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ABSTRACT

(+)-halichlorine

A tandem Michael addition —enolate alkylation followed by Dieckmann cyclization and Beckmann rearrangement provided the corresponding
[5.4.0] azaspirobicyclodecane, a key intermediate in our synthetic route to the marine alkaloid halichlorine (1).

The marine alkaloid halichlorinelf (Figure 1) was isolated  research groups to search for synthetic approaches, particu-
from the marine spongdalichondria okadaKadota in 1996 larly for the common azaspirobicyclic cotd&l.o the best of

by Uemura and co-worketsThe structurally related natural  our knowledge, only two total syntheses of halichlorine,
products, pinnaic acid (2) and tauropinnaic acid (3), were three of pinnaic acid%°and one of tauropinnaic acfthave

isolated by the same research group from the Okinawanbeen reported so far in the literature. Here we disclose our
bivalve Pinna muricata Their complex spirobicylic struc-

tures and multiple biological properties including potential (1) Kuramoto, M.; Tong, C.; Yamada, K.; Chiba, T.; Hayashi, Y.;

activity against heart disease (halichlorine), inflammation, Ue(m;Jrar,] D.Tetrahedron Lett1996,37, 3867. .

: : : : : : 2) Chou, T.; Kuramoto, M.; Otani, Y.; Shikano, M.; Yazawa, K.;
gnq other ('dlse'a}se states (pinnaic and tauropinnaic acids) ang, emura, D.Tetrahedron Lett1996 37, 3871.
limited availability from natural sources have prompted many  (3) (a) Arimoto, H.; Asano, S.; Uemura, Detrahedron Lett1999,40,
3583. (b) Lee, S.; Zhao, Zetrahedron Lett1999,40, 7921. (c) Lee, S;
Zhao, Z.Org. Lett 1999 1, 681. (d) Clive, D. L. J,; Yeh, V. S. C.
Tetrahedron Lett 1999 40, 8503. (e) Koviach, J. L.; Forsyth, C. J.
Tetrahedron Lett1999,40, 8529. (f) Shindo, M.; Fukuda, Y.; Shishido,
K. Tetrahedron Lett2000,41, 929. (g) Wright, D. H.; Schulte, J. P., II;
Page, M. L.Org. Lett.2000,2, 1847. (h) Ciblat, S.; Canet, J. L.; Troin, Y.
Tetrahedron Lett2001,42, 4815. (i) Fenster, M. D. B.; Patrick, B. O.;
Dake, G. R.Org. Lett.2001,3, 2109. (j) White, J. A.; Blakemore, P. R,;
Korf, E. A.; Yokochi, A. F. T.Org. Lett.2001,3, 413. (k) Yokota, W.;
Shindo, M.; Shishido, KHeterocycle®001,54, 871. () Takasu, K.; Ohsato,
H.; Ihara, M.Org. Lett.2003,5, 3017. (m) Matsumura, Y.; Aoyagi, S.;
Kibayashi, C.Org. Lett.2003,5, 3249. (n) Matsumura, Y.; Aoyagi, S.;
Kibayashi, COrg. Lett.2004 6, 965. (o) Hurley, P. B.; Dake, G. RBynlett

halichlorine (1) pinnaic acid (2) R=OH 2003, 2131. (p) Dake, G. R.; Fenster, M. D. B.; Hurley, P. B.; Patrick, B.
o _ 0. J. Org. Chem2004,69, 5668. (q) Yu, M.; Clive, D. L. J.; Yeh, V. S.
tauropinnaic acid (3) R = NHCH,CH,SO3H C.; Kang, S.; Wang, Jetrahedron Lett2004,45, 2879. (r) Hayakawa, |.;

. . . . . . . . . Arimoto, H.; Uemura, D.Chem. Commur2004, 1222. (s) Arini, L. G;
Figure 1. Halichlorine (1), pinnaic acid%), and tauropinnaic acid  gzeto, P.; Hughes, D. L.; Stockmann, R. Petrahedron Lett2004, 45,
(3). 8371. (t) Feldman, K. S.; Perkins, A. L.; Masters, K. 3.0rg. Chem.
2004,69, 7928. (u) Huxford, T.; Simpkins, N. Synlett2004, 2295.
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results on the preparation of the common azaspirodet@ne
through a short and stereoselective route.

