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Abstract: Total synthesis of structure 1 originally proposed for brevenal, a nontoxic polycyclic ether natural
product isolated from the Florida red tide dinoflagellate, Karenia brevis, was accomplished. The key features
of the synthesis involved (i) convergent assembly of the pentacyclic polyether skeleton based on our
developed Suzuki—Miyaura coupling chemistry and (ii) stereoselective construction of the multi-substituted
(E,E)-dienal side chain by using copper(l) thiophen-2-carboxylate (CuTC)-promoted modified Stille coupling.
The disparity of NMR spectra between the synthetic material and the natural product required a revision
of the proposed structure. Detailed spectroscopic comparison of synthetic 1 with natural brevenal, coupled
with the postulated biosynthetic pathway for marine polyether natural products, suggested that the natural
product was most likely represented by 2, the C26 epimer of the proposed structure 1. The revised structure
was finally validated by completing the first total synthesis of (—)-2, which also unambiguously established
the absolute configuration of the natural product.

Introduction with massive fish kills and marine mammal poisoning, and they
are thought to be responsible for adverse human health effects,
such as respiratory irritation and airway constriction observed
in beach-goers during a red tide. In addition, the consumption
of shellfish contaminated with brevetoxins results in neurotoxic
shellfish poisoning (NSP) in humans, which is characterized
by sensory abnormalities, cranial nerve dysfunction, gastrointes-
tinal symptoms, and sometimes respiratory faikikdemibre-
vetoxin-B, another polycyclic ether compound, was isolated by
Prasad and Shimizu from the same organism, and the molecular
size is about one-half of that of brevetoxihidemibrevetoxin-B

was reported to cause the same characteristic rounding of
cultured mouse neuroblastoma cells as brevetoxins and show
cytotoxicity at a concentration of bM.

Brevenal, isolated recently by Baden, Bourdelais, and co-
orkers from the laboratory cultures &f brevis along with
revetoxins, represents the newest member of polycyclic ethers.

The gross structure of brevenal, including the relative stereo-
chemistry, was disclosed in 2004 as structli@n the basis of

Marine polycyclic ether natural products continue to fascinate
chemists and biologists because of their unique and highly
complex molecular architecture coupled with diverse and
extremely potent biological activitie® Among these, bre-
vetoxin-B, produced by the Florida red tide dinoflagellate,
Karenia breis (formerly known asGymnodinium bree and
Ptychodiscus bras), is the first member of this class of natural
products to be structurally elucidated by spectroscopic and X-ray
crystallographic analysis by Nakanishi and co-workers in 1981
(Figure 1)3 Ever since, a number of congeners, including
brevetoxin-A? have been isolated and structurally characterized.
These toxic metabolites are known to exhibit their potent
neurotoxicity by binding with a receptor site 5 on voltage-
sensitive sodium channels (VSSC) in excitable membranes,
thereby causing the channels to open at normal resting potential
with an increase in mean channel open time and inhibiting
channel inactivatioR .Blooms ofK. brevis have been associated

t Tohoku University. extensive 2D NMR studies; however, the absolute stereochem-
1" L'J:nlverS_lty of N0rth_Caf0||Ina- e et y . istry remained to be established. Although the size of the
@ T Chon R 1008 02 Doaer t00s. (g)'s,\’,,ﬁf:té‘(ﬁ‘ﬂ)_; oot it "' ‘molecule is relatively compact compared with brevetoxins, the
Prod. Rep200Q 293-314. (c) Yasumoto, TChem. Rec2001, 3, 228—
242. (6) For recent reviews, see: (a) Baden, D. G.; Bourdelais, A. J.; Jacocks, H.;
(2) For recent comprehensive reviews on total synthesis of polycyclic ethers, Michelliza, S.; Naar, JEnviron. Health Perspect2005 113 621-625.
see: (1) Nakata, TThem. Re. 2005 105 4314-4347. (b) Inoue, MChem. (b) Kirkpatrick, B.; Fleming, L. E.; Squicciarini, D.; Backer, L. C.; Clark,
Rev. 2005 105 4379-4405. R.; Abraham, W.; Bentson, J.; Cheng, Y. S.; Johnson, D.; Pierce, R.; Zais,
(3) Lin, Y.-Y.; Risk, M.; Ray, S. M.; Van Engen, D.; Clardy, J.; Golik, J.; J.; Bossart, G. D.; Baden, D. Glarmful Algae2004 3, 99-115.
James, J. C.; Nakanishi, K. Am. Chem. S0d.981, 103 6773-6775. (7) Prasad, A. V. K.; Shimizu, YJ. Am. Chem. S0d.989 111, 6476-6477.
(4) Shimizu, Y.; Chou, H.-N.; Bando, H.; Van Duyne, G.; Clardy, JJCAm. (8) (a) Bourdelais, A. J.; Campbell, S.; Jacocks, H.; Naar, J.; Wright, J. L. C.;
Chem. Soc1986 108 514-515. Carsi, J.; Baden, D. GCell. Mol. Neurobiol.2004 24, 553-563. (b)
(5) Poli, M. A;; Mende, T. J.; Baden, D. ®lol. Pharmacol.1986 30, 129— Bourdelais, A. J.; Jacocks, H. M.; Wright, J. L. C.; Bigwarfe, P. M., Jr.;
135. Baden, D. GJ. Nat. Prod.2005 68, 2—6.

10.1021/ja066772y CCC: $33.50 © 2006 American Chemical Society J. AM. CHEM. SOC. 2006, 128, 16989—16999 m 16989



ARTICLES Fuwa et al.

CHO

H

HO

1: brevenal (proposed structure) 2: brevenal (revised structure)
Figure 1. Structures of brevetoxin-A, brevetoxin-B, hemibrevetoxin-B, and brevenal (proposed struemnderevised structurg).

pentacyclic polyether core arranged with four methyl and two Scheme 1. Retrosynthetic Analysis

hydroxy groups and, especially, the characteristic heavily OHC_\>§ Te
substituted left-handgE)-dienal side chain make it a syntheti- Me
cally challenging target molecule. In addition, the biological \
profile of brevenal is particularly unique and intriguing in that
it competitively displaces tritiated dihydrobrevetoxin-BH]-
PbTx-3) from VSSC in rat brain synaptosomes in a dose- ro @
dependent manner and antagonizes the toxic effects of bre- N sngu o )
vetoxins in vivo®° More importantly, picomolar concentrations Mé ? Suzuki-Miyaura coupling
of brevenal increased tracheal mucus velocity to the same degree 4
as that observed with millimolar concentrations of a sodium
channel blocker, amiloride, which is used in the treatment of
cystic fibrosis!® Thus, brevenal represents a potential lead for

the development of novel therapeutic agents for the treatment

of mucaociliary dysfunction associated with cystic fibrosis and @
other lung disorders. TBDPSO Me,

o H - ,OTBS
. . . _p- (0]
The remarkable structural and biological aspects of this R OO "\o,‘,’:“ + %OBn
natural product led us to embark on its total synthesis. We have PMBO HoH

recently reported the first total synthesis of structucgiginally 6 7
proposed for brevenal by means of our developed Suzuki _ _
Miyaura coupling-based convergent stratégslowever, the'H Results and Discussion

and *C NMR spectra for the synthetic material were not  gynihesis PlanOur total synthesis of structuteoriginally
identical to those reported for the natural product, suggesting proposed for brevenal was based on a retrosynthetic analysis
that it is necessary to revise the initial structural assignment. 5 depicted in Scheme 1. The characteristic unsaturated side
Herein, we describe the details of our total synthesis of the chajns at both ends of the molecule were to be constructed at
proposed brevenal structufieand non-identity to the natural g |ate stage of the total synthesis. The right-haf)ddfene is
product. On the basis of the NMR distinctions, a revised the same as that found in the hemibrevetoxin-B structure, and
structure2, the C26-epimer ofl, was proposed and finally  thus this could be prepared by the precedented procedure,
confirmed by the total synthesis of-}-2, which has also led  namely, selenytWittig reaction using the ylide generated from

to unambiguous determination of the absolute configuration of phosphonium salt followed by syn elimination of the sele-

