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The importance of nitrogen heterocycles, especially pyrrolidine
and piperidine types, as subunits of bioactive molecules stimulates
the development of new synthetic methods.1 Our recent success
in a ruthenium-catalyzed cycloetherification2 induced us to
question whether such a catalytic system could be extended to
nitrogen nucleophiles to create an analogous process as outlined
in eq 1. Unfortunately, previous work in our laboratories suggested

that basic amines served as catalyst poisons in many of our
ruthenium-catalyzed reactions.3 Furthermore, the fact that nitrogen
nucleophiles are normally good Michael-type donors in contrast
to alcohols raises the question of the direct addition of the nitrogen
nucleophile to the vinyl ketone. Nevertheless, the importance of
the target stimulated us to investigate whether some class of
nitrogen nucleophile might serve in a ruthenium-catalyzed pyr-
rolidine or piperidine synthesis.4,5

Initially, we examined the use of various amide and sulfona-
mide nucleophiles (eq 1, e.g. NuH) NHTs, NHBoc) to form
cyclic nitrogen compounds.6 However, under a variety of condi-
tions, only 1,3-dienes were formed in analogy to our earlier work.7

Despite our misgivings, we turned to simple amines. Since
â-hydrogen elimination competes with heterocycle formation,
according to our working hypothesis, the faster rate of formation
of a five-membered ring led to exploration initially of a pyrrolidine
synthesis. Surprisingly, we found that the use of secondary amines
under our conditions for cycloetherification (1.5 equiv of methyl
vinyl ketone (MVK), 10 mol %1,8 15 mol % CeCl3‚7H2O, DMF,

60 °C) led to the desired cyclic amine albeit in low yield. We
therefore examined the optimization of the reaction shown in eq
2 as summarized in Table 1, using allene2 and 1.5 equiv of MVK.

Using our standard conditions for cyclic ether formation (entry
1), a 21% yield of pyrrolidine39 was obtained. Concerned that
coordination (during workup) of3 to both the ruthenium and
cerium led to lower isolated yields, we worked up the reaction
by adding pyrrolidine (1 equiv relative to allene). This led to a
near doubling in yield (entry 2). We next examined a variety of
Lewis acids (entries 3-5). From the Table, we see that the use
of stronger Lewis acids leads to much higher yields, that is, Ti
versus Sn versus Ce.10 We therefore settled on the use of 15 mol
% TiCl4 as the cocatalyst of choice for pyrrolidine formation.
Entries 6 and 7 show the necessity of the cocatalyst and catalyst,
respectively. Use of no-cocatalyst (entry 6) led only to recovered
starting material. The mandatory use of a cocatalyst is in contrast
to our work with an alcohol nucleophile, where the cocatalyst
led to only a moderate increase in yield. In the absence of the
ruthenium catalyst (entry 7) none of the coupled product was
formed. Only small amounts of products arising from Michael-
type addition of the amine to the enone were obtained.

The competition betweenâ-hydrogen elimination and cycliza-
tion in our working hypothesis suggested that increasing the ring
size was not a trivial extrapolation. Indeed, analogous formation
of piperidines as outlined in eq 3 under the optimized conditions

for pyrrolidine formation gave only modest yields of5. We
therefore reexamined the conditions according to eq 3, with the
results summarized in Table 2. Changing the cocatalyst to CH3-
AlCl 2 led to an increase in yield, especially at shorter reaction
times (entries 2 and 3). Furthermore, lowering the reaction
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Table 1. Selected Optimization for Equation 2

entry cocatalyst
isolated

yield 3 (%) entry cocatalyst
isolated

yield 3 (%)

1 CeCl3‚7H2O 21 5a TiCl4 73
2a CeCl3‚7H2O 42 6a none 0
3a SnCl4‚5H2O 59 7a,b TiCl4 0c

4a CH3AlCl2 69

a Reaction worked up by the addition of pyrrolidine.b Run with no
catalyst.c Approximately 30% of the product resulting from Michael-
type addition to MVK was obtained.

