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Abstract—The H2O2–FeCl3–bipy system in acetonitrile efficiently oxidises alkanes predominantly to alkyl hydroperoxides. Turnover
numbers attain 400 after 1 h at 60 �C. It has been assumed that bipy facilitates proton abstraction from a H2O2 molecule coordi-
nated to the iron ion (these reactions are stages in the catalytic cycle generating hydroxyl radicals from the hydrogen peroxide).
Hydroxyl radicals then attack alkane molecules finally yielding the alkyl hydroperoxide.
� 2005 Elsevier Ltd. All rights reserved.

Iron ions surrounded with certain N-containing ligands
can activate molecular oxygen and they play an extre-
mely important role in nature, particularly in oxidations
of alkanes and other hydrocarbons (see reviews1–7). Sur-
prisingly, in vitro �simple� iron derivatives are usually
poor catalysts for hydrocarbon oxidations with hydro-
gen peroxide.8,9 Iron complexes containing N-ligands
exhibit higher catalytic activity in comparison with �sim-
ple� salts, and amines added to the reaction solutions
either accelerate oxidations or/and significantly change
their selectivity.10–28

In the course of our systematic studies of iron-
catalysed hydrocarbon oxygenations with per-
oxides4,5,7,12,23,24,27,28 we decided to explore the
possibility of enhancing the efficiency of the reaction
by addition of certain amines (see a review on the dra-
matic role of additives in metal-catalysed hydrocarbon
oxygenations in solutions4). In the present paper we
report that 2,2 0-bipyridine (bipy) added to iron(III)

0040-4039/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.tetlet.2005.05.007

Keywords: Alkanes; Alkyl hydroperoxides; Biomimetics; Homo-

geneous catalysis; Hydrogen peroxide; Hydroperoxidation; Iron com-

plexes; Oxygenation.
* Corresponding author. Fax: +7 095 1376130; e-mail: Shulpin@

chph.ras.ru

URL: http://members.fortunecity.com/shulpin.

C
o
n
c
e
n
tr

a
ti
o
n
 /
 m

o
l 
d
m

—
3

Time / hours

-one

-ol

0 1 32 4

0.02

0

0.04

0.06

0.08

CyOOH

xx
x

xxx

Figure 1. Cyclohexane (0.55 mol dm�3) oxidation with 35% aqueous

H2O2 (1.2 mol dm�3) catalysed by FeCl3 (5 · 10�4 mol dm�3) and bipy

(5 · 10�3 mol dm�3). Accumulation of cyclohexyl hydroperoxide

(ROOH), cyclohexanol (–ol) and cyclohexanone (–one) (concentra-

tions of –ol and –one were measured twice before and after reduction

of the reaction mixture with PPh3) with time is shown. The

temperature was 60 �C, and the solvent was acetonitrile.
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chloride used as a catalyst dramatically accelerates oxi-
dation of alkanes with hydrogen peroxide in acetonitrile
solution. The oxidations were carried out in air in
thermostated (60 �C) Pyrex cylindrical vessels with vig-
orous stirring. The total volume of the reaction solution
was 5 mL. In our experiments, aqueous solutions of
hydrogen peroxide were used: either 35% (�Fluka�) or
70% (�Peróxidos do Brasil�). The catalyst, FeCl3Æ6H2O,
and the co-catalyst, bipy, were introduced into the reac-
tion mixture in the form of stock solutions in aceto-
nitrile. After given time intervals, samples (about 0.2

mL) were taken. Samples of the reaction solutions were
usually analysed by GC (instruments �HP Series 6890�
and �DANI-86.10�; fused silica capillary columns) twice,
before and after addition of an excess of solid triphenyl-
phosphine. Triphenylphosphine reduces hydrogen per-
oxide to water and the alkyl hydroperoxide to the
corresponding alcohol, and the comparison of the reac-
tion chromatograms before and after the reduction
allowed us to estimate the real concentrations of the
alkyl hydroperoxide, formed from the alkane, as well
as the concentrations of the alcohol and the ketone.
This method was developed and used by us previ-
ously.4,5,7,12,23,24,27–30 In the kinetic studies presented
below, we measured the concentrations of the cyclohex-
anone and cyclohexanol only after reduction with PPh3
because in this way we obtained more precise values of
the initial reaction rates.

C
o
n
c
e
n
tr

a
ti
o
n
 /
 m

o
l 
d
m

−3

a b

c

0.0

0.01

0.02

0.03

0.04 bipy / Fe = 0

-one

-ol

bipy / Fe = 1

-ol

-one

0.0

0.01

0.02

0.03

0.04 bipy / Fe = 1.5

-one

-ol
bipy / Fe = 2

-ol

-one

0       1

Time / hours

2        3

0.0

0.01

0.02

0.03

0.04

0       1 2        3

bipy / Fe = 4

-one

-ol

bipy / Fe = 6

-ol

-one

d

e f

0        1 2        3

bipy / Fe

g

4 5        6

5

10

15

0

1
0

3
W

0
 /
 m

m
o
l 
d
m

−3
 s

−1

Figure 2. Cyclohexane (0.5 mol dm�3) oxidation with 70% aqueous

H2O2 (0.5 mol dm�3) catalysed by FeCl3 (1 · 10�4 mol dm�3) at

various concentrations of added bipy. Accumulation of cyclohexanol

(–ol) and cyclohexanone (–one) (concentrations were measured after

reduction of the reaction mixture with PPh3) (graphs a–f) and

dependence of initial rate of formation of oxygenates W0 on the

bipy/Fe ratio (graph g) are shown. The temperature was 60 �C, the
solvent was acetonitrile.
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Figure 3. Cyclohexane (0.5 mol dm�3) oxidation with 70% aqueous

H2O2 (0.5 mol dm�3) catalysed by the �FeCl3–bipy� system at various

concentrations of both FeCl3 and bipy at constant ratio bipy/

FeCl3 = 2. Accumulation of cyclohexanol (–ol) and cyclohexanone

(–one) (concentrations were measured after reduction of the reaction

mixture with PPh3) (graphs a–d) and dependence of initial rate of

formation of all oxygenatesW0 on the concentration of FeCl3 and bipy

(graph e) are shown. The temperature was 60 �C, the solvent was

acetonitrile.
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