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1. Introduction

Germacrenes are an important group of sesquiterpenes widely
occurring in nature and are considered as important intermediates
in the biosynthesis of other sesquiterpenes. Common to germa-
cranes cyclodecadiene ring system are their ability to undergo
conformational changes, their great tendency to undergo Cope
rearrangement and transformation to a large variety of products
upon acid or irradiation treatment.

Because germacrenes’ rearrangement products were eventually
found as naturally occurring metabolites, the elucidation of un-
known rearrangement products is believed to facilitate the dis-
covery of new natural products.?

This review will focus on rearrangements and transformations
(Coperearrangements, acid induced cyclizations and photochemical
treatments) of germacrenes A-E and related compounds in the last
50 years. The general identification and isolation, stereochemistry
and conformational analysis, biosynthesis, biotransformations and
bioactivity of selected germacranes are also discussed. Selected
germacrane oxidation products that occur in nature, which
appeared interesting to the author will also be discussed.

In 1971, Sorm’ a pioneering member of germacrane chemistry
published a review on a survey of structural features of several
isolated sesquiterpenes with 10-membered carbon rings. Roberts
and Bryson (1984)* published a review on isolated sesquiterpe-
noids including germacranes and beginning from 1985 an annual
update of the literature of newly isolated and synthesized sesqui-
terpenoids including germacranes and related compounds are also
being published in the natural products reports by Fraga.>®™" Re-
cently, a review on the syntheses of germacrane sesquiterpenes and
related compounds was published by Minnaard et al.® and from
time to time various topics on germacranes have also been pub-
lished by various groups and will be cited where appropriate to
enable further reading.

The bibliographic search in SciFinder Scholar using the key word
germacrene(s) as of June 8th, 2007 gave a total of 4358 journal
articles. While in 1962 only one article contained the key word
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Figure 1. Germacrone (1).

germacrenes, the number has increased to 478 in 2005 and 544 in
2006. These journals range from isolation to synthesis and bio-
synthesis, synthases, rearrangements reactions and so on. The in-
crease in the number of publications on germacrenes demonstrates
how widespread and interesting the compounds are.

The name germacrane-type is derived from the skeleton of ger-
macrone (1) the major sesquiterpenoid isolated from the Bulgarian
‘Zdravets’ oil (Geranium macrorrhizum),”*® (Fig. 1). Formerly, stru-
cture of 1 had been proposed as an oxide with guaiane skeleton®
named, germacrol.® The structure of germacrol was established in
1957 as a 10-membered ring monocyclic ketone sesquiterpenoid
and it was renamed germacrone (1).72P

Germacrane sesquiterpenoids occur widely in nature!® and they
have unique conformational flexibility.!'*™ They are also an important
biogenetic'?® and biosynthetic intermediates'>® between either
farnesyl diphosphate (FPP) or nerodily diphosphate (NPP) and several
classes of sesquiterpenes such as eudesmanes, guaianes, eremophila-
nes,'¥3¢ germacranolides,”® spirovetivanes, cadinanes,'®*® amor-
phanes and other types of sesquiterpenes (Scheme 1).

In Scheme 1, germacranyl cations (A and B) formed from both
FPP and NPP could be responsible for the formation of the cadi-
nanes, amorphanes and muurolanes, 42162017

The biosynthetic pathway for rarely occurring gorgonanes and
zieranes has been proposed via formation of isogermacranyl cation
(C) formed from bicyclogermacrane that had undergone induced
enzymatic cyclopropane ring opening followed by deprotonation.'
In the case of pregeijerene, Cool and Adams'® suggested the pos-
sibility of an enzymatic degradation of a structurally related
germacrane.
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Scheme 1. Proposed biogenetic pathways for other sesquiterpenes from farnesyl diphosphate (FPP) and nerodily diphosphate (NPP) via germacranyl cations.
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1.1. Occurrences, structures and selected bioactivities

Germacrane sesquiterpenes are widespread in nature; in higher
plants such as Solidago species (Solidago canadensis, Solidago altis-
simaL.),>2%> Ageratum conyzoides L.>! Chloranthus spicatus (Thunb.)
Makino,?? caraway herb and root,> fresh costus roots (Saussurea
lappa),®* Hedycarya angustifolia A. Cunn.,”> Smyrnium olusatrum,?®
Acorus calamus L.?7*¢ and Meum athamanticum;?® in liverworts
such as Scapania undulata,®® Lepidozia fauriana, Lepidozia vitrea,°
and for more liverwort species read the review by Asakawa;>' in
mosses such as Mnium hornum, Mnium marginatum, Mnium stellare,
Plagiothecium undulatum and Taxiphyllum wisgrillii;>? in arthropods
such as termite (Amitermes wheeleri,>32 Reticulitermes), > American
cockroaches (Periplaneta Americana)**® and aphid (Therioaphis
maculala);?*®? in marine invertebrates such as Eunicea mimosa,3®
Sinularia mayi3 Sinularia polydactyla, Lithophyton arboretum,
Strereonephthea cundabiluensis,>® Pacifigorgia pulchra exilis, Paci-
figorgia media and Tubipora musica,>® and in microorganisms such
as Helminthosporium sativum fungus®® and Streptomyces citreus
bacteria.#12P

Structurally, the cyclodecadiene system of germacranes consists
of two endocyclic double bonds at 1(10)- and 4(5)- positions and
methyl groups at C4 and Cy9 with an isopropyl group at C;. This
cyclodecadiene system consists of an isoprene units linked in head-
to-tail fashion consistent with the Isoprene rule***" (Scheme 2).
With respect to the endocyclic double bonds in the 1(10)- and 4(5)-
positions of the cyclodecadiene system, germacranes are classified
into four possible geometric isomers namely E,E-germacranes,
(Z,E)-germacrenes (melampolides), (E.Z)-germacrenes (heli-
angolides) and (Z.Z)-germacrenes,®!'"43 (Scheme 2). The trend of
natural occurrences of geometric isomers is as follows:
(EE)>(ZE)~(EZ)>(ZZ), suggesting that of all these four isomers,
E,E-germacranes are the most common in nature with few (Z,2)-
germacranes.

E E- Z E- E Z- ZZ-

Scheme 2. Germacranes’ geometrical isomers.

Recently, a regioisomer of (E,E)-germacrane with the isopropyl
group at Cg was reported '®44 and it has been proposed to be bio-
genetic precursor of the rare gorgonanes, zieranes and iso-humu-
lane sesquiterpenoids skeleton,'® Scheme 1.

Germacrane sesquiterpenes have been reported to have various
biological purposes and effects in nature.!® These purposes
range from biosynthetic intermediates of several sesquiter-
penes!6ab13ab14a-c1545 ¢4 spacific biological activities such as sex
pheromones,**%%6  alarm pheromone,**" anti-inflammatory
activities,¥®P anti-cancer agents,*8¢ antiplasmodial activity,*
antibacterial and antifungal activities,®® antifeedant,”! tubulin
inhibitor,>? phytotoxic activity,>> inhibitor of tumour necrosis and
interleukin-6,>* PTP1B inhibitor,”> NF-kB inhibitors,’® inhibitors of
preadipocyte differentiation,®” inhibitors of germination and seed-
ling growth in plant species,®® moth antennal receptor neuron
activator,>® nematicidal activity,%° cytotoxic activity,®! tyrosinase
inhibitory activities®? and other various biological activities.

