (32) and germacrene-B (33) (Fig. 139). In addition,
complete NMR data of ¢)-sdina-5,7(11)-diene @3) and ()-sdina-5,11-diene @0) obtained
as therma tranformation products of (+)-madian5-0l1%! (47, 18.7%) at 200 °C injector
temperature using preparative GC were adso presented. In addition, partid NMR data of a b-
elemene diastereomer (129), and five new reaction products including (+)-amorpha-2,4,7(11)-
triene (203), a therma transformation product of ¢ )-3a-hydroxyamorpha-4,7(11)-diene 202)
(Fig. 97), (+)-amorpha-4,7(11)-dien-2-one (213), an oxidation product of (-)-2a-
hydroxyamorpha-4,7(11)-diene  (211) (Fig. 106), (+)-eudesma-4,11-dien-9-one (215) an
oxidation product d (+)-9b-hydroxysdina-4,11-diene Q14) (Fig. 108b), (+)-3,4,4aR 7,8,8aR-
hexahydro-5,8a-dimethylngphthden-2(1H)-one (233), a degradation product of eudesma-
3,11-dien-8-one (230) (Fig. 1174), and eudesma-5,7(11)-diene (238), an acid transformation
product of (+)-6,11-epoxyeudesmane (236) (Fig. 125) were presented.
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Fig.139. New reaction products and known compounds with NMR data.
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6. Zusammenfassung

Es wurden die Sexquiterpenfraktionen europdischer Lebermoose der Familien
Gymnomitriaceae, Scapaniaceae, Plagiochilaceee and Jungermanniiacese untersucht. Die
dherischen Ole und Extrekte wurden mittds GC und GC/MS andysiet. Alle bekannten
Verbindungen wurden durch Vergleich ihrer Massenspektren und Retentionandices mit einer
Subgtanzbibliothek be  identischen  experimentdlen Bedingungen  identifiziert.  Unbekannte
Vebindungen wurden durch Anwendung verschiedener chromatographischer  Techniken
(prep. -GC, -TLC, CC, etc.) isoliert und die Strukturen durch der Massenspektrometrie und
NM R-spektroskopische Techniken ¢H-NMR, *C-NMR, 2D-!H-'H-COSY, HMBC, HMQC,
NOESY) aufgeklat. Die Zuordnung von absoluten Konfigurationen efolgte  mittels
chemischer Korreaion (Hydrierung, surekatdyserte oder thermische Umwandlungen, etc.),
die mittels enantiosd ektive GC verfolgt wurden.

Das é&herische Ol von Plagiochila asplenocides, gesammelt an zwe  unterschiedlichen
Fundorten in Deutschland (Altenau und Kummefed), wurde mittds GC und GC-MS
untersucht. Die Andyse zegte, dass diese P. asplenoides Arten ene Vidzahl von
Verbindungen enthdten und somit den Chemovarietdten (1) und (V) zugeordnet werden
konnten. Aus der Probe aus Kummerfdd wurden vier neue oxygenierte Verbindungen (+)-
Muurolan-4,7-peroxid (69), (+)-Pagio-4,7-peroxid (74), (+)-PagiochilineW (75), ad (+)-
Plagiochiline-X (76) isoliert und charakterisert (Fig. 134). Dagegen wurden aus der Altenau
Probe die aromatischen Sesquiterpenkohlenwasserstoffe Bisabola-1,3,5,7(14)-tetraen (84) and
Bisabola-1,3,5,7-tetraen (85) isoliert. (- )-Aromadendra-1(10),3-dien (86) and (- )-ent-4-epi-
Madliol (77) wurden aus den &therischen Olen beider Proben erhalten.

S
Y, S
=

PN o

77 84 85 86
Fig. 134. Neue Sesquiterpenoide V erbindungen aus Plagiochila aspl enioides.
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Von dem europédischen lebermoos Scapania undulata wurde vier Chemotypen charakterisert.
Zwe dieser Chemotypen dominieren im deutschen HarzGebirge: der 1-epi-Cubenol-Typ und
der Longiborneol-Typ. (+)-Heminthogermecren (107) (Fig. 135) konnte ersdma aus einem
Lebermoos isoliet werden. Die &dbsolute Konfiguration konnte durch ene transannulare
Cydigerunggesktion besimmt werden. Die thermische Isomeriserung von 107 bei 350°C
fUhrte zu cis-b-Elemen (93), einen wateren b-Elemen Diastereomer (129) und zu Spuren von
"normdem” trans-(+)-b-Elemen (40) im Verhdtnis 8 : 1 : ~0.08. Um die Eigenschaften von
(+)-Hdminthogermacren  (107), enem E,Z-Germacren, mit denen des Ublichen E,E-
Germacren zu vergleichen, wurde Germacren A (32) aus Solidago canadensis isoliert. Die
thermische lsomerisgerung von 32 fihrte bal wesentlich geringeren Temperaturen (weniger
ds 120°C) zu trans-(- )-b-Elemen (40) und dem Enantiomer des b-Elemen Diastereomers
129a im Verhdtnis 95:5. Folglich i 107 gegeniiber der Cope-Umlagerung deutlich weniger
empfindlich ds 32. Zusizlich fihrte die sturekatdysete Umlagerung von 107 zu (- )-a-
Helmiscapen (125), wahrend 32 a-Sdlinen (126), b-Sdlinen (127), Sdina-4,11-dien (32) wd
den Alkohol 4a -Hydroxy-sdina-11-en (131) ergab.

(- )-Perfora-1,7-dien (110) ist der erste Perforan-Kohlenwasserstoff, der aus der Natur isoliert
wurde. Eine mogliche Biogenese fir das Perforan Skelett wurde vorgeschlagen.

Die GC- und GC/MS-Andyse des &dtherischen Ols und Diethylether-Extraktes einer weiteren
Scapania undulata Probe aus Norwegen zeigte, dass der Longiborneol-Chemotyp auch in
Norwegen gefunden wird.

Aus dem &herischen O von Diplophyllum albicans wurde (+)-Eudesma-4,11-dien-8a-ol
(147) isoliert und charakterisert.

///I/,
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Fig. 135. Neue Sesquiterpenoide V erbindungen aus Scapania undulata und
Diplophyllum albicans.
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Aus Marsupella emarginata, gesammdt in Altenau (Deutschland), wurde eine Vidzahl von
Longipinen baserten Verbindungen isoliet (Fig. 136), enschlieldich (- )-4-epi-Marsupdlol
(174), (-)-Masupdlylecetat (175), (- )-4-epi-Marsupdlylacetat (176) und (+)-5-
Hydroxymarsupdlylacetat (177). Zusdizlich konnten Eremophila-1(10),8,11-trien (173) und
Lemndon (28) isoliet werden. In dem &herischen Ol von M. emarginata, gesammet im
Saarland (Suddeutschland), und dem Diethylether-Extrakt einer jgpanischen Probe wurde eine
Rehe Gymnomitran verwandter Vebindungen neben enigen  Longipinanbasierten
Verbindungen detektiert. Die neuen Sesquiterpenoide vom GymnomitranTyp beinhdten (- )-
4b-Acetoxygymnomitr-3(15)-en  (180), (- )-4b,5b-Diacetoxygymnomitr-3(15)-en  (181), (+)-
5b-Acetoxygymnomitr-3(15)-en  (182), (- )-3b,15b-Epoxy-4b-acetoxygymnomitran  (183),
(- )-3a,15a - Epoxy-4b - acetoxygymnomitran  (184), (- )-15-Acetoxygymnomitr-3-en (185) und
(+)-a-Barbatend (186) aus der Saarland-Probe, wéahrend (+)-12-Acetoxygymnomitr-3(15)-en
(187) aus dem jgpanischem M. emarginata isoliert wurde.

180 181 182 183

184 185 186 187
Fig. 136. Neue Sesquiterpenoide Verbindungen aus Marsupella emarginata species.
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Neu isoliete Sesquiterpen-Kohlenwasserstoffe snd (- )-Myltayl-4(12)-en (198) and (- )-
Myltayl-4-en (199) die ersen isolieten MyltaylanrKohlenwasserstoffe darstellen (Fig. 137).
Eine Biogenese wurde asim Einklang mit der Markownikov-Regdl postuliert.

wahrend die Sesquiterpenoiden  vom AmorphanTyp (+)-7b-Hydroxyamorpha-4,11-dien
(200), (-)-9a-Hydroxyamorpha-4,7(11)-dien (201), (- )-3a-Hydroxyamorpha-4,7(11)-dien
(202), (-)-3a-Acetoxyamorpha-4,7(11)-dien (204), (-)-Amorpha-4,7(11)-dien-3-on (205),
(+)-2,8-Epoxyamorpha-4,7(11)-dien  (206), (+)-5,9-Epoxyamorpha-3,7(11)-dien (209), (-)-
2a-Hydroxyamorpha-4,7(11)-dien (211), ()-2b-Acetoxyamorpha-4,7(11)-dien 12), ()-2a-
Acetoxyamorpha-4,7(11)-dien (210), (+)-Amorpha-4,11-dien (31) und (- )-Amorpha-4,7(11)-
dien (70) beinhaten. (+)-9b-Hydroxysdina-4,11-dien (214) is das einzige neue Sdinan, dass
aus M. aguatica isoliert wurde.

Im Gegensaz zu den M. emarginata Arten, enthdt das &herische Ol von M. aquatica aus
Odereich hauptsichlich Amorphane, Spuren von Cadinanen oder Muurolanen sowie einige

Gymnomitran baserte VVerbindungen mit Spuren von Longipinanen.
Aus dem &herischen Ol von M. alpina wurden die neuen Verbindungen (+)-8,9-Epoxysdina-

4,11-dien (143), (-)-Sdina-4(15),11-dien5b-0 (222) und (+)-Sdina-4(15),11-dien-5a-ol
(223) isdliert.
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Fig. 137. Neue Sesquiterpenoide aus M. aquatica und M. alpina.
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Die Sesquiterpeneciden (+)-Eudesma-3,11-dien-8-on (230), (+)-Eudesma-3,7(11)-dien-8-on
(231), (+)-6,11-Epoxyeudesman (236), (-)-6,7-seco-Eudesm-7(11)-en-6-d (237), (+)-6b-
Hydroxyeudesm11-en (234), (-)-6a-Hydroxyeudesm-11-en (235), (+)-6,11-Epoxyisodaucan
(239) wurden ertmaig as Naturdoffe aus dem &herischen Ol von  Tritomaria polita
identifiziert (Fig. 138). (+)-3,4,4aR7,8,8aR-Hexahydro-5,8a-dimethylngphthaen-2(1H)-on
(233) wurde as Abbauprodukt von 230. Die Norsesguiterpene mit bicyclischem Cio-Gerls,
(+)-1,2,3,6-Tetrahydro-1,4-dmethylazulen  (245), (- )-2,3,3a,4,5,6-Hexahydro-1,4-dimethyl-
azulen-4-0l (246) und 5,6-Dihydro-1,4-dimethylazulen (248), wurden aus dem &herischen Ol

von Barbilophoza floerkei isoliert.

245 246 248
Fig. 138. Neue Sesquiterpenoide aus T. polita und B. floerkei.
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Es wurden die vollgdndigen NMR-Daen von bekannten nairlich vorkommenden
Verbindungen, die nicht in der Literaur vorhanden snd, présentiet (Fig. 139). Diese
beinhdten (- )-Gymnomitr-3(15),4-dien (166), (-)-b-Longipinen (92), (+)-GermacrenA (32)
und GermacrenB (33). Zusizlich wurden die vollgandigen NMR-Daten von (- )-Sdina-
57(11)-dien (83) and (-)-Sina-5,11-dien (80) préasentiert, welche ds thermische
Umlagerungsprodukte von (+)-Madian-5-ol bel ener Temperatur von 200°C im Injektorport
des préparativen GC erhdten wurden. Zusdtzlich telweise NMR-Daten eines. b-Elemene
Diagtereomer (129) und finf neuer Resktiongprodukte einschliedich (+)-Amorpha-2,4,7(11)-
trien (203), en thermisches Umwandlungprodukt von (- )-3b-Hydroxyamorpha-4,7(11)-dien
(202) (Fig. 97), (+)-Amorpha-4,7(11)-dien-2-on (213), en Oxidationsprodukt von (-)-2a-
Hydroxyamorpha-4,7(11)-dien (211) (Fig. 106), (+)-Eudesma-4,11-dien9-on (215) en
Oxidationsprodukt ~ von  (+)-9b-Hydroxysdina-4,11-dien  (214) (Fig. 108b), (+)-
3,4,aR,7,8,8aR-Hexahydro-5,8a- dimethylngphthden-2(1H)-on  (233), en Veminderungs-
produkt von Eudesma-3,11-dien-8-on (230) (Fig. 1178) und Eudesma-5,7(11)-dien @38), en
saures  Umwandlungprodukt von (+)-6,11-Epoxyeudesman (236) (Fig. 125) wurden
dargestelt.

166 2 33 129

Fig.139. Neue reaktionsprodukte und die NM R-Daten von bekannten nattrlich.

157



7. Experimental Part

7.1. General Experimental Procedures

7.1.1. Gas chromatography

Orion Microma 412 double column ingrument with 25 m fused glica capillaies with
polyslioxane CPSil-5 and polysiloxane CPSil-19 (Chrompack); Carlo Erba Fractovap 2150 or
4160 gas chromatographs with 25 m fused dlica capillaries with octakis(2,6-di-O-methyl-3-
O-pentyl)-g-cyclodextrin, heptakis(2,6-di- O-methyl- 3-O-pentyl)-b-cyclodextrin  or  heptakig(6-
O-tert.-butyldimethylglyl-2,3-di- O-methyl)-b-cyclodextrin  in OV 1701 (50%, wiw), 9plit
injection; split ratio gpprox. 1:30; FID; carier gas 05 bar Hy; injector and detector
temperatures were 200 and 250 °C, respectively.

7.1.2. Prepar ative Gas Chromatogr aphy

Modified Varian 1400 and 2800 instruments, equipped with stainless sted columns (1.85 m X
4.3 mm) with 10% polydimethylsloxane SE-30 on Chromosorb W-HP or with 15% SE-52 on
Chromosorb W-HP or with 2.5% octakis(2,6-di-O-methyl-3-O-pentyl)-g-cyclodextrin in OV-
170 (50%, wi/w) on Chromosorb G-HP or with 6% heptakis(6-O-tert.- butyldimethylslyl-2,3-
di-O-methyl)-b-cyclodextrin in SE-52 (50%, w/w) on Chromosorb W-HP;, FID; hdium as
carier gas & a flow rate of 120 ml/min.; injector and detector temperatures were 200 and 250
°C, respectively (Hardt and K6nig, 1994).1861

7.1.3. Gas chromatogr aphy-M ass spectr ometry

Electron impact (70 €V) and chemicd ionization (usng iso-butane and ammonia as reagent
gases) GC-MS was carried out on a Hewlett Packard HP 5890 gas chromatograph equipped
with a 25m CPSIL 5 CB capillay column and coupled with a VG Andyticd 70-250S mass
spectrometer. The amospheric pressure chemica ionization (APCI) probe was carried out
usng MAT 95 XL Thermo Quest Finnigan, and the corona discharge was kept at 4.43 kV.

7.1.4. Nuclear M agnetic Resonance spectr oscopy

NMR measurements were carried out with a Bruker WM 400 or a Bruker WM 500 instrument
in CsDg and/or CDCls using tetramethylsilane (TMS) asinternd standard.
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7.1.5. Polarimetry
Measurements were performed with a polarimeter 341 (Perkin-emer) usng a wavdenght of
589 nm a 20 °C. Due to the very smdl amounts of isolated compounds only the sense of

opticd rotation is given to avoid inaccurracies.

7.1.6. Thin Layer Chromatography

Thin layer chromaography was effected usng glass and duminum plates of slica 60 Fosg
(Merck). An ethanolic solution of sulfuric acid (10%) and anisaldehyde was used as Spray
reagent. The solvent system used was n-hexane : ethyl acetate (3: 1, v/ v).

7.1.7. Reactions

7.1.7.1. Hydrogenation was performed by bubbling hydrogen gas through a girred solution
of ca 1 mg of sample in 1 ml n-hexane and 0.5 mg Pd/C at room temperature for 1 h. The
reection mixture was filtered through a short column packed with anhydrous N&SO,. The
filtered reection products were andyzed by GC-MS and GC on severd capillay columns
with cyclodextrin derivatives.

7.1.7.2. Saponification of the acetates was achieved by treatment of ca 1 mg of the sample
with excess K»2COs in methanol for a least 12 h & room temperature. The reaction mixture
was extracted with diethylether, and the organic phase was filtered through a short column
packed with anhydrous N&SO,. The organic phase was andyzed by GC-MS and GC on
severd capillary columns with cyclodextrin derivatives.

7.1.7.3. Dehydration was caried out with ca 1 mg of sample in 0.5 ml pyridine, follow by
addition of 1 drop of phosphoryl chloride under ice cooling. After 1 h of dirring a room
temperature he reaction was quenched by adding a few drops of water, and the mixture was
extracted three times with hexane. The organic phase was washed severa times with water
and dried over NgSO,4. The organic phase was andyzed by GC-MS and GC on severd
capillary columns with cyclodextrin derivetives.

7.1.7.4. Oxidation reactions were carried out with ca. 1 mg of sample in dry CH,Cl, and ca. 2
mg of PDC. After 3 h of dirring a room temp., Et;O (5 ml) was added, and the resulting
mixture was filtered through a short column packed with florisil. The extracted diethylether
fraction was andyzed by GC-MS and GC on severd capillary columns with cyclodextrin
derivetives.

7.1.7.5. Epoxidation reactions were performed with ca 2 mg of sample in 5 ml chloroform
and ca 2 mg m-chloroperbenzoic acid (m-CPBA). After 1 h of girring a room temp., the
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reaction mixture was filtered through a short column of florisl and the reaction products were
andyzed by GC-MS and by GC on severd capillary columns with cyclodextrin derivatives.

7.1.7.6. Reduction reactions were performed by adding a suspenson of LiAIH4 (2 mg) in
dry Et;O to the sample in dry Et;O and stirred a room temp. for 1 h. The reaction mixture
was quenched with water and partitioned with diethyl ether. The mixture was filtered, and the
reaction products were andyzed by GC-MS and by GC on severd capillary columns with
cyclodextrin derivatives.

7.2. Chemical Analysis of Plagiochila asplenioides

P. asplenioides samples were collected from Altenau and kummefdd in Germany in
December 2001 and Februay 2004 respectively. Essentia ol was obtained by
hydrodidtillation (2 h) of agueous homogenates of partiadly ar-dried livewort materid using
n-hexane as collection solvent. All isolations were caried out with SE-30- and/or SE-52-
columns consecutively with at least one cyclodextrin phase column.

7.2.1. (+)-(1R,4R,6R,7R,10S)-M uur olan-4,7-per oxide (69)

Colourless ail; RlcpsL 5= 1485; sense of optica rotation (benzene): (+); *H-NMR (500 MHz,
CeDs): d 0.78 (3H, d, H-12, J = 6.9 Hz), 0.81-0.85 (1H, m, H-9a), 0.87 (3H, d, H-14, J=6.9
Hz), 1.10 (3H, d, H-13, J = 6.6 Hz), 1.15 (1H, d, H-5a, J = 11.4 HZz), 1.28 (3H, s, H-15), 1.30-
1.44 (3H, m, H-1, H-3a, H-10), 1.58-1.62(2H, m, H-2), 1.66-1.78(5H, m, H-3b, H-8, H-9b, H-
11), 1.82 (1H, ddd, H5b, J = 2.2, 4.7, 11.4 Hz), 2.00 (1H, t, H-6, J = 47 Hz); *C-NMR
(125.7 MHz, GsDe): Table 2; MS (El, 70eV), mz (rel. int.): 204 (4), 180 (14), 179 (100), 162
(12), 161 (90), 135 (10), 119 (18), 105 (55), 95 (17), 81 (29), 67 (9), 55 (14), 43 (26). MS (CI,
NHz gas), m/z (rd. int.): 223 (M*+1-0) (3), 221 (M*+1-H,0) (1), 205 (100), 179 (45), 161
(24) 149 (2) 135 (5). MS (Cl, iso-butane gas), m/z (rdl. int.): 223 (M*+1-0) (2) 221 (M*+1-
H,0) (10), 205 (85) 179 (100), 161 (47), 149 (12), 135 (8).

