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ABSTRACT

NAPO

A fully functionalized ABCDE ring moiety of ciguatoxin (CTX), the major causative agent of ciguatera poisoning, was synthesized for the first
time. The present strategy involves the efficient installation of the C5-dihydroxybutenyl substituent and construction of the tetrahydrooxepin
E ring using a novel o-chlorosulfide synthon.

Ciguatoxins (CTXs), the causative agents from epiphytic ciguatoxin (CTX, 2).”8 The dihydroxybutenyl substituent
dinoflagellate Gambierdiscus toxic)g are transferred into  embedded in the A ring oR poses a greater synthetic
more than 100 species of fish through the food chain, causingchallenge. A fully functionalized ABCDE ring moiety such
ciguatera poisoning primarily in tropical and subtropical as3, therefore, has yet to be achieved, while several methods
regions? The extremely low content of toxins in fish has to construct the AB(C) ring system with the dihydroxybute-
limited the isolation from natural sources and detailed nyl substituent have been reported.Herein, an efficient
biological studies on the voltage-sensitive sodium channelssynthesis of3 is reported for the first time.

(VSSC)? as well as the preparation of anti-CTX antibodies
for detecting CTXg.Chemical synthesis is therefore the only
plausible solution. In 2001, our synthetic efforts culminated
in the first total synthesis of CTX3€.56 The final stage of
the synthesis of involved the coupling of the left and right
wings with the concomitant construction of the central FG
ring system. This strategy is expected to be applicable to all
CTXs due to the common FG ring. In this context, the left
wing 3 serves as a key intermediate for synthesizing a
biologically more potent and structurally more complex
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Scheme 1. Ni-Catalyzed Coupling of Alkenyl Borate® with the AB Ring Model5
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metric route to such an ABCD ring system was recently double bond in the D ring. The resulting enol eti®ewas
establishett and this unit is expected to be a common oxidized with Pb(OAc)}* at —5 °C in the presence of
precursor for the divergent synthesis of the left wings of both pyridine, as an acid scavenger yielding a single stereoisomer
1 and2. The required steps for synthesiziBdnclude the of unstablel0. Addition of pyridine to this oxidation reaction
assembly of the A ring substituent as well as the tetra- was essential to effectively attaih0. The Ni-catalyzed
hydrooxepin E ring. On the other hand, alternative construc- coupling of10 with the alkenylborat&b®®2proceeded with
tion of the tetrahydrooxocin E ring system will produce the high stereoselectivity yielding thei-adduct 11 and the
corresponding left wing of CTX3Q as well. y-adduct12 with a 42% yield (three steps frod) in a 1:1

In an effort to adopt the recently developed Ni-catalyzed ratio. The stereochemistry @fl was established using NOE

coupling technologyd'? the effect of dihydroxybutenyl

borate protective groups on the regioselectivity was inves-

tigated. Since the NAP group proved to be optimal for the
total synthesis ofl,*° bis NAP ethei6a was examined as a
coupling agent with the model AB ring fragmem{Scheme

1). Thea/y selectivity, however, resulted in a less satisfactory
ratio (7a8a = 1:3), while the TBS etheb afforded a more
acceptable ratio (7b:8b 1:1.1).

The allylic acetatelO of the ABCD ring was stereoselec-
tively synthesized from#!! via enol ether9 (Scheme 2).
Isomerization of the C6,7-double bond 4fwas achieved
using Wilkinson catalyst and DB® without affecting the
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experiments. Thus, efficient installation of the dihydroxy-
butenyl substituent into the ABCD ring fragment was
achieved with complete stereocontrol.

Scheme 2. Assembly of the Dihydroxybutenyl Substituent in
the ABCD Ring Systefh

_—
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aReagents and conditions: (a) @gRhCI (0.1 equiv), DBU
(1 equiv), MeOH-CICH,CH,CI (1:1), 65°C, 15 min. (e) Pb(OAQ)
(3 equiv), pyridine (3 equiv), CkCl,, —18 to—5 °C, 42 h. (f)6b
(3.3 equiv), NiC}(PPh); (0.3 equiv),tBuCN (2.0 equiv), Nal (1.0
equiv), THF, 0°C to room temperature, 1.7 h1 (20%),12 (22%)
(three steps frord).

The tetrahydrooxepin E ring was subsequently assembled
using a novel synthom-chlorosulfide15' (Scheme 3). After
sequential manipulation of the protective groupslafand
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Scheme 3. Synthesis of the ABCDE Ring Moiet$ of CTX (2)2
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aReagents and conditions: (a) TBAF, THF, rt, 1 h, 93%. (b) NaH, NAPBr, TBAI, ¥BMF (3:1), 40°C, 5 h, 89%. (1 N HCI—
MeOH—-THF (1:5:10), rt, 25 h. (d) TBSOTf, 2,6-lutidine, GEl,, 0 °C, 10 min, 72% (two steps). (e) CSA, MeGHIHF (1:1),—5 °C, 69
h, 91%. (f) (COCI}, DMSO, EgN, CH,Cl,, —60°C, 1 h. (g) PBPCH;Br, KOtBu, THF, 0°C to rt, 1 h. (h) TBAF, THF, rt, 1 h, 83% (three
steps). ()15 (3.0 equiv), AgOTf, 2,6-dtert-butyl-4-methylpyridine, MS4A, CECl,, —50 to—30°C, 1 h. (j) TBAF, THF, rt, 30 min, 83%
(two steps). (k)18 (0.05 equiv), CHCI, (3 mM), rt, 2 h, 92%. () TBSCI, imidazole, DMF, rt, 12 h. (m)CPBA, CHCI,, —10°C, 18 h,
71% (two steps). (n) Allyltrimethylsilane, EtAIgICH,Cl,, —70 °C, 30 min, 63%21 (24R:24S= 1:3). (0) TBAF, THF, rt, 1 h, 93%. (p)
CeH4COuI(OAC)3, CH.Cly, 1t, 1.2 h, 87%. (q) DBU, CELCly, 1t, 8 h,23 (24R:24S= 2.6:1). (r) NaBH, CeCk-7H,0, CH,Cl,—MeOH (1:1),
0 °C, 10 min,3 (64%), diastereomers & (24%) (two steps).

