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The catalytic addition of N-H groups to C-C multiple bonds
is of great interest in organic synthesis.1 For bis(cyclopenta-
dienyl)lanthanide centers,2-4 insertion of olefinic and acetylenic
functionalities into metal-ligand σ bonds is remarkably facile,
and recent advances in organolanthanide-mediated aminoalkene5

and aminoalkyne6 hydroamination/cyclization offer efficient
regioselective, stereoselective, and atom-economical routes to
numerous heterocyclic classes. However, efficient cyclization of
1,2-disubstituted aminoalkenes for constructing azacycles bearing
key substituents present in naturally occurring compounds has
proven elusive.7 To extend the scope of this methodology to
applications in alkaloid synthesis, we envisioned highly reactive8,9

and sterically less encumbered aminoallenes as attractive sub-
strates for constructing heterocycles bearing unsaturatedR-sub-
stituents.10 Thermodynamic considerations11,12 for unexplored allene-organolanthanide amide reactivity (Figure 1) predict that

insertion (step i) is∼29 kcal/mol more exothermic than that for
alkenes5 and∼6 kcal/mol less exothermic than that for alkynes,6

whereas subsequent protonolysis (step ii) is approximately ther-
moneutral.13 Prompted by these prospects, we report here the
rapid catalytic hydroamination/cyclization of aminoallenes medi-
ated by organolanthanides and initial observations on selectivity
and mechanism.
In principle, two regioisomeric products (A, C) are possible

from aminoallenes (eq 1). In initial studies, the anaerobic,

anhydrous reaction of Cp′2LnCH(TMS)2 (Cp′ ) η5-Me5C5; Ln
) La, Sm, Y, Lu; TMS) Me3Si) with dry, degassedmonosub-
stitutedaminoallenes1 and2 (eq 2) proceeds predominantly via
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Figure 1. Proposed catalytic cycle for organolanthanide-mediated
hydroamination/cyclization of aminoallenes.
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endocyclic pathwaya to afford mixtures of regioisomers4 and
5, regardless of precatalyst and/or reaction conditions. Homolo-
gous substrate3 gives exclusively 2-ethyl-3,4,5,6-tetrahydro-
pyridine,6. In marked contrast, the reaction of1,3-disubstituted
aminoallenes proceeds exclusively through pathwayb (eq 1).14a
Specifically,715 affords 2-(prop-1-enyl)pyrrolidine,11, whereas
8 undergoes cyclization to yield 2-(prop-1-enyl)piperidine,12,
in excellent combined yield and goodZ selectivity (Table 1,
entries 1 and 2).
The reaction of aminoallene9 possessing an amino-carbon

chiral center cleanly generatestrans-2-methyl-5-(pent-1-enyl)-
pyrrolidine, 13, as a∼1:1 ratio of Z/E stereoisomers in high
combined yield (entry 3). Hydrogenation of13 (PtO2) yields the
fully saturated 2,5-disubstituted pyrrolidine as a single compound
by GC/MS analysis.14b The proposed transition-state structures
in Figure 2a account well for this diastereoselection. On the other
hand, cyclization of10 affords cis-2-methyl-6-(prop-1-enyl)-
piperidine,14, in excellent yield as a 1:1Z/E stereoisomer mixture
(entry 4). The observedcisdiastereoselectivity can be rationalized
by considering chair-like transition-state models (Figure 2b). In
both cases, product stereochemistry (13, 2,5-trans; 14, 2,6-cis)
arising from the amine stereogenic center overcomes any sig-
nificant stereoinduction originating from the chiral allene moiety.
Kinetic studies of7 f 11 were also undertaken (40-70:1,

substrate:catalyst), and the data reveal linear dependence of
[substrate] on reaction time, consistent with zero-order dependence
of rate on [substrate] (turnover-limiting intramolecular allene
insertion). For organolanthanide-catalyzed aminoalkene5 and
aminoalkyne6ahydroamination/cyclizations, which obey the same
rate law, augmenting the Ln3+ ionic radius16 increases and

decreases turnover frequencies, respectively. Interestingly, the
results for transformation7 f 11 (Table 1) exhibitmaximum Nt
values at Y3+ (1.019 Å), on proceeding from the largest eight-
coordinate lanthanide ionic radius, La3+ (1.160 Å), to the smallest,
Lu3+ (0.977 Å).16

These results demonstrate that lanthanocenes are versatile
precatalysts for efficient insertion of allenes into metal-amide
bonds and that such processes can be incorporated into effective
catalytic cycles for constructing heterocycles having unsaturated
R-substituents. Application of this chemistry to alkaloid synthesis
is presently under investigation.
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(14) (a) Reactions are conveniently monitored by NMR. Product alkene
stereochemistry was assigned from alkene proton NMR coupling constants,
and the ratio of stereoisomers was by GC/MS (see the Supporting Information).
(b) Spectroscopic characterization and NOE difference experiments on the
fully saturated cyclic amine indicate relative substituent stereochemistry.

(15) Substrates7-10 are obtained as a 1:1 mixture of stereoisomers (see
Supporting Information).
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Table 1. Results for the Organolanthanide-Catalyzed
Hydroamination/Cyclization of Aminoallenesa

a All rates measured in benzene-d6. b Isolated yields.cDetermined
by 1H NMR spectroscopy and GC/MS.dCp′2YCH(SiMe3)2 as precata-
lyst. eCp′2SmCH(SiMe3)2 as precatalyst.f Cp′2LuCH(SiMe3)2 as pre-
catalyst.gCp′2LaCH(SiMe3)2 as precatalyst.
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Figure 2. Plausible stereochemical pathways for organolanthanide-
mediated hydroamination/cyclizations yielding (a)trans-2-methyl-5-(pent-
1-enyl)pyrrolidine,13, and (b)cis-2- methyl-6-(prop-1-enyl)piperidine,
14.
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