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Fumiyoshi Matsuura, René Peters, Masahiro Anada, Scott S. Harried, Junliang Hao, and
Yoshito Kishi*
Department of Chemistry and Chemical Biology, bend University, 12 Oxford Street,
Cambridge, Massachusetts 02138
Received March 20, 2006; E-mail: kishi@chemistry.harvard.edu

Outbreaks of human poisoning due to the ingestiorPimina
shellfish P. muricataand P. pectinata were recorded in China
and Japan, with typical neurotoxin symptoms, such as paralysis, HO,
diarrhea, and convulsion. In 1995, Uemura and co-workers isolated
pinnatoxin A (PnTX A), one of the major toxic principles
responsible for outbreaks &innashellfish intoxication, from the

shellfishP. muricata They elucidated its gross structure and relative Pinnatoxins Pteriatoxins
stereochemistry and suggested a biosynthetic pathwaynique a7 -~

molecular architecture, accompanied by its pronounced biological GO, A:(e]- NP oo
activity as a C& channel activator, makes PnTX A an intriguing Bc: [A]- ~goos o N
synthetic targetWe previously reported the total synthesis of PnTX NH, sc : 7] - \;“

A, not only confirming its gross structure and relative stereochem- D: [7]- e coM & I
istry, but establishing its absolute configuration (Figuré 1). o 2 oo

In 2001, Uemura and co-workers reported two new developments rigure 1. Structure of pinnatoxins and pteriatoxins.
in this area: (1) isolation of PnTXs B and C from the Okinawan
bivalve P. muricataand (2) isolation of pteriatoxins A, B, and C
(PtTXs A, B, and C) fromPteria penguirf These new members {D\COH=${D\T‘AW {D\s;ﬂs/\zkcozﬂ
were isolated in very minute amouhtsut were reported to exhibit " ‘ Mo on oon W
extremely potent and acute toxicity against nfic@onsidering the I (845 ZR-PTXA
similarity in the'H NMR characteristics of the new toxins to those OH
of PnTX A, Uemura and co-workers suggested the gross structures {p\?‘/“&” C:}{p\% A {D\W NH,

H H

PnTX A

shown in Figure 1. They proposed that these new alkaloids and He B © S~ oo
i A (34R)-PnTX B/C (34R, 2'R)-PtTX B/C
PnTX A share the same stereochemistry at the macrocyclic core. 5 Unified hesis of the PRTX/PLTX dl ‘ ) |
However, the C34 stereochemistry of PnTXs B/C and the C34 and g;%ﬁcté nified synthesis of the PnTX/PTX class of marine natura
C2 stereochemistry of PtTXs AC were unassignet. ’
Our research interests in this area are two-fold: (1) to establish H oTMs -
the complete stereochemistry of PtTXs-& and PnTXs B/C, and eSO | s_ _<o
(2) to secure an access to stereochemically homogeneous PtTXs me' o ® omesl\
A—C7and PnTXs B/C, thus permitting unambiguous determination . g %2 s
.. .. . . . . 8 S S loc
of their individual biological profiles. The naturally occurring PtTXs H O s} m 3 Oms
B/C, as well as PnTXs B/C, were isolated as a mixture and shown 1 2

to be chromatographically inseparabl€herefore, the individual Figure 3. Three building blocks of PtTXs AC.
biological profile of each toxin was not characterized. To achieve

our goals, we relied on organic synthesis to access each possible>®eme 1

diastereomer in a stereochemically well-defined manner. To Brj\l/\OH b BrJ\l/\O
synthesize all diastereomers of PtTXs—& and PnTXs B/C OH e o
efficiently, we envisioned a unified synthetic plan outlined in Figure 5 7a

