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The synthesis of the C(1)—C(9) fragment of amphidinolides C, C2, and F was achieved by using a vinyloguous Mukaiyama aldol reaction on

a chiral aldehyde with a silyloxyfuran and by using a C-glycosylation of a lactol derivative with an acetyl oxazolidinethione. From the available
chiral acetonide—glyceraldehyde, all the stereogenic centers were perfectly induced along the synthesis. The C(1)—C(9) fragment was synthesized

as a vinyl stannane at C(9) in 10 steps, with 16% yield.

Amphidinolides are a group of marine natural products
isolated from the dinophlagellate Amphidinum sp. Interest-
ingly, these dinophlagellates live in symbiosis with the
marine worm Amphiscolops sp., and more than 30 different
structures have been discovered since 1986." The production
of natura amphidinolides was achieved by culture of
Amphidinum sp. in an about 1000 L reactor. Most of these
marine products exhibited strong cytotoxicities against human
cancer cell lines. However, only a few milligrams of active
marine products could be isolated despite the high scale of
the cultures.

Amphidinolide C is one of the most active members of
this family,? exhibiting excellent cytotoxicities in vitro
against murin lymphoma L1210 and epidermoid carcinoma
KB cells (5.8 and 4.6 ng/mL, respectively).?? It is noteworthy

" Université Paris-Sud.

*CNRS.

(1) For recent reviews, see: (a) Kobayashi, J.; Ishibashi, M. Chem. Rew.
1993, 93, 1753. (b) Chakraborty, T.; Das, S. Curr. Med. Chem.: Anti-Cancer
Agents 2001, 1, 131. (c) Kobayashi, J.; Shimbo, K.; Kubota, T.; Tsuda, M.
Pure Appl. Chem. 2003, 75, 337. (d) Kobayashi, J.; Tsuda, M. Nat. Prod
Rep. 2004, 21, 77.

(2) (a) Kobayashi, J.; Ishibashi, M.; Walchli, M.; Nakamura, H.; Hirata,
Y.; Sasaki, T.; Ohizumi, Y. J. Am. Chem. Soc. 1988, 110, 490. (b) Ishiyama,
H.; Ishibashi, M.; Kobayashi, J. Chem. Pharm. Bull. 1996, 44, 1819. (c)
Kubota, T.; Tsuda, M.; Kobayashi, J. Org. Lett. 2001, 3, 1363. (d) Kubota,
T.; Tsuda, M.; Kobayashi, J. Tetrahedron 2003, 59, 1613.

10.1021/011021228  © 2010 American Chemical Society
Published on Web 09/30/2010

that amphidinolide C2° and F* are about 1000 times less
cytotoxic on these cells, although their structure is closely
anal ogous to amphidinolide C suggesting that the side chain
is important in the biological activity. Due to their unique
structure and potent biological activity, amphidinolides C,
C2, and F have become desirable targets for total synthesis.
The syntheses of several fragments of these molecules have
aready been reported,®> but no total synthesis has been
accomplished, yet.

Our retrosynthetic analysis was based on the structural
particularity of amphidinolide C, C2, and F to contain two
quasi-identical trans-THF moieties (circled with a dotted line,
Scheme 1). For several years, our laboratory developed
efficient methodologies to obtain this sort of structure.
Amphidinolide C would be divided into three fragments as

(3) Kubota, T.; Sakuma, Y.; Tsuda, M.; Kobayashi, J. Mar. Drugs 2004,
2, 83.

(4) Kobayashi, J.; Tsuda, M.; Ishibashi, M.; Shigemori, H.; Yamasu,
T.; Hirota, H.; Sasaki, T. J. Antibiot. 1991, 44, 1259.

