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In the preceding communication,[1] the proposed synthesis
plan identified the two principal pectenotoxin-4 subunits II
and III (Figure 1). It was our intention to couple these
fragments through the alkylation of the metalloenamine
derived from hydrazone III, readily available from the
coupling of advanced intermediates IV and V (transform
T2), by epoxide II. However, this investigation revealed that
the above bond construction was not feasible due to the
decomposition of metalloeneamine III under the reaction
conditions.[2] Accordingly, the objective in the present com-
munication is the synthesis of the subunits IV and V, and the
completion of the syntheses of pectenotoxin-4 (1) and
pectenotoxin-8 by a revised fragment coupling strategy, where

epoxide alkylation (transform T1) precedes diene formation
(transform T2).

The plan for the construction of the F-ring tetrahydrofuran
IV was to involve a C37 hydroxy-directed epoxidation of
olefin VI with a subsequent ring closure by the C32 hydroxy
moiety (transform T3). Finally, the stereoselective formation
of the E-ring tetrahydrofuran V from its acyclic precursor VII
was based on an iodoetherification precedent provided by
Bartlett and Rychnovsky (transform T4).[3]

The synthesis of the ring-E synthon V began with the
known aldol adduct adduct 2 (Scheme 1).[4] Reduction of 2
(LiBH4, THF, 0 8C), and selective protection of the primary
alcohol (TBSCl, Im, CH2Cl2, 100% over two steps) afforded
allylic alcohol 3.[5] Acylation of 3 with the PMB-protected
lactic acid 4[6] (DCC, DMAP, CH2Cl2, 52%), followed by
carbonyl olefination of 5a with Tebbe reagent[7] afforded the
1,5-diene 5b. Claisen rearrangement of 5b in refluxing
toluene gave the desired rearrangement product 6 in 82%
yield for the two steps. Chelate-controlled reduction of the
resulting ketone (Zn(BH4)2, Et2O, �78 8C, 86%, d.r. 86:14)
provided the precursor for the key iodoetherification reac-
tion. In spite of the modest selectivity that was observed for
the formation of the desired tetrahydrofuran 7 (NIS, CH3CN,
�40 8C, 89%, d.r. 72:28), this outcome proved sufficient to
pursue the planned route.

Successive radical dehalogenation of 7 (Bu3SnH, AIBN,
toluene, 100%) and deprotection of the primary TBS ether
(TBAF, THF, 95%) afforded alcohol 8. Oxidation with Dess±
Martin reagent[8] (py, CH2Cl2, 99%), Wittig homologation
(EtOC(O)CC(CH3)PPh3, THF, 65 8C; 100% E :Z> 95:5), and
ester reduction (LiAlH4, Et2O, 0 8C, 92%) completed the
carbon assembly of the E-ring fragment. Benzyl protection
(NaH, BnBr, TBAI, THF/DMF, 94%) followed by PMB
deprotection (DDQ, CH2Cl2/pH 7 buffer, 95%) gave alcohol
10. Oxidation to the methyl ketone[8] (Dess±Martin period-
inane, py, CH2Cl2, 93%), and hydrazone formation (TMSCl,
CH2Cl2/Me2NNH2, 100%) completed the synthesis of hydra-
zone 11.

As summarized in Figure 1, the first stage of the synthesis of
the ring-F fragment IV will be simplified to the construction
of the C31±C35 phosphonium salt, the C36±C40 aldehyde,
and their union through a Wittig coupling to afford the Z-
olefin VI.

The synthesis of the C31±C35 phosphonium salt began with
the known triol derivative 12 (Scheme 2).[9] Protection of the
hydroxy group at C33 of 12 as a PMB ether (PMBBr, NaH,
THF/DMF, 95%) followed by reductive ozonolysis (O3,
EtOH, then DMS, then NaBH4, 95%) afforded alcohol 13.
Transformation of 13 to the corresponding iodide (I2, Im,
Ph3P, CH2Cl2, 0 8C, 89%) proceeded smoothly, but careful
control of the temperature was required to access phospho-
nium salt 14 (Ph3P, CH3CN, 55 8C, 89%).[10]

