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1. Introduction

Elemanes are group of sesquiterpenes widely occurring in na-
ture,1,2 and are considered as Cope rearrangement products or
thermal artifacts of germacranes.3,4 One of the most significant and
recent developments is the use of (�)-trans-b-elemene (1) in the
treatment of leukemia and cancers of the brain, ovary, prostate,
breast, lungs, liver, colon, and other tissues in China.5 Previously,
Roberts and Bryson (1984)6 published a review on isolated ses-
quiterpenoids including elemanes and beginning from 1985, an
annual update of the literature of newly isolated and synthesized
sesquiterpenoids including elemanes is also being published in the
000@yahoo.com

All rights reserved.
natural product reports by Fraga.2 In China, mini-reviews published
in Chinese academic journals include a systematic review of ele-
mene injections for pulmonary cancer,7 basic study and clinical
application of b-elemene (1) in the antitumor therapy of many
malignant neoplasms,8 and a review on the effectiveness and safety
of elemene in the treatment of patients with lung cancer.9 In 2009,
a review on germacranes as the biogenetic precursors of elemanes
was published by Adio.4

This review will focus on the general identification and occur-
rence, synthesis, and anticancer activity of (�)-trans-b-elemene (1)
and related compounds. Other topics such as isolation, bio-
transformations, synergistic interactions, Cope rearrangements,
computational studies, and oxidation reactions of (�)-trans-b-ele-
mene (1) are also discussed.

A bibliographic search in SciFinder Scholar using the keyword
elemene as of December 1, 2008 gave a total of 4664 journal
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Figure 1. Chemical structure of trans-elemenes formed from E,E-germacranes.
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articles. While in 1916 only two articles contained the keyword
elemene, the number has increased to 507 in 2006 and 526 in 2007.
These journals range from isolation to synthesis, antitumor or anti-
proliferative activity, biotransformations, rearrangement reactions,
etc. The increase in the number of publications and patents10 filed
in China and recently in the United States ranging from the syn-
thesis of elemenes to their applications as anti-proliferatives in the
treatment of broad spectrum of cancers demonstrates how wide-
spread and interesting the compounds are. The name elemane is
derived from the skeleton of (�)-elemol (2), the first monocyclic
sesquiterpene alcohol isolated from the Manila elemi oil (Canarium
luzonicum) in 1907.11 The sesquiterpene hydrocarbon derivative
named trans-b-elemene (1) was isolated from sweet-flag and ju-
niper oils and also obtained by pyrolysis of elemyl benzoate, and its
structure was correctly assigned by Sorm’s group.12 Figure 1 shows
the chemical structure of trans-elemenes with a skeletal number-
ing system consistent with the germacrene precursors. Many ear-
lier papers use a numbering system based on the cyclohexane ring,
with the side chains being attached at carbons C-1, C-2, and C-4, but
the difficulty with earlier literature is the inconsistent side chains
numbering system. From a biogenetic point of view, many ele-
mene-type sesquiterpenes are considered to be produced from the
corresponding germacrenes or germacrones via Cope rearrange-
ment (Scheme 1).4 In Scheme 1, germacranyl cations (A and B)
formed from both FPP and NPP could be responsible for the for-
mation of the trans-elemenes, (b-, g-, and d-elemenes, 1, 4a and 5,
respectively),3,13a–g a-elemene (3),13g 8,9-didehydro-g-elemene or
Iso-β-elemene

Germac

Bicycloelemene

FPP

Bicyclogermacrene

Geijerene

C

HH

H

Elema

Scheme 1. Proposed biogenetic pathways for trans-b-elemene (1) and related hydrocarb
germacranyl cations. The prefix trans- or cis- denotes the 1,2-divinyl relationship.
elema-1,3,7(11),8-tetraene (4b),13h cis-b-elemene (6),14 iso-b-ele-
mene (7),15 bicycloelemene (8),16 and geijerene (9).17 (Scheme 2).
1.1. Occurrence

Elemanes are widespread in nature,1,2 in the essential oil or
volatile compositions and extracts of the leaves, buds, flowers,
fruits, stem or bark, and roots of various plants; in higher plants
such as Caraway herb and root,13d Manila Elemi oil,18 sweet-flag and
juniper oils,12 fresh costus roots (Saussurea lappa),13a Solidago can-
adensis,14b Chloranthus spicatus (Thunb.) Makino,19a Hedycarya
angustifolia A. Cunn.,19b Meum athamanticum,19c Evodia species
fruits,19d Cyptotaenia japonica Hassk ‘Itomitsuba’,19e Laurus nobilis
L.,19f Acorus calamus L.,20 Java citronella oil,13g Kadsura japonica,21a,b

Dysoxylum fraseranum and Gurjun balsam oils,13e,f Thujousis dolab-
rata Sieb. et Zucc,21c Petasites albus rhizomes,22a Murraya paniculata
(Linn) jack, syn. M. exotica Linn,22b sudachi (Citrus sudachi Hort. ex
Shirai) and mochiyuzu (Citrus inflata Hort. ex Tanaka),22c black
pepper (Piper nigra) oil,23a Polyscias fruticosa (L.) Harms,23b Citrus
unshiu Marc,23c Scutellaria lateriflora L.,23d Salvia przewalskii Maxim,23e

Aloysia gratissima (Gillies & Hook.) Tronc. var. gratissima,24a ve
conifers,24b Murraya exotica,24c Juniperus macropoda,24d Salvia
guaranitica,24e Nigella orientalis L. seeds,25a Phlomis lanceolata,
Phlomis anisodonta, and Phlomis bruguieri Desf.,25b Pilocarpus pen-
natifolius Lemmaire (Rutaceae),25c Cedrelopsis grevei H. Baillon,25d

