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Abstract

Four iron(II) complexes, bearing hexa-, penta- or tetra-azadentate ligands, whose redox potentials (for the FeIII /FeII couple) vary from
+280 to+1023 mV (versus saturated calomel electrode), were compared as catalysts for the oxidation of various substrates by H2O2. These
complexes were bad catalysts for alkene epoxidation or alkane hydroxylation, whereas those exhibiting the highest redox potentials were
interesting catalysts for the hydroxylation of aromatic compounds. For most of them, addition of an appropriate reducing agent, such as
hydroquinones, PhSH or tetrahydropterins, in the medium, led to spectacular increases of the yields of hydroxylation of aromatic compounds
such as anisole, toluene, ethylbenzene, benzene and naphthalene (with final yields based on H2O2 up to 69, 33, 18, 40 and 47%, respectively).
Such systems catalyzed the transfer of an oxygen atom from H2O2, as shown by experiments using H2

18O2 and H2
18O, into anisole with yields

based on starting H2O2 up to 69%.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Several systems based on iron porphyrins have been
shown to efficiently mimic alkene epoxidation and alkane
hydroxylation by cytochrome P450-dependent monooxyge-
nases[1–6]. More recently, non-heme iron complexes that
were developed as mimics of non-heme iron-containing
monooxygenases, have also been found to act as good cat-
alysts for the epoxidation orcis-dihydroxylation of alkenes
by H2O2 (for recent articles, see for instance[7–12]).
Cytochromes P450 and some non-heme iron-containing
monooxygenases also catalyze the selective and efficient
hydroxylation of aromatic compounds[13]. However, very
few iron-based model systems have been described so far
for the selective hydroxylation of aromatic compounds
[1–6]. In the context of a comparative study of the catalytic
properties of iron porphyrins and non-heme iron com-
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plexes in the oxidation of hydrocarbons by H2O2, we have
recently found that the iron(II) complex of the hexaazaden-
tate ligand tris[N-(2-pyridylmethyl)-2-aminoethyl]amine
(TPAA) (Fig. 1) was a poor catalyst for alkene epoxida-
tion and alkane hydroxylation, but a quite efficient catalyst
for the hydroxylation of aromatic compounds[14]. Thus,
[(TPAA)FeII ](ClO4)2 catalyzes the hydroxylation by H2O2
of anisole, toluene, ethylbenzene, benzene and chloroben-
zene, with respective yields of 53, 17, 24, 22 and 13% based
on H2O2. Moreover, hydroxylation of the aromatic ring of
toluene and ethylbenzene by the [(TPAA)Fe](ClO4)2/H2O2
system is the major reaction, more important than the usu-
ally favoured hydroxylation of their benzylic position[15].

Non-heme iron(II) complexes bearing similar poly-
azadentate ligands, either pentaazadentate ligands L5

2,
[N-methyl-N,N′,N′-tris(2-pyridylmethyl)ethane-1,2-diamine],
and L5

3, [N-methyl-N,N′,N′-tris(2-pyridylmethyl)propane-
1,3-diamine], or tetraazadentate ligand L4

3, N,N′-dimethyl-
N,N′-bis(2-pyridylmethyl)propane-1,3-diamine (Fig. 1),
have been recently characterized[16–18], and found to react
with H2O2 with formation of FeIII OOH species that have
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Fig. 1. Formula of the polydentate ligands of the iron complexes used in
this study.

been spectrally detected in the case of the (L5) iron com-
plexes[18,19]. Some of the L43 iron complexes have been
found to act as catalysts of hexane hydroxylation by O2 in
the presence of 2,3,5-trimethylhydroquinone as a reducing
agent[16]. Here, we compare the properties of the (L4) and
(L5) iron(II) complexes to those of [(TPAA)Fe](ClO4)2, as
catalysts for the oxidation of several substrates by H2O2.
Some of them appear to be very efficient for the hydroxyla-
tion of aromatic compounds, particularly in the presence of
reducing agents, such as hydroquinones or tetrahydropterins.