Interestingly, germacrene artefacts (elemenes) or the Cope
rearrangement products isolated from the traditional Chinese
medicinal herbs Rhizoma zedoariae, Curcuma Wenyujin Y. H. Chen et
C. Ling and other higher plants have been reported to be effective in
the treatment of leukemia and carcinomas of the brain, breast, liver
and other tissues in China.532

1.2. Identification and isolation

The identification of germacranes is usually accomplished by gas
chromatography coupled with mass spectrometry (GC-MS) in
electron ionization mode (EI). Several general mass spectral
libraries such as the Wiley and the NIST library®* are available, but
specialized libraries for volatile compounds (e.g., MassFinder),
which contains a large collection of mono- and sesquiterpenoids,®”
are sometimes more useful. These libraries offer tremendous
identification opportunity, but they can also fool an inexperienced
user, because a closest hit within the library might be taken as
positive identification. In cases where germacrane related com-
pounds generate similar mass spectra, for example, different po-
sitional and geometrical isomers, compound identification cannot
be performed on the basis of the mass spectrum alone. Therefore,
inclusion of additional data, such as gas chromatographic retention
indices, is critical for structure determination®®®-¢ (Table 1).6°

Generally, gas chromatographic (GC) analyses of extracts or es-
sential oils commonly show the co-existence of germacrenes and its
thermal artefact (elemane). And sometimes, presence of a particular
elemene-type serves as a reliable indicator of its precursor germa-
crane. Thus, in cases where germacrane is present in trace amounts
the corresponding elemane allows accurate prediction because the
elemane-type is usually more abundant or higher.25672-h

Often, higher plants have sesquiterpenes of opposite enantio-
mer to that of lower plants or microorganisms,%6% %320 for exam-
ple, (—)-germacrene A (2) was first isolated from the gorgonian
Eunicea mammosa®® while its (+)-enantiomer is commonly wide-
spread in the higher plants such as caraway herb and root,?* and
fresh costus roots (S. lappa).2*

Only a few germacranes are readily available in their pure form.
This is due to instability associated with their isolation during the
sample handling procedures from their natural sources. The iso-
lation difficulties originate from the sensitivity of their endocyclic
double bonds, which sometimes undergo closures that give other
bicyclic sesquiterpenes in slightly acidic conditions®>?4%93-¢ and
elevated temperatures."!1em14b.c.24.29,36,69

Table 1

Identified germacrene compounds, their Cope rearrangement product and related
compounds detected by a non-polar polysiloxane CPSil-5 column under same ex-
perimental conditions. The compounds are listed in order of their retention indices
and were identified by matching GC-MS retention indice and mass spectrum to
authentic standard®>65¢

Compound Retention indice
Geijerene (127) 1139
Pregeijerene B (128) 1274
Pregeijerene A (10) 1288
Bicycloelemene (120) 1338
d-Elemene (79) 1340
iso-B-Elemene (53) 1359
cis-p-Elemene (37) 1381
trans-B-Elemene (36) 1389
v-Elemene (59) 1429
Isogeremacrene D (97) 1445
Isobicyclogermacrene (121) 1477
Germacrene D (34) 1479
Isolepidozene (124) 1483
Bicyclogermacrene (119) 1494
Isogermacrene A (51) 1502
Germacrene A (2) 1503
Helminthogermacrene (19) 1503
E,Z-Germacrene B (78) 1543
Germacrene B (4) 1552
Germacrene C (33) ND
Germacrene E (118) ND
Elemone (134) 1589
Furanodiene (157) 1624
Germacrone (1) 1684
Costunolide (11) 1914
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Therefore, the isolation of germacrane requires mild conditions
and methods used also depend on complexity of the sample. These
methods include column chromatography on silica gel or Al,03 or
prep-TLC or prep-GC or HPLC or a combination of two to three of
these methods. Isolations have been achieved on column chroma-
tography using silica gel with eluent such as n-pentane or n-pentane-
ethyl acetate at room temperature or at —25 °C,211m6970,71a-d
AgNOs-impregnated silica gel with Et,0 and Et;0-MeOH as elu-
ents,’®24 AgNOs-impregnated Al,03 with hexane-Et,0 as eluent, 2%
deactivated-Al,03 with n-pentane-Et,0 as eluent,'® 30% pow-
dered sucrose and 70% florisil mixed as dry solids with n-
hexane®® and by prep-TLC (silica gel) at room temperature for
further purification!'™ or at —25 °C.5%¢ Other methods include prep-
GC with SE-30 column,>'82%722 and prep-GC with enantioselective
cyclodextrin columns such as heptakis(6-O-tert-butyldimethyl-silyl-
2,3-di-O-methyl)-B-cyclodextrin and octakis(2,6-di-O-methyl-3-O-
pentyl)-y-cyclodextrin.>**>7?® For germacranolides, which are less
volatile and thermolabile, HPLC on reverse phase or sometimes
normal phase may be preferable,’? or at times a combination of
silica gel column chromatography, Sephadex LH-20 and HPLC.”*
For more information on analytical techniques readers are for-
warded to a review by Merfort.”

1.3. Conformational and stereochemical analyses

Of all the four germacrane geometric isomers, the conforma-
tional behaviour of (E,E)-germacranes has been studied inten-
sively,11d-811i-176a-C Thage studies have shown that cyclodecadiene
ring of germacranes in this case hedycaryol (3) can adopt four dis-
tinct conformations, which has been denoted as UU, DU, DU, and DD.
U (up) and D (down) refer to the orientation of the methyl groups at
C4and Cqg (Scheme 3). The UU and DD conformations have a crossed
endocyclic double bonds while UU and DD have a parallel endocyclic
double bonds. The inversion of the C;-Cg unit in the cyclodecadiene
ring is highly dependent of substituent at C;, which preferably
occupy an equatorial or pseudoequatorial position.!14-8/m

14
MH
= OH
4 35 7 —
uu ubD
% H

T
DD

DU

Scheme 3. Conformational behaviour of hedycaryol (3) in four distinct conformations,
which has been denoted as UU, DU, DU, and DD.'¢

Samek and Harmantha (1978) introduced an extensive notation
to denote the cyclodecadiene conformers formed from E,E-, E,Z-,
ZE- and ZZ-germacranes. '8 The corresponding notations for the
case of EE-cyclodecadiene are as follows: UU=(;D', '>Ds),
UD=(;D", 15D°), DD=("D14, 15D°), and DU=('D4, '°D5).""8

In solution, most (EE)-cyclodecadiene system have been
reported to show a temperature dependent NMR spectra indicative
of several interconvertible conformational isomers in equili-
bria.l1efim14b< This interconversion usually results in broadened or
multiplet sets of NMR signals.'1d.fm14b.c36.77

Reliable predictions of most stable conformations of the germa-
cranes have been achieved by molecular mechanics calculations
(MMC), NMR (NOE) and X-ray studies or sometimes a combination of
any of these methods. The molecular mechanics calculations (MMC)
have been applied to study many hydrocarbons including

cyclodecadiene rings and reliable predictions of conformations, heats
of formation, steric energies, and in some cases estimates of energy
barriers between conformers have been achieved.!P¢k-m78a-c

Before MMC, the most favourable transition state of (E,E)-
cyclodecadiene system reported is the chair-chair (CC).""'f'69b This
observation was later confirmed when MMC was applied to the
thermal isomerization products of (E,E)-1,5-cyclodecadiene. /1M1
Terada and Yamamura (1979) have evaluated the relative stabilities
of each conformation of germacrene A (2), hedycaryol (3) and
germacrene B (4) in their ground states and transition states. In
these experiments they confirmed that elemenes are formed from
the corresponding germacrenes through the most stable transition
states (CC), regardless of the most stable conformers in each ground
state. They also indicated that the two elemanes shyobunone (5)
and epi-shyobunone (6), resulting from acoragermacrone (7), are
formed from CC, and CC and CT, respectively.'™ Molecular me-
chanics calculations (MMC) also revealed that germacrene B (4) has
two comparably stable conformations.”®"

Ground state conformation of all possible geometrical isomers
of hedycaryol (3) (E,E-, E,Z-, Z,E-, Z,Z-) have also been estimated by
MMC and all the four isomers are indicated to exist in more than
two conformations in which the parallel conformation (TC or TT) is
reported to be the most stable for all isomers.”6%78¢

Using MMC, Tashkhodzhaev and Abduazimov (1997)'! have
suggested a detailed probable structural types of cis/trans-guaianes
and cis/trans-eudesmanes formed from the four conformers of
E,E-germacranes via a transannular cyclization. They have also
suggested the possibility of similar structural guaianes and eudes-
manes type of compounds from (E,Z)- and (Z,E)-germacranes.'!