2. This strategy will allow us to synthesize the C34 as well as the ” OAc o ¢

C2 stereoisomers independently and, consequently, secure the 4 BrJ\,/\OH &b BrJ\/\O
complete stereochemistry for all the members of the PnTX/PtTX OAc 6

family. In this paper, we report a total synthesis of all members of 6 7b @

the PtTX class of natural compountis. aReagents: (a) Amano lipase PS8@) 46%; 6, 41%); (b) cyclopen-

PtTXs are envisioned to be assembled from three building tanonep-TsOH (79%); (c) LiOH (97%).
blocks: dithianel, vinyl iodide 2, and alkyl iodide3 (Figure 3)?
It is worth noting thatl and2 are the building blocks used for our  of literature precedenri, their absolute configuration was assigned
PnTX A synthesis, but it is necessary to develop a synthetic route as indicated, which was further confirmed via chemical correlation
to the building block3. The synthesis of the C33C35 segments with p-(+)- and L-(—)-solketalst? This route secured access to
7a(C344 series) and’b (C34-a series) is summarized in Scheme antipodes/a and7b in multigram quantities.
1. Hydrolysis of the racemic vinyl bromide diacetad&® with The optically active vinyl bromid&a was then elaborated to
Amano lipase PS800 furnished a mixture of optically active  the C26-C35 segmenBa(Scheme 2). In this synthesis, the C32
(optical purity >96%) and6 (optical purity >96%). On the basis C33 bond was formed via Ni/Cr-mediated coupfi#gi4of 7aand
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Scheme 2 2 Table 1. Intramolecular Diels—Alder Reactions?
) Me O+Me 12a: X=TBS
PivO. g (o) a 13a-i : X=Bz
TBSé 13; 2-Naphthoyl

CHO
8

.o

13a-vi : X=(p-MeO,C)Bz
il - X=(R)-MTPA
13a-viii : X=(S)-MTPA

Temp A B [ D E
12a 170°C 08:1.0:08 78%  24%  23:10  08:1.0
13a4 160°C 14:1.0:03 >90%  NA 80:10 14:1.0
13adii 160°C 16:1.0:04 73%  37%  65:10  16:1.0
13adiii_160°C  52:1.0:12:20 88%  51%  19:10 52:1.0
13a-v_160°C 36:1.0:15 50% NA 31:10  36:1.0
aReagents: (a) (1Ja, NiCly, 86%; (2) AcO, Py, 93%; (3) Pd(OAg) 13av_ 160°C  19:1.0:11:03 93%  NA _ 21:10  19:10
CaCQ, 97%; (b) (1) TFA, HO, CHCl,, 91%; (2) AgO, Py, 99%; (3) 13a-vi 160°C 13:10:06 97% 4%  38:10  13:1.0
TFA, H0, CHCl, 93%; (4) CH(OMe), PPTS; (5) KCOs, MeOH:; (6) 13a-vii 160°C 1.0:1.0:10 >90% NA 20:10 10:10
TBSCI, DMAP, 98% over 3 steps; (7) DIBAL, 82%; (8) Mel, DEAD, PPh 13a-viii 160 °C 1.0:10:10 >90%  NA 20:10 10:10
88%.
Scheme 3 2 BT oo L Y

13b-iii : X=Ac; 13b-iv : CHO

Temp A B [ D E
12b 185 °C 11:1.0:0.8 52% 20% 26:10 11:10
13b-i 160 °C 36:10:10 48% 30% 46:1.0 3.6:1.0
13b-ii 160 °C 1.0:1.1:31 >90% 20% 07:1.0 0.9:1.0
13b-iii 160 °C 24:13:10 80% 36% 37:1.0 18:1.0

130 °C 35:21:10 NA NA 56:1.0 17:10
13b-iv_ 160 °C 14:15:1.0 76% NA 29:1.0 0.9:1.0

aA: product ratio éxodesiredexcundesirecendel:ende?). B: com-
bined yield.C: isolated yield of desireéxoproduct.D: exdendoratio.
E: exofacial selectivity (desired:undesired).

