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ABSTRACT

A novel approach for the stereocontrolled synthesis of eudesmanolides was developed based on a quasi-biomimetic strategy starting from a
functionalized oxabicyclic template, as shown above, by which the first total syntheses of gallicadiol (6) and isogallicadiol (7) were achieved.
The key elements of the synthesis include: (1) a facile and stereospecific synthesis of a functionalized epoxy aldehyde intermediate; (2) a
mild Lewis acid-mediated stereoselective ene cyclization; and (3) a stereocontrolled γ-lactonization.

Eudesmanolides are structurally characteristic, naturally
occurring sesquiterpene lactones (i.e.,R-santonin) exhibiting
a wide range of biological activities.1 The chemical synthesis
of this class of biologically significant compounds has drawn
a great deal of attention.2 Although some semisynthetic (i.e.,
from readily availableR-santonin)3 and total synthetic4

approaches have been developed over the past decades, it is
still highly desirable to explore a more general and highly
stereocontrolled total synthetic method. In continuation of
our study on the synthesis of bioactive sesquiterpenoids,5

we report here the development of a novel and highly
stereocontrolled approach for the total synthesis of C-1
hydroxylated eudesmanolides, which culminated in the first
chemical synthesis of (()-gallicadiol (6)6 and (()-isogal-
licadiol (7),7 which were first isolated from the medicinal
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plantArtemisia maritima gallicaWilld and represent a rare
yet biogenetically interesting class of C5,10cis-eudesmanolide.

Biosynthetically, C-1 hydroxylated eudesmane sesquiter-
penoids (eudesmanoids) are generally derived from the
common biogenetic precursor farnesyl pyrophosphate (FPP)
via a mild acid-promoted transannular cationic cyclization
of a 1,10-epoxygermacrane derivative and further oxygen-
ative derivatization of the resulting intermediatei (Figure
1).8 This general biosynthetic pathway was manifested in

an ingenuous biomimetic conversion9 of naturally occurring
costunolide (1) into santamarine (2) and reynosin (3), two
typical antitumor eudesmanolides,10 as shown in Figure 1.

Inspired by this biogenetic knowledge,8,9,11 we hypoth-
esized an allylic cationic intermediateii (Figure 2) to mimic
the transient biogenetic intermediatei (Figure 1) for the
construction of the eudesmane skeleton, which we envisioned
to be generated from a substituted oxabicyclic precursor4
by an acid-promoted ring-opening process (Figure 2). This
quasi-biomimetic strategy has been proven to be effective
in our previous concise and stereocontrolled total synthesis
of balanitol (5), via a formic acid-mediated tandem ring-

opening cyclization of the oxabicyclic precursor4a (4, R )
H) as the key step (Figure 2).12 A logical extension of this
approach for the synthesis of both C-1 and C-6 hydroxylated
eudesmanoids, that is, eudesmanolides2, 3, 6, and7, would
be the incorporation of an oxygenated (or equivalent)13

substituent R in4.
After considerable experimentation, we found that the

methoxyvinylation of the bisalkylated oxabicyclic ketone8
to the corresponding methoxy vinylic ether4b (4, R ) OMe)
was realized by employing the Magnus protocol14 via the
Peterson olefination reaction. Thus, the addition of (methoxy-
(trimethylsilyl)methyl)lithium (Magnus reagent)14 to ketone
8 (-78 f -60 °C, 1 h) was followed by in situ treatment
with t-BuOK (-78 °C f rt) of the resulting adduct to give
an isomeric mixture of methoxy vinylic ethers4b (E/Z 4:3,
87%), which could be separated by chromatography on silica
gel.15 Other conventional olefination methods, including the
Corey-Tius protocol16 or the use of (diazomethyl)phospho-
nate,17 have all failed due to considerable steric hindrance
of the keto carbonyl in8.

With the designated oxabicyclic methoxy vinylic ether4b
in hand, we next studied the anticipated cationic cyclization
under acidic conditions. Treatment of4b with a protic acid
(i.e., formic or acetic acid) resulted in a rapid hydrolytic ring-
opening of the oxabicyclic ring system, leading to a
cyclohexenal derivative12 (vide infra, Scheme 2) in good
yield. The use of ZnBr2 as a mild Lewis acid in anhydrous
CH2Cl2 produced a major cyclization product (54%), which
was fully characterized spectroscopically as decalinic diene
9, along with a small amount of dealkylated diene10
(Scheme 1). Treatment with a stronger Lewis acid (i.e.,
TMSOTf) afforded a demethoxylated hydroxy diene11 in
moderate yield.

Apparently, although the action of Lewis acid promoted
the tandem ring-opening cationic cyclization of4b, leading
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Figure 1. Biogenesis of C-1 hydroxylated eudesmanoids.