{ A

H 0
Me

Stille coupling

Wittig reaction

SePh

4

the natural product. noxide!? On the other hand, the left-hand side chain that
contains a multi-substitutedE(E)-dienal moiety was planned
(9) Sayer, A.; Hu, Q,; Bourdelais, A. J.; Baden, D. G.; Gilson, JAEh. to be constructed in a stereoselective manner by the Stille

Toxicol. 2005 79, 683-688.
(10) Abraham, W. M.; Bourdelais, A. J.; Sabater, J. R.; Ahmed, A.; Lee, T. A,;

Serebriakov, |.; Baden, D. G&Am. J. Respir. Crit. Care Me®005 171, (12) (a) Nicolaou, K. C.; Reddy, K. R.; Skokotas, G.; Sato, F.; Xiao, XJY.
26—34. Am. Chem. Sod992 114, 7935-7936. (b) Nicolaou, K. C.; Reddy, K.

(11) For a preliminary communication, see: Fuwa, H.; Ebine, M.; Sasaki, M. R.; Skokotas, G.; Sato, F.; Xiao, X.-Y.; Hwang, C.-K.Am. Chem. Soc.
J. Am. Chem. So2006 128 9648-9650. 1993 115 3558-3575.
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Scheme 2. Synthesis of the AB Ring Fragment?
TBDPSO._~_-CHO N OR! oh OPMB  Me OPMB  Me
—-al ; = \/\/\/\/J\ —-J :
8 Me | 1'B|:>|='sc>\/\/~\:/-~\R2 TBDPSO AR TBDPSO ' Tr
+ Me Me Me
Bri 10: R'=H,R2=OH . 13: R = COMe 15; R = CH,OH
9 ¢ [ 4. m! = PMB, R = OH ! L_'14:R=CH20H ki, g6 R = CH=CH,
of [ 12 R = puB, R2= CN im
o- F' OPh
ben NOEs ( 1.5
TBDPSO TBDPSO TBDPSO\/\IJ\A,COZBn TBDPSO ~ oA
Me H ~ Me
r,:19.R—TES 17:R=H
20:R=H 18:R=TES

aReagents and conditions: (a)Bu,BOTf, EtsN, CH,Cl,,

—78— 0 °C; (b) NaBH;, THF/HO, rt, 90% (two steps); (G)-MeOGsH,CH(OMe), PPTS,

CH.Cly, rt; (d) DIBALH, CHxCl,, —78 — —40 °C, 94% (two steps); (e) MsCI, g, CHxCly, 0 °C; (f) NaCN, DMSO, 60°C, 96% (two steps); (9)

DIBALH, CHCl,, —78°C, 90%; (h) PBP=C(Me)CO:EL, toluene, 100C, 97%; (i) DIBALH, CH.Cly,
—40 °C, 88%; (k) SQ-pyridine, EtN, DMSO/CH.CI; (1:1), 0°C; (I) PrsP™CH3Br-,
0°C, 89% (two steps); (0) (SigBH, THF, 0°C; then ag NaHCg 30% HOy, rt, 92%; (p) S@-pyridine,

CHCly,
H20 (20:1), rt; (n) TESOTI, 2,6-lutidine, Cil,,

—78°C, quant.; (j) {+)-DET, Ti(Qi-Pr), t-BuOOH,
NaHMDS, THF, 0°C, 90% (two steps); (m) DDQ, Ci&l,/

EtsN, DMSO/CHCI, (1:1), 0°C; (q) PRP=CHCO:Bn, toluene, 60C, 86% (two steps); rL M HCI, THF, tt, 95%; (s) H, 20% Pd(OHYC, THF/MeOH
(2:1), t, 90%; (1) 2,4,6-GCsH2COCI, EgN, THF, 0°C — rt; then DMAP, toluene, 116C, 98%; (u) KHMDS, (PhOP(O)Cl, HMPA, THF,—78°C, 96%.

coupling of €)-vinyl iodide 3 and €)-vinyl stannanes.? In
turn, the pentacyclic polyether core was envisaged to be
available from the AB ring enol phosphaéeand the DE ring
exocyclic enol ether7 by means of our SuzukiMiyaura
coupling-based chemistfyf 16

Synthesis of the AB Ring Fragment 6 The synthesis of
the AB ring fragment6 started with Evans aldol reaction of
aldehyde8 and oxazolidinon&, which provided the desired
syn-aldol adduct (Scheme #)The chiral auxiliary was reduc-
tively removed with NaBi'8 to provide 1,3-dioll0 as a single
stereoisomer in 90% overall yield. The resultant di6lwas
protected as thp-methoxybenzylidene acetal, which was then
reduced with DIBALH in a regioselective manner to afford
primary alcoholl1in 94% yield for the two step¥.Mesylation
of 11 followed by displacement with sodium cyanide gave nitrile
12in 96% yield (two steps). DIBALH reduction of the nitrile
and subsequent Wittig reaction of the resulting aldehyde
providedo,S-unsaturated estéBin 87% yield for the two steps.
After reduction with DIBALH, Sharpless asymmetric epoxida-
tion of the resultant allylic alcohdl4 under the stoichiometric
conditions gave epoxy alcohd5 in 88% yield. In contrast,
under the catalytic conditions, the yield &6 was moderate
(ca. 50%) and several unidentified byproducts were formed.

(13) For recent reviews, see: (a) Nicolaou, K. C.; Bulger, P. G.; Sarlah, D.
Angew. Chem., Int. EQ005 44, 4442-4489. (b) Espinet, P.; Echavarren,
A. E. Angew. Chem., Int. EQ004 43, 4704-4734. (c) Mitchell, T. C. In
Metal-catalyzed Cross-coupling Reactipndnd ed.; de Meijere, A.,
Diederich, F., Eds.; Wiley-VCH: Weinheim, 2004; pp 12862. (d) Farina,
V.; Krishnamurthy, V.; Scott, W. JOrg. React.1997 50, 1—652.

(14) For reviews on Suzuki-Miyaura coupling, see: (a) Suzuki, A.; Miyaura,
N. Chem. Re. 1995 95, 2457-2483. (b) Chemler, S. R.; Trauner, D.;
Danishefsky, S. JAngew. Chem., Int. EQ001, 40, 4544-4568.

(15) (a) Sasaki, M.; Fuwa, H.; Inoue, M.; TachibanaTi€trahedron Lett1998
39, 9027-9030. (b) Sasaki, M.; Fuwa, H.; Ishikawa, M.; Tachibana, K.
Org. Lett.1999 1, 1075-1077. (c) Sasaki, M.; Ishikawa, M.; Fuwa, H.;
Tachibana, KTetrahedron2002 58, 1889-1911. (d) Sasaki, M.; Fuwa,
H. Synlett2004 1851-1874.