Intramolecular nuclear Overhauser effect (NOE) measurements
have been used to deduce the stable conformation of germacrene-
type sesquiterpenes in solution."'® In a few cases, NOE experiments,
in combination with variable-temperature 'H NMR spectra and/or
molecular mechanic calculations, have been applied to establish
the preferred conformation germacranes.''®793-4 Wharton et al.
(1973) concluded that hedycaryol (3) consists mainly of one crossed
and two parallel conformations and that the conformational
changes is rapid at 90 °C and slow at —30 °C, with the parallel
conformations predominating to 75% at —30 °C and that they are
favoured to the parallel forms at higher temperatures.

Recently, using variable-temperature 500 MHz 'H NMR spectra in
CDCI3, the three NMR-distinguishable conformational isomers of
(+)-germacrene A (2) were established to occur in the ratio 5:3:2 at or
below ordinary probe temperature (25 °C) by Coate’s group.'"™ They
assigned 52% UU, 29% UD and 19% DU to the conformer structures based
on 'HNMR data comparison, NOE experiments and vicinal couplings.'™

Using a variable-temperature 'H NMR spectroscopy, Allemann’s
group (2007) showed that 5-fluorogermacrene A (8) indicates the
existence of two conformers in the ratio 3.22:1 that were in slow
exchange at —60 °C, while at 90 °C the two isomers gave rise to
averaged NMR signals.'®® Consistent with 8, '"H NMR and °F NMR
spectra of (—)-1-fluorogermacrene (9) at 25 °C also revealed the
existence of a 7:3 mixture of UU and UD conformers in solution.!4¢

X-ray analysis of silver nitrate adducts of pregeijerene A (10),%°
costunolide (11),8'2 germacrene B (4)8'? and germacrone (1)8? have
shown that the most stable chair-chair (CC) conformation is also
the one that is preferred in the solid state. Recently, attempts to
prepare X-ray quality crystals of the AgNO3 adduct of (+)-germacrene
A (2) using the literature methods have been reported to be
unsuccessful.'™

1.4. Cope rearrangements
Cope rearrangement in germacranes is a stereospecific [3,3]-sig-

matropic rearrangement that proceeds via the most stable chair-like
transition state of 1,5-cyclodecadiene to give 1,2-divinylcyclohexane
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system. The configuration of 1,2-divinylcyclohexane formed depends
on most stable chair-like transition state conformation of the corre-
sponding 1,5-cyclodecadiene."'*#1583 The mechanism of Cope rear-
rangement has been studied®?¢ and various groups have
contributed to the understanding of this rearrangement.8>2-1

It is also well known that Cope rearrangement is a reversible
process®62-4 and that equilibrium between 1,5-cyclodecadiene and
1,2-divinylcyclohexane system depends on the nature and config-
uration of substituents.3>'864:87ab while EE-cyclodeca-1,5-dienes
are known to undergo Cope rearrangement to give trans-1,2-
divinylcyclohexane,1m14b.c3669% the 7 F_cyclodeca-1,5-dienes give
cis-1,2-divinyl derivative®®67276¢88 and it has been established that
the presence of a fused five-membered ring at positions Cg and Cy
in the ZE-cyclodeca-1,5-diene derivatives influences the stereo-
structure of the 10-membered ring transition state, which has an
important effect on the rearrangement.38

Recent investigation by Sezter (2008) on energetics of Cope
rearrangement product of 17 germacrane sesquiterpenoids by
density functional theory (B3LYP/6-31G*) and post Hartree-Fock
(MP2/6-31G+**) showed that different substitution patterns affect the
relative energetics of the germacrene-elemene Cope rearrange-
ment.3° The results of these two calculations are in qualitative
agreement with the experimentally observed Cope rearrangements,
eventhough the two methods gave slightly different results.3°

Generally, germacranes undergo Cope rearrangements to ele-
manes, and it is possible to detect variation in the amount of ele-
mane produced from their germacrane precursor by variation of GC

OH
OH
E,E-3 E,Z-3
OAc _ OAc
XN
12
=z

H OH

17

7

1537

OH

e

10 1

injector port temperature. The increase in temperature of GC in-
jector port leads to an increase in the amount of elemane produced
with a corresponding decrease in the precursor germacra-
ne 1M 1724296990 15 few cases, small amount of diastereomeric
elemanes could also be formed in addition to the major elemane
produced at slightly high temperature.?’

The existence of different germacrane conformations have been
postulated to explain the formation of a small amount of di-
astereomeric elemanes during the thermal Cope rearrangement of
a few cyclodecadienes such as acetyl caulesol (12), which rear-
ranges into two elemanes 13 and 14 in ratio 5:3, respectively.’!
Thermal reactions conducted at higher temperatures (ca. 500 °C)
with synthesized hedycaryol isomers E,E-(3), ZE-(3), E,Z-(3) and
Z,7-(3) led to the formation of diastereomeric elemols (15, 16,17,18)
in addition to the low temperature formed elemols from corre-
sponding hedycaryol isomer.”®¢ They suggested that although the
diastereomeric elemols can be explained as being formed from
respective conformation of hedycaryols, and they also noted a few
features against the explanation and as a result, an additional
pathway involving the retro-Cope rearrangements of the pre-
formed low temperature elemols was considered.”®

Occurrence of similar diastereomeric elemanes have also been
reported for germacrene A (2),45% and it derivatives (alcohol, al-
dehyde and carboxylic acid),>* and helminthogermacrene (19).%° In
5-fluorogermacrene A (8) and 1-fluoro-germacrene A (9), which
appear more stable than germacrene A (2), only the corresponding
major fluoro-elemane were observed.'?<

ZE-3

2,23

18 19
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Scheme 4. Biotransformation of germacrone (1)

1.5. Acid induced transannular cyclizations

Germacranes undergo transformation to a large variety of
products upon acid treatment. Acid induced cyclization of (E,E)-
germacranes has been studied extensively,!4242569abde76c92a-e
whereas the induced transannular cyclizations of its geometric
isomers such as (ZE)-germacranes (melampolides),’5%930 (Ez)-
germacranes (heliangolides)?69¢76¢92d  and  (Z,2Z)-germacranes
appear to be limited to a few studies."!

Commonly, induced transannular cyclization of (E,E)-germa-
cranes system produced corresponding trans-selinane-type, while
(ZE)- and (E,Z)-germacranes system produced cadinane-type and
trans- or cis-selinane-type or guaiane-type sesquiterpenes.>%2¢92d

From molecular mechanics calculations (MMC), a detailed
probable cis/trans-guaianes and cis/trans-eudesmanes structural
types that could result from transannular cyclization of (E,E)-ger-
macranes have been reported by Tashkhodzhaev and Abduazimov
(1997) and they have also suggested the possibility of having similar
structural types of compounds from (E,Z)- and (Z,E)-germacranes.'!