Table 2. Selected Optimization for Equation 3

entry cocatalyst time (h) temp (°C) isolated yield5 (%)

1 TiCl4 2 60 34
2 CH3AlCl2 2 60 37
3 CH3AlCl2 1 60 39
4 CH3AlCl2 1 40 53
5 CH3AlCl2 1 rt 27
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temperature to 40°C gave another increase in yield (entry 4). At
room temperature, however, the reaction was sluggish and did
not go to completion (entry 5).

With the two sets of optimized conditions in hand, we examined
a range of substrates as shown in eq 4 and Table 3. As shown, a

range of pyrrolidines (entries 1-5) and piperidines (entries 6-10)
can be formed. In general, good yields are obtained for pyrrolidine
formation, and both benzyl (entries 1, 3, and 5) and PMB groups
(entries 2 and 4) can be tolerated on the nitrogen. Both 6,5-cis
(entries 3 and 4) and 5,5-cis (entry 5) ring systems can be formed.
A similar range of piperidines can be synthesized, including a
6,5-transbicyclic system (entry 10). In general, somewhat lower
yields were obtained with PMB groups (entries 6 and 8 vs entries
7 and 9), most likely due to the lower stability of such groups
toward strong Lewis acids.11 Indeed, some decomposition was
observed when resubmitting the piperidine from entry 6 to the
reaction conditions. This did not appear to be as much of an issue
with the pyrrolidines. Replacing MVK by other vinyl ketones is
illustrated by the successful use of phenyl vinyl ketone (entries
2, 3, 8, and 9). The products are readily characterized in the1H
NMR spectra by the absorptions for the terminal methylene unit
(∼δ 5) and the allylic methine next to nitrogen (∼δ 3).

Although definitive mechanistic data has not been obtained,
two pathways, as outlined in Scheme 1, appear reasonable. One
possibility is coordination of both the allene and the enone to

form ruthenacycle6,12 which could also exist as theπ-allyl species
8.13 Internal attack of the nitrogen would then lead to Ru enolate
9,14 which would be protonated to provide product. This pathway
generates support from the simple addition of allenes and vinyl
ketones. In addition, a cobalt-mediated process invokes a car-
bametalation-cyclization sequence involving nitrogen attack on
a π-allylcobalt intermediate.5b However, the compatibility of
secondary amines in this reaction in contrast to other ruthenium-
catalyzed processes, which involve ruthenacycles, and the absence
of any competition of Michael-type addition products to the vinyl
ketones leads us to question whether an alternative path may exist.
One possibility envisions initiation of the reaction by a ruthenium-
catalyzed azametalation6 of the allene to give7. The resultant
vinylruthenium species would then insert into the enone and
proceed in the same fashion. At this point, conclusive mechanistic
information to favor either pathway is absent.

In conclusion, substituted pyrrolidine and piperidines are
accessed in a catalytic, atom-economical fashion.15 The reaction
is distinguished from all of the previously developed ruthenium-
catalyzed reactions involving1 and related catalysts in its
compatibility with basic amines. Its obvious tolerance of other
functionalized groups, notably carbonyl groups, suggests a good
breadth of chemoselectivity. The juxtaposition of functionality
also allows for further elaboration by debenzylation and cycliza-
tion involving a reductive amination. Current work is examining
mechanistic issues as well as extending the range of nucleophiles.
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Table 3: Some Examples of Ruthenium-Catalyzed Pyrrolidine and
Piperidine Formationa

a All denoted stereochemistry is relative.b Method A: 10 mol %1,
15 mol % TiCl4, 60 °C, 2 h, workup with pyrrolidine.c Method B: 10
mol % 1, 15 mol % CH3AlCl2, 40 °C, 1 h, workup with pyrrolidine.

Scheme 1.Mechanistic Possibilities
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