Swern oxidation of the primary alcohdl3 followed by were not applicable to the ABCDE ring intermediate because
Wittig olefination, the resulting alcohdl4 was coupled with they were accompanied by the cleavage of NAP ethers.
15using an AgOTf-mediated metht¥d’in the presence of  Careful monitoring of the reaction indicated that deprotection
2,6-ditert-butyl-4-methylpyridine, affording a single stereo- of the NAP groups was slow and could be suppressed if
isomer of the thioacetdl6. Whereas ring-closing metathesis allylation proceeded rapidly. Since the neighboring hydroxy!
(RCM) of the TBS etherl6 using 18" was sluggish, the  group was suspected to affect the reaction rate, the alcohol
corresponding alcohdl7 smoothly underwent RCM, yield-  was protected as TBS etha4b. In contrast to that observed
ing 19 in a 92% yield without reacting with other double for 24a, allylation of24bwas completed within 1 h, even at
bonds. low temperatures, with a high yield of the allylated products,
The next step requires the insertion of an allyl group at 25ph and26b, but with a reversed syn/anti ratio (entries 6, 7,
C24, necessary for the construction of the nine-memberedgng 9). Since the stereochemistry of the allyl group can be
F ring via RCM in the total synthesis a5 Ley’s readily corrected at the later stage, the protected TBS ether
method® was examined for the model DE ring syste2da 20 was used (Scheme 3). The sulfide 26 was carefully
and24b, under a variety of conditions using allyltrimethyl-  yidized usingmCPBA (at—10 °C to avoid olefin epoxi-
silane and Lewis acids to elucidate the stereoselectivity. dation) to give the sulfone. This sulfone was then reacted
Some of the results are summarized in Table 1. The highest,nger the modified allylation conditions. A higher yield was
syn/aqtl ratio was realized when the alcoBdhwas treqtgd obtained using the less acidic EtAK63% yield) than when
with TiCl, at —78 °C (entry 3). However, these conditions using AICk (42% yield), leaving the NAP groups untouched.
(16) (@) Inoue, M., Wang, G.-X.. Wang, J.. Hirama, g, Lett.2002, The TBS group was then removed and oxidized.to the ketone
4, 3439-3442. (b) Inoue, M.; Wang, J.; Wang, G.-X. Ogasawara, Y.; &S & 1:3 mixture of the C24 epimers, which enabled
Hirama, M. Tetrahedron2003,59, 5645—5659. epimerization and provided the more stable iso2®@m a

(17) (&) Mukaiyama, T.; Sugaya, T.; Marui, S.; NakatsukaChem. . . . . .
Lett. 1982, 1555—1558. (b) McAuliffe, J. C.; Hindsgaul, ©.0rg. Chem 2.6:1 ratio. Finally, stereoselective reductibof 23 yielded

%g?%ggé 1234-1239. (c) McAuliffe, J. C.; Hindsgaul, Gynlett1998, the ABCDE ring fragmen8 from 22 with an overall yield
(18) Scholl, M.: Ding, S.: Lee, C. W.: Grubbs, R. Brg. Lett.1999,1, of 56%. The stereochemistry 8fwas fu.IIy assigned from
953—956. the results of NOE and NOESY experime#its.
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Tetrahedronl989,45, 4293—4308. (c) Simpkins, N. $etrahedronl991, (20) Fujiwara, K.; Takaoka, D.; Kusumi, K.; Kawai, K.; Murai, 8ynlett
47, 323—332. 2001, 691—693.
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Table 1. Allylation with the DE Ring Model24

H —— allyltrimethylsilane H,—H H —H
O OR Lewis acid O OR 0O OR
© )" 4 2 + 4 2
=075 S0,Ph CHCly, temp. 0TI =0 N
H H time H H H H
~ syn ~ anti
24a:R=H
24b: R = TBS 25a:R=H 26a:R=H
25b: R=TBS 26b: R =TBS
entry sulfone Lewis acid? temperature time (h) yield (%)P ratio (25:26)°
1 24a AlCls3 —78to0°C 17 81 60:40
2 24a EtAICI, —78°Ctort 10 0 no reaction
3 24a TiCls —78°C 11 62 (78)d 84:16
4 24a TiCls —78to —45°C 10 56 71:29
5 24a TiClx(OiPr)® —78to —20 °C 10 0 no reaction
6 24b AICl3 —78to —45°C 0.8 89 17:83
7 24b EtAICI, —78 to —60 °C 0.8 73 20:80
8 24b EtAICI —78°Ctort 9.5 0 no reaction
9 24b TiCly —78°C 0.3 74 31.69

a performed with 3-6 equiv of Lewis acid® Isolated yield.c Determined by*H NMR analysis (500 MHz, CDG). 9 Based on recovery &4a © Prepared
from TiCls and Ti(OiPr}.

In summary, the fully functionalized ABCDE ring frag- directed toward the total synthesis 2fre currently under
ment3 of CTX 2 was synthesized from the readily accessible way in our laboratory.
ABCD ring moiety4 for the first time. The present synthesis
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