Our retrosynthetic analysis for halichlorin® {s depicted
in Scheme 1. We envisioned that the azaspirocyclic &ore

Scheme 1. Retrosynthetic Analysis of Our Approach to
Halichlorine (1), Pinnaic AcidZ), and Tauropinnaic Acid

could be reached via Beckmann rearrangement of keddpne

constructed via Dieckmann condensation, followed by de-

carboxylation from dieste7 which was planned to be

prepared by a tandem Michael addition/enolate alkylation

of 1-carbomethoxycyclopentene (9).
To put our plans into practice, intermedi&te/as prepared

following a modification of the procedure successfully
implemented by Heathcock and co-workers in their syntheses

of Daphniphyllumalkaloids (Scheme 2).Z-Enolate 11,

Scheme 2. Synthesis of Amidel3
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i. t-BuOK, toluene, reflux, MeO,C,,
5 min;
ii. 18N H,SO,, THF, 4 h.

N™ ~O
61% (two steps) 7

generated fromN-propionyl pyrrolidine 10) and LDA’
reacted with 1-carbomethoxycyclopentefieté give enolate
12, which was trapped in situ by iodid@to yield 7 in 68%

1618

yield as the major stereoisomer. Its relative configuration
was assigned based on the stereochemical outcome of the
analogous transformation previously reported by Heathcock
and co-worker§. Amide 7 was submitted to basic conditions

in order to afford the corresponding Dieckmann adduct,
followed by exposure to concentrated sulfuric acid to
promote its decarboxylation to yield amid8in 61% yield

for two steps.

With a short and stereoselective route to spirocyclic
intermediatel3 secured, we addressed its hydrolysis before
studies on the key Beckmann rearrangement were launched.
To our surprise, amid@3 proved to be extremely resistant
to hydrolytic cleavage either under acidic or basic conditions.
Different protocols were tried (LiOH, THFA®D/MeOH (3:
1:1)8 LiOH, THF, HO, H,0,%) but no reaction was observed
even after heating a dioxane solution of amildavith concd
sulfuric acid for 18 h or with 5 M ethanolic NaOH for 8 h.
Under the latter condition, partial epimerization at C-14 was
observed. Intrigued by the lack of reactivity of ami#ia,
we decided to examine its ground-state conformation by ab
initio calculations [B3LYP/6-31g(d,p)l° A conformation
search suggested conformations-@ as the three most
populated states of amide3 (Scheme 3) with conformation

Scheme 3. Ground-State Conformations of Amide3

B 8.0 kcalmol™* more stable then the other two conformers.
This result is also supported by tHel NMR coupling
constant between H13 and H14 € 10.6 Hz) in good
agreement with the antiperiplanar arrangement observed for
these hydrogens in the optimized geometry of conformer B.
The origin of this conformation bias seems to be a favored
electronic interaction involving the HOMO of the amide
carbonyl and the LUMO of ketone itB. Nucleophilic attack
at the amide carbonyl in its most populated conformation B
would be precluded by the ketone carbonyl blocking the
amide carbonyReface and by the orthogonal methyl group
at C-14 hindering itsSi face.

(4) (a) Trauner, D.; Danishefsky, S.Tetrahedron Lett1999 40, 6513.
(b) Trauner, D.; Shuwarz, J. B.; Danishefsky, SAdgew.Chem., Int. Ed.
1999, 38, 3542. (c) Christie, H. S.; Heathcock, C. AINAS2004, 101,
12079.

(5) (@) Carson, M. W.; Kim, G.; Hentemann, M. F.; Trauner, D.;
Danishefsky, S. JAngew. Chem., Int. EQ001,40, 4450. (b) Carson, M.
W.; Kim, G.; Hentemann, M. F.; Danishefsky, S.Angew. Chem., Int.
Ed. 2001, 40, 4453. (c) Hayakawa, |.; Arimoto, H.; Uemura, Beterocycles
2003, 59, 441.