2. Experimental

2.1. Catalysts and reactants

The iron complexes used in this study were prepared as
described previously[16–18,20]. All the reactants and prod-

Table 1
Comparison of various iron complexes bearing different polyazadentate ligands as catalysts of hydroxylation of anisole and toluene by H2O2

a

Catalyst Product (yields %)b

Anisole Toluene

o-OH p-OH PhOH o-OH m-OH p-OH PhCH2OH PhCHO

(TPAA)Fe(ClO4)2 26 27 3 8 2 7 0.5 1
(L5

2FeCl)PF6 23 7 3 3 1.5 1.5 3 5
(L5

3FeCl)PF6 24 7 6 4.5 2 2 1 0.8
L4

3FeCl2 2 2 1 2.5 1 1.5 0.5 0.6

a Conditions: catalyst/H2O2/substrate molar ratio= 1/20/3000 in CH3CN/H2O (9/1) for 2 h at 20◦C; [catalyst]= 2 mM. o-OH, p-OH and m-OH
are used forortho, para and meta-substituted phenol products. In the case of anisole,meta-methoxyphenol corresponded to less than 5% of total
methoxyphenols.

b Yields are based on starting H2O2; those obtained with (TPAA)Fe(ClO4)2 came from ref[14].

ucts were commercially available and used without further
purification. H2

18O2 (95% enriched in18O, 2.5% in H2
16O)

was purchased from ICON (NJ, USA); H2
18O (98% en-

riched in18O) was purchased from EURISO-TOP (Saclay,
France).

2.2. Typical procedure for catalytic oxidations

H2O2 (20�mol, 40% in H2O, 1.45�l) was added to
a CH2Cl2/CH3CN solution (1/1 v/v) of the iron catalyst
(1�mol) and the substrate (3 mmol), the total volume of the
solvents being calculated to obtain a 1.5 mM concentration
of the catalyst. For most reactions performed in the pres-
ence of a reducing agent (conditions ofTables 2 and 3), the
CH2Cl2/CH3CN solution also contained 20�mol of the re-
ducing agent. Slightly different conditions were used for the
experiments corresponding to the results ofTables 1 and 4
(changes in the nature of the solvents and on the relative
amounts of the reducing agent). After 2 h at 20◦C, an inter-
nal standard (PhCOCH3 or PhI, 10�mol), was added and
the reaction mixture was analysed by gas chromatography.

Reactions under anaerobic conditions were done by
“freeze–thaw cycles” of a vial containing a solution of all
the reactants except H2O2 and of a second vial containing
the H2O2 solution. The content of the first vial was then
transferred onto the H2O2 solution under argon.

2.3. Product analysis and identification

Gas chromatographic analyses were done using either a
packed 5% FFAP column for anisole and naphthalene as
substrates, or a capillary BP20 (polar) column for toluene
and ethylbenzene, with detection with a flame ionization
detector. The products formed were analyzed by comparison
of their retention time with those of authentic samples, and
by gaz chromatography-mass spectrometry analysis, using a
Hewlett-Packard 5890 Series II GC coupled with a HP5972
mass selective detector.

In the oxidations of anisole using either H2
18O2 or

H2
18O, the levels of18O incorporation into anisole were

measured on the basis of an analysis of the peaks at
m/z = 124 and 126 (molecular ion) and atm/z = 109 and
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111 (M-15)+ observed in the mass spectra of theortho-,
meta- and para-methoxyphenol products. In all reactions,
the levels of18O incorporation calculated either from the
124/126 or from the 109/111 peaks of the mass spectra of
the three regioisomers of methoxyphenol were in excellent
agreement (equal values±1%).

