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ABSTRACT: Catalytic generation of alkyl radicals from
aldehydes via oxidative deformylation was realized using a
cobalt-salen complex with H2O2. The deformylation was
thought to proceed through homolytic cleavage of
peroxohemiacetal intermediates to provide even primary
alkyl radicals under mild conditions. Variously substituted
and functionalized hydroperoxides were obtained from
corresponding aldehydes in good yield.

Exploitation of a new methodology for the generation of alkyl
radicals is of great importance in organic chemistry. Various

methods have already been developed, but most suffer from
several disadvantages such as the use of highly toxic tin
compounds, instability of the substrates, the use of stoichio-
metric amounts of metallic oxidants or reductants, and harsh
reaction conditions.1

Aldehydes are readily available compounds that have been
utilized as precursors of acyl radicals, although methods for
abstracting the aldehydic H atom have been limited.2 Decarbon-
ylation of acyl radicals could afford alkyl radicals, but the use of
this method is restricted because decarbonylation usually
requires high temperature, particularly with primary aldehydes,
and it is difficult to realize selective reactions of alkyl radicals
while suppressing the reactions of intermediate acyl radicals.3,4

Therefore, an efficient method to generate alkyl radicals from
aldehydes without forming acyl radicals would be highly
desirable to enable the use of aldehydes as alkyl radical
precursors.
To realize such a reaction, we thought of utilizing the

deformylation of aldehydes by cytochrome P450. It was reported
that treatment of cyclohexanecarboxaldehyde with P450 in the
presence of H2O2 gave cyclohexene, although the catalytic
efficiency was low.5 As a model of this reaction, oxidative
deformylation of aldehydes using a stoichiometric amount of
metal−peroxo complexes was also reported.6 Among several
plausible mechanisms for these reactions, the generation of alkyl
radicals from the peroxohemiacetal intermediates produced by
nucleophilic addition of the peroxo complex to the aldehyde
carbonyl group was proposed,7 although there was no direct
evidence of the formation of alkyl radicals.8 There is a single
report of catalytic deformylation using a designed mononuclear
non-heme ferric−peroxo complex, but only the conversion of 2-
phenylpropionaldehyde to acetophenone was reported, and the
reaction efficiency was low (ca. 20% yield based on the
aldehyde).9 If radical species were really involved in these
reactions and could be utilized in synthesis, the reaction would

become a highly useful method for the catalytic generation of
alkyl radicals from aldehydes without the formation of acyl
radicals (Scheme 1). Herein we report a general method for

oxidative generation of alkyl radicals from aldehydes using a
catalytic amount of a Co−salen complex with H2O2 as a
stoichiometric oxidant to give hydroperoxides in good yields with
wide generality.10

It was found that when aldehyde 1 was treated with with 4
equiv of 35% aqueous H2O2 as an oxidant in the presence of a
catalytic amount (5 mol %) of the Co complex with salen ligand
L1 in EtOH at −20 °C, hydroperoxide 2 was obtained in 22%
yield along with recovery of the starting material (Table 1, entry
1). Trace amounts of carboxylic acid (6%) and 4-(2-naphthyl)-
butan-2-one (3b) (3%) were also obtained. The carboxylic acid
was obtained by oxidation of 1, and 3bwas thought to result from
decomposition of 2. As the expected catalytic deformylation
reaction really proceeded, and more interestingly, a hydro-
peroxide (which has never been isolated in related reactions11)
was obtained as a major product, we decided to examine this
reaction in more detail. Acetonitrile was found to be the best
solvent, and concerning the substituents of the salen ligand, use
of 3,3′-Me2-substituted L4 dramatically accelerated the reaction
and improved the yield.12 Although the effect of 5,5′-substitution
was small, 5,5′-(MeO)2-substituted L2 gave a slightly better
result than L1. Furthermore, the reaction using 3,3′-Me2-5,5′-
(MeO)2-substituted L5 afforded the best results giving hydro-
peroxide 2 in 74% isolated yield. The catalyst loading could be
reduced to 2.5 mol % without problems. It was possible to obtain
alcohol 3a in good yield in one pot by reduction of 2 (Scheme
2).13

As the novel Co(salen)-catalyzed deformylation reaction of an
aldehyde to form a hydroperoxide was found to proceed under
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Scheme 1. Generation of Alkyl Radicals from Aldehydes
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very mild reaction conditions, the generality of this reaction was
examined next (Table 2). Substrates 4b−d containing a halide or
alkoxy group afforded the corresponding products in good yields.
Aldehydes 4e−h, 4k, and 4l with ketone, ester, and amide
functionalities gave corresponding hydroperoxides in reasonable
yields without affecting these carbonyl moieties. When alkenyl-
and alkynyl-substituted aldehydes 4i and 4j were used, the
products were obtained in good yields without oxidation of the
alkene and alkyne moieties. Acyclic aldehydes 4m and 4n and
benzylic aldehyde 4o also provided corresponding hydro-
peroxides in a similar manner. Cyclic aldehydes 4p and 4q
containing a five- and six-membered rings also afforded the
hydroperoxides. Some aldehydes gave higher yields of the
deformylation products upon their isolation as alcohols by PPh3
reduction because of difficulty in isolation or slight instability of
the hydroperoxides, as observed with branched and cyclic
hydroperoxides. α-Alkyl-substituted aldehydes 4r and 4s could
also be employed, although the reactivity slightly decreased
because of steric hindrance. All of these reactions were
accompanied by formation of the carboxylic acid in ca. 15%
yield via substrate oxidation. Peroxides are usually synthesized by
SN2 reaction of alkyl halides/pseudohalides with H2O2 (or
hydroperoxide derivatives), and the yields of secondary hydro-
peroxides are usually moderate. Thus, the present reaction would
be very useful for the preparation of secondary hydroperoxides.
We next examined the reaction of primary alkyl aldehydes.

