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ABSTRACT

Progress toward the synthesis of the microtubule-stabilizing agent, (�)-zampanolide, is reported. Construction of the 2,6-cis-tetrahydropyran ring
was accomplished utilizing ether transfermethodology in conjunction with an intramolecular radical cyclization reaction. Efficient installation of the
C16�C20 side chain relied on a one-pot cross-metathesis/olefination sequence, Sharpless epoxidation, and selective reduction of a vinyl epoxide.

Polyketide natural products represent a privileged scaf-
fold for the discovery of novel drugs as their structural
features and molecular complexity occupy newly defined
regions of chemical space.1 Resultingly, a great amount of
effort has been directed toward developing new synthetic
methods for the construction of complex polyketides. Our
laboratory has been interested in the use of total synthesis
to enable biological evaluation and characterization of
their properties at the molecular level.2 In an effort to
provide access to structural units not readily available by
known synthetic methods, we have recently developed a
protocol for the efficient generation of 1,3-syn mono diol
ethers from readily accessible alkoxy ether protected
homoallylic alcohols.3 The methodology involves treat-
ment of an alkoxy ether with iodine monochloride (ICl) at
low temperature providing a diverse array of orthogonally
protected diol ethers upon nucleophilic quench. As an
example, a thiophenol quench followed by sulfide oxida-
tion and base-promoted cyclization affords functionalized
sulfonyl pyrans which upon subsequent manipulation

allows entry to 2,6-cis and trans-trisubstituted tetrahydro-
pyrans (Figure 1).4

As our ether transfermethodology has successfully been
employed for the synthesis of a number of biologically
active natural products,5 a more recent application to
alternative structures with unsaturation adjacent to the

Figure 1. Synthetic approach to 2,6-cis- and trans-pyrans.4
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pyran ring warranted the exploration of activating allylic
and benzylic alkoxy ethers (Figure 2). In order to investi-
gate the effects of proximal sp2-hybridization on our
methodology, we sought to focus on the highly potent
polyketide, (�)-zampanolide 1.

Zampanolide was initially isolated from the marine
sponge Fasciospongia rimosa by Tanaka and Higa in
1996.6 This interesting compound was also found recently
by Northcote et al. in the Tongan marine sponge, Cacos-
pongia mycofijiensis, along with the well-known polyke-
tides laulimalide and latruncalin A.7 The latter report
demonstrated that zampanolide stabilizes microtubules
and blocks cell division in the G2/M phase of the cell cycle
similar to paclitaxel, pelorusides, and the epothilones.
Moreover, zampanolide exhibits potent cytotoxic activity
(1�5 nM) againstmultiple cancer cell lines including P388,
HT29, A549, and MEL28.8 The impressive biological
activity and unique structural features have attracted
considerable attention from the synthetic community. In
2001, Smith and co-workers disclosed the first total synthe-
sis of the unnatural (þ)-zampanolide and established its
absolute and relative stereochemistry.9 Subsequent synth-
eses emerged fromHoye,10 Tanaka,8 andmost recently the

Ghosh11 laboratory. Despite isolation from two marine
organisms and several total syntheses, samples of zampa-
nolide remain scarce.12Moreover, no analogues have been
reported to date. From a structural standpoint, the 20-
membered macrolactone contains a cis-2,6-trisubstituted
tetrahydropyran, ample unsaturation, and an unusual
exocyclic N-acylhemiaminal side chain that has been
documented to be critical for biological activity. Herein,
we describe our initial approach toward the C9�C20
fragment of (�)-zampanolide 1.
Our initial strategy relied on our recently developed

methodology to assemble the 4-alkoxy-2,6-cis-tetrahydro-
pyran from an advanced sulfonyl pyran fragment. The
synthesis commenced with the preparation of benzyloxy
methyl ether (BOM) 3 as a model system to assess the
viability of our ether transfer methodology with the allylic
alkoxy ether (Scheme 1). Allylation of known aldehyde13 2
followed by alkylation with commercially available
BOMCl provided the model substrate 3 in excellent yield
over two steps. Unfortunately, treatment of the allylic
ether 3 with ICl at �78 �C did not provide the expected
product but gave a complex mixture. This result is in
accord with the lack of selectivity observed by Smith and
our laboratory with polyolefinic substrates utilizing iodine
monobromide for iodocarbonate cyclization.14 Circum-
vention of this undesirable reactivity was envisioned by
replacing the E-trisubstituted olefin as a bulky silyl pro-
tected hydroxyl group. However, treatment of BOM ether
4with ICl resulted in aBartlett cyclization15 to afford furan
diastereomers 5 and low yields of desired product 6.16

Presumably, generation of the intermediate oxonium ion
leading to ether transfermaybe impededby the presence of
electronegative substituents (sp2-hybridization in 3 and
-OTBDPS in 4) adjacent to the reacting alkoxymethyl
ether.

