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Radical cyclization reactions have become part of the repertoire
of the synthetic organic chemist, even for the synthesis of
nitrogen-containing heterocycles such as alkaloids.1,2 As for five-
membered ring formation, however, the strategic flexibility of
the systems reported thus far is still insufficient, since useful
strategies are limited to straightforward extensions of the 5-hex-
enyl radical cyclization in which a carbon atom at the 2, 3, or 4
position is replaced by a nitrogen atom (type 1, Scheme 1). In
pursuit of alternate radical cyclization methodologies for the
synthesis of nitrogen heterocycles, radical cyclizations onto N-C
double bonds have been examined by Takano,3 Warkentin,4

Bowman,5 and their co-workers (type 2, Scheme 1).6 Unfortu-

nately, this type of alkyl radical cyclization is often plagued by
poor selectivities giving mixtures of nitrogen-containing hetero-
cycles via 5-exo and 6-endo cyclizations. This suggests that the
rates of both modes of cyclization are too close to be controlled,
limiting the synthetic utility of this otherwise unique strategy.
It occurred to us that the introduction of apolar component

into radical cyclization chemistry would create new selective
cyclization systems. The use of an acyl radical which isδ+/δ-
polarized should increase the selectivity by matching with the
δ-/δ+ character of the N-C acceptor double bond.7 This would
create an “N-philic” acyl radical cyclization (eq 1). With this

working hypothesis in mind, we examined the 5-exo/6-endo
cyclization of acyl radicals onto imine N-C bonds and found
that indeed thecyclization proceeds with complete selectiVity for
the nitrogen-philic mode (5-exo). We report herein a novel
synthesis of 2-pyrrolidinones using a 4+ 1 type carbonylation/
annulation method in which polarity is a key factor in controlling
the selectivity of the radical cyclization.
The reaction of 3-bromopropylimine1awith carbon monoxide

was carried out in the presence of tributyltin hydride and a
catalytic amount of AIBN (2,2′-azobisisobutyronitrile) using an
autoclave equipped with a glass liner. Under the conditions
shown in eq 2, the desired 2-pyrrolidinone2a was obtained in
81% yield after isolation by flash chromatography on silica gel.8

Acyl radical cyclization took place at the nitrogen atom selec-
tively. None of the corresponding six-membered ring product
resulting from “carbon-attack” was observed.
As shown in Table 1, this 2-pyrrolidinone synthesis by a 4+

1 annulation method is quite general and the yields are good to
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high. In every case, only one carbonylation product was observed
and neither the six-membered product9 nor the uncyclized
carbonylation/reduction product (aldehyde) was formed. The
absence of aldehydes suggests that the presentN-philic acyl
radical/imine cyclization should be very rapid. Both aldimines
and ketimines can be used for this reaction, but the benzaldehyde
imine cyclization is complicated by the formation of the homo-
coupling dimers at the benzylic position, which causes chain
cleavage (run 4).10 This is presumably due to the very slow
hydrogen abstraction of the cyclizedR-amido benzyl radical,
which is expected to be very stable. On the other hand, systems
containing aryl radicals do not tolerate aldiminyl C-H bonds
because of an undesirable radical translocation,11 but the use of
a ketimine-type substrate gives an excellent yield of 3,4-benzo-

2-pyrrolidinone (run 6). The aminoalkyl radical resulting from
N-philic cyclization can be designed such that it will participate
in a second cyclization or an intermolecular C-C bond forming
reaction (runs 10, 11). TheN-philic acyl radical cyclization can
be extended to the synthesis of 2-piperidinone by a 5+ 1 type
annulation method, and eq 3 demonstrates such an example.

The origin of the unusual selectivity of the acyl radical
cyclization, contrasted with that of the corresponding alkyl radical
cyclizations,5 brings up intriguing mechanistic issues. It is well-
known that acyl radicals are considered to be nucleophilic in the
context of additions to C-C double bonds having electron-
withdrawing groups.12 In this regard, the present results seem to
be contradictory, since the only products observed come from
attack of the acyl radical at the nucleophilic nitrogen of the N-C
double bond. One rationale for this may be that the carbon-philic
attack (6-endo) is the kinetic process and it is followed by
subsequent isomerization to the thermodynamically more favor-
able R-amido radical (5-exo).13 However, the reaction of1f
performed at a high tin hydride concentration (0.1 M) gave only
the product of 5-exo cyclization (2f), together with a comparable
amount of the uncyclized reduction product, suggesting that the
5-exo radical might be kinetically formed. A possible explanation
for the selectiveN-philic cyclization may involve nucleophilic
attack of nitrogen on the carbonyl group, which would give the
5-exo radical via a resonance organization. The role of nitrogen
lone pair on the selectivity should be evaluated properly, and we
are now addressing the mechanistic issues surrounding this new
type of cyclization.
In summary, we have demonstrated the first intramolecular

addition of acyl radicals onto N-C double bonds which occurs
with complete selectivity forN-philic cyclization. The products
of this cyclization, 2-pyrrolidinones, are capable of further
transformations, and this new reaction provides a basis for the
synthesis of five-membered nitrogen-containing heterocycles with
incorporation of carbon monoxide in the heterocyclic rings. We
believe that “polarity governed” radical reactions such as that
reported in this study will be a key feature in the design of
selective radical cyclization systems.
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Table 1. Synthesis of 2-Pyrrolidinones by 4+ 1 Type
Carbonylation/Annulationa

aReaction conditions: For runs 1-5, 10, and 11, [RX]) 0.015-
0.020 M, AIBN, CO (78-90 atm), Bu3SnH, C6H6, 80 °C, 2-3 h; for
runs 6-9, [RX] ) 0.017-0.022 M, V-40 (1,1′-azobis(cyclohexane-1-
carbonitrile)), CO (70-90 atm), Bu3SnH, C6H6, 110 °C, 3-5 h.
b Isolated yields by flash chromatography on silica gel.c By NMR.
dObtained as a 53:47 mixture of diastereomers (by GC).
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