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ABSTRACT

Palladium-catalyzed methods for intermolecular aerobic oxidative amination of alkenes have been identified that are compatible with the use
of alkene as the limiting reagent. These procedures, which enhance the utility of this reaction with alkenes that are not commercially available,
are demonstrated with substrates bearing dialkyl ether, carboxyester, epoxide, and silyl ether groups.

Metal-catalyzed addition of nitrogen nucleophiles (e.g.,
amines, amides, carbamates) to alkenes represents a long-
standing challenge in organic chemistry and an attractive
target for the preparation of nitrogen-containing organic
molecules.1 Despite recent progress in this area, fundamental
limitations remain. For example, innovative methods for the
amination of vinyl arenes and dienes have been developed,2

but in most cases, they are ineffective with alkyl olefins.3

Moreover, most of the amination reactions of this type

reported to date require the use of excess alkene (2-6 equiv
relative to the nitrogen nucleophile).2-5 This feature limits
the utility of these methods to commercially available or
readily (and inexpensively) prepared alkenes. Recent efforts
in our laboratory have been focused on Pd-catalyzed methods
for intermolecular oxidative amination of alkenes, particularly
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those that employ O2 as the stoichiometric oxidant (Scheme
1).1f,6 Initial results with vinyl arenes6a were later extended
to applications with unactivated alkyl olefins.6b These results
demonstrate a new class of oxidative C-N bond-forming
reactions and represent a very efficient route to terminal
enimides.7 Nevertheless, the utility of these reactions is
diminished by the requirement for excess alkene. Here, we
describe the development and application of aerobic oxidative
amination methods compatible with the use of alkene as the
limiting reagent. The results enhance the utility of these
catalytic methods and provide a basis for the rational
development of improved Pd catalysts.

Two observations from our prior studies illuminate the
origin of the challenge in using alkenes as the limiting
reagent: (1) the rate of Pd-catalyzed oxidative amination of
alkenes depends upon the alkene concentration (ranging from
first-order to saturation dependence)6c and (2) a significant
amount of catalyst decomposition occurs during the reactions
in the form of Pd black. These observations indicate that
lower alkene concentrations will reduce the catalytic turnover
rate and increase complications associated with competing
catalyst decomposition. The development of improved
methods for catalyst oxidation should enhance catalyst
stability and, potentially, lead to enhanced product yields at
lower alkene concentrations.

Catalytic conditions were evaluated for the oxidative
amination of tetradecene (1), a representative unactivated
alkyl olefin, with phthalimide as the nitrogen nucleophile
(Table 1). When the previously identified Pd(OAc)2/ben-
zonitrile catalyst system was used with1 as the limiting
reagent and 1.2 equiv of phthalimide, the yield of the desired
enimide product2 was only 22% (entry 1). Substantial
unreacted alkene was recovered (44%), together with alkene
isomers of the product (3) and starting material (4). The
internal alkenes4 are unreactive toward oxidative amination
under the reaction conditions.

The yield of the desired product2 increased when the
reaction was performed in the presence of Cu(OAc)2 and

increased catalyst loading (entries 2-4). Pd and Cu chloride
complexes promoted nearly complete isomerization of the
starting alkene, without forming2 (entry 5). Cu(OAc)2 was
less effective when used as a stoichiometric oxidant rather
than as a cocatalyst (entries 2 vs 6), and very little product
was obtained with benzoquinone as a stoichiometric oxidant
(entry 7).

Previous studies in our laboratory and others have
demonstrated the ability of various additives to improve
catalyst stability, including molecular sieves,8 anionic Brøn-
sted bases,9 Brønsted acids,10 cyclooctadiene (COD), and
methyl acrylate.6d,11The beneficial effects of these additives
have different origins. Molecular sieves provide a hetero-
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Catal. 2002, 344, 355-369. (b) Steinhoff, B. A.; Guzei, I. A.; Stahl, S. S.
J. Am. Chem. Soc.2004, 126, 11268-11278.
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A.; Goller, C. P.; Sigman, M. S.J. Am. Chem. Soc.2004, 126, 9724-
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Scheme 1. Palladium-Catalyzed Intermolecular Aerobic
Oxidative Amination of Alkenes

