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Marine dinoflagellates of the genusAmphidiniumsp. living in
symbiosis with the Okinawan flatwormAmphiscolopsspp. produce
a host of secondary metabolites endowed with potent cytotoxicity
against various cancer cell lines. Commonly called “amphidino-
lides”,1 these conspicuous marine natural products usually embed
a “conserved” set of structural elements into highly diverse
macrolactone backbones. Amphidinolide X (1), however, is a
significant exception to this rule.2 This compound has neither the
characteristicexo-methylene group, nor a vicinal one-carbon branch,
nor a 1,3-diene unit found in virtually all other members of this
series. Moreover,1 is the only naturally occurring macrodiolide
known to date that consists of a diacid and a diol unit rather than
of two hydroxyacid entities.2

These rather unique structural features together with the promis-
ing cytotoxicity of 1 against murine lymphoma and human
epidermoid carcinoma prompted us to pursue a total synthesis of
this scarce compound.3,4 While the ester linkages forming the
macrodiolide ring constitute obvious sites of disconnection, it was
envisaged to assemble the C7-C22 segment by metal-catalyzed
cross coupling at the C13-C14 bond (Scheme 1). Not only does
this strategy ensure high convergence and employs building blocks
A-C of similar size, but also allows us to address the critical
formation of the tetrasubstituted chiral center C19 residing at the
ether bridge in an early stage of the synthesis campaign.

The chosen route to this key structural element hinges upon
methodology recently developed in our laboratory (Scheme 2).5

Specifically, it was planned to use a chiral allene as latent progenitor
of the tetrahydrofuran ring, which can be formed stereoselectively
by an iron-catalyzed reaction of a propargyl epoxide with a suitable
Grignard reagent. This sequence should efficiently transfer the
central chirality of a readily accessible epoxide to the tetrasubstituted
chiral sp3 center C19 via the axial chirality of an allene relay.

Toward this end, allylic alcohol26 was epoxidized by the
Sharpless method to give product3 in excellent yield and decent
optical purity (ee) 83%) (Scheme 3).7 Swern oxidation followed
by treatment of the resulting aldehyde with the Ohira-Bestmann
reagent8 gave alkyne4, which was end-capped on treatment with
LiHMDS and MeOTf. Gratifyingly, reaction of the resulting
propargyl epoxide5 with PrMgCl in the presence of cheap and
benign Fe(acac)3 as the precatalyst furnished, in less than 5 min,
the desired allene6 as a 8:1 mixture in favor of the required syn
isomer. This pronounced selectivity likely results from a directed
delivery of the nucleophile enforced by a precoordination of the
oxophilic catalyst and/or reagent to the epoxide ring (Scheme 2)
and nicely complements the anti selectivity of the standard copper-
based methods for allenol formation.5a

Because the allene isomers were not readily separable, the
mixture was treated with AgNO3/CaCO3 in aqueous acetone to
afford the corresponding dihydrofuran7 with strict chirality
transfer.9 While we had originally envisaged to install the missing
-OH group at C17 via hydroboration/oxidation, this sequence
turned out to be low yielding. A satisfactory alternative was found

in the bromo-esterification of7 with NBS in aqueous DMF.10 From
a practical perspective, this detour was even rewarding as the C19
isomers could be separated at that stage by flash chromatography.
Removal of the bromide in8 using (Me3Si)3SiH and AIBN11

followed by standard protecting group manipulations furnished
product10 as adequate surrogate of synthonA.

The second building block was accessed by the palladium-
catalyzed, Et2Zn-mediated addition of the enantiopure propargyl
mesylate12 to aldehyde11 (Scheme 4).12 The major anti isomer
13 (ee ) 93%) was protected as a PMB-ether prior to C-
methylation. Hydrozirconation/iodination13 of the alkyne group in
15 afforded vinyl iodide16 in good overall yield. Cleavage of the

Scheme 1

Scheme 2

Scheme 3 a

a Conditions: [a] Ti(OiPr)4 cat.,L-(+)-DET, tBuOOH, MS 4 Å, CH2Cl2,
97% (ee) 83%); [b] (i) oxalyl chloride, DMSO, Et3N, CH2Cl2; (ii)
(MeO)2P(O)C(N2)COMe, K2CO3, MeOH, 67%; [c] LiHMDS, MeOTf, THF,
95%; [d] PrMgCl, Fe(acac)3 cat., toluene, 62% (syn:anti) 8:1); [e] AgNO3,
CaCO3, aqueous acetone, 90%; [f] NBS, DMF/H2O (15/1), 65%; [g] AIBN,
(TMS)3SiH, toluene; [h] NaHCO3, MeOH, 90% (over both steps); [i]
PMBOC(dNH)CCl3, PPTS, CH2Cl2/C6H12, 76%; [j] TBAF, THF, 97%;
[k] I 2, PPh3, imidazole, MeCN/Et2O, 92%.
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O-PMB group with DDQ preceded a Yamaguchi esterification of
alcohol 17 with acid 20, which was derived from the known
aldehyde18 (ee) 95%)14 as shown in Scheme 4.