(16) (a) Fuwa, H.; Sasaki, M.; Satake, M.; TachibanaCfg. Lett. 2002 4,
2981-2984. (b) Fuwa, H.; Kainuma, N.; Tachibana, K.; SasakiJVAmM.
Chem. Soc2002 124, 14983-14992. (c) Tsukano, C.; Sasaki, Nl. Am.
Chem. Soc2003 125, 14294-14295. (d) Tsukano, C.; Ebine, M.; Sasaki,
M. J. Am. Chem. So@005 127, 4326-4335.

(17) Evans, D. A,; Bartroli, J.; Shih, T. lJ. Am. Chem. So4981, 103 2127
2129.

(18) Prashad, M.; Har, P.; Kim, H.-Y.; Repic, @etrahedron Lett1998 39,
7067-7070.

(19) (a) Johansson, R.; SamuelssonJBChem. Soc., Chem. Commd984
201-202. (b) Johansson, R.; Samuelsson) BChem. Soc., Perkin Trans.
11984 2371-2374.

Oxidation of15 followed by Wittig olefination provided vinyl
epoxidel6 in 90% vyield for the two steps. Upon exposure of
16to DDQ (CH,CIy/H,0 (20:1), room temperature), deprotec-
tion of the PMB group with concomitant &xdo cyclization
took placé&® to furnish the A ring pyraril7, which was then
protected as the TES eth&8 (89% yield for the two steps).
The relative stereochemistry df7 was established by NOE
experiments as shown. Hydroborationl@&with disiamylborane
gave an alcohol (92% vyield), which was then subjected to
oxidation and Wittig reaction to afford,5-unsaturated ester
19in 86% yield for the two steps. Removal of the TES group
under mild acidic conditions provided alcot&fl. Hydrogenation

of 20 with concomitant hydrogenolysis of the benzyl ester,
followed by Yamaguchi lactonizatiott, generated seven-
membered lacton@1 (88% overall yield), which was then
transformed to the requisite AB ring enol phosphatey the
usual method?

Synthesis of the DE Ring Fragment 7For the synthesis of
the DE ring fragmen?, the known seven-membered etR&23
corresponding to the D ring, was selected as a starting material
(Scheme 3). Benzylation a22 followed by ozonolysis and
reductive workup with NaBklgave alcohoR3 in 96% vyield
for the two steps. The primary alcohol 88 was protected as
the benzyl ether and the benzylidene acetal was removed under
acidic conditions to afford dioR4 in a quantitative yield for
the two steps. Selective triflation of the primary alcohol followed
by TBS protection of the residual secondary alcohol was carried
out in one-pot following the method of Mo#f. The resulting
primary triflate was immediately subjected to nucleophilic
displacement with allylmagnesium bromide in the presence of
CuBr5 to afford elongated olefi25in 85% overall yield. The
terminal olefin of25 was oxidatively cleaved (Os{4-meth-

(20) Uehara, H.; Oishi, T.; Inoue, M.; Shoji, M.; Nagumo, Y.; Kosaka, M.; Le
Brazidec, J.-M.; Hirama, MTetrahedron2002 58, 6493-6512.

(21) Yamaguchi, M.; Inanaga, J.; Hirata, K.; Sasaki, H.; KatsukBdil. Chem.
Soc. Jpn1979 52, 1989-1993.

(22) Nicolaou, K. C.; Shi, G.-Q.; Gunzner, J. L. @wr, P.; Yang, ZJ. Am.
Chem. Soc1997, 119, 5467-5468.

(23) Kadota, I.; Ohno, A.; Matsukawa, Y.; Yamamoto, Wetrahedron Lett.
1998 39, 6373-6776.

(24) Morl Y.; Yaegashi, K.; Furukawa, H. Am. Chem. So4996 118 8158~

159.

(25) Kotsukl H.; Kadota, |.; Masamitsu, @etrahedron Lett199Q 31, 4609
4612
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Scheme 3. Synthesis of Ketone 292

H } NOE
29\J

aReagents and conditions: (a) Kk8u, BnBr, n-BusNI, THF, rt; (b) G;, CH,Cl,/MeOH (1:1), —78 °C; then NaBH, 0 °C, 96% (two steps); (c) NaH,
BnBr, THF/DMF (1:1), rt; (d) CSA, MeOH/CECI; (10:1), rt, quant. (two steps); (e) A3, 2,6-lutidine, CHCI,, —78 °C; then TBSOTTf, CC; (f) allyIMgBr,
CuBr, EbO, 0°C, 85% (two steps); (g) OSONMO, THF/H,O (7:1), rt; then Nal@, rt; (h) HS(CH)sSH, BRs*OEt, CH,Cl,, =78 — 0 °C; (i) TBAF, THF,
rt, 88% (three steps); (j) methyl propiolate, NMM, &El,, rt; (k) Mel, NaHCQ, MeCN/H,0O (4:1), rt, 99% (two steps); (I) SmIMeOH, THF, rt; then
p-TsOHH,0, toluene, 80C, 84% (two steps); (m) DIBALH, CkCly, —78°C; (n) PRPTCH3Br—, NaHMDS, THF, 0°C — rt, 94% (two steps); (0) TPAP,
NMO, 4 A molecular sieves, Ci€l, rt, 97%.

BnO

Table 1. Stereoselective Methylation of Ketone 29 Scheme 5. Synthesis of a-Hydroxy Ketone 372

Me = Me,
B A 0 el H A 2 OH \) NoE H A <OH TBDPSO Me, Me
BnO L BnO 27l + BnO 1
0T " 0 =0
BnO H BnO H BnO H =
2 308 30b 3 2

a OBn
6+7 —
O
entry reagents and conditions 30a:30b % yield? PMé 34
1 MesAl (10 equiv), CHCly, —78°C— 1t 131 78(20)
2 MeMgBr (10 equiv), THF~78°C 251 3652 l b woEs
3 MeMgBr (1.5 equiv), THF~78°C — rt 231 99 TEDPSO  Me a8 N\ Ve
4 MeMgBr (1.5 equiv), toluene;78°C—rt  1:1.3  quant. H
5 MeLi (1.2 equiv), THF,~78°C — 1t 10:1 97

OBn

a]solated yields® Yields in parentheses are recove@di

Scheme 4. Synthesis of the DE Ring Fragment 72
35: X = o-H, p-OH
c |:
36:X=0

30a:R=H OBn
a
,: 31: R=TBS

OH PMB

37

aReagents and conditions: (&) 9-BBN, THF, rt; ag CsCO;s, 6,
Pd(PPh)s, DMF, 50 °C; (b) BHs*SMe,, THF, rt; then aq NaHC€) 30%
H.0;, rt, 84% (two steps); (c) TPAP, NM@ A molecular sieves, CiEl,
0 °C, 98%; (d) LIHMDS, TMSCI, EfN, THF, —78 °C; (e) OsQ, NMO,

7 33 THF/HO (4:1), rt, 87% (two steps).
aReagents and conditions: (a) TBSOTfzl&t CHyCly, rt, quant.; (b) ) ) )
9-BBN, THF, rt; then aq NaHC§ 30% HOy, rt; (c) Hp, 20% Pd(OHYC, yield for the two steps as a single stereoisomer. DIBALH

2"‘)3?& g? (déi}gﬂeogeH&CIHT(S";"e)tb E)Pg%ﬁﬁc'é S éIO% (t;gee gtfgs)? reduction of they-lactone and Wittig reaction of the resulting

e -Bu, bnbr, Nn-busNI, , G ) 2Clg, —lo— ’ i i i 1

87% (two steps); (g)al PPh, imidazole, benzene, rt: (h) KBu, THF, 0 hemlacetql, followed by OXIdatIOI_’I of the derived secondary

°C, 92% (two steps). alcohol with tetran-propylammonium perruthenate (TPAP)/
NMO,?” led to ketone29 in 91% yield for the three steps. At

| holi id th ve th this stage, the stereochemistry at the C27 positiomas
ylmorpholineN-oxide (NMO); then Nal@) to give the corre- confirmed by NOE experiment as shown.

