
 

 

 University of Groningen

About the Chiral Stability of Germacrene B and the Biomimetic Synthesis of Guaiane
Sesquiterpenes
Minnaard, Adriaan; Wijnberg, Joannes B.P.A.; Groot, Aede de

Published in:
The Journal of Organic Chemistry

DOI:
10.1021/jo970902r

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1997

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Minnaard, A. J., Wijnberg, J. B. P. A., & Groot, A. D. (1997). About the Chiral Stability of Germacrene B and
the Biomimetic Synthesis of Guaiane Sesquiterpenes. The Journal of Organic Chemistry, 62(21). DOI:
10.1021/jo970902r

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 11-02-2018

http://dx.doi.org/10.1021/jo970902r
https://www.rug.nl/research/portal/en/publications/about-the-chiral-stability-of-germacrene-b-and-the-biomimetic-synthesis-of-guaiane-sesquiterpenes(b61379f0-558d-44cb-9ff8-33180412e421).html


About the Chiral Stability of Germacrene B and the Biomimetic
Synthesis of Guaiane Sesquiterpenes

Adriaan J. Minnaard, Joannes B. P. A. Wijnberg,* and Aede de Groot*

Laboratory of Organic Chemistry, Agricultural University, Dreijenplein 8,
6703 HB Wageningen, The Netherlands

Received May 20, 1997X

The planar chirality of 15-hydroxygermacrene B (2) has been examined by means of the asymmetric
Sharpless epoxidation, performed as a kinetic resolution. 1H NMR experiments with Eu(hfc)3
demonstrate that the recovered 2 is racemic. Consequently, 2 and most likely also germacrene B
(1) are not enantiomerically stable at room temperature. The formation of the optically active
cis-fused guaiane 4 of high ee with limited Sharpless reagent shows that the asymmetric epoxidation
of 2 proceeds highly enantioselectively. The Sharpless epoxidation methodology applied on the
(E,Z)-germacrane 3 results in the formation of the stable optically active epoxide 5. Acid-induced
cyclization of 5, leading to a mixture of guaianes, probably proceeds via the trans-fused carbocationic
intermediate A.

Introduction

Transannular cyclization reactions of (E,E)-germacra-
nes and their monoepoxides have attracted much atten-
tion in connection with sesquiterpene biosynthesis. It
has been shown1 that a concerted mechanism in combi-
nation with a fixed conformation of the cyclodeca-1(10),4-
diene ring system2 of (E,E)-germacranes, at least in the
transition state, accounts for the regio- and stereospeci-
fity of these reactions. The 10-membered ring system of
(E,E)-germacranes can adopt four principal conforma-
tions in which the Me(14) and Me(15) group3 are located
at both sides of the ring. These conformers have either
a crossed or parallel relation of the double bonds and are
interconvertible by rotation of each of the double bonds.4
Independently, the C(7) substituent of (E,E)-germacranes
may have two possible orientations, which in turn are
related via C(7)-C(8) inversion.5 In addition, (E,E)-
germacranes display planar chirality6 because the two
endocyclic double bonds are approximately perpendicular
to the plane of the 10-membered ring.
For germacrene B (1),7 a widespread naturally occur-

ring (E,E)-germacrane with sp2 hybridization at C(7), the
interconversion operations described above count for
eight low-energy conformers: four diastereomers and
their respective enantiomers. According to MNDO8 and
MM29 calculations on 1, the crown conformation in which

the endocyclic double bonds possess the crossed orienta-
tion with both Me(14) and Me(15) at the same side of
the molecule is energetically most favorable. The prefer-
ence of 1 for the crown conformation is supported by
X-ray analysis of the 1:1 adduct of 1 with AgNO3.10 This
X-ray analysis also revealed the presence of both the
enantiomers (S,S)-1 and (R,R)-1 (1:1 ratio) in the adduct
(Scheme 1).11 In another calculation study on the con-
formational aspects of 1, the suggestion has been made
that resolution of (S,S)-1 and (R,R)-1 should be possible
but that the racemization process should be quite facile.12
It was therefore challenging to study the chiral stability
of 1 and related compounds13 in more detail, all the more
so because the in vivo formation of 1 is assumably
enantioselective.14

The successful synthesis of 15-hydroxygermacrene B
(2)15 permitted the use of the asymmetric Sharpless
epoxidation, performed as a kinetic resolution,16 as a
direct method for studying the chiral stability of this type
of (E,E)-germacranes17 through determination of the ee
of recovered 218 by means of the enantiopure shift reagent
Eu(hfc)3.19 Additionally, it was expected that transan-
nular cyclization of the asymmetric epoxidation product

X Abstract published in Advance ACS Abstracts, September 15, 1997.
(1) For representative examples, see: (a) Allen, F. H.; Brown, E.