With the required building blocks in hand, the stage was set for
the crucial segment couplings (Scheme 5). Previous work from this
laboratory had shown that Suzuki reactions can be conveniently
performed with borate complexes derived from 9-MeO-9-BBN and
a suitable organolithium reagent;15 the latter can also be formed in
situ.16 Application of this method to the present case resulted in

efficient alkyl-alkenyl cross coupling17 of segments21 and 10.
Specifically, alkyl iodide10 was treated witht-BuLi at -78 °C
followed by addition of excess 9-MeO-9-BBN to give the corre-
sponding borate22, which transfers its functionalized alkyl group
to the organopalladium species derived from alkenyl iodide21and
(dppf)PdCl2/AsPh3, thus delivering product23 in 74% isolated yield.
Selective cleavage of the methyl ester in diester23 with LiI in
pyridine18 followed by successive removal of the remaining acetal
moiety and the PMB ether gaveseco-acid 25. The final macro-
cyclization of this compound proceeded smoothly under Yamaguchi
conditions,19,20affording amphidinolide X1 in 62% yield, thereby
completing the first total synthesis of this bioactive marine natural
product. Its analytical data are in excellent agreement with those
reported in the literature.2

Acknowledgment. Generous support by the DFG (Leibniz
award), the Fonds der Chemischen Industrie, the Merck Research
Council, and the Deutsch-Israelische Projektkooperation (DIP) is
gratefully acknowledged. O.L. thanks the AvH Foundation and
FQRNT for a fellowship.

Supporting Information Available: Experimental details and
characterization of all new compounds. This material is available free
of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Chakraborty, T. K.; Das, S.Curr. Med. Chem.: Anti-Cancer Agents
2001, 1, 131. (b) Kobayashi, J.; Tsuda, M.Nat. Prod. Rep. 2004, 21, 77.

(2) Tsuda, M.; Izui, N.; Shimbo, K.; Sato, M.; Fukushi, E.; Kawabata, J.;
Katsumata, K.; Horiguchi, T.; Kobayashi, J.J. Org. Chem. 2003, 68, 5339.

(3) Total synthesis of other amphidinolides: (a) Aı¨ssa, C.; Riveiros, R.; Ragot,
J.; Fürstner, A.J. Am. Chem. Soc. 2003, 125, 15512. (b) Fu¨rstner, A.;
Aı̈ssa, C.; Riveiros, R.; Ragot, J.Angew. Chem., Int. Ed. 2002, 41, 4763.

(4) Other total syntheses: (a) Williams, D. R.; Kissel, W. S.J. Am. Chem.
Soc. 1998, 120, 11198. (b) Williams, D. R.; Myers, B. J.; Mi, L.Org.
Lett. 2000, 2, 945. (c) Williams, D. R.; Meyer, K. G.J. Am. Chem. Soc.
2001, 123, 765. (d) Lam, H. W.; Pattenden, G.Angew. Chem., Int. Ed.
2002, 41, 508. (e) Maleczka, R. E.; Terrell, L. R.; Geng, F.; Ward, J. S.
Org. Lett. 2002, 4, 2841. (f) Ghosh, A. K.; Liu, C.J. Am. Chem. Soc.
2003, 125, 2374. (g) Trost, B. M.; Harrington, P. E.J. Am. Chem. Soc.
2004, 126, 5028. (h) Ghosh, A. K.; Gong, G.J. Am. Chem. Soc. 2004,
126, 3704. (i) Colby, E. A.; O’Brien, K. C.; Jamison, T. F.J. Am. Chem.
Soc. 2004, 126, 998. (j) Trost, B. M.; Papillon, J. P. N.J. Am. Chem.
Soc. 2004, 126, 13618. (k) Trost, B. M.; Chisholm, J.; Wrobleski, S.;
Jung, M.J. Am. Chem. Soc. 2002, 124, 12420.