§pond|ng aldehyde, which was Freated with 1,3-pro_paned|th|ol We next investigated stereoselective methylation of ketone
in the presence of boron trifluoride etherate to provide alcohol ,q using several nucleophiles under various conditions, and the

26 after deprotection of the silyl group (88% yield for the four o5 its are summarized in Table 1. Treatmer@ivith excess
steps). Hetero-Michael reaction @86 with methyl propiolate

and 4-methylmorpholine (NMM) followed by hydrolysis of the  (26) (a) Hori, N.; Matsukura, H.; Matsuo, G.; Nakata,TEtrahedron Lett1999

e 40, 2811-2814. (b) Hori, N.; Matsukura, H.; Nakata, Org. Lett.1999
dlthloa(.:etal (Mell’ NaHC@ aq MeCN) affordegb-alkoxyacry- 1,1099-1101. (c) Matsuo, G.; Hori, N.; Nakata, Tetrahedron Lett1999
late 27 in 99% yield for the two steps. Exposure 2f to Smb 40, 8859-8862. (d) Hori, N.; Matsukura, H.; Matsuo, G.; Nakata, T.

. Tetrahedron2002 58, 1853-1864.
in the presence of methanol (THF, room temperature) effected (27) Ley, S. V.; Normann, J.: Griffith, W. P.; Marsden, S.Snthesi<994

reductive cyclization to form the seven-membered ethand 639-666. . .
. . . . X (28) The carbon numbering of all compounds in this paper corresponds to that
after acidic treatment, tricyclic lactor#8 was obtained in 84% of brevenal.

16992 J. AM. CHEM. SOC. = VOL. 128, NO. 51, 2006
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Scheme 6. Synthesis of the Pentacyclic Polyether Core?
TBDPSO Me Me

OBn

OBn

TBDPSO

OBn

l 9
Me Me

OBn

aReagents and conditions: (a) DIBALH, THF78 °C, 76% ¢
diastereomer, 7%; recover&d, 12%); (b) TESOTf, BN, CH,Cl,, 0 °C;
(c) DDQ, CHClo/pH 7 phosphate buffer, rt; (d) TPAP, NM@ A molecular
sieves, CHCIy, rt, 88% (three steps); (e) EtSH, Zn(OZfTHF, rt, 79%;
(f) TBSOTf, EgN, CHyCl,, 0°C, 97%; (9)mCPBA, CHCly, —78°C; then
MesAl (excess),—78 — 0 °C, 92%.

TBDPSO Me, Me

T \j@ 39

NOEs

OBn

OBn

1 e
J. =9.0H 4
1918 AL R ' ar=Tes)
\
NOEs
Figure 3. Stereochemical confirmation of pentacyclic polyetd8r

trimethylaluminum in CHCI, produced an approximately 1.3:1

mixture of tertiary alcohol80aand30b along with recovered
starting material29 (entry 1). Exposure of29 to excess
methylmagnesium bromide in THF at78 °C gave a mixture

of 30aand30b with slightly improved diastereoselectivity (ca.

2.5:1 dr), but a significant amount of keto#8 was recovered

(entry 2). Increasing the reaction temperature dramatically
improved the conversion yield without affecting the diastereo-

selectivity. Thus, treatment &9 with 1.5 equiv of methyl-

magnesium bromide in THF at78 °C to room temperature

provided30ab in 99% combined yield (ca. 2.3:1 dr, entry 3).
The use of toluene as the solvent led to less favorable ratio (ca.
1:1.3 dr) of products (entry 4). Finally, it was found that addition
of methyllithium (1.2 equiv) t®9in THF at—78 °C followed

by gradual warming to room temperature furnished a 10:1
mixture of 30aand30bin 97% yield (entry 5). The undesired
minor isomer30b could be easily separated by flash chroma-
tography. Stereochemistry at the C26 tertiary stereocenter of
30a was unequivocally established by NOE between 26-Me
and 27-H. The corresponding NOE was not observed for the
isomer30b.

Conversion of tertiary alcoh@0ato the DE ring fragment
7 was carried out as illustrated in Scheme 4. THGa was
protected with TBSOTf and triethylamine to give the TBS ether
31. Hydroboration of the terminal olefin and removal of the
benzyl groups under hydrogenolysis, followed ynethoxy-
benzylidene acetal formation, led to primary alco8®in 80%
yield for the three steps. Benzylation followed by reductive
cleavage of the acetal with DIBALH provided alcol83 (85%
yield, two steps). Finally, iodination and subsequent base
treatment furnished the DE ring exo-olefin fragme&nh 99%
yield for the two steps.

Construction of the Pentacyclic Polyether CoreWith the
requisite fragments in hand, we set out to assemble the
pentacyclic polyether core as summarized in Schemes 5 and 6.
Hydroboration of the DE ring exocyclic enol ethewith 9-BBN
produced the corresponding alkylborane, which was in situ
reacted with the AB ring enol phosphaden the presence of
aqueous C&£0O; and Pd(PP¥), in DMF at 50°C to furnish the
desired coupling produ@4 as a single stereocisomer (Scheme
5). The endocyclic enol ether withBd was then hydroborated
with BH3*SMe; to give alcohol35 (84% overall yield from?),
which was oxidized with TPAP/NMO to afford ketor86 in
98% vyield. At this stage, the newly generated stereocenters at
C16 and C18 were unambiguously confirmed by NOE experi-
ments as shown. Subsequent stereoselective introduction of the
C14 hydroxy group was successfully achieved by the previously
described methotfd29 Thus, treatment of keton86 with
LiIHMDS in the presence of TMSCI and triethylamine gave the
corresponding silyl enol ether, which was then treated with
OsQ/NMO to providea-hydroxy ketone37 as the sole product
(87% for the two steps).