Table 1. Evaluation of Catalytic Conditions for Intermolecular
Oxidative Amination of Alkenesa

entry Pd (mol %) Cu (mol %) additive
yieldb (%)
2/3 (1/4)

1 Pd(OAc)2 (5) - - 22/4 (44/13)c

2 Pd(OAc)2 (5) Cu (OAc)2 (5) - 42/8 (18/17)c

3 Pd(OAc)2 (10) - - 36/8 (18/13)c

4 Pd(OAc)2 (10) Cu(OAc)2 (10) - 51/11 (6/13)c

5 (CH3CN)2PdCl2
(5)

CuCl2 (5) - 0/0 (0/95)c

6 Pd(OAc)2 (5) Cu(OAc)2
(2 equiv)

- 36/6d

7 Pd(OAc)2 (5) - benzoquinone
(1 equiv)

5/1d

8 Pd(OAc)2 (5) Cu(OAc)2 (5) 3 Å MS
(10 mg)

13/3

9 Pd(OAc)2 (5) Cu(OAc)2 (5) NaOAc
(1 equiv)

0/0 (96/0)

10 Pd(OAc)2 (5) Cu(OAc)2 (5) KH2PO4
(1 equiv)

52/11 (12/11)

11 Pd(OAc)2 (5) Cu(OAc)2 (5) PhCO2H
(20 mol %)

49/10

12 Pd(OAc)2 (5) Cu(OAc)2 (5) cyclooctadiene
(5 mol %)

49/10

13 Pd(OAc)2 (5) Cu(OAc)2 (5) methyl
acrylate
(1 equiv)

58/13 (6/13)c

14e Pd(OAc)2 (5) Cu(OAc)2 (5) methyl
acrylate
(1 equiv)

45/9 (19/14)c

15e Pd(OAc)2 (10) Cu(OAc)2 (10) 4 atm O2 50/12 (0/11)c

16e Pd(OAc)2 (10) Cu(OAc)2 (10) methyl
acrylate
(1 equiv),
4 atm O2

57/12 (0/11)c

17e Pd(OAc)2 (10) - 4 atm O2 68/12 (5/11)c

a Reaction conditions: tetradecene (375µmol), phthalimide (450µmol),
1 atm of O2, 400 µL of PhCN. b GC; int. std.) octadecane.c Yields
determined by1H NMR; int. std.) 1,3,5-trimethoxybenzene.d Reactions
performed with 1 atm of ambient air.e Reaction conditions: tetradecene
(1.0 mmol), phthalimide (1.2 mmol), 1.3 mL of benzonitrile.
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geneous surface that inhibits bulk aggregation of Pd metal;
anionic bases promote aerobic oxidation of the reduced
catalyst; Brønsted acids are thought to stabilize Pd0 by
reversible formation of more stable PdII-hydride species;
and COD and methyl acrylate are good ligands for Pd0 that
hinder catalyst aggregation. Representative results with these
additives are shown in Table 1 (entries 8-13). Methyl
acrylate proved to be the most effective additive. A 71%
combined yield of oxidative amination products was ob-
tained, primarily as the terminal enimide2, when 1 equiv of
methyl acrylate was included in the reaction mixture (entry
13). Products arising from the oxidative amination of methyl
acrylate were not detected. Other solvents were tested
(dimethoxyethane, dimethylformamide, dichloroethane, ac-
etonitrile, and toluene; data not shown), but none of these
resulted in improved yields relative to benzonitrile.

Increasing the scale of the reaction to 1 mmol of alkene
resulted in a lower product yield (entry 14 vs 13). Therefore,
we reoptimized the reaction at this scale (entries 14-17).
The results revealed that improved yields could be obtained
at elevated O2 pressure (4 atm), and the best outcome was
observed when no cocatalyst or additive was included in the
reaction mixture (entry 17).12 Elevated O2 pressure should
improve catalyst stability by minimizing the steady-state
concentration of Pd0 and thereby reduce its tendency to
decompose via bimolecular aggregation.

