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The clinical usefulness of paclitaxel for treating cancer has
generated significant interest in finding other compound classes
that stabilize microtubules. Discodermolide, epothilones, laulim-
alide, and the eleuthesides also have this important biological
property.1 Several pharmacophore models have attempted to
reconcile the SAR data for the taxoids and other compound types
in order to generate a sufficiently detailed understanding of the
tubulin binding requirements to allow rational design of new
classes of microtubule-stabilizing drugs.2 The predictive power
of the pharmacophore models relies on accurate knowledge of
the structural features required for activity in each compound class.

Eleutherobin (1), isolated by Fenical et al. from the rare
alcyonaceanEleutherobiasp., belongs to the “eleutheside” family
of microtubule-stabilizing diterpenoids.3 Total syntheses of eleuth-
erobin and related eleuthesides4 has provided information about
the nature of the C-8 ester, the C-4 ketal, and the C-15
functionality required for strong interaction of eleuthesides with
tubulin, which has facilitated the incorporation of this diterpenoid
template into pharmacophore models.2 However, neither synthesis
nor the original natural source has provided sufficient quantities
of eleutherobin to permit full in vivo evaluation, and this has
thwarted its further development.

The Caribbean soft coralErythropodium caribaeorumwas
recently found to be a good source of eleuthesides.5 Eleutherobin
(1) can be obtained directly as an isolation artifact from MeOH
extracts ofE. caribaeorumor by chemical transformation of
desmethyleleutherobin (2), the major eleutheside in the soft coral.5c

The ready availability of1 has led to the determination of its
solid-state and solution conformations,6 paved the way for in vivo
testing, and created an opportunity to investigate chemical
transformations of the molecule. In this communication, we report
the first detailed investigation of the reactivity of intact eleuth-
erobin, which has uncovered some striking and unanticipated
features of its antimitotic pharmacophore.

The total syntheses of eleuthesides have generated very limited
diversity in the diterpenoid core, with major variations reported
only in the C-15 functionality.4 Nevertheless, all of the pharma-
cophore models suggest, without supporting data other than
structural overlays, that the cyclohexene ring and its appended
substituents (i.e., the isopropyl residue) are important determinants
of antimitotic activity. There is also general agreement that the
urocanic ester is crucial, and the Giannakakou model2a suggests
that the C-4/C-7 ether bridge in1 is a hydrogen bond acceptor
corresponding to the oxetane oxygen in the taxoids and to the
12,13-epoxide in the epothilones. The importance of the cyclo-
hexene ring is supported by the observation that caribaeoside,
which has aâ-hydroxyl at C-11 and a∆12,13 olefin, is ∼1000-
fold less active than eleutherobin.5a Prompted by the potential
importance of the C-4/C-7 ether bridge, the urocanic ester, and
the cyclohexene ring for antimitotic activity in the eleuthesides,
our chemical transformations focused on the masked C-4 ketone
and olefin oxidation/reduction reactions.

The first objective was to trap the C-4 ketone in1 as a cyclic
ketal in order to liberate the C-4/C-7 ether oxygen as a C-7 alcohol
and to change the oxygen atom’s spatial relationship with the
C-14 isopropyl group. To test the reactivity of the C-4 hemiketal,
desmethyleleutherobin (2) was treated with various neat aliphatic
alcohols (ROH: R) Et, nPr, nBu, iPr) and excess PPTS at room
temperature, which gave the corresponding C-4 ketal analogues
in excellent yield (Scheme 1). Attempts to make the C-4 cyclic
ketals of2 with ethylene glycol or 2,2-dimethyl-1,3-propanediol
under a variety of conditions using PPTS as a catalyst gave only
3 and4. The X-ray structure of eleutherobin6 shows significant
distortion of the C-1/C-2/C-3 (132°) and C-2/C-3/C-4 (127°) bond
angles. This angle strain may act like a clamp to keep the
dihydrofuran ring from opening during the transketalization
reactions.

Next we turned our attention to oxidation reactions involving
the∆11,12 olefin. Reaction of1 with MCPBA in CH2Cl2 at room
temperature for 8 h gave a mixture of two epoxides,5 and 6
(Scheme 2). The1H NMR data obtained for both5 and6 showed
the absence of a resonance that could be assigned to H-12 and in
both spectra the Me-17 resonance had undergone a significant
upfield shift. The observation of a 1D NOESY correlation between
the Me-17 resonance atδ 1.06 and the H-2 resonance atδ 5.47
showed that the major epoxide was theâ isomer5. Treatment of
1 with SeO2 (5 equiv) in refluxing EtOH gave a single product7
in modest yield.