(5) (a) Fürstner, A.; Méndez, M.Angew. Chem., Int. Ed. 2003, 42, 5355. (b)
See also: Fu¨rstner, A.; Leitner, A.; Me´ndez, M.; Krause, H.J. Am. Chem.
Soc. 2002, 124, 13856.

(6) Narco, K.; Baltas, M.; Gorrichon, L.Tetrahedron1999, 55, 14013.
(7) Johnson, R. A.; Sharpless, K. B. InCatalytic Asymmetric Synthesis, 2nd

ed.; Ojima, I., Ed.; Wiley-VCH: New York, 2000; p 231.
(8) Müller, S.; Liepold, B.; Roth, G. J.; Bestmann, H. J.Synlett1996, 521.
(9) Marshall, J.; Pinney, K. G.J. Org. Chem. 1993, 58, 7180.

(10) Crotti, P.; Di Bussolo, V.; Favero, L.; Macchia, F.; Pineschi, M.Eur. J.
Org. Chem. 1998, 1675.

(11) Chatgilialoglu, C.Acc. Chem. Res. 1992, 25, 188.
(12) (a) Marshall, J. A.Chem. ReV. 2000, 100, 3163. (b) Marshall, J. A.; Adams,

N. D. J. Org. Chem. 1999, 64, 5201.
(13) Hu, T.; Panek, J. S.J. Am. Chem. Soc. 2002, 124, 11368.
(14) Bode, J. W.; Carreira, E. M.J. Org. Chem. 2001, 66, 6410.
(15) (a) Fürstner, A.; Seidel, G.Tetrahedron1995, 51, 11165. (b) Fu¨rstner,

A.; Nikolakis, K. Liebigs Ann. 1996, 2107. (c) See also: Soderquist, J.
A.; Matos, K.; Rane, A.; Ramos, J.Tetrahedron Lett. 1995, 36, 2401.

(16) Marshall, J. A.; Johns, B. A.J. Org. Chem. 1998, 63, 7885.
(17) Review: Chemler, S. R.; Trauner, D.; Danishefsky, S. J.Angew. Chem.,

Int. Ed. 2001, 40, 4544.
(18) Hunter, T. J.; O’Doherty, G. A.Org. Lett. 2002, 4, 4447.
(19) (a) Inanaga, J.; Hirata, K.; Saeki, H.; Katsuki, T.; Yamaguchi, M.Bull.

Chem. Soc. Jpn. 1979, 52, 1989. (b) Hikota, M.; Sakurai, Y.; Horita, K.;
Yonemitsu, O.Tetrahedron Lett.1990, 31, 6367. (c) Recent application:
Mlynarski, J.; Ruiz-Caro, J.; Fu¨rstner, A.Chem.-Eur. J. 2004, 10, 2214.

(20) Other macrodiolide syntheses: (a) Fu¨rstner, A.; Albert, M.; Mlynarski,
J.; Matheu, M.; DeClercq, E.J. Am. Chem. Soc. 2003, 125, 13132. (b)
Fürstner, A.; Thiel, O. R.; Ackermann, L.Org. Lett. 2001, 3, 449.

JA044130+

Scheme 4 a

a Conditions: [a] Et2Zn, Pd(OAc)2 cat., PPh3 cat., THF, 65% (anti:syn
) 4.5:1); [b] PMBCl, NaH, TBAI, DMF, 94%; [c] LiHMDS, MeI, THF,
95%; [d] (i) Cp2ZrHCl, C6H6; (ii) I 2, CH2Cl2, 61%; [e] DDQ, CH2Cl2, pH
7 buffer, 89%; [f] (EtO)2P(O)CH2COOMe, LiCl, DBU, MeCN, 94%; [g]
HF‚pyridine, MeCN, quant.; [h] (i) oxalyl chloride, DMSO, Et3N, CH2Cl2;
(ii) NaClO2, NaH2PO4, (CH3)2CdCHCH3, tBuOH, 92%.

Scheme 5 a

a Conditions: [a] 2,4,6-trichlorobenzoyl chloride, Et3N, toluene; then17,
DMAP, 96%; [b] tBuLi, Et2O/THF; then 9-MeO-9-BBN; [c] (dppf)PdCl2,
Ph3As, K3PO4, aqueous DMF, 74%; [d] LiI, pyridine, 125°C; [e] aqueous
HOAc, 53% (over both steps); [f] DDQ, CH2Cl2, pH 7 buffer, 84%; [g]
2,4,6-trichlorobenzoyl chloride, Et3N, THF; then DMAP, toluene, 62%.
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