correlated with the twexoproducts in the previous synthedi¥,
_ eores thereby establishing their stereochemistry. However, the stereo-
1a Me Me | 1ZX-TBS — chemistry of endeproduct(s) remains to be established. Upon
aReagents: (a) (133, t-BuLi, HMPA; (2) K;COs, MeOH, 73% over 2 changing the C34/C35 protecting groups from TBS to acyl groups,
steps; (b) (1) PPTS; (2) &0, MeOH, 73% over 2 steps; (3) PIFA, 74%;  the cycloaddition took place noticeably fastet’ Interestingly, the
(c) (1) SQrPy, DMSO, 83%; (2R, NiClz, CrCh, 84%; (3) Dess Martin exdendeselectivity was found to depend sharply on the acyl
oxidation, 79%; (d) (1) HFPy, Py; (2) RCOCI, NEt protecting group, with the benzoate giving the best ratio. The facial
8,2 to furnish a diastereomeric mixture of allylic alcohols, which, selectivity of exoaddition was found also to depend on the
upon acylation and Pd-mediated elimination, afforded digae  protecting group, with the-methoxybenzoate giving the best ratio.
At this stage, it was necessary to convert the C29/C30 acetonidegn the balance of the two selectivities, we chosepimethoxy-

to the more labile ortho ester protecting grolg)(due to our  penzoate substrate for preparative purposes and obtained the desired
inability to deprotect the acetonide at later stages in the symhes's-productma-iii in 51% isolated yield.

Couplipg of iodide3a W,ith Qithignel then furnished the Cﬁ The overall trend of the intramolecular Dielélder reaction in
C35 portion of the PtTXs in high yield (Scheme 3). Elaboration to the C34e series was similar to that in thieseries, except that the
the requisite Diels Alder precursofl2acommenced with removal chemical yield in thea series was lower than that in the

?f thet_ orth(; tehstezzgg(ésdoltht;gneldke pir?tegtlgg tW ith iophcorggant correspondings series. In this series, the temperature effect on the

ormation ot the oY bicycloketal. Lxidation of the exdendaselectivity and the facial selectivity @xoproducts was

hydroxyl then permitted installation of the €C5 moiety via a . .
tested on the acetate substrab-iii. Interestingly, on lowering

Ni/Cr-mediated coupling13 Alternatively, introduction of the C& . - .
. ; - the reaction temperature, tlexdendaselectivity was noticeably
C5 moiety, followed by the C25C30 bicycloketal formation, also . . - .
improved, whereas the facial selectivity @foproducts remained

afforded 125 but the material throughput via the sequence of virtually unchanged.

reactions shown in Scheme 3 proved supéfior. W I d to introd h . . . id
The next stage of synthesis was the crucial intramolecular Biels € n.ext planne to Introduce the cysteine mo'etY via epoxide
15a which was in turn prepared from the C34/C35-diedtéa-iii.

Alder reaction to form the carbo-macrocycle. Previously, we o ) .
successfully relied on an intramolecular Diesider reaction to ~ Considering the allylic nature of epoxide, also supported by

construct the macrocycle of PnTX#However, it is worth noting ~ iterature precedenté,we anticipated that ring opening could be
that the diene used in that series was conjugated wigttdutyl achieved preferentially at the secondary center in2 fashion,
ester, which exhibited a high tendency for selff£] cycloaddition, thatis,15a— 16. Experimentally, treatment dfSawith the anion

and therefore it was necessary to handle the diene only as a dilutederived fromN-Boc-Cys(SH)-OCHPhyielded a 2:1 mixture of

solution. To the contrary, we anticipated, and indeed found, that (34R2R)-16 and (36,2'R)-17in an approximately 85% combined
the diene in the current series shows no tendency of self &} yield. Critically, both 16 and 17 were found to be free from

cycloaddition. contamination of the corresponding C34 or’' GEreoisomer¥)