D.; Rogers, D.; Sutherland, J. K. J. Chem. Soc., Chem. Commun. 1967,
1116. (b) Sutherland, J. K. Tetrahedron 1974, 30, 1651. (c) Brown, E.
D.; Sam, T. W.; Sutherland, J. K.; Torre, A. J. Chem. Soc., Perkin
Trans. 1 1975, 2326. (d) Brown, E. D.; Sutherland, J. K.; Sam, T. W.
J. Chem. Soc., Perkin Trans. 1 1975, 2332. (e) Sam, T. W.; Sutherland,
J. K. J. Chem. Soc., Perkin Trans. 1 1975, 2336.

(2) The numbering system as given in structure 1 will be followed
throughout the text of this paper.

(3) In most naturally occurring (E,E)-germacranes, C(14) and C(15)
are Me groups. (E,E)-Germacranes in which C(14) or C(15) is oxidized
are also frequently found in nature, see: Connolly, J. D.; Hill, R. A.
Dictionary of Terpenoids; Chapman & Hall: London, 1991; Vol. 1,
Mono- and Sesquiterpenoids.

(4) During the rotation of a double bond, the vinylic hydrogen passes
through the ring.

(5) Wharton, P. S.; Poon, Y. C.; Kluender, H. C. J. Org. Chem. 1973,
38, 735.

(6) Eliel, E. L.; Wilen, S. H.; Mander, L. N. Stereochemistry of
Organic Compounds; Wiley Interscience: New York, 1994; pp 1166-
1176.

(7) Nishimura, K. Tetrahedron Lett. 1969, 3097.

(8) Fransen, H. R.; Dormans, G. J. M.; Buck, H. M. Tetrahedron
1983, 39, 2981.

(9) Watson, W. H.; Kashyap, R. P. J. Org. Chem. 1986, 51, 2521.
(10) (a) Allen, F. H.; Rogers, D. J. Chem. Soc., Chem. Comm. 1967,

588. (b) Allen, F. H.; Rogers, D. J. Chem. Soc. B 1971, 257.
(11) Prefixes like S,S denote the chirality associated with the C(1)-

C(10) and the C(4)-C(5) double bond, respectively, see: Cahn, R. S.;
Ingold, C.; Prelog, V. Angew. Chem. 1966, 78, 413. For simplicity, C(7)-
C(8) inversion is not considered.

(12) Shirahama, H.; Osawa, E.; Matsumoto, T. Tetrahedron Lett.
1979, 2245.

(13) Germacrone has been partly resolved by asymmetric reduction
and back oxidation: Hill, R. K.; Fracheboud, M. G.; Sawada, S.;
Carlson, R. M.; Yan, S.-J. Tetrahedron Lett. 1978, 945.

(14) Cane, D. E. Chem. Rev. 1990, 90, 1089.
(15) See preceding paper.
(16) Marshall et al. have used the same method in the synthesis of

optically active betweenanenes and related (E)-cycloalkenes: (a)
Marshall, J. A.; Audia, V. H. J. Org. Chem. 1987, 52, 1106. (b)
Marshall, J. A.; Audia, V. H.; Jenson, T. M.; Guida, W. C. Tetrahedron
1986, 42, 1703 and references cited therein.

(17) It was assumed that replacement of a Me(15) hydrogen atom
by a hydroxyl group would have no effect on the conformational
behavior.

(18) It is obvious that this ee will depend on the racemization rate
of 2.

(19) (+)-Eu(hfc)3 stands for europium tris[3-(heptafluoropropyl-
hydroxymethylene)-(+)-camphorate].
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of 2 would result in the formation of an optically active
cis-fused guaiane.20

It is well-known that, with few exceptions, transan-
nular cyclizations of (E,E)-germacranes, or more likely
their respective 1,10- and 4,5-epoxides, give eudesmane
and guaiane sesquiterpenes.20,21 On the other hand,
knowledge of the possible transannular cyclizations of the
geometric isomers of (E,E)-germacranes, i.e., (Z,E)-ger-
macranes (melampolides) and (E,Z)-germacranes (he-
liangolides), appears to be limited to a few studies,22,23
and the accumulated results do not permit any gener-
alization. With the heliangolide 3 available,15 it was
obvious to investigate the cyclization behavior of the 4,5-
epoxide of 3 too. From this cyclization study, it was
expected that new information about the possible role of
heliangolides in the biosynthesis of sesquiterpenes would
be obtained.