Curcuma caesia Roxb.,25e Piper friedrichsthalii and P. pseudolinde-
nii,25f Cedrela odorata L.,26a Ocimum canum Sims (basilic camphor)
and Ocimum urticifolia Roth,26b Lantana camara,26c and Eupatorium
buniifolium Hooker et Arnott;26d in the essential oils of liverworts
such as Scapania undulata,14a Lepidozia vitrea,27a Preissia quad-
rata,27b and for more liverwort species read the review by Asa-
kawa;28 in arthropods such as termite (Reticulitermes),29a Syntermes
soldiers,29b and aphids (Therioaphis maculala);29c in marine in-
vertebrates such as Eunicea mimosa,30a Pacifigorgia pulchra exilis,
P. media and Tubipora musica,30b gorgonian Eunicea fusca,30c and in
OPP
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Scheme 2. Structure of trans-(�)-b-elemene (1), (�)-elemol (2), and related hydrocarbon compounds.
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microorganisms such as Streptomyces citreus,31a and Chondromyces
crocatus bacteria.31b

1.2. Identification, extraction, and isolation

The identification of elemanes is usually accomplished by gas
chromatography coupled with mass spectrometry (GC–MS) in
electron ionization mode (EI). Several general mass spectral li-
braries such as the Wiley and the NIST library32 are available, but
specialized libraries for volatile compounds (for example, data-
bases such as MassFinder contain a large collection of mono- and
sesquiterpenoids,33 and are sometimes more useful). Generally, gas
chromatographic (GC) analyses of extracts or essential oils com-
monly show the co-existence of germacrane and its thermal artifact
(elemane) and the mass spectra of the germacrane precursors and
their rearrangement products are practically similar.34,35 As a re-
sult, 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.35,36 Recently, Chen et al. (2008)37 have
reported a sensitive gas chromatography–mass spectrometry (GC–
MS) assay that allowed the precise identification and quantification
of (�)-b-elemene (1) and b-elemenal (10) in human plasma, which
has been successfully applied in clinical trials.37 Previously, ele-
menes 1, 3, 4a, and 5 have been identified by comparison of infrared
(ppm
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Figure 2. 1H NMR (500 MHz, C6D6
spectra with standards.13f,g,23a Commonly, one and two-di-
mensional NMR experiments have been employed in the structure
elucidation of elemanes. An example is the complete assignment of
the 1H and 13C NMR spectra of (�)-trans-b-elemene (1) from data
generated from two-dimensional NMR experiments.38 Figure 2
shows the 1H NMR (500 MHz, C6D6) of (�)-cis-b-elemene (6), re-
cently isolated from the liverwort Scapania undulata.14,34 Another
example is the 1H and 13C NMR data of furanoelemene (11).39

Often, higher plants have sesquiterpenes, which are antipodes
to the same sesquiterpene hydrocarbons obtained from that of
lower plants or microorganisms.14a,27b,36c,40 For example (þ)-trans-
b-elemene (1) was isolated from the gorgonian Eunicea mammo-
sa30a while its (�)-enantiomer is commonly widespread in the
higher plants such as caraway herb and root,13d and fresh costus
roots (Saussurea lappa).13a The absolute configuration of (þ) and
(�)-trans-b-elemene (1) has been established by means of thermal
Cope rearrangement on chiral GC column, which is able to distin-
guish the enantiomers by König’s group and collaborators.13b,41

Figure 3 shows the separation of (�)-cis-b-elemene (6), another
cis-diastereomer (6b), and both enantiomers of (�)-trans-b-ele-
mene (1) with a 2,6-me-3-pe-g-cyclodextrin phase at 100 �C
(isothermal).14b,34

Several methods are used for the extraction of elemanes. These
include hydrodistillation with clevenger hydrodistillator appara-
tus,26a,38,39,41,42 steam distillation,20a,21a,b,43 solvent extraction,14b,44
)

0.81.21.62.02.42.83.2

) of (�)-cis-b-elemene (6).14,34
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Figure 3. Separation of (a) (�)-cis-b-elemene (6) and another cis-diastereomer (6b),
(b) (�)-trans-b-elemene (1) and co-injection of cis- and trans-b-elemenes, on 2,6-Me-
3-Pe-g-cyclodextrin at 100 �C isothermal.14b,34

Table 1
Elemane compounds derived from their germacrane precursor via Cope
rearrangement

Germacrane/related
compound

Elemane Ref(s)

Germacrene A (12) trans-b-Elemene (1) 13a,c,14b
Germacrene B (13) g-Elemene (4a) 55
Germacrene C (14) d-Elemene (5) 13f,21b,27b
Helminthogermacrene (19) cis-b-Elemene (6) 14b
Isogermacrene A (20) iso-b-Elemene (7) 15
Germacrone (23) trans-b-Elemenone (24) 57a
Acoragermacrone (39) Shyobunone (26) and epi-

shyobunone (27)
56d

Hedycaryol (22) Elemol (2) 17,56a
Bicyclogermacrene (21) Bicycloelemene (8) 16
Costunolide (40) Dehydrosaussurea lactone (30) 56e
Dihydrocostunolide (41) Saussurea lactone (31) 57e
Furanodiene (32) Furanoelemene (curzerene) (11) 30b,39,56g
Linderalactone (42) Isolinderalactone (33) 56f
Furanodienone (43) Curzerenone (34) 57d
Sericenine (44) Isosericenine (35) 57b
Pregeijerene (25) Geijerene (9) 17
1-Fluorogermacrene (17) 1-Fluoroelemene (18) 47b
5-Fluorogermacrene (15) 5-Fluoroelemene (16) 47a
Germacra-1(10),4,11(13)-

trien-12-ol (36)
Elema-1,3,11(13)-trien-12-ol (28) 13a

Germacra-1(10),4,11(13)-
trien-12-al (37)

Elema-1,3,11(13)-trien-12-al (10) 13a

Germacra-1(10),4,11(13)-
trien-12-oic acid (38)