7.2.2. (+)-(1R*,4S* ,6S*,7R* ,10S*)-Plagio-4,7-per oxide (74)

Colourless ail; Rlcps)L 5= 1420; sense of optica rotation (benzene): (+); *H-NMR (500 MHz,
CsDg): d0.81 (3H, d, H- 12, J = 6.3 Hz), 0.91 (3H, d, H-14, J=6.3 Hz), 1.01 (1H, dt, H-1, J =
4.7, 12.6 Hz), 1.10-1.18 (1H, m, H-9a), 1.21-1.28 (2H, m, H-5a, H-33), 1.23 (3H, d, H-13,J =
6.6 Hz), 1.30 (3H, s, H-15), 1.44-1.58 (3H, H-8, H-2a), 1.64 (1H, dd, H-3b, J=5.7, 13.2 H2),
1.68-1.76 (1H, m, H-10), 1.77-1.91 (2H, m, H-9b, H-2b), 1.94 (1H, dd, H-5b, J= 1.9, 10.4
Hz), 2.12-2.20 (1H, m, H-11), 3.30 (1H, d, H-7, J = 10.4 Hz); 2*C-NMR (125.7 MHz, CsDg):
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Table 2; MS (El, 708V), miz (rel. int)): 222 (<1), 221 (1), 220 (1.7), 207 (3), 179 (8), 161(5),
150(47), 135(100), 121(13), 107 (21), 95(28), 94 (35), 9 3(21), 79 (17), 67 (10), 55 (16), 43
(27). MS (Cl, NH; gas), miz (rd. int): 223 (M*+1-0) (3), 221 (M*+1-H,0) (1), 205 (100),
179 (3), 161 (2) 149 (2) 150 @2) 135 (34). MS (Cl, iso-butane gas), Mz (rd. int.): 223
(M*+1-0) (2) 221 (M*+1-H,0) (18), 205 (100) 179 (12), 161 (8), 150 (76), 135 (67).

7.2.3. (+)-(4S*,55*,6S*,7S*)-Plagiochiline-W (75)

Colourless ail; RlcpsiL 5= 1627; sense of optica rotation (benzene): (+) 'H-NMR (500 MHz,
CsDg): d 0.49 (1H, dd, H-6, J = 9.5, 11.0 Hz), 0.89 (3H, d, H-15, J =7.3 Hz), 0.92 (3H, s, H-
12), 0.97-0.99 (1H, m, H-7), 0.99 (3H, s, H-13), 1.52-1.58 (1H, m, H-4), 1.77 (3H, s, H-14),
1.96 (1H, dd, H5, J=4.10, 11.0 Hz), 2.30 (2H, t, H-8, J = 7.6 Hz), 3.49 (1H, dd, H-3a, J =
5.1, 10.4 Hz), 3.78(1H, dd, H-3b, J = 2.5, 10.4 Hz), 5.44 (1H, t, H-9, J= 6.3 Hz), 6.78 (1H, s,
H-2); 3C-NMR (125.7 MHz, GsDg): Table 2; MS (El, 70eV), m/z (rdl. int.): 218 [M*] (100),
203 (18), 175 (25), 161 (27), 147 (30), 133(28), 119 (42), 110 (22), 105 (57), 95 (52), 91(56),
77 (35), 69 (37), 55 (46), 41 (62). HREIMS calcd for GsH0; [M*] m/z 218.1671 found
[M*] m/z 218.1656.

7.2.4. (+)-(55*,6S*,7S*)-Plagiochiline-X (76)

Colourless ail; RlcpsL 5= 1657; sense of optica rotation (benzene): (+); *H-NMR (500 MHz,
CeDs): d 0.71 (1H, dd, H-6, J = 9.8, 11.0 HZ), 0.91 (3H, s, H-12), 1.01-1.03 (1H, m, H-7),
1.02 (3H, s, H-13), 1.73 (3H, br.s, H-14), 2.09 (2H, br.t, H-8, J=7.9 Hz), 2.99 (1H, d, H-5, J
= 11.0 Hz), 4.08 (1H, d, H3a, J = 11.3 Hz), 4.27(1H, d, H-3b, J = 11.4 HZ), 4.83(1H, s, H-
15a), 4.95 (1H, br.s, H-15b), 5.44 (1H, t, H-9, J = 6.0 HZ), 6.78 (1H, s, H-2); *C-NMR (125.7
MHz, GsDe): Table 2; MS (El, 70eV), m/z (rd. int.): 216 [M"] (91), 201 (26), 187 (16), 173
(43), 159 (45), 147 (72), 145 (68), 131 (36), 119 (48), 105 (58), 93 (45), 91(100), 77(52), 65
(26), 53 (28), 41 (79). HREIMS cacd for CisH200: [M*] mvz 216.1514 found [M*] mvz
216.1488.
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7.2.5. (- )-(4S,5R,65,7R,10R)-4-epi-Maaliol (77)

Colourless ail; RlcpsiL 5= 1548; sense of optica rotation (benzene): (- ); *H-NMR (500 MHz,
CsDe): d 0.54-0.59 (2H, m, H-5, H-6), 0.64-0.71 (2H, m, H-9a, H-7), 0.86 (3H, s, H-12), 0.90
(1H, dt, H-1a, J = 3.5, 12.9 Hz), 1.02 (6H, s, H-13, H-15), 1.10 (1H, dd, H-3a, J = 8.8, 13.2
Hz), 1.17 (3H, s, H-14), 1.20 (1H, dt, H-3b, J = 4.4, 13.9 Hz), 1.32-1.40 (2H, m, H-2a, H-1b),
1.52 (1H, dd, H-8a, J = 7.9, 15.1 HZ), 1.56-1.61(1H, m, H-9b), 1.79-1.88 (1H, m, H-8b), 1.92-
2.01(1H, m, H-2b): 3C-NMR (125.7 MHz, CsD¢): d 16.2 (g, C-12), 163 (t, C-8), 17.5 (s, C-
11), 188 (t, C-2), 19.4 (q, C-14), 20.0 (d, C-6), 21.7 (d, C-7), 29.0 (q, C-13), 30.4 (q, C-15),
32.9 (s, C-10), 40.7 (t, C-1), 416 (t, C-9), 41.7 (t, C-3), 47.3(d, C-5), 71.2 (s, C-4); MS(El,
70eV), Mz (rel. int): 222 [M"] (6), 204 (40), 189 (72), 179 (8), 161(55), 147 (24), 133 (42),
123 (39), 121 (38), 109 (58), 107 (55), 105 (56), 91 (55), 81 (73), 67(44), 55 (46), 43 (100).
HREIMS calod for CusHasO1 [M*] miz 222.1984 found [M] miz 222.1981.

7.2.6. (- )-(4S,7S,10R)- Selina-5,11-diene (80)

Colourless ail; RlcpsL 5 = 1447; sense of optica rotation (benzene): (- ); *H-NMR (500 MHz,
CsDe): d 1.14 (3H, 5), 1.14-1.21(2H, m), 1.17(3H, d, J = 7.6 Hz), 1.32-1.38 (1H, m), 1.45-1.55
(5H, m), 1.70 (3H, ), 1.71-1.80 (1H, m), 1.81-1.88 (1H, m), 2.45-2.51(1H, m), 2.60 (1H, t, J
= 5.4 Hz), 4.88 (1H, br.s), 4.94 (1H, br.s), 5.34 (1H, d, J = 4.1 Hz); 3C-NMR (125.7 MHz,
CeDe): d 18.2 (), 22.5 (q), 23.1(q), 23.2 (1), 27.2 (), 34.2 (t), 35.1(5), 38.0 (t), 39.1(d), 42.4
(d), 42.6 (), 112.0(t), 124.1(d), 148.1(s), 148.5(s); MS (EI, 70eV), m/z ( re. int.): 204 [M"]
(40), 189 (42), 161(37), 147 (39), 133 (46), 121(38), 108 (100), 107(62), 105 (52), 93 (62),
81(48), 67 (22), 55(38), 41(49).

7.2.7. (- )-(4S,10R)- Sdlina-5,7(11)-diene (83)

Colourless ail; RlcpsL 5= 1558; sense of optica rotation (benzene): (- ); *H-NMR (500 MHz,
CsDg): d 1.14 (3H, s, H-14), 1.17-1.25 (2H, m, H-1a, H-9a), 1.193H, d, H-15, 7.6 Hz), 1.35-
1.60 (5H, m, H-3, H1b, H2a, H9b), 1.67 (3H, br.s, H13), 1.75-1.80 (1H, m, H-2b), 1.76
(3H, br.s, H-12), 2.24 (1H, br.t, H-8a, J=14.2Hz), 2.44-2.55 (2H, m, H-4, H-8b), 6.32 (1H, s,
H-6); *C-NMR (125.7 MHz, GDs): Table 2; MS (El, 70eV), m/z (rd.. int.): 204 [M*] (98),
189 (100), 161 (40), 148 (21), 147 (20), 133 (43), 119 (22), 105(30), 91(31), 77 (14), 55 (16),
41(32). HREIMS calcd for CisHz4 [M™] mVz 204.1878 found [M*] m/z 204.1903.
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7.2.8. Bisabola-1,3,5,7(14)-tetraene (84)

Colourless ail; Rlicpg 5 = 1483; *H-NMR (500 MHz, GsD¢): d 0.82 (6H, d, H-12, H-13, J =
6.6 Hz), 1.16 (2H, g, H-10, J = 6.9 Hz), 1.40-1.50 (3H, m, H-11, H9), 2.12 (3H, s, H-15),
244 (2H, t, H-8, J = 7.6 Hz), 5.05 (1H, d, H-14a, J = 1.3 Hz), 5.34 (1H, d, H-14b, J=1.6
Hz), 7.01 (2H, d, H-2, H-4, J = 7.9 Hz), 7.33 (2H, d, H-1, H-5, J = 8.2 Hz); *C-NMR (125.7
Hz, GDg): Table 2; MS (EI, 70eV), mVz (rd. int.): 202 [M*] (18), 187 (5), 159 (8), 145 (32),
132 (100), 131 (35), 119 (17), 117 (40), 115 (26), 105 (17), 77 (8), 65 (10), 55 (9), 41 (22).
HREIMS calcd for CisHz2 [M™] m/z 202.1721 found [M™] m/z 202.1723.

7.2.9. Bisabola-1,3,5,7-tetraene (85)

Colourless ail; RicpsiL 5 = 1557; *H-NMR (500 MHz, CsDg): d 0.88 (6H, d, H-12, H-13, J =
6.93 Hz), 1.28 (2H, g, H-10, J = 6.9 Hz), 1.48-1.60 (1H, m, H-11, J = 6.9 Hz), 1.96 (3H, s, H-
14), 2.14 (2H, g, H-9, J = 7.6 Hz), 2.16 (3H, s, H-15), 5.84 (1H, br. t, H-8, J= 6.9 Hz), 7.04
(2H, d, H-2, H-4, J = 8.2 Hz), 7.34 (2H, d, H-1, H-5, J = 8.2 Hz); *C-NMR (125.7 Hz, CsD):
Table 2; MS (El, 70eV), m/z (rdl. int.): 202 [M*] (28), 145 (100), 132 (71), 131(40), 115 (20),
105(27), 91 (16), 77 (8), 65 (5), 53 (6), 41(18). HREIMS calcd for CisHp2 [M™] mVz 202.1721
found [M*] m/z 202.1726.

7.2.10. (- )-(5R*,6S*,7S*)-Aromadendra-1(10),3-diene (86)

Colourless ail; RlcpsL 5= 1512; sense of optical rotation (benzene): ¢) HNMR (500 MHz,
CeDs): d 0.55-0.60 (1H, m, H-7), 0.68 (1H, t, H-6, J = 10.4 HZ), 0.98 (3H, s, H-12), 1.08 (3H,
s, H13), 1.55 (3H, s, H-14), 1.56-1.62 (1H, m, H-84a), 1.66-1.73 (1H, m, H-8b), 1.68 (3H, s,
H-15), 2.13-2.27 (2H, m, H9), 3.00 (1H, d, H-2a, J = 20.5 Hz), 3.06 (1H, d, H-5, J = 10.7
Hz), 3.14 (1H, d, H-2b, J = 20.5 Hz), 5.34-5.39 (1H, m, H-3); 2*C-NMR (125.7 MHz, CsDs):
Table 2, MS (El, 70eV), m/z (rel. int.): 202 [M"] (22), 187 (10), 159 (44), 145 (26), 133 (79),
132 (100), 131 (30), 117 (18), 105 (58), 91 (21), 77 (16), 67 (8), 53 (8), 41 (26). HREIMS
caed for CysHa, [M™] mVz 202.1721 found [M*] vz 202.1729.
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Table 2. *C-NMR spectra data of compounds 84, 85, (- )-86, (- )-83, (+)-69, (+)-74, (+)-75,

and (+)-76 (125.7 MHz, C¢Dg), d (ppm)?

84 85 86 83 69 74 75 76
126.7 126.3 136.9 41.9 40.1 56.2 118.2 119.6
129.6 129.5 39.1 18.2 29.3 22.7 142.4 143.2
137.1 136.1 121.8 33.7 39.4 38.6 67.9 68.8
129.6 129.5 143.2 38.7 79.7 78.7 34.2 144.6
126.7 126.3 [46.8 147.3 41.5 54.6 37.7 36.0
139.2 141.8 35.1 121.9 37.7 53.5 33.3 33.5
149.1 134.7 26.7 128.8 86.1 93.7 28.9 29.1
36.3 128.0 23.1 24.1 24.7 28.9 24.4 24.7
26.7 27.3 37.1 42.3 28.2 33.9 124.8 1254
10 39.2 39.4 125.6 34.6 34.1 37.6 133.3 132.6
11 28.4 28.3 19.2 124.0 37.1 29.3 195 194
12 23.0 23.0 29.0 20.0 16.3 20.0 28.9 28.9
13 23.0 23.0 16.2 21.0 19.3 22.5 15.6 15.6
14 111.8 16.2 22.0 26.6 21.6 19.2 22.6 23.1
15 21.3 21.3 15.5 23.8 27.8 26.8 16.9 111.6

1
>
o

OIO|N[O[OBIWIN[(FIO

& All assignments were confirmed by HMBC and HMQC.

7.3. Chemical Analysis of Scapania undulata

7.3.1. I solation of Single Constituents of the Essential Oils

The isolation of 107 was carried out using preparative GC at an injector temp of 120-140 °C.
The essentid oil of S, undulata was frationated using an SE-30 column from 90 °C to 150 °C
with a heating rae of 2 °C/min. The fraction with high concentration in 107 was further
purified usng prep. GC columns with heptakis(6-O-tert- butyldmethylslyl- 2,3-di- O- methyl)-
b-cylodextrin (120 °C, isothermd) and octakis(2,6-di-O-methyl-3-O-pentyl)-g-cyclodextrin
(125 °C, isothermad) consecutively. The last stage of purification was achieved usng SE-52 to
remove a co-euting impurity of a -chamigrene of about 1%.

7.3.1.1. Thermal isomerization of 107

107 undergoes thermal isomerization a an injector port temperature of a 390 °C of the
preparative GC ingrument. The isomerized products 40, 93 and 129 were isolated using an
SE 30 column.
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7.3.1.2. Acid Rearrangement of 107

To a solution of 107 in diethyl ether, (5 ml) BF; Et,O (3 ml) was added a room temp. The
solution was dirred for 5 min. and dlowed to stand for 3 hours. Then ice cooled agueous 0.5
M KOH (20 ml) was added. The organic layer was washed severd times with agueous 0.5 M
KOH, then with saturated aqueous NaCl solution and dried over MgSOy; the solvent was
concentrated, and the resdue andysed with GC and GC-MS using achird polysiloxane and
chiral cyclodextrin derived GC phases.

7.3.2. Isolation of (- )-a -Helmiscapene (125)

a From the reection mixture: A solution of ca 1 mg of (+)-107 in n-hexane (1.5 ml) was
was mixed with acidic ion exchange resn Amberlyst 15 and kept a room temperature for 2
hours until (+)-107 had completely disappeared (GC control). The solution was filtered and
the cadyst washed with n-hexane. The solution was shaken with a saturated agueous
solution of NaHCOs (3 ml). The organic layer was partitioned and dried over NaSO, , the
solvent was evaporated, and 125 was isolated using preparative GC.

b) From Radula perrottettii (liverwort): An independent isolation and structure eucidation of
(-)-125 recently isolated from the essentid oil obtained by hydrodidillation of the liverwort

Radula perrottettii collected in Tokushima, Japan, in October 2003/%°Y and spectrd

comparisons confirmed complete identity.

7.3.3. (- )-(5R,7S,10S)-cisb-Elemene (93)

Colourless ail; Rlcpgis = 1382; sense of optica rotation (CgDg): (- ); *H-NMR (500 MHz,
CeDg): d = 1.05 (3H, s, CH3-14), 1.27 (dt, 1H, H-9a, J=5.04, 12.9 Hz), 1.49-1.54 (m, 2H, 8-
H), 1.58-1.64 (m, 3H, 6-H,, H-9b), 1.66 (s, 3H, CHs-15), 1.67 (s, 3H, CH3-12), 1.87-1.92 (m,
1H, H7), 1.94 (dd, 1H, H-5, J=3.46, 12.0 Hz), 4.75 (s, 1H, H-3a), 4.82 (d, 2H, 13-H,, J =
13.2 Hz), 4.87 (s, 1H, H-3b), 5.01 (ddd, 2H, 2-H,, J= 1.3, 6.0, 11.0 Hz), 6.29 (dd, 1H, H-1, J
= 11.0, 17.3 Hz); *H NMR (500 MHz, CDCl): 1.03 (s, 3H), 1.42 (dt, 1H, J = 5.0, 12.9 Hz),
1.59-1.67 (m, 3H), 1.68 (s, 3H), 1.72 (d, 1H, J = 145 Hz), 1.75 (s, 3H), 1.97-2.01 (m, 1H),
2.03 (dd,1H, J = 3.5, 12.3 Hz), 4.65 (s, 1H), 4.71 (d, 1H, J = 6.0), 4.78 (s, 1H), 5.01 (ddd, 2H,
J=1.6, 11.0, 18.9 Hz), 6.31 (dd, 1H, J = 11.0, 17.7 Hz); *C NMR [data taken from HSQC/
HMBC (125.7 MHz, CsD¢ )]: d = 21.4 (g, C-12), 22.9 (q, C-15), 27.8 (q, C-14), 28.0 (t, C-8),
33.8 (t, C-6), 39.5 (s, C-10), 42.2 (t, C-9), 46.5 (d, C-7), 56.2 (d, C-5), 109.1 (t, C-13), 112.9
(t, C-2), 113.4 (t, C-3), 143.3 (d, C-1), 147.2 (s, C-4), 150.3 (s, C-11); MS (El, 70 eV), m/z
(rel. int.): 204 [M"] (15), 189 (40), 175 (10), 162 (11), 161 (44), 147 (31), 133 (25), 121 (41),
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119 (37), 107 (66), 105 (51), 95 (31), 93 (100), 91 (42), 81 (98), 79 (59), 77 (30), 68 (79), 67
(65), 55 (44), 53 (37), 41 (65).