Results and Discussion

The conformational behavior and enantiomer composi-
tion of 2 was studied first. Information about its con-
formational behavior was obtained from 1H NMR mea-
surements at room and lower temperatures. The signals
in the 1H NMR spectrum of 2 recorded at room temper-
ature were broadened but singular.24 At low tempera-
ture, the number of signals increased, indicating the
presence of more than one conformer. Although these
observations do not necessarily imply that 2 racemizes
at room temperature, they indicate that an averaged 1H
NMR spectrum is obtained at room temperature.
The enantiopure shift reagent (+)-Eu(hfc)3 was used

to determine the enantiomer composition of 2. In the

normal 1H NMR spectrum of 2, the carbinyl protons at
C(15) appeared as an AB quartet (J ) 11.7 Hz, ∆ν/J )
5.4). After addition of (+)-Eu(hfc)3, the signals of these
protons were strongly shifted and doubled, which points
to the racemic nature of 2.25

As mentioned in the Introduction, a direct way to
establish the chiral stability of 2 involves the asymmetric
Sharpless epoxidation, performed as a kinetic resolution.
Since 2 probably exists in a single (crown) conformation
(vide supra), it is expected that the epoxidation of 2 will
only occur from the outer face because the π lobe of the
C(4)-C(5) double bond at the interior of the 10-membered
ring is effectively shielded and not available for reac-
tion.26 Consequently, only one enantiomer can undergo
reagent preferred epoxidation and none of the diastere-
omeric epoxy alcohol would be expected to form. The
Sharpless epoxidation of 2was carried out following well-
described procedures with (+)-diethyl tartrate (DET) as
the chiral ligand.27 The reaction was designed as a
kinetic resolution using 0.55 equiv of tert-butyl hydrop-
eroxide (t-BuOOH) and stoichiometric amounts of tita-
nium isopropoxide (Ti(OiPr)4) at -23 °C. Under these
circumstances, the asymmetric epoxidation of 2 produced
the optically active guaiane 4 ([R]D -52°) in 17% yield,
together with small amounts of unidentified products
(Scheme 2). The ee of 4 was found to be 92% through
chiral GC analysis.28 Aqueous AgNO3 extraction and
chromatographical purification were applied to regain
unreacted 2 (46%). 1H NMR experiments with Eu(hfc)3
showed that this recovered 2 was racemic.29 This result
suggests that the unreacted 2 racemizes either during
the epoxidation reaction at -23 °C or as it warms from
-23 °C to room temperature during the isolation process.
Whatever the case may be, 2 is not enantiomerically
stable at room temperature. Assuming that replacement
of the hydroxyl group in 2 by a hydrogen atom has no
influence on the racemization rate, germacrene B (1) will
also be enantiomerically unstable at room temperature.
Therefore, these compounds cannot be added to the list
of enantiomerically stable (E)-cycloalkenes.6 When the
asymmetric epoxidation of 2 was performed with 1.1
equiv of t-BuOOH, 4 of 56% ee was formed in 36%
chemical yield. This finding indicates that during ep-
oxidation at -23 °C with a full equivalent of Sharpless
reagent, racemization of 2 occurs slowly relative to the
asymmetric epoxidation, so the more reactive enantiomer
is not constantly replenished, and, hence, the less reactive
enantiomer is epoxidized as well.

(20) The transannular cyclization of (E,E)-germacrane 4,5-epoxides
constitutes an important step in the biosynthesis of cis-fused guaianes,
see: Fischer, N. H. In Recent Advances in Phytochemistry, Vol. 24:
Biochemistry of the Mevalonic Acid Pathway to Terpenoids; Towers,
G. H. N., Stafford, H. A., Eds.; Plenum Press: New York, 1990; Chapter
4.

(21) Marco, J. A.; Sanz-Cervera, J. F.; Garcı́a-Lliso, V.; Domingo,
L. R.; Carda, M.; Rodrı́guez, S.; López-Ortiz, F.; Lex, J. Liebigs Ann.
Chem. 1995, 1837 and references cited therein.

(22) Cyclization of geometric isomers of simple (E,E)-germacranes
have been performed, inter alia, see: (a) Kodama, M.; Yokoo, S.;
Matsuki, Y.; Itô, S. Tetrahedron Lett. 1979, 1687 and references cited
therein. (b) Williams, J. R.; Callahan, J. F.; Blount, J. F. J. Org. Chem.
1981, 46, 2665.