Under the same reaction conditions, n-heptanal (4t) afforded n-
hexanol (5t) in 54% GC yield after reduction of the intermediate
hydroperoxide with PPh3.

14 The yield of this reaction was
somewhat lower than those of secondary aldehydes, partly due to
the instability of the primary hydroperoxide12,15,16 and the
formation of the undesired oxidation product n-heptanoic acid

(28% yield). The reactions of 3-(2-naphthyl)propanal (4u) and
citronellal (4v) also proceeded in a similar manner. Although the
yield was moderate, even tertiary aldehyde 4w could be
converted to the corresponding hydroperoxide 5w. This reaction
would be useful not only as a method for the preparation of
hydroperoxides but also as a one-carbon elimination reaction of
aldehydes under mild conditions.
The proposed reaction pathway is shown in Scheme 3.

Hydroperoxocobalt(III) complex A is generated from the Co(II)
complex and H2O2

17 and then reacts with aldehyde 4 to provide
peroxohemiacetal intermediate 6.18,19 This intermediate under-
goes homolytic cleavage to give alkyl radical 7, cobalt oxyl radical
8, and formic acid. The peroxide formation step has several

Table 1. Investigation of Reaction Conditions

entry solvent L 2 (%)a recovery of 1 (%)a

1 EtOH L1 22 25
2 i-PrOH L1 19 26
3 DMF L1 3 26
4 MeCN L1 32 23
5 MeCN L2 32 31
6 MeCN L3 17 54
7 MeCN L4 75 1
8 MeCN L5 77 (74b) 1
9c MeCN L5 80 (77b) 2

aDetermined by 1H NMR analysis of the crude products using 1,1,2,2-
tetrachloroethane as an internal standard. bIsolated yield. c2.5 mol %
catalyst was used.

Scheme 2. One-Pot Reaction for the Preparation of Alcohol

Table 2. Generality of Substrates

aDiastereomeric mixture. bIsolated as an alcohol by reduction using
PPh3.

c7.5 mol % catalyst was used, and the reaction was conducted
with [M] = 0.1 mol/L. dGC yield.

Scheme 3. Proposed Mechanism

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja406028c | J. Am. Chem. Soc. 2013, 135, 11744−1174711745



possibilities, but O2 is thought to play an important role on the
basis of the 18O2 experiment described below; in one possible
pathway, shown in Scheme 3, 7 reacts with O2, which is thought
to be generated by the reaction of Co(III) species with H2O2 (eq
1),20,21 to give peroxy radical 9, which is further reduced by
Co(II) to give the product. It is also conceivable that alkyl radical
7 directly couples with a Co(III)OO· species generated from
Co(II) and O2 (eq 2)22 to give Co(III)OOR. The cobalt oxyl
radical 8 is thought to be converted to hydroperoxocobalt(III)
complexA by reduction with Co(II) followed by ligand exchange
with H2O2.
Several experiments were carried out to support the proposed

reaction mechanism. First of all, 1H NMR observation of the
oxidative deformylation of 1 revealed the formation of 75% of the
predicted amount of formic acid and a 74% yield of alkyl
hydroperoxide (Scheme 4).23 This result strongly indicates that

the reaction does not proceed via decarbonylation through acyl
radicals but instead proceeds via deformylation through
peroxohemiacetal intermediates.24

In regard to the decomposition of peroxohemiacetal
intermediates, their deformylation by heterolytic cleavage to
give carbocations has been proposed by several groups,5b,25 so we
next examined whether alkyl radicals are really generated in this
reaction. In a radical trapping experiment, aldehyde 1was treated
under the standard reaction conditions in the presence of 2,2,6,6-
tetramethylpiperidine N-oxyl (TEMPO), and N-alkoxypiper-
idine 10, the radical-trapped product, was obtained in good yield
along with alkene 11 (Scheme 5). Ring opening of cyclo-

propylmethyl radical is another important reaction to confirm
the generation of radical species, and treatment of aldehyde 12
containing a cyclopropane moiety with H2O2 in the presence of a
catalytic amount of cobalt complex gave ring-opening product
13,26 although the yield was not very good (Scheme 6).27

Furthermore, this reaction could be used to achieve radical
cyclization (Scheme 7). Under the standard reaction conditions,
olefinic aldehyde 14 underwent 5-exo cyclization to give
cyclopentane derivatives 15 and 16 in a combined yield of ca.
60%. All of these reactions strongly supported the intermediacy
of an alkyl radical in this reaction.

The final stage of the reaction was examined by employing
18O2 to confirm the source of the O atoms in the hydroperoxide

product (Scheme 8). When 1 was reacted with H2
16O2 under an

18O2 atmosphere with otherwise similar conditions, the product
in which both of the peroxy O atoms were labeled with 18O was
obtained with about 70% 18O incorporation. This result strongly
supports the proposal that O2 generated by the reaction of
Co(III) with H2O2, or its cobalt complex Co(III)OO·, traps the
alkyl radical generated from peroxohemiacetal intermediate 6
(Scheme 3).21

In conclusion, we have developed a highly useful and general
method for the generation of alkyl radicals from aldehydes via
oxidative deformylation using a Co−salen catalyst. This method
affords hydroperoxides in good yields with wide generality.
Primary alkyl radicals, which are usually difficult to generate from
aldehydes through acyl radicals because of the higher activition
energy required for decarbonylation, are also provided at even
−20 °C. Homolytic radical cleavage of a peroxohemiacetal
intermediate to generate the alkyl radical is the key step of this
reaction.
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