7.3.4. (+)-(7S)-Heminthoger macrene (107)

Colourless ail; Rlcpsis = 1503; sense of optical rotation (CDCh): (+); *H-NMR (500 MHz,
CeDg, 20 °C): d = 1.35-1.45 (br.s. 2H), 1.57 (s, 3H), 1.66 (br.s, 3H), 1.70 (s, 3H), 1.85
2.01 (m, 6H), 2.05-2.15 (m, 2H), 2.16-2.25 (m, 1H), 4.77 (br.s, 1H), 4.85 (s, 1H), 5.30-5.44
(m, 2H); *H-NMR (400 MHz, CDCl; 20 °C): 1.40-1.53 (m, 2H), 1.67 (br.s, 3H), 1.71(s,
6H), 1.80-2.05 (m, 6H), 2.18-2.45 (m, 3H), 4.66 (br.s, 1H), 4.70 (br.s, 1H), 5.19-5.24 (m,
1H), 5.28-5.34 (M, 1H); *H-NMR (500 MHz, acetone-ds, - 16°C): 1.25-1.40 (m, 2H), 1.45-
1.58 (m, 2H), 1.68 (br.s, 3H), 1.70 (br.s, 3H), 1.72 (br.s, 3H)], 1.93-2.01(m, 3H), 2.13-2.19
(m, 2H), 2.29-2.36 (or.s, 1H), 2.48-2.54 (m, 1H), 4.60 r.s, 1H), 4.67 (r.s, 1H), 5.21
(br.d, 1H, J = 10.7 Hz), 5.33 (br.s, 1H); *C NMR [data taken from HSQC/HMBC (125.7
MHz, CsDe, 20 °C)]: d = 16.3, 24.3, 25.3, 29.5, 31.1, 33.2, 41.0, 49.5, 109.3, 124.7, 126.6,
132.0, 134.4, 150.6; *C NMR [data taken from HSQC/HMBC (125.7 MHz, acetone-ds, - 8
°C)]: 16.1, 19.2, 24.2, 25.5, 30.0, 30.9, 33.1, 41.3, 50.0, 109.3, 125.0, 126.6, 132.4, 134.8,
151.2; MS (El, 70 eV), miz (rdl. int.): 204 [M*] (17), 189 (19), 175 (5), 161 (34), 147 (36),
133 (18), 121 (42), 107 (43), 93 (67), 81 (58), 68 (100), 67 (52), 53 (44), 41 (68).

7.3.5. (- )-(4S* ,5R*,11S*)-Perfora-1,7-diene (110)

Colourless ail; Rlcpgis = 1543 ; sense of optica rotation (CsDe): € ); *H-NMR (500 MHz,
CeDg): d = 0.74 (s, 3H, H-14), 0.82 (d, 3H, H13, J = 6.6 Hz), 1.18 (dg, 1H, H-10a, J = 1.6,
12.3 Hz), 1.47-1.54 (m, 1H, H-4), 1.62 (br.s, 3H, H-12), 1.74 (s, 3H, H-15), 1.71-1.80 (m, 3H,
H-10b, H-3a, H-64), 1.86-1.94 (m, 2H, H-3b, H-9a), 2.00 (br.d, 1H, H-11, J=12.3 Hz), 2.16
(br.t, 1H, H-9b, J = 13.2 Hz), 2.25 (dd, 1H, H-6b, J=9.2, 14.5 Hz), 5.40 (br.s, 1H, H-2), 5.45
(br.s, 1H, H7). 3C NMR (125.7 MHz, CsDe): d = 10.9 (g, CHs-14), 16.6 (q, CHz-13), 23.1
(9, CHz-12), 24.3 (t, C-10), 25.9 (q, CH3-15), 33.7 (t, C-3), 35.0 (t, C-9), 37.2 (s, C-5), 37.8(t,
C-6), 38.9 (d, C-4), 56.2 (d, C-11), 122.9 (d, C-2), 123.9 (d, C-7), 136.3 (s, C-1), 1404 (s, C-
8); MS (El, 70eV), m/z (rdl. int) : 204 [M"] (12), 189 (16), 176 (30), 161(13), 147 (7), 136
(55), 135 (17), 134 (10), 133 (18), 121 (100), 119 (21), 107 (37), 93 (23), 91 (25), 79 (21), 67
(18), 55 (24), 41 (49).
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7.3.6. Characterisation of (- )-(5S,7S,10S)-a -Helmiscapene (125)

Colourless ail; RlcpgL 5 = 1451; sense of optical rotation (CDChk): ¢ ); *H-NMR (500MHz,
CDCl): 0.87 (3 H, ), 1.36-1.42( 2 H, m), 1.66 (3 H, br.s), .71 (3H, s), 1.81-1.90 (4 H, m),
2.00-2.09 (2H, m), 4.66 (L H, s), 4.68 (1 H, s), 5.24 (1 H, br.s); MS (El, 70eV), m/z(rd. int.):
204 [M™] (38), 189 (59), 175 (9), 161 (32), 147 (19), 133 (28), 121 (27), 119 (30), 107 (75),
105 (56), 93 (82), 91 (68), 81 (48), 79 (47), 77 (45), 67 (38), 55 (47), 53 (48), 41 (100).

7.3.7. (55*,7S* ,10R*)-cis-b -Elemene diaster eomer (129)

Colourless ail; Rlcpsis = 1387; *H NMR (500 MHz, GsDe): d = 1.04 (s, 3H), 1.65 (s, 3H),
6.22 (dd, 1H, J = 11.0, 17.7 HZ); *H NMR (500 MHz, CDCk): 1.02 (s, 3H,), 6.23 (dd, 1H, J =
11.4, 17.7 Hz); MS (El, 70 eV), m/z (rel. int): 204 [M*] (5), 189 (32), 175 (9), 162 (8), 161
(33), 147 (28), 133 (31), 121 (40), 119 (38), 107 (67), 105 (46), 93 (100), 91 (47), 81 (76), 79
(59), 68 (55), 67 (56), 55 (37), 53 (32), 41 (49).

7.3.8. Isolation of (+)-Germacrene A (32) from Solidago canadensis

The mecerated ar-dried agrid parts of S canadensis, collected in Hamburg, Germany in
September 2003, were extracted for three days at room temperature with diethyl ether. The
concentrated crude extract obtained below 40 °C by evaporation of the solvent was
fractionated using flash glica gd column chromatography. The 100% n-pentane fraction
(yellow solution) was then subjected to repeated TLC using duminum coated slica g a —25
°C, udng n-pentane as the developing solvent to give (+)-germecrene A (32, Rq 0.40),
germacrene B (33, Rr 0.45), both enantiomers of germacrene D (25, Ry 0.61), and a single
band [containing (—-)-a-sdinene (126, 41%), (+)-b-sHinene (127, 45%) and (+)-ina-4,11-
diene (132, 12%)] (Rs 0.74) and other known congtituents in trace amounts adding up to 4%.
Germacrene A (32) andysed by GC a 120 °C injection port temperature gave a very smdl
amount of ‘normd’ (- )-b-demene (40, ca. 5%), a broadened germacrene A (32) peak (ca
81%) which was preceded by a "hump" in the basdine containing (126, 0.2%), (127, 0.3%)
and (132, 0.08%).

7.3.9. Characterisation of (+)-Germacrene A (32)

Isolated from S canadensis as colourless oil; Rlcpsit 5 = 1501; Rpentane) = 0.40; sense of
optical rotation (benzene): (+); *HNMR (500 MHz, GsDg): d 1.31 (3H, br. s H-14), 1.44 (3H,
br.s, H-15), 1.48-1.55 (1H, m, H-8a), 1.67 (3H, s, H-12), 1.67-1.73 (1H, m, H-8b), 1.76-2.36
(9H, br. m, H-2ab, 3ab, 6ab, 7, 9ab), 4.68 (1H, s, H-13a), 4.51 (1H, br. d, 10.2 Hz, H-5), 4.79
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(1H, s, H-13b), 4.71-4.75 ( 1H, m, H-1). 3C NMR (125.7 MHz, CsDe): d 16.6 (g, C-14), 17.0
(g, C-15), 20.6 (g, C-12), 26.8 (t, C-2 or C-3), 34.3 (t, C-8), 35.1 (t, C-6), 40.2 (t, C-3 or C-2),
42.3 (t, C-9), 52.1 (d, C-7), 108.1 ¢, C-13), 126.9 d, C-1), 128.8 (s, C-4), 131.9 (d, C-5),
137.7 (5, C-10), 153.1 (s, C-11); MS (El, 70eV), mvz (rdl. int.): 204 [M*] (10), 189 (25), 175
(8), 161 (28), 147 (32), 133 (25), 121 (42), 107 (59), 93 (84), 81 (82), 68 (100), 53 (57), 41
(82).

7.3.10. Isolation and Characterisation of Germacrene B (33)

33 was isolaed smultaneoudy with 32 by usng same method since both are present in the
same fraction. The NMR data of the 33 were recorded in GDg in which dl the methyls and
the methine sgnas are well resolved.

Colourless ail; Rlcpsit 5 = 1555; R (penatne) = 0.45; *H-NMR (500 MHz, CsDg): d 1.46 (3H, s,
H-14/15), 1.48 (3H, s, H-15/14), 1.63 (3H, s, H-12/13), 1.67 (3H, s, H-13/12), 1.93-2.27 ( 9H,
m, H-2ab, 3ab, 9ab, 8ab, 6a), 2.53 (1H, br.s, H-6b), 4.67 (1H, br.s, H-1/5), 4.76 (1H, br.d, J =
12.0 Hz, H-5/1); 3C NMR (125.7 MHz, CsDs): 16.7 (g, C-14/15), 16.7 (g, C-15/14), 20.6 (q,
C-12/13), 20.7 (q, C-13/12), 26.5 (t, C-2), 32.8 (t, C-6), 39.3 (t, C-3/ C-8), 39.5 (t, C-3/C-8),
41.3 (t, C-9), 126.3 (s, C-7/11), 126.9 (d, C-5/1), 128.3 (d, C-1/5), 131.6 (s, C-10/4), 133.9 (s,
C-11/7), 136.8 (s, C-4/10); MS (El, 70eV), m/z ( rdl. int.): 204 [M™] (28), 189 (20), 175 (5),
161 (31), 147 (19), 133 (27), 121 (100), 107 (53), 105 (51), 93 (69), 81 (47), 67 (55), 53 (48),
41 (85). The *H-NMR (CDCh) of (33)!2°2 and the *H-NMR and 3C-NMR of the (E,Z)-isomer
of (33) have been reported before!2%%!

7.4. Chemical Analysis of Diplophyllum albicans

The essentid oil of macerated fresh plant materias of Diplophyllum albicans, collected in
June 2002 from Altenau in Germany, was obtained by hydrodidtillation. All isolations were
caried out usng prep. TLC, SE-30- and/or SE-52-columns consecutively with at least one
cyclodextrin phase column.

7.4.1. (+)-(7S, 8S, 10S)-Eudesma-4,11-diene-8a -ol (147)

Colourless ail; Rlcps. 5 = 1648; sense of optical rotation (benzene): (+); *H-NMR (500 MHz,
CeDe): d 1.25-1.31(2H, m, H-1a, H-9a), 1.47-1.55 (2H, m, H-2a, H-1b), 1.49 (3H, s, H-14),
153 (3H, s, H-12), 1.58 (3H, s, H-15), 1.64-1.68 (1H, m, H-2b), 1.82-1.95 (3H, m, H-7, H-3a,
H-3b), 2.01 (1H, dd, H-9b, J = 2.5, 14.2 Hz), 2.35-2.41 (1H, m, H-6a), 2.41-2.49 (1H, m, H-
6b), 3.86 (1H, d, H-8, J = 2.2 HZ), 4.79 (1H, s, H-158), 4.83 (1H, s, H-15b): 1*C NMR (125.7
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MHz, CsDe): d 19.3 (t, C-2), 19.6 (g, C-15), 22.8(q, C-12), 24.8 (t, C-6), 28.2 (q, C-14), 33.6
(t, C-3), 34.8 (s, C-10), 41.4 (t, C-1), 48.1 (t, C-9), 50.7 (d, C-7), 67.5 (d, C-8), 1116 (t, C-
13), 124.8 G, C-4), 135.7 5 C5), 147.7 & C-11); MS (El, 70eV) mvz (rélint.): 220 [M*]
(28), 205 (10), 202 (21), 187 (60), 177 (22), 161(100), 147(28), 133 (29), 123 (36), 105 (68),
91(59), 79 (42), 67 (20), 55 (36).

7.5. Chemical Analysis of Marsupella emarginata
The essentid oils of Marsupella emarginata collected in early March 2001 near Altenau,
Harz mountains, (Germany), were prepared by hydrodidtillation (2 h) of agueous

homogenates of fresh and green or air-dried plants usng n-hexane as collection solvent.

7.5.1. (1S*,5R*,65*,7R* ,10R*)-Lemnalone (28)
Colourless oil; RicpsL 5 = 1616; "H-NMR (500 MHz, CsDe): d 0.62 (3H, ), 0.76 (3H, d, J =
6.3 Hz), 0.78 (3H, d, J = 6.6 Hz), 1.33-1.45 (6H, m), 1.55 (1H, ), 1.65 (1H, ), 2.33(1H, dd, J
= 2.8, 19.5 Hz), 253 (1H, dd, J = 2.8, 19.6 Hz), 2.56 (1H, d, J = 7.3), 4.80 (1H, d, J = 1.9
Hz), 6.21 (1H, d, J = 2.2 Hz); MS (El 70eV), m/z (rél. int.): 218 [M*] (18), 203 (7), 185 (3),
175 (55), 161 (12), 147 (24), 134 (100), 119 (22), 105 (38), 91 (56), 79 (32), 77 (33), 69 (18),
55 (30), 41(43).

7.5.2. (- )-b-Longipinene (92)

Colourless ail; RlcpgL 5 = 1405 ; sense of optica rotation (benzene): (-); *H-NMR (500
MHz, GsDe) : d (ppm) = 0.78 (s, 3H, CHs-14), 0.87 (s, 3H, CHs-12), 0.92 (s, 3H, CHs-13),
1.32-1.37 (m, 2H, H10), 1.45-1.48 (m, 2H, H8), 1.50-1.54 (m, 3H, H-1, H-9), 1.73 (ddd,
1H, H-5a, J = 2.3, 4.1, 10.9 HZ), 1.80(ddd, 1H, H-5b, J = 2.3, 6.6, 11.7 Hz), 1.88-1.94(m, 1H,
H-6), 2.2(ddt, 1H, H-4a, J = 2.0, 10.6, 20.1 Hz), 2.47-2.55(m, 1H, H-4b), 2.57(d, 1H, H-2,J
= 59 Hz), 4.70-4.73(m, 2H, H-15) ; 3C-NMR (125.7 MHz, CsDs): d = 22.0 (t, C-9), 24.1 (t,
C-4), 24.4 (g, C-14), 26.2 (t, C-5), 28.0 (g, C-12), 28.5 (g, C-13), 32.9 (s, C-11), 39.5 (d, C-
6), 39.8 (t, C-10), 41.7 (¢, C-8), 425 (s, C-7), 51.4 (d, C-2), 53.1(d, C-1), 105.6 (t, C-15),
153.7 (s, C-3).

7.5.3. (- )-(4S,5R,7S)-7-epi-Eremophila-1(10),8,11-triene (173)
Colourless ail; Rlcpsis = 1507; sense of optica rotation (benzene): ¢ ); *H-NMR (500 MHz,
CsDs): d = 0.80 (d, 3H, CH3-15, J = 6.6 HZ), 0.94 (s, 3H, CHs-14), 1.20-1.29 (m, 1H, H-6a),
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1.31-1.40 (m, 2H, H3a, H4),1.45-1.53 (m, 1H, H-3b), 1.68 (s, 3H, CHz-13), 1.90 (dd, 1H,
H-6b, J = 4.4, 11.3 Hz), 2.01(br. d, 2H, H-2, J = 4.0 Hz), 2.99 (br. d, 1H, H-7, J =11.7 Hz),
4.84 , 1H, H12a, J = 1.6 Hz), 492 (5, 1H, H12b), 5.41 (t, 1H, H-1, J= 3.5 Hz), 556 (d,
1H, H-8, J = 9.8 Hz), 6.08 (dd, 1H, H-9, J; = 2.5, J, = 9.8 Hz); *C-NMR (125.7 MHz, C¢Ds):
d = 15.7 (9,C-15),17.9 (q, C-14), 20.4 (g, C-13), 26.0 (t, C-2), 27.1 (t, C-3), 36.2 (s, C-5), 38.9
(d, C-4), 40.7 (t, C-6), 42.2 (d, C-7), 110.7 (t, C-12), 124.6 (d, C-1), 128.1 (d, C-8), 130.0 (d,
C-9), 141.4 (5, C-10), 149.4 (5, C-11); MS (El, 70 eV), m/z (rdl. int): 202 [M*] (100), 187
(59), 173 (15), 159 (38), 145 (97), 131 (91), 117 (55), 105 (71), 91 (90), 77 (47), 65 (24), 55
(29), 41 (78).

7.5.4. (- )-4-epi-Marsupellol (174)

Colourless ail; Rlcpsis = 1614; sense of optica rotation (benzene): ¢ ); *H-NMR (500 MHz,
CeDg): d =0.78 (s, 3H), 0.82 (s, 3H), 0.85 (s, 3H), 1.15 (br.d, 1 H, J= 6.0 Hz), 1.28- 1.33
(m, 2 H), 1.43-1.47 (m, 4 H), 1.71 (ddd,1 H, J; = 1.9, J3= 6.3, J; = 11.7 Hz), 1.88-1.91 (m, 1
H), 2.24-2.29 (m, 1 H), 2.60 (br.d, 1 H, J = 6.0 Hz), 4.44-4.47 (m, 1 H), 4.82 (br.s, 1 H), 5.10
(t,LH, J = 1.9 Hz); MS (El, 70 eV), m/z (rd. int.): 220 [M*] (2), 202 (14), 187 (17), 175 (8),
159 (24), 145 (20), 135 (26), 119 (25), 105 (39), 95 (41), 91 (63), 81 (54), 77 (46), 67 (48),
55 (62), 41 (100).

7.5.5. (- )-Marsupellyl acetate (175)

Colourless ail; Rlcpsii 5 = 1673; Ry = 0.93; sense of optical rotation (benzene): () ; *H-NMR
(500 MHz, CgDg): d = 0.60 (s, 3 H, CH3-14), 0.89 (s, 3 H, CHs-12), 0.92 (s, 3 H, CH3-13),
1.29-1.32 (m, 2 H, H-10), 1.40 (br.t, 2 H, H-8,J=5.7 HZz), 1.44-1.48 (m, 2 H, H-9), 1.70 (s, 3
H, CHsCO-), 1.77-1.81 (m, 2 H, H-5a, H-1), 1.82-1.85 (m, 1 H, H-6), 2.41 (ddd, 1 H, H-5b, J
=22,88, 148 Hz), 254 (d, 1 H, H2,J=5.7 Hz), 4.86 (s, 1 H, H-154), 5.17 (s, 1 H, H-15b),
5.90 (dd, 1 H, H4, J = 1.3, 8.8 Hz); *C-NMR (127.5 MHz, CsD¢) : d = 21.2 (q, CHsCO-),
22.0 (t, C-9), 24.3 (g, C-14), 27.9 (g, C-12), 28.3 (g, C-13), 32.9 (s, C-11), 36.8 (t, C-5), 38.9
(d, C-6), 39.7 (t, C-10), 41.3 (t, C-8),42.1 (s, C-7), 50.5 (d, C-2), 54.1 (d, C-1), 68.7 (d, C-4),
112.3 (t, C-15), 153.2 (s, C-3), 170.0 (s, CH3CO-); MS (El, 70 eV), mVz (rd. int.): 262 [M"]
(1), 247 (2), 220 (6), 202 (10), 187 (13), 177 (10), 159 (21), 145 (19), 132 (27), 118 (35), 105
(34), 91 (36), 79 (19), 69 (27), 55 (34), 43 (100); MS (CI, NHz), mVz (rel. int.): 280 [M+NH,]"
(1), 263 [M+1] (3), 249 (2), 233 (2), 229 (2), 220 (27), 203 (100), 187 (10), 177 (7), 159 (15),
143 (19), 133 (27), 119 (54), 105 (30), 95 (24), 91 (25), 78 (27), 69 (7), 65 (7), 60 (6).
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7.5.6. (- )-4-epi-Mar supellyl acetate (176)

Colourless ail; Rlcpsii 5= 1731; R = 0.94; sense of opticd rotation (benzene): ¢ ); *H-NMR
(500 MHz, GsDg): d = 0.78 (5, 3 H, CH3-13), 0.83 (5, 3 H, CHs-12), 0.87 (s, 3 H, CHz-14),
1.27-1.31 (m, 2 H, H10), 1.42-1.45 (m, 4 H, H9, H8), 1.48 (or.s,1 H, H1), 1.75 (s 3 H,
CHsCO-), 1.78 (ddd, 1 H, H-58, J; = 1.9, J, = 6.0, J3 = 13.6 Hz), 1.86 (br.t, 1 H, H-6,J=5.0
Hz), 2.56-2.59 (m, 1 H, H5b), 2.61 (d, 1 H, H2, J = 6.3 Hz), 4.85 (d, 1 H, H-15a, J = 1.3
Hz), 5.02 (dd, 1 H, H-15b, J; = 0.6, J, =1.9 Hz), 5.99-6.03 (m, 1 H, H-4); 1*C-NMR (125.7
MHz, CsDe): d = 21.0 (g, CH3CO-), 21.8 (t, C-9), 23.4 (q, C-14), 27.9 (g, C-13), 28.4 (q, C-
12), 32.9 (s, C-11), 34.9 (t, C-5), 39.4 (d, C-6), 39.7 (t, C-10), 41.9 (t, C-8), 43.6 (s, C-7), 50.5
(d, C-2), 52,5 (d, C-1), 68.0 (d, C-4), 107.5 (t, C-15), 152.0 (s, C-3), 170.1 (s, CH3CO-); MS
(El, 70 eV), miz (rdl. int): 262 [M*] (2), 247 (2), 220 (3), 202 (9), 187 (11), 177 (5), 159
(16), 145 (13), 131 (22), 118 (24), 105 (25), 91 (35), 77 (18), 69 (19), 55 (27), 43 (100); MS
(Cl, NHs3), m/z (rel. int.): 280 [M+NH,4]* (1), 263 [M+1] (5), 233 (1), 220 (14), 203 (100), 187
(7), 177 (4), 159 (10), 147 (13), 133 (19), 119 (37),105 (19), 95 (17), 91 (16), 78 (11), 65 (4),
60 (6).