3. Results and discussion

3.1. Comparison of iron complexes bearing tetra-, penta-,
or hexa-azadentate ligands as H2O2-dependent oxidation
catalysts

The possible roles of the L4
3FeII Cl2, (L5

2FeII Cl)PF6 and
(L5

3FeII Cl)PF6 complexes as catalysts for the oxidation of
hydrocarbons by H2O2 were compared to those previously
reported[14] for the [(TPAA)FeII ](ClO4)2 complex. These
three complexes were found to act as poor catalysts for
the epoxidation of alkenes by H2O2. Under identical con-
ditions (catalyst/H2O2/substrate molar ratio= 1/40/800 in
CH2Cl2/CH3CN), they exhibited characteristics very simi-
lar to those previously described for [(TPAA)FeII ](ClO4)2
[14]: (i) yields lower than 20% for the epoxidation of cy-
clooctene, (ii) major formation of allylic oxidation products
when using cyclohexene as a substrate, and (iii) major for-
mation of benzaldehyde and only minor formation of epox-
ides (<10%) in the case ofcis-stilbene.

In a similar manner, these three iron(II) complexes were
bad catalysts for the hydroxylation of cyclohexane by H2O2
(yields based on H2O2 in the presence of cyclohexane in
excess lower than 20%).

The four complexes L43FeII Cl2, (L5
2FeII Cl)PF6,

(L5
3FeII Cl)PF6 and [(TPAA)FeII ](ClO4)2 exhibited a very

different behaviour as catalysts for the hydroxylation of
anisole by H2O2. Table 1 shows that, in the presence
of anisole in excess (iron catalyst/H2O2/anisole molar
ratio = 1/20/3000 in CH3CN/H2O (90/10)), all these iron
complexes, except L43FeCl2, were active catalysts for the
formation of methoxyphenols with yields (based on H2O2)
between 30 and 53%, the oxidative demethylation of anisole
being a minor reaction with all catalysts. This catalytic
oxidation of anisole, as all the aromatic hydroxylations
described in the following, were performed by using the
substrate in excess, in order to avoid as much as possible
further oxidations of the phenol products in the oxidizing
medium. This is usually done in aromatic hydroxylations
by bioinspired systems because of the great reactivity of
the phenol products towards the oxidizing species. Under
these conditions, yields are expressed relative to the limiting
reactant in the medium, here H2O2. These yields give an
estimation of the ability of the systems to transfer an oxy-
gen atom to the substrate. In that regard, experiments using
H2

18O2 or H2
18O were performed to determine the origin

of the oxygen atom inserted in the substrate. Oxidation of
anisole by H218O2 (containing 95%18O) in the presence

of [(TPAA)FeII ](ClO4)2 under conditions identical to those
described inTable 1(in CH3CN/H2

16O) led toortho-, meta-
andpara-methoxyphenols bearing a phenolic oxygen atom
containing 95±1% of 18O isotope, as shown by mass spec-
trometry coupled to gaz chromatography. When the same
reaction was performed with H216O2 in CH3CN/H2

18O
(98% enriched), the methoxyphenol products contained less
than 1%18O. These data clearly show that the oxygen atom
incorporated into anisole almost exclusively came from
H2O2 (Eq. (1)). Since most of the oxidation reactions were
done under aerobic conditions, the above data also show
that the incorporated oxygen atom did not come from O2.
Accordingly, the same reactions performed under anaerobic
conditions (under Ar, seeSection 2) led to almost identical
results.

(1)

Similar reactions using H218O2 or H2
18O, but with the

(L5
2FeCl)PF6 catalyst (conditions ofTable 1, except for the

CH3CN/H2O ratio which was 80/20 in these experiments)
led to the same results and conclusions concerning the origin
of the phenolic oxygen atom in methoxyphenols.

The total yield of methoxyphenols and the regioselectiv-
ity of anisole hydroxylation were dependent on the structure
of the catalyst; [(TPAA)Fe](ClO4)2 led to the best total
yield and to almost equal amounts ofortho and para-me-
thoxyphenol[14], whereas (L52FeCl)PF6 and (L5

3FeCl)PF6
exhibited a quite identical behaviour, with total yields of ca.
30% and a regioselectivity in favour ofortho-hydroxylation.
In the hydroxylation of toluene by H2O2, [(TPAA)Fe](ClO4)2
was also the best catalyst, with a total yield of cresols
formation of 17%, whereas this yield was only 6% in the
case of the L52 complex.Table 1also shows very differ-
ent chemoselectivities (aromatic hydroxylation: benzylic
hydroxylation ratios) and regioselectivities for aromatic
hydroxylations, as a function of the catalyst structure. Aro-
matic hydroxylation is largely predominent in the case of
[(TPAA)Fe](ClO4)2, whereas benzylic hydroxylation be-
comes slightly predominent in the case of the L5

2 complex.

