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The requisite three-carbon unit necessary for elaboration of the
final ring is conveniently introduced by treating 2 with § equiv
of 3-iodopropanol in refluxing acetone in the presence of potassium
carbonate and sodium bicarbonate; alcohol 9 (mp 140-140.5 °C)
is obtained in 72% yield. In our lycopodine synthesis,’ we were
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able to form ring D from an analogous hydroxy ketone (10) by
Rapoport’s modification of the Oppenauer oxidation.! However,
treatment of 9 with potassium terr-butoxide and benzophenone
in refluxing toluene gives only a trace of enone 1; the major product
is the dealkylated amino ketone 2. Thus in this case, the inter-
mediate keto aldehyde 11 suffers retro-Michael reaction faster
than it undergoes intramolecular aldol condensation. The culprit
appears to be the hydroxy group, which is known to be strongly
hydrogen bonded to the nitrogen in compound 1 itself.*® Ap-
parently, this hydrogen bond reduces the basicity of the leaving
amide ion sufficiently so that elimination becomes the dominant
reaction. Various attempts to convert the offending alcohol into
an ether or ester were unsuccessful. However, a simple modifi-
cation of Rapoport’s method neatly solves the problem. If the
Oppenauer oxidation is carried out by using potassium hydride,
rather than potassium tert-butoxide, the tertiary hydroxy is de-
protonated throughout the reaction. Under these conditions
(£)-dehydrolycodoline (12, mp 155-157 °C dec) is produced in
45% yield. The synthesis of (£)-lycodoline (1, mp 192-194 °C
dec) is completed by hydrogenation of 12 using Adam’s catalyst
in ethanol. The synthetic material, obtained in 78% yield, is
identical by infrared and 250-MHz 'H NMR with the natural
alkaloid.
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Over a decade ago Nugteren, Vonkeman, and Van Dorp!
demonstrated that small amounts of racemic prostaglandins are
formed during the autoxidation of triunsaturated fatty acids,
presumably by a sequence analogousto1 -2 —3—5—6
(Scheme I). While more recent work further supports the
generality of such nonenzymatic conversions,?” little attention has
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R=(CH,),CO,CH,

been given to the stereochemical aspects of this transformation.
Generally, the low yields of natural prostaglandins or their close
structural analogues have been regarded by previous investigators
as evidence for the stereorandom nature of these autoxidations.
The recent discovery* that ring closure of 3,y-unsaturated peroxy
radicals (2 — 3) highly favors cis-dioxolane formation (as is
required for further conversion to prostaglandins) led us to in-
vestigate in detail the stereochemical features of the later events
in bicyclic endoperoxide formation (3 — 5 — 6). We now report
the isolation and stereochemical characterization of such bicyclic
peroxides from autoxidized methyl 13-hydroperoxy-cis-9,trans-
11,cis-15-octadecatrienoate (1), indicating stereoselection is op-
erative in these steps as well. In particular, formation of endo-
peroxides possessing the natural prostaglandin ring stereochemistry
appears to be highly disfavored.

The hydroperoxide 1 was prepared in 70% yield (after chro-
matography) by the lipoxygenase-catalyzed oxidation of a-linolenic
acid® and subsequent esterification of the product with diazo-
methane, following a procedure of Porter.5 A solution of 1 (1.05
g) in 15 mL of carbon tetrachloride was then saturated with
oxygen and was allowed to stand at room temperature for 10 days,
during which time it was periodically resaturated with oxygen.
Medium-pressure liquid chromatography (silica gel, 70:30 (v/v)
hexane-ethyl acetate) of the reaction product gave 182 mg of
recovered 1 (Rf0.76),7 200 mg of a second fraction (R, 0.55-0.60)
consisting of two monocyclic peroxides (4),% 218 mg of a third
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fraction of bicyclo endoperoxides (R,0.25-0.37), and 328 mg of
more polar components.” Two subfractions of the R,0.25-0.37
fraction were obtained as pure compounds and were shown by
further analysis to be isomers of structure 6, with R/’s of 0.37 (6a)
and 0.34 (6b). Each showed a single peak on analytical high-
pressure liquid chromatography (LC) u-Porasil, 75:25 (v/v)
hexane—ethyl acetate) with capacity factors of 1.1 and 1.4 for 6a
and 6b, respectively.