Subsequent reduction of hydroxy keto8e with DIBALH
in THF at—78 °C provided an approximately 10:1 mixture of
cis-diol 38 and itstransisomer in 83% combined yield, along
with a 12% yield of recovere®7 (Scheme 6). The desired
isomer38 could be easily separated by flash chromatography.
The newly generated stereocenters at the C14 and C15 positions
were established by derivatization to the cyclopentylidene acetal
39 and NOE experiments (Figure 2). It is noteworthy that
DIBALH reduction of the TES-protected derivative 87 led
exclusively to the corresponding-alcohol, suggesting the
importance of the free hydroxy group. The outcome of this
stereoselective reduction @7 can be explained as follows.
Initially, the C14 hydroxy group reacts with DIBALH to form
the corresponding aluminum alkoxide, which coordinates to the
adjacent C15 carbonyl group to form a five-membered chelate
structure, thereby blocking thg-side of the molecule and

(29) Sasaki, M.; Ebine, M.; Takagi, H.; Takakura, H.; Shida, T.; Satake, M.;
Oshima, Y.; lgarashi, T.; Yasumoto, Qrg. Lett.2004 6, 1501-1504.
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Table 2. Stille Coupling of Vinyl Stannane 5 and Vinyl lodide 44

Me
RO SnBuj ROV\H\/\/\
A A
Y * I)M/\OTBS — ores
Me Me

5a: R = TBDPS 44 (E:Z=ca. 4:1) 45a: R = TBDPS

5b:R=H 45b: R=H
entry vinyl stannane reagents and conditions % yield (E,E):(E.2)
1 ba PdCL(MeCNY),, DMF, rt— 45°C trace nd
20 5b Pd(dba}, (2-furyl)sP, Cul, DMSO/THF, rt 57 ca.3.5:1
3P 5b Pd(dba}, PhsAs, Cul, DMSO/THF, rt 54 ca. 51
40 5b Pdy(dba), (2-furyl)sP, Cul, DMSO/THF, 60C 48 11
50 5b Pd(dba), PhsAs, Cul, DMSO/THF, 60°C 66 11
6P 5b Pd(dba), PheAs, CuTC, DMSO/THF, rt 84 ca.10:1
7° 5a Pd(dba), PhAs, Cul, DMSO/THF, rt 40 1:0
8 ba Pd(dba}, PlsAs, CuTC, DMSO/THF, rt 69 1.0

and = not determined® Isolated as a mixture off(E)- and €,Z)-isomers. Ratio was estimated By NMR (600 MHz). ¢ Isolated as an inseparable
mixture of 45aand homocoupling produet?. Yield was estimated based éH NMR analysis (600 MHz) of a purified mixture ef5aand47.

\
) NoE
Me ) Me
TBDPSO H TBDPSO
NS M/\OTBDPS
Me oTBS Me
46 (E, Z)-isomer 47: homocoupling product

forcing the second equivalent of the reductant to approach from suggested the difficulty of constructing such a heavily substituted
the less hindered-side. diene system by means of palladium(0)-catalyzed cross-coupling
After protection of38 as the bis-TES ether, oxidative removal reactionst® we planned to utilize Stille coupling for connecting
of the PMB group with DDQ, followed by oxidation of the the C3-C4 bond. We first set out on model experiments in
resulting secondary alcohol with TPAP/NMO, led to ketdi@e order to explore optimal conditionsE)-Vinyl stannanes and
in 88% vyield for the three steps. To complete the C ring with (E)-vinyl iodide 44 (E:Z = ca. 4:1) were chosen as model
an angular methyl group at C19, ketod@ was treated with substrates (Table 2). Stille coupling 6& and 44 under the
ethanethiol in the presence of zinc triflate in THF at room conventional conditions led to only a trace amount of the desired
temperature to effect deprotection of the TES groups with diene45s and significant amounts of the starting materials were
concomitant formation of a mixed thioacetal to gene#itén recovered (entry 1). We assumed that this disappointing result
79% yield30 After protection of the secondary hydroxy group was attributable to the low reactivity & and44 arising from
as the TBS ether (97%), introduction of the C19 axial methyl steric hindrance. We reasoned that use of a soft ligand such as
group was next investigated. Although we initially attempted (2-furyl)sP or PhAs, which accelerates the transmetallation step
oxidation of the sulfur withind2 with mCPBA to the corre- of the catalytic cycle of Stille coupling,and copper(l) salt as
sponding sulfone under various conditions, it became evident a co-catalyst, which promotes transmetallation of vinyl stannane
that the mixed sulfonyl acetal derived fro#2 was so prone to 5 to a more reactive copper speci@syould be favorable in
undergo hydrolysis that we could only obtain the corresponding the present case. In the event, under the influence of the Pd
hemiacetal derivative. Therefore, we decided to avoid isolation (dba)/(2-furyl)sP/Cul or Pd(dba)y/PhsAs/Cul catalyst system,
of the unstable intermediate and carry out the oxidation Stille coupling of a sterically less encumbered vinyl stannane
methylation in a one-pot mann&g Thus, after oxidation o#2 5b and 44 proved to be very effective, giving dien&b in
with mCPBA at—78 °C, excess amount of trimethylaluminum  acceptable yields (entries 2 and 3). However, increasing the
(3 x 4 equiv+ 2 equiv) was added and the resulting mixture reaction temperature to 6@ caused significant isomerization
was allowed to warm to C°C. Gratifyingly, this one-pot  of the diene configuration (entries 4 and 5). The structure of
procedure ensured the desired pentacyclic polyether4ire the isomerized byproductE(Z)-diene 46, was confirmed by
92% vyield as a single isomer. The addition of trimethylaluminum NOE experiments. Gratifyingly, it was found that the use of
in several portions was crucial for the success of the presentcopper(l) thiophene-2-carboxylate (CuP&)nstead of Cul
process. The newly generated stereocenters were unambiguouslsealized further improvement of the yield d6b (84% vyield,
established on the basis of NOE studies &g, data (Figure 3).  entry 6). When the TBDPS-protect&é was again used as a
Model Experiments for the Synthesis of the Multi- coupling partner, homocoupling produé? was formed as a
Substituted (E,E)-Diene Side Chain.Having constructed the  byproduct and hence the yield of the desidsh was sligtly
pentacyclic polyether skeleton, we next turned our attention to lowered (entries 7 and 8).
construction of the left-hand side chain. The multi-substituted  Tota| Synthesis of the Proposed Structure of Brevenal.

(E,E)-dienal side chain is one of the characteristic structural Haying secured the reliable reaction conditions for constructing
features of brevenal. Although a survey of the literature

(31) Farina, V.; Krishnan, BJ. Am. Chem. S0d.991, 113 9585-9595.
(30) (a) Nicolaou, K. C.; Prasad, C. V. C.; Hwang, C.-K.; Duggan, M. E.; Ve_ale, (32) Farina, V.; Kapadia, S.; Krishnan, B.; Wang, C.; Liebeskind, L1. ®rg.