3.2. Effects of the presence of a reducing agent in the
non-heme iron complexes-catalyzed hydroxylation of
aromatic compounds by H2O2

In the course of this study of the hydroxylation of aromatic
compounds by H2O2 catalyzed by non-heme iron com-
plexes, we investigated the possible role of the presence of
a reducing agent on the reactions. Preliminary experiments
showed us that the presence of such reductants were with-
out marked effects on the [(TPAA)Fe](ClO4)2-catalyzed
aromatic hydroxylations, whereas it led to dramatic ef-
fects in the case of the reactions catalyzed by the other
complexes. Thus,Table 2 shows that the addition of
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Table 2
Effects of the presence of 2,3,5-trimethylhydroquinone on aromatic hydroxylations by H2O2 catalyzed by non-heme iron complexesa

Catalystb Products (Yield %)c

Anisole Toluene Ethylbenzene Naphtalene

o-OH p-OH PhOH o-OH m-OH p-OH ol al o-OH m-OH p-OH ol one 1-ol 2-ol

L5
2FeCl+ (−) 28 5 6 4 2 1.5 3 6 2 3 1 5 12 <0.2 <0.2

(+) 43 18 8 23 2.5 7.5 4 4 11 3 4 8 12 23 7
L5

3FeCl+ (−) 15 5 5 2 1 1.5 3 6 1 <0.2 <0.2 8 15 1 <0.2
(+) 37 16 7 16 5 6 5 9 9 2 3 6 9 22 5

L4
3FeCl2 (−) 2 0.8 2 0.3 <0.1 0.2 1.5 3 <0.2 <0.2 <0.2 4 12 <0.2 <0.2

(+) 20 13 5 7 1 3 3 4 3.5 0.7 1 9 10.5 10 4

a Conditions: catalyst/H2O2/substrate molar ratio= 1/20/3000 in CH3CN/CH2Cl2 (1/1) for 2 h at 20◦C. [catalyst]= 1.5 mM. These reactions were
done under aerobic conditions. Some of them (anisole and L5

3FeCl+ with or without reductant, anisole and L5
2FeCl+ with reductant) were also done

under anaerobic conditions (under Ar, seeSection 2), and gave results not significantly different from those obtained under aerobic conditions.
b (−) Corresponds to experiments performed without reductant, (+) experiments performed in the presence of 2,3,5-trimethylhydroquinone (20 eq.

relative to catalyst).
c Yields are based on starting H2O2. o-, m-, p-OH are used forortho, meta and para-hydroxylated substrates, respectively; ol is used for benzyl

alcohol in the case of toluene, and for phenyl-1-ethanol in the case of ethylbenzene; al is used for benzaldehyde, and one for acetophenone. 1-ol and
2-ol are used for 1- and 2-naphthol, respectively.

2,3,5-trimethylhydroquinone to the L4
3FeCl2/H2O2 system

led to a spectacular increase in the yields of anisole hydrox-
ylation (33 instead of 3%) and of naphthalene hydroxylation
(14 instead of<1%). The presence of this reducing agent
also had a dramatic effect on the chemoselectivity of toluene
hydroxylation, as it greatly favours aromatic hydroxylation
over benzylic hydroxylation (ratios of 1.6 instead of 0.1).
Similar results were observed in the case of the (L5) iron
complexes, with increases of the yields of aromatic hydrox-
ylation of anisole, toluene and ethylbenzene by factors be-
tween 2 and 11 (Table 2). The most spectacular increase was
observed with naphthalene whatever the catalyst; the yields
of �- and�-naphthols reached 30% (in the case of the L5

2

complex), whereas they were very low (<2%) in the absence
of reductant. Addition of trimethylhydroquinone allowed
one to reach yields of aromatic hydroxylation of anisole,
toluene and ethylbenzene of 61, 33 and 18%, respectively.
In the case of toluene and ethylbenzene, this increase in the
aromatic hydroxylation yields was always accompanied by a
great increase in the aromatic/benzylic hydroxylation ratio.