Several kinds of acidic reagents and solvents that have been
used to induce cyclization include 80% aq AcOH, 80% aq HCOOH,
AlCl3 in absolute ether, AcOH in PhSH, 100% HCOOH in PhSH and
concd HySO4 in PhSH;%24 80% aqAcOHat0°Cfor 1 h;93¢ adsorption
on Si0,:%9¢922 adsorption on SiOs, acetic acid, p-toluene sulphonic
acid, or Amberlyst® 15, BF3, AICI3;? p-toluenesulfonic acid;** stor-
age at 4 °Cin CDCl; for at least one week, treated with BFs in diethyl
ether, and acidic ion exchange resin Amberlyst® 15;5%¢ treated with
CF3CO,H in CDCls; "¢ and when subjected to basic treatment such
as basic alumina.”3%€

1" 30

The rearrangements products obtain from acid induced cy-
clizations depend on acid reagents or solvents use, reaction time
and temperature,26%¢924 while the percentage (%) yield of
products is dependent of the overall reaction conditions.? With
increasing reaction time, secondary rearrangement products
could also be formed, which cannot be related to the starting
material.?

1.6. Biotransformations

The studies on biotransformation of germacranes have led to the
discovery of bio-activation and/or bio-inactivation metabolites
with unique structures. Biotransformation of germacrone (1) by
Aspergillus niger” and cultured plant cells of Curcuma zedoaria®®
produced similar as well as new sesquiterpenoid metabolites of
hydroxylated guaiane-type (20, 21), eudesmane-type (22, 23, 24,
25), together with allylic alcohols (26) and glucosylated eudesmane
(27) (Scheme 4). The configurations of some of the derivatives were
opposite to those of the sesquiterpenes isolated from the Curcuma
species, such as Curcuma aromatica, Curcuma longa and C. zedoa-
ria.%% Biotransformation of germacrone (1) examined by suspension
cultured cells of Lonicera japonica, Bulpleurum falcatum, Poly-
gonumn tinctorium and S. altissima afforded several types of
sesquiterpenes, such as guaiane, eudesmane and seco-guaianes
(28,29).%

Incubation of (+)-hedycaryol (3)°7 administered to a mortared
root suspension of fresh chicory for four days gave cryptomeridiol®®
as its sole product.*d Biotransformation of germacrane epoxides by
a suspension of fresh chicory root (Cichorium intybus) gave hy-
droxylated guaianes and eudesmane derivatives.%®

Biotransformation have also been reported in other germa-
crane-type compounds such as curdione (30),1°9%P costunolide
(11),100¢¢ (14,10P),(4B,50)-diepoxygermacrane (31)'°! and shiro-
modiol diacetate (32).!1°> Commonly, biotransformation increases
the polarity and water solubility of germacrane metabolites via
hydroxylation, oxidation and glucosylation.

wOAC

OAc

31 32

1.7. Biosynthesis

Germacrene A synthases have been isolated, purified and
characterized from chicory roots.!>19% For detailed recent review on
germacrene A synthases and biosynthesis read a recent publication
by Faraldos et al. (2007)."™ In addition, the intermediacy of ger-
macrene A (2) in the mechanism involving conversion of (E,E)-
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farnesyl diphosphate (FPP) to aristolochene™® and epi-aristo-
lochene'® have been indirectly confirmed with fluoro-FPP
derivatives.14><

Biosynthesis of germacrene C (33) was confirmed by a pre-
liminary radioactive labelling experiment involving an enzymatic
conversion of 2-4C-mevalonic acid lactone via trans,trans-farnesyl
pyrophosphate (FPP).!% The enzymatic solvolysis of farnesyl py-
rophosphate (FPP) by prenyltranferase yielded 33 as part of the
products.!®> The isolation, purification and characterization of
germacrene C synthases from Lycopersicon esculentum cv. VFNT
Cherry have been achieved.!%

The biosynthetic pathway of germacrene D (34) was elucidated
by incubation of isolated enzymes with isotopically labelled FDP'%7
and mass spectrometric analysis of the products,'®® which in-
dicated different steps for both enantiomers as already suspected
by Niwa et al., 1980.2%° The labelling experiments carried out on S.
canadensis with 1-[5,5-D;]deoxy-p-xylulose-5-phosphate (D3-
DOXP), [5-'3CJmevalonolactone (*C-MVL) and [1-'3C]-p-glu-
cose,'% and Tanacetum vulgare (Asteraceae)'!® revealed that the
biosynthesis of germacrene D (34) proceeds predominantly via the
methylerythritol phosphate pathway. Enantiospecific (4)- and
(—)-germacrene D synthases, cloned from ‘goldenrod’ S. canadensis
showed a functionally active variant of the universal isoprenoid-
biosynthesis aspartate-rich motif.!"!

germacrene A (1) from natural sources has met set backs due to its
sensitivity to slight acidic conditions and thermal instability.5%¢ The
instability of germacrene A (2) upon storage at freezer tempera-
tures over a particular period has been reported.>*?3% During iso-
lation and GC analysis, germacrene A (2) is known to undergo facile
Cope rearrangement to trans-p-elemene (36).!1¢m:23:2435b.36.6% Tpq
trans-B-elemene (36) is commonly referred to as ‘B-elemene or
elemene’ and is currently being reported to be effective in the
treatment of leukemia and carcinomas of the brain, breast, liver,
lungs and other tissues.®**' The thermal decomposition of ger-
macrene A (2) to trans-pB-elemene is often characterized by broad
hump in the baseline in the GC chromatogram. Diastereomers (ca.
2-7%) of trans-p-elemene (36) with similar mass spectrum to their
‘true elemenes’ were detected in germacrene A (2) and its de-
rivatives at the GC-injection port during Cope rearrangements.>*
Recently, minor cis-f-elemene diastereomer (37) was detected
along with (—)-trans-p-elemene (36) during Cope rearrangement
experiment of (+)-germacrene A (2) isolated from S. canadensis in
a ratio of 5:95, respectively. Compound 37 elutes before (—)-trans-
B-elemene (36) and both increase with decreasing amount of
rearranged (+)-germacrene A (2).5%¢ The absolute configuration of
(+)- and (—)-trans-B-elemene (36) has been established by means
of Cope rearrangement on chiral GC columns, which is able to
distinguish the enantiomers.’>!"®

Por Gor @ R Py

1.8. Synthesis

Generally, the synthesis of germacranes have met tremendous
set backs because of their thermal instability!!1€24352.36112ab 554
their sensitivity towards slight acidic conditions,24692bd:€92d 554
UV radiations.? Despite these set backs many reports on germa-
crane syntheses have been published in the last 50 years. In 1999,
an extensive review on synthesis of germacrane sesquiterpenes and
related compounds has been reported by Minnaard et al.® there-
fore, only related chemical synthesis of compounds reported on or
after this review will be mentioned briefly. Germacrene B (4) and
(£)-9-methylgermacrene B (35) have been synthesized.“%"b 9-
Methylgermacrene B (35) has also been synthesized enantiospe-
cifically."® Recently, Mehta and Kumaran (2005) reported a short,
flexible and enantioselective approach towards 10-membered
germacratrienones from the commercially available monoterpene
(—)-carvone.'®

2. Germacrene A or (E,E)-1,5-cyclodecadiene, 1,5-dimethyl-8-
(1-methylethenyl)- or (E,E)-germacra-1(10),4,11-triene (2)

(—)-Germacrene A (2) was first isolated from the gorgonian
E. mammosa and characterized by Weinheimer et al.>® Later it was
isolated from the aphid T. maculala®*® and from a soft coral of the
genus Lobophytum,''® termites Reticulitermes lucifugus,'”” and in
several species of the primitive neotropical nasute genus Syn-
terme.'® The (+)-enantiomer of (2) is commonly widespread in the
higher plants such as Caraway herb and root,>> fresh costus roots
(S. lappa),** and from S. Canadensis.®*

Recently, Coates’ group and collaborators reported the isolation
of a very pure form of (+)-germacrene A (2) for the first time from
a genetically engineered yeast and its structure was characterized
by chromatographic techniques (TLC, GC), MS, optical rotation, UV,
IR, 'H NMR and 3C NMR data.!’™ Previously, the isolation of pure

In the presence of p-toluenesulfonic acid, (+)-germacrene A (2)
and its derivatives (aldehyde, carboxylic acid and alcohol) were
completely converted into their corresponding eudesmane ana-
logues.?* Adsorption of (+)-germacrene-A (2) isolated from
S. canadensis on silica gel induces transannular cyclization to
a mixture of eudesmanes; (—)-selin-11-en-4-ol (38, 4%), (—)-o-
selinene (39, 41%), (+)-B-selinene (40, 45%) and (+)-selina-4,11-
diene (41, 12%)5%¢ (Scheme 5).