(23) (a) Toma, K.; Murae, T.; Takahashi, T. Chem. Lett. 1982, 551.
(b) De Pascual Teresa, J.; González, M. S.; Caballero, M. C.; Parra, T.;
Bellido, I. S. Tetrahedron Lett. 1987, 28, 821. (c) González, A. G.;
Galindo, A.; Afonso, M. M.; Mansilla, H.; López, M. Tetrahedron 1988,
44, 4585. (d) Delgado, G.; Guzmán, S. J. Chem. Soc., Chem. Commun.
1992, 606.

(24) In the NMR spectra of 1, similar effects were observed.

(25) Siever, R. E.; Kime, K. A. Aldrichimica Acta 1977, 10, 54.
(26) A similar reasoning has been made for the biological epoxidation

of (E,E)-germacranes, see: Fischer, N. H. Rev. Latinoamer. Quı́m.
1978, 9, 41.

(27) (a) Johnson, R. A.; Sharpless, K. B. In Catalytic Asymmetric
Synthesis; Ojima, I., Ed.; VCH Publishers: New York, 1993; Chapter
4. (b) Katsuki, T.; Martin, V. S. Org. React. 1996, 48, 1.

(28) A gas chromatograph equipped with a Supelco 30 m BETA-
DEXTM-120 fused silica capillary column, 0.25 mm i.d. and 0.25 µm film
thickness, was used. H2 was the carrier gas. Peaks were partly resolved
and integrated manually.

(29) In different runs the optical rotation did not exceed 5°.

Scheme 1 Scheme 2
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Initially, the elucidation of the relative stereochemistry
of 4 was troublesome because of overlapped signals in
its 1H NMR spectrum recorded in CDCl3 and C6D6. The
use of a 1:1:1 mixture of CDCl3, C6D6, and C5D5N,
however, resulted in unobscured signals for both the
bridgehead protons H-1 and H-5. NOE-difference experi-
ments showed a clear NOE between these two protons,
thereby establishing the cis fusion of the guaiane skel-
eton. The NOE observed between H-1 and the 2-propoxy
group ascertained the stereochemistry at C(10). Because
the C(15) carbinol group and H-5 necessarily possess the
trans orientation, the stereochemistry of 4 is as depicted
in Scheme 2. Structure 4 also reflects the absolute
configuration. The assignment is based on the enanti-
oselectivity principles of the asymmetric Sharpless ep-
oxidation according to which epoxidation of 2 will pref-
erentially take place from the S,S conformation.30

The formation of cis-fused (-)-4 must proceed via the
resolved epoxide alcohol, initially formed in the Sharpless
epoxidation of 2 (see Scheme 2). Under the reaction
conditions employed, this epoxide alcohol immediately
reacts further by way of epoxide ring opening, probably
induced by titanium species acting as Lewis acids,
transannular cyclization, and incorporation of 2-propanol
present in the reaction medium to afford (-)-4. Although
other stereochemical courses for the cyclization of (E,E)-
germacranes cannot be excluded,31 the formation of (-)-4
provides strong evidence for the involvement of (E,E)-
germacrane epoxides in the biosynthesis of cis-fused
guaianes.20

Beside guaianes possessing a cis-fused ring system, a
number of trans-fused guaianes has been found in
nature. In most of these trans-fused guaianes, H-5 and
C(15) are located at different sides of the molecule.3 It
has been postulated that the biosynthesis of these trans-
guaianes proceeds via the 4,5-epoxides of melampolides.32
The isolation of guaianes possessing a syn relationship
between H-5 and C(15),33 on the other hand, suggests the
involvement of heliangolides in guaiane biosynthesis. In
order to test the latter hypothesis, the heliangolide
alcohol 3was converted into its 4,5-epoxide and subjected
to cyclization conditions.34

