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The stereoselective syntheses of the C'D'E'F'-ring system of maitotoxin and the FG-ring system of gambierol were accomplished. The key
steps involve 6-endo-cyclization of methylepoxide, Sml,-induced reductive cyclization, 6-endo-cyclization of vinylepoxide, and formation of the
lactone ring.

Maitotoxin (MTX), isolated from the dinoflagellat&am- We have already reported the stereoselective synthesis of
bierdiscus toxicusis the most toxic and largest natural the ST- and XY-ring systenfswhich have 6,7-membered
product (MW 3422) known to date except for biopolymers bicyclic ethers, based on our developed ring-expansion
such as proteins or polysaccharidédTX has been impli- reaction’ We have also developed the Sariduced reduc-
cated in ciguatera food poisoning and is involved if'Ga  tive cyclization to synthesize th&ansfused ether ring
dependent mechanisms over a wide range of cell typbe. systems stereoselectivehand have recently reported an
full structure and partial relative configuration of MTX were efficient strategy for the stereoselective syntheses of 6,6- and
elucidated by Yasumoto et &and then the relative config-  6,7-membered ether ring systefinsaving an angular methyl
uration of the remaining parts and the absolute configuration
were determined by the Tachib&nand Kish? groups, (4) (a) Sasaki, M.; Nonomura, T.; Murata, M.; TachibanaJ&trahedron
independently. The unusual molecular structure of MTX k§$;?:ﬁe§?b§%i§ﬁ(gg§ 26 550“4(’c\l)oggsr,gllgaMTM'\gltlsrﬁtrfwlo'r\fNTahslTrtﬁga
contains 32 fused ether rings, 28 hydroxyl groups, 21 methyl Mm.; Tachibana, K Tetrahedron Lett1995 36, 9011. (d) Matsumori, N.;

i i onomura, T.; Sasaki, M.; Murata, M.; Tachibana, K.; Satake, M;
groups, 2 sulfate esters, an.d 98 chiral .Cente.rs (Flgu.r? 1. The’sasumoto, TTetrahedron Lett1996 37, 1269. (e) Sasaki, M.; Matsumori,
skeletal novelty, complexity, and biological activity of . Maruyama, T.; Nonomura, T.; Murata, M.; Tachibana, K.; Yasumoto,
MTX have attracted the attention of chemists and biologists T. Angew. Chem., Int. Ed. Engl996 35, 1672. (f) Nonomura, T.; Sasaki,
alike M.; Matsumori, N.; Murata, M.; Tachibana, K.; Yasumoto, Angew.

) Chem., Int. Ed. Engl1996 35, 1675.
(5) (a) Zheng, W.; DeMattei, J. A.; Wu, J.-P.; Duan, J. J.-W.; Cook, L.
(1) Yokoyama, A.; Murata, M.; Oshima, Y.; lwashita, T.; Yasumoto, T. R.; Oinuma, H.; Kishi, Y.J. Am. Chem. S0d.996 118 7946. (b) Cook,

J. Biochem1988 104, 184. L. R.; Oinuma, H.; Semones, M. A,; Kishi, Y0. Am. Chem. Sod.997,
(2) (a) Takahashi, M.; Ohizumi, Y.; Yasumoto, I..Biol. Chem1982 119 7928.

257, 7287. (b) Gusovsky, F.; Daly, J. VBiochem. Pharmacoll99Q 39, (6) (a) Nagasawa, K.; Hori, N.; Shiba, R.; NakataHEterocycled 997,

1633. 44, 105. (b) Nakata, T.; Nomura, S.; Matsukura, Ehem. Pharm. Bull.
(3) (&) Murata, M.; Iwashita, T.; Yokoyama, A.; Sasaki, M.; Yasumoto, 1996 44, 627.

T.J. Am. Chem. S04992 114, 6594. (b) Murata, M.; Naoki, H.; lwashita, (7) (@) Hori, N.; Nagasawa, K.; Shimizu, T.; Nakata, Tetrahedron

T.; Matsunaga, S.; Sasaki, M.; Yokoyama, A.; Yasumota]. ARm. Chem. Lett. 1999 40, 2145. (b) Nakata, T.; Nomura, S.; Matsukura,Tiétrahedron

Soc.1993 115, 2060. (c) Murata, M.; Naoki, H.; Matsunaga, S.; Satake, Lett. 1996 37, 213.

