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ABSTRACT

An enantioselective Diels —Alder reaction catalyzed by an Evans’ copper ~ —his(oxazoline) complex was utilized to construct a highly functionalized
spirolactam, a key intermediate in our projected total synthesis of the marine toxin, gymnodimine. Additional transformations, including a mild
N-tosyl group deprotection, afforded a keto spirocyclic imine moiety, the proposed pharmacophore of gymnodimine. Thus, the prepared
ketone is a potentially useful intermediate for conjugation to provide an immunogen for eventual monitoring of gymnodimine and congeners.

In 1994, oysters from Foveaux Strait, South Island, New
Zealand, were found to be toxic and led to the isolation and
structural elucidation of a novel marine toxin; )gym- Me

nodimine (1) (Figure 1).Subsequently, Blunt, Munro, and Meﬁ“
o

co-workers established the absolute stereochemistry of gym-
nodimine by X-ray crystallographic analysis of ifs
bromobenzamide derivativeMore recently, two new ana-
logues, gymnodimine B and C, have been repotted.
Gymnodimine and analogues exhibit unusual structural 0
features, including a spirocyclic imine ring system and a
trisubstituted tetrahydrofuran embedded within a 16-mem-
bered ma.crocycl'e. The.prejsence of the spir'ocycl?c imine 4a: R = Cbz (B and (2)-5
places this marine toxin in the same family with the 4b:R=Ts

spirolides? the pinnatoxing,and prorocentrolidé The toxic- Sa:R=Cbz

ity of the spirolides has been attributed to the imine Figure 1. Retrosynthetic analysis of gymnodimine.
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has not been elucidated as the only activity reported for thethe spirocyclic imine precursoB, and finally macro-

spirolides is weak activation of type L calcium channels (at
1.7 mM), and this activity does not correlate with the potent
toxicity of these compounds. The potential for human
consumption of shellfish contaminated with toxic concentra-
tions of gymnodimine is prompting efforts to develop assays
to monitor gymnodimine and congenérghis is even more

cyclization to provide the core framework of gymno-
dimine (Figure 1). Building on our success in the racemic
series, we envisioned an asymmetric version of the Biels
Alder reaction betweem-methylene lactan® and diene

5 to provide optically active spirocyclic lactaBi?® There
are relatively few examples of catalytic, asymmetric Diels

pressing given the recent finding that gymnodimine persists Alder processes employed in natural product total synthe-

in shellfish for extended periods.

In addition to bioactivity, the intriguing structures of
gymnodimine (1Figure 1) and related natural products have
led to considerable attention from synthetic groups. An
elegant total synthesis of pinnatoxin reported by Kishi
employed an intramolecular Diet#\lder reaction to install
the gquaternary carbon of the spirocyclic core structlis.

recent extension of this strategy by the same group employ-

ing iminium dienophiles toward gymnodimine was
recently disclosedt Our initial studies demonstrated the
potential of an intermolecular DietsAlder process be-
tween ana-methylene lactandb and dienes to rapidly

sest’

Initial attempts to promote an enantioselective Diels—
Alder reaction with the previously employed dieng)-6
revealed a complete lack of reactivity with several chiral
catalysts. We reasoned that the lack of reactivity may be
due to the olefin geometAf,and thus pursued the synthesis
of diene E)-5. Synthesis of this diene commenced with
stannylcupratiot? of 2,4-hexadiynes, affording €)-vinyl
stannane7 as the major isomer (89%, 5:2 mixture of
regioisomers, Scheme 1). While radical and metal-catalyzed

assemble the spirocyclic moiety common to the gymnodi- _

mines (Figure 1). This [4- 2] cycloaddition was promoted
by ELAICI and proceeded in good yield and excellent
diastereoselectivit{?® Subsequently, Mur&i and Whité*
disclosed their routes to the spirocyclic center involving
Diels—Alder variants. Murai’s intermolecular, double-dias-
teroselective Diels—Alder process employed Ellman’s cop-
per bis(sulfinyl}-imidoamidine comple® on an ad-
vanced chiral intermediate and proceeded with high yield
and diastereoselectivify® In White’s approach, an inter-
molecular Diels-Alder reaction employing an optically
active diene was utilized to form the spirocyclic sys-
tem, albeit with low diastereoselectivit§? Brimble has also
described approaches to the spirocyclic imine of gymnodi-
minel® Herein, we report the asymmetric synthesis of the
spirocyclic moiety via an enantioselective Diels—Alder