2.1. Fluorogermacrene A analogues

Allemann and Coates’ groups independently synthesized dif-
ferent fluoro-germacrene A derivatives to probe the intermediacy
of germacrene A (2) in the mechanism involving conversion of
(E,E)-farnesyl diphosphate (FPP) to aristolochene' and epi-aris-
tolochene, ¢ respectively. 5-Fluorogermacrene A (8) was formed
upon incubation of 5-fluoro-FPP with aristolochene synthase from
Penicillium roqueforti.*4

Compared to germacrene A (2), no thermal rearrangement of 5-
fluorogermacrene A (8) was observed at 200 °C temperature and only
asmall amount of rearranged product occurred at 250 °C but thermal
rearrangement to 5-fluoroelemene (42) occurred at 300 °C1b Ap-
other fluoro-compound (—)-1-fluorogermacrene (9) was obtained as
the sole product from incubation of (2E,6Z)-6-fluoro-FPP with
recombinant tobacco 5-epi-aristolochene synthase (TEAS) by Coates’
group.'¢ (—)-1-Fluorogermacrene A (9) was characterized by chro-
matographic properties (TLC, GC), MS, optical rotation, UV, IR, 'H
NMR, and by heat-induced Cope rearrangement at 180 °C to (+)-1-
fluoro-elemene (43). 1-Fluoroelemene (43) and trans-B-elemene
(36) obtained by reflux (110 °C) under similar conditions took 3 h and
2 h, respectively.'*¢ 1-Fluorogermacrene A (9) underwent trifluoro-
acetic acid-catalyzed cyclization to give three 1-fluoroselinene iso-
mers (44,45 and 46 in theratio 2:2:1, respectively) at arate estimated
to be about 1000 times slower than that of the similar cyclization of
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Scheme 5. Thermal and acid induced cyclization of germacrene A (2) and fluoro-germacrene A derivatives 8 and 9.
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Figure 2. '"H NMR spectrum (500 MHz, CgDg) of (+)-helminthogermacrene (19) at
20 o 69122

(+)-germacrene A (2) to the parent selinenes.!* Commonly, the
presence of fluoro-substituent in 8 and 9 appear to slow their rate of
Cope rearrangements#*14¢ and acid induced transannular cycliza-
tion'4° compared to germacrene A (2) (Scheme 5).

2.2. Helminthogermacrene (19)

(+)-Helminthogermacrene (19), an (E,Z)-isomer of germacrene
A (2), was first synthesized in a high yield via ring contraction of an
(E.Z)-humulene derivative under the influence of an aluminium
reagent of sufficient steric bulk.!?® Two years later, (—)-(19) was

48

Scheme 6. Acid induced and Cope rearrangement products of helminthogermacrene (+)-(19).

isolated from the fungus H. sativum*® and subsequently from the
defense secretion of the termite A. wheeleri>>? and the (+)-enan-
tiomer was isolated from the liverwort S. undulata.>®%%¢ The un-
proven configuration of (—)-19 was initially assigned 7S as
concluded from the sesquiterpene congeners (—)-sativene and
(—)-longifolene, which were also isolated from H. sativum by
Winter et al.*® The structure of (+)-helminthogermacrene (19) had
been verified by total synthesis.*%!?! The absolute configuration of
(+)-19, isolated from the liverwort S. undulata,®® was recently
assigned 7S via an indirect chemical correlation.®®® Figure 2 rep-
resents the 'H NMR spectrum (500 MHz, CgDg) of (+)-helmintho-
germacrene (19) at 20 °C.59¢122

Compound (+)-(19) undergoes rearrangement when stored in
CDCl35 at 4 °C for at least one week and on treatment with BF; in
diethyl ether or upon interaction with acidic ion exchange resin
Amberlyst® 15 to form a series of sesquiterpene hydrocarbons with
mass 204. The major acid induced product gave 'H NMR, 1>C NMR
(CDCl3) and MS data consistent with (—)-a-helmiscapene (47)%%¢
earlier isolated from S. undulata,'®® and synthesized with known
absolute configuration.'?#-¢ B-Helmiscapene (48)'2312°2P was also
detected in addition to d-selinene (49). Compared to germacrenes A
(2) and B (4), no significant rearrangement products were observed
when 19 was treated with silica gel for 3 h under the same experi-
mental conditions.%®¢ McMurry and Ko€ovsky (1985) have earlier
reported that (+)-19 undergoes Cope rearrangement at higher
temperatures (>300°C) compared to germacrene A (2), which
undergoes Cope rearrangements at room temperature.!?!

Recently, Cope rearrangement of (+)-19 was achieved at tem-
perature above 350 °C to afford (—)-cis-B-elemene (37), another
B-elemene diastereomer (50) and a trace of ‘normal’ (—)-f-elemene
(36) in the ratio of 8:1:~0.08, respectively (elution order from
a non-polar polysiloxane CP-Sil-5). Compounds 37 and 50 exhibit
mass spectra undistinguishable from that of trans-B-elemene (36)
(Scheme 6).29:6%¢

(-)-36
_4a
> 350 °C
=z 50
b
(-)-37

29,69¢
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Scheme 7. Acid induced and Cope rearrangement products of isogermacrene
(+)-(51).®

(+)-51

(+)-56

Scheme 8. Proposed biogenetic pathway of gorgonanes and zieranes from iso-
germacrene A (51).!8

2.3. Isogermacrene A (51)

(+)-Isogermacrene A (51) was isolated for the first time from the
liverwort Saccogyna viticulosa.'® Compound 51 is a regioisomer of
germacrene A (2) with an isopropyl group at Cg.'#*4 Isogermacrene A
(51) has been proposed to be the biogenetic precursor of iso-
a-humulene, o-gorgonene (52), gorgona-1,4(15),11-triene and
gorgon-11-en-4-ol sesquiterpenes identified in the volatiles of
S. viticulosa.'® Compound 51 shows a less broadened 'H NMR
(acetone-dg) with well separated multiplet signals at 10 °C and
undergoes Cope rearrangement to (—)-iso-B-elemene (53). The
treatment of 51 with an acidic ion exchange resin (Amberlyst® 15) at
room temperature for 1 h gave (+)-o-gorgonene (52), (+)-p-gorgo-
nene (54) and (—)-maalioxide (55) in the ratio 2:5:1, respectively, as
major products.’® The assigned absolute configuration of (+)-75-
isogermacrene A (51) was concluded indirectly from the absolute
configuration of the acid induced cyclization products (Scheme 7).18

Biogenetically, isogermacrene A (51) has been proposed as the
missing link between FPP and the gorgonanes and zieranes (e.g.,
zierene (56)) (Scheme 8).18

3. Germacrene B or (E,E)-1,5-cyclodecadiene, 1,5-dimethyl-8-
(1-methylethylidene)- or (E,E)-germacra-1(10),4,7(11)-
triene (4)

Germacrene B (4) was first isolated in the cold-pressed peel oil
of the higher plant Citrus junos®?*'?6 and subsequently from Citrus
aurantifolia,'*’ Callicarpa japonica Thunb,'?® S. Canadensis®®® and
liverwort Preissia quadrata.®®

The structure of germacrene B (4) was established by X-ray-
crystallographic analysis of its silver nitrate adduct by Allen and