M.; Yasumoto, T.J. Am. Chem. So&994 116 7098. (d) Satake, M.; Ishida, (8) (a) Hori, N.; Matsukura, H.; Matsuo, G.; Nakata, Tetrahedron

S.; Yasumoto, T.; Murata, M.; Utsumi, H.; Hinomoto, J. Am. Chem. Lett. 1999 40, 2811. (b) Hori, N.; Matsukura, H.; Nakata, Drg. Lett.

Soc.1995 117, 7019. 1999 1, 1099.
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Partial structure of maitotoxin

Figure 1.

group based on this Sminduced cyclization of3-alkoxy
acrylate with an aldehyd (route A) and a keton8 (route
B) (Scheme 1§.We now report the stereoselective syntheses
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of the CD'E'F'-ring system (6,6,6,6-membered tetracyclic
ether having 1,3,5-triaxial angular methyl groups) of MTX
and the FG-ring system (6,6-membered bicyclic ether having
1,3-diaxial angular methyl groups) of gambierol from the
coupling of our Smy cyclization with hydroxy epoxide
cyclizations.

First, the C-ring system of MTX was constructed by
the 6endocyclization of the methylepoxideé (Scheme 2).
The required methylepoxid® was synthesized starting
from 2-deoxyt-ribose @), which was synthesized from
L-arabinose by the reported rodfefollowing the same
procedure for the synthesis of the enantiomeb.&f After
deprotection of the TBS group with TBAF, theefdo
cyclization of the resulting alcohol proceeded predom-
inantly by PPTS treatment to give theyntranstetrahy-
dropyran6 in quantitative yield, corresponding to the-C
ring.

(9) Matsuo, G.; Hori, N.; Nakata, Tretrahedron Lett1999 40, 8859.

(10) (a) Matsuo, G.; Matsukura, H.; Hori, N.; Nakata, Tletrahedron
Lett. 200Q 41, 7673. (b) Corey, E. J.; Ha, D.-Tetrahedron Lett1988
29, 3171.

(11) In two steps from.-arabinose: (1) A€, 30% HBr/AcOH, then
Zn, CuSQ, NaOAc, AcOH, HO; (2) Ba(OH), H,O, then 3 N HSOs. (a)
Shull, B. K.; Wu, Z.; Koreeda, MJ. Carbohydr. Chenil996 15, 955. (b)
Meisenheimer, J.; Jung, KChem. Ber1927, 60, 1462.

(12) (a) Nicolaou, K. C.; Nugiel, D. A.; Couladouros, E.; Hwang, C.-K.
Tetrahedronl99Q 46, 4517. (b) Nicolaou, K. C.; Theodorakis, E. A.; Rutjes,
F. P. J. T,; Sato, M.; Tiebes, J.; Xiao, X.-Y.; Hwang, C.-K.; Duggan, M.
E.; Yang, Z.; Couladouros, E. A.; Sato, F.; Shin, J.; He, H.-M.; Bleckman,
T.J. Am. Chem. S0d.995 117, 10239. (c) Nicolaou, K. C.; Rutjes, F. P.
J. T.; Theodorakis, E. A.; Tiebes, J.; Sato, M.; Unterstelled. Bm. Chem.
Soc.1995 117, 10252.
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The D-ring system was then constructed by our developed
Smk-induced reductive cyclization. Successive treatment
of 6 with triflic anhydride and TBSOT#! followed by
substitution reaction with NaCN, afforded the nitrile
guantitatively, which was converted into the methyl ketone
8in 72% yield by DIBAH reduction, Grignard reaction using
MeMgBr, and TPAP-NMO oxidation!® Deprotection of
the TBS group followed by the hetero-Michael reactfon
using ethyl propiolate in the presenceNsfnethylmorpholine
furnished the enol ethed in 99% yield. Treatment o
with 2.3 equiv of S’ in the presence of 2.2 equiv of
MeOH in THF effected radical-mediated reductive cycliza-
tion to give syntranstetrahydropyranl0 in 99% yield,
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aReagents and conditions: (a) TBAF, THF, rt; (b) PPTS,
CH.Cly, rt (100% from5); (c) Tf,O, 2,6-lutidine, CHCl,, —78°C;
then TBSOTf; (d) NaCN, DMSO, 80C (100% from6); (e)
DIBAH, CH,Cl,, —78 °C; (f) MeMgBr, THF, 0°C; (g) TPAP,
NMO, CH.CIy, rt (72% from7); (h) TBAF, THF, rt; (i) ethyl
propiolate,N-methylmorpholine, CbLCl,, rt (99% from8); (j) 2.3
equiv of Smj, 2.2 equiv of MeOH, THF, 0C (99%).
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aReagents and conditions: (a) TMSOTf, 2,6-lutidine, ,CH, 0 °C; (b) DIBAH, toluene,—78 °C; (c) PhP=C(Me)CGEt, toluene,
100 °C; (d) DIBAH, toluene,—78 °C (88% from 10); (e) Sharpless AE (100%); (f) TPAP, NMO, GEl,, rt; (g) PrP™MeBr-,