Scheme 1. Synthesis of DieneH)-5
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hydrostannylations gave higher yields, the regioselectivity
was less satisfactod).Pd-catalyzed hydrostannylation gave
the undesired regioisomer as the sole product—Tithium
exchange of stannarefollowed by reaction with amid&

process and subsequent mild conversion to a model spiro-gaye the corresponding ketone. Subsequent enolization and

cyclic imine moiety of gymnodimine. This compound will

be studied as an immunogen for the development of an assay
to monitor the concentration of gymnodimine and congeners

in shellfish and coastal regions.

Our retrosynthesis relies on butenolide annulation onto the

spirocyclic intermediat8, coupling of tetrahydrofura@ with
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silylation gave diene (E)-5.

After surveying several chiral catalysts, we found that
Evans’ copper—bis(oxazoline) hexafluoroantimonate com-
plex (9¥* promoted the Diels—Alder reaction of lactada
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and diene (E)-%o afford spirolactanBa as a single dia-  of the alkyneé?* In fact, thes-cisconformation of diene (&5
stereomer in 85% yield (Scheme 2). The enantioselectivity is lower in energy thas-trans(Figure 2). As expected, the

Scheme 2. Enantioselective Diels—Alder Reaction Leading to
Spirolactam3A (25 (E)-5
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CHyClp, 25°C, 10 h n-BuLi . . . .
(85%, dr>19:1, 95% ee)  THF (00%) :ﬁgzﬁbz Figure 2. Calculated relative energies for dien&y-(and (E)-5.
el Loabr=Ts
i = s-transconformer of diene (E5 is more stable than thecis
TSHN o~ FH y . conformer but the latter conformer is accessible at room
LiBHa, THE oTesl = } temperature. Taken together, these data suggest that the
25°C (91%) // J #)-3b unreactivity of dieneZ)-5 in the asymmetric reaction is due
(S)-MTPA Ry \d to steric_ interactions with the catalydtgand complex
DC%E,Q;"“P:@ R =C(O)CPh(OMe)CFs proceeding through a more concerted process (vide infra)

and not inaccessibility of the reactigecis conformer.

of the process was determined initially Bjl NMR using
chiral shift reagentd and then independently verified by
Mosher ester analysis of a derived alcohol. Attempted
reduction of the Cbz-lactam led to partial deprotection of
the Cbz group demonstrating the congested nature of the
carbonyl carbon due to the-quaternary center. In related
studies, we found that addition ofBuLi led to exclusive

Chz deprotection (vide infra, Scheme 3). This allowed a
chemoselective deprotection and conversion toNFesyl

lactam. Reduction to alcoholl with LiBH, proceed
smoothly and this was converted to Mosher esgerAnalysis B
of the crude mixture by°F NMR indicated that the Diels
Alder reaction leading to spirolactai®a had proceeded
with high enantioselectivity (95% ee). The absolute stereo-

chemistry was established by anamolous dispersion via_. -
X tall hi | is of lactaBb (Sch > Figure 3. Favored (A) and unfavored (B) transition state arrange-
-fay crystallographic analaysis or lac (Scheme ments that rationalize the differential reactivity of dienes (E) and

inset). (2)-5in the Diels—Alder process.
The Diels—Alder reaction leading to spirolact@awith

both high diastereoselectivity and enantioselectivity has a
few features worthy of comment. An interesting observation ~ Another noteworthy feature is the high diastereoselectivity
is the complete unreactivity of diene (2)-5. In contrast, we resulting from arexo-selective reaction. This selectivity is
previously determined that both geometric isomers of diene not unusual for this type of conformationally restrictesd (

