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ABSTRACT: A concise synthetic entry to the C15−C38 fragment of okadaic
acid by exploiting a Suzuki−Miyaura reaction for the rapid assembly of the
spiroacetal substructures has been developed. The present synthesis was
completed in 19 linear steps from a commercially available material, showcasing
the efficiency of our synthetic strategy.

Okadaic acid (1, Figure 1), a diarrhetic shellfish poison,
was originally isolated from the marine sponges

Halichondria okadai and Halichondria melanodocia1 and
subsequently identified from the marine dinoflagellates
Prorocentrum lima and Dinophysis fortii.2 Okadaic acid is
known to inhibit protein phosphatases 1 and 2A (PP1 and
PP2A, respectively) and show a range of biological activities,
including tumor-promoting activity and apoptosis-inducing
ability.3 X-ray crystallographic studies have successfully
elucidated how this natural product binds to PP1 and PP2A
at the atomic level.4 Recent studies have identified another class
of specific targets, okadaic acid-binding proteins (OABPs),
from H. okadai.5 However, the exact physiological role of
OABPs remains to be elucidated. Moreover, Uesugi et al. have
quite recently reported that a synthetic derivative of 1 shows
selective cytotoxicity against human pluripotent stem cells.6

The complex structure of 1, established by X-ray crystallo-
graphic analysis,1 poses significant challenges to the synthetic
community. The Isobe,7 Forsyth,8 and Ley9 groups have
independently achieved the total synthesis of 1. However, the
structure−activity relationship (SAR) of 1 has not been fully
resolved,10 and a concise and modular synthetic approach
toward 1 and its analogues is required for elucidating the SAR
and unique biological activity in greater detail. Toward this end,

we describe herein a concise synthetic entry to the C15−C38
fragment 2 of okadaic acid.
Our synthesis plan toward 2 is summarized in Scheme 1. We

envisaged that 2 could be obtained from the sulfone 3 and the

alkyne 4, according to the previous work by Ley and co-
workers.9 We planned to exploit the Suzuki−Miyaura
reaction11,12 for rapid assembly of the spirocyclic skeletons of
3 and 4. Since the spiroacetal substructures embedded within 3
and 4 are thermodynamically favored by the virtue of anomeric
effect, these intermediates would be easily available from the
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Figure 1. Structures of okadaic acid (1) and the C15−C38 fragment 2.

Scheme 1. Synthesis Plan toward 2
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respective keto diol counterparts.13 Thus, the sulfone 3
representing the C15−C26 fragment was traced back to the
exo-olefin 5 as a synthetic equivalent of the corresponding keto
diol, and 5 in turn could be derived from the enol triflate 6 and
the olefin 7 via a Suzuki−Miyaura reaction.11 In a similar
manner, we envisioned that the alkyne 4 that corresponds to
the C27−C38 fragment would be obtainable from the exo-
olefin 8, which could be prepared from the olefin 9 and the
enol triflate 10 via a Suzuki−Miyaura reaction11 and a
spiroacetalization.
The synthesis of the sulfone 3, depicted in Scheme 2, started

with thioglycosylation of commercially available α-D-mannose

pentaacetate (11) with o-methoxybenzenethiol (quant, dr
>20:1). Deacetylation of the thioglycoside 12 (95%) followed
by selective protection of the resultant tetraol with p-
methoxybenzylidene acetal provided the diol 13 (75%).
Selective benzylation of the axial hydroxy group (BnBr, aq
NaOH, Bu4NHSO4, CH2Cl2, reflux, 49%)

14 and subsequent
silylation of the remaining alcohol with TIPSOTf/2,6-lutidine
gave the silyl ether 14 (92%). Regioselective reduction of the p-
methoxybenzylidene acetal using DIBALH15 delivered the
alcohol 15 (98%), which was oxidized16 and then methylenated
to afford the olefin 7 (83%, two steps). Hydroboration of 7
with 9-BBN-H followed by in situ coupling11 with the enol
triflate 617 (aq Cs2CO3, PdCl2(dppf)·CH2Cl2, Ph3As, DMF)18

provided the exo-olefin 5 in 90% yield. Oxidative cleavage of the
double bond with spontaneous oxidation of the sulfide (OsO4,

NMO; then NaIO4, 87%) gave the ketone 16. Removal of the
MPM group and concomitant spiroacetalization furnished the
sulfone 3 in 85% yield (dr >20:1). The relative configuration of
3 was established on the basis of NOE experiments.19

The synthesis of the alkyne 4 commenced with known diol
17,8a prepared in four steps from the (S)-Roche ester (Scheme
3). Silylation of 17 gave the olefin 9 (quant), which was

hydroborated with 9-BBN-H and then coupled11 with the enol
triflate 1020 (aq Cs2CO3, PdCl2(dppf)·CH2Cl2, Ph3As, DMF)18

to afford the exo-olefin 8 in 98% yield. After cleavage of the
double bond (OsO4, NMO; then NaIO4, 86%), the resultant
ketone 18 was exposed to acidic methanol to induce
desilylation and spontaneous spiroacetalization, leading to the
thermodynamically favored spiroacetal 198a in 96% yield (dr
>20:1). Oxidation21 of 19 followed by alkynylation with the
Ohira−Bestmann reagent22 (K2CO3, MeOH) afforded the
alkyne 4 (71%, two steps).9

With the sulfone 3 and alkyne 4 available, we coupled these
subunits under the conditions reported by Ley and co-workers9

(Scheme 4). Deprotonation of 4 with n-BuLi followed by
addition of Me2AlCl generated the corresponding alkynylalu-
minum species, which was reacted in situ with 3 to furnish the
coupling product 20 in 63% yield (dr >20:1). In contrast, our
initial attempt to use the corresponding benzenesulfonyl
counterpart of 3 was completely unsuccessful because of its
low reactivity toward the alkynylaluminum prepared from 4.23

Hydroboration of 20 with 9-BBN-H followed by oxidative
workup provided the ketone 21 (68%, 94% based on recovered
starting material (BORSM)). At this stage, the configuration of
the C26 stereogenic center was determined on the basis of
ROE experiments and 3JH,H analysis.19 The ketone 21 was
reduced with NaBH4 to give the alcohol 22 in 86% yield (dr
>20:1). The absolute configuration of the newly generated C27
stereogenic center was established by a modified Mosher
analysis.24 The stereoselectivity of this reduction could be
explained by considering a polar Felkin−Anh model.7d,25

Silylation of 22 with TIPSOTf/2,6-lutidine, hydrogenolysis of
the benzyl ethers (99%, two steps), and subsequent selective
silylation of the liberated primary alcohol with TBDPSCl/

Scheme 2. Synthesis of Sulfone 3

Scheme 3. Synthesis of Alkyne 4
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imidazole provided the alcohol 23 (89%). Dess−Martin
oxidation26 (94%) followed by methylenation with Tebbe
reagent27 afforded the C15−C38 fragment 2 (99%).
In conclusion, we have developed a concise synthetic entry to

the C15−C38 fragment 2 of okadaic acid by exploiting Suzuki−
Miyaura reaction for the synthesis of the spiroacetal
substructures. Our synthetic strategy allows for rapid assembly
of complex spiroacetals in high yield. The present synthesis of 2
requires just 19 linear steps from a commercially available
material and thus compares favorably with the previous work by
other groups. This work sets the stage for the development of
elaborated synthetic analogues of okadaic acid to elucidate the
SAR and biological activity in detail. Work along this line is
currently in progress.
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