(5) (a) Bates, R. H.; Shotwell, J. B.; Roush, W. R. Org. Lett. 2008, 10,
4343. (b) Shotwell, J. B.; Roush, W. R. Org. Lett. 2004, 6, 3865. (c) Kubota,
T.; Tsuda, M.; Kobayashi, J. Tetrahedron 2003, 59, 1613. (d) Armstrong,
A.; Pyrkotis, C. Tetrahedron Lett. 2009, 50, 3325. (€) Mohapatra, D. K.;
Dasari, P. K.; Rahaman, H.; Pal, R. Tetrahedron Lett. 2009, 50, 6276. (f)
Mohapatra, D. K.; Rahaman, H.; Chorghade, M. S.; Gurjar, M. K. Synlett
2007, 4, 567. (g) Mahapatra, S.; Carter, R. G. Org. Biomol. Chem. 2009, 7,
4582. (h) Paudyal, M. P.; Rath, N. P.; Spilling, C. D. Org. Lett. 2010, 12,
2954,



Scheme 1. Genera Retrosynthetic Analysis of Amphidinolides C, C2, and F
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outlined in Scheme 1. We describe here the synthesis of the
C(1)—C(9) fragment 1.

To obtain the C(1)—C(9) fragment 1, the stannyl function
would be installed from generic compound |. The methyl
ester functionality would be incorporated with the trans-
configuration from lactol derivative Il by C-glycosylation
with acetyloxazolidinethione V.° The configuration of the
methyl group at C(4) could be induced by a diastereoselective
reduction of the double bond of lactone Ill. Lactone |11
should be synthesized by using a stereosel ective vinylogous
Mukaiyama aldol reaction with silyloxyfuran 4’ (Scheme 2).

Scheme 2. Retrosynthetic Analysis
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The beginning of the synthesis involved the utilization of
the 2-methyl-silyloxyfuran 4 and the chiral aldehyde 5. The
first starting material can be easily obtained in four steps
from the inexpensive citraconic acid® or in one step from
the commercially available 3-methyl-2(5H)-furanone.® The
second oneis also commercially available or can be prepared
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easily from inexpensive p-mannitol.° Although we devel-
oped an enantioselective vinylogous aldolization with sily-
loxyfuran,” we preferred to use the diastereosel ective ver-
sion,** as we could take advantage of the hydroxy group of
aldehyde 5 in our synthesis. The vinylogous addition of furan
4 on adehyde 5 in the presence of BFsOEt, at —78 °C
furnished the corresponding adducts 6/6" exclusively with
the anti relationship between C(7)—C(8),*? whereas the
relative relationship between C(6)—C(7) was less controlled
but gave nevertheless a separable mixture of syn (6):anti (6")
(3:1) in 71% yield.*® It can be noted that the TBS version
of silyloxyfuran 4 gave adightly better ratio for thisreaction
(6/6" = 4:1) because it is more bulky; however, it gave a
poorer yield (50%) because it is less reactive (reaction at
—20 °C).™ For reasons of TBS cost and yields, we preferred
to keep working with the TMS ether 4.

The hydrogenation of the double bond of lactone 6
under atmospheric pressure proceeded quantitatively only
on the less hindered face of the lactone to give exclusively
compound 7.*® The hindered alcohol was then protected
as a TBS ether with TBSOTf and lutidine in refluxing
CH,CI, in 95% vyield to afford compound 8. The reduction
and the acetylation of lactone 8 to produce lactol derivative
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9 was performed using DIBAL-H at —78 °C, followed
by a treatment in Ac,O, pyridine, and DMAP with 90%
yield.*

The next key reaction was the C-glycosylation of com-
pound 9 with an acetyloxazolidinethione. Although oxazo-
lidinethione 10 was not the best reagent we developed in
terms of selectivity,® it is nevertheless the more practical,
as the amino-alcohol used in its synthesis is commercially
available and inexpensive. Here, only one diastereoisomer
was detectable by NMR when oxazolidinethione 10 was used
on 9 as a titanium enolate. Unfortunately, the yield of 11
after methanolysis was very poor (7%) because the titanium
isobvioudly still aquite good Lewis acid in its enolate form.
Indeed the 'H NMR spectrum of crude material showed
almost no acetonide signal after reaction. As the acetonide
protection gave some troubles at this step, we envisioned to
modify the synthetic strategy (Scheme 3).