7.5.7. (+)-5a -Hydroxymar supéellyl acetate (177)

Colourless ail; Rlcpsis = 1856; Ry = 0.55; sense of optical rotation (benzene): (+) ; *H-NMR
(500 MHz, GDg): d = 0.79 5, 3 H, CHz-12), 0.83 5, 3 H, CH3-13), 1.10 (5, 3 H, CHs-
14),1.22 (r.s, 1 H, H1), 1.27 (or.t, 2 H, H-10, J = 5.0 Hz),1.40-1.49 (m, 3 H, H9, H-83),
1.56-1.61 (m, 1 H, H-8b), 1.62 (s, 3 H, CH3CO-), 2.45 (br.t, 1 H, H6, J= 4.1 Hz), 257 (d, 1
H, H-2, J=5.7 Hz), 3.99 (s, 1 H, H-5), 4.93 (s, 1 H, H-15a), 4.97 (t, 1 H, H-15b, J = 1.3 H2),
5.44 (d, 1 H, H-4, J = 1.9 HZ); *C-NMR (125.7 MHz, CsDs): d = 19.3 (g, CH3CO-), 20.5 (t,
C-9), 24.6 (q, C-14), 26.3 ( g, C-12), 26.6 (g, C-13), 31.1 (s, C-11), 38.1 (t, C-10), 39.9(s, C-
7), 40.6 (t, C-8), 44.3 (d, C-6), 49.9 (d, C-2), 52.2 (d, C-1), 79.6 (d, C-4), 80.1 (d, C-5), 109.5
(t, C-15), 149.0 (s, C-3), 173.1 (s, CH3CO-); MS (El, 70 eV), m/z (rdl. int.): 236 (7), 218 (11),
203 (7), 189 (15), 175 (8), 161 (7), 147 (10), 133 (12),125 (20), 119 (14), 105 (21), 91 (27),
77 (22), 69 (17), 55 (27), 43 (100); MS (Cl, iso-butane), mvz (re. int.): 279 [MH*] (1), 261
(16), 236 (11), 219 (100), 201 (99), 189 (15), 175 (11), 161(12), 145 (23), 135 (20), 119 (18),
109 (26), 95 (31), 81 (19), 69 (32), 61 (22).
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7.6. Chemical Analysis of Marsupella emarginata (Saarland)
The essentid oil was obtained by hydroditillation.

7.6.1. (- )-Gymnomitr-3(15)-en-4b -ol (68)

Colourless ail; RlcpsiL 5= 1659; sense of optica rotation (benzene): (- ); *H-NMR (500 MHz,
CeDs): d 0.76 (6H, s, H-13, H-14), 0.92 (3H, s, H-12), 0.95-1.00 (1H, m, H-8a), 1.09 (1H, dd,
H-5a, J = 10.4, 13.2 Hz), 1.13-1.17 (1H, m, H-10a), 1.33(1H, d, H-1a, J = 11.4 Hz), 1.63-1.80
(4H, m, H-9a, H-9b, H-8b, H-10b), 1.91 (1H, ddd, H-1b, J = 3.2, 4.7, 11.7 Hz), 2.07 (1H, ddd,
H-5b, J = 2.8, 7.6, 13.2 Hz), 2.27 (1H, d, H-2, J = 4.4 Hz), 4.41 (1H, br. t, H-4), 4.83 (1H, t,
H-15a, J = 2.2 Hz), 5.19 (1H, t, H-15b, J = 2.2 Hz); *C NMR (125.7 MHz, CsDe): d 23.3 (q,
C-14), 24.2 (g, C-13), 27.7 (t, C-9), 27.8 (g, C-12), 36.0 (t, C-8), 37.5 (t, C-10), 45.3 (s, C-6),
47.2 (t, C-1), 50.0 (t, C-5), 54.6 (s, C-7), 55.4 (s, C-11), 56.7 (d, C-2), 68.0 (d, C-4), 107.5(t,
C-15), 154.4 (s, C-3); MS (El, 70eV), m/z (rdl. int.): 220 [M"] (3), 202 (7), 187 (5), 177 (2),
159 (4), 150 (4), 137 (8), 123 (100), 106 (87), 96 (90), 91(91), 81(84), 67 (22), 55 (39), 41
(42).

7.6.2. (- )-Gymnomitr-3(15)-4-diene (166)

Colourless ail; Rlcps. 5 = 1408; sense of optical rotation (benzene): (- ); *H-NMR (500 MHz,
CoDe): d 0.80 (3H, s, H-13), 0.87 (3H, s, H-14), 0.99 (3H, s, H-12), 1.02-1.08 (1H, m, H-8a),
1.17-1.23 (1H, m, H-10a), 1.50-1.56 (1H, m, H-9a), 1.58 (1H, d, H-1a, J = 10.7 Hz), 1.68-1.74
(1H, m, H-9b), 1.80-1.85 (2H, m, H-1b, H-8h), 1.86-1.92 (1H, m, H-10b), 2.29 (1H, d, H-2, J
= 4.4Hz), 4.68 (1H, br.s, H15a), 4.80 (1H, d, H15b, J = 2.5 Hz), 555 (1H, d, H-5, J= 8.8
Hz), 5.97 (1H, d, H-4, J = 9.5 Hz); **C-NMR (125.7 MHz, C¢Dg) Table 3; MS (El, 70eV), m/z
(rel. int.): 202 [M*] (8), 106 (88), 91 (100), 81 (28), 65 (12), 53 (11), 41 (20).

7.6.3. 15-nor-3-Gymnomitrone (179)

Colourless ail; RlcpsL 5 = 1612; *H-NMR (500 MHz, CsDg): d 0.69 (3H, ), 0.71 (3H, s), 0.83
(3H, s), 1.13-1.18 (3H, m), 1.30-1.36 (1H, m), 1.33 (1H, d, J = 12.3 HZz), 1.47-1.55 (3H, m),
1.67-1.75 (2H, m); 2.12 (1H, dd, J= 8.0, 9.1 Hz), 2.16 (1H, dd, J= 3.8, 10.4 Hz), 2.23 (1H, d,
J = 44 Hz); *H-NMR (500 MHz, CDls): d 0.96 (3H, s), 1.00 (3H, ), 1.08 (3H, s), 1.17-1.24
(2H, m), 1.13-1.38 (2H, m), 1.59-1.67 (2H, m), 1.71 (1H, d, J = 12.6 HZz), 1.79-1.87 (2H, m),
1.88-1.97 (1H, m), 2.09 (1H, dt, J = 4.1, 7.3 Hz), 2.23 (1H, d, J=4.4 Hz), 2.33-2.40 (1H, m);
MS (El, 70eV), m/z (rdl. int.): 206 [M™] (9), 191 (10), 188 (16), 177 (4), 163 (7), 149 (5), 137
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(22), 121 (19), 111 (26), 110 (48), 109 (40), 96 (61), 95 (100), 94 (36), 81 (52), 67 (28), 55
(48), 41 (59).

7.6.4. (- )-4b-Acetoxygymnomitr-3(15)-ene (180)

Colourless ail; RlcpsiL 5= 1723; sense of optica rotation (benzene): (- ); *H-NMR (500 MHz,
CeDs): d 0.75 (6H, s, H-13, H-14), 0.90 (3H, s, H-12), 1.08 (1H, dd, H-8a, J = 6.9, 12.9 HZ),
1.20 (1H, dd, H-10a, J = 6.9, 13.2 Hz), 1.35 (1H, dd, H-5a, J = 10.4, 12.9 H2), 1.40 (1H, d, H-
1a, J = 11.7 Hz), 1.64-1.73 (1H, m, H-9a), 1.75 (3H, s, H-17), 1.81-1.87 (1H, m, H-9b), 1.92
(1H, ddd, H-1b, J = 1.8, 4.7, 11.7 Hz), 1.99 (1H, dt, H-10b, J= 6.9, 13.2 Hz), 2.11 (1H, dt, H-
8b, J = 6.9, 13.2 Hz), 2.26-2.31 (1H, m, H-5b), 2.30 (1H, d, H-2, J= 4.7 Hz), 4.84 (1H, t, H-
15a, J = 2.2 Hz), 5.01 (1H, t, H-15b, J = 2.2 Hz), 6.04 (1H, ddt, H-4, J= 2.2, 4.7, 10.1 H2);
13C-NMR (125.7 MHz, CsDs): d 20.6 (q, C-17), 23.3 (q, C-13), 24.1 (q, C-14), 27.7 (t, C-9),
27.7 (g, C-12), 36.3 (t, C-8), 37.7 (t, C-10), 45.2 (s, C-6), 45.4 (t, C-5), 47.0 (t, C-1), 54.8 (s,
C-7), 55.8 (s, C-11), 56.9 (d, C-2), 70.4 (d, C-4), 107.6 (t, C-15), 149.2 (s, C-3), 170.1 (s, C-
16); MS (El, 70eV), m/z (rd. int.): 262 [M'] (2), 247 (1), 220 (16), 202 (19), 187 (10), 159
(7), 145 (6), 123 (35), 106 (100), 96 (39), 95 (34), 91 (57), 81(26), 55 (11), 43 (28).

7.6.5. (- )-4b ,5b -Diacetoxygymnomitr-3(15)-ene (181)

Colourless ail; RlcpsiL 5= 1943; sense of optica rotation (benzene): (- ); *H-NMR (500 MHz,
CsDg): d 0.74 (3H, s, H-13), 0.78 (3H, s, H-14), 0.86 (3H, s, H-12), 1.01 (1H, dd, H-8a, J =
7.3, 13.6 Hz), 1.21 (1H, dd, H-10a, J = 6.9, 12.3 Hz), 1.67-1.72 (2H, m, H-1a, H-9a), 1.76
(3H, s, H19), 1.80 (3H, s, H17), 1.92-2.04 (2H, m, H-10b, H9b), 2.10 (1H, d, H-1b, J=
12.0 Hz), 2.25-2.32 (1H, m, H-8b, J = 6.9 Hz), 2.28 (1H, d, H-2, J = 4.8 Hz), 4.87 (1H, t, H-
15a, J = 2.2 Hz), 5.03 (1H, t, H-15b, J = 2.2 HZ2), 5.48 (1H, d, H5, J = 4.1 Hz), 6.27-6.29
(1H, m, H-4); C-NMR (125.7 MHz, GsD¢) Table 3; MS (El, 70eV), m/z (rdl. int.): 200 (7),
185 (4), 164 (10), 153 (11), 122 (52), 105 (10), 96 (21), 95 (32), 91(17), 81(22), 67 (8), 55
(11), 43 (100); MS(CI, NH3 gas ), m/z (rd. int.): 338 [M*+NH,4"] (75), 261(33), 236 (7), 219
(67), 201(25), 185 (5), 164 (10), 153 (12), 122 (100), 106 (84), 96 (64), 95 (76), 91(57), 81
(34).

7.6.6. (+)-5b -Acetoxygymnomitr-3(15)-ene (182)
Colourless ail; RlcpsL 5= 1755; sense of optica rotation (benzene): (+); *H-NMR (500 MHz,
CeDg): d 0.79 (3H, s, H-13), 0.83 (3H, s, H-14), 0.89-0.94 (1H, m, H-8a), 0.92 (3H, s, H-15),
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1.12-1.18 (1H, m, H10a), 1.64-1.69 (3H, m, H9, H10b), 1.70-1.75 (2H, m, H-1a, H-8b),
1.71 (3H, s, H-17), 2.05 (1H, d, H-1b, J = 11.7 Hz), 2.18 (1H, d, H-2, J = 4.7 Hz), 2.38 (1H,
d, H-4a, J = 18.0 Hz), 2.73 (1H, ddd, H-4b, J = 2.5, 5.7, 18.0 Hz), 4.68 (1H, t, H-15a, J = 2.2
Hz), 4.74 (1H, t, H-15b, J = 2.5 Hz), 5.10 (1H, d, H5, J = 5.7 Hz): 13C-NMR (125.7 MHz,
CeDs) Table 3; MS (El, 70eV), miz (rd.. int): 262 [M*] (2), 202 (10), 187 (6), 173 (2), 166
(2), 159 (4), 153 (6), 145 (4), 131 (6), 124 (6), 115 (4), 106 (100), 96 (36), 95 (54), 91 (94),
81(38), 67 (15), 55 (24), 43 (74).

7.6.7. (- )-3b, 15b -Epoxy-4b -acetoxygymnomitrane (183)

Colourless ail; Rlcps 5 = 1875; sense of optica rotation (benzene): (- ); *H-NMR (500 MHz,
CsDg): d 0.72 (3H, s, H-13), 0.73 (3H, s, H-14), 0.82 (3H, s, H-12), 1.09 (1H, dd, H-8a, J =
6.9, 13.2 Hz), 118 (1H, dd, H-10a, J = 7.6, 14.8 HZ), 1.19(1H, d, H-2, J = 4.7 HZ), 1.50-
1.58(1H, m, H-5q), 1.68 (3H, s, H-17), 1.68-1.80 (2H, m, H-1a, H-9a), 1.89 (1H, d, H-1b, J =
11.4 Hz), 1.88-1.92 (1H, m, H-9b), 2.04-2.18 (3H, m, H-8b, H10b, H-5b), 2.27 (1H, d, H-
15a, J = 5.0 Hz), 2.60 (1H, d, H-15b, J = 5.0 Hz), 5.85 (1H, dd, H-4, J = 7.6, 11.4 Hz); **C
NMR (125.7 MHz, GDg) Table 3; MS (El, 70eV), m/z (rdl. int.): 278 [M"] (2), 236 (2), 218
(8), 203 (4), 188 (4), 175 (4), 162 (4), 147 (6), 133 (5), 122 (22), 107 (29), 96 (91), 95 (100),
91(48), 81(79), 79 (31), 77 (30), 67 (18), 60 (10), 55 (35), 43 (56).

7.6.8. (-)-3a, 15a -Epoxy-4b -acetoxygymnomitrane (184)

Colourless ail; Rlcpsi. 5= 1887; sense of optica rotation (benzene): (- ); *H-NMR (500 MHz,
CsDg): d 0.73 (3H, s, H-13), 0.74 (3H, s, H-14), 0.87 (3H, s, H-12), 1.09 (1H, dd, H-8a, J =
6.9, 13.6 Hz), 1.16-1.21 (2H, m, H-5a, H-2), 1.29 (1H, d, H-1a, J = 11.7 Hz), 1.41 (1H, dd, H-
10a, J = 7.6, 13.6 Hz), 1.60 (3H, s, H-17), 1.67-1.75 (1H, m, H-9a), 1.82 (1H, ddd, H-1b, J =
3.2, 5.0, 11.7 Hz), 1.91 (1H, p, H-9b, J = 6.9 Hz), 2.09 (1H, d, H-153, J = 5.7 HZz), 2.17 (1H,
dt, H-8b, J = 6.3, 12.9 Hz), 2.30 (1H, ddd, H-5b, J= 3.2, 7.6, 13.2 HZz), 2.65 (1H, dt, H-10b, J
= 6.9, 13.9 Hz), 2.90 (1H, H15b, d, J = 5.7 Hz), 5.95 (1H, dd, H-4, J = 7.6, 10.7 Hz); *C-
NMR (125.7 MHz, GDg) Table 3; MS (El, 70eV), mvz (rel. int.): 236 (2), 218 (12), 203 (5),
188 (4), 181 (2), 175 (5), 161 (5), 147 (8), 133 (8), 122 (28), 107 (35), 96 (100), 95 (94), 91
(44), 81(79), 79 (42), 77 (31), 67 (18), 60 (13), 55 (34), 43 (53); MS (CI, NH3 gas ), m/z (rel.
int.): 279(M*+1](12), 236 (25), 219 (100), 205 (17), 122 (7), 106 (17), 96 (37), 95 (52),
81(22).
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7.6.9. (- )-15-Acetoxygymnomitr-3-ene (185)

Colourless ail; Rlcps. 5 = 1784; sense of optica rotation (benzene): (- ); *H-NMR (500 MHz,
CsDg): d 0.78 (3H, s, H-13), 0.83 (3H, s, H-14), 0.94 (3H, s, H-12), 1.00 (1H, dd, H-8a, J =
6.9, 12.0 Hz), 1.14-1.20 (1H, m, H-10a), 1.42 (1H, d, H-1a J=9.5Hz), 1.51-1.64 (3H, m, H-
9, H8b), 1.70 (3H, s, H-17), 1.78-1.87 (4H, m, H-2, H-1b, H-5a, H-10b), 2.10 (1H, br d, H-
5b, J = 18.9 Hz), 451(2H, d, H-15, J = 8.8 Hz), 5.41 (1H, br.s, H-4); **C-NMR (125.7 MHz,
CsDe) Table 3; MS (El, 70eV), mVz (rd. int.): 262 [M"] (3), 220 (7), 202 (9), 187 (5), 159 (5),
136 (4), 131 (6), 121 (6), 106 (100), 95 (70), 91 (85), 81 (38), 67 (16), 55 (30), 43 (73).

7.6.10. (+)-a-Barbatenal (186)

Colourless ail; RlcpsL 5= 1659; sense of optica rotation (benzene): (+); *H-NMR (500 MHz,
CsDg): d 0.70 (3H, s, H-14), 0.72 (3H, s, H-13), 0.85-0.92 (1H, m, H-8a), 0.97 (3H, s, H-12),
1.05 (1H, d, H-1a, J = 11.5 Hz), 1.12-1.21 (2H, m, H-9a, H-10a), 1.32-1.45 (2H, m, H-8b, H-
9b), 1.50-1.55 (1H, m, H-10b), 1.65 (1H, dd, H-5a, J = 3.3, 21.1HZz), 1.71(1H, dd, H-1b, J =
4.6, 11.5 Hz), 2.04 (1H, dd, H-5b, J = 2.8, 20.1 Hz), 2.78 (1H, d, H-2, J = 4.3 Hz), 5.87 (1H,
H-4, br.t, J= 3.31 Hz), 9.30 (1H, s, H-15); *C-NMR (125.7 MHz, GsD¢) Table 3; MS (El,
70eV), m/z (rd. int.): 218 [M*] (8), 200 (4), 189 (3), 175(3), 161(3), 147 (6), 133 (5), 124
(16), 122(14), 107 (22), 96 (95), 95 (100), 81(75), 79 (33), 77 (36), 67 (17), 55 (32), 41 (48).