Elema-1,3,11(13)-trien-12-oic
acid (29)

13a

Agerol (45) b-Elemen-9b-ol (46) 56b,c
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cold expression,22c super critical carbon dioxide extraction pro-
cesses,45 and headspace solid-phase microextraction.19d,46a,b In
general, many factors have been reported to influence the essential
oil or volatile oil composition and production in plants.46c These
factors include physiological variations such as organ development,
pollinator activity cycle, type of plant material, type of secretory
structure, seasonal variation, and mechanical or chemical injuries;
environmental conditions such as climate, pollution, diseases, and
pests; geographic variation (such as genetic factors and evolution),
storage, and size of plant material.46c Therefore, isolation method
used for elemane depends on complexity of the sample and the
amount detected. These methods include column chromatography
on silica gel, prep-TLC or prep-GC or HPLC or a combination of 2–3
of these methods. Isolations have been achieved on column chro-
matography using silica gel with eluent such as n-pentane or
n-pentane–ethyl acetate at room temperature,13a,c,14b,47 5% silver
nitrate–silica gel,30c silica gel,20a,43,48 AgNO3-impregnated silica gel
with Et2O and Et2O–MeOH as eluents,13a prep-TLC (silica gel) at
room temperature for further purification.13c,47b Other methods
include prep-GC with SE-30 column,14b,30a 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)-g-cyclodextrin.14a For elemenolides
that are less volatile HPLC on reverse phases or normal phases may
be preferable49a or at times a combination of silica gel column
chromatography, Sephadex LH-20 and HPLC.49b,c For isolation
techniques of sequiterpenoids refer to review by Merfort (2002).50

1.3. Elemanes from germacranes by Cope rearrangements

Germacranes undergo a stereospecific [3,3]-sigmatropic rear-
rangement that proceeds via the most stable chair-like transition
state of 1,5-cyclodecadiene to give elemane, a 1,2-divinylcyclo-
hexane system. The configuration of 1,2-divinylcyclohexane formed
in turn depends on most stable chair-like transition state confor-
mation of the corresponding 1,5-cyclodecadiene.13b,51 It is also well
known that Cope rearrangement is a reversible process52 and that
equilibrium between 1,5-cyclodecadiene and 1,2-divinylcyclohex-
ane system depends on the nature and configuration of substituents.53

While E,E-cyclodeca-l,5-dienes are known to undergo Cope rear-
rangement to give trans-l,2-divinylcyclohexane,13c,14b,30a,47 the Z,E-
cyclodeca-1,5-dienes give cis-1,2-divinyl derivative.14a,53d,54 Commonly,
germacranes undergo Cope rearrangements to elemanes, and it is
possible to detect variation in the amount of elemane produced
from their germacrane precursor by variation of GC injector port
temperature. The increase in temperature of GC injector port leads
to an increase in the amount of elemane produced with a corre-
sponding decrease in the precursor germacrane.13a–c,14,15,27b

During isolation and GC analysis, germacrene A (12) is known to
undergo facile Cope rearrangement to trans-b-elemene (1),13a,c,14b

germacrene B (13) to g-elemene (4a),55 and germacrene C (14) to d-
elemene (5),13f,21b,27b 5-fluorogermacrene (15) to 5-fluoroelemene
(16),47a 1-fluorogermacrene A (17) to 1-fluoroelemene (18),47b

(þ)-helminthogermacrene (19) to (�)-cis-b-elemene (6),14b

(þ)-isogermacrene A (20) to (�)-iso-b-elemene (7),15 (þ)-bicyclo-
germacrene (21) to bicycloelemene (8),16 and hedycaryol (22) un-
dergoes Cope rearrangement to (�)-elemol (2) when heated at
100 �C.17,56a Agerol (45) is the precursor of naturally occurring b-
elemen-9b-ol (46) from Achillea ageratum, while b-elema-9-one
(47) was obtained from the naturally occurring b-elemen-9b-ol
(46).56b,c Germacrone (23) undergoes smooth thermal rearrange-
ment to trans-b-elemenone (24)57a and pregeijerene (25) is a pre-
cursor of geijerene (9).17

Structures of selected elemanes that occur in nature or through
thermal rearrangement are also presented. These include, com-
pounds 48, 49, and 50, the diastereomeric elemols obtained from
thermal reactions of synthesized hedycaryol (22) isomers con-
ducted at higher temperatures (ca. 500 �C).54b See Table 1 for more
corresponding elemane-type compound resulting from Cope rear-
rangements of germacranes, Schemes 3 and 4 show the structure of
germacranes and elemanes mentioned in Table 1.
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While fuscol (51) is an elemene-type diterpene alcohol isolated
from the gorgonian E. fusca,30c 7-acetoxy-elema-1,3-dien-8-ol (52)
and elema-1,3-dien-7-ol (53) are examples of antipodal sesqui-
terpenoid elemanes isolated from the liverwort L. vitrea.27a

The corresponding Cope rearrangement product of 17 germa-
crane sesquiterpenoids by density functional theory (B3LYP/6-
31G*) and post-Hartree–Fock (MP2/6-31G**) have been reported by
Setzer (2008).3

1.4. Thermal and acid induced transformations of elemane
derivatives

The pyrolysis (195–200 �C) and/or acid induced transformation
of elemol (2),12,58 elemyl benzoate (54),12,58 elemyl-p-nitro-
benzoate (55),58 and elemyl-phenyl-urethane (56)13e,f results in the
formation of mixture of elemenes such as b-elemene or 1,3,11-
elematriene (1), a-elemene or 1,5,7(11)-elematriene (3), g-elemene
or 1,3,7(11)-elematriene (4a), d-elemene or 1,3,6-elematriene (5),
and elemol (2) with b-elemene (1) as the major compound (Scheme
5). Several kinds of acidic reagents and solvents that have been
used to induce transformation include formic acid12 or perchloric/
acetic acid13g,i or benzoic acid and p-nitrobenzoic acid.58 Recently,
the minor unidentified compounds from perchloric/acetic acid
dehydration of 2 had been characterized as elemoxide and (þ)-b-
cyperone.13i The rearrangement products obtain and the percent-
age (%) yield of products from acid induce transformations depend
on acid reagents or solvents used.58 Depending on the reaction
conditions secondary rearrangement products could also be
formed, which cannot be related to the starting material.