5 could be used to provide tteame diastereomen high cis), exocyclic alkene and has been attributed to favorable
yield using E3AICI as promotei22 These results suggest dipole cancellation in thexotransition staté? In the present
either different mechanisms for these Dielder reactions ~ enantioselective process, the preferenceekw selectivity
(~concerted vs completely stepwise) or the potential for is more pronounced due to interactions of the 2-siloxysub-
olefin isomerization with the stronger Lewis acich4SiCI23 stituent of diené with the chiral ligand in thendotransition

but not with the weakly Lewis acidic chiral catalyst. State (not shown, cf. Figure 3) as previously observed by
Calculations suggest that the energy difference betwes ~ Evans in reactions of 3-methyl-1-acetoxybuadietieghe

and s-trans conformers is not sufficient to rationalize the
unreactivity of diene (Zp due to the low steric requirement

(24) DFT calculations were performed using the Gaussian 03 program
package (B3LYP/6-31G* basis s¢tzpe). See the Supporting Information
for further details.
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to a~1:1 mixture of geometrical isomers within25 min under the Diels 3380. (b) Fotiadu, F.; Michel, F.; Buono, Getrahedron Lett1990, 31,
Alder reaction conditions with EAICI as determined by aliquot NMR. 4863.
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stereochemistry of adduc®a thus results from arexo sequence to convert B-tosyl group into a more labile
trajectory of the dieneH)-5 from the most accessible face N-trifluoroacetyl group. The sequence builds on related
opposite to theert-butyl substituent (sphere) of the catalyst- processes employed to cleave-® bond$® and applied by
dienophile complex (Figure 3A). The severe steric interaction us and othef8to cleaveN-benzyloxy andN-tosyl-5-lactams.

of diene g)-5 with the catalyst-ligand complex readily Treatment of tosylamin&4awith trifluoroacetic anhydride
explains its low reactivity in the enantioselective Diefdder in the presence of base led to the formation of a putative
reaction (Figure 3B). intermediateN-tosyl N-trifluoroacetyl amide, which was
subsequently reduced with samarium iodide to provide
trifluoroacetamidel4b. Cleavage of the trifluoroacetamide
with warm ammonium hydroxide led to cleavage of the
trifluoroacetyl group and concomitant cyclization to imine
15. The mildness of this deprotection method makes this an
attractive procedure for cleavage of prim&tosyl amides.
Desilylation of the silylenol ether under basic conditions
provided spirocyclic ketoimind6. The keto group present
in this spirocycle will enable linker attachment (e.g., oxime
or enamine formation) and allow coupling to a carrier protein
for antibody production.

In conclusion, we have completed an efficient synthesis
of the spirocyclic imine moiety of gymnodimine via a highly
diastereo- and enantioselective Diels—Alder reaction. Sub-
sequent selective monoalkylation of a derivw¢bsyl lactam
. ith an alkyllithium furnished a ketosulfonamide precursor

Scheme 3. Formation of the Spirocyclic Ketoimin6? to the cyclic imine. A mild deprotection, cyclization sequence
o was developed to convert the sulfonamide to the cyclic imine.
Desilylation provided a ketone readied for conjugation and
evaluation as a possible immunogen for development of an
immunoassay for gymnodimine and congeners. These studies

We previously described a one-pot Hua reaction to prepare
the cyclic imine found in gymnodimin&® Unfortunately,
this reaction could not be translated to the real system. We
ultimately found that direct addition of alkyllithiums to the
N-tosyl lactam3b proceeded smoothly to provide monoalkyl-
ated products if careful attention was given to reaction
temperaturé® Thus, treatment dil-tosyl lactam3b with (4-
methyl-3-pentenyl)lithium (1318Y in the presence of TME-
DA at —20 °C afforded the desired amino ketodda in
good yield (Scheme 3). It is worth noting that the combina-
tion of an activated lactam with a reactive lithium species
enabled this addition despite the proximity to a quaternary
carbon centet®

HN
13b, ELO/THE >~

TMEDA, 20 °C (63%) ///

(CF5CO),0, EtsN, THF, I:Ma; R=Ts and efforts toward the total synthesis will be the subject of
25 °C then Sml, (63%) 14b: R = CF3C(0) future reports.
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