NaN(TMS), THF, 0°C (69% from13); (h) TBAF, THF, rt; (i) CSA,

toluene, OC (73% from14); (j) O3, CH,Cl,, —78 °C; Me;S; (K)

PhsP=CHCO,Me, toluene, 100C (72% from15); (I) H,, Pd—C, EtOAc, rt; (m) LiOH, MeOH-H,0, rt; (n) AcO, pyridine, rt (65% from

16).

corresponding to the 'Bxing. Thus, the Smitinduced cy-

We also synthesized the FG-ririd (the enantiomer of

clization was completely stereoselective despite the steric10) of gambieroll® a marine polycyclic ether (Figure 3),

hindrance present in both and 10. The stereoselectivity
would be caused by the chelation transition stafEigure
2). To our knowledge, this is the first report for the direct

Figure 2.

construction of such a tetrahydropyran system, which has
the 1,3-diaxial angular methyl groups adjacent to the
methylenet®

(13) Miyashita, M.; Yoshikoshi, A.; Grieco, P. Al. Org. Chem1977,
42, 3772.

(14) Mori, Y.; Yaegashi, K.; Furukawa, Hl. Am. Chem. Socl996
118 8158.

(15) For areview, see: Ley, S. V.; Norman, J.; Griffith, W. P.; Marsden,
S. P.Synthesigdl994 639.

(16) (a) Winterfeldt, EChem. Ber1964 97, 1952. (b) Winterfeldt, E.;
Preuss, HChem. Ber1966 99, 450.

(17) For reviews, see: (a) Kagan, H. Bew J. Chem199Q 14, 453.

(b) Molander, G. AChem. Re. 1992 92, 29. (c) Molander, G. A.; Harris,
C. R.Chem. Re. 1996 96, 307.

(18) A stepwise construction of 1,3-diaxial angular methyl groups on a
tetrahydropyran was reported in a synthesis of the F-ring of gambierol. (a)
Fuwa, H.; Sasaki, M.; Tachibana, Ketrahedron Lett200Q 41, 8371. (b)
Fuwa, H.; Sasaki, M.; Tachibana, Retrahedron2001, 57, 3019. (c)
Kadowaki, C.; Chan, P. W. H.; Kadota, |.; Yamamoto,T¥trahedron Lett.
2000Q 41, 5769.
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Figure 3.

following the same procedure starting from commercially
available 2-deoxy-ribose?°

Then, the construction of the'#ing system was inves-
tigated by the Gndocyclization of the tertiary hydroxyl
group to methylepoxide activated by a vinyl grétfScheme
3). Protection of the tertiary alcohol ih0 with TMSOTf
and reduction of the ester to aldehyde with DIBAH followed

(19) (a) Satake, M.; Murata, M.; Yasumoto, J.Am. Chem. Sod993
115 361. (b) Morohashi, A.; Satake, M.; Yasumoto, Tetrahedron Lett.
1998 39, 97.

(20) Matsuo, G.; Hori, N.; Nakata, Rbstracts of Papers78th Spring
Meeting of the Japan Chemical Society, Chiba; Japan Chemical Society:
Tokyo, 2000; 2E603.