C. A. J. Am. Chem. Sod989 111, 5321-5330. (b) Fuwa, H.; Sasaki, Chem.1994 59, 5905-5911.
M.; Tachibana, KTetrahedron Lett200Q 41, 8371-8375. (c) Fuwa, H.; (33) Allred, G. D.; Liebeskind, L. SJ. Am. Chem. Sod996 118 2748-
Sasaki, M.; Tachibana, Kletrahedron2001, 57, 3019-3033. 2749.
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Scheme 7. Total Synthesis of the Proposed Structure 1 for Brevenal?@
TBDPSO Me, Me

RO 50: R = TBS
CLY I T o
Hq NOEs 51: R=TES 3:X=|

R'O

|: 55: R' = TBDPS, R? = TES
56:R'=RZ=H

aReagents and conditions: (a) LIDBB, THF78°C, 99%; (b) TBSOTT, EfN, CH.Cl,, 0 °C, 98%; (c) TBAF, AcOH, THF, rt, 78% after three recycles;
(d) Dess-Martin periodinane, GBIy, rt; (e) Bestmann reagent,&0;, MeOH, rt; (f) n-BuLi, THF/HMPA (10:1),—78 °C; then Mel, rt, 99% (three steps);
(g) HFpyridine, THF, rt, 96%; (h) TESOTf, BN, CH.Cly, 0 °C, 99%; (i) (MePhSiyCu(CN)Li;, THF, —78 — 0 °C, regioselectivity= ca. 9:1; (j) NIS,
MeCN/THF (3:1), rt, 99% (two stepsl:Z = 6:1; (k) 5b, Pd(dba), PhAs, CuTC, DMSO/THF (1:1), rt, 63%; (I) TBDPSCI, imidazole, DMF;G, 99%;
(m) PPTS, CHCIy/MeOH (4:1), 0°C, 75%; (n) S@-pyridine, EtN, CH,Cl/DMSO (3:1), 0°C; (0) 4, n-BuLi, HMPA, THF, —=78°C — rt, 97% (two steps);
(p) 30% HO,, NaHCG, THF, rt, 77%; (q) TAS-F, THF/DMF (1:1), rt, 79%; (r) MnOCH,Cl,, rt, quant.

the left-hand side chain, the final stage of the total synthesis of
1 was executed as shown in Scheme 7. Reductive removal of A l

the benzyl group from43 with LiDBB34 was followed by ‘
reprotection as the TBS group to give silyl etld& Selective m | ‘
removal of the primary TBDPS group fro#8 in the presence } m ” HU% | M L J%

of the three TBS groups was successfully carried out according u y \ il J Jh\l N

to the procedure of Nakata and co-work&gading to primary "”J e o e — . E—

3.6 3.4 3.2 3.0 2.8 1. 1.0 ppm

alcohol49in 73% vyield after three recyclé§ Oxidation of49 B
with Dess-Martin periodinan# followed by treatment of the
resulting aldehyde with the OhiréBestmann reagent gCO;,

MeOH)*® produced an alkyne, which was then methylated with | N\

f i
(34) (a) Freeman, P. K.; Hutchinson, L. 1. Org. Chem.198Q 45, 1924~ e \ﬂwd \w/ M N NP AN
1930. (b) Ireland, R. E.; Smith, M. G. Am. Chem. S0d988 110, 854— T A A S T
860. . . ’ : : ' : ) ’ o=
(35) Higashibayashi, S.; Shinko, K.; Ishizu, T.; Hashimoto, K.; Shirahama, H.; Figure 4. Partial'H NMR spectra (600 MHz, §Ds) of the natural brevenal

Nakata, M.Synlett200Q 1306-1308. ;
(36) The reaction mixture was stirred at room temperature overnight (ca. 13 h). (panel A) and synthetit (panel B).

Since, at this point, ca. 50% of the starting matetttemained unreacted
and a small amount of di@8was observed by TLC analysis, the reaction OHC Me NOEs
was quenched. After separation 48, 49, S8 and S7 by flash chroma-
tography, recycling of the recoverd® (three times) provided9 (78%),
S8 (8%) andS7 (12%).

R'0O Me Me

H
HO

TBSO H Figure 5. Selected key NOE data for synthefic
48: R' = TBDPS, R? = TBS o o ) )
49; R11= H,2R2=TBS n-butyllithium/methyl iodide to provide alkyn80 in excellent
S8R =R =H overall yield. At this stage, the robust TBS protecting groups

S7:R'=TBDPS, R2=H

(38) (a) Ohira, SSynth. Commuri989 19, 561-564. (b) Miller, S.; Liepold,
(37) Dess, D. B.; Martin, J. Cl. Org. Chem1983 48, 4155-4156. ; Roth, G. J.; Bestmann, H. $ynlett1996 521-522.
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Table 3. H NMR Chemical Shifts of Natural Product and Synthetic 12

natural natural
no. brevenal® synthetic 1 a%) no. brevenal® synthetic 1 a%)
1 10.09 10.09 0.00 21 1.77 1.74 0.03
2 6.14 6.15 —0.01 2.16 2.13 0.03
3 - - - 22 3.35 3.23 0.12
4 - - - 23 3.17 3.22 —0.05
5 5.81 5.81 0.00 24 1.77 1.50 0.27
6 2.01 2.01 0.00 1.90 1.92 —0.02
2.13 2.14 —0.01 25 1.52 1.52 0.00
7 1.09 1.08 0.01 1.54 1.69 —0.15
1.47 1.49 —0.02 26 - - -
8 3.28 3.28 0.00 27 3.16 2.92 0.24
9 1.46 1.44 0.02 28 1.44 1.39 0.05
10 1.75 1.75 0.00 1.57 1.71 —-0.14
1.75 1.75 0.00 29 2.35 231 0.04
11 4.00 4.04 —0.04 2.35 2.31 0.04
12 - - - 30 5.45 5.39 0.06
13 2.23 2.23 0.00 31 6.07 6.10 —0.03
2.32 2.35 —0.03 32 6.77 6.78 —0.01
14 4.08 4.10 —0.02 33 5.05 5.08 —0.03
15 3.45 3.47 —0.02 5.16 5.18 —0.02
16 3.71 3.75 —0.04 3-Me 1.80 1.78 0.02
17 1.85 1.86 —0.01 4-Me 1.55 1.55 0.00
2.24 2.27 —0.03 9-Me 0.97 0.96 0.01
18 2.94 2.92 0.02 12-Me 1.18 1.19 —0.01
19 - - - 19-Me 1.13 1.14 —0.01
20 1.68 1.69 —0.01 26-Me 0.98 0.87 0.11
1.77 1.69 0.08

a CgHDs was adjusted to 7.15 ppri Chemical shift values were adjusted because in the original report (ref 8b) internal residual benzene was referenced
to 7.16 ppm.

Table 4. 13C NMR Chemical Shifts of Natural Product and Synthetic 12

natural natural

no. brevenal® synthetic 1 AS no. brevenal® synthetic 1 AS

1 191.0 190.7 0.3 21 29.8 29.6 0.2

2 126.0 126.0 0.0 22 86.3 85.6 0.7

3 156.7 156.1 0.6 23 84.8 83.9 0.9
4 135.8 135.8 0.0 24 29.4 29.4 0.0

5 134.6 134.6 0.0 25 38.8 37.4 1.4

6 26.4 26.4 0.0 26 73.9 74.3 -0.4

7 32.7 32.6 0.1 27 87.4 88.5 -1.1

8 70.9 70.7 0.2 28 30.6 29.9 0.7

9 33.4 33.4 0.0 29 25.3 24.8 0.5
10 35.3 35.2 0.1 30 133.0 132.9 0.1
11 76.5 76.4 0.1 31 130.1 130.2 -0.1
12 77.2 77.2 0.0 32 132.7 132.6 0.1
13 48.0 47.8 0.2 33 117.0 117.3 -0.3
14 69.9 69.9 0.0 3-Me 14.0 13.8 0.2
15 75.0 75.0 0.0 4-Me 13.7 13.7 0.0
16 73.7 73.6 0.1 9-Me 12.9 12.8 0.1
17 345 34.4 0.1 12-Me 195 19.3 0.2
18 82.0 82.1 -0.1 19-Me 16.2 15.8 0.4
19 76.7 76.7 0.0 26-Me 23.5 25.7 —2.2
20 37.8 37.5 0.3

a13CsDe was adjusted to 128.0 ppriChemical shift values were adjusted because in the original report (ref 8b) internal residual benzene was referenced
to 128.4 ppm.