The Sharpless epoxidation of 3 was performed with
excess t-BuOOH and afforded, after workup and purifica-
tion, the stable epoxide 5 ([R]D -145°)35 in 52% yield
(Scheme 3). The sharp signals and couplings in the 1H
NMR spectrum suggest that 5 probably exists in one
conformation at room temperature. Upon treatment of
5 with acid, a fast reaction was observed which resulted
in a mixture of essentially four guaianic products in a
1:1:1:4 ratio as judged by GC. Separation of this product
mixture appeared to be troublesome, and only after
repeated chromatography on silica gel, one of the minor
compounds, 8, could be obtained in almost pure form. A

more successful separation of the remaining product
mixture was achieved with AgNO3-impregnated silica gel.
In this way, the main product 6 ([R]D +48°)36 and another
minor compound, 7, contaminated with small amounts
of 8, were obtained. The fourth product, most likely the
C(9)-C(10) double bond isomer of 6 and 7,37 was lost
during the latter purification step. The absence of
olefinic signals in the 1H NMR spectrum of 6 and the
appearance of four olefinic singlets in its 13C NMR
spectrum are consistent with the assigned structure. The
presence of an exocyclic double bond in 7 follows from
the appearance of a broad two-proton singlet at δ 4.72
(1H) and an olefinic triplet at δ 107.23 (13C) in its NMR
spectra. The vinylic one-proton doublet (J ) 0.9 Hz) and
the three-proton doublet (J ) 7.0 Hz) at δ 5.32 and 1.02,
respectively, in the 1H NMR spectrum of 8 are typical
and, together with the other 1H and 13C NMR data, in
full agreement with the assigned structure.
The formation of 6, 7, and 8 presumably proceeds via

the intermediate A. This tertiary carbocation can un-
dergo proton loss to give the isomeric guaianes 6 and 7,
but can also react further by way of two consecutive 1,2-H
shifts (C(1) f C(10) and C(5) f C(1)) to afford another
tertiary carbocationic intermediate (B). Proton loss
leading to a conjugated diene system accounts for the
formation of 8 from B. Because tandem 1,2-H shifts are
suprafacial and occur most likely via a concerted pro-
cess,38 the ring junction in the initially formed intermedi-
ate A is probably trans. Combined with the syn rela-
tionship between H-5 and C(15), this has led to the
stereochemistry depicted in the structures 6, 7, and 8
(Scheme 3).

(30) With (+)-DET as the chiral ligand, (R,R)-2 remains largely
unoxidized, see ref 27a, pp 104-108.

(31) Kuroyanagi, M.; Ueno, A.; Koyoma, K.; Natori, S.Chem. Pharm.
Bull. 1990, 38, 55.

(32) Herz, W. In Chemistry in Botanical Classification. Nobel
Symposium 25; Bendz, G., Santesson, T., Eds.; Academic Press: New
York, 1973; pp 153-172.

(33) (a) Bohlmann, F.; Borthakur, N.; Jakupovic, J.; Pickard, J.
Phytochemistry 1982, 21, 1357. (b) Barrero, A. F.; Sánchez, J. F.;
Molina, J.; Barrón, A.; Del Mar Salas, M. Phytochemistry 1990, 29,
3575.

(34) The possible role of melampolides in guaiane biosynthesis is
currently studied at our department. To be published.

(35) Chiral GC could not be used to establish the ee of 5 because of
its thermal instability.

(36) Because only a single peak was observed, the ee of 6 could not
be determined with chiral GC. In this respect, it should be noted that
the enantioselectivity of the Sharpless epoxidation of allylic alcohols
almost invariably approaches 100%. See reference 27a, p 104.

(37) The presence of this isomer was deduced from the appearance
of a broad triplet at δ 5.52 in the 1H NMR spectrum of the crude
product mixture.

(38) Carey, F. A.; Sundberg, R. J. Advanced Organic Chemistry;
Plenum Press: New York, 1990; part A, p 314.

Scheme 3
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The reaction outcome of the cyclization of 5 reinforces
our hypothesis that heliangolides can act as precursors
for guaianes with H-5 and C(15) in a syn arrangement.
The formation of 8 from 5, in which probably 1,2-H shifts
are involved, further suggests that the biosynthesis of
naturally occurring guaianes with a C(5)-C(6) double
bond and a syn relationship between H-1 and C(14)39
probably proceeds in the same way. Similar 1,2-H shifts
have also been proposed for the biosynthesis of pseudogua-
ianes,40 but in that case a C(4) f C(5) shift of C(15)
instead of proton loss follows the 1,2-H shifts. It is
obvious that the syn orientation of H-5 and C(15), as in
intermediate A, prevents a concerted 1,2-C shift.