(21) In our synthesis of the F-ring (2,6-dimethyltetrahydropyran) of
brevetoxin B?2 the Nicolaou procedufé using vinylepoxide gave better
results than our procedéfeusing styrylepoxide. Thus, the Nicolaou
procedure was applied to the construction of theifig system.
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Figure 4. Selected NOEs (arrows) afd y correlations in HMBC
(dotted arrows).

by Wittig reaction and DIBAH reduction afforded the allyl
alcohol12 in 88% vyield. The Sharpless asymmetric epoxi-
datior?® stereoselectively gave th#epoxidel13 in almost
quantitative yield. Epoxidation wittmCPBA in CH.CI,
also gave the same single compout®l Oxidation of the
alcohol 13 with TPAP—NMO followed by the Wittig
reaction with PBP=CH, furnished the vinylepoxidé4 in
69% vyield. Deprotection of the TMS group i followed

by treatment with CSA iriolueneat 0 °C effected 6endo
cyclization to give the Ering of 15 stereoselectively in 73%
yield. The standard conditions for this cyclization with PPTS
or CSA in CHyCI, resulted in production of a mixture of
cyclized productl5 and a conjugated dier8 as a serious
side product. The structure @b was confirmed by NMR
studies including NOE, HMQC, and HMBC (Figure 4).

(22) Matsuo, G.; Hori, N.; Matsukura, H.; Nakata, Tretrahedron Lett.
200Q 41, 7677.

(23) (a) Nicolaou, K. C.; Duggan, M. E.; Hwang, C.-K.; Somers, P. K.
J. Chem. Soc., Chem. Commua®85 1359. (b) Nicolaou, K. C.; Prasad,
C. V. C.; Somers, P. K.; Hwang, C.-K. Am. Chem. S04989 111, 5330.
(c) Nicolaou, K. C.; Prasad, C. V. C.; Somers, P. K.; Hwang, CkkAm.
Chem. Soc1989 111, 5335.

(24) (a) Matsukura, H.; Morimoto, M.; Koshino, H.; Nakata, T.
Tetrahedron Lett1997 38, 5545. (b) Matsukura, H.; Morimoto, M.; Nakata,
T. Chem. Lett1996 487.

(25) Katsuki, T.; Sharpless, K. B. Am. Chem. Sod.98Q 102, 5976.
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Interestingly, the coupling constants (9.8 and 5.9 Hz) of the
methine proton adjacent to the hydroxyl group is slightly
different from the typical values (11-012.0 and 4.6-5.0
Hz) of the related tetrahydropyrans in a chair fafThis
would indicate that the compourib partially has a boat-
form conformation on the 'Eing. It could arise from the
steric repulsion among the 1,3,5-trimethyl groups, which
would also cause the difficulty in cyclization of the-Eng
under the standard conditions.

Then, the Fring system was constructed as th&actone.
Ozonolysis of the double bond ib followed by the Wittig
reaction using P#*—=CHCO,Me gave theo,S-unsaturated
esterl6in 72% yield. Hydrogenation on P¢C, hydrolysis
with LiOH, and treatment with Ag®O—pyridine afforded the
o-lactonel?in 65% yield. The introduction of the side chain
was already reported from the model lactone, corresponding
to the CD'-ring, which has no angular methyl group, by
Kishi.52

In summary, we have accomplished the syntheses of the
C'D'E'F'-ring system of maitotoxin and the FG-ring system
of gambierol. To our knowledge, this is the first report for
the synthesis of the polytetrahydropyran system having 1,3,5-
triaxial angular methyl groups.

Acknowledgment. This work was supported in part by
Special Project Funding for Basic Science (Multibioprobe)
from RIKEN. We thank Dr. H. Koshino for the NMR
spectral measurements and Ms. K. Harata for the mass
spectral measurements.

Supporting Information Available: Experimental pro-
cedures (from6 to 17) and characterization data for
compound¥—10and12—17. This material is available free
of charge via the Internet at http://pubs.acs.org.

OL016355K

(26) The acetate derivative df5 showed coupling constants (7.3 and
6.8 Hz) significantly different from the typical values.
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