were replaced with the easily removable TES ethers. Thus, exposure toN-iodosuccinimide (NIS) in MeCN/THF (4:1) at
alkyne50 was treated with Hfpyridine, and the resulting triol ~ room temperaturé Under these reaction conditions, isomer-
was reprotected with TESOTf and triethylamine to give tris- ization of the olefin stereochemistry partially occurred and ca.
TES ether51. Regioselective silylcupration &1 with (Mey- 6:1 mixture of E)-vinyl iodide 3 and its ¢)-isomer, along with
PhSi)»Cu(CN)Li,*° delivered the desired vinylsilar&2 in an small amounts of regioisomers, were produced in 99% combined
approximately 9:1 regioselectivity. The regiochemistry5af yield from 51. The E)-geometry of3 was tentatively assigned
was confirmed by the characteristic pattern of the olefinic proton because it is well-known that the iododesilylation generally
(dd, J = 7.0, 7.0 Hz). Conversion 052 to vinyl iodide 3, proceeds with retention of configuratiéhand this was later
required for the projected Stille coupling, was performed on confirmed by characterization of the cross-coupled pro8Gct
(vide infra). Without separation of these isomers, the crucial

(39) (a) Fleming, I.; Newton, T. W.; Roessler,F.Chem. Soc. Perkin Trans 1
1981, 2527-2532. (b) Zakarian, A.; Batch, A.; Holton, R. A. Am. Chem. (40) Stamos, D. P.; Taylor, A. G.; Kishi, Yetrahedron Lett1996 37, 8647—
S0c.2003 125 7822-7824. 8650.
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wMe 2 polyepoxide
cyclization OHC

Figure 6. Proposed biosynthetic pathway for marine polycyclic ether natural products.

Scheme 8. Synthesis of the 26-epi-DE Ring Fragment 572

PMBO

66 57 (26-epi-T)

aReagents and conditions: (a) Cu(OAdPdCh, O,, DMA/H,0 (7:1), rt, 92%; (b) TBAF, THF, rt; (c) methyl propiolate, NMM, GEl,, rt, 96% (two
steps); (d) Sml MeOH, THF, rt, 57% fo60, 37% for61; (e) LIAIH4, THF, 0°C, quant. fromg0, quant. from61; (f) TBSOTf, EtN, CH.Cly, rt; (g) CSA,
MeOH/CHCI; (1:1), 0°C, 90% (two steps); (h) Sfpyridine, EgN, DMSO/CHCI; (1:1), 0°C; (i) PhsP*CH3Br~, NaHMDS, THF, 0°C, 94% (two steps);
() 9-BBN, THF, rt; then ag NaHC) 30% HO,, rt; (k) Hz, 20% Pd(OHYC, MeOH, rt; (1) p-MeOGH4CH(OMe), PPTS, CHCI, rt, 80% (three steps);
(m) BnBr, KOt-Bu, n-BusNI, THF, rt; (n) DIBALH, CH,Cl,, —78 — 0 °C, 85% (two steps); (o)) PPh, imidazole, benzene, rt; (p) KBu, THF, 0°C,
98% (two steps).

Stille coupling was carried out under the established conditions. of the C1 alcohol by Mn@ completed the synthesis of the

Thus, cross-coupling & with vinyl stannanéb in the presence  proposed structuré for brevenal in a quantitative yield.

of the Pd(dba)/PhsAs/CuTC catalyst system in THF/DMSO Revised Structure of Brevenal Unfortunately, however, the

(1:1) at room temperature proceeded smoothly to furris)¢ 14 and?3C NMR spectra of synthetit were not identical with

diene53in 63% yield as a single stereoisomer, after purification thgse of the authentic sample, suggesting that revision of the

by flash chromatograpif. The stereochemistry of the diene  originally proposed structure of brevenal is necessary (Figure

system was unequivocally established by NOE experiments as4). For detailed comparison with the natural product, He

shown. and*C NMR data of synthetid were carefully assigned on
After protection of the allylic alcohol 063 as the TBDPS  the basis of extensive 2D NMR experiments, and the results

ether, the primary TES ether was selectively removed with PPTS are summarized in Tables 3 and 4 and Figure 5. Fhend

to give alcohol54 in 74% yield for the two steps. Introduction  13C NMR chemical shifts in the left-hand region of synthetic

of the right-hand Z)-diene side chain was performed without matched very closely those reported for the natural brevenal.

incident according to the procedure of Nicolaou e¥alhus, In contrast, there were subtly distinct discrepancies of the

oxidation of54 with SOs-pyridine/DMSO followed by Wittig chemical shifts in the DE ring region. Particularly, the observed

olefination using the ylide, derived from phosphonium galt  chemical shifts around the C26 tertiary alcohol.afignificantly

and subsequent hydrogen peroxide treatment led to conjugatedjeviated from those for the natural product, suggesting that an

(Z)-dien355 in 75% overall yleld fronb4. Global deprOteCtiOﬂ error(s) may exist somewhere around the E ring_ COSsY, HSQC,

of the silyl protecting groups frors5 by the action of TAS-F2 and HMBC correlations of the synthetic sample completely
provided triol56in 79% yield. Finally, chemoselective oxidation

(42) (a) Noyori, R.; Nishida, I.; Sakata, J.; Nishizawa, 3.Am. Chem. Soc

(41) We initially attempted the Stille coupling of TBDPS-protected vinyl 198Q 102 1223-1225. (b) Sheidt, K. A.; Chen, H.; Follows, B. C;
stannan®&awith vinyl iodide 3; however, the desired cross-coupled product Chemler, S. R.; Coffey, D. S.; Roush, W.JR.Org. Chem1998 63, 6436~
was obtained in only poor yield (22%). 6437.
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Scheme 9. Total Synthesis of the Revised Structure 2 for Brevenal?
TBDPSO Me Me TBDPSO Me. Me

| . - -—

PMB de 68:R=0,X=H
’:SQR 0O, X=0H

’:70R a-H, B-OH, X = OH

TBDPSO Me
.OTBS

OBn L R OBn N

H

—~07}
G : H
RO K 722.R=H
L2

R=TBS

TBDPSO Me, Me
! OR T,
'.Ho |:|
TBSO H Me mn ’: 74: R =Bn TBSO H Me
75:R=TBS 76
Me Me
Me
OR _w .