Concluding Remarks

The question whether germacrene B (1) would be
enantiomerically stable could be answered by the asym-
metric Sharpless epoxidation of 2, performed as a kinetic
resolution. It appears that the racemization rate of 2 is
fast at room temperature and this conclusion can safely
be extrapolated to germacrene B itself.
The formation of the optically active guaiane 4 of high

ee with limited Sharpless reagent shows that the asym-
metric epoxidation of 2 proceeds highly enantioselec-
tively. Therefore, enantioselective in vivo epoxidation of
germacrene B may be possible as well.41 In addition, the
cis ring junction in 4 indicates that 2 preferably reacts
from the most stable crown conformation, which is
consistent with previous studies.1
The acid-induced transannular cyclization of the he-

liangolide 4,5-epoxide 5, in which the guaianes 6 and 7
and the rearranged guaiane 8 are formed, may represent
a possible biosynthetic pathway toward guaianes with
an aberrant stereochemistry at C(4).33,39a

Experimental Section42

Materials. All reagents were purchased from Aldrich or
Janssen. The compounds 2 and 3 were prepared as de-
scribed.15
Kinetic Resolution/Asymmetric Epoxidation of 2. To

a stirred solution of 0.134 mL (0.45 mmol) of Ti(OiPr)4 in 2
mL of dry CH2Cl2 was added 0.090 mL (0.52 mmol) of (+)-
DET at -23 °C. The solution was stirred for 5 min, and then
a solution of 0.100 g (0.45 mmol) of 2 in 2 mL of CH2Cl2 was
added. After stirring at -23 °C for an additional 30 min, 0.045
mL (≈ 0.25 mmol) of t-BuOOH (5-6 M in decane) was added.
Stirring was continued at -23 °C for 1 h, and then a mixture
of 8 mL of acetone and 0.5 mL of water was added. After being
stirred at -23 °C for another 30 min and at 0 °C for 3 h, the
reaction mixture was filtered, and the filtrate was extracted
with CH2Cl2. The combined organic layers were washed with
brine, dried, and evaporated at rt. The remaining residue was
dissolved in 10 mL of tert-butyl methyl ether and added to a

mixture of 5 mL of brine and 0.2 g of NaOH at 0 °C. The two-
phase mixture was stirred at 0 °C for 1 h. After separation
and drying, the organic layer was evaporated at rt to afford
0.115 g of the crude product mixture. This mixture was
dissolved in 10 mL of tert-butyl methyl ether and extracted
with five portions of 20% aqueous AgNO3. The combined
aqueous layers were washed with tert-butyl methyl ether and
cooled to 0 °C. After addition of 15 mL of 25% aqueous NH3,
the aqueous layer was extracted with tert-butyl methyl ether.
The combined organic layers were washed with brine, dried,
and evaporated at rt to afford 0.037 g (37%) of the starting
material 2. The tert-butyl methyl ether solution remaining
after aqueous AgNO3 extraction was washed with brine, dried,
and evaporated. Flash chromatography (3:1 to 3:2 petroleum
ether (bp 40-60 °C)/tert-butyl methyl ether) gave, in order of
elution, an additional 0.009 g (9%) of 2 and 0.022 g (17%) of
[(1R)-(1R,3aR,4R,8aR)]-decahydro-1-hydroxymethyl-4-methyl-
7-(1-methylethylidene)-4-[(1-methylethyl)-oxy]-1-azulenol
(4): [R]D -52.3° (c 0.38), 92% ee;29 1H NMR43 δ 1.07 (d, J )
6.5 Hz, 3 H), 1.11 (d, J ) 6.5 Hz, 3 H), 1.11 (s, 3 H), 1.46-1.66
(m, 4 H), 1.73-1.85 (m, 2 H), 1.75 (br s, 3 H), 1.90 (br s, 3 H),
1.92-2.00 (m, 2 H), 2.21 (br dd, J ) 5.8, 12.4 Hz, 1 H), 2.62
(br d, J ) 12.8 Hz, 1 H), 2.87 (ddd, J ) 5.3, 14.1, 17.0 Hz, 1
H), 3.07 (br ddd, J ≈ 6, 6, 13 Hz, 1 H), 3.73 (d, AB system, J
) 10.8 Hz, 1 H), 3.82 (septet, J ) 6.5 Hz, 1 H), 3.91 (d, AB
system, J ) 10.8 Hz, 1 H), 4.33 (br s, 2 OH); 13C NMR (CDCl3)
δ 20.06 (q), 20.27 (q), 24.64 (t), 25.20 (q), 25.30 (q), 26.85 (t),
27.00 (t), 28.59 (q), 31.54 (t), 32.50 (t), 47.93 (d), 50.22 (d), 62.40
(d), 66.85 (t), 77.05 (s), 84.91 (s), 122.63 (s), 130.86 (s); MS
m/z (relative intensity) 296 (M+, 1), 236 (70), 218 (28), 205
(100), 187 (66), 147 (25), 122 (67), 107 (27), 43 (32); HRMS
calcd for C18H32O3 (M+) 296.2351, found 296.2355.
The same procedure was employed by using 0.062 g (0.28