The synthesis of the aldehyde partner 17 began with
protection of the hydroxy group at C37 of aldol adduct 15[11]

as a base-sensitive triphenylsilyl ether (TPSCl, Im, DMAP,
DMF, 0 8C, 98%; Scheme 2). Half reduction of the S-phenyl
thioester[12] (Pd/C, Et3SiH, acetone, 95%), and olefination
under modified Lombardo conditions[13] ([Cp2ZrCl2], Zn dust,
CH2I2, THF, 0 8C, 84%) afforded olefin 16. Rhodium-

COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 23 ¹ 2002 WILEY-VCH Verlag GmbH &Co. KGaA, Weinheim 0044-8249/02/4123-4573 $ 20.00+.50/0 4573

[20] a) P. K. Freeman, L. L. Hutchinson, J. Org. Chem. 1980, 45, 1924 ±
1930; b) R. E. Ireland, M. G. Smith, J. Am. Chem. Soc. 1988, 110, 854 ±
860.

[21] B. E. Rossiter, T. R. Verhoeven, K. B. Sharpless, Tetrahedron Lett.
1979, 20, 4733 ± 4736.

[22] D. H. Barton, W. B. Motherwell, A. Stange, Synthesis 1981, 743 ± 745.
[23] The stereochemistry of the newly formed C12 stereocenter of

tetrahydrofuran 20b was assigned by using 2D NMR spectroscopy.
[24] J. W. Gillard, R. Fortin, H. E. Morton, C. Yoakim, C. A. Quesnelle, S.

Daignault, Y. Guidan, J. Org. Chem. 1988, 53, 2602 ± 2608. This
unusual protecting group offered the necessary acid stability during
the synthesis, as well as the required fluoride ion lability for the final
global deprotection with tris(dimethyamino)sulfur(trimethylsilyl) di-
fluoride (See: K. A. Scheidt, H. Chen, B. C. Follows, S. R. Chemler,
D. S. Coffey, W. R. Roush, J. Org. Chem. 1998, 63, 6436 ± 6437). Under
these conditions, the time required for C11-OTBS deprotection was
prohibitively long. The use of a more base-labile TES ether did not
afford the required acid stability during the synthesis.

[25] S. V. Ley, L. R. Cox, J. Chem. Soc. Perkin Trans. 1 1997, 3315 ± 3324.
[26] L. D.-L Lu, R. A. Johnson, M. G. Finn, K. B. Sharpless, J. Org. Chem.

1984, 49, 728 ± 731. Sharpless has noted (See: Y. Gao, R. M. Hanson,
J. M. Klunder, S. Y. Ko, H. Masamune, K. B. Sharpless, J. Am. Chem.
Soc. 1987, 109, 5765 ± 5780, and references therein) that 1,1-disub-
stitued olefins are problematic substrates for epoxidation under
stoichiometric [Ti(OiPr)4] conditions due to epoxide opening by
isopropyl alcohol. The use of [Ti(OtBu)4] conveniently avoided any
such side reactions.

[*] Prof. D. A. Evans, H. A. Rajapakse, A. Chiu, D. Stenkamp
Department of Chemistry & Chemical Biology
Harvard University
Cambridge, MA 02138 (USA)
Fax: (þ 1)617-495-1460
E-mail: evans@chemistry.harvard.edu

[**] Financial support has been provided by the National Institutes of
Health (GM33327-16). A BASF-Forschungsstipendum Postdoctoral
Fellowship to D.S. and a Howard Hughes Medical Institute Predoc-
toral Fellowship to H.A.R. are gratefully acknowledged. The NIH
BRS Shared Instrumentation Grant Program 1-S10RR04870 and the
NSF (CHE 88-140019) are acknowledged for providing NMR
facilities.



catalyzed hydroboration[14] ([(Ph3P)3RhCl], catecholborane,
THF, 0 8C, then H2O2, EtOH, pH 7 buffer, 88%), TIPS
protection of the resulting primary alcohol (TIPSOTf, lut. ,
CH2Cl2, �78 8C, 100%), and half reduction of the ethyl ester
(DIBAL-H, toluene,�78 8C, 89%) completed the synthesis of
aldehyde 17.

