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ABSTRACT: The copper(I)-catalyzed oxidation of alkenes
with molecular oxygen and N-hydroxyphthalimide (NHPI) or
N-hydroxybenzotriazole (HOBt) provided α-oxygenated
ketones. The reaction proceeded under a balloon of O2 at
room temperature to furnish the dioxygenated products in
50−90% yield. These compounds, particularly the HOBt
derivatives, can be further functionalized with phosphorus,
nitrogen, and sulfur nucleophiles to give synthetically useful
products.

Oxidation of alkenes is a valuable tool for the preparation
of 1,2-diols,1 α-hydroxyketones,2 and 1,2-dicarbonyl

compounds.3 Although many transition-metal-catalyzed reac-
tions afford these compounds,4,5 molecular oxygen is rarely
utilized as the source of oxygen atoms. The development of a
method to oxidize alkenes using this abundant and environ-
mentally benign source of oxygen atoms is desirable.6

Although significant progress has been made incorporating
molecular oxygen into hydrocarbons and alkynes,7−11 the
dioxygenation of alkenes using molecular oxygen remains
largely unexplored.12,13 Current methods suffer from the use of
expensive transition metals14,15 and toxic metals such as
osmium or require dialkylperoxides as initiators.16−19 During
the course of our studies, Punniyamurthy and co-workers
reported an oxidation of alkenes using air, Cu(II), and N-
hydroxyphthalimide (NHPI, Figure 1) to provide β-keto-N-

alkoxyphthalimides.20 In this Letter, we report our observation
that copper(I)-catalyzed oxidations of alkenes with molecular
oxygen and hydroxylamine derivatives, particularly N-hydroxy-
benzotriazole (HOBt, Figure 1), form α-oxygenated ketones
that can undergo subsequent transformations to provide a
variety of synthetically useful products.
The copper(I)-catalyzed oxidation of alkenes with molecular

oxygen was developed through the addition of NHPI to styrene
derivatives. While the use of a variety of metal catalysts,

including Co(OAc)2, Fe(acac)3, Mn(OAc)2·4H2O, VO(acac)2,
CrO3, CuCl2, Cu(acac)2, and CuCl could be used in the
reaction, we found that styrene, combined with NHPI and 5
mol % [Cu(MeCN)4]ClO4 under an atmosphere of O2

(balloon) in MeCN, provided the α-oxygenated ketone 1a in
86% yield after 12 h (Scheme 1). Leaving the reaction open to
air also produced the desired oxidation products, but in lower
yield and only after increased reaction time.

The reaction likely proceeds according to the mechanism
postulated by Punniyamurthy and co-workers.20 Under an
oxygen atmosphere, Cu(I) is likely to be oxidized to Cu(II),21

which is the active catalyst. Based on their isotopic labeling and
radical trapping experiments, they determined that the reaction
is initiated by the generation of a nitroxyl radical,22 which
undergoes addition to the alkene to give a stabilized, carbon-
centered radical.23 This radical is then trapped with molecular
oxygen, and subsequent decomposition occurs to form the
ketone.24−26 The formation of a stabilized carbon radical is
further supported by the substrate scope of the reaction (vide
infra).
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Figure 1. Hydroxylamines used in the oxidations of alkenes.

Scheme 1. Optimized Reaction Conditions
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A variety of aromatic alkenes and enynes were suitable
substrates for the oxidation (Scheme 2). Styrenes with electron-
donating and electron-withdrawing substituents on the
aromatic ring were tolerated under the reaction conditions,
furnishing oxidized products 2a and 2b in 85% and 84% yield,
respectively. The cyclic alkene indene was also a viable
substrate, providing the α-oxygenated ketone 2e in 54% yield.
Styrenes containing a carbonyl group were also oxidized to give
the corresponding α-oxygenated ketone product 2g in 75%
yield. Free hydroxyl groups were tolerated, as evidenced by the
formation of ketone 2h in 72% yield with no indication of
oxidation of the hydroxyl group. The oxidation of enynes
required an increase in catalyst loading (20 mol %) to provide
the α-oxygenated ketones in appreciable yields. The use of 5
mol % [Cu(MeCN)4]ClO4 resulted in low yields and long
reaction times. Enynes bearing alkyl, phenyl, and silyl
substituents were oxidized to give the corresponding ketones
2i−2m in 50−56% yield.
In addition to styrenes and enynes, enones were found to

give oxidized products under the optimized conditions
(Scheme 3). The oxidation of enone 3a led to the deacetylated
ketone 3b in 88% yield. Similarly, the cyclic enone 3c was also
deacetylated under the reaction conditions to afford the ketone
3d in 76% yield. Deacetylation likely proceeds through a
mechanism resembling the copper-catalyzed oxidative cleavage
of β-ketoesters.27,28 Ketone 1a can also be obtained in 81%

yield through the oxidation of α-bromostyrene, likely formed
by hydrolysis of a mixed peroxyacetal intermediate.29

With the role of NHPI established in the oxidation, we
sought to explore other hydroxylamines that would effect
similar oxidations. The oxidation of styrenes using HOBt also
produced α-oxygenated ketones. Treatment of styrenes with 20
mol % [Cu(MeCN)4]ClO4 under an oxygen atmosphere gave
the desired ketones 4a−4d in 52−90% yield (Scheme 4).

