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Oxyfunctionalization of hydrocarbons by in situ formed peracid
or by metal assisted aerobic oxidation
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Abstract

The oxidation of hydrocarbons such as adamantane, cyclohexane, tetraline and indane has been investigated using the
oxygenr3-methylbutanal system in the presence and in the absence of metal catalyst. The reactivity order reflects the facility
of hydrogen abstraction from the substrate. q 1998 Elsevier Science B.V.
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1. Introduction

Alkane functionalization has achieved in the
last years growing attention from both the syn-

w xthetic and biological point of view 1–8 .
Among the most recent examples of oxida-

tion of the C–H bond in higher alkanes, those
based on 2,6-dichloropyridine-N-oxide in the
presence of ruthenium pentafluorophenylpor-

w xphyrin 9 , the O rH O rpyrazine-2-carboxylic2 2 2
w xacidrvanadate induced hydroperoxidations 10 ,

the O rN-hydrophtalimidercobalt acetylaceto-2
w xnate oxidations 11 , those based on a

w xmetalrhydroperoxide system 12,13 or on het-
w xeropolyoxometalates 14,15 and the photo-

) Corresponding author. Fax: q39-80-4560611.

chemical oxidation of cyclohexane by O in a2
w xzeolite 16 are noteworthy.

Murahashi et al. have recently reported the
iron or ruthenium catalyzed oxidation of alkanes
by molecular oxygen in the presence of aldehy-

w xdes and acids 17 , claiming a maximum con-
version for the adamantane of 36%. Similar
results were obtained using copper salts as cata-

w xlysts 18 .
Other examples of oxidations in which the

synergic effect of the oxygen and an aldehyde
as co-reductant was exploited in the activation
of hydrocarbons have been reported, using

Ž . w xcobalt II Schiff base complexes 19,20 , or
w xmetalloporphyrins as catalysts 21–23 .

In the framework of our study on aerobic
oxidation of organic substrates catalyzed by
dioxygenato complexes of transition metals in
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w xthe presence of sacrificial aldehydes 24–29 ,
we have reported preliminary results obtained in
the oxyfunctionalization of adamantane carried
out in the presence of a catalytic amount of
Ž . Ž yM AAEMA AAEMA sdeprotonated formn

Ž .of 2- acetoacetoxy ethyl methacrylate, MsFe,
.ns3; Ni, ns2 and Co, ns2 and excess

w x3-methylbutanal 25,26 .
Here we disclose results obtained from the

activation of C–H bonds in substrates such as
adamantane, cyclohexane, tetraline and indane
carried out in the presence or in the absence of
metal catalysts. The achieved conversions range
up to 81% in the case of adamantane and up to
100% in the case of tetraline and indane.

2. Results and discussion

The more frequently proposed mechanistic
pathway for metal catalyzed oxidations of or-
ganic substrates in the presence of a co-re-
ductant such as an aldehyde is the metal cat-
alyzed oxidation of the aldehyde to a peracid
species which consequently form a metal-oxo
complex active in the oxygen transfer onto the

w xsubstrate 27,30–32 . Moreover it is known that
the autoxidation of the aldehyde in the absence
of metal species can also give rise to peroxo-

w x 1compounds able to oxidize alkenes 1,27,33
w xand ketones 34,35 .

Mizuno and Finke have recently claimed that
the aerobic epoxidation of cyclohexene trig-
gered by the aldehyderO rpolyoxoanion-sup-2

ported catalyst system is rather unreproducible
unless a radical initiator such as cyclohexenyl-
hydroperoxide is added to the reaction mixture
w x36 .

We have submitted adamantane, as a
paradygmatic substrate, to different oxidative
conditions with the aim of clarifying the com-

1 w xSee also note 7 of Ref. 24 .

Table 1
Ž . ŽOxidation of adamantane 1.2 mmol with 3-methylpropanal 14.4

.mmol at room temperature and 1 atm dioxygen. Reaction times
.70 h

Ž .Entry ROOH Conv. %

1 no dark 66"24
2 no light 70"13
3 yes dark 62"3
4 yes light 71"3

bined effects of the metal catalyst, of the radical
initiator and of the light.