'H and BC NMR spectroscopic analyses!%!! confirm the
structure assignments shown in Scheme I. Thus, proton decoupling
experiments established that the hydroperoxy group in each isomer
is attached to C-9. The & 35-50 region of the 13C spectra shows
a unique set of three peaks for each isomer (48.7, 48.1, and 39.3
for 6a; 46.0, 45.4, and 44.1 for 6b). These peaks are due to carbons
12, 14, and 16 and reflect differences in ring stereochemistry.
Although each isomer is spectroscopically unique, it is difficult
to assign the specific stereochemistry of either on the basis of
NMR spectral analysis, because no model compounds for com-
parison exist. Stereochemical assignments, however, could be
made with the corresponding triols for which there are several
appropriate models available.

Reduction of 6a and 6b with stannous chloride!? gave triols
which were shown to have structures 7a and 7b, respectively. Mass
spectral analysis!® of their trimethylsilyl derivatives revealed the
expected fragmentation patterns®®!4 and gave the correct exact
masses for selected large fragments of the assigned structures.
'H and 1®C NMR spectral analysis of 7a and 7b and their acetate
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derivatives allowed the assignment of ring stereochemistry. In
the 13C spectra the exocyclic methylene carbons (C-17) differ
significantly in chemical shift (22.1 for 7a vs. 19.3 for 7b); the
C-11 carbons show similar differences (128.7 for 7a vs. 128.0 for
7b). By analogy with the results of Mizsak and Slomp!® in a study
of isomeric prostaglandins, we conclude that in each case the
higher field absorbance indicates a cis relationship and the lower
field absorbance a trans relationship between that carbon and the
ring hydroxyls. De Clerq and Samson!” have also established an
easy method of ring configuration assignment based on high-field
'H NMR studies of acetate derivatives. For each of the four
possible ring isomers, there is a unique combination of J;,;¢ and
the chemical shifts of H-148 and H-13 (H-15). We found 'H
NMR data for the triacetate of 7a to be 4.89 ppm (H-13 and
H-15), 2.70 ppm (H-148), J12,6 = 6.8 Hz and for the triacetate
of 7b to be 5.02 ppm (H-13), 2.62 ppm (H-148), J12,6 = 6.6 Hz.
These data show that 7a has both alkyl substituents on the ring
trans to the hydroxyls and 7b has the alkyl substituents and
hydroxyls cis. On the basis of these assignments the structures
of the bicyclo endoperoxides must therefore be both substituents
exo for 6a and both substituents endo for 6b.

The bicyclo endoperoxide fraction (R 0.25-0.37) contains
additional components that appear to be other isomers of 6, but
the ring stereochemistries of 6a and 6b account for a large per-
centage of the total fraction. Our data indicate that 6a and 6b
actually are each single diastereoisomers whose C-9 epimers are
chromatographically separated from them. They appear on
high-pressure LC to comprise about half of the total bicyclo
endoperoxide fraction; however, the combination of 6a and 6b and
their C-9 epimers constitute >75% of the total.!®

The selectivities shown in this reaction are quite remarkable:
the dioxolane ring formation (2 — 3) gives exclusively cis sub-
stitution; the oxygenation of intermediate 5 occurs predominantly
at C-9; perhaps most noteworthy, the ring closure (3 — 5) pri-
marily forms bicyclo endoperoxides with cis substituents. This
last feature departs radically from enzyme-mediated endoperoxide
formation in that the natural prostaglandin stereochemistry is
disfavored.
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Resonances from carbons bonded to nitrogen are often
broadened and split into asymmetric doublets in 1*C NMR spectra
of polycrystalline organic molecules obtained with proton de-
coupling and magic-angle sample spinning.!® The influence of
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