1.5. Biotransformation and distribution of trans-(L)-b-
elemene (1)

(�)-b-Elemene (1) has been reported to metabolize extensively
before a rapid excretion in male Sprague-Dawley rats.59,60 Wang
et al.59 have also reported that (�)-b-elemene (1) was eliminated
primarily as metabolite and minimally as unchanged drug in cu-
mulative fecal, biliary, and urinary excretion in 0.61%, 0.06%, and
0.003%, respectively, after 32 h of (75 mg/kg) dose administra-
tion.59 They also suggested that the effectiveness of (�)-b-elemene
(1) in crossing the blood–brain barrier holds promise for the
treatment of malignant brain tumors.59 (�)-b-Elemene (1) un-
dergoes biotransformation in rat bile to an aldehyde derivative,
elemenal (10)59,61and both compounds 1 and 10 can now be pre-
cisely identified and quantified in human plasma by GC–MS37

(Scheme 6). Consistently, Wang and Su62 have reported that (�)-b-
elemene (1) was eliminated at a rapid rate and distributed widely
in the body of Spraque-Dawley rats. (�)-b-Elemene (1) excreted via
urine, feces, and bile were very few.62 The excretion of (�)-b-ele-
mene (1) from the respiratory tracts in male Spraque-Dawley rats
also demonstrated that unchanged (�)-b-elemene (1) excretes
from rat respiratory tracts, although this may not be the main
elimination pathway in rats.63

Wang et al.64 compared body distribution of intravenously
administered solid–lipid nanoparticles (SLN) containing b-elemene
(1) in rats with that of the commercial emulsion. They discovered
that the in vitro release of b-elemene (1) from the solid–lipid
nanoparticles (SLN) was slow and stable without obvious burst
release and was found to follow the Higuich equation. After in-
travenous administration, the b-elemene (1) levels after 5 min of
injection of SLN formulation were 1.5, 2.9, and 1.4 times higher than
those of b-elemene emulsion in liver, spleen, and kidney,
respectively, while the concentrations of b-elemene (1) were de-
creased 30% in heart and lung. They concluded that the solid–lipid
nanoparticles (SLN) containing b-elemene (1) might be an attrac-
tive candidate for the treatment of liver cancer.64

Compared to (�)-b-elemene (1), which undergoes oxidation to
the aldehyde derivative at C-13 during biotransformation,
(�)-elemol (2) undergoes hydroxylation at the allylic C-15 position
to give 15-hydroxyelemol (57) in rabbit65,66 (Scheme 6).

1.6. Epoxidation and ozonolysis of (L)-trans-b-elemene (1)

Treatment of (�)-trans-b-elemene (1) with peracetic acid occurs
specifically on the isopropenyl group at C(7) resulting in a mixture
of two epoxides 58 and 59.67 Subsequent oxidation of mixture of 58
and 59 with periodic acid gave their corresponding epimeric ke-
tones and an additional ketone resulting from epoxides 60 (Scheme
7).67 The reaction of compound 1 with ozone followed by de-
composition of the ozonides with dimethyl sulfide gave two
monoketones (61 and 62) in the first instance, and continued
ozonolysis gave the diketone 63 as the major product. Further
ozonolysis gave a complex end products being mostly the diketo-
aldehyde 64 (Scheme 7). The epoxidation of (�)-b-elemene (1) is
over 90% site specific, while its ozonolysis reaction is less specific
because the ozone attacks the isopropenyl group at C(5) and C(7)
and subsequently on the vinyl group at C(1).67

1.7. Computational chemistry of trans-b-elemene
and derivatives

In enzyme–inhibitor interaction where the 3D structural data of
the target enzyme are known, there is reliable information on
which to base a study of these interactions. Therefore, in computer-
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aided molecular design, the molecular modeling approach based on
molecular interactions between ligands and target protein plays an
important role.68

Pei et al. (2001)69 have developed a Pseudo Atomic Receptor
Model (PARM) software package to accommodate situations in
which the 3D structure of the target receptor is not available.
Considering the potential of elemenes as anticancer drugs, a set of
15 elemenes whose structures are shown in Scheme 8 have been
analyzed by PARM.69 These elemenes include synthesized com-
pounds 1, 5, 11, 59, and 65–71 as well as four hypothetical com-
pounds 72–75 selected for synthesis. Their results show that PARM
can build models with favorable cross-validation statistics and give
a helpful insight into structure–activity relationships (SAR) for drug
design.69

Miao et al. (1994)70 have investigated the internal motions of b-
elemene (1) by using variable temperature 13C NMR relaxation
experiments. Their results show that the hexacyclic ring in 1 is
almost rigid at an experimental temperature ranging from 298 K to
318 K, and the self-diffusion activation energy of overall motion of
the molecule is 14 kJ/mol. In addition, all the internal rotation ac-
tivation energies for the side chain groups (a vinyl and two iso-
propenyls) have been calculated with the three methyl groups on
b-elemene (1) structure having different values possibly due to
different space circumstances.70 The 13C NMR chemical shifts of
b-elemene (1) have also been studied by quantum chemistry cal-
culation.71 Hu et al. (2001) have performed ab initio calculation of
vibration spectrum of b-elemene (1) at RHF/6-31G* level. They have
successfully assigned the normal modes for the fundamental fre-
quency of 1 by its comparison with the experimental results. In
O
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OH Cl C