7.6.11. (+)-12-Acetoxygymnomitr-3(15)-ene (187)

Colourless ail; Rlcps. 5= 1794; sense of optical rotation (benzene): (+); *H-NMR (500 MHz,
CeDg): d 0.72 (3H, s, H-14), 0.77 (3H, s, H-13), 0.91-0.96 (1H, m, H-84a), 1.30 (1H, d, H-1a, J
= 12.0 Hz), 1.52-1.58 (3H, m, H-5, H-10a), 1.65-1.81 (4H, m, H-9, H-10b, H-8b), 1.70 (3H, s,
H-17), 1.93 (1H, ddd, H1b, J = 2.8, 4.7, 11.7 Hz), 2.14 (1H, dd, H-4a, J = 8.2, 16.7 H2),
2.28-2.36 (1H, m, H-4b), 253 (1H, d, H-2, J = 4.7 Hz), 4.00 (2H, br.s, H-12), 4.74 (1H, t, H-
15a, J = 2.2 Hz), 4.77 (1H, t, H-15b, J = 2.5 HZ); 13C-NMR (125.7 MHz, CsD¢) Table 4, MS
(El, 70eV), m/z (rd. int.): 262 [M*], 202 (8), 187 (4), 173 (2), 159 (4), 153 (9), 145 (8), 131
(9), 119 (8), 109 (34), 108 (38), 107 (28), 94 (44), 93 (96), 91 (35), 79 (45), 67 (18), 55 (18),
43 (100).

7.6.12. (- )-Gymnomitr-3(15)-en-4-one (188)
Colourless ail; Ricps 5 = 1633 ; sense of optical rotation (benzene): (- ); *H-NMR (500 MHz,
CsDg): d 0.63 (3H, ), 0.68 (3H, ), 0.84 (3H, ), 1.02-1.08 (1H, ddd, J = 7.6, 9.8, 17.3 H2),
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1.15-1.21 (1H, m), 1.23 (1H, d, J = 12.0 Hz), 1.29-1.36 (2H, m), 1.57 (1H, ddd, J = 4.1, 6.6,
13.2 Hz), 1.65-1.73 (2H, m), 1.88 (1H, d, J = 19.2 Hz), 2.21 (1H, d, J = 4.7 Hz), 2.63 (1H, dd,
J=35,19.2 Hz), 475 (1H, d, J = 2.2 Hz), 6.16 (1H, d, J= 2.2 Hz); MS (El, 70eV), m/z (rél.
int.): 218 [M*] (21), 203 (8), 190 (4), 175 (8), 161(5), 147(5), 133 (6), 122 (44), 107 (32), 96
(100), 81 (78), 79 (68), 77 (37), 67 (22), 53 (36), 41 (44).

7.6.13. (+)-3-Gymnomitren-15-ol (189)

Colourless ail; RlcpsL 5 = 1687; sense of optical rotation (benzene): (+); *H-NMR (500 MHz,
CeDg): d 0.65 (1H, br.s, OH), 0.81 (3H, s, H-13), 0.87 (3H, s, H-14), 0.94 (3H, s, H-12), 1.00-
1.05 (1H, m, H-8a); 1.12-1.18 (1H, m, H-10a), 1.42 (1H, d, H-1a, J = 11.0 Hz), 1.51-1.67 (3H,
m, H-9, H-8b), 1.72-1.78 (2H, m, H-10b, H-2), 1.83-1.89 (2H, m, H-1b, H-5a), 2.13 (1H, br.d,
H-5b, J = 18.3 Hz), 3.78 (2H, br.s, H-15), 5.35 (1H, s, H-4); *C-NMR (125.7 MHz, CsDs): d
23.8 (g, C-13), 24.9 (g, C-14), 27.6 (t, C-9), 27.6 (q, C-12), 37.5(t, C-8), 38.7 (t, C-10), 40.6
(t, C-5), 43.0 (t, C-1), 44.1 (s, C-6), 47.4 (d, C-2), 55.7 (s, C-7), 58.6 (s, C-11), 67.1 (t, C-15),
120.6 (d, C-4), 144.1 (s, C-3); MS (El, 70eV), mVz (rdl. int.): 220 [M™] (8), 202 (8), 189 (9),
124 (22), 106 (83), 96 (52), 95 (78), 93 (51), 91(100), 81 (58), 67 (22), 55 (37), 41 (48).

7.6.14. Gymnomitr-3(15)-en-5b -ol (190)

Colourless needles; Rlcpsi. 5 = 1654; sense of optica rotation (benzene): ¢); *H-NMR (500
MHz, CsDe): d 0.83 (3H, s), 0.89-0.94 (1H, m), 0.93 (3H, ), 0.94 (3H, ), 1.16-1.21 (1H, m),
1.64 (1H, dd, J = 4.7, 12.0 Hz), 1.68-1.73 (4H, m), 1.96 (1H, d, J=12.0Hz), 2.06 (1H, d, J =
17.0 Hz), 216 (1H, d, J= 4.7 Hz), 268 (1H, ddd, J= 25, 54, 17.0 Hz), 3.38 (1H, 9),
4.69(1H, t, J = 25 Hz), 4.75 (1H, t, J = 2.2 Hz); *H-NMR (500 MHz, CDCl): d 0.94 (3H, 9),
0.96 (3H, ), 1.05 (3H, 9), 1.06-1.11 (1H, m), 1.19-1.22 (1H, m), 1.43 (1H, d, J = 6.0 Hz), 1.77
(2H, d, J = 25 Hz), 1.80-1.90 (3H, m), 2.18 (1H, br.s), 2.27 (1H, d, J=17.0 Hz), 2.90 (1H,
ddd, J= 2.8, 5.4, 11.0 Hz), 3.64 (1H, t, J = 5.4 Hz), 4.66 (1H, t, J = 2.2 Hz), 468 (1H, t, J=
2.5 Hz); MS (El, 70eV), m/z (rel. int.): 202 (5), 187 (2), 159 (2), 153 (4), 145 (2), 129 (4), 124
(10), 115 (8), 106 (88), 96 (30), 95 (39), 91 (100), 81(38), 67 (12), 55 (18), 41 (32).

7.6.15. (+)-Gymnomitr-3(15)-en-12-oic acid (192)

Densad white oil; Rlcpg 5 = 1796; sense of opticd rotation (benzene): (+); *H-NMR (500
MHz, GsDg): d 0.77 (3H, s, H-14), 1.05 (1H, dd, H-8a, J = 7.3, 12.6 Hz), 1.14 (3H, s, H-13),
1.30 (1H, ddd, H-5a, J = 8.2, 12.3, 20.5 Hz), 1.48 (1H, d, H-1a, J = 11.7 Hz), 1.51-1.56 (1H,
m, H-5b), 1.62-1.69 (1H, m, H-10a), 1.76 (1H, dt, H-8b, J = 6.9, 12.4 Hz), 1.87 (1H, m, H-
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9a), 2.08 (1H, dd, H-4a, J = 8.2, 16.7 Hz), 2.17 (1H, dd, H-10b, J = 7.3, 13.6 Hz), 2.21-2.34
(2H, m, H-4b, H-9b), 2.67 (1H, dd, H-1b, J= 3.2, 4.7, 11.7 H2), 3.15 (1H, d, H-2, J = 4.7 Hz),
468 (2H, br. s H-15); *C NMR (125.7 MHz, GDg) Table 4; MS (El, 70eV), mvz (rel. int.):
234 [M"] (2), 188 (3), 173 (3), 159 (2), 145 (4), 127 (32), 109 (100), 108 (64), 107 (44), 93
(80), 91 (46), 81(33), 79 (48), 77 (34), 67 (24), 53 (22), 41 (46).

7.6.16. (- )-Gymnomitr-3(15)-en-12-al (193)

Colourless ail; Rlcps 5 = 1632; sense of optica rotation (benzene): (- ); *H-NMR (500 MHz,
CsDg): d0.67 (3H, s, H-14), 0.78 (3H, s, H- 13), 0.90 (1H, br.dd, H-8a, J = 6.3, 12.9 H2z),
1.25 (1H, ddd, H-5a, J = 8.2, 12.3, 20.2 Hz), 1.36 (1H, d, H-1a, J = 11.7 HZ), 1.46-1.53 (2H,
m, H-10a, H-5b), 1.68 (1H, dt, H-8b, J = 6.9, 12.3 HZz), 1.74-1.86 (3H, m, H-10b, H-9), 2.02-
2.10 (2H, m, H-4a, H-1b), 2.15-2.24 (1H, m, H-4b), 2.75 (1H, d, H-2, J = 4.7 HZ), 4.61 (1H, t,
H-15a, J = 2.2 Hz), 4.65 (1H, t, H-15b, J = 2.2 Hz), 9.32 (1H, s, H-12); 3C NMR (125.7
MHz, GDs) Teble 4; MS (El, 70eV), mvz (rd. int.): 218 [M*] (4), 203 (5), 200 (4), 189 (9),
175 (5), 161 (7), 147 (9), 133 (11), 119 (13), 112 (23), 111 (70), 110 (37), 109 (74), 108 (84),
107 (56), 93 (100), 91 (62), 81 (34), 79 (52), 77 (34), 67 (28), 55 (23), 41 (28).
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Table 3. *C NMR spectral data of compounds 166, 181, 182, 183, 184, 185, and 186; (125.7
MHz, CsDe); d (ppm)®

C-no. 181 182 166 183 184 185 186
1 41.7(t) [413() [440(t) [438(t) [454() [431() [41.7(t)
2 56.1(d) |[56.2(d) [55.8(d) |54.3(d) [54.8(d) |48.0(d) |[43.1(d)
3 146.8(s) [148.6(s) |149.0(s) |59.0(s) |619(s9 |139.4(s) |1475(9
4 69.6(d) |36.2(t) |128.0(d) |659(d) |67.9(d) |124.7(d) |149.5 (d)
5 765(d) |764(d) |[1440(d) |43.1(t) |444(t) [408(t) [419(t)
6 497(s) |47.4(9 |467(5 |449(s |444(9 |442(9 |44.7(9
7 553(s) |55.3(s) |56.7(3 |54.7(9 |551(s |56.0(5 |[55.7(9
8 345(@t) |[351() |375() [363() [36.2() |37.7() |[37.5(t)
9 282 (1) |27.8(t) [271(t) |27.7(t) |280(t) [27.7() [27.3(t)
10 |381(t) [381(t) [39.1(t) |[368() |375() [389() [39.2(t)
11 [559(s) |555(s |57.9(9 |552(3 |555(s |586(9 |58.1(9
12 283(q) [278(q) |(27.7(q) |[279(9) [283(q) |(279(q) |[27.4(9
13 [242(q) |242(q) |231(q) |232(g) |230(q) |241(q) |245(q
14 195(q) [198(q) |(216(q) |240(q) (239(q) |[250(9 |[242(g
15 [107.9(t) |110.1(t) [110.1(t) |50.3(t) |47.9(1) |684(t) |191.7(d)
16 |169.8(s) |169.7 (9 170.2(s) |170.0(s) |169.7 ()

17 |203(g) |21.2(q) 205(q) |204(q) |20.8(q)

18 170.0 (9

19 [20.7(q)

®All assignments were confirmed by HMBC and HMQC.
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Table 4. 3C NMR spectral dataof compounds 187, 192, and 193 (125.7 MHz, CsDg);
d (ppm)*

C-no. 187 192 193
1 46.8 (t) 49.8 (t) 48.4 (t)
2 50.2 (d) 51.3 (d) 48.3 (d)
3 150.6 (9) 150.0 () 149.0 (9
4 28.8 (1) 287 (t) 29.0 (t)
5 38.2 (1) 38.3 (1) 37.9 ()
6 43.3(9) 43.3(9 42.8(9)
7 55.8 (9) 60.2 () 59.6 (9)
8 36.0 (1) 35.2 (1) 35.1 (1)
9 28.8 (t) 311 (t) 30.2 (t)
10 32.2 (1) 33.6 (1) 30.1 (1)
11 58.7 (9 68.4 (9 69.1 (9
12 68.9 (t) 184.7 (s) 203.3 (d)
13 21.4(q) 25.0 (q) 23.3(q)
14 24.5 () 25.0(q) 24.3 (Q)
15 108.9 (t) 1104 (t) 110.0 (t)
16 1705 ()

17 20.8 ()

aall assgnments were confirmed by HMBC and HMQC.
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7.7. Chemical Analysis of Marsupella aquatica

The essentid oil of Marsupella aquatica collected near Gaschurn/Montafon, Austria, in July
2001 at an elevation of 1900m was obtained by hydroditillation.

7.7.1. ent-(+)-(1R,6R,7S,10S)-Amorpha-4,11-diene (31)

Colourless ail; Rlcpsi s = 1480; sense of optical rotation (benzene): (+) ; *H-NMR (500 MHz,
CsDg): d = 0.88 (d, 3 H, CHz-14, J = 6.6 Hz), 0.88-0.98 (M, 1 H, H-9a),1.61-1.21 (m, 1 H, H-
1), 1.30-1.47 (M, 2 H, H8a, H10), 1.48-1.60 (m, 2 H, H2a, H3a), 1.61 5, 3 H, CHa-
15),1.62-1.67 (m, 1 H, H-9b), 1.68-1.73 (m, 1 H, H-8b), 1.72 (s, 3 H, CH3-12), 1.78-1.97 (m,
3 H, H-3b, H-2b, H-7), 2.57 (br. s 1 H, H-6), 4.81 (s, 1 H, H-13a), 5.00 (dd, 1 H, H-13b, J; =
1.3, J, =33 Hz), 534 (d, 1 H, H-5, J = 1.3 Hz); **C-NMR (125.7 MHz, CsDe): d = 20.1 (q,
C-14), 22.7 (g, C-12), 23.8(q, C-15), 26.2 (t, C-2), 265 (t, C-8), 26.7 (t, C-3), 28.2 (d, C-10),
35.8 (t, C-9), 38.0 (d, C-6), 42.1(d, C-1), 48.0 (d, C-7), 110.4 (t, C-13), 121.4 (d, C-5), 134.8
(s, C-4), 148.2 (s, C-11); MS (El, 70 eV), m/z (rdl. int.) 204 [M"] (70), 189 (58), 175 (11), 162
(30),147 (25), 133 (23), 121(100), 119 (97), 105 (41), 93 (68),79 (53), 67 (26), 55 (33), 41
(45).

7.7.2. (- )-(1R,6S,10S)-Amor pha-4,7(11)-diene (70)

Colourless ail; Rlcps) 5 = 1484; sense of optica rotation (chloroform): (-); *H-NMR (500
MHz, CsDe): d = 0.89 (d, 3 H, CH3-14, J = 6.3 Hz), 0.95-1.04 (m, 1 H, H-9a),1.28-1.33 (m, 1
H, H-1), 1.50-1.60 (m, 2 H, H-2a, H-10), 1.61-1.70 (m, 2 H, H-9b, H-3a), 1.62 (s, 3 H, CHs-
15), 1.69 (s, 3 H, CHs-12), 1.72 (d, 3 H, CHs-13, J = 2.2 HZ),1.81-1.93 (m, 3 H, H-8a, H-2b,
H-3b), 2.56 (ddt, 1H, H-8b, J; = 3.2, J, = 6.3, J; = 13.6 Hz), 3.51(br.s, 1 H, H-6), 5.12 (s, 1
H, H5); *H-NMR (500 MHz, CDCk): d = 0.88 (d, J = 6.6 Hz), 0.90-0.93 (1H, m), 1.24-1.27
(1H, m), 1.55-1.59 (2 H, m), 1.62 (3 H, br.s), 1.63-1.66 (1 H, m), 1.67 (3 H, ),.1.68 (3H, 9),
1.61.79 (2 H, m), 1.88-1.97 (2 H, m), 2.48 (1L H, br.d, J = 13.2 Hz), 3.36 (1L H, br.s), 497 (1 H,
s); **C-NMR (125.7 MHz, CsD): d = 20.0 (2x g, C-12, C-14), 20.4 (g, C-13), 23.7 (g, C-15),
25.9 (t, C-3), 26.0 (t, C-2), 27.1 (t, C-8), 28.7 (d, C-10), 36.3 (t, C-9), 40.4 (d, C-6), 41.6 (d,
C-1), 121.0 (s, C-11), 126.1 (d, C-5), 133.7 (s, C-4), 135.7 (s, C-7); MS (El, 70 eV), m/z (rel.
int.) 204 [M*] (67),189 (41), 175 (5), 161 (100), 147 (18), 133 (26), 119 (45), 105 (56), 91
(45), 81 (67), 77 (31), 67 (17), 55 (33), 41 (59).
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7.7.3. (- )-Myltayl-4(12)-ene (198)

Colourless oil; Rlcpsi 5 = 1455; sense of optica rotation (chloroform): (-); *H-NMR (500
MHz, GsDe): d = 0.77 (s, 3 H, CHs-14), 0.91 (s, 3 H, CH5-13), 0.92 (s, 3 H, CHs-15), 1.06-
1.22 (m, 3H, H-1a, H-8a, H-10a), 1.33-1.52 (m, 4 H, H-2a, H-8b, H-9a, H-10b), 1.53-1.69 (m,
2 H, H-1b, H-9b), 1.77 (br.d, 1 H, H-5a, J = 16.4 Hz), 1.83-1.90 (m, 1 H, H-2b), 2.05 (d, 1 H,
H-3, J = 4.4 Hz), 247 (d, 1 H, H-5b, J = 16.4 Hz), 4.69 (d, 1 H, H-12a, J = 1.6 Hz ), 4.90 (d,
1 H, H-12b, J = 1.5 Hz); *H-NMR (500 MHz, CDCk): d = 0.80 (3 H, 5), 0.96 (3H, ), 1.01 (
3H, s), 1.13-1.34 (3 H, m), 1.37-1.69 (4 H, m), 1.72-2.20 (5 H, m), 254 (1 H, d, J = 16.3
Hz), 453 (L H, 9), 471 (1 H, s); ®*C-NMR (125.7 MHz, CsD¢): d = 19.4 (g, C-13), 19.5 (t, C-
9), 23.4 (g, C-14), 27.8 (t, C-2), 28.1 ¢, C-1), 28.9 (g, C-15), 30.4 (t, C-8), 33.7 (s, C-11),
36.6 (t, C-10), 40.6 (t, C-5), 47.2 (s, C-7), 53.1 (s, C-6), 58.0 (d, C-3), 102.0 (t, C-12), 154.5
(s, C-4); MS (El, 70 eV), m/z (rel. int): 204 [M*] (25), 189 (20), 176 (4), 175 (3), 161 (19),
148 (12), 147 (10), 133 (22), 119 (42), 108 (100), 93 (60), 79 (37), 69 (32), 55 (31), 41 (56).

7.7.4. (- )-Myltayl-4-ene (199)

Colourless ail, RlcpsL 5 = 1380; sense of optica rotation (benzene): (- ); *H-NMR (500 MHz,
CeD): d = 0.88 (3H, br.s, H-13), 0.94 (3H, s, H-14), 0.99 (3H, s, H-15), 0.98-1.04 (2H, m, H-
la, H2a), 1.21-1.26 (1H, m, H-10a), 1.39-1.48 (2H, m, H-9a, H-10b), 1.52-1.61 (2H, m, H-
8a, H9b), 1.62 (3H, s, H12), 1.71-1.76 (1H, m, H-1b), 1.77-1.82 (1H, m, H-2b), 1.88-1.94
(2H, m, H-3, H-8b), 5.47 (1H, s, H-5); 13C-NMR (125.7 MHz, CsDs): d = 16.1 (g, C-12), 20.0
(t, C-9), 21.5 (g, C-13), 23.0 (g, C-14), 25.2 (t, C-1), 25.4 (t, C-2), 29.4 (g, C-15), 30.3 (t, C-
8), 33.2 (5, C-11), 39.3 (t, C-10), 56.1 (s, C-7), 58.5 (d, C-3), 60.8 (s, C-6), 131.0 (d, C-5),
142.4 (s, C-4); MS (El, 70eV), m/z (rel. int.): 204 [M"] (16), 176 (44), 161 (100), 147 (8), 133
(12), 119 (21), 105 (18), 91 (17), 77 (8), 55 (8), 41(15). HREIMS calcd for CisHp4 [M™] Mz
204.1878 found [M*] nvz 204.1891.