Figure 2. General quasi-biomimetic strategy to eudesmanoids.
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to the eudesmane skeleton (9 and 11), intriguingly, the
methoxy group, which we deliberately introduced in4b for
C-6 oxygenation of eudesmane skeleton, migrated to the

peripheral alkyl chain instantaneously. The probable mecha-
nistic rationale for this unusual methoxy 1,3-shift is depicted
in Scheme 1, in which a metastable methyloxonium inter-

mediateiii with a favorables-transconfiguration may be
generated initially, which undergoes a deprotonative C-O
bond cleavage18 (pathwaya) to give the methoxy-migrated
diene9 preferentially.19 One evident fact is that submission
of either E or Z isomer (or a mixture) of4b to the above
cyclization conditions afforded the single diastereomeric9
in comparable yield. The minor dealkylative product10may
be attributed to an alternative nucleophilic attack (pathway
b) at the C-11 by residual H2O.

Although we have not been able to tune the cationic
cyclization of 4b as anticipated (arrows inii), presently,20

we decided to employ the readily availableR,â-unsaturated
aldehyde 12 as a valuable intermediate for our target
synthesis.

As shown in Scheme 2, epoxidation (30% H2O2, KOH,
MeOH) of hydroxy aldehyde12 affordedâ-epoxide13 as a
single diastereomer in 78% yield, which was subjected to
ene cyclization21 mediated by a mild Lewis acid. To our
delight, the desired ene cyclization proceeded smoothly in
the presence of 0.95 equiv of ZnBr2 in anhydrous CH2Cl2 to
give an epoxy diol14 as the major diastereomer in 87%
isolated yield. The stereochemistry of14was unambiguously
confirmed by a single-crystal X-ray diffraction analysis
(Scheme 3) of the corresponding C-1 acetate22 (mp 111-

112 °C).22 Two minor diastereomeric products,23 14a and
14b, were also obtained in a total yield of 13% in a ratio of

(17) (a) Ohira, S.Synth. Commun.1989, 19, 561. (b) Surprenant, S.;
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Scheme 1. Cyclization of Oxabicyclic Methoxy Vinylic Ether
4

Scheme 2. Total Synthesis of Gallicadiol and Isogallicadiol
Scheme 3. Ene Cyclization of C-1 Acetoxy Aldehyde21
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ca. 1:2. It is noteworthy that treatment of14 with ZnBr2
(1.0 equiv) in CH2Cl2 resulted in a facile regioselective epoxy
ring-opening to give eudesmane triol14c(mp 118-119°C)
quantitatively. This interesting reactivity of the C4,5 â-epoxy
function appears to be general as protic acid could also
promote a similar epoxy ring-opening process (vide infra).

Apparently, the 6â-hydroxy of 14 needed to be inverted

at this stage for the synthesis of the more commontrans-
configurated eudesmane C6,7 γ-lactones. Thus, PCC oxidation
of the C-1 acetate22 gave the epoxy ketone15 (mp 100-
102°C) in 92% yield from diol14, which was then subjected
to hydroboration using BH3 in THF to furnish, after usual
oxidative workup, the epoxy diol16 as a diastereomeric
mixture (R/â 65:35) in 96% yield with a stereospecific
inversion of the 6â-hydroxy configuration.24 Oxidative
γ-lactonization of the epoxy diol16 (R and â) with
Ag2CO3/Celite (Fetizon reagent)25 in refluxing benzene
afforded the epoxyγ-lactones 11R-17 (mp 139-141°C) and
11â-17(mp 154-156°C) in 66% yield (ratio 65:35), which
were separated readily by silica gel chromatography. Alkaline
hydrolysis of lactone 11R-17in an aqueous LiOH in THF
followed by treatment with 2 N HCl (rt, 2 h)26 gave the title
gallicadiol (6) in 70% overall yield. The total synthetic (()-6
(mp 170-172°C) exhibits27 spectroscopic properties identi-
cal to those of natural6 reported.6 6â-Hydroxy diol14 was
similarly converted to the C6,7 cis-eudesmanolide20
(R/â 53:47) in 91% overall yield.28 Alternatively, when
11R-17 was treated with anhydrous K2CO3 in refluxing
methanol and followed by acidic workup, epoxy lactone
11R-18 (mp 89-90 °C) was isolated in 60% yield.29

Treatment of 11R-18with TBSOTf in CH2Cl2 in the presence
of Et3N afforded the corresponding siloxy lactone19 (60%),30

a known7 semisynthetic intermediate en route to isogallicadiol
(7).

We further examined the ZnBr2-mediated ene cyclization
of acetylated epoxy aldehyde21, and two major isomeric
cyclization products,22and23,31 were obtained in 82% yield
in a ratio of 65:35 (Scheme 3). Apparently, the 1â-hydroxy
group of13directs the highly stereoselective ene cyclization
to 14. The above facts would suggest favorable conformers
A andB for ene cyclization precursors21 and13, respec-
tively. The concave conformerB may be more favorable
owing to intramolecular hydrogen bonding.

In summary, we have developed a novel highly stereo-
controlled32 total synthetic approach for eudesmanolides,
which features the assembly of a functionalized oxabicyclic
template4b and a highly stereoselective ene cyclization under
mild Lewis acid promotion. As demonstrated here in the total
synthesis of gallicadiol (6) and isogallicadiol (7), this general
quasi-biomimetic strategy would be of great potential in the
stereocontrolled synthesis of other types of sesquiter-
penoids.33 Further derivatization of the readily accessible
eudesmane diene intermediates9 and11 to eudesmanoids34

can be envisioned, as well. Studies along these lines are
ongoing in this laboratory.
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