Rogers.”?® Compound 4 has been found to occur with selina-
3,7(11)-diene (57), selina-4(14),7(11)-diene (58), a-selinene (39)
and B-selinene (40) in the essential oil of hops Humulus lupulus.!>°

Germacrene B (4) is known to readily undergoe Cope rear-
rangement above 120 °C to give y-elemene (59) and its sulfuric acid
induced rearrangements gave eudesm-7(11)-en-4-ol (60), while
percolation of 4 through alumina gave selina-3,7(11)-diene (57)
and selina-4(14),7(11)-diene (58).59131 Adsorption of 4 isolated
from S. canadensis on silica gel induces similar transformations to
a mixture of eudesmanes 57, 58 and 60 at a rather slow manner
with very low yield as compared to germacrene A (2) under the
same experimental conditions (Scheme 9).5%

The oxidation of germacrene B (4) with 1 mol of peracetic acid
gave an unexpected 1,10-, 4,5- and 7,13-monoxides in the ratio
30:70:2.132 In contrast to epoxidation, reaction of '0, with 4 led to the
attack of isopropylidene double bond at ca. nine times more rapidly
than the endocyclic double bonds.!* Irradiation of 4 under singlet
conditions results in the formation of 61, 62, 63 and 64 (Scheme 10).34

When 8-hydroxygermacrene B (65) and 8-methoxygermacrene
B (66) were irradiated using a 500 W medium-pressure mercury
lamp in methanol or n-pentane for 3 h, three major products 67, 68
and 69 were formed in each case via 70 as a result of intramolecular
reactions of the endocyclic double bonds and a photochemical [1,3]-
OR shift (R=H, Me) of the allylic oxygen substituent (Scheme 11).1*

Peijnenburg et al.'*® have demonstrated extensively the role of
exocyclic double bond in isomerization of 1,5-cyclodecadiene
system by irradiation of (4SR,8SR)-4,5-dihydro-germacrol (71) and
(4SR,8RS)-4,5-dihydro-germacrol (72). This leads only to E-Z
isomerization of the endocyclic double bonds (73 and 74) and to
a photochemical [1,3]-allyl shift (75, 76 and 77) (Scheme 12).
They concluded that the ground state conformation of these
molecules is known to play an important role in the observed
photochemistry.134137ab

3.1. E,Z-Germacrene B or (E,Z)-germacra-1(10),4,7(11)-
triene (78)

(E,.Z)-Germacrene B (78) was first obtained as minor synthetic
product via a ring contraction of a suitable (Z,E)-humulene isomer
by Ito et al.'?% and later obtained in good yield."*® Compound 78 has
been tentatively identified as a product of the d-selinene synthase
from Grand fir (Abies grandis) based on an exact mass spectral
match to (E,E)-4 and a similar GC retention time.'?°

iSad

4. Germacrene C or (E,E)-germacra-1(10),4,6-triene (33)

Germacrene C (33) was first isolated as the main constituent of
the essential oil of the seed of Kadsura japonica by Morikawa and
Hirose.®? Compound 33 is also the main constituent of the German
liverworts P. quadrata.’® Compound 33 readily undergoes Cope
rearrangement at 100 °C in solution to form 5-elemene (79),92%140

57=D3% 60
58 = D4(14)

Scheme 9. Acid induced and Cope rearrangement products of germacrene B (4).
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Scheme 11. Irradiation products of 8-hydroxygermacrene B (65) and 8-methoxygermacrene B (66
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72
Scheme 12. Irradiation of (4SR,85R)-4,5-dihydro-germacrol (71) and (4SR,8RS)-4,5-dihydro-germacrol (72).1*6

74

but when the injection port temperature was raised from 200 °C to
280 °C, germacrene C (33) thermally rearranged to (4)-0-elemene
(79) as observed by capillary gas chromatography using cyclodex-
trins as chiral stationary phases.

Germacrene C (33) was smoothly converted to d-selinene (49)
and selina-4(15),6-diene (80) under slightly acidic conditions with
silica gel at room temperature.’?® Other degradative products of
germacrene C (33) formed during processing of the plant material
include alismol (81)'! and some of its derivatives'? (Scheme 13).

5. Germacrene D or E,E-1,6-cyclodecadiene,1-methyl-5-
methylene-8-(1-methylethyl) or E,E-germacra-1(10),4(15),5-
triene (34)

(—)-Germacrene D (34) was first isolated from the essential oil of
Pseudotsuga japonica.! It is widely detected in plant constituents
especially in essential oils, such as Pittosporum tobira, K. japonica and

76

Piper Kadsura,' Falcaria vulgaris Bernh.,'* S. altissima L., Torilis
japonica D.C.,'** S. Canadensis,*?%® Araucaria bidwillii,'*> and as a sex
stimulant of the male American cockroach (Periplanata Americana
L.).16 In higher plants, 34 is present as (—)-enantiomer, while the
(+)-enantiomer is more likely to occur in lower organisms.”%1472P
The occurrence of both enantiomers of 34 has been described and
analyzed in the ‘goldenrod’ S. canadensis L. and Solidago gigantea Ait.
by enantioselective gas chromatography.?°*#8 The proportions of
(+)- and (—)-enantiomers of 34 have been reported to vary widely
depending on the collection site and the part of the plant.20%148
Germacrene D (34) rearranges to different sesquiterpenes hydro-
carbons upon treatment with acidic media over a period of time to
give cadinanes, muurolanes, amorphanes, ylangane, eudesmanes,
isodaucane, oppositane and axane.>%?>¢ Major acid catalyzed rear-
rangements products of Germacrene D (34) include a-muurolene
(82), (+)-y-muurolene (83), (—)-a-amorphene (84), a-ylangene
(85), a-copaene (86), selina-4(15),6-diene (80), opposite-4(15),7-
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Scheme 14. Acid catalyzed products of germacrene D (34).

diene (87), 4(15)-cycloaxene (88), isodauca-4,6-diene (89), a-cadi-
nene (90), (+)-0-cadinene (91) and (+)-y-cadinene (92) with the
cadinanes predominating (Scheme 14).12

The acid rearrangement products obtained depend on the acid
reagents used (SiO,, acetic acid, p-toluene sulphonic acid, or
Amberlyst® 15, BFs, AICI3) and the percentage (%) yield of rear-
rangement products is dependent of the reaction conditions.” With
increasing reaction time a mixture of secondary rearrangement
products are formed, which cannot be related to 34. For detailed
report on the role of germacrene D (34) as a precursor in sesqui-
terpene biosynthesis, reader is directed to the paper by Biilow and
Kénig.?

Recently, Setzer (2008)'° carried out a computational ab initio
investigation using both density functional theory (B3LYP/6-31G*)
and post Hartree-Fock (MP2/6-31G*+) on the acid-catalyzed cycli-
zation products of 34. The calculated energies are in general
agreement with experimentally observed distribution of cadinane,
muurolane, amorphane and selinane, from both acid-catalyzed
cyclizations of 34 as well as in essential oils.'4°

Compound 34 is stable up to ca. 180 °C but at 240 °C over several
hours in hexane solution in a seal tube it rearranges to f-ylangene
(93), B-copaene (94), e-muurolene (95) and e-amorphene (96) as
the major products.'>® Identical thermal products were obtained in
addition to isogermacrene D (97) when a solution of germacrene D
(34) was injected into a gas chromatography with port injector at
400 °C (Scheme 15).2

Upon irradiation, germacrene D (34) gave B-bourbonene (98)!!
as the main irradiation product in addition to p-copaene (94),>2
B-ylangene (93), mintsulphide (99), isogermacrene D (97), mono-
epi-B-bourbonene (100), 1,5-di-epi-B-bourbonene (101) and other
unidentified components (Scheme 15).2

