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Carbocyclic Ring Construction via an Intramolecular
Diels-Alder Reaction of anin Situ-Generated,
Heteroatom-Stabilized Allyl Cation: Total Synthesis
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Since the first total synthesis of-j-lycopodine () in 1968

1 has served as an extremely useful target in the development of

new regio- and stereochemically controlled synthetic procésses.
Our particular interest il stems, in part, from our recently
described protocol for the construction of carbocyclic systems

via intramolecular ionic DielsAlder reactions of in situ-generated
heteroatom-stabilized allyl cations (&) in polar media (eq 13.
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a(a) 1.0 equiv of TBDPSCI, 2.0 equiv of imidazole, &, 0 °C —
room temperature (13 h); (b) 1.2 equiv of LDA, THF78°C; 1.0 equiv
of ICH,CH,CH,OTMS, HMPA, =78 °C — —20°C (12 h); (c) 5.0 mol
% K,CO;3, MeOH, 0°C, 1 h; (d) 1.2 equiv of-BuOMgBr, THF, 20 min;
1.2 equiv of ADDP, THF,—78 °C — room temperature (6 h); (e) 1.1
equiv of9, THF, 0°C — room temperature (5.5 h); 4.0 N aqueous NaOH,
4 h.
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led directly to alcohob, which upon oxidatiohprovided aldehyde
7. Condensation of with Pearson’s allylboran@ (generated in

situ from 1-phenylthio-1-trimethylsilyl allene and 9-borabicyclo-
[3.3.1]nonané&)gave rise to the correspondifighoron oxysilane,
which upon exposure to 4.0 N sodium hydroxide provided the
E-dienes8.

With vinylogous este8 in hand, the lithio reageh(3.5 equiv),
prepared from 3-bromo-tert-butyldimethylsilyloxypropane, was
added to a solution o8 in tetrahydrofuran cooled te-78 °C

The usefulness of such a cycloaddition reaction in the eIaborationgiVing rise to an 80% yield of0. Exposure (1 h) oflOto 10
of highly structured carbocyclic systems raised the question Mol % trifluoroacetic aC|od in 2.0 M LICIQ-EO provided
whether this particular methodology could be extended to generatetricyclic enol etherl1in 66% yield. Cleavage (1.0 N HCI, THF,

quaternary carbon atoms by incorporating substituents af the
carbon atom of an allyl cation (cB). We detail below a total
synthesis of £)-lycopodine which features the following: (1) a
[4 + 2] cycloaddition of a heteroatom-stabilized allyl cation
leading to the formation of a tricyclic ketone possessing not only
the quaternary carbon atombbut all the necessary carbon atoms
needed for elaboration df (2) radical cyclization leading to the
exclusive formation of the correct stereocenter at C(15), and (3)
a Stieglitz rearrangement to establish the bridgehead nitrogen.
The required vinylogous est8r needed for the preparation of
10 and its subsequent conversion into tricyclic ketdrge was
synthesized as outlined in Scheme 1 commencing with the known
vinylogous esteb.* Protection of the hydroxymethyl group
followed by alkylation and cleavage of the trimethylsilyl ether
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9 h) of the enol ether followed by equilibration {&0;, MeOH,
16 h) gave rise td2, as the sole product, in 87% yieldNote
that in the cycloaddition process the formationldf from the
E-diene 10 proceeds exclusively via an exo transition sfate.
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(7) Prepared by treatment of 3-bromdekt-butyldimethylsilyloxypropane
[Kuo, D. L.; Money, T.Can. J. Chem1988 66, 1794] with 3.0 equiv of
lithium p, p-di-tert-butylbiphenylide [Cohen, T.; Doubleday, M. D. Org.
Chem 199Q 55, 4784] in tetrahydrofuran at78 °C.

(8) Exclusive formation ofl2 after equilibration is not surprising since
MMX calculations indicatel2 is more stable than the corresponding C(4)
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alkoxypropyl group, complex mixtures were obtained during the cycloaddition
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With the stereochemistry at C(4), C(12), and C(13) secure (cf. HgCl,, 3.0 equiv of TMSCI, 3.0 equiv of 0, CH;CN, 2 h) gave
12), efforts were directed at elaboration of the remaining rise (70% overall) to crystalline tetracyclic ketoh&'4 mp 139-
stereocenter at C(15). Toward this eri® was transformed 140°C.
[0-O:N-CgHsSeCN, ByP, THF, 13 h; 30% kD, THF, room
temperature]? in straightforward fashion, into olefih3in 60%

The availability of 18 set the stage for sequential oxime
formation followed by Beckmann rearrangement. Exposure of

overall yield. Deprotection (TBAF, THF) of thert-butyldiphe- 18 to 2.0 equiv of hydroxylamine hydrochloride in ethanol
nylsilyl ‘ether provided the corresponding alcohol, which was €0ntaining 5.0 equiv of sodium acetate provided a quantitative
transformed (MsCl, BN, CH,Cl,, 0°C; Nal, acetone, reflux) in  Yield of a 1.6:1 mixture of oximes which could be readily
809% yield into iodideL4, mp 106-107°C. Subjection of iodide  SeParated on silica g&. Upon treatment of the majamti-oxime,

14 to radical cyclization conditions (2.3 equiv oFBusSnH, mp 157-158 °C, with thionyl ochlorlde n dloxane (1(2C’ 40
AIBN, benzene, reflud} gave rise (65%) tdl5 as the major min) lactam19, mp 215-216 °C, was isolated in 65% yield.
product. The C(15) epimeric compound could not be deteéted. Rgduchon [12.0 equiv of REd'Al’ benzene, room temperature (30
The exclusive formation of the correct stereoisomer at C(15) Min)— reflux (3.5 h)] of19 provided (80%) the secondary amine

undoubtedly arises from the lowest energy transition st&te

n-BusSnH / AIBN

benzene / reflux

65%
14 . 20, mp 207-208 °C, which, in a one-pot operation, was
PhS chlorinated and oxidized [1.1 equiv of NCS, &, 0 °C (30
H min) — room temperature (30 min); 1.5 equiv of TPAP30
160 min], giving rise to21, 80.5-81.5 °C, in 50% overall yield.

. oo . ) . Subjection of théN-chloro amine21to a Stieglitz rearrangemeént
With the availability of tetracyclic ketong5, it remained only (AgBF,, benzene, 3.5 h) and subsequent reduction (NaGiNBH
to introduce a nitrogen atom into the all carbon backbon&5of MeOH)' provided lﬂ:)-lycopodine L, mp 130-131°C (lit.1a mb
Reduction (5.0 equiv of of LKBUOXAIH, THF, 12 h, 0°C — 130-131°C)] in 46% yield. Synthetic racemic lycopodine was
room temperature) df5 provided (90%) alcohdl 7, which upon identical (IR,'H NMR, *C NMR, and MS) in all respects with

acetylation (AgO, DMAP, CHCl, 19 h) and subsequent hy- 5 sample of synthetic lycopodine kindly supplied by Professor
drolysis of the thioenol ether (3.0 equiv of Nal, 2.0 equiv of Heath(l:Jock. y yeop y supp y
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thati possesses the undesired stereochemistry adjacent to the carbonyl.  preliminary experiments and extensive discussions. We thank Scott May
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Supporting Information Available: Spectral data (IR'H NMR, 13C
NMR, MS) for compounds$—8, 12—14, and 17—-21 (6 pages, print/
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