COH O

66 67 68

51 11

71 72 73

Scheme 8. Elemene derivative
addition, they have discussed the characteristic vibrations, and
scaled theoretical frequencies empirically.72

2. Syntheses of trans-b-elemene (1), elemol (2), and related
hydrocarbon compounds

A number of elemane related compounds have been synthe-
sized.73,74,79 The synthesis of b-elemene (1)76 and elemol (2)75 has
been reported.76 Patil and Rao76 carried out an indirect synthesis of
elemol (2) from readily available (�)-a-santonin. The acid (76)
prepared from (�)-a-santonin was converted to elemane-2,3,12-
triol (77), followed by the tosylation of triol (77) to tritosylate (78).
The treatment of 78 with sodium iodide in acetone, furnished the
iodo-compound (79) on heating. Compound 79 undergoes elimi-
nation upon treatment with potassium tert-butoxide in dimethyl-
sulfoxide to furnish b-elemene (1). Treatment of 1 with molar
proportion of perbenzoic acid solution in chloroform at 0–10 �C for
20 h followed by lithium aluminum hydride reduction of the ep-
oxidation product furnished a mixture of starting material and the
alcohols (80) and elemol (2) (Scheme 9).76 The structure and ab-
solute configuration of elemol (2) have been established.77

In 1985, McMurry and Kočovský78 synthesized b-elemene (1) by
a short route starting with the palladium-catalyzed allylic oxidation
of commercially available geranylacetone (81) to provide keto al-
cohol (82). Compound 82 was converted to the vinyl ether (83),
which was subjected to thermolysis at 200 �C to afford the key
dicarbonyl cyclization substrate (84). In turn 3-isopropenyl-6-
methyl-10-oxo-6E-undecenal (84) undergoes cyclization upon
treatment with TiC13/Zn–Cu to yield a mixture of compounds
OH
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helminthogermacrene (19) and germacrene A (12). Compound 12
undergoes Cope rearrangement because of its thermal
instablility to 1 to obtain a mixture of 19 and 1 (45:55) in 60% yield
(Scheme 10).78

Recently, A total synthesis of the sesquiterpene (�)-b-elemene
(1) has been achieved starting from a simple acyclic precursor 6-
bromo-4-(2-bromoethyl)hex-1-ene (85).80 The starting dibromide
85 was prepared from the known 2-allylpropane-1,3-diol in five
steps. Ethyl (1R*,2S*,4R*)-4-(2-bromoethyl)-2-isopropenyl-1-methyl-
cyclohexane-1-carboxylate (86) obtained in five steps from dibro-
mide 85 was treated with potassium tert-butoxide (THF, 0 �C) to
give a olefin 87, which was then subjected to DIBALH reduction to
yield alcohol 88. Treatment of the terminal alkenes 88 with PdCl2
and CuCl2 under oxygen atmosphere give compound 89. Sub-
sequent PCC oxidation of 89 led to the formation of a keto-aldehyde
90. Finally, double Wittig methylenation of keto-aldehyde 90
provided the desired racemic-b-elemene (1) in 89% yield
(Scheme 11).80

An enantioselective synthesis of sesquiterpene hydrocarbon
(þ)-a-elemene (3) from R-(þ)-limonene has also been accom-
plished.81 In addition, Kato et al. (1971)82 have synthesized geijerene
(9)17 a nor-elemene-type sesquiterpene without an isopropenyl
group, from the readily available (�)-santonin. Their approach in-
volved a two-step dehydrohalogenation of 91 with AgF–pyridine
via an olefin to compound 92. Further ozonization of 92 at �78 �C
followed by haloform reaction with NaOBr in dioxane gave
EtO2C
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Scheme 11. Reagents and conditions for the synthesis of (�)-b-elemene (1): (a) t-BuOK, THF
8 h, 93%; (d) (i) PCC, NaOAc, CH2Cl2, 0 �C, 2 h, 92%; (ii) separation; (e) Ph3P]CH2, THF, �78
a mixture of two acids, which were heated in aq AcOH to afford
keto-acid (93). Compound 93 was refluxed with Br2–HgO in di-
chloroethane for 1 h, and then treated with zinc powder in AcOH to
give keto-olefin (94) in 40% yield. When 94 was treated with
HCOOEt–NaH in benzene under nitrogen, 94 afforded a condensa-
tion product (95), which was oxidized with 30% H2O2–aq KOH, and
then esterified with diazomethane to give diester (96), which was
further converted in three steps by reduction of 96 with LiAlH4 to
the corresponding diol 97 that was treated with mesyl chloride–
pyridine and then heated with a large excess of sodium iodide in
acetone to afford an oily di-iodo-compound 98. The last step in-
volving dehydrohalogenation of 98 was effected with 1,5-diazo-
bicyclo[5,4,0]undec-5-ene to give a mixture of three compounds,
which were separated by Prep-GC to afford geijerene (9), in 20%
yield (Scheme 12).82

2.1. Syntheses of b-elemene (1) derivatives

(�)-trans-b-Elemene (1) or (1S,2S,4R)-(�)-(1-methyl-1-vinyl-
2,4-diisopropenyl-cyclohexane) has been structurally modified
with various functional groups and conjugated with various com-
pounds to improve the anti-proliferative activities and in some
cases to increase the water solubility. These include the syntheses
of a series of chlorinated-, hydroxylated-, and acetylated-b-ele-
mene derivatives,83 synthesis of aromatic heterocyclic derivatives
of 1,84 (�)-b-elemene-monosubstituted amine derivatives,85
1
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, 0 �C, 8 h, 89%; (b) DIBALH, toluene, �78 �C, 2 h, 92%; (c) CuCl, PdCl2, O2, DMF–H2O, rt,
�C to rt, 1 h, 89%.80
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syntheses of b-elemene-13-yl esters,86 b-elemene-glycoside de-
rivatives,87 synthesis and radiosynthesis of b-elemene–tricarbonyl
rhenium complex,88 synthesis and radiolabelling of b-elemene–
TEG–Re (CO)3 complex,89 and b-elemene-monosubstituted poly-
ethylene glycol (PEG) derivatives.90 Other potential antitumor
elemane derivatives 6a-acetoxy-5aH,4,6,11bH-elema-2,3-diene-
12-ol (99) and 12-acetoxy-5aH,4,6,11bH-elema-2,3-diene-6a-ol
(100) have also been synthesized from a-santonin by Choi et al.91