A biomimetic reactions of epoxygermacrene D (102) in hexane
adsorbed on basic alumina at room temperature for 2.5 h afforded
compounds 103,104, 105 and 106.°3%¢ But when epoxygermacrene
D (102) was treated with 80% aq AcOH at 0 °C for 1 h, it was easily
converted into two selinane-type compounds 107 (9.3%), 108
(11.6%), and four oppositol-type compounds 109 (9.6%), 110 (8.5%),
111 (5.1%) and 112 (5.9%) (Scheme 16).%3¢

5.1. Isogermacrene D (97)

Isogermacrene D (97) is a geometric isomer of germacrene D
(34) and a side product formed during thermal and irradiation
treatment of 34.2 Biilow and Konig reported that Isogermacrene D
(97) does not rearrange under thermal conditions below 240 °C. To
date no investigations has been carried out on the thermal rear-
rangement of isogermacrene D (97).? Treatment of isogermacrene
D (97) with Amberlyst® 15 gave (—)-a-muurolene (82), (—)-cadina-
1,4-diene (113), - and w-cadinene (91, 114), selina-4,7-diene (115),
(—)-selina-3,5-diene (116), (+)-d-selinene (49), (—)-isodauca-4,6-
diene (89) and other unidentified compounds.? Photochemical
reaction products of isogermacrene D (97) include 3-elemene (79),
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Scheme 15. Main thermal and irradiated products of germacrene D (34)."?
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Scheme 16. Acid and basic induced products of epoxygermacrene D (102).

B-ylangene (93), B-copaene (94), B-bourbonene (98) and (+)-1,5-
di-epi-B-bourbonene (101), which rearranged to 1,5-di-epi-o-
bourbonene (117) in acidic condition, in addition to other
unidentified components (Scheme 17).2

6. Germacrene E or 1,6-cyclodecadiene,1,5-dimethyl-8-(1-
methylethenyl)-, or germacra-1(10),5,11-triene (118)

Germacrene E (118) was first isolated from the coral Sinularia
erecta.’!® To date there has been no report on its thermal rear-
rangement, acid induced cyclization and photochemical reaction.

Ay

118

7. Bicyclogermacrene (119) and its isomers

(+)-Bicyclogermacrene (119) was first isolated from the cold pressed
peel oil of C. junos.!*® The (+)-enantiomer is commonly detected in
essential oils of higher plants such as roots of Panax ginseng C. A. Meyer
(Araliaceae),®® C. spicatus,?? while (—)-119 has been identified as

93¢

a constituent of many liverworts such as Plagiochila asplenioides,>*
Diplophyllum albicans,®> Mylia taylorii and Mylia nuda.>®

Bicyclogermacrene (119) has been suggested as a biogenetic
precursor of a number of other sesquiterpenes containing a fused
dimethylcyclopropane ring, such as maaliane, aristolane and aro-
madendrane derivatives'2® (Scheme 18).

When (+)-bicyclogermacrene (119) was heated to 200 °C for
30 min, it gave a mixture of 119, bicycloelemene (120)"7 and iso-
bicyclogermacrene (121) in the ratio 5:4:1, respectively, which
changed after 2 h to 1:1:8, respectively.!?® The configuration of
endocyclic double bonds for 119 was assigned trans,trans-, while
a cis,trans- or cis,cis-cyclodeca-1,5-diene was assigned to 121.1%6

The stereostructure of (+)-119 was postulated from the absolute
configuration of 120 whose cyclopropane ring was assigned a
B-configuration by Takeda et al.'®® The configurations of endocyclic
double bonds and conformations of 119 and 121 was determined in
solution by the use of intramolecular nuclear Overhauser effects
and was assigned trans,trans-orientation and trans,cis-orientation,
respectively.!>®

(—)-Lepidozene (122) is another isomer of bicyclogermacrene
(119) prepared for the first time by degradation of (—)-lepidozenal
(123).15° Compound 122 contains a trans-fused dimethylcyclopro-
pane ring with one E- and one Z- double bond whereas 119 contains
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Scheme 17. Acid and irradiated products of isogermacrene D (97).'?
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- - 8. Prejeigerenes A (10) and B (128)
;
H c Pregeijerene (10), a precursor of geijerene (127), was isolated
119 from Geijera parviflora Lind.'®* Both Pregeijerene (10) and geijerene

Scheme 18. Proposed biogenetic pathway for maaliane (A), aromadendrane (B) and
cadinane (C).

a cis-fused dimethylcyclopropane ring with two E-double bonds.!6°

Nine years later (+)-lepidozene (122) was isolated from the gor-
gonia, Lophogorgia ruberrima.l®' (—)-Isolepidozene (124), the
fourth isomer of bicyclogermacrene (119), was later isolated from
the liverworts P. quadrata, Frullania tamarisci and Scapania aequi-
loba by kénig's group.”?® Oxygenated bicyclogermacrene de-
rivatives such as (—)-isobicyclogermacrenal (125) and
bicyclogermacren-13-al (126) were isolated from the liverworts
Lepidozea vitrea'%? and Conoceohalum conicum,’™ respectively.
McMurry and Bosch have reported the total syntheses of (+/—)-119,
(+/-)-121, (+/-)-122 and (+/-)-124 by intramolecular carbonyl
coupling.'®® Till date no Cope rearrangements have been reported

yet for 121, 122 and 124.
=
OH
E,E-3 10 127

(127) have also been identified in the essential oils of higher plants
such as Pimpinella anisum,'®> Chloroxylon swietenia D.C.'%® and
Dictamnus dasycarpus.'®”

Pregeijerene B [128, (E,E,E)-1,7-dimethylcyclodeca-1,4,7-triene],
a geometric isomer of pregeijerene (10), was isolated for the first time
from Juniperus erectopatens foliage.’® Compound 128 has been
reported to be stable!® even at 280 °C compared to pregeijerene (10),
which readily undergoes thermal rearrangement to geijerene (127).164
Pregeijerene B (128) has been subjected to selective hydrogenation'®
to obtain known dihydropregeijerene (129),'° which readily un-
dergoes thermal Cope rearrangement to 78-dihydrogeijerene
(130).1”° Cool and Adams proposed a trivial name pregeijerene B (128)
for the E,E,E-128, with pregeijerene (10) been revised to pregeijerene
A1° A possible biosynthetic pathway for pregeijerene B (128) had been
proposed from a structurally related germacrane-type sesquiterpe-
noid, hedycaryol (3), via an enzymatic C-8 oxidation."®

SF

129

8

128 130
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9. Hedycaryol (3)

(+)-Hedycaryol (3) was first isolated from the essential oil of H.
angustifolia A. Cunn.>> Compound 3 is widespread in essential oils
of various higher plants such as Rubus rosifolius,)”! Thymus praecox
ssp. arcticus,'”?> Thymus praecox Opiz arcticus'’® and Xanthocyparis
vietnamensis.!” Compound (+)-3 undergoes Cope rearrangement
to (—)-elemol (15), when heated at 100 °C.>>17> Refluxing (+)-(E,E)-
3 with 1% toluene-p-sulphonic acid in ether for 2 h yielded a mix-
ture of a-, B- and y-eudesmols (131,132 and 133, respectively) and
three minor unidentified products.?®

EE-3

15 131

The treatment of E,Z-, Z,E- and Z,Z-hedycaryol (3) geometrical
isomers with toluene-p-sulphonic acid and or formic acid yielded
dihydrooccidentalol (a-eudesmol, 131)!76 and traces of y-eudesmol
(133), and other dehydration and conjugation products.”®® Ganter
and Wojtkiewicz have carried out pyrolysis experiments at 195-
200°C on elemol (15) and its nitrobenzoate derivative in the
presence of benzoic or p-nitrobenzoic acid to form mixture of
elemane and eudesmane isomers.”” For products of thermal re-

/)M-DM

139, A34
140, A415

138
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Compound 1 undergoes smooth thermal rearrangement to
B-elemenone (134).182 Germacrone (1) was transformed into
two photoisomers (135, cis,trans-1,5-germacrone, 27%) and (136
cis,cis-1,5-germacrone, 48%) by irradiation in ether in the
presence of acetophenone under an atmosphere of nitrogen at
room temperature for 5h, using a Pyrex apparatus with
a 300 W high-pressure mercury-vapour lamp.'®2 When 135 was
heated under reflux in 1N KOH-EtOH for 6.5h it gave iso-
germacrone (137).183 Germacrone (1) undergoes transannular
cyclization by oxymercuration-demercuration (OM-DM) to
form 4a-hydroxy-5aH-selin-7(11)-en-8-one (138), 5aH-selina-

OH

OH
ZE-3 7,23
OH
132 133

3,7(11)-diene-8-one (139) and 5aH-selina-4(15),7(11)-diene-8-
one (140) derivatives. trans-Selinanes 138, 139, 140 and 5aH-
selina-3,7(11)-diene-6-one (141) were also slowly formed when
isogermacrone (137) was subjected to a similar OM-DM treat-
ment'34? (Scheme 19).