(6) Heathcock, C. A.; Stafford, J. A.; Clark, D. A. Org. Chem1992,
57, 2575.

(7) Oare, D. A.; Henderson, M. A.; Sanner, M. A.; Heathcock, CJH.
Org. Chem.1990,55, 132.

(8) Nicolaou, K. C.; Piscopio, A. D.; Bertinato, P.; Chakraborty, T. K.;
Minowa, N.; Koide, K.Chem. Eur. J1995, 318.

(9) Amoroso, R.; Cardillo, G.; Sabatino, P.; Tomasini, C.; There].A.
Org. Chem.1993,58, 5615.
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We then reasoned that the requisite amide cleavage mightoy a competitive fragmentation process (TsCl, Py, PhH, rt,
be better carried out via intramolecular assistance by a44 h; TsCl, Py, DMAP, rt, 24 h). Although known products

temporary hydroxyl group installed at C-5 following ketone

of the Beckmann rearrangemédtthe formation of the

reduction (Scheme 4). In the event, the planned transforma-fragmentation products from spirobicyclic oximes analogous

Scheme 4. Synthesis of Oximel8

LiEt;BH, THF,
0°C then rt
2h

15 (67%)

LiAIH,, THF,
t, 16 h

98%

i. TBDPSCI, Et;N, DMAP,
CH,Cly, 1t, 18 h, 96%.
ii. Swern oxidation, 92%

NH,OH.HCI, NaOAc,

MeOH, rt, 48 h
88%

tion was carried out with LiEBH to afford lactonel5 (67%
yield) together with its C5-epimeric alcohbd (22% yield)*
After working out a way to cleave the recalcitrant amide
bond, we straightforwardly converted lactoi® to the
corresponding bicyclic keton&7 (86% yield, three steps)
and the latter to oximé8 (88% vyield).

Our initial attempts to carry out the Beckmann rearrange-
ment with oxime 18 were plagued by either incomplete
conversion (TsCl, NaOH, acetonef®| reflux 4 h) or by
extensive formation of a mixture of olefir®) which arise

(10) Structures of the species investigated were fully optimized with
Gaussian 98: Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G.
E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J.
A., Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.;
Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. Aaussian 98; Gaussian, Inc.: Pittsburgh,
PA, 1998.

(11) NOE experiments for lactorié revealed a 0.8% increment at H-5

to 18 is dependent on the electronic and stereoelectronic
properties of the substrate and on the reaction conditions, as
illustrated by the work from Corey and co-work&rand
Ibuka and co-worker!

In our hands, the key Beckmann rearrangement was best
carried out when oxim&8was treated with TsCl in pyridine
as solvent at @C. Under these experimental conditions,
spirobicyclic lactam19 could be isolated in 60% vyield,
together with 15% yield of a mixture of nitrileZ0, resulting
from a competitive fragmentation process (Scheme 5).

Scheme 5. Beckmann Rearrangement of Oxirt8

In summary, the preparation of spirobicyclic lactd®,
possessing the common azaspirodecane moiety present in
halichlorine () and structurally related alkaloids, has been
accomplished in 10 steps and 13% overall yield from
commercially available 1-carbomethoxycyclopented)eAs
the feasibility of the asymmetric version of the Michael
addition/enolate alkylation has also been demonstrated by
Heathcock and co-worket8,the route described above is
also amenable to the preparationl& in enantiomerically
pure form.
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(12) For reviews on Beckmann fragmentation, see: (a) Grob, C. A;;
Schiess, P. WAngew. Chem., Int. EdEngl. 1967,6, 1. (b) Gawley, R. E.
Org. React.1988, 35, 1. (c) For a detailed study about Beckmann
fragmentation on spirocyclic oximes, see: Hill, R. K.; Conley, RJT.
Am. Chem. Sod 960,82, 645 and references cited therein.
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when H-14 was irradiated while 0.4% enhancement in the H-13 signal was Y. Chem. Pharm. Bull1982,30, 2840.

observed upon irradiation of the methyl group at C-14.
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