As to the method of refurnishing the system
of the aldehyde, one third of the aldehyde needed
for the reaction to reach completion was present
in the reaction mixture at the beginning of the
reaction and the rest was added dropwise in two

Žsteps during the reaction this procedure was
.used in all reactions described in this paper .

Table 1 shows the effects of light and of a
radical initiator in the oxidation of adamantane
carried out in the absence of metal catalyst.
Each reaction was carried out five times.

It is apparent that the oxidation of adaman-
tane proceeds even in the absence of metal

Ž .catalyst conversion, 62–71% after 70 h and is
only slightly affected by the light parameter, the
reactions being a little faster when carried out in
daylight.

The addition of a catalytic amount of t-
Žbutylhydroperoxide to the reaction mixture en-

.tries 3 and 4 resulted in no substantial change
in activity. The reproducibility, however, was
considerably improved.

The distribution of the oxidation products
was found to be similar in all non-catalysed
reactions and dependent on the achieved con-
version. The major product was 1-adamantanol,
side-products being 1,3-dihydroxyadamantane
and adamantolactone. A solution mixture ana-

Ž .lyzed after 70 h reaction at 71% conversion
was made up of 73% 1-adamantanol, 16% 1,3-
dihydroxyadamantane and 11% adamantolac-
tone.
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Scheme 1.

Ž .The scarce abundance if not the absence of
2-adamantanone in the reaction mixtures can be
ascribed to its relatively fast overoxidation to

Ž .the found lactone Scheme 1 via a Bayer–Vil-¨
liger process. Fig. 1 shows a typical reaction
course.

The results of reactions carried out in the
presence of a metal acetylacetonate as catalyst
are summarized in Table 2. The reactions were
carried out in the dark and in the presence of

Ž6.7% t-BuOOH mol hydroperoxidermol sub-
.strate . Among the tested metals, palladium,

iron, nickel and cobalt gave the best results,
affording 75–81% conversion of the substrate

Žand 66–74% selectivity into 1-adamantanol en-
.tries 1–4 .

Ž . Ž .Cu acac entry 6 gave results comparable2

with those obtained in the absence of metal
Ž . Ž .catalyst entry 7 whereas Mn acac was found3

Ž .to be the less selective catalyst entry 5 . In the
case of cobalt, as well as in palladium and
manganese catalysed reactions, the formation of
a notable amount of 2,7-dimethyl-4,5-octand-

Žione probably derived by the coupling of two
3-methyl-butanoyl radicals formed during reac-

. w x 2tions was detected in the reaction mixture 37 .
Ž .Moreover, Mn acac catalysed reaction mix-3

tures contained a notable amount of 2-

2 The oxidative coupling of aliphatic aldehydes into symmetri-
cal 1,2-diones catalysed by the acetic anydriderO rCoCl sys-2 2

tem has been recently reported.

Žadamantanone 9% at 70% conversion, 6.3%
. Žyield and adamantyl isovalerate 10% at 70%

.conversion, 7% yield , a unique case among
those tested.

When cyclohexane was submitted to oxida-
tive conditions the highest achieved conversion

Ž .was that obtained using Co acac . After 24 h2

reaction, cyclohexane was converted selectively
into cyclohexanone with 14% yield. Subsequent
additions of aldehyde and prolonged reaction
times did not produce any progress in the reac-
tion. The yields obtained with catalysts such as

Ž . Ž . Ž .Pd acac , Ni acac and Fe acac , as well as2 2 2

those obtained in non-catalysed reactions were
less than 3%.

Ž .Fig. 1. Time course of adamantane oxidation 1.2 mmol with
Ž . Ž .3-methylbutanal 14.4 mmol and t-BuOOH 0.086 mmol at

room temperature and 1 atm dioxygen.
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Table 2
Ž . Ž . Ž .Oxidation of adamantane 1.2 mmol by metal acetylacetonate 0.020 mmol with 3-methylbutanal 14.4 mmol in the presence of

Ž .t-butylhydroperoxide 0.086 mmol in 1,2-dichloroethane in the dark at room temperature and 1 atm dioxygen; reaction times70 h

aReaction times46 h.

