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Andrew Hinman and J. Du Bois*
Department of Chemistry, Stanford Waisity, Stanford, California 94305-5080

Received June 22, 2003; E-mail: jdubois@stanford.edu

Tetrodotoxin (TTX), the guanidium poison synonymous with the OH OH oH
Japanesdugu, is one of Nature's great marvéelid.lts elaborate 1097 Oon o 07 0qn oo
chemical architecture, crafted from a densely oxygenated cyclo- , (7 oH = {7 oH HO+ -OH
hexane framework and having affixed unique ortho-acid and HNT” OH HN--N OH 071N on OH
guanidine aminal functionalities, is matched only by its awesome  *NH; *NH, z
potency as a selective blocker of voltage-gated a channels. (-)-tetrodotoxin 4,9-anhydro-TTX "tetrodamine"

Thirty years following the first synthesis by Kishi and co-workers Figure 1. (—)-TTX, the active poison of the Japandsgu
and despite numerous attemptsnly one additional route to the
poison stands, having been disclosed recently by Isobe and Ki$ lab.

. . . i : OH H
Herein, we describe our finished path to an asymmetric synthesis o7~o "] .OH
of (=)-TTX. The successful realization of this program offers _yx = AHOs' o JOH = Ho o = Nax
OH

testament to the power of modern catalytic methods feH®ond 0" 1N OH OHC% Y. “OH o

functionalization and portends the coming of age of such tools for H HO”S COH

the preparation of highly complex natural products. stereospecific C-H 4 Rhecatalyzed
Guided by previous efforts to synthesize)¢TTX, we devised amination C-H insertion

an approach that would delay installation of the polar ortho-acid Figure 2. Retrosynthetic analysis oH)-TTX.

and guanidine functional groups until the final step of the glan.

Added knowledge of the base-lability of the target prompted the Selective formation of cyclohexanofdrom diazoketon® was
selection of blocking groups that could be cleaved under acidic anticipated to occur under Rh-catalysis. Our first attempts to effect
conditions to reveal the assembled tokiBuch a strategy would  this transformation using R{OAc)s, however, yielded complex
make inevitable, however, formation of both TTX and 4,9-anhydro- Product mixtures. Cognizant of the exceptional performance of Rh-
TTX, which exist as a mixture in aqueous acid (Figure2d).  acetamide catalysts for €€+ insertion reactions, we screened
Pursuant to this analysis, a masked form of the conjured structureseveral of these agenfs.Much to our satisfaction, a reaction
“tetrodamine” became the focal point of our rodConstruction performed with 1.5 mol % R{HNCOCPHh), resulted in the

of this highly oxygenated cyclohexylamine derivative affords €Xclusive production of cyclic ketor#e The outstanding efficiency
numerous challenges, most notably in the form of two tetrasubsti- Of this process made possible subsequent used afithout
tuted stereocenters at C6 and C8a (Figure 2). Of these, the requisitdurification.

C8a carbinolamine presented an irresistible test for our recently ~Having established a 10-step route to the functionalized cyclo-
developed intramolecular €H amination method.A decisive hexanone, our attention turned to installation of the C8a and C9
strategy thus evolved that would install the amine unit in the late Stereocenters. The capricious nature of the vinylogous anhydride
stages of the synthesis through a stereospecific oxidation reactionin 9 necessitated initial reduction of the C4a carbonyl. For this
As such, retrosynthetic planning was further simplified to cyclo- unusual transformation, Bf-NH; offered superior regio- and
hexanel. A solution to this problem in cyclic stereocontrolled —Stereocontrol, yielding the C4a alcohol as a single epith&he

synthesis was envisioned from diazoket@é&elective decomposi- strong bias for reactions to proceed from the convex face of the
tion of 2 could fashion both the cyclohexane framework and the bicyclic framework in structures such 8svas again exploited in
tetrasubstituted C6 stereocenter in a single e¥etcordingly, the ensuing alkene hydrogenation stepcetonide protection of
stereospecific metal-mediated nitrene and carbenel Gsertion the resulting tetraol was followed by a straightforward three-step
reactions would hallmark the defining bond constructions in our sequence to complete the TTX carbon skelet@n
approach to TTX. Our decision to install the C5 oxygen at this stage of the synthesis
Synthesis of €)-TTX commenced from amide3, readily was part of a larger strategic plan to access the bridged C5 lactone
available in four steps fronp-isoascorbic acid (Scheme ). (14). Modification of a little-known procedure for allylic oxidation
Reduction of this intermediate using a combination-&u,AlH provided enonél2 (70%)216 This versatile intermediate was well

andn-BuLi yielded aldehyde.'* A convenient and easily scalable  crafted for establishing both the C4 functionality and the C4a and
aldol reaction with dibenzyloxalacetafiefacilitated conversion of C5 stereocenters. Accordingly, 1,4-addition of vinyl cupraté2o

4 to the desired lacton6.12 For this step NaOAc served as an occurred with selective protonation of the intermediate Cu-enolate
optimal base, generating the product withl0:1 C7,C8-anti to yield a single product’ Subsequent reduction of the C5 ketone
diastereocontrol (TTX numbering). Following treatment with also proceeded from the convex face of the fused bicycle to give
t-BuCOCI, pivaloater was isolated as a single stereocisomer in 85% 13. The axial C5 alcohol could now be used to cleave the robust
overall yield (three steps). Hydrogenolysisradfforded a carboxylic 3° amide and to assembtelactonel4. Selective removal of the
acid, which could be processed to diazoketoBewithout pivaloate ester affordeth, an intermediate suitably configured for
event. the impending € H insertion reaction.
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aConditions: (a)-BuAlH, n-BuLi, THF/hexanes; (b) BhgCCH,C(O)CQO:Bn 5, NaOAc, THF; (c)t-BuCOCI, GHsN, THF, 85% (three steps); (d)H
Pd—C, THF, 88%; (e) (COCH cat. DMF, THF; then CkN,, CH,Cl,, 63—70%; (f) 1.5 mol % RB(HNCOCPH),, CCl; (g) NHz*BH3, CH,Clo/MeOH, 75%
(two steps); (h) H (1200 psi), 5 mol % RRC, 2:1 CRECOH/MeOH; (i) p-TsOH, 2,2-DMP, THF, 77% (two steps); (j) MeH, THF, 83%,; (k) cat.
(n-PrN)RUQy, NMO, 4 A MS, CHCly, 94%; (I) Zn, TiCk, CHaly, cat. PbGl, THF, 72%; (m) PbSe, PhlO, CsHsN, CsHsCl, 100°C, 70%; (n) BC=CHMgBr,
Cul, THF; (0)t-BuNHz*BH3, DCE, 77% (two steps); (@}BuCGO,H, CsHsCl, 200°C; (q) NaOMe, THF/MeOH 78% (two steps), (r)s$CIC(O)NCO, CHCly;
Zn, MeOH, 93%; (s) @ then NaBH, CH,Cl./MeOH, 83%; (t) MeSGCI, CsHsN, DCE, 86%; (u) 10 mol % RI{HNCOCH)., Phl(OAc), MgO, GsHs, 65
°C, 77%; (v) NaSePh, THF/DMF, 77%; (wi+CPBA; GHsN, DCE, 55°C, 92%; (x) BogO, EtN, DMAP, THF; (y) K:COs, THF/MeOH, 84% (two steps);
(z) H:0, 110°C, 95%; (za) Bock=C(SMe)NHBoc, HgCG), EtsN, MeCN/CHCl,, 80%; (zb) Q, CH.Clo/MeOH; MeS; then aq CECOH, 65%.
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