mmol) of 2 and 0.062 mL (≈0.31 mmol) of t-BuOOH (5-6 M
in decane), except that the AgNO3 extraction was omitted.
Flash chromatography (3:1 to 3:2 petroleum ether (bp 40-60
°C)/tert-butyl methyl ether) afforded 0.004 g (6%) of unreacted
2 and 0.029 g (36%) of 4: [R]D -35.5° (c 0.69), 56% ee.
(1R,2S)-7-Methyl-4-(1-methylethylidene)-(1,2-b)-oxira-

nyl-7-cyclodecenemethanol (5). The procedure used for the
epoxidation of 2 was employed by using 0.123 g (0.56 mmol)
of 3 and 0.28 mL (≈1.40 mmol) of t-BuOOH (5-6 M in decane).
The reaction mixture was stored at -20 °C in the refrigerator
overnight and worked up as described. Flash chromatography
(2:1 petroleum ether (bp 40-60 °C)/tert-butyl methyl ether)
afforded 0.067 g (52%) of 5: [R]D -145° (c 0.70); 1H NMR δ
1.31 (ddd, J ) 4.8, 13.5, 13.5 Hz, 1 H), 1.65 (s, 6 H), 1.73 (s, 3
H), 1.80-2.30 (m, 8 H), 2.51 (m, 1 H), 2.83 (br d, J ) 15.0 Hz,
1 H), 3.07 (br d, J ) 10.0 Hz, 1 H), 3.55 (dd, AB system, J )
6.8, 12.2 Hz, 1 H), 3.83 (dd, AB system, J ) 4.3, 12.2 Hz, 1 H),
5.30 (dd, J ) 8.0, 8.0 Hz, 1 H); 13C NMR δ 17.02 (q), 20.63 (q),
21.53 (q), 22.78 (t), 27.99 (t), 33.82 (t), 34.18 (t), 38.63 (t), 60.60
(d), 64.07 (t), 64.73 (s), 122.83 (d), 128.11 (s), 129.82 (s), 135.88
(s); MS m/z (relative intensity) 236 (M+, 18), 221 (36), 205
(70), 147 (100), 135 (94), 121 (73), 107 (96), 93 (87), 55 (80);
HRMS calcd for C15H24O2 (M+) 236.1776, found 236.1778.
Acid-Induced Cyclization of 5. To a stirred solution of

0.040 g (0.17 mmol) of 5 in 5 mL of dry CH2Cl2 at room
temperature (rt) was added 0.01 g (0.05 mmol) of TsOH
dissolved in 1.5 mL of dry CH2Cl2. After being stirred for 10
min, the reaction mixture was diluted with water and ex-
tracted with CH2Cl2. The combined organic layers were
washed with saturated aqueous NaHCO3 and brine, dried, and
evaporated to afford 0.040 g of a crude product mixture.
Repeated flash chromatography (3:1 hexane/EtOAc) gave 0.002
g of almost pure 8. Flash chromatography of the remaining
mixture using silica gel impregnated with 7% of AgNO3

afforded 0.010 g of 6 and 0.002 g of 7.44 The spectroscopic data
of 6, 7, and 8 are given below.
[(1R)-(1r,8aâ)]-Octahydro-1-hydroxymethyl-4-methyl-

7-(1-methylethylidene)-1-azulenol (6): [R]D +48° (c 0.49);

(39) (a) Bohlmann, F.; Jakupovic, J. Phytochemistry 1979, 18, 131.
(b) Yu, S.; Fang, N.; Mabry, T. J.; Abboud, K. A.; Simonsen, S. H.
Phytochemistry 1988, 27, 2887. (c) Zdero, C.; Bohlmann, F.; King, R.
M. Phytochemistry 1990, 29, 3201. (d) Gao, F.; Wang, H.; Mabry, T.
J.; Watson, W. H.; Kashyap, R. P. Phytochemistry 1990, 29, 551. (e)
Gao, F.; Wang, H.; Mabry, T. J. Phytochemistry 1990, 29, 1601.

(40) (a) Fischer, N. H.; Wiley, R. A.; Perry, D. L. Rev. Latinoamer.
Quı́m. 1976, 7, 87. (b) Herz, W. Israel J. Chem. 1977, 16, 32.