Ketone 4e was produced from the corresponding enyne in 55%
yield. This reaction indicates that the oxidation of enynes under
these reaction conditions may also be general. These results
show that the oxygen-centered radical derived from HOBt
exhibits much of the same reactivity as the nitroxyl radical of
NHPI.
The α-oxygenated ketone products formed in Schemes 2 and

4 can serve as precursors to other synthetically useful
compounds. Treatment of α-alkyl substituted ketones, such as
2d and 2f, with NEt3 at 90 °C led to the formation of 1,2-
diketones 5d and 5f in high yield (Scheme 5).30 Punniyamurthy
and co-workers have demonstrated that ketones 2a and 2d
undergo Baeyer−Villiger reactions and that the phthalimide

Scheme 2. Oxidation of Styrenes and Enynes

aUsing 20 mol % [Cu(MeCN)4]ClO4.

Scheme 3. Oxidation of Enones and α-Bromostyrene

Scheme 4. Oxidations with HOBt

aYield determined by 1H NMR spectroscopic analysis with DMF as an
internal standard.
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group can be removed upon treatment with hydrazine to yield
alkoxyamines.20

The α-oxygenated ketones also serve as precursors to vinyl
phosphates, which are useful substrates for a variety of metal-
catalyzed cross-coupling reactions.31 The treatment of α-
oxygenated ketone 1a with triethyl phosphite in toluene at
110 °C formed the vinyl phosphate 6a in 52% yield (Scheme
6).32,33 Under the same conditions, oxidized ketones 2f and 2d

gave vinyl phosphates 6b and 6c as mixtures of alkene isomers
in 77% and 84% yields, respectively. These results led us to
believe that the phthalimide moiety could be treated as a
pseudohalide. Numerous nucleophilic substitutions were
attempted, but all were unsuccessful in displacing the
phthalimide moiety, however.
By contrast, the hydroxybenzotriazole moiety engaged

smoothly in nucleophilic displacement reactions (Scheme 7).

The reactions of ketone 4d with acetyl chloride or acetyl
bromide provided the α-haloketones 7a and 7b in high yield.
We hypothesized that the acetyl halide reacted with the
nucleophilic N3 nitrogen of the benzotriazole group,34 forming
species 8a (Scheme 8). The liberated halide anion then
displaced the benzotriazolyl moiety, resulting in the formation
of 7a or 7b and the zwitterionic species 8b. This hypothesis was
further supported by the lack of reactivity of 4d upon treatment
with sodium iodide. With this initial success, we explored other
means of activating the benzotriazole group.
Activation of the benzotriazole moiety with methyl triflate

provided an isolable, reactive substrate that underwent a variety
of nucleophilic displacement reactions. Treatment of ketone 4d

with 1.2 equiv of methyl triflate provided the triflate salt 9a in
81% yield in 1 h (Scheme 9). The salt 9a could be used in

nucleophilic displacement reactions without further purifica-
tion. Subjecting the salt 9a to Finkelstein reaction con-
ditions35,36 furnished the α-iodo ketone 10a in 93% yield
(Scheme 10). Nitrogen and sulfur nucleophiles were also

successful in displacing the methylated benzotriazole moiety
(Scheme 11). Using sodium azide as the nucleophile led to the

α-azido ketone 11a in 89% yield. Potassium ethyl xanthate
could be used to provide the xanthate ester 11b in 86% yield.
While much is known about the ability of the benzotriazole
group to act as a leaving group in a variety of reactions,37,38 its
N-hydroxy derivative remains unexplored as a leaving group.
These data (vide supra) suggest that HOBt derivatives such as

Scheme 5. Formation of 1,2-Diketones

Scheme 6. Formation of Vinyl Phosphates

Scheme 7. Formation of α-Bromo and α-Chloro Ketones

Scheme 8. Formation of Zwitterionic Leaving Group

Scheme 9. Activation of HOBt with MeOTf

Scheme 10. Finkelstein Reaction of Activated HOBt
Derivative

Scheme 11. Displacement of Activated HOBt Derivatives
with Nitrogen and Sulfur Nucleophiles
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4d, upon activation, may display some of the same character-
istics as benzotriazole derivatives.
In conclusion, we have demonstrated the copper(I)-catalyzed

oxidation of alkenes using molecular oxygen and the hydroxyl-
amines NHPI or HOBt. The oxidation likely proceeds through
a radical process in which molecular oxygen is incorporated
into the resulting ketone. The reaction is general for both
styrenes and enynes. The resulting oxidized products serve as
precursors to a variety of synthetically useful compounds, such
as 1,2-diketones, vinyl phosphates, and α-haloketones.
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