The lactone ring of compound 101 obtained from a-santonin was
opened by LiAIH4 to give diol 102, which was selectively protected
by tert-butyldiphenylsilyl chloride (TBDPSCI). After acetylation of
the secondary alcohol with Ac2O–pyridine to 103, the acetylated
product 103 was ozonolyzed and reduced with NaBH4 to give ele-
mane derivative 104. Compound 104 was converted in three steps
to diolefin 108 via selenides, subsequent deprotection, and treat-
ment with tetra-butylammonium fluoride to two compounds 99
and 100 (Scheme 13).91

Fourteen trans-(�)-b-elemene (1) derivatives (110–123) con-
taining a piperazine, a morpholine, a tetrahydropyrrole, a thio-
phenylethylamine, or a cyclohexamine group have been
synthesized by Xu et al.92 They have synthesized 13,15-dichloro-b-
elemene (109), starting from trans-(�)-b-elemene (1), according to
the procedures described by Jia et al. (1991).93 The synthesized
13,15-dichloro-b-elemene (109) was subsequently treated with
amine and triethylamine in dry N,N-dimethylformamide, and
refluxed for 8–20 h to afford compounds 110–123 after purification
on a silica gel column with petroleum ether–acetone.92 All these 14
derivatives had been reported to have an increased anti-pro-
liferative activity in human cervix epitheloid carcinoma HeLa,
gastric carcinoma SGC-7901, and leukemia K562 cells compared to
that of elemene. Of all these 14 derivatives the most potent de-
rivatives include 13,15-bis(cis-3,5-dimethyl-1-piperazinyl)-b-elemene
(118), 13,15-bis[2-(2-thiophenyl)ethylamino]-b-elemene (122),92 and
13,15-bis(cyclohexamino)-b-elemene (123). Compounds 118, 122,
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Scheme 13. Reagents and conditions for the synthesis of elemane derivatives 99 and 100: (a
Py; (d) O3, CH2CI2, MeOH; (e) NaBH4, MeOH; (f) o-nitrophenylselenocyanate (ArSeCN), tri-n
butylammonium fluoride (TBAF),THF; (R1¼TBDPS, R2¼Ac, Ar¼o-nitrophenyl).91
and 123 have been reported to inhibit K562 cell growth with an
IG50 below 5 mM that was correlated with mTOR activity inhibition
(Scheme 14).92

Synthesized b-elemene–amino acid conjugates such as N-(b-
elemene-13-yl)tryptophan methylester (ETME, 124)94 have been
reported to induce apoptosis in human leukemia HL-60 and NB4
cells at concentrations less than 40 mM. Whereas the separate
combination of (�)-trans-b-elemene (1) with tryptophan and
tryptophan methylester has been reported to have only minimal
cell growth inhibitory effects (Scheme 16).94

Sun et al. (2008)95 have synthesized (�)-trans-b-elemene (1)
monosubstituted ethers (126–133), amines (134–141), and rhe-
nium coordinated complexes (142–144) (Schemes 15 and 16). They
have reported that the in vitro anti-proliferative activity of b-ele-
mene-monosubstituted amine and Re(CO)3-b-elemene derivatives
in human cervix epitheloid carcinoma HeLa cells was improved
significantly compared with both ether derivatives and parent
(�)-trans-b-elemene (1).95 The synthetic routes in Scheme 15 in-
volves the chlorination of (�)-trans-b-elemene (1) with NaClO to
give 13-chloro-b-elemene (125), which was reacted further with
alcohols or amine to yield the desired b-elemene-monosubstituted
ether or amine derivatives 126–141.95

3. Antitumor activities of (L)-trans-b-elemene
(1) or 1,3,11-elematriene

(�)-trans-b-Elemene (1) or (1S,2S,4R)-(�)-(1-methyl-1-vinyl-
2,4-diisopropenyl-cyclohexane) isolated from the Chinese medici-
nal herb Curcuma Wenyujin Y.H45 and Rhizoma Zedoariae96 has been
reported to exhibit antitumor activity. Elemene or elemene emul-
sion is a mixture of b-, d- and g-elemene (1, 4a, and 5, respectively)
with trans-b-elemene (1) as the main component.97 (�)-trans-b-
Elemene (1) has been a focus of attention in cancer research and
many Chinese academic publications have reported the anticancer
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activities of (�)-trans-b-elemene (1) against cancer of the brain,
liver, breast, lung, and other tissues as well as of leukemia in both in
vitro and in vivo experiments.5

Reports indicate that elemenes can efficiently inhibit the growth
of HL-60 cells and Hela cells in vitro, and the tumors of W-256 and
Lewis in vivo;98 suppresses telomerase activity through inhibiting
expression of human telomerase reverse transcriptase (hTERT)
promoter of gastric cancer cell;99 inhibits human retinoblastoma
HXO-RB44 cells by down-regulating the expression of survivin and
suppressing telomerase activity in a concentration dependent
manner;100 inhibits human gastric cancer SGC-7901 cells, and the
suppression of telomerase activity and induction of apoptosis
would be a very important mechanism in treatment of gastric
cancer;101 inhibits the subcutaneous plantation of human laryngeal
carcinoma in nude mice and its mechanism may be associated with
inhibited expression of vascular endothelial growth factor-C (VEGF-
C) and vascular endothelial growth factor receptor-3 (VEGFR-3);102

inhibits the proliferation and migration of hepatic stellate cells
(HSC) induced by Angiotensin II (ANG II);103 inhibits tumor angio-
genesis and tumor growth in Lewis lung carcinoma mouse through
reducing the levels of vascular endothelial growth factor (VEGF)
and inhibiting the expression of VEGF receptor;104 and inhibits the
growth of HEp-2 cells in vitro and in vivo.51