Finally, we examined reduction of the olefins. A solution of1
in EtOAc containing catalytic Pd on BaSO4 was stirred at room
temperature for 1 h under 1 atm of H2 resulting in the formation
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of hexahydroeleutherobin8 (Scheme 2). The1H NMR of 8
contained only a single olefinic proton resonance atδ 5.78 (d,J
) 9.3 Hz), assigned to H-2, indicating that the∆,5,6 ∆,11,12 and
∆2′,3′ double bonds had been reduced. A ROESY correlation
observed between the Me-17 resonance (δ 0.76 (d,J ) 7.0 Hz))
and the H-2 resonance demonstrated that hydrogen had added to
theâ face of the∆11,12olefin. Hexahydroeleutherobin8 (IC50 >104

nM) was found to be more than 5000-fold less active than
eleutherobin (1) (IC50 20 nM) in a cell-based antimitotic assay,5b

indicating that the presence of one or more of the reduced double
bonds is important for tubulin binding. Biological evaluation of
a synthetic sarcodictyin library had suggested that reduction of
the ∆5,6 olefin had minimal effect on the potency of tubulin
polymerization.4d Therefore, 5,6,11,12-tetrahydroeleutherobin (9)
and 2′,3′-dihydroeleutherobin (10) were selected as logical targets
to further probe the biological effects of olefin reduction.

The synthesis of9 started from eleutherobin (1), by first
forming the 3”,4”-acetonide11, which was subsequently deacety-
lated to the 2” alcohol and converted directly to the 2” TBS ether
12. Hydrogenation of12, using a catalytic amount of Pd on
BaSO4, gave the 5,6,11,12,2′,3′-hexahydro derivative vide supra
(Scheme 3). Hydrolysis of the crude hydrogenation product
cleanly cleaved the C-8 ester side chain, which was replaced with
a N-methylurocanic ester residue4c to afford14. Removal of the
TBS-protecting group, followed by acetylation provided15, which

was subsequently deprotected under mildly acidic conditions to
give 5,6,11,12-tetrahydroeleutherobin (9). Similarily, 2′3′-dihy-
droeleutherobin (10) was prepared from the 2′′-TBS ether12, by
hydrolysis of theN-methylurocanic ester residue (NaOH, MeOH)
to provide a secondary alcohol at C-8, which was directly coupled
with 2,3-dihydro-N-methylurocanic acid (17) using DCC and
DMAP in warm (50 °C) DMF to afford 16. A deprotection/
acetylation sequence similar to that employed in the synthesis of
the tetrahydro derivative9, provided10 in good overall yield.

The C-4 ketals3 and4 had antimitotic activity (IC50 20 and
80 nM) comparable to eleutherobin (IC50 20 nM), demonstrating
that a bulky group can be tolerated at this position. TheR-epoxide
6 and the 17-hydroxyeleutheside7 had antimitotic potencies
comparable to1, while theâ-epoxide5 was 10-fold less active
(IC50 5: 300,6: 30,7: 20 nM). This was unexpected in light of
the dramatic decrease in activity previously shown by caribaeo-
side,5 attributed to the presence of a polar alcohol functionality
in a binding region that was thought to require lipophilic char-
acter.2b Since hydroxylation at Me-17 andR-epoxidation at C-11/
C-12 do not affect activity, the major negative effect of the C-11
OH in caribaeoside must be more subtle than originally thought.5a

Figure 1A shows antimitotic activity in a cell-based assay5b

for 1, and the synthetic derivatives8, 9, and 10. Tetrahydro-
eleutherobin9 (IC50 200 nM) was only 10-fold less active than
eleutherobin, suggesting that reduction of the∆2′,3′ olefin was
primarily responsible for the dramatically reduced activity of8
(IC50 >104 nM). This was confirmed by the observation that 2′,3′-
dihydroeleutherobin (10) (IC50 ≈ 20 000 nM) is 1000-fold less
active than eleutherobin (1). The lack of activity of 2′,3′-
dihydroeleutherobin (10) in the cell-based antimitotic assay is
mirrored in its complete lack of ability to promote the polymer-
ization of purified bovine tubulin in a standard in vitro assay
(Figure 1B).

The pharmacophore models put forward to date2a-c have all
suggested that the C-8 urocanic ester is important for tubulin
binding in the eleuthesides; however, the remarkably stringent
requirement for the 2′,3′ double bond demonstrated here was
completely unanticipated. This important feature of eleutheside
binding, along with the observed tolerance for certain types of
oxygenated functionality in the cyclohexane ring, will have to
be accommodated in future iterations of the models.
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Figure 1. (A) Antimitotic activity of 1, 8, 9, and10;5b (B) microtubule-
stabilizing activity of eleutherobin and 2′,3′-dihydroeleutherobin.
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