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Transition-metal complex-catalyzed cyclization of aminoalkynes
(known as the intramolecular hydroamination) has proven to be a
particularly valuable route to a wide variety of unsaturated nitrogen
heterocycles such as cyclic imines, enamines, pyrroles, and indoles
(Scheme 1, path a).1 Many transition-metal catalysts2 as well as
lanthanide catalysts3 can realize this transformation. Similar hy-
droamination of aminoalkenes to pyrrolidines and piperidines has
also been reported (path b);4,5 however, this cyclization of amino-
alkenes is more difficult to achieve than the cyclization of
aminoalkynes.1b Moreover, a related but less common process is
the oxidative amination of alkenes. If intramolecular oxidative
amination, instead of simple hydroamination, of aminoalkenes could
be accomplished by transition-metal catalysts, synthetically useful
cyclic imines could be directly obtained from versatile aminoalkenes
without the use of expensive aminoalkynes (path c). Much work
has recently been done on the transition-metal complex-catalyzed
intermolecularoxidative amination of activated and/or electron-
deficient alkenes,6 such as styrenes,6a,c,d,f vinylpyridines,6b and
acrylic compounds;6e,g,hhowever, little is known about the transition-
metal complex-catalyzedintramolecular oxidative amination of
aminoalkenes,7 except for the catalytic cyclization of 2-vinyl and/
or 2-allylanilines to indoles.8

Our recent study on the synthesis of novel ruthenium(0) amine
complexes9 and ruthenium-catalyzed hydroamination reactions10 as
well as ruthenium-catalyzed oxidative transformations11 prompted
us to develop the first ruthenium-catalyzed oxidative amination of
aminoalkenes to the corresponding cyclic imines (path c). After
many trials, we finally found that a novel catalyst system of [RuCl2-
(CO)3]2/dppp (dppp) 1,3-bis(diphenylphosphino)propane) when
used concomitantly with K2CO3 and allyl acetate inN-methylpiperi-
dine is highly effective for the direct synthesis of cyclic imines
from general aminoalkenes.

The effects of the solvents, ligands, catalysts, and reaction
conditions were first examined in the synthesis of 4,4-diphenyl-2-
methyl-1-pyrroline (2a) by the oxidative amination of 2,2-diphenyl-
4-pentenyl-1-amine (1a) (eq 1).

An appropriate solvent and phosphorus ligand were critical for
the success of the present reaction. Among the solvents examined
(THF, toluene, acetonitrile, andN-methylpiperidine) using our
previously reported RuCl2(PPh3)3 catalyst with K2CO3 and allyl
acetate,11 N-methylpiperidine gave the best results.12 Next, using
RuCl3‚3H2O as a catalyst, bidentate phosphine, especially dppp,
was found to be the most effective ligand. Several ruthenium
complexes, such as Ru3(CO)12 (yield of 2a, 72%), Ru(η4-cod)(η6-
cot) [cod) 1,5-cyclooctadiene, cot) 1,3,5-cyclooctatriene] (75%),

[Ru(η6-C6H6)Cl2]2 (71%), [Cp*RuCl2]2 (69%), and CpRuCl(CO)2

(51%), also showed good to high catalytic activities under the
present reaction conditions (with dppp inN-methylpiperidine).
Ultimately, treatment of1a with 2 mol % of [RuCl2(CO)3]2 and 5
mol % of dppp in the presence of K2CO3 and allyl acetate in
N-methylpiperidine at 140oC for 8 h gave the corresponding cyclic
imine 2a in quantitative yield (>99%). In addition to ruthenium,
only [RhCl(CO)2]2 showed moderate catalytic activity (43%). With
PdCl2 and K2PtCl44e catalysts, theN,N-diallylation of aminoalkene
1a with allyl acetate predominantly proceeded, and the desired2a
was not obtained at all.

The concomitant use of K2CO3 and allyl acetate is indispensable
for the present reaction. For example, in the absence of allyl acetate,
competitive olefin isomerization of1a to (E)-2,2-diphenyl-3-
pentenyl-1-amine (3a), which is totally unreactive toward both
simple intramolecular hydroamination and oxidative amination
reactions, constitutes the major reaction. In the absence of K2CO3,
the corresponding acetamide (4a) was obtained by acetylation of
1a with allyl acetate. Na2CO3 and/or NEt3 in place of K2CO3

drastically decreased both the yield and selectivity of2a.
The results obtained in the [RuCl2(CO)3]2/dppp-catalyzed oxida-

tive amination of several aminoalkenes (1) are summarized in Table
1. The only byproduct was a small amount of the corresponding
nitriles which was obtained by the dehydrogenation of aminoalkenes
(vide infra). The present process can regioselectively form five-
and six-membered cyclic imines. Interestingly, a dramatic rate
enhancement was observed ingem-disubstituted aminoalkenes at
the 2-position, and almost no reaction occurred with 5-phenyl-4-
pentenyl-1-amine, which has no substituent at the 2-position, due
to nonbonding interactions in the acyclic form relative to the cyclic
form. The present ring-size dependence of cyclization rates and
product yield follows the order 5> 6 . 7, which is consistent
with trends expected for sterically controlled ring-forming transition
states. These observations strongly support a turnover-limiting
alkene insertion/isomerization mechanism (vide infra).13 The stereo-
chemistry of the olefinic moieties in aminoalkenes (E andZ) did
not affect the reaction. This process can be applied to the synthesis
of 2-methylindole from 2-allylaniline. After run 1 in Table 1,
propene was evolved in the gas phase in 43% yield, and we believe
that allyl acetate operates as an effective hydrogen acceptor, as in
our previous work.11 No propyl acetate, a simple hydrogenated
product of allyl acetate, was detected by careful GC analysis.

Scheme 1
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Considering all of our findings, the most plausible mechanism
is as follows. The initial step might consist of the predominant
coordination and oxidative addition of the amine functionality in
aminoalkenes (1) to a coordinatively unsaturated active ruthenium
center to produce a (hydrido)(amido)ruthenium intermediate.14 The
“Thorpe-Ingold effect”13 and the formation of a nitrile as a
byproduct in the present reaction strongly suggest this direct N-H
bond activation/olefin insertion mechanism (vide supra). Neither
conversion of aminoalkenes to the corresponding tosylamides7 nor
acidic reaction conditions4c-e to decrease the coordination ability
of an amine functionality to less than an alkene moiety in
aminoalkenes was needed in the present reaction, which also
supports this mechanism. Subsequently, insertion of an alkene
moiety into the Ru-N bond15 followed by â-hydride elimination
and sequential reductive elimination16/isomerization gives the
corresponding cyclic imine with the formation of a ruthenium
dihydride intermediate, which regenerates a catalytically active
ruthenium species via removal of the hydride by hydrogenolysis
of allyl acetate (vide supra).

In conclusion, we have developed the practically useful ruthenium-
catalyzed intramolecular oxidative amination of aminoalkenes. This
process provides an effective and straightforward method for the
catalytic synthesis of unsaturated nitrogen heterocycles such as
1-pyrroline and indole derivatives without the use of expensive
aminoalkynes.
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Table 1. [RuCl2(CO)3]2/dppp-Catalyzed Oxidative Amination of
Aminoalkenesa

a Aminoalkene (2.5 mmol), [RuCl2(CO)3]2 (0.050 mmol), dppp (0.10
mmol), K2CO3 (5.0 mmol), allyl acetate (7.5 mmol), andN-methylpiperidine
(4.0 mL) at 140°C for 8 h under an argon atmosphere.b Determined by
GLC (isolated yield).c Determined by1H NMR. d At 120 °C for 22 h.
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