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ABSTRACT

It is demonstrated that alkene radical cations generated by the radical ionic fragmentation of â-(phosphatoxy)alkyl radicals undergo efficient
nucleophilic capture by amines in either the 6-exo or 6-endo modes, leading to six-membered nitrogen heterocycles. Suitable placement of an
alkene enables the juxtaposition of a radical cyclization resulting in the formation of both the indolizidine and 1-azabicyclo[3.2.1]octane skeleta.

â-(Phosphatoxy)alkyl radicals,1,2 generated from a variety
of sources, provide, by rapid radical-ionic fragmentation,3 a
convenient source of alkene radical cations under nonoxi-
dizing conditions.4 To date we have demonstrated how alkene
radical cations obtained in this manner may be trapped inter-
and intramolecularly by alcohols and amines leading to the
formation of carbon-oxygen and carbon-nitrogen bonds.5-8

The use of allyl alcohols and amines as nucleophiles permits
synthetically useful radical/polar crossover sequences in
which nucelophilic attack on the radical cation is followed

by radical cyclization,7,8 as exemplified by our entry into
the pyrrolizidine nucleus.8,9 In the more useful intramolecular
sequences we have so far limited ourselves to 5-exoprocesses
at the level of both the nucleophilic attack and the subsequent
radical cyclization. Here, we describe the extension of the
method to the formation of six-membered rings and, ad-
ditionally, show how even highly stabilizedâ-(phosphatoxy)-
alkyl radicals may be induced to undergo the radical ionic
fragmentation given the appropriate reaction conditions.

As in the earlier 5-exo/5-exosynthesis of the pyrrolizidine
nucleus,8 a number of factors combined to focus our attention
on the nitro group as the optimal radical precursor. First,
â-nitro alcohols, the immediate precursors to the phosphates,
are very readily assembled by the Henry reaction. Second,
the strongly electron-withdrawing nitro group effectively
prevents any detrimental solvolysis of the phosphate esters.
Third, tertiary nitroalkanes are convenient precursors to free
radicals in stannane-mediated systems.10 Scheme 1 sets out
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the synthesis of a substrate for a 6-exo/5-exo tandem
nucleophilic/radical cyclization protocol whereas the cy-
clization itself is shown in Scheme 2.

Aside from the successful high-yielding nature of the
tandem cyclization (Scheme 2), and the associated increase
in molecular complexity typically seen in sequenced reac-
tions, this approach to the indolizidine nucleus is noteworthy
for the rapid assembly of the very simple acyclic radical
cation precursor6 from three readily available components:
δ-valerolactone, allylamine, and 2-nitropropane.

Having demonstrated the feasibility of the 6-exonucleo-
philic trapping of the alkene radical cations, we turned our
attention to the 6-endomode and the concomitant need to
suppress the competing 5-exocyclization. We reasoned that
this might best be addressed through the use of steric
hindrance and so constructed the simple probe17as outlined
in Scheme 3. Again we stress the very straightforward
chemistry used to assemble this substrate and the availability
of the three key building blocks: angelicalactone, benzy-
lamine, and formaldehyde.

Treatment of17 in benzene at reflux with tributyltin
hydride and AIBN provided the knownN-benzylpiperidine
19 in 90% yield (Scheme 4). There was no evidence for the
formation of the known isomeric pyrrolizidine20 in this
reaction. The 5-exo cyclization mode may therefore be
readily suppressed in favor of the 6-endo-mode through the

introduction of a substituent at the proximal position of the
alkene radical cation.

Cyclization of 18 under the same conditions resulted in
the formation of the 1-azabicyclo[3.2.1]octane22 in 78%
yield along with 17% of21 (Scheme 5). The bicyclic product

22 was isolated as an inseparable mixture of two stereoiso-
mers in the ratio of 2:1. It is noteworthy in this tandem
process that it is the radical cyclization11 which is responsible
for slight reduction in yield with respect to the prototype of
Scheme 4, and not the radical ionic fragmentation and 6-endo
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Scheme 1. Preparation of Indolizidine Precursor6

Scheme 2. Formation of Indolizidines by a Tandem
Nucleophilic 6-Exo/Radical 5-Exo Cyclization Protocol

Scheme 3. Preparation of Precursors for 6-EndoRing
Closures

Scheme 4. Formation of a Piperidine by a Nucleophilic
6-EndoCyclization of an Alkene Radical Cation

Scheme 5. Formation of the 1-Aza[3.2.1]bicyclooctane
Nucleus by a Tandem Nucleophilic 6-Endo/Radical 5-Exo

Cyclization
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cyclization. The 1-azabicyclo[3.2.1]octane skeleton consti-
tutes the nucleus of the 5,11-methanomorphanthridine (mon-
tanine) class of theAmaryllidaceaealkaloids12 and of the
novel Lycopodium alkaloid lyconadin A.13 Moreover,
1-azabicyclo[3.2.1]octane derivatives have been found to be
potent muscarinic agonists with antipsycotic-like activity14

and to be dopamine transporter inhibitors.15,16 The basic
tandem cyclization set out in Scheme 5 therefore provides a
novel entry into a valuable class of molecules and has the
potential to provide access to new substitution patterns for
medicinal chemistry research.

Finally, the limits of the radical ionic fragmentation were
pushed through the synthesis (Scheme 6) and cyclization

(Scheme 7) of a probe for the formation of tetrahydropyrans
via 6-endo-cyclization of an alcohol onto a proximally
substituted alkene radical cation. In this example the proximal
substituent driving the regioselectivity of the cyclization is
the phenyl ring which also provides a severe test for the
radical ionic fragmentation. In effect, the radical formed on
homolytic removal of the nitro group from27 is a relatively
stable tertiary benzylic one and the C-O bond to be
heterolyzed a primary one. This cleavage is therefore the
most uphill of all the radical ionic fragmentations that we
have examined to date.

In the event attempted cyclization in benzene at reflux
failed and resulted only in the formation of29, thereby
emphasizing the difficulty inherent in this particular frag-
mentation. However, when the reaction was conducted in a
mixture of benzene and acetonitrile at reflux the tetrahydro-
pyran28was obtained in a yield of 30%. Given the difficulty
of the fragmentation in this case, this result bodes well for
the further development of the general methodology.
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Scheme 7. 6-Endo-Mode Cyclization Illustrating a Relatively
Unfavorable Radical Ionic Fragmentation

Scheme 6. Preparation of the Tetrahydropyran Precursor27
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