Tsankova and Enev'®4? have studied extensively other oxidative
reactions of germacrone (1) including its first biomimetic chemical
transformation into a humulane skeleton.'®>

0
A © hv o
N N
1 135 136

KOH-
EtOH

137

Scheme 19. Thermal, photochemical and oxymercuration-demercuration (OM-DM) products of germacrone (1) and isogermacrone (137).

actions conducted at higher temperatures for E,E-3 and its geo-
metric isomers (E.Z-, ZE- and Z/Z-), see Section 14 on Cope
rearrangements.”

10. Germacrone-type compounds

Germacrone (1) was first isolated from the essential oil of
Bulgarian zdravets oil (G. macrorrhizum L.) and it is widespread
in the essential oils of several plants such as Labrador tea
(Ledum groenlandicum),"’® Eugenia uniflora L5’ Croton flavens
L.77® Cyperus articulates L'%° and Eugenia uniflora L. (Brazilian
Pitanga).'8!

10.1. Periplanones A-D (142-145)
Periplanones A, B,C(or D7) and D (or D) (142,143,144,145) are sex

pheromones isolated from female American cockroaches (P. ameri-
cana).3#>186 Their total syntheses have been achieved 34P<186187

O o o O o}
142 143 144 145
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146 147
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Scheme 20. Acid and thermal rearrangements products of acoragermacrone (7).

10.2. Other germacrone-type compounds

Acoragermacrone (7), isoacoragermacrone (146)°%° and pre-
ioscalamendiol (147)%72¢ are other germacrane-type sesquiterpe-
noids isolated from isolated from A. calamus L.

Cope rearrangement of 7 at temperatures more than 106 °C
gave shyobunone (5) and epi-shyobunone (6) relatively in ratio
21:8, respectively.?> And upon repeated chromatography of 7 on
silica gel it gives acolamone (148) and isoacolamone (149).°%¢188
Treatment of 7 with t-BuOK in ¢t-BuOH for 30 min at room tem-
perature under nitrogen gave isomer isoacoragermacrone (146,
95%) and treatment with 5% KOH in t-BuOH at room temperature
for 24h gave preisocalamendiol 147 (84%). Compound 7 gave
a methoxy-adduct (150) when treated with MeONa (Scheme
20).9%¢ The acid-catalyzed cyclizations of 7, 146 and 147 have
been carried out, using several kinds of reagents and solvents
such as 80% aq AcOH, 80% aq HCOOH, AlCl3 in absolute ether,
AcOH in PhSH, 100% HCOOH in PhSH and concd H;SO4 in PhSH.
In all cases, the stereospecific cyclizations gave cadinane-type,
selinane-type or guaiane-type compounds depending on the
kinds of reagents and solvents.??d

11. Germacranolides
The bibliographic search in SciFinder Scholar using the key

word germacranolides (as of June 8th, 2007) gave a total of 961
journal articles. Germacranolides are the largest group of

CO,CH3
158 159

naturally occurring sesquiterpene lactone and can be considered
as the biogenetic precursors for other related skeletal types of
lactone. The germacranolides are classified into four possible
geometric isomers,892b namely (E,E)-germacranolides (e.g., costu-
nolide (11));19%191 (Z E)-germacranolides (melampolides, e.g., enyh-
drin  (151));'%?  (EZ)-germacranolides  (heliangolides, e.g.,
euparoformonin (152))'*3 and (Z,Z)-germacranolides (e.g., methyl-
15-hydroxy-germacra-1(10)-E,4E,11(13)-triene-64,12-olide-14-oic
acid (153)).194

For annual update of newly isolated germacranolides see
natural product reports by Fraga.>*“ Of these germacranolides
structures, trans-12,6-lactones form the majority but cis-
12,6-lactones as well as cis- and trans-12,8-lactones are also
common.'®P  Scheme 21 shows the proposed biogenetic
pathway of guainolides, germacranolides, elemanolides, eudes-
manolides, furanogermacranolides, furanogermacranes, furano-
elemanolides,  furanoelemanes, furanoeudesmanolides  and
furanoeudesmanes from germacranyl cation.

Similar to germacrene A (2), germacranolides also undergo
Cope rearrangement and acid induced cyclization to their cor-
responding elemane and eudesmane-type compounds, re-
spectively.!®! Costunolide (11)'°! undergoes Cope rearrangement
to dehydrosaussurea lactone (154),!°° and its acid catalyzed
cyclization and pyrolysis products have earlier been reported.’®”
Similarly, linderalactone (155) undergoes Cope rearrangement at
150-170°C and at room temperature to isolinderalactone
(156).198

MeOOC

(o]

W,
157

0 = o)

W) W,
CO,CH; CO,CH;

160 161
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Scheme 21. Proposed biogenetic pathway of guainolides (Gu), germacranolides (Ge), elemanolides (El), eudesmanolides (Eu), furanogermacranolides (Fg), furanogermacranes (F-g),
furanoelemanolides (Fe), furanoelemanes (F-e) furanoeudesmanolides (Feu), furanoeudesmanes (F-eu) from germacranyl cation.

Furanogermacrene derivatives such as furanodiene (157)3%1%%is

the proposed precursor of isogermafurene (158)?°° while ser-
icenine (159) and neosericenine (160) are the precursors of iso-
sericenine (161).2°'®®  For reviews on germacranolides,?%?
eudesmanolides and guanolides readers are forwarded to the ar-
ticles by Fraga®®*" and Zidorn.?®

12. Conclusions

The germacranes are an important group of sesquiterpenes
widely occurring in nature and are considered as important in-
termediates in sesquiterpene biosynthesis. Common to germa-
cranes cyclodecadiene ring system are their ability to undergo
conformational changes, their great tendency to undergo Cope
rearrangement and transformation to a large variety of products
upon acid or irradiation treatment. Most of these rearrangements
or transformation products were eventually found as natural
products.

Investigations into the natural products have yielded a large
number of germacrane derivatives, some of which have shown
fascinating biological activities. Considering recent reports of the
activities of a thermal product of germacrene A (trans-B-ele-
mene)®3- against carcinomas of the brain, breast, liver, lungs and
in the treatment of leukemia and other tissues in China, biological
studies of other newly structural related elemene isomers could
open up new sets of unprecedented plant-derived metabolites of
medicinal values.

While the cope rearrangement of E,E-germacrenes have been
extensively investigated, the general capability of Z,Z- or Z,E- for the
production of elemenes have not been thoroughly explored be-
cause they are rare in nature.

Hence, the discovery of a stable fluoro-analogues of germacrene
AP should offer opportunity for more rearrangement works with
different acid induced cyclization reagents, thermal rearrangement
at higher temperature and photochemical reactions, which would
eventually lead to the discovery of yet another new skeletons or
compounds of biological importance.
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