Scheme 3. First Synthetic Approach
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For the second approach, we started from the same
materials, but we changed some conditions of the reaction.
The vinylogous adol reaction with silyloxyfuran 4 in the
presence of BFzOEt, gave 6 and 6" acceptable results in
terms of yield (Scheme 3), but some TMS adducts 12/12
resulting from a silylium transfer were always observed with
10—30% yield (depending on the batch). For these reasons
we decided to change the Lewis acid BFzOEt, to TMSOTf
(10 mol %). These conditions alowed us to exclusively
convert the adductsin TMS ether 12 and 12" (12:12" = 3:1)
in a better yield (80%) and simplified the purification by
chromatography as only two compounds are formed instead

(16) Kopecky, D. J.; Rychnovsky, S. D. J. Org. Chem. 2000, 65, 191.
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of four. A catalytic hydrogenation of major diastereoisomer
12 under acidic conditions in MeOH was performed and
allowed usto obtain directly in one-pot the intermediate triol
as all protecting groups were hydrolyzed under these
conditions. Because of its extreme viscosity, the triol was
converted directly without purification in tri-TBS ether 13
in 73% yield for the two steps. At this stage, we used the
previous methodologies depicted in Scheme 3. Lactone 13
was transformed into compound 14 by reduction and
acetylation in 96% yield,* then 14 was C-glycosylated with
oxazolidinone 10% as a titanium enolate. This time, after
methanolysis, the yield of 15 was more consistent (60%),
and the control of the diastereosel ectivity was still excellent
as only one product was observed by NMR (Scheme 4).

Scheme 4. Second Synthetic Approach
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Once all the stereogenic centers in fragment 1 were
installed, the vinyl stannane functionality could be inserted
from compound 15. A selective cleaveage of the primary
TBS ether of 15 with HFpyridine in the THF/pyridine
mixture was performed to furnish alcohol 16 in 90% yield.
The oxidation of acohol 16 in aldehyde 17 was accomplished
with catalytic TEMPO and trichloroisocyanuric acid as the
co-oxidant.” The crude aldehyde was then directly converted
to akyne 18 (64% in two steps) with Bestmann—Ohira
reagent 19 and K,CO; in MeOH at 0 °C.*® To complete the
synthesis, vinyl stannane 1 was prepared by using a regi-
oselective hydrostannation by using molybdenum complex
Mo(CO)5(CNtBu)s* in THF at 55 °C. Due to the extreme
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Scheme 5. Synthesis of C(1)—C(9) Fragment 1
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steric hindrance of all TBS groups in compound 18, the
regiosel ective hydrostannation proceeded slowly in 48 h.%°
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We obtain 1,1-disubstituted olefin 1 as the major product
(70% yield) and (E)-disubstituted olefin 1’ as the minor
product (16% yield) (1/1” = 80:20). We were pleased to see
that these two isomers were separable by chromatography
on silica gel to afford pure fragment 1 (Scheme 5).

In conclusion, after acompromised first approach, we were
able to efficiently synthesize fragment 1 of amphidinolides
C, C2, and Fin 9 steps (16% overall yield) from well-known
or commercially available materials. We utilized as key steps
a diastereosel ective vinylogous M ukaiyama a dolization with
a silyloxyfuran derivative and a diastereosel ective C-glyco-
sylation to construct the whole carbon skeleton. Our work
seems to present the shortest and the more functionalized
synthesis of the C(1)—C(9) fragment known thus far.
Furthermore, our synthetic strategy should alow usto easily
prepare multigram-scale of fragment 1 as most of the reagents
utilized are relatively inexpensive or were used in a catalytic
amount. This detail is important to bring up material and
ongoing efforts to complete total syntheses of amphidinolides
C, C2, and F. Further studies on the total synthesis of these
amphidinolides are underway.

Supporting Information Available: Experimental pro-
cedures and full spectroscopic data for all new compounds.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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