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Okadaic acid (1)1 is the archetypal member of a class of
structurally diverse natural products that inhibit the protein
serine/threonine phosphatases 1 (PP1) and 2A.2 As such,1 has
become a widely used tool to study the roles of these ubiquitous
enzymes.3-5 Other members of the okadaic acid class of
phosphatase inhibitors, including calyculin A,6 tautomycin,7

microcystin-LR,8 motuporin,9 and cantharidin,10 have drawn
considerable synthetic attention recently. However, little syn-
thetic activity toward1 or its analogs has been reported since
Isobe’s original total synthesis in 1986.11,12 Although several
of okadaic acid’s structural features have been implicated to be
important for phosphatase inhibition13-15 and an X-ray structure
of microcystin covalently bound to PP1 has been determined
recently,16 the structural basis of phosphatase inhibition by1
remains largely undefined. Practical synthetic access to ratio-
nally designed, non-natural analogs of1 will facilitate further
studies aimed at fully defining the structural requirements for
phosphatase binding and inhibition. Toward this end, we have
developed an efficient and flexible total synthesis of okadaic
acid.

With 17 stereogenic carbons and three separate polyether
domains,1 presents a substantial challenge for efficient as-
sembly. This challenge was met by the synthesis and sequential
coupling of three fragments, representing C1-C14, C16-C27,
and C28-C38 of the natural product. Although disconnections
similar to those used in the original synthesis11 of 1 were
employed, the present strategy relied upon the incorporation of

maximal functionality into each fragment and the use of direct
and chemoselective coupling methods to minimize the number
of post-coupling transformations.
The synthesis of the C1-C14 portion of1 combined an

established spiroketalization approach17 with Seebach's lactate
enolate alkylation methodology.18 Addition of the lithium
acetylide of219 to lactone3,20 followed by trimethylsilylation
gave ynone4 (Scheme 1). Conjugate addition of lithium
dimethyl cuprate to4 provided predominately the (Z)-enone
5,17,21which upon treatment with acid generated spiroketal622
in 31% overall yield from3. Attempts to incorporate the C1-
C2 moiety of 1 by alkylation of metal enolates of lactate
pivalidene718with primary tosylate, triflate, or halides obtained
from 6 were unproductive. In contrast, the lithium enolate of
7 added smoothly to the aldehyde derived from6. The major
resultant alcohol8was deoxygenated23without incident to give
9 (70% yield from6). Removal of thep-methoxybenzyl (PMB)
protecting group24 at C14 followed by oxidation with Dess-
Martin periodinane25 gave aldehyde10, to complete the
synthesis of the C1-C14 intermediate in 11 steps and ca. 20%
overall yield from lactone3.
The synthesis of the central C16-C27 fragment of1 began

with Gray’s one-potC-glycosidation26 of altropyranoside1127
(Scheme 2). Subsequent formation of the anisylidene acetal
aided purification and providedR-propenyl-C-glycoside12.
Treatment of the derived aldehyde13with organolithium1428
followed by oxidation25 installed carbons 16-19 with C19 at
the ketone oxidation state required for1. The ketone was
masked as a mixed acetal en route to secondary alcohol15 (45%
yield from 13). Installation of the C24 exocyclic methylene29

and the C27 aldehyde were then accomplished routinely to give
16 (ca. 20% yield from11).
The sensitiveâ,γ-unsaturated aldehyde16 was coupled

directly with an intermediate representing the C28-C38 portion
of 1. Addition of freshly prepared16 to an excess of thermally
unstable organolithium1730 yielded the epimeric secondary
alcohols18 and 1931 nonstereoselectively and in low yield.
Preliminary attempts to enhance the coupling diastereoselectivity
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using other organometallics derived from17were only margin-
ally successful.32 However, useful yields of coupled products
18 and 19 (2.5:1, 55% yield combined) could be obtained
reproducibly using the less basic reagent generated from CeCl3

and17 in THF at-78 °C. Neither appreciable epimerization
at C26 nor conjugation of the alkene occurred under these
conditions. A simple two-step oxidation-reduction sequence33
gave19 in a 9:1 ratio (19:18) from 18. Removal of the PMB
group from19was accomplished using DDQ in a buffered (pH
7) suspension to avoid premature and irretrievable C16-C19
spiroketalization. Thereafter, the C15-C38 ketophosphonate
20was obtained uneventfully and in 21 steps and ca. 5% overall
yield from altropyranoside11.
The complete carbon skeleton of1was assembled by joining

10 and20 (86% yield) under standard conditions.34 Only four
steps were required to convert the resultant enone21 into
okadaic acid. Diastereoselective reduction of21using Corey’s
(S)-CBS/BH3 system (22),35 followed by acid-induced spiroket-
alization gave23 (81% yield from21).36 Final deprotection
involving LiOH-promoted removal of the pivalidene group and
carefully optimized reductive debenzylation37 using LiDBB in
THF38,39 delivered140 (ca. 70% yield from23) after workup

and purification. Thus, the convergent assembly of okadaic acid
was accomplished in 26 steps and ca. 3% overall yield in the
longest linear sequence from altropyranoside11.41
In addition to providing an alternative source of1, the direct

and modular nature of this synthesis makes it amenable to the
facile construction of new compounds based upon the okadaic
acid architecture. The preparation and exploration of such
compounds for selective ligand modulation of protein serine/
threonine phosphatase activity is currently underway in our
laboratory.
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