Wu et al. (1999)105 indicated that (�)-trans-b-elemene (1) in-
creases tumor cell immunogenicity partly by elevating the ex-
pression of heat shock protein 70 (HSP 70) on cancer cell surfaces,
(-)-1 125

NaClO
CH3COOH

126, R = Me
127, R = Et
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131, R = Cyclohexyl
132, R = PhCH2
133, R = CH2CH2OCH3
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Scheme 15. The synthetic route to b-elem
resulting in the induction and enforcement of host immunology
reaction to tumor cells.105 In addition, 1 may also change the im-
munogenicity of tumor cells in the level of gene, and may induce
different immunogenic substances from tumor cells treated by heat
shock.106 Elemene also could reduce the expression of the multi-
drug resistance gene (mdr1) and it is effective in killing tumors and
also more effective when combined with a chemotherapeutic
agent.107 In the treatment of patients with malignant brain tumors,
continuous infused trans-b-elemene (1) chemotherapy has been
administered at an average dosage of 600 mg/day/human.108

Recent studies showed that trans-b-elemene (1) was found to
trigger apoptosis in glioma SHG-44 cells and leukemia K562
cells.5h,97,109 Li et al.5b suggest that trans-b-elemene (1) sensitizes
chemoresistant ovarian carcinoma cells to cisplatin-induced
growth suppression partly through modulating the cell cycle G2
checkpoint and inducing cell cycle G2-M arrest, which lead to
blockade of cell cycle progression.5b Wang et al.5a indicate that the
effect of trans-b-elemene (1) on lung cancer cell death may be
through a mitochondrial release of the cytochrome c-mediated
apoptotic pathway.5a Recently, Yao et al. (2008)110 indicate that
activation of p38 MAPK is critical for the anti-proliferation effect of
trans-(�)-b-elemene (1) and that p38 MAPK might be a putative
pharmacological target for glioblastoma therapy.110

d-Elemene (5) has also been reported to exhibit a markedly anti-
proliferative effect on several tumor cell lines in a dose and time-
dependent manner in vitro.111,112 In addition, elemene was also
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reported to be effective and safe in the treatment for patients with
chylothorax.113 More importantly, few side effects of elemene in-
jection have been reported in clinical trials.114 Possible side effects
of (�)-1 from intravenous injection include local pain, allergic and
gastro-intestinal reactions, and slight fever.5e,f Peng et al. (2006)115

reported that the methodological quality of randomized controlled
trials (RCTs) of elemene injection against malignant tumors was
low and suggested that the effect of elemene injection being used in
clinical settings needs to be confirmed by further RCTs.115

3.1. Mechanism of anti-cancer activities of (L)-trans-b-
elemene (1)

As mentioned in Section 3, there are several extant reports on the
inhibitory effects and mechanism by which (�)-trans-b-elemene (1)
inhibits tumor cells proliferation in vitro and in vivo, however, the
mechanism still remains unclear. Reports indicate that it involves
direct cytotoxic activities5a such as the induction of cell cycle arrest,5b

the inhibition of oxygen free radical formation through the function
of anti-lipid oxidization,116 and several reports on apoptosis cell
death,117–119 and suppression of telomerase activity in a concentra-
tion-dependent manner.101,120 In addition, the indirect induction and
enforcement of host immunology reaction may also contribute to the
antitumor activity of (�)-trans-b-elemene (1).121a,b Elemenes have
also been reported to also significantly inhibit growth of C6 glio-
blastoma cells in vivo and in vitro through down-regulation of
phosphorylated extracellular signal-regulated kinase (ERK).121c

3.2. Synergistic activity of (L)-trans-b-elemene (1)

Several combination therapies using one or more of the fol-
lowing anti-cancer agents and trans-b-elemene (1) have been
reported. These include b-elemene-cisplatin intrapleural injection
in treatment of malignant pleurisy,122 interventional hepatic artery
chemotherapeutic thrombosis treatment of late stage hepatoma by
EFMA (elemene, 5-Fu, mitomycin, and adriamycin) and FMA regi-
mens,123 inhibitory effects of arsenic trioxide, ginseng saponin, and
(�)-trans-b-elemene (1) on telomere-telomerase system in K562
cell line,124 and the combination of tetramethylpyrazine (TMP) and
(�)-trans-b-elemene (1) have been used to reverse the MDR
(multidrug resistance) of K562/ADM cells.125 Other inhibitory ef-
fects resulting in b-elemene (1) synergistic activities include the
inhibitory effects of interleukin-23 (IL-23) gene-transfected den-
dritic cells (DCs) combined with (�)-trans-b-elemene (1) on the
growth of mouse pancreatic cancer cells,126 inhibitory effects of
(�)-trans-b-elemene (1) combined with interleukin-23 gene-
modified dendritic cells on murine pancreatic carcinoma,127 in-
hibitory effects of antisense oligodeoxynucleotides and (�)-trans-b-
elemene (1) on proliferation of breast cancer cell lines,128 inhibitory
effects of ginseng saponin, arsenic trioxide, (�)-trans-b-elemene
(1) combined with cyclophosphamide (CTX) on telomere-telome-
rase system in K562 cell line,129 effective immune and chemo-
therapeutic function of dendritic cell vaccines combined with
(�)-trans-b-elemene (1) on murine pancreatic carcinoma,130 sup-
pression effect of combination treatments of (�)-trans-b-elemene
(1) with taxanes (such as paclitaxel and docetaxel) against human
lung carcinoma by enhancement of the apoptotic induction and
inhibitory effect of the expression of the drug resistance genes in-
duced by only taxanes,5l inhibitory effects of elemene combined
with tamoxifen on breast cancer MCF-7 cell line,131 inhibitory effect
of elemene–piperazine on immune function in mice with tumor,132

and N-(b-elemene-13-yl)tryptophan methylester induces apoptosis
in human leukemia cells and synergism with arsenic trioxide
through a hydrogen peroxide dependent pathway.94
4. Conclusions

