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Hydroxylation of alkanes catalysed by a chiral m-oxo diferric
complex: a metal-based mechanism
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Abstract

The hydroxylation of alkanes by hydrogen peroxide catalysed by a chiral m-oxo diferric complex has been demonstrated
to be stereospecific and partially enantioselective indicating a metal-based mechanism. q 2000 Elsevier Science B.V. All
rights reserved.
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`The selective oxidation of C H bonds in
hydrocarbons is one of the outstanding chal-
lenges in catalysis. A biomimetic approach has
proved to have the potential to provide new
homogeneous complexes with interesting cat-
alytic activities, as shown with model com-
plexes for cytochrome P450-dependent mono-
oxygenases or for methane monooxygenase
Ž . w xMMO 1–5 .

MMO is a complex enzymatic system, in
which molecular oxygen is reductively activated

Ž .and alkane oxidation including methane is
w xcatalysed by a non-heme diiron center 6,7 .

Such a center can be chemically reproduced and
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simple synthetic diferric complexes recently
proved to be efficient as catalysts for the oxida-
tion of alkanes by hydrogen peroxide, alkylhy-

w xdroperoxides and peracids 8–13 . However, lit-
tle selectivity has been achieved with such sys-
tems so far.

Oxidation with alkylhydroperoxides, such as
Ž .tert-butylhydroperoxide TBHP , catalysed by

non-heme iron has probably been the most ex-
tensively studied reaction, in the recent past. Its
mechanism, which has been a matter of contro-

w xversy, is now well established 14 . The H-ab-
stracting species is the alkoxyl radical RO8 de-
rived from the homolytic cleavage of an
alkylperoxo-iron Fe-OOR intermediate. The re-
sulting substrate radical is then believed to react
with molecular oxygen, when the reaction is
carried out in air, providing the corresponding
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alcohol, ketone and mixed dialkylperoxide.
When the reaction is carried out under strictly
anaerobic conditions, the substrate radical reacts
with the intermediate ferryl intermediate and

Ž .generates mostly the alcohol Scheme 2 . Since
this system involves pure radical chemistry, it is
obviously inapt for selective reactions.

It is generally assumed that a combination of
a non-heme iron complex and hydrogen perox-
ide, H O , also gives radical chemistry, pre-2 2

Ž .cluding selectivity Fenton reaction . However,
there are a few observations reported that sug-
gest that this assumption might not be true
w x15–18 . For example, we earlier developed a
catalytic system, in which the catalyst is a m-oxo

Ž . Ž . Ž .diferric complex 1, Fe O pb H O ClO ,2 2 2 2 4 4
Ž . X w xpbs4,5 y pinene-2,2 bipyridine 19 , which

contains a chiral bipyridine derivative as the
iron ligand. This complex is able to catalyse an
enantioselective oxidation of sulfides into sul-
foxides by H O , with significant enantiomeric2 2

w xexcesses 20 . Since this reaction involves an
oxygen atom transfer with no covalent bond
breakage and no radical intermediate, we rea-
soned out that enantioselective hydroxylation of
alkanes would be a better probe to support the
notion that selectivity can be achieved with
non-heme iron and H O -dependent systems.2 2

Here we show that with the complex mentioned
above, stereospecific and moderate enantiose-
lective hydroxylation could be obtained with

Ž .H O but not TBHP as the oxidant Scheme 1 .2 2

The catalytic properties of complex 1 have
been tested during oxidation of a variety of
substrates in large excess by using 10 or 20

Scheme 1.

Scheme 2.

equivalents of oxidant with respect to the cata-
lyst, in argon-deaerated acetonitrile. This small
excess of oxidant was selected to limit molecu-
lar oxygen production from dismutation of the
oxidant. The results are shown in Table 1 and
these allow one to compare H O - to TBHP-de-2 2

pendent reactions.1 The mass balance for both
systems was calculated in the case of alkane
oxidation and found close to quantitative, taking
into account the amount of oxygen evolved2

w x21 . The production of molecular oxygen in
situ explains why the reactions are not fully
anaerobic. Accordingly, ketone formation is the
signature for the presence of dioxygen.

With cyclohexane as the alkane probe, TBHP
was found to be more efficient than H O2 2
Ž .compare yields . However, this is a conse-
quence of the production of a large amount of
mixed cyclohexyltbutylperoxide, obviously
absent from H O -dependent reactions. With2 2

regard to alcohol and ketone formation, the
systems are comparable. The presence of air
affected the yield of the reaction only in the
case of TBHP, for which the yield increased to

Žreach over 100% based on the oxidant Table
.1 . Furthermore, H O differed from TBHP in2 2

terms of kinetic isotopic effects during oxida-
Žtion of cyclohexane K.I.E.s7 and 3.2 for

1 Experimental conditions for the catalytic oxidations: 1ral-
Ž . Ž .kanerROOH R-H or tBu s1:1100:10 or a 20 or in aceto-

w xnitrile; reaction time 15 min. 1 s0.7 mM. 600 equiv. of sulfides
are used for the sulfoxidation reaction. Yields are based on the
oxidant. Ar corresponds to strict anaerobic conditions, obtained in

Ž .a glove box. )Solvents EtOH. b no cyclohexylperoxide could
be detected.