7.75. (+)-(1R,6S,7S,10S)- 7b -Hydr oxyamor pha-4,11-diene (200)

Colourless ail, Ricpg. 5 = 1614 ; R = 0.75; sense of optical rotation (benzene): (+); *H-NMR
(500 MHz, CsDe): 0.92 (3H, d, H-14, J = 6.3 Hz), 1.34-1.46 (4H, m, H-2a, H-8a, H-9a, H-10),
1.47-1.52 (1H, m, H-9b), 1.54-1.62 (1H, m, H-8b), 1.57 (3H, br.s, H-15), 1.62-1.68 (1H, m,
H-3a), 1.75-1.82 (1H, m, H-3b), 1.81 (3H, s, H-12), 1.84-1.93 (2H, m, H-1, H-2b), 2.49 (1H,
s, H-6), 4.85 (1H, s, H-13a), 4.90 (1H, s, H-13b), 5.15 (1H, s, H-5); 2*C-NMR (125.7 MHz,
CsDe): Table 5. MS (El, 70eV), mVz (rdl. int.): 220 [M™] (15), 202 (85), 187 (100), 173 (17),
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159 (80), 146 (33), 145 (94), 134 (60), 132 (75), 133 (62), 121 (39), 119 (65), 105 (52),
91(53), 81 (38), 79 (47), 77 (46), 69 (30), 55 (40), 41 (75); HRMS calcd for CisHpsO1 [M7]
m/z 220.1827 found [M*] nvz 220.1832.

7.7.6. (- )-(1S,6S,9R,10R)-9a -Hydroxyamor pha-4,7(11)-diene (201)

White, viscous oil; Rlcps. 5= 1680; R = 0.56; sense of optica rotation (benzene): ¢ ); H-
NMR (500 MHz, CsDg): d 1.03 (3H, d, H-14, J = 6.6 H2), 1.24-1.29 (1H, m, H-1), 1.44-1.55
(3H, m, H-2, H-10), 1.58 (3H, s, H-15), 1.61-1.68 (1H, m, H-3a), 1.66 (6H, br.s, H-12, H-13),
1.78-1.86 (2H, m, H-3b, H-8a), 2.71 (1H, dd, H-8b, J = 4.1, 12.6 Hz), 2.98 (1H, dt, H-9, J=
4.1, 114 Hz), 3.36 (1H, br.s, H-6), 5.09 (1H, s, H-5); *C-NMR (125.7 MHz, CsDe): Table 5.
MS (El, 70eV), m/z (rdl. int) 220 [M*] (63), 202 (60), 187 (100), 173 (30), 159 (52), 147
(60), 145 (65), 131 (42), 119 (48), 105 (59), 91 (61), 77 (43), 55 (42), 41 (80); HRMS calcd
for C1sH2401 [M*] miz 220.1827 found [M*] vz 220.1816.

7.7.7. (- )-(1R,3R,6S,10S)- 3a -Hydr oxyamor pha-4,7(11)-diene (202)

Colourless ail; Rlcps 5 = 1666; R = 0.68 ; sense of optica rotation (benzene): ¢ ); *H-NMR
(500 MHz, GsDg): d 0.88-0.97 (1H, m, H-9a), 1.01 (3H, d, H-14, J = 6.6 HZz), 1.24-1.28 (1H,
m, H1), 1.48-1.53 (1H, m, H-2a), 1.60-1.65 (1H, m, H-9b), 1.67 (3H, d, H-12, J = 0.9 H2),
1.68 (3H, d, H-13, J = 2.2 Hz), 1.73 (3H, br.s, H-15), 1.80-1.88 (1H, m, H-8a), 1.99-2.05 (1H,
m, H-10), 2.09-2.15 (1H, m, H-2b), 2.52-2.57 (1H, m, H-8b), 3.30 (1H, br.s, H-6), 3.68 (1H, s,
H-3), 5.16 (1H, s, H-5); 3C-NMR (125.7 MHz, CsDs): Table 5. MS (El, 70eV), miz (rd. int.):
220 [M*] (8), 218 (12), 202 (43), 187 (27), 177 (48), 159 (77), 145 (60), 131(39), 119 (47),
105 (61), 9 (75), 77 (49), 67 (31), 53 (41), 41(100). HRMS calcd for CisH2401 [M'] mVz
220.1827 found [M*] 220.1826.

7.7.8. (+)-(1S,6S,10S)-Amorpha-2,4,7(11)-triene (203)

Colourless ail, RlcpsL 5= 1449; sense of optica rotation (benzene): (+); *H-NMR (500 MHz,
CesDs): d 0.76-0.85 (1H, m), 0.87 (3H, d, J = 6.3 Hz), 1.49-1.57 (2H, m), 1.62 (3H, d, J=1.9
Hz), 1.66 (3H, ), 1.69 (3H, br.s), 1.70-1.76 (1H, m), 1.85-1.92 (1H, m), 2.59-2.64 (1H, m),
3.77 (1H, s), 5.20 (1H, 9), 5.85 (1H, d, J = 9.5 Hz), 6.08 (1H, dd, J = 6.0, 9.4 Hz); MS (El,
70eV), m/z (rd. int.): 202 [M*] (82), 187 (25), 173 (8), 160 (32), 159 (100), 145 (82), 131
(42), 119 (39), 105 (51), 91(38), 77 (22), 67 (20), 53 (18), 41(39).
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7.7.9. (-)-(1R,3R,6S,10S)-3a -Acetoxyamor pha-4,7(11)-diene (204)

Colourless ail; Rlcpsi. 5= 1780; R = 0.94; sense of optical rotation (benzene): ¢ ); *H-NMR
(500 MHz, GsDe): d 0.86 (3H, d, H-14, J = 6.3 Hz), 0.91 (1H, dt, H-9a, J = 3.5, 13.6 Hz),
1.14-1.20 (1H, m, H1), 1.52-1.61(2H, m, H-2a, H9b), 1.65 (9H, br.s, H-12, H13, H-15),
1.74 (3H, s, H-17), 1.75-1.84 (1H, m, H-8a), 2.02-2.11(1H, m, H-10), 2.29 (1H, dd, H-2b, J =
1.9, 155 Hz), 2.54 (1H, br.dd, H-8b, J = 1.6, 13.9 Hz), 3.25 (1H, s, H-6), 5.24 (1H, br.s, H-
5), 5.33 (1H, br.d, H-3, J = 50 Hz); **C-NMR (125.7 MHz, CsD¢): Table 5; MS (El, 70eV),
Mz (rel. int): 262 [M'] (20), 220 (4), 202 (98), 187 (50), 177 (21), 160 (55), 159 (100), 145
(70), 131 (33), 119 (42), 105 (44), 91 (38), 77 (23), 67 (18), 55 (23), 43 (63).

7.7.10. (-)-(1R,6R,10S)-Amorpha-4,7(11)-dien-3-one (205)

Colourless ail; Rlcpsi. 5= 1676; R = 0.86; sense of optical rotation (benzene): ¢ ); *H-NMR
(500 MHz, GsDe): d 0.72 (3H, d, H-14, J = 6.3 Hz), 0.73-0.81(1H, m, H-9a), 1.33-1.40 (1H,
m, H1), 1.41-1.58 (3H, m, H-8a, H-9b, H-10), 1.59 (6H, s, H-12, H-13), 1.82 (3H, s, H-15),
2.12 (1H, dd, H-2a, J = 4.7, 16.1 Hz), 2.41 (1H, br.d, H-8b, J = 13.2 Hz), 2.72 (1H, dd, H-2b,
J =25, 16.1 Hz), 352 (1H, br.s, H6), 5.91 (1H, s, H5); *C-NMR (125.7 MHz, GsDs):
Table 5; MS (EI, 70eV), m/z (rdl. int.): 218 [M*] (100), 203 (12), 189 (4), 176 (25), 175 (89),
161(49), 147 (28), 133 (30), 119 (41), 107 (35), 105 (47), 91(64), 77 (48), 67 (26), 55 (40), 41
(68); HRMS calcd for CisH2201 [M*] mvz 218.1671 found [M™] m/z 218.1668

7.7.11. (+)-(1R,2S,6R,8S,109)-2,8-Epoxyamor pha-4,7(11)-diene (206)

Colourless ail; Rlcpsi 5= 1597; R = 0.75; sense of optical rotation (benzene): (+); *H-NMR
(500 MHz, GsDg): d 0.87 (3H, d, H-14, J = 7.3 Hz), 1.02-1.06 (1H, m, H-9a), 1.37-1.40 (1H,
m, H-1), 1.39 (3H, s, H-13), 1.58 (3H, s, H-12), 1.61(3H, br.s, H-15), 1.75-1.81(1H, m, H-10),
1.95 (1H, br.d, H-3a, J = 18.0 Hz), 2.18 (1H, d, H-3b, J = 18.6 Hz), 2.21-2.26 (1H, m, H-9b),
3.07 (1H, s, H-6), 404 (1H, s, H-2), 449 (1H, s, H-8), 5.72 (1H, d, H-5, J = 6.0 Hz); *C-
NMR (125.7 MHz, GDg): Table 5; MS (El, 70eV), m/z (rd. int.): 218 [M"] (49), 200 (9), 185
(12), 175 (7), 157 (12), 143 (10), 138 (11), 133 (22), 121(100), 119 (66), 105 (28), 93 (36),
91(32), 77(26), 55 (21), 41(48); HRMS calcd for GsH40; [M*] mvz 218.1671 found [M™]
m/z 218.1680

7.7.12. (+)-(1S,55,6R,9R,10R)-5,9-Epoxyamor pha-3,7(11)-diene (209)
Colourless ail; RicpsiL 5= 1595; sense of optica rotation (benzene): (+); *H-NMR (500 MHz,
CeDg): d 0.71 (3H, d, H-14, J = 6.9 Hz), 1.21-1.32 (1H, m, H-1), 1.57 (3H, s, H-12), 1.59 (3H,
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s, H-13), 1.75 (1H, d, H-2a, J = 17.0), 1.88 (3H, s, H-15), 1.87-1.95 (1H, m, H-10), 2.05-2.13
(1H, d, H-2b, J = 18.0 Hz), 2.15-2.23 (1H, d, H-8a, J = 16.4 Hz), 2.42 (1H, S, H-6), 2.45 (1H,
d, H-8b, J = 13.6 Hz), 3.70 (1H, s, H-9), 3.93 (1H, s, H-5), 5.32 (1H, s, H-3); MS (El, 70eV),
m'z (rdl. int): 218 [M*] (98), 203 (5), 185 (12), 175 (11), 157 (13), 145 (16), 135 (100), 119
(69), 105 (30), 93 (32), 91 (35), 77 (26), 55 (21), 41 (49); HRMS calcd for CisH201 [M*] vz
218.1671 found [M*] m/z 218.1679.

7.7.13. (-)-(1R,2S,6R,10S5)-2a -Acetoxyamor pha-4,7(11)-diene (210)

Colourless ail; Rlcpsi s = 1800; sense of optica rotation (benzene): () ; *H-NMR (500 MHz,
CeDs): d = 0.96-1.01(m, 1 H, H-9a), 1.08 (d, 3 H, CHs-14, J= 6.3 Hz), 1.51 (s, 3 H, CH5-15),
1.52-1.57 (m, 1 H, H-9b), 1.59 (d, 3 H, CH3-12, J=1.9Hz), 1.63 (s, 3H, CHs-13), 1.68-1.71
(m, 1 H, H-10), 1.72 (s, 3 H, CH3CO), 1.73-1.79 (m, 2 H, H-8a, H-1), 2.10 (br.d, 2 H, H-3, J
= 85 Hz), 2.46-2.50 (m, 1 H, H-8b), 3.57 (br.s, 1 H, H-6), 4.96 (s, 1 H, H-5) 5.28 (dt, 1H, H-
2,3, =28, J, = 85 Hz); *C-NMR (125.7 MHz, CsDg): d = 19.9 (g, C-12), 20.3 (g, C-13),
21.1 (g, CH3CO), 21.7 (g, C-14), 22.8 (g, C-15), 26.6 (t, C-8), 28.1 (d, C-10), 32.5 (t, C-3),
36.7 (t, C-9), 40.9 (d, C-6), 45.0 (d, C-1), 75.1 (d, C-2), 122.0 (s, C-11), 126.2 (d, C-5), 132.2
(s, C- 4), 1335 (5, C-7), 169.9 (s, CHsCO); MS (El, 70 eV), mz (rel. int.): 262 [M*] (1), 219
(1), 202 (42), 187 (27), 173(4), 160 (88), 159 (93), 145 (100), 131 (22), 119 (21), 105 (30), 91
(26), 77 (17), 67 (13), 55 (22), 43 (73).

7.714. (-)-(1R,2S,6R,10S)-2a -Hydroxyamor pha-4,7(11)-diene (211)

Colourless ail; RlcpsL 5 = 1684; R = 0.56; sense of optical rotation (benzene): ¢ ); *H-NMR
(500 MHz, CsDg): d 0.98-1.05 (1H, m, H-9a), 1.21 (3H, d, H-14, J = 6.6 Hz), 1.31-1.35 (1H,
m, H1), 1.56 (3H, br.s, H-15), 1.56-1.60 (1H, m, H-9b), 1.67 (3H, s, H-12), 1.70 (3H, d, H-
13, J = 1.9 Hz), 1.70-1.82 (2H, m, H-8a, H-10), 1.94-2.09 (2H, m, H-3), 2.49 (1H, br.d, H-8b,
J = 139 Hz), 340 (1H, s, H-6), 3.78-3.82 (1H, m, H-2), 4.97 (1H, s, H-5); **C-NMR (125.7
MHz, GDg): d Table 5; MS (El, 70eV), mVz (rd. int.): 220 [M*] (100), 205 (22), 202 (24),
187 (78), 177 (33), 159 (85), 145 (53), 131 (29), 121 (30), 119 (31), 105 (38), 91(42), 55 (39),
41 (76); HRMS calcd for CisH2401 [M*] Mz 220.1827 found [M*] nvz 220.1809.

7.7.15. (-)-(1R,2R,6R,10S)-2b -Acetoxyamor pha-4,7(11)-diene (212)

Colourless ail; RlcpgL 5= 1721; R = 0.94; sense of optica rotation (benzene): ¢ ); *H-NMR
(500 MHz, CsDg): d 0.86 (3H, d, H-14, J = 6.6 Hz), 0.87-0.94 (1H, m, H-9a), 1.21-1.32 (1H,
m, H-10), 1.46-1.51 (1H, m, H-9b), 1.54 (3H, br.s, H-15), 1.56-1.62 (1H, m, H-1), 1.67 (3H, s,
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H-12), 1.71 (3H, s, H-17), 1.75 (3H, s, H-13), 1.75-1.83 (1H, m, H-8a), 1.95-2.08 (2H, m, H-
3), 2.52 (1H, br.d, H-8b, J = 13.6 Hz), 3.83 (1H, s, H-6), 5.18 (1H, s, H-5), 5.49 (1H, S, H-2);
13C-NMR (125.7 MHz, GsDg): Table 5; MS (El 70eV), m/z (rd. int.): 262 [M"], 202 (98), 187
(89), 174 (11), 159 (98), 145 (97), 131 (41), 119 (32), 105 (55), 91 (50), 77 (30), 67 (21), 55
(29), 43 (100).

7.7.16. (+)-(1R,6R,10S)-Amorpha-4,7(11)-dien-2-one (213)

Colourless ail; RlcpsL 5= 1645; sense of optica rotation (benzene): (+); *H-NMR (500 MHz,
CeDs): d 0.79 (3H, d, J = 6.6 Hz), 1.16 (3H, dd, J = 10.4, 17.7 Hz), 1.41 (3H, d, J = 0.9 Hz),
1.49 (3H, d, J=19Hz), 1.58 (3H, d, J = 0.9 Hz), 2.12 (1H, dd, J = 5.0, 11.4 Hz), 2.41-2.62
(4H, m), 3.69 (1H, br.s), 5.02 (1H, ); MS (El 70eV), m/z (rel. int.): 218 [M™] (100), 203 (21),
190 (8), 185 (8), 175 (82), 161(51), 147 (48), 133 (38), 119 (42), 105 (43), 91 (41), 77 (28),
55 (27), 41 (67).

7.7.17. (+)-(7S,9S,10S5)-9b -Hydroxyselina-4,11-diene (214)

White, viscous ail; Rlcpsis = 1690; R = 0.51; sense of opticd rotation (chloroform): (+); *H-
NMR (500 MHz, CDCk): d = 1.10 (s, 3H, CHz-14), 1.41 (dt, 1 H, H-1a, J; =3.2,J, =123
Hz), 1.51-1.58 (m, 2 H, H-2a, H-8a), 1.59-1.65 (m, 1 H, H-2b), 1.63 (s, 3 H, CHz-15), 1.71-
1.85 (m, 3 H, H1b, H6a, H8h), 1.76 (5, 3 H, CH3-13), 1.89-2.1 (m, 3 H, H-3, H-7), 2.52
(ddd, 1 H, H-6,J; = 1.7,J, = 3.2, J; = 13.6 Hz), 3.37 (br.dd, 1 H, H-9, J; = 3.8, J, = 11.7 H2),
4.72-4.75 (m, 2 H, H12); 'H-NMR (500 MHz CsDg): d = 1.05 (s, 3 H), 1.37-1.43 (m, 1 H),
1.49-1.57 (m, 3 H), 1.54 (s, 3 H), 1.65-1.72 (m, 1 H), 1.66 (s, 3 H), 1.77-1.90 (m, 5 H), 2.56
(d, 1 H, J=120Hz),3.21 (dd, 1 H, J; =4.1, J, = 11.7 Hz), 4.80 (s, 1 H), 4.83 (s, 1H); **C-
NMR (125.7 MHz, CDCls): d = 17.7 (q, C-14), 18.7 (t, C-2), 19.8 (q, C-15), 20.8 (g, C-13),
30.0 (t, C-6), 33.0 (t, C-3), 35.6 (t, C-8), 36.2 (t, C-1), 40.1 (s, C-10), 43.2 (d, C-7), 79.1 (d,
C-9), 108.8 (t, C-12), 127.5 (s, C-4), 133.1 (s, C-5), 149.2 (s, C-11); MS (El, 70 eV), m/z (rel.
int.): 220 [M+] (35), 202 (17), 187 (17), 176 (25), 161 (23), 159 (21),145 (17), 133 (16), 123
(100), 105 (44), 97 (73), 91 (44), 81 (57), 77 (30), 67 (27), 55 (33), 41 (69).

7.7.18. (+)-(7S,10S)-Eudesma-4,11-dien-9-one (215)

Colourless ail; Rlcpgy 5= 1649; sense of optica rotation (benzene): (+); *H-NMR (500 MHz,
CoDg): d 1.07 (3H, ), 1.46 (3H, ), 151 (3H, ), 1.63-1.78 (5H, m), 1.98-2.00 (3H, m), 2.14-
2.20 (1H, m), 2.41.2.44 (1H, m), 2.60-2.64 (1H, m), 4.68 (1H, s), 4.71 (1H, br.s); MS (El
70eV), m/z (rel. int.): 218 [M*] (41), 203 (29), 198 (5), 190 (5), 183 (12), 176 (100), 175 (58),
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161 (27), 147 (52), 133 (75), 119 (38), 107 (69), 105 (50), 93 (64), 91 (62), 79 (50), 67 (29),
55 (32), 41 (74).