The elemanes are an important group of sesquiterpenes widely
occurring in nature1,2 and are considered from a biogenetic point of
view to be produced from germacranes via Cope rearrangements.3,4

Commonly, (�)-trans-b-elemene (1) occurs in higher plants13–26

and also arises from the Cope rearrangement of (þ)-germacrene A
(12) obtained from a genetically engineered yeast;13c it has been
explored and synthesized in various derivatives.10,84–92,94,95 Recent
reports have shown that (�)-trans-b-elemene5,94–132 possesses
activity against a broad spectrum of cancers including, brain, breast,
liver, lungs, prostate, and drug-resistance tumors. In addition
(�)-trans-b-elemene (1) or elemene injection has been reported to
show few side effects114 and known to induced apoptosis.117–132

Considering the fact that the metabolism or biotransformation of
drugs is mainly caused by enzymes, which are chiral macromole-
cules and discriminate between substrate molecules of different
stereochemistry, the use of antipodal elemene compounds may
result in metabolites of different activity and in different pharmaco-
kinetics, resorption, and excretion. It has been suggested that (þ)-
and (�)-enantiomers or racemic drugs should be looked at as two
different compounds.133 Therefore, (þ)-trans-b-elemene, which is
in turn present in lower plants or microorganisms and other
structural related elemene isomers such as geijerene (9),17 cis-
(�)-b-elemene (6),14 and (�)-iso-b-elemene (7)15 could lead to
a new set of unprecedented plant-derived metabolites of anticancer
activity or compounds of medicinal values. In addition, furanodiene
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(32), a natural product isolated from C. wenyujin, has been reported
to produce cytotoxic effects and induced apoptosis,134 and to pos-
sess anti-inflammatory, hepatoprotective, and antitumor activi-
ties.135 Finally, the biological activity of other naturally occurring
and synthesized elemanes and germacranes needs to be further
explored, more so that the mechanism of action of (�)-trans-b-
elemene (1) against cancer cells remains unclear.
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2005, 20, 421–424.

25. (a) Kokoska, L.; Havlik, J.; Valterova, I.; Nepovim, A.; Rada, V.; Vanek, T. Flavour
Fragrance J. 2005, 20, 419–420; (b) Sarkhail, P.; Amin, G.; Surmaghi, M. H. S.;
Shafiee, A. Flavour Fragrance J. 2005, 20, 327–329; (c) Santos, A. P.; Lopes, M.
C.; Limberger, R. P.; Apel, M. A.; Henriques, A. T.; Moreno, P. R. H. Flavour
Fragrance J. 2004, 19, 325–326; (d) Cavalli, J.-F.; Tomi, F.; Bernardini, A.-F.;
Casanova, J. Flavour Fragrance J. 2003, 18, 532–538; (e) Pandey, A. K.;
Chowdhury, A. R. Flavour Fragrance J. 2003, 18, 463–465; (f) Vila, R.; Mundina,
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zález, A. G.; Arteaga, J. M.; Bretón, J. Phytochemistry 1975, 14, 2039–2041.

50. Merfort, I. J. Chromatogr., A 2002, 967, 115–130.
51. (a) Sutherland, J. K. Tetrahedron 1974, 30, 1651–1660; (b) Terada, Y.; Yamamura,

S. Tetrahedron Lett. 1979, 35, 3303–3306; (c) Terada, Y.; Yamamura, S. Bull.
Chem. Soc. Jpn. 1982, 55, 2495–2499; (d) Houk, K. N.; Gonzales, J.; Li, J. Acc.
Chem. Res. 1995, 28, 81–90; (e) Takeda, K. Tetrahedron 1974, 30, 1525–1534.

52. (a) Fisher, N. H.; Mabry, T. J. J. Chem. Soc., Chem. Commun. 1967, 1235–1236; (b)
Jain, T. C.; Banks, C. M.; McCloskey, J. E. Tetrahedron Lett. 1970, 11, 841–844; (c)
Gopalan, A.; Magnus, P. J. Org. Chem. 1984, 49, 2317–2321; (d) Gajewski, J. J.;
Conrad, N. D. J. Am. Chem. Soc. 1978, 100, 6268–6269.

53. (a) Black, K. A.; Wilsey, S.; Houk, K. N. J. Am. Chem. Soc. 2003, 125, 6715–6724;
(b) Hrovat, D. A.; Borden, W. T.; Vance, R. L.; Rondan, N. G.; Houk, K. N.;
Morokuma, K. J. Am. Chem. Soc. 1990, 112, 2018–2019; (c) Blavins, J. J.; Cooper,
D. L.; Karadakov, P. B. J. Phys. Chem. A 2004, 108, 194–202; (d) Takeda, K.;
Horibe, I. J. Chem. Soc., Perkin Trans. 1 1975, 870–876.

54. (a) Takeda, K.; Horibe, I.; Minato, H. J. Chem. Soc., Perkin Trans. 1 1973, 2212–
2220; (b) Kodama, M.; Yokoo, S.; Matsuki, Y.; Itô, S. Tetrahedron Lett. 1979, 20,
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