We first studied the intramolecular Dieté\lder reaction on  thereby demonstrating that the epoxide ring opening took place in
substrate12a in the C348 series. Under thermal conditions a S2 fashion, and therefore, their stereochemistry was assigned
(dodecane, 170C), 12a slowly cyclized to give a 0.8:1.0:0.8 as indicated. Similarly, when we employed the anion derived from
mixture of the intramolecular DielsAlder products in 78% N-Boc-D-Cys(SH)-OCHP§ 15a afforded a 2:1 mixture of two
combined yield (Table 1). The twexoproducts were chemically  products corresponding to (B2'9-16 and (346,2S)-17 in com-
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Scheme 4 @
NH-Alloc
b o ywMe o e
- Me c Vs
3 OH Me O OH
14a-iii NH-Alloc T <~ NH-Boc L]
M 5. - S _A
o . © SC0,CHP, ) 2 COH
Ve < “OH
K (34R,2'R)-16 Me (34m2R18
a H
o NH-Alloc Me
N
15a o e c HO-) ‘QMe
5 Me Me O >
- CO,CHPh, £-COH
b 1 S/\r 2 2 R,
OH NH-Boc

<O .
- (34S,2'R)-19

aReagents: (a) (1) ¥CO;s; (2) HFPy, Py, 74% over 2 steps; (2) TsCl;
(3) KoCO;5, 78% over 2 steps; (y-Boc+-Cys(SH)-OCHPh(an inseparable
mixture of 16 and 17), 85%; (c) (1) Pd(PPfu, AcOH, 72%; (2) 1,3,5i¢
PrsCeH2COH/EtsN salt 80°C, xylene; (3) TFA, CHCI,, followed by
HPLC separation 018 and 19.

(348,2'R)-17

parable yield. Once again, both products were found to be
stereochemically homogeneotis.

In the pinnatoxin A synthesis, the Diet&\lder product was
converted to the natural product in three steps: (1) Pd{jiEAtOH
(deprotection of the Alloc group), (2) 20T, 1 x 1072 mmHg
(imine cyclization), and (3) TFA/CECI, (deprotection of thé-Bu
ester)? For the present series, the Alloc deprotection smoothly took

place under the same conditions, to give the desired amino ketone.

Disappointingly, the resultant amino ketone did not survive under
the thermolysis conditions. In our earlier work, we found imine
formation under traditional, weakly acidic conditions to be unsuc-
cessful. For example, in the PnTX A synthesis, reaction in the
presence of AcOH and g did not promote imine cyclization at
room temperature, whereas undesikeédcetylation was observed

at elevated temperatures. However, the instability of amino ketone
in this series under the original thermolysis conditions led us to
revisit the imine cyclization under weakly acidic conditions.
Specifically, we searched for weakly acidic conditions under which
the undesiredN-acylation might be avoided or suppressed; in
particular, we focused on combinations of sterically congested
carboxylic acids and tertiary amines and eventually found that the
2,4,6-(-Pr)iCeH,COH2YE:N salt meets our needs.

To complete the total synthesis, the only remaining task was to
remove the protecting groups of the cysteine moiety. For two
specific reasons, we chobeBoc-Cys-OCHPh First, our previous
work® demonstrated that all the functional groups present in PnTX
A, including the seven-membered imine, survive under the TFA/
CH,CI, (deprotection of the-Bu ester) conditions. Second, the
combination of these two specific protecting groups ensured that
the protecting group of the carboxylic acid is cleaved prior to that
of the aminé?! Upon treatment with TFA in CkCl, at room
temperature, both of the protecting groups were smoothly removed.
Finally, preparative LC allowed separation and isolation of pure
synthetic (342R)-PtTX A and (3R,2R)-PtTX B/C22 Overall,
the epoxidel5afurnished two out of the four possible stereoisomers
at C34 and C2for both the PtTX A and PtTX B/C series.

Applying the same synthetic sequence on the building bitick
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