Table 5. C-NMR (125.7 MHz, CsDs) d (ppm) spectra data of compounds (+)-200, (- )-201,
(- )-202, (- )-204, (- )-205, (+)-2086, (- )-211 and (- )-212

C 200 201 202 204 205 206 211 212
1 36.4 39.5 41.1 40.6 46.0 37.3 48.6 45.3
2 25.5 26.0 34.8 319 43.0 72.0 73.3 70.7
3 26.5 255 67.4 69.2 197.8 39.0 36.0 318
4 1344 |134.4 135.6 134.9 136.0 130.1 132.7 1305
5 121.8 |125.7 129.3 132.2 147.9 122.7 125.9 126.0
6 43.5 40.4 41.2 40.8 41.7 32.9 414 34.9
7 75.6 132.7 1355 134.9 133.8 1345 1345 134.1
8 321 37.0 275 27.6 27.6 66.8 26.6 27.1
9 30.5 76.0 37.1 36.8 36.1 36.8 37.1 36.4
10 27.8 37.0 304 30.0 29.8 29.6 28.1 30.2
11 150.9 |123.2 1215 121.8 122.3 120.8 121.0 122.2
12 184 20.3* 20.6* 20.6* 20.2* 20.1 19.9 20.0
13 1115 |[20.7* 20.7* 20.8* 20.4* 19.1 20.3 20.6
14 19.8 155 20.2 20.3 19.8 20.9 22.3 20.0
15 23.9 23.9 211 22.0 16.2 23.9 23.0 235
16 170.1 170.0
17 21.0 21.3
* Interchangesble.

All assgnments were confirmed by HMBC and HMQC.
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7.8. Chemical Analysis of Marsupella alpina
The essentid oil of Marsupella alpina collected in July near Gaschurn (Augtria) a an
elevation of 2000 m was obtained by hydrodidtillation.

7.8.1. (+)-(7S,8R,9S,10R)-8,9-Epoxysdlina-4,11-diene (143)

Colourless ail; Rlcpsi s = 1596; Ri = 0.94; sense of optical rotation (benzene): (+) ; *H-NMR
(500 MHz, GsDe): d= 1.27 (s, 3 H, CHz-14), 1.31-1.36 (m, 2 H, H-1),1.46 (s, 3 H, CH53-15),
1.47-1.53 (m, 1 H, H2a), 1.62-1.71 (m, 1 H, H2b), 1.72-1.81 (m, 2 H, H3), 1.82 (s, 3 H,
CH3-13), 2.10 (t, 1 H, H-6a, J = 11.7 Hz), 2.15-2.19 (m, 1 H, H-7), 2.23 (dd, 1 H, H-6b, J1 =
2.8,J»=114Hz),259d, 1 H, H9,J=38Hz), 306 (d,1H,H8 J=38Hz),4.89(t, 1 H,
H-12a, J = 1.6 Hz), 5.07 (s, 1H, H-12b); *C-NMR (125.7 MHz, CsDe): d = 18.4 (q, C-15),
19.0 (t,C-2), 21.2 (g, C-13), 22.5(q, C-14), 25.4 (t, C-6), 32.1 (t, C-3), 33.5(s, C-10), 35.8 (t,
C-1), 46.4 (d, C-7), 56.8 (d, C-8), 60.6 (d,C-9), 111.4 (t, C-12), 1245 (s, C-4), 133.4 (s, C-5),
148.0 (s, C-11); MS (EI, 70 eV), m/z (rd. int.): 218 [M*] (26), 203 (27), 189 (20), 175 (22),
159 (17),147 (32), 133 (31), 119 (39), 107 (67), 91(64), 79 (46), 55 (45), 41 (100).

7.8.2. (-)-(55,75,109)-trans-Sdina-4(15),11-dien-5-0l (222)

Colourless ail; Rlcpsis = 1629 ; Ry = 0.87; sense of opticd rotation (chloroform): ¢) 'H-
NMR (500 MHz, CsDg): d = 0.85 (s, 3 H, CHs-14), 0.95-1.00 (m, 1 H, H-1a),1.09-1.14 (m, 1
H, H-9a), 1.39-1.44 (m, 1 H, H-6a), 1.47-1.65 (M, 4 H, H-2a, H-8, H-2b), 1.65 (s, 3 H, CHa-
13), 1.73-1.76 (m, 1 H, H-6b), 1.92-2.05 (m, 3 H, H-9b, H-1b, H-3a), 2.52-2.65 (m, 2 H, H-7,
H-3b), 4.59 (s, 1 H, H-15a), 4.73 (s, 1 H, H-15b), 4.85 (d, 2 H, H-12, J = 11.4 H2); *H-NMR
(500 MHz, CDCk): d = 0.88 (s, 3 H), 1.06 (br.d, 1 H, J=13.2Hz),1.20 (dt, 1 H, J1 =3.8,J7
= 12.9 Hz), 1.51-1.62 (m, 5 H), 1.67 (dt, 1 H, J; = 4.7, Jp = 132 Hz), 1.76 (s, 3H), 1.79-1.88
(m, 2 H), 213 (dd, 1 H, Jy = 4.7, Jp = 32 Hz), 252 (m, 1 H, J = 41 Hz), 262 (dt, 1H, Jq =
6.3, Jo = 13.2 Hz), 4.96 (br.s, 1 H), 4.73 (br.s, 1 H), 4.75 (br.s, 1 H,), 4.82 (1H, t, J = 1.6 Hz);
13C-NMR (125.7 MHz, CsDg): d = 20.0 (g, C-14), 21.2 (g, C-13), 22.8 (t, C-2), 26,5 (t, C-8),
32.1(t, C-3), 34.6 (t, C-9), 35.3 (t, C-1), 35.8 (t, C-6), 38.4 (s, C-10), 40.3 (d, C-7), 75.5 (S, C-
5), 107.3 (t, C-15), 108.9 (t, C-12), 150.8 (s, C-11), 152.9 (s, C-4); MS (El, 70 eV): m/z (rdl.
int) 220 [M*] (7), 205 (24), 202 (25), 187 (57), 177 (15), 159 (13), 149 (13), 137 (32), 121
(22), 109 (33), 95 (65), 81 (52), 67 (50), 55 (54), 41 (100).
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7.8.3. (+)-(5R,7S5,109)-cis-Sdina-4(15),11-dien-5-0l (223)

Colourless ail; Rlcpg 5 = 1623; R = 0.77; sense of optica rotation (chloroform): (+); 1H-
NMR (500 MHz, GDg); d = 0.90-1.00 (br.s, 1 H), 1.07 (3 H, s), 1.05-1.17 (br.s, 1 H), 1.40-
1.55 (m, 5 H), 1.66 (s, 3 H), 1.69-1.74 (m, 1 H), 1.80 (br.d, 1 H, J = 12.9 Hz), 1.85-1.99 (br.s1
H,), 2.03 (br.d, 1 H, J =13.2 Hz), 2.25-2.35 (br.s, 1 H), 2.45-2.55 (br.s, 1 H), 4.75-4.80 (br.s,
1 H), 4.81-4.90 (br.s, 3 H); *C-NMR (125.7 MHz, GsD¢); d = 21.2, 22.5, 22.6, 27.0, 33.3,
33.6, 36.9, 389, 43.3, 75.1 §), 109.0 ¢), 110.3 ), 2x 149.6 §), one carbon signd not
observed; MS (El, 70 eV), mVz (rdl. int.) 220 [M™] (13), 205 (25), 202 (32), 187(65), 177(15),
162 (24), 147 (23), 135 (40),124 (62), 109 (52), 95 (72), 91 (54), 81 (63), 67 (62), 55 (61), 41
(100).

7.9. Chemical Analysisof Tritomaria polita

Tritomaria polita was collected in July 2001 in the Otzta, Tyrol/Audria a an devation of
goprox. 2300 m. A voucher specimen is kept a the Abtellung fir Systematische Botanik und
Okologie, University of Ulm.

7.9.1. (+)-(5S,7S,10S)-Eudesma-3,11-dien-8-one (230)

Colourless ail; Rlcps. 5 = 1668; R = 0.81; sense of optica rotation (chloroform): (+); ‘H-
NMR (500MHz, GsDg): d 0.67 (s, 3H, CHs-14), 1.06 (dd, 1H, H-1a, J = 6.0, 12.6 Hz), 1.23
(dt, 1H, H-1b, J = 6.6,12.6 Hz), 1.50 (s, 3H, CH3-15), 1.59 (dd, 1H, H-6a, J = 12.6, 25.5 Hz),
1.78-1.83 (m, 2H, H9a, H2a), 1.85 (s, 3H, CH3-12), 1.87-1.93 (m, 2H, H-6b, H-2b), 2.02
(br.d, 1H, H5, J = 12.9 Hz), 2.08 (d, 1H, H-9b, J=13.2 Hz), 2.68 (dd, 1H, H-7, J=6.3, 12.6
Hz), 4.77 (s, 1H, H-13a), 4.97 (s, 1H, H-13b), 5.26 (s, 1H, H-3). *H-NMR (500MHz, CDCk):
d 079 (3H, 9, 1.25 (1H, br. 9, 1.42 (1H, dd, J = 6.0, 12.9 Hz), 1.57 (1H, dt, J=6.9, 12.6
Hz), 1.68 (3H, ), 1.72 (1H, dd, 12.9, 25.9 HZ), 1.78 (3H, ), 1.99-2.11 (2H, m), 2.16 (1H,
ddd, 3.8, 6.6, 13.7 Hz), 2.22 (1H, dd, J = 13.9, 29.6 Hz), 2.49 (1H, br. d, J = 13.9 Hz), 3.03
(1H, dd, J = 6.3, 12.3 Hz), 4.77 (1H, 9), 4.96 (1H, ), 5.42 (1H, br. 9. *C-NMR (125.7MHz,
CsDe) data Table 6; MS(El, 70eV), mVz (rdl. int.) 218 [M*] (45), 203 (12), 200 (12), 190 (3),
175 (9), 159 (14), 147 (22), 121 (33), 108 (100), 93 (74), 83 (30), 77 (38), 67 (26), 53 (37), 41
(74).
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7.9.2. (+)-(5S,7S,8S,10S)-8a -Hydr oxyeudesma-3,11-diene (144)

Colourless ail; Rlcpsi 5 = 1669; R = 0.77; sense of optica rotation (benzene): (+); *H-NMR
(500MHz, CsDg): d = 1.09 (dd, 1H, H-9a, J = 3.4, 13.9 Hz), 1.20-1.28 (m, 1H, H-14a), 1.31 (s,
3H, CHs-14), 1.38 (dd, 1H, H-1b, J = 6.6, 12.6 Hz), 1.55 (s, 3H, CHs-12), 1.57-1.59 (m, 1H,
H-6a), 1.62-1.70 (m, 1H, H-6b), 1.64 (s, 3H, CHs-15), 1.81-1.88 (br.d, 2H, H-5, H-7, J= 11.4
Hz), 1.92 (dd, 1H, H-9b, J = 2.2, 13.9 HZ), 1.95-1.99 (m,1H, H-2a), 2.09-2.16 (m, 1H, H-2b),
3.90 (or.d, 1H, H-8, J = 2.5 Hz), 4.79 (s, 1H, H-134), 4.85 (s, 1H, H-13b), 5.35 (br.s, 1H, H
3). 'H-NMR (500 MHz, CDCk) d 1.04 (s, 3H), 1.23-1.28 (m, 1H), 1.32 (dd, 2H, J = 4.1, 13.6
Hz), 1.41 (dd, 1H, J = 6.3, 12.3 Hz), 1.61 (m, 1H), 1.66 (3H, br.s), 1.81 (s, 3H), 1.90 (dd, 1H,
J =25, 14.5 Hz), 1.96-2.00 (m, 2H), 2.06-2.12 (m, 1H), 2.12-2.17 (m, 1H), 4.05 (br.d, 1H, J =
2.52 Hz), 4.87 (s, 1H), 5.02 (s, 1H), 5.32 (br.s, 1H). **C-NMR (125.7 MHz, CsDs): d 18.1(q,
C-14), 21.4 (g, C-15), 22.6 (g, C-12), 23.1 (t, C-2), 23.3 (t, C-6), 32.3 (s, C-10), 38.7 (t, C-1),
45.9 (t, C-9), 47.6 (d, C-5), 51.3 (d, C-7), 67.1 (d, C-8), 111.9 (t, C-13), 121.5 (d, C-3), 134.7
(s, C-4), 147.2 (5,C-11). MS (El, 70eV) mVz (rd. int.): 220 [M"] (33), 205 (12), 202 (31), 187
(41), 177 (17), 161 (44), 147 (34), 131 (22), 123 (23), 121 (54), 119 (49), 108 (47), 107 (78),
105 (67), 95 (31), 93 (84), 9 1(77), 81 (54), 79 (51), 77 (49), 67 (35), 55 (54), 41 (100).

7.9.3. (+)-(5S,10S)-Eudesma-3,7(11)-dien-8-one (231)

Colourless ail; RlcpgL 5 = 1745 ; R = 0.82; sense of opticd rotation (chloroform): (+); ‘H-
NMR (500MHz, GDg):d 0.76 (s, 3H, CHs-14), 1.12-1.17 (m, 2H, H1), 1.48 (s, 3H, CHs-
12), 1.56 (br.s, 3H, CHs-15), 1.74-1.83 (m, 1H, H-2a), 1.87-1.96 (m, 3H, H-6a, H-2b, H-5),
2.01 (d, 1H, H9a, J = 16.3 Hz), 2.20 (s, 3H, CH3-13), 2.30 (d, 1H, H-9b, J =16.2 HZz), 2.57
(dd, 1H, H-6b, J = 3.8, 14.5 Hz), 5.29-5.34 (m, 1H, H-3). *H-NMR (500MHz, CDCl3) d 0.85
(s, 3H), 1.39-1.45 (m, 2H), 1.70 (br.s, 3H), 1.84 (s, 3H), 1.94-2.07 (m, 3H), 2.09 (s, 3H), 2.12-
2.29 (m, 3H), 2.80 (dd, 1H, J = 3.8, 14.2 Hz), 5.42 (br.s, 1H). *C-NMR (125.7MHz, CsDe)
Table 6. MS (EI, 70eV), mVz (rdl. int.): 218 [M*] (100), 203 (22), 189 (4), 175 (17), 161 (19),
147 (30), 135 (17), 121 (55), 108 (47), 98 (20), 93 (46), 91 (44), 83 (40), 77 (33), 67 (32), 53
(35), 41 (73).

7.9.4.(+)-(55,109)-3,4,4aR,7,8,8aR -Hexahydr 0-5,8a-dimethylnaphthalen-2(1H)-one (233)

Colourless oil; RlcpgL 5 = 1461; sense of optica rotation (chloroform): (+); *H-NMR
(500MHz, GDe), d 0.63 (5, 3H), 1.04 dd, 1H, J = 6.0, 12.6 Hz), 1.15-1.22 (m, 3H), 1.46
(br.s, 3H), 1.76 (d, 1H, J = 13,5 Hz), 1.77-1.85 (m, 4H), 2.07 (dd, 1H, J = 2.0, 13.9 HZ), 2.29
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(dt, 1H, J = 2,5, 14.8 Hz), 5.25 (or.s, 1H). "H-NMR (500MHz, CDCh), d 0.78 (s, 3H), 1.41
(dd, 1H, J = 5.67, 12.6 Hz), 1.67 (5, 3H), 2.02-2.10 (M, 3H), 2.13-2.22 (M, 3H), 2.28-2.39 (m,
3H), 2.44-2.50 (m, 1H), 5.41 (r.s, 1H). MS (El, 70eV) mz (rel. int): 178 [M*] (45), 163
(100), 150 (47), 145 (10), 135 (18), 121 (40), 107 (41), 105 (37), 95 (40), 93 (61), 91 (42), 81
(82), 79 (63), 77 (39), 67 (37), 53 (38), 41 (63).

7.9.5. (+)-(4S,5R,6R,7S,10S)-6b -Hydr oxyeudesm-11-ene (234)

Colourless ail; RlcpsiL 5 = 1643; R = 0.91; sense of optica rotation (benzene): (+); 'H-NMR
(500 MHz, CsDg),: d 0.82 (s, 3H, CHs-14), 0.97-1.03 (m, 1H, H-3a), 1.04-1.09 (m, 2H, H-1a,
H-5), 1.15-1.21 (m, 1H, H-9a), 1.29-1.34 (m, 1H, H-1b), 1.31 d, 3H, CHs-15, J = 6.3 H2),
1.35-1.42 (m, 2H, H-9b, H-8a), 1.44-1.53 (m, 3H, H-8b, H-2a, H-4), 1.57-1.62 (m, 1H, H-2b),
1.63 (s, 3H, CHs-12), 1.64-1.67 (m, 1H, H-3b), 2.42-2.47 (m, 1H, H-7), 3.61-3.66 (m, 1H, H-
6), 4.81 (s, 1H, H-13a), 4.88 (s, 1H, H-13b). 2*C-NMR (125.7 MHz, CsD¢): Table 7; MS (El,
70eV) mvz (rdl. int.): 222 [M"] (3), 207 (7), 189 (6), 180 (3), 161 (2), 149 (2), 137 (47), 123
(57), 109 (39), 95 (27), 81 (48), 69 (44), 55 (56), 41 (100).

7.9.6. (-)-(4S5R,6S,7R,10S)-6a -Hydr oxyeudesm-11-ene (235)

Colourless ail; Rlcpsi. 5 = 1598; sense of optica rotation (benzene): (- ); *H-NMR (500 MHz,
CsDg): d 0.57 (dd, 1H, H-5, J = 2.2, 10.7 Hz), 0.88-0.93 (m, 1H, H-3a), 0.98 (d, 3H, CH3 =
15, J = 6.3Hz), 1.02-1.08 (m, 2H, H1), 1.23 (s, 3H, CHs-14), 1.26-1.31 (m, 4H, H-2, H-9),
1.46-1.49 (m, 2H, H8), 1.59 (s, 3H, CHz-12), 1.71-1.78 (m, 2H, H7, H-3b), 1.89-1.95 (M,
1H, H4), 3.92 (br.s, 1H, H6), 4.76 (s, 1H, 13a), 4.83 (s, 1H, 13b); *C-NMR (125.7 MHz,
CsDe): Table 7; MS (El, 70eV), mVz (rdl. int.): 222 [M™] (6), 207 (8), 204 (16), 189 (14), 180
(5), 161 (6), 139 (35), 137 (56), 123 (100), 109 (40), 95 (32), 81 (52), 69 (41), 55 (53), 41
(79).

7.9.7. (+)-(4S,5R,6S,7R,10S)-6,11-Epoxyeudesmane (236)

Colourless ail; Rlcps 5 = 1534; R = 0.86; sense of optical rotation (benzene): (+) ; *H-NMR
(500MHz, CsDe): d 0.58 (s, 3H, CHs-14), 0.90-1.00 (m, 1H, H-3a) 1.05-1.12 (m, 1H, H-1a),
1.09 (d, 3H, CHz-15, J = 59 Hz), 1.14-1.21 (m, 2H, H-4, H-9a), 1.22-1.28 (m, 2H, H-1b, H-
5), 1.30 (8,3H, CHs-13), 1.31 (s, 3H, CHs-12), 1.36-1.48 (m, 4H,H-9b, H-8a, H-2), 1.49-1.53
(m, 1H, H-8b), 1.55-1.62 (m, 1H, H-3b), 2.55-2.60 (m, 1H, H-7), 4.28 (dd, 1H, H-6, J = 7.4,
8.7 Hz). C-NMR(125.7MHz, GDg): Table 7; MS (El, 0eV), m/z (rd. int.): 222 [M*] (4),

190



207 (5), 189 (3), 180 (3), 164 (34), 149 (77), 137 (40),123 (50), 109 (90), 95 (35), 81 (50), 69
(46), 55 (52), 41 (100).

7.9.8. (-)-(4S5R,10R)-6,7-seco-Eudesm-7(11)-en-6-al (237)

Colourless ail, RlcpgL 5 = 1614; R = 0.95; sense of optica rotation (benzene): ¢ );*H-NMR
(500 MHz, GsDg): d 0.55-0.65 (m, 1H, H-3a), 0.68 (d, 3H, CHs-15, J = 6.0 Hz), 0.81 (s, 3H,
CHs-14), 0.93-1.03 (m, 1H, H1a), 1.12-1.17 (m, 1H, H1b), 1.20-1.32 (M, 4H, H-2, H9),
1.42-1.47 M, 1H, H3b), 1.60 (& 3H, CHs-13), 1.61-1.65 (m, 2H, H4, H5), 1.68 (s, 3H,
CHs3-12), 1.85-1.94 (m, 1H, H8a), 2.06-2.13 (m, 1H, H8b), 5.16 (dt, 1H, H-7,J= 1.6, 7.3
Hz), 9.46 (d, 1H, H-6, J = 4.4 Hz). *C-NMR (125.7MHz, CsDs): Table 7; MS (El, 70eV), m/z
(rel. int.): 222 [M™] (4), 207(4), 180 (3), 161 (2), 147 (2), 137 (38), 123 (7), 109 (35), 95 (21),
81 (22), 69 (53), 55 (39), 43 (23), 41 (100).