,_HH

H e
RO 77:R=TBS
st
. 78: R =TES

TBDPSO

R'O 80

H 0= ~0"¢
Me : HoH
ro M HO
ce ,:82 R'=TBDPS, R? = TES 2
83:R'=R?=H

aReagents and conditions: (&), 9-BBN, THF, rt; them 3 M aq CsCO;s, 6, Pd(PPh)s, DMF, 50 °C; (b) BHs*SMe,, THF, rt; then aq NaHC¢) 30%
H,0;, rt, 81% (two steps); (c) TPAP, NMO4 A molecular sieves, Ci€l,, 0 °C, 98%; (d) LiIHMDS, TMSCI, EN, THF, —78 °C; (e) OsQ, NMO,
THF/HO (4:1), rt, 83% (two steps); (f) DIBALH, THF-78°C, 85% (+ diastereomer, 8%; recoveré@, 3%); (g) TESOTT, EiN, CH,Cly, 0 °C; (h) DDQ,
CH,Cl,/pH 7 phosphate buffer (10:1), rt; (i) TPAP, NM@ A molecular sieves, Ci€ly, rt, 88% (three steps); (j) EtSH, Zn(OEfICH,Cl, rt, 51%; (k)
TBSOTf, EgN, CHxCly, 0 °C — rt, 86%; (I) mMCPBA, CHCl,, —78 °C; then MeAl (excess),—78 — 0 °C, 94%; (m) LiDBB, THF,—78 °C, 95%; (n)
TBSOTf, EgN, CHyCl,, 0 °C, 99%; (0) TBAF, AcOH, THF, rt, 79% after two recycles; (p) $gyridine, EgN, CH.Cl,/DMSO (3:1), 0°C; (q) Bestmann
reagent, KCO;, MeOH, rt; (r) n-BuLi, THF/HMPA (10:1), —78 °C; then Mel, rt, 78% (three steps); (s) Hifyridine, THF, rt, 97%; (t) TESOTf, BN,
CHyCly, 0 °C, 89%; (u) (MePhSiyCu(CN)Li,, THF, =78 — 0 °C, regioselectivity= ca. 8.5:1; (v) NIS, MeCN/THF (3:1), rt, 88% (two stepE)Z = ca.
6:1; (W) 5b, Pdy(dba), PhsAs, CuTC, DMSO/THF (1:1), rt, 60%; (x) TBDPSCI, imidazole, DMF;0, 87%; (y) PPTS, CkCl,/MeOH (4:1), 0°C, 70%;
(z) SGs-pyridine, EgN, CH,CI/DMSO (4:1), 0°C; (aa)4, n-BuLi, HMPA, THF, =78 °C — rt, 99% (two steps); (bb) 30% 48,, NaHCQ;,, THF, rt, 78%;
(cc) TAS-F, THF/DMF (1:1), rt, quant.; (dd) MnOQCHCly, rt, 76%.

reproduced those of the authentic sample. However, a series 06).”4344 The stereochemistry at C26 of brevenal would be
intense cross-peaks were observed between 26-Me/27-H andepimeric to the proposed structute provided that a similar
26-Me/28-H in the NOESY spectrum of synthetic (Figure biosynthetic route is applicable to brevenal (Figure 6).

5), whereas no such NOESY correlations have been reported
for naturally occurring breven&. These NMR variations  (43) (&) Nakanishi, KToxicon1985 23, 473-479. (b) Shimizu, Y. IrNatural

. . . Toxins: Animal, Plant and MicrobiaHarris, J. B., Ed.; Clarendon Press:
prompted us to propose the stereochemical inversion of the C26  oxford, 1986; pp 115125. (c) Lee, M. S.: Repeta, D. J.; Nakanishi,X.

i ithi i i Am. Chem. Sod 986 108 7855-7856. (d) Chou, H.-N.; Shimizu, Y.
tertiary alcohol withinl, giving the revised structur@ for Am. Chom. S0d987 100, 2184-2185. Loe. M. S.- Qin. G.- Nakanishi,
brevenal. K.; Zagorski, M. G.J. Am. Chem. Soc1989 111, 6234-6241. (e)

The revised structurg is also supported by the postulated Townsend, C. A.; Basak, ATetrahedron1991, 47, 2591-2602. (f)

. . . R Gallimore, A. R.; Spencer, J. BA\ngew. Chem., Int. EQ00§ 45, 4406~
biosynthetic pathway for ladder-shaped polycyclic ether marine 4413,
; i i7ati (44) For recent reviews on biomimetic synthesis of polycyclic ethers, see: (a)
natural products (i.e., a cascade of polyepoxide cyclization) ™ £ rto2ny P S Bl Chem. Soc. Jpr2004 77, 2129- 2146, (b)
proposed by Shimizu and Nakanishi, independently (Figure Valentine, J. C.; McDonald, F. ESynlett2006 1816-1828.
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Total Synthesis of Revised Structure and the Absolute
Configuration of Brevenal. To confirm our postulated idea,
we turned to the synthesis of the C26 epirgef the originally
proposed structuré. Starting with an intermediat25 in the
synthesis of7 (see Scheme 3), the requisite DE ring fragment
57 (26ept7) was prepared as summarized in Scheme 8.
WackerTsuiji reactior® of the terminal olefin withir25 using
the PdC}/Cu(OAc), system® provided methyl ketong8in 92%
yield. Removal of the TBS group fronb8 followed by
incorporation of g-alkoxyacrylate unit to the resulting second-
ary alcohol producedb9 in high overall yield. Reductive
cyclization of 59 with Smk (MeOH/THF, room temperature)

Conclusion

We accomplished the first total synthesis of the proposed
structurel of brevenal. The key features of our synthesis include
a convergent assembly of the pentacyclic polyether skeleton by
using the SuzukiMiyaura coupling-based strategy and a
stereoselective construction of the left-hand multi-substituted
(E,E)-diene system by the CuTC-promoted modified Stille
coupling. ThelH and*3C NMR spectra of synthetit did not
match those for the natural product. Detailed NMR comparison
of the synthetic material with the natural substance and the
proposed biosynthesis of ladder-shaped polycyclic ether natural

proceeded smoothly to form the seven-membered ether ring WithprOdUCtS led us to propose a revised strucBjtbe C26-epimer

the desired stereochemistry at C26, providing a mixture o
y-lactone 60 and hydroxy esteBl in 57% and 37% yield,
respectively?® The C26 and C27 stereochemistriess0fwere

confirmed by NOE experiments as shown. Each of these

compounds was cleanly reduced with lithium aluminum hydride
(THF, 0 °C) to yield the same dio62 in high yield. After

protection as the bis-TBS ether, selective cleavage of the primary

TBS ether under acidic conditions provided alco68in 90%
yield for the two steps. Oxidation with S@yridine/DMSO
followed by Wittig methylenation of the resulting aldehyde led
to 64 (94% yield, two steps), which was subsequently trans-
formed to the DE ring fragmer7 following a similar sequence
described for the conversion 8fl to 7 (see, Scheme 4).

Convergent union of the DE ring fragmebt and the AB
ring enol phosphaté and subsequent elaboration of the resulting
cross-coupled produéf7 could be performed in much the same
way as that used to readhand proceeded in similar yields,
thus completing the total synthesis of the revised strucure
for brevenal (Scheme 9). To our delight, thé and13C NMR
spectra and high-resolution mass spectrum of syntRetiere
completely identical with those of the natural product, culminat-
ing in a conclusion that the C26 epimer of the originally

proposed structure is the correct structure of brevenal. In

addition, synthetic brevenalexhibited specific rotation of] p%’
—33.5 £ 0.27, benzene), which matched the valokf’ —32.3

(c 0.27, benzene) for the natural product; thus, the absolute

configuration of brevenal was unequivocally determined to be
shown as structura.

f of 1. In the event, the revised structure was validated through

total synthesis, which also led to determination of the absolute
configuration. This study demonstrates the important role of
stereoselective total synthesis in structure determination of
complex natural products. Moreover, the highly convergent
nature of the present synthesis will allow divergent total
synthesis of structural analogues for more detailed strueture
activity relationship studies of this intriguing natural product.
Further studies along this line are currently underway and will
be reported in due course.
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