Wittig coupling of phosphonium salt 14 and aldehyde 17
proceeded smoothly (LiHMDS, THF, �78 8C, 79%, Z :E >

95:5) to afford 18. Selective deprotection of the TPS ether
under basic conditions (K2CO3, MeOH/CH2Cl2, 87%), di-
rected epoxidation with m-CPBA[15] (CH2Cl2, 0 8C, 95%,

d.r.> 95:5) and reprotection of the hydroxy group at C37 as a
TBS ether (TBSOTf, lut. , CH2Cl2, �78 8C, 95%) afforded
epoxide 19 as a single diastereomer. Selective deprotection of
the benzyl ether group at C32 was possible under reducing
conditions.[16] When the resulting epoxy alcohol was exposed
to PPTS in MeOH/CH2Cl2, cyclization to form the F-ring
tetrahydrofuran with simultaneous deprotection of the C31-
OTBS ether afforded diol 20 in 73% yield.[17] Installation of
the benzthiazole sulfide at C31 under Mitsunobo conditions
(BtSH, DIAD, Ph3P, THF, 0 8C), oxidation to the sulfone[18]
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Figure 1. The major disconnections.
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(m-CPBA, CH2Cl2, 0 8C, 70% over two steps), and protection
of the hydroxy group at C36 as a TES ether (TESCl, Im,
CH2Cl2, 90%) afforded 21. In preparation for the diene
formation step, the C33-OPMB ether of sulfone 21 was
exchanged for the corresponding TMS ether (DDQ, CH2Cl2/
pH 7 buffer, 97%; then TMSCl, Im, CH2Cl2, 0 8C, 99%) to
afford 22.[19]

Completion of the synthesis is shown in Scheme 3. The
C19±C20 bond construction joining advanced intermediates

11 and 23 was accomplished by the addition of the magnesium
bromide activated epoxide complex 23-MgBr2

[20] to the
metalloenamine derived from 11. The resulting unstable
hydrazinyl lactol 24 was treated with acid under biphasic
conditions (pentane/CH2Cl2/10% aq. NaHSO4) to access the
corresponding lactol, which underwent desilylation at C16
and spontaneous bicyclic ketal formation to afford adduct 25
upon exposure to PPTS in MeOH/CH2Cl2 (52% over three
steps). Protection of the hydroxymethyl moiety at C18
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(TBDPSCl, Im, DMAP, CH2Cl2, 90%), exchange of the C14
hydroxy protecting group (DDQ, CH2Cl2/pH 7 buffer, 90%;
TESCl, Im, CH2Cl2, 100%), and benzyl deprotection[16]

(LiDBB, THF, �78 8C) afforded 27, the fully elaborated
precursor needed for the diene formation step.

On the basis of convergency considerations the C1±C30
ABCDE fragment 27 was employed as the electrophilic
partner in the Julia olefination with the b-alkoxy sulfone 22.[21]

Oxidation[22] of alcohol 27 to aldehyde 28 (SO3¥Py, Et3N,
DMSO/CH2Cl2) was followed by the addition of LiHMDS to
a pre-mixed solution of 28 and sulfone 22 in THF at �78 8C to
provide the desired diene 29 as a 88:12 mixture of C32
epimers (72% over two steps, E :Z> 95:5).[23] Pursuant to
revealing the terminal carboxyl residue, N-phenylamide 29
was activated through its N-Boc imide, and hydrolysis to the
acid (LiOH, H2O2, THF/H2O) proceeded with with concom-
itant C33-OTMS deprotection to give pectenotoxin-4 seco
acid.[24] Macrocyclization under Yamagichi conditions[25]

(2,4,6-trichlorobenzoyl chloride, iPr2NEt, toluene, then
DMAP, toluene) at room temperature provided adduct 30.
Selective deprotection of the C14 and C36 OTES ethers with
PPTS in MeOH/CH2Cl2 (35% over three steps), oxidation to
the diketone[8] (Dess±Martin periodinane, py, CH2Cl2, 72%)
and global deprotection[26] (TAS-F, H2O, DMF, 85%) afford-
ed pectenotoxin-4 in 36 steps (longest linear sequence) and
0.3% overall yield. The synthetic material was identical by
1H NMR spectroscopy and optical rotation to natural pecte-
notoxin-4.[27] Further proof of structure was obtained by
isomerizing synthetic pectenotoxin-4 to pectenotoxin-8[28]

(1% TFA in CH3CN/H2O, 40%), and this material was
identical to natural pectenotoxin-8 as judged by 1H NMR,
HPLC, TLC Rf, and UV spectroscopy.
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