The optimized, high-pressure oxidative amination condi-
tions were evaluated with a number of terminal and cyclic
alkenes (Table 2). The results provide some insight into the
scope and limitations of the methods. The oxidative amina-
tion of simple linear alkenes produces enimides in good
isolated yield (entries 1 and 2). Cyclic alkenes react to form
allylic phthalimides. As we have discussed elsewhere,6b

allylic amination of cyclic alkenes probably arises fromcis-
aminopalladation to form an alkyl-PdII intermediateA that
cannot undergoâ-hydride elimination to form an enimide
because the requisite hydrogen atom,H1, is on the opposite
face of the ring. Instead,â-hydride elimination proceeds away

from the C-N bond (H2) to produce the allylic product
(entries 3-8). The homoallylic and other isomeric products
arise from Pd-hydride-mediated migration of the double
bond.6b,e,13 The oxidative amination of cyclopentene and
cyclooctene was also achieved with the 2,2,2-trichloroeth-
ylsulfamate nucleophile (entries 4 and 7). For reasons that
are not yet clear, cyclohexene is completely unreactive

toward oxidative amination (entry 5). Styrene undergoes
competitive formation of acetophenone, resulting in a low
yield of the enamide product (entry 8).

The use of alkenes as a limiting reagent in these reactions
is particularly important for more expensive or noncommer-

(11) Intramolecular Pd-catalyzed oxidative amination reactions often
benefit from the use of ligands for the Pd catalyst (e.g., pyridine and
N-heterocyclic carbenes). Our previous studies, however, have shown that
such ligands inhibitintermolecularoxidative amination reactions.6b

(12) Caution should be taken when working with high pressures of O2
in organic solvents, particularly on a large scale. We have demonstrated
that identical results are obtained when the reactions are performed with a
4% O2/N2 mixture if the partial pressure of oxygen remains constant.

(13) (a) Isomura, K.; Okada, N.; Saruwatari, M.; Yamasaki, H.; Tan-
iguchi, H.Chem. Lett. 1985, 385-388. (b) Ney, J. E.; Wolfe, J. P.Angew.
Chem., Int. Ed.2004, 43, 3605-3608. (c) Ney, J. E.; Wolfe, J. P.J. Am.
Chem. Soc.2005, 127, 8644-8651. (d) Nakhla, J. S.; Kampf, J. W.; Wolfe,
J. P.J. Am. Chem. Soc.2006, 128, 2893-2901. (e) Liu, G.; Stahl, S. S.J.
Am. Chem. Soc.2007, 129, 6328-6335.

Table 2. Pd-Catalyzed Aerobic Oxidative Amination of
Alkenesa

a Reaction conditions: Pd(OAc)2 (0.01 mmol), alkene (1.0 mmol),
nucleophile (1.2 mmol), benzonitrile (1.33 mL), 60°C, 24 h. b Isolated
yield. Isomer ratio determined by1H NMR spectroscopy.c Yield was
determined by1H NMR relative to 1,3,5-trimethoxybenzene.
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cially available alkenes. We investigated the reactivity of
various alkenes bearing oxygen-containing functional groups,
including benzyl ethers, esters, epoxides, and silyl ethers
(Table 2, entries 9-18). These substrates undergo oxidative
amination with phthalimide to produce amino-oxygenated
products that feature 1,2-1,3- and 1,4-relationships between
the oxygen and nitrogen functional groups. Most of these
reactions proceed in good yield; however, two limitations
that were identified include substrates with a free alcohol or
a trimethylsilyl ether, which react to form a complex product
mixture and low yield of the desired enimide (entries 14 and
15). The latter limitation can be addressed by employing
substrates with more stable silyl ethers (TES, TBS) (entries
16-19).

The reactions identified in this study represent the most
effective catalytic methods to date for intermolecular aza-

Wacker reactions, and the ability to employ alkenes as the
limiting reagents should significantly enhance their utility.
Another important conclusion from this study is that even
better aerobic oxidation reactions should be achievable (e.g.,
those compatible with ambient pressures of O2) if more stable
catalyst systems are identified.
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