7.9.9. (+)-(4S,10S)-Eudesma-5,7(11)-diene (238)

Colourless ail; RlcpsL 5 = 1543; sense of optical rotation (benzene): (+); *H-NMR (500MHz,
CeDs): d 1.07 (br.s, 3H), 1.09 (d, 3H, J = 6.6 Hz), 1.70 (br.s, 3H), 1.80 (br.s, 3H), 6.32 (br.s,
1H). MS (El, 70eV), mVz (rd. int.): 204 [M™] (90), 189 (100), 175 (5), 161 (38), 149 (23), 148
(25), 147 (21), 133 (57), 119 (30), 107 (26), 105 (52), 91 (56), 77 (25), 65 (18), 55 (31), 41
(69).

7.9.10. (+)-(1R*,4S*,55*,6S*,7R*)-6,11-Epoxyisodaucane (239)

Colourless ail; Rlcpgy 5 = 1468 ; R = 0.97; sense of opticd rotation (benzene): (+); *HNMR
(500 MHz, GsDeg): d 0.85 (s, 3H, CH3-15), 0.94 (dg, 1H, H-8a, J = 2.5,12.0 Hz), 1.17 (s, 3H,
CHs-13), 1.15-1.23 (m, 1H, H10a), 1.21 (d, 3H, CH3-14, J = 6.6 HZz), 1.22-1.27 (m, 1H, H-
9a), 1.30 (s, 3H, CH3-12), 1.40-1.49 (m, 3H, H-2, H-9b), 1.57-1.60 (m, 4H, H-7, H-3, H-10b),
1.66-1.72 (m, 1H, H-8b), 1.99 (t, 1H, H-5, J = 9.5HZ), 2.35-2.40 (m, 1H, H-4), 3.22 (t, 1H, H-
6, J = 9.8 Hz); 3C-NMR (125.7 MHz, GDg): Table 7; MS (El, 70eV), miz (rdl. int.): 222
[M™] (4), 208 (16), 207 (100), 189 (16), 164 (10), 151 (17), 149 (30), 135 (9), 123 (33), 109
(22), 107 (24), 93 (26), 81 (64), 79 (28), 67 (26), 55 (42), 43 (83), 41 (77).
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Table 6. *C-NMR spectra data of compounds (+)-230 and (+)-231 (125.7 MHz, CgDs);
d (ppm)

C 230 231

1 37.3(t) 36.8 (1)
2 23.0(t) 22.8(t)
3 122.1 (d) 122.5 (d)
4 1335 (9 133.9 (5
5 45.6 (d) 43.8 (d)
6 30.5 (t) 29.4 (t)
7 59.1 (d) 145.1 (s)
8 207.3 (9 200.6 (S)
9 55.7 (t) 56.4 (t)
10 36.9 (9 33.4(9
11 144.3 (9 131.2 (5
12 20.9 (q) 227 (q)
13 1132 (t) 23.8(q)
14 16.9 (g) 17.2(q)
15 21.3(q) 21.0(q)

All assgnments were confirmed by HMBC and HMQC.
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Table 7. *C-NMR spectra data for compounds (+)-234, (- )-235, (+)-236, (- )-237 and
(+)-239 (125.7MHz, CsDg), d (ppm)

C 237 236 234 235 239

1 37.3(t) 41.8(t) 440 (t) 427 (t) 426 (9
2 217 (t) 222 (t) 222 (t) 21.4(t) 419 (t)
3 34.5 (t) 36.6 (t) 38.0 (1) 37.6 (t) 26.4 (t)
4 27.6 (d) 33.8(d) 33.4 (d) 30.0 (d) 54.2 (d)
5 64.2 (d) 55.5 (d) 53.7 (d) 55.3 (d) 62.8 (d)
6 205.3 (d) 78.0 (d) 70.5 (d) 66.6 (d) 82.7 (d)
7 125.2 (d) 40.1 (d) 46.3 (d) 51.2 (d) 41.7 (d)
8 22.1(t) 18.9 (1) 22.1 (t) 225 (t) 38.6 (1)
9 43.9 (1) 39.9 (1) 38.8 (1) 44.2 (t) 235 (t)
10 36.4 () 33.1(9 34.0(9 34.0(9 412 (t)
11 131.2 (9) 83.5(9) 146.5 (9) 147.8 () 81.0 ()
12 25.9 () 31.9(q) 23.9(q) 23.0(g) 32.2(9)
13 17.6 (9) 25.1(q) 113.2 (t) 111.9 (t) 23.8(q)
14 20.0 (g) 18.2(q) 21.8(q) 20.6 () 20.3(q)
15 20.9(q) 20.7 (q) 22.8 (Q) 20.0(q) 28.1(q)

All assgnments were confirmed by HMBC and HMQC.
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8. Chemical Analysisof Barbilophozia floerkei
The essetid ol of Barbilophoza floerkel was obtained by hydrodidtillation of the plant
materid collected in August 2002 from Altenau in Germany.

8.1.1. (+)-Trisnoranastreptene (241)

Colourless ail; Rlcpg 5 = 1189; sense of optical rotation (benzene): (+); *H-NMR (500 MHz,
CeDs): d 0.97 (3H, s, H-12), 1.55 (1H, dt, H-9a, J = 6.6, 12.3 HZ), 1.69 (3H, br.s, H-11), 1.70-
1.84 (2H, m, H-8a, H-9b), 1.86-1.89 (1H, m, H-8b), 1.90-1.95 (2H, m, H-1, H-2a), 2.43 (1H,
dd, H-2b, J = 7.9, 17.7 HZ), 5.12 (1H, br.s, H-3), 5.50-5.54 (1H, dg, H-7, J = 2.2, 9.5 Hz),
6.21 (1H, dd, H-6, J = 2.8, 10.1 Hz); 3C-NMR (125.7 MHz, CsDs): d 13.5 (g, C-12), 15.1 (q,
C-11), 225 (, C-8), 28.1 (s, C-10), 29.3 (t, C-9), 31.6 (t, C-2), 32.0 (d, C-1), 42.7 (s, C-5),
122.4 d, C-7), 124.4 (d, C-3), 128.4 (d, C-6), 140.6 (s, C-4); MS (EI 70eV), m/z (rdl. int.):
160 [M™] (34), 145 (100), 130 (33), 117 (42), 115 (43), 105 (35), 91 (59), 77 (38), 65 (27), 51
(37); HRMS caled for CioHie [M*] mVz 160.1252 found [M*] m/z 160.1245.

8.1.2. 1,4-Dimethylazulene (244)

Blueoil; RicpsL 5= 1528; *H-NMR (500 MHz, CDs): d 2.53 (3H, 5), 2.58 (3H, ), 6.75 (1H,
d, J=10.4 Hz), 6.79 (1H, t, J= 9.8 Hz), 7.20 (1H, d, J = 9.8 HZ), 7.33 (1H, d, = 3.8 Hz),
7.66 (1H, d, J= 3.8 Hz), 8.05 (1H, d, J = 9.1 Hz).

8.1.3. (+)-1,2,3,6-Tetrahydro-1,4-dimethylazulene (245)

Colourless ail; RlcpsiL 5 = 1244; sense of optical rotation (benzene): (+); *H-NMR (500 MHz,
CeDe): d 1.12 (3H, d, H-11, J = 6.9 Hz), 1.28-1.35 (1H, m, H-2a), 1.79 (3H, s, H-12), 1.97-
2.03 (1H, m, H-2b), 2.04-2.10 (1H, m, H-6a), 2.35-2.40 (1H, m, H-6b), 2.45-2.51 (1H, m, H-
34), 2.52-2.58 (1H, m H-3b), 2.84-2.90 (1H, m, H-1), 5.05 (1H, t, H-5, J = 6.6 Hz), 5.36 (1H,
dd, H-7, J = 6.6, 16.1 H2), 6.10 (1H, d, H-8, J = 95 H2); 3C-NMR (125.7 MHz, CsDe): d
205 (g, C-12), 2.0 (g, C-11), 28.2 (t, C-6), 32.0 (t, C-2), 34.2 (t, C-3), 42.6 (d, C-1), 115.2
(d, C-5), 119.2 (d, C-7), 125.3(d, C-8), 133.8 (s, C-4), 142.6 (s, C-10), 146.1 (s, C-9); MS (El
70eV), miz (rd. int): 160 [M*] (22), 145 (100), 130 (23), 128 (29), 118 (39), 115 (36), 105
(12), 91 (28), 77 (22), 63 (22), 51(31); HRMS calcd for CroHys [M*] vz 160.1252 found [M']
mvz 160.1240.
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8.1.4. (-)-2,3,3a,4,5,6-Hexahydro-1,4-dimethylazulen-4-ol (246)

Colourless ail; Rlcps. 5 = 1448; sense of optica rotation (benzene): (- ); *H-NMR (500 MHz,
CeDe): d 1.00 (3H, s, H-12), 1.57 (3H, br.s, H-11), 1.71-1.82 (3H, m, H-3a, H-5), 1.84-1.91
(1H, m, H-3b), 1.95-2.03 (1H, m, H-6a), 2.04-2.13 (1H, m, H-2a), 2.14-2.25 (2H, m, H-2b, H-
6h), 2.93 (1H, br.t, H-10, J = 6.3 Hz), 5.51-5.55 (1H, m, H-7), 6.26 (1H, d, H-8, J = 11.7 H2):
13C-NMR (125.7 MHz, GsDg): d 14.6 (g, C-11), 20.7 (g, C-12), 24.8 (t, C-3), 25.9 (t, C-6),
37.3 (t, C-2), 44.4 (t, C-5), 60.3 (d, C-10), 74.7 (s, C-4), 124.8 (d, C-8), 128.7 (d, C-7), 133.7
(s, C-9), 139.1 (s, C-1); MS (El 70eV): miz (rdl. int.): 178 [M*] (12), 160 (43), 131 (73), 117
(48), 115 (50), 105 (57), 91(100), 79 (59), 77 (70), 65 (35), 51 (53); HRMS caled for CioH160
[M*] mVz 178.1357 found [M*] m/z 178.1354

8.1.5. 5,6-Dihydro-1,4-dimethylazulene (248)

Ydlow ail; RlcpsiL 5 = 1425; *H-NMR (500 MHz, GsDe): d 1.81 (3H, ), 1.93 (3H, s), 2.11-
2.18 (4H, m), 5.63-5.67 (1H, m), 6.29 (1H, d, J = 5.4 Hz), 6.51 (1H, d, J=5.4 Hz), 6.57 (1H,
d, J = 11.0 Hz); MS (El, 70eV), m/z (rdl. int.): 158 [M™] (30), 156 (84), 155 (83), 143 (55),
142 (22), 141 (100), 128 (78), 115 (59), 102 (9), 89 (10), 77 (24), 63 (29), 51 (32), 39 (33).
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9. Hazar dous chemicals

Compound Hazard symbol R(risk) phrases S (safety) phrases
Acetone F 11 9-16-23,2-33
Benzene-ds F, T 42,2-11- 23/ 241 25- 48|53 - 16 - 29 - 44
Boron trifluoride- CF 15- 34 16-23,2-26-28,1
Diethyl ether Complex - 36

Chloroform Xn 22-38-40-48/20/22 |36/ 37
Chloroform-d; Xn 22-38-40-48/20/22 |36/37
mChloroperbenzoic O, Xi 7-36/37/38 3/7-14, 10-36 /37/ 39
acd

Dichloromethane Xn 20- 40 24

Diethyl ether F 12-19 9-16-29- 33
Ethanol F 11 7-16

Ethyl acetate F 11 16-23,2-29- 33
n-Hexane Xn, F 11- 48/ 20 9- 16- 24/ 25-29-51
Hydrogen F 12 9-16- 33

Lithium duminium F 15 7/18-24/25 43
hydride

Methanol F, T 11- 23/ 25 7-16-24-45
Pdladium A - -

Pentane F 11 9-16-29-33
Pyridinium dichromate | T, N 49-43-50/53 53-45-60- 61
Pyridine Xn, F 11-20/21/22 26- 28,1
Phosphoryl chloride C 34 - 37 718-26-45
Sodium sulphate - - -

Sodium carbonate Xi 36 22 - 26

Sodium hydrogen - - -

carbonate

Sodium hydroxide C 35 26-37/39- 45
Siver nitrate C,N 34-50/53 26 - 45- 60 - 61
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11. *H-NMR Spectra of Compound.

H-NMR (500 MHz, C:Dg) of Amorpha-4,11-diene (31)

(ppm)

'H-NMR (500 MHz, C4Dg) of Muurolan-4, 7-peroxide (69)
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'H-NMR (500 MHz, C¢Dg) of Amorpha-4,7(11)-diene (70)
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(ppm)

'H-NMR (500 MHz, CsDg) of Plagj 0-4,7-peroxide (74)
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H-NMR (500 MHz, CsDg) of Plagi ochiline-W (75)

'H-NMR (500 MHz, C4Dg) of Plagiochiline-X (76)

6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 15 1.0
(ppm)
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'H-NMR (500 MHz, C:D,) of 4-epi-Madlid (77)

(ppm)

H-NMR (500 MHz, C¢Dy) of Selina-5,11-diene (80)
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(ppm)
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'H-NMR (500 MHz, C4Dg) of Selina-5,7(11)-diene (83)

(ppm)

'H-NMR (500 MHz, C¢Dg) of Bisabola-1,3,5,7(14)-tetraene (84)
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H-NMR (500 MHz, CDg) of Bisabdla-1,3,5,7-tetraene (85)

(ppm)

IH-NMR (500 MHz, CcDg) of Aromadendra:-1(10),3-diene (86)

56 5.2 48 44 40 36 32 28 24 20 16 12 08
(ppm)
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H-NMR (500 MHz, CsD¢) of b-Longipinene (92)
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H-NMR (500 MHz, CgDg) of cis-b-Elemene (93)
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H-NMR (500 MHz, C¢Dg) of Heminthogermacrene (107)
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(ppm)

'H-NMR (500 M Hz,acetone-dg) of Helminthogermacrene (107)
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'H-NMR (500 MHz, CsD) of Perfora-1,7-diene(110)

5.6 5.2 4.8 4.4 4.0 3.6 3.2 2.8 2.4 2.0 1.6 12 0.8
(opm)

HNMR (500 MHz, CgDg) of 8,9-Epoxysdina-4,11-diene (143)
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H-NMR (500 MHz, C¢Dg) of Eudesma-4,11-dien-8a-ol (147)
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H-NMR (500 MHz, C¢Dg) of Gymnomitr-3(15),4-diene (166)

LRSI LA L B S B L B B B B B S S H e [SULEN B R S S LI B | T
6.0 5.6 5.2 4.8 4.4 4.0 3.6 3.2 2.8 2.4 2.0 16 12 0.8
(ppm)

221



'H-NMR (500 MHz, C¢Dy) of Eremophila-1(10),8,11-triene (173)
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H-NMR (500 MHz, CqDg) of Marsupellyl acetate (175)
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'H-NMR (500 MHz, CsDg) of 4-epi-Marsupellyl acetate (176)

H-NMR (500 MHz, CgD¢) of 5a-Hydroxymarsupellyl acetate (177)
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HYNMR (500 MHz CgDg) of 4b-Acetoxygymnomitr-3(15)-ene (180)

(ppm)

'H-NMR (500 MHz, C¢Dy) of 4b,5b-Diacetoxygymnomitr-3(15)-ene (181)
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'H-NMR (500 MHz, CgDg) of 5b-Acetoxygymnomitr-3(15)-ene (182)
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H-NMR (500 MHz, C4Dg) of 3b,15b-Epoxy-4b-gymnomitrane (183)
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H-.NMR (500 MHz, CsDg) of 3a,15a-Epoxy-4b-gymnomitrane (184)
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H-NMR (500 MHz, C¢Dg) of 15-A cetoxygymnomitr-3-ene (185)
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'H-NMR (500 MHz, C¢Dg) of a-Barbatenal (186)

(ppm)

H-NMR (500 MHz, C¢Dg) of 12-Acetoxygymnomitr-3(15)-ene (187)
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'H-NMR (500 MHz, C¢Dg) of 5b-Hydroxygymnomitr-3(15)-ene (190)

48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10
(ppm)

H-NMR (500 MHz, CsDg) of Gymnomitr-3(15)-en-12-al (193)
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'H-NMR (500 MHz, CDg) of Myltayl-4(12)-ene (198)

(ppm)

'H-NMR (500 MHz, CsDg) of Mytayl-4-ene (199)
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'H-NMR (500 MHz, C¢Dg) of 7b-Hydroxyamorpha-4,11-diene (200)
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'H-NMR (500 MHz, CgDg) of 9a-Hydroxyamorpha-4,7(11)-diene (201)
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H-NMR (500 MHz, CgDg) of 3a-Hydroxyamorpha-4,7(11)-diene (202)
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H-NMR (500 MHz, C¢Dg) of Amorpha-2,4,7(11)-triene (203)

e \

LN L B B B S S B R S S DL B B B B R S B DL B S B S S B DL B R B R B R S R B S |
6.0 5.6 5.2 4.8 4.4 4.0 3.6 3.2 2.8 2.4 2.0 16 1.2
(ppm)

231



H-NMR (500 MHz, CgDg) of 3a-Acetoxyamorpha-4,7(11)-diene (204)
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56 5.2 48 44 40 36 32 28 24 20 16 12 08
(Ppm)

H-NMR (500 MHz, CsDg) of Amorpha-4,7(11)-dien-3-one (205)
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THNMR (500 MHz, C¢Dy) of 2,8-Epoxyarorprer4,7(11)-ciene (206)
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THNMR (500 MHz, CeDg) of 5.9-Epaxyamorphac4, 7(11)-diene (209)
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H-NMR (500 MHz, CsDg) of 2a-Acetoxyamorpha-4,7(11)-diene (210)
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(ppm)

H-NMR (500 MHz, CgDg) of 2a-Hydroxyamorpha-4,7(11)-diene (211)
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H-NMR (500 MHz, CgDg) of 2b-Acetoxyamorpha-4,7(11)-diene (212)

(ppm)

H-NMR (500 MHz, CgDg) of 9b-Hydroxyselina-4,11-diene (214)
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H-NMR (500 MHz, C:Dy) of Sdina-4(15),11-diene-5b-ol (222

'H-NMR (500 MHz, CgDg) of Selina-4(15),11-diene-5a-ol (223)
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'H-NMR (500 MHz, C¢Dg) of Eudesma-3,11-dien-8-one (230)

IH-NMR (500 MHz, CDg) of Eudesma-3,7(11)-dien-8-one(231)
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"H-NMR (500 MHz, CgDg) of de-isopropyl eudesma-3,(11)-dien-8-one (233)
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TH-NMR (500 MHz, CgDg) of 6b-Hydroxyeudes-11-ene (234)
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H-NMR (500 MHz, CgDg) of 6a-Hydroxyeudes-11-ene (235)

48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 08
(ppm)

H-NMR (500 MHz, CgDg) of 6,11-Epoxyeudesmane (236)
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"H-NMR (500 MHz, CgDg) of 6,11-Epoxyisodaucane (239)
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H-NMR (500 MHz, CgDg) of 1,2,3,6-Tetrahydro-1,4-dimethylazul ene (245)
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'H-NMR (500 MHz, C¢D) of 2,3,33,4,5,6-Hexahydro-

1,4-dimethylazulene-4-ol (246)
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'H-NMR (500 MHz, C¢D) of 5,6-Dihydro-

LI S B |
2.0 16

T
12

1,4-dimethylazulene (248)

NI

T T T T T T T T T T T T T T T T T T T T
6.4 6.0 5.6 5.2 4.8 4.4 4.0 3.6 3.2 2.8
(ppm)

241

T T
2.4

T
2.0

1.6




12. Mass spectra of Compounds
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