Tables 3 and 4 summarize the results ob-
tained in the oxidation of tetraline and indane.
In both cases the reactions carried out in the

Ž .absence of metal catalyst entries 5 gave less
conversions compared with those carried out
with a metal catalyst.

The major product was, in all cases, the
corresponding a-ketone, derived from over-
oxidation of the corresponding alcohol, thus

substantiating a higher reactivity of the initially
formed benzylic alcohol compared to the sub-
strate. Other side-products of these reactions
Ž .Scheme 2 were the lactone derived from oxi-
dation of the a-ketone and the a ,d-diketone
Ž .only in the case of tetraline .

Although all tested metals gave satisfactory
yields, nickel was found to be the most active
catalyst in the oxidation of tetraline, whereas

Table 3
Ž . Ž . Ž .Oxidation of tetraline 1.2 mmol by metal acetylacetonate 0.020 mmol with 3-methylbutanal 14.4 mmol in the presence of

Ž .t-butylhydroperoxide 0.086 mmol in 1,2-dichloroethane in the dark at room temperature and 1 atm dioxygen; reaction times70 h
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Table 4
Ž . Ž . Ž .Oxidation of indane 1.2 mmol by metal acetylacetonate 0.020 mmol with 3-methylbutanal 14.4 mmol in the presence of t-butylhydro-

Ž .peroxide 0.086 mmol in 1,2-dichloroethane in the dark at room temperature and 1 atm dioxygen; reaction times54 h

aReaction times31 h in the presence of 9.6 mmol of 3-methylbutanal.

Žcobalt gave the best results 78% yield in in-
danone after 31 h and only one addition of

.3-methylbutanal in the oxidation of indane.
The reactivity order of the four substrates

under study, namely indane f tetraline )
adamantane)cyclohexane can be explained in
terms of stability of the radical formed by ab-
straction of HP from the hydrocarbon. In fact
the abstraction of a hydrogen atom from the

a-position in tetraline or indane gives rise to
benzylic radicals stabilized by resonance. The
facility of hydrogen abstraction in alkanes,
moreover, depends on the type of carbon atom
to which the hydrogen is bonded, tertiary car-
bon radicals being more stable compared to
secondary or primary ones. This justifies the
selectivity towards 1-adamantanol observed in

Žthe oxidation of adamantane which contains

Scheme 2.
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.both secondary and tertiary C–H bonds and the
Žlack of reactivity of cyclohexane which con-

.tains only secondary C–H bonds .

3. Experimental

3.1. Materials and apparatus

Chromatographic analyses were carried out
on a Hewlett Packard 5890 instrument using a
capillary 25 m SPB-1 column or a capillary 30
m Carbowax 20M column. GCMS data were

Žacquired on a HP 5890 chromatograph 30 m
.SE30 or carbowax 20 m columns coupled with

a mass selective detector HP 5970B, 70 eV.
The oxidized products were identified by

comparison of their MS spectra and retention
times in GC analyses with those of authentic
samples.

Conversions and yields were calculated by
GLC analyses as moles of oxidized product per
mole of starting alkane by using the internal
standard method.

The metal acetylacetonates, hydrocarbons and
3-methylbutanal were purchased by Aldrich.

3.2. Catalytic runs

A Schlenk tube was charged with the sub-
Ž . Žstrate 1.2 mmol , the metal complex 0.020

. Žmmol, when used and 3-methylbutanal 0.90
. Žmmol in 1,2-dichloroethane DCE, 4 ml for the

oxidation of adamantane, 2 ml in the other
.cases and vigorously stirred under dioxygen

Ž . Ž .ps1 atm at room temperature 218C . 3.9
mmol aldehyde dissolved in 2 ml DCE were
dropped in the reaction vessel at a rate of 2
mmolrh. After 24 and 48 h two more dropwise
additions of 3.9 mmol aldehyde each were car-
ried out. The reactions in the dark were carried
out by wrapping both the reaction vessel and the
dropping funnel containing the aldehyde with
aluminium foil.
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