The inefficient ether transfer observed with these two
substrates compelled us to revise our synthetic strategy. To
this end, we opted to conceal the C8�C9 olefin as a benzyl
ether in hopes we could deprotect and install the C13 and
C8�C9 alkenes simultaneously as previously reported by

Scheme 1. Model Systems

Figure 2. Unsaturated biologically active polyketides.
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McLeod and co-workers in their synthesis of the structu-
rally related polyketide, (�)-dactylolide.17 Moreover, the
BOM ether 9 would serve as an interesting competition
experiment to probe the benzyloxy transfer in the presence
of an unactivated primary benzyl ether. The synthesis
commenced with preparation of the 1,3-syn diol mono-
ether 11 as illustrated in Scheme 2.

The enantiomerically pure epoxide 7was prepared from
(R)-aspartic acid via modification of a known procedure
previously reported in the literature.18 Regioselective ep-
oxide opening with vinyl magnesium bromide in the pre-
sence of catalytic CuI followed by benzyloxy methyl ether
alkylation gave the BOM ether 9 in excellent yield. Elec-
trophilic activation of the resulting ether with ICl at low
temperature provided the desired 1,3-syn diol monoether
11 in a disappointingly low 45% yield. However, pyran 12
(1:1 dr) resulting from Bartlett cyclization14 of the primary
benzyl ether was also isolated in 10% yield. Confronted
with a similar problem during their synthesis of (þ)-
spongistatin 2, it was discovered by Smith and co-workers
that use of a p-bromobenzyl ether prevented an undesir-
able cyclization of a neighboring benzyl ether by decreas-
ing the electron density on the oxygen.19 Inspired by this
result, we were pleased to find the reaction of p-bromo-
benzyl 10 with ICl at �78 �C provided upon aqueous
workup exclusively 1,3-syn diolmonoether 13 in 65%yield
as an 8:1 mixture of diastereomers.20

Our efforts next were directed toward the preparation of
the terminal olefin within 16 (Scheme 3). Thus, tributyl-
phosphine-catalyzed conjugate addition21 of secondary
alcohol 13 to methyl propiolate based on previously
optimized conditions5b yielded β-alkoxyacrylate 14. Intra-
molecular radical cyclization promoted by triethylborane
in the presence of 1-ethylpiperidinium hypophosphate22

gave pyran methyl ester 15 in excellent yield and

diastereoselectivity (>20:1). Reduction of themethyl ester
with LAH followed by Grieco�Sharpless olefination23

provided 16 in 78% yield, over two steps (Scheme 3).
Having secured quantities of olefin 16 necessary for com-
pletion of the total synthesis, we turned our attention
toward the construction of the C16�C20 fragment.

Here we anticipated utilizing a geometrically selective
cross-metathesis reaction to construct the C16�C17
E-trisubstituted olefin. Previous efforts11 exploiting a cross-
metathesis approach with terminal and 1,1-disubstituted
olefin coupling partners often lacked E/Z-selectivity re-
quiring the use of isomerization to regenerate the desired
E-olefin geometry.24 With this in mind, we opted to use
methacrolein as a coupling partner to secure the desired
trans-olefin geometry and provide a reactive functional
handle for installation of the remaining two carbons. The
recent emergence of tandem catalysis with Grubbs’ and
Hoveyda ruthenium alkylidene catalysts encouraged us to
explore a sequential cross-metathesis/olefination sequence25

for installation of all four carbons in a single step. Much
to our delight, exposure of terminal olefin 16 to excess
methacrolein in the presence of Hoveyda�Grubbs’ second-
generation catalyst 17 (5 mol %) followed by Horner�
Wadsworth�Emmons olefination of the intermediate
aldehyde gave dienonate 18 in high yield as a single
geometrical isomer (E,E > 20:1) (Scheme 4). The C19-
stereocenter was envisioned to arise from Sharpless
epoxidation26 of a dienol fragment followed by selective
reduction at the most electrophilic carbon to unveil the
enantiomerically pure secondary alcohol. Reduction of
the dienoate with DIBAL-H followed by SAE and in situ
silyl protection gave the TBS-protected 2,3-epoxy alcohol
19 in 62% yield, over three steps, with excellent diaster-
eoselectivity. Interestingly, it proved imperative to in situ
protect the resulting 2,3-epoxy alcohol due to difficulty

Scheme 2. Synthesis of 1,3-syn Diol Mono Ether 13

Scheme 3. Synthesis of Terminal Olefin 18
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isolating the unstable vinyl epoxide on silica gel.27 Com-
pletion of the C9�C20 fragment was accomplished
via regioselective opening of the vinyl epoxide with
DIBAL-H28 at low temperature. Desilylation followed

by acetonide formation provided 20 in 77% yield for the
one-pot process.
In summary, we have developed an efficient, enantiose-

lective route to a protected C9�C20 fragment of (�)-
zampanolide utilizing our electrophile-induced ether trans-
fer methodology. The route is highlighted by a radical
cyclization, one-pot cross-metathesis/olefination sequence,
Sharpless epoxidation, and regioselective reduction of a
vinyl epoxide. Coupling of the advanced C9�C20 inter-
mediate to a previously prepared C1�C8 fragment and
conversion to (�)-zampanolide are currently underway in
our laboratory. Moreover, further studies investigating the
ether transfer of allylic and benzylic substrates is in progress.
Results along these lines will be reported in due course.
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Scheme 4. Completion of C16�C20 Fragment
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