2 Measurement of dioxygen evolution has been done by vol-
umetry. The presence of O has already been shown in TBHP2

Ž w x.systems see Ref. 18 and in related systems.
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.TBHP and H O , respectively . Another differ-2 2

ence concerns tertiary to secondary carbon se-
lectivity during oxidation of adamantane
ŽC3rC2s10 and 3.5 for TBHP and H O ,2 2

.respectively . This demonstrates that C–H ab-
straction is the limiting step of the reaction, in
both cases, and suggests that the active abstract-
ing species are different. In the case of H O it2 2

is interesting to note that the above numbers are
clearly different from those obtained with hy-

Table 1
Catalytic properties of complex 1 with peroxides as oxidants

Ž .See Footnote 1 for experimental conditions. a 20 equiv. of
Ž .oxidant; b : no cyclohexylperoxide could be detected.

Scheme 3.

droxyl radicals as the abstracting species but
Ž .close to a recently reported Fe III porphyrinr

w xH O system 22,23 .2 2

The most impressive difference between the
two systems concerns the selectivity of the hy-
droxylation reactions. This property was investi-

Ž .gated with 1,2-dimethylcyclohexane DMC ,
ethylbenzene and 1,1Xdimethylindane as sub-
strate probes. First, as shown in Table 1, only
the H O -dependent system was stereospecific2 2

since the cis configuration and the trans config-
uration was retained in the tertiary alcohol prod-
uct during oxidation of cis-DMC and trans-
DMC, respectively. Such a stereospecific oxida-
tion has been observed during oxidation by

Ž .H O catalysed by a mononuclear Fe II TPA2 2
w xcomplex but not with hydroxy radicals 16,24 .

Second, only H O gave a moderate but signifi-2 2

cant enantiomeric excess during oxidation of
Ž . Ž . 3,4ethylbenzene 7% and dimethylindane 15% .

With a sulfide as a substrate, we confirmed that
TBHP was unable to give an enantioselective
oxidation, whereas H O gave an enantiomeric2 2

excess of 40%.

3 Oxidation of alcohols by 1rH O is rather poor precluding2 2

kinetic resolution in this case. In addition, the kinetics of oxida-
tion by H O for the two enantiomers of 1-phenyl ethanol, were2 2

found identical.
4 The enantiomeric excesses have been measured using a Chi-

raldex GC column. Racemic mixture of alcohols or the mixture of
TBHP-dependent alkane oxidation leads to 1:1 ratio of the respec-
tive GC peaks.
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With cyclooctene as an olefin probe, we show
that H O is a much better epoxidizing agent2 2

than TBHP, when associated to complex 1. We
did not find evidence for the oxidation at the
allylic positions.

This is the first report of an enantioselective
catalytic hydroxylation by hydrogen peroxide
using a non-heme iron complex, with chiral
ligands, as a catalyst. Only few examples of
enantiocatalysis of alkane hydroxylation have

w xbeen reported 25,26 . Although the enan-
tiomeric excesses are still moderate, this unam-
biguously shows that a non-heme diironrH O2 2

combination may not only be a source of hy-
Ž .droxyl radicals Fenton reaction , precluding se-

lectivity, but also involve metal-based chem-
istry. The mechanism remains to be established
but it probably involves a diiron–peroxo com-

Ž .plex as a first intermediate Scheme 3 . Such a
peroxo complex has indeed been previously ob-
served during reaction of H O with complex 1,2 2

at low temperature, and characterized by UV–
w xvisible and Raman resonance spectroscopy 20 .

Furthermore, there is a number of reported m-
peroxo non-heme diiron complexes that have

w xbeen crystallographically characterised 27–29 .
The peroxo complex might be a precursor of a
high-valent iron complex able to control the
stereochemistry of the reaction, explaining the
observed enantioselectivity. However, non-
selective hydroxylation reactions involving free
radical and dioxygen are competing with the
above process.

Our data also clearly confirm the free radical
mechanism of the oxidations by the non-heme
ironrTBHP system, consistent with Scheme 2.
It is a poor epoxidizing agent and does not
display any stereospecificity and enantioselec-
tivity during sulfide and alkane oxidation.

The fact that the selectivity of the oxidations
by H O catalysed by simple iron complexes2 2

can be controlled, offers new possibilities for
the design of enantioselective catalytic systems.
Obviously, further investigation should focus on
the improvement of the enantiomeric excesses
reported here.
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