(41) The biotransformation of racemic germacrone to enantiomeri-
cally enriched germacrone-4,5-epoxide by plant cell cultures has been
reported, see: (a) Hikino, H.; Konno, C.; Nagashima, T.; Kohama, T.;
Takemoto, T. Chem. Pharm. Bull. 1977, 25, 6. (b) Sakui, N.; Kuroy-
anagi, M.; Ishitobi, Y.; Sato, M.; Ueno, A. Phytochemistry 1992, 31,
143. (c) Sakamoto, S.; Tsuchiya, N.; Kuroyanagi, M.; Ueno, A. Phy-
tochemistry 1994, 35, 1215.

(42) For a general description of the experimental procedures
employed in this research, see: Minnaard, A. J.; Wijnberg, J. B. P. A.;
de Groot, A. Tetrahedron 1994, 50, 4755.

(43) This spectrum was recorded in a 1:1:1 mixture of CDCl3, C6D6,
and C5D5N.

(44) The 1H NMR spectrum of 7 revealed the presence of a small
amount of 8.
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1H NMR δ 1.56 (br s, 3 H), 1.60 (br s, 6 H), 1.55-2.60 (m, 13
H), 3.46 (d, AB system, J ) 11.0 Hz, 1 H), 3.65 (d, AB system,
J ) 11.0 Hz, 1 H); 13C NMR δ 20.33 (2 q), 22.21 (q), 28.82 (t),
29.47 (t), 31.94 (t), 35.17 (t), 36.07 (t), 47.35 (d), 68.49 (t), 83.12
(s), 122.71 (s), 128.99 (s), 132.07 (s), 137.40 (s); MS m/z
(relative intensity) 236 (M+, 46), 218 (20), 205 (100), 187 (30),
149 (15), 123 (6), 105 (16), 97 (39); HRMS calcd for C15H24O2

(M+) 236.1776, found 236.1778.
[(1R)-(1r,3ar,8aâ)]-Decahydro-1-hydroxymethyl-4-me-

thylidene-7-(1-methylethylidene)-1-azulenol (7): 1H NMR
δ 1.20 (ddd, J ) 3.8, 11.7, 11.7 Hz, 1 H), 1.55-2.15 (m, 5 H),
1.60 (br s, 2 OH), 1.65 (br s, 3 H), 1.67 (br s, 3 H), 2.25-2.65
(m, 6 H), 3.50 (dd, AB system, 5.3, 10.7 Hz, 1 H), 3.62 (dd, AB
system, 3.2, 10.7 Hz, 1 H), 4.72 (br s, 2 H); 13C NMR δ 20.25
(2 q), 26.68 (t), 30.96 (t), 31.69 (t), 36.35 (t), 36.62 (t), 49.08
(d), 53.34 (d), 69.58 (t), 82.10 (s), 107.23 (t), 124.87 (s), 130.62
(s), 152.58 (s); MS m/z (relative intensity) 236 (M+, 15), 218
(17), 206 (15), 205 (100), 187 (37), 145 (11), 131 (12), 105 (11),
91 (14); HRMS calcd for C15H24O2 (M+) 236.1776, found
236.1777.
[(1R)-(1r,3aâ,4â)]-Octahydro-1-hydroxymethyl-4-meth-

yl-7-(1-methylethylidene)-1-azulenol (8): 1H NMR δ 1.02

(d, J ) 7.0 Hz, 3 H), 1.20 (m, 1 H), 1.60 (br s, 2 OH), 1.68 (br
s, 3 H), 1.71 (br s, 3 H), 1.60-2.70 (m, 9 H), 3.61 (dd, AB
system, J ) 4.8, 10.6 Hz, 1 H), 3.72 (br d, AB system, J )
10.6 Hz, 1 H), 5.32 (br s, 1 H); 13C NMR δ 20.19 (q), 20.66 (q),
20.77 (q), 29.93 (t), 30.52 (t), 33.30 (t), 35.47 (d), 42.80 (t), 51.01
(d), 69.30 (t), 83.55 (s), 120.06 (d), 124.44 (s), 132.31 (s), 152.68
(s); MS m/z (relative intensity) 236 (M+, 57), 218 (54), 205
(100), 187 (86), 149 (30), 145 (32), 131 (30), 121 (32), 91 (32),
55 (33), 41 (30); HRMS calcd for C15H24O2 (M+) 236.1776, found
236.1776.
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