This increase of the aromatic hydroxylation yields upon
addition of trimethylhydroquinone to the iron catalyst–H2O2
systems is not due to supplementary oxidation reactions
coming from iron-catalyzed activation of dioxygen, which
is present in these aerobic reactions, by the reducing
agent, for the two following reasons. Oxidation of anisole
by the L5

2 (or L5
3)FeCl+–H2O2–trimethylhydroquinone

systems were performed either on aerobic or on anaer-
obic conditions (seeSection 2 and Table 2) and al-
ways gave almost identical results. Moreover, oxidation
of anisole by H218O2 in CH3CN/H2

16O (80/20) and
in the presence of (L52FeCl)PF6 and trimethylhydro-
quinone (anisole/H2O2/catalyst/trimethylhydroquinone mo-
lar ratio = 3000/20/1/10) led to methoxyphenols with
phenolic oxygen atoms containing 95± 1% of 18O isotope.
Thus, the presence of trimethylhydroquinone markedly in-

creases the yields of aromatic hydroxylation (Table 2) but
does not change the origin (H2O2) of the oxygen atom
incorporated into the substrates.

Addition of trimethylhydroquinone to the L43FeCl2– or
(L5FeCl)+–H2O2 systems led not only to an increase in
the yields of phenol products but also to an increase in the
oxidation rates. For instance, addition of trimethylhydro-
quinone to the (L53FeCl)PF6–H2O2 system, under condi-
tions ofTable 2, led to a fivefold increase of the initial rates
of anisole oxidation to methoxyphenols (11 turnovers per
min instead of 2.2; data not shown).

Finally, Table 2 also shows that the lower activity of
the catalyst in the absence of reductant, the higher the in-
crease of the aromatic hydroxylation yields upon addition
of the reductant. Thus, the yields of methoxyphenols de-
rived from anisole hydroxylation increased 1.8-, 2.7- and
11-fold upon addition of trimethylhydroquinone to the sys-
tems using (L52FeCl)PF6, (L5

3FeCl)PF6 and L4
3FeCl2, re-

spectively. Similarly, addition of this reductant to the three
catalytic systems, respectively led to 4.4-, 6- and 20-fold in-
creases of the yields of aromatic hydroxylation of toluene
(Table 2).

Table 3shows that the effects of trimethylhydroquinone
on the yields of anisole hydroxylation by the (L5) iron–H2O2
systems were also observed with other reducing agents, such
as thiophenol, 3,5-dimethylthiophenol or�-naphthol. Yields
of anisole hydroxylation increased up to 66 and 69% upon
addition of thiophenol and�-naphthol, respectively. Addi-
tion of phenol did not lead to an increase of the anisole
hydroxylation yields, and piperidine exhibited an inhibitory
effect on this hydroxylation (Table 3).

The level of increase of aromatic hydroxylation upon ad-
dition of a reducing agent was dependent on the reducing
agent/catalyst ratio used, as shown inTable 4. Thus, the
yields of methoxyphenols derived from anisole were 41 and
51% for trimethylhydroquinone/(L52FeCl)PF6 ratios of 1
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Table 3
Compared effects of various reducing agents on the hydroxylation of anisole by H2O2 catalyzed by (L52FeCl)PF6 and (L5

3FeCl)PF6a

Reductant Products (yield %)b

(L5
2FeCl)PF6 (L5

3FeCl)PF6

o-OH p-OH PhOH o-OH p-OH PhOH

Trimethylhydroquinone 43 18 8 37 16 7
Phenol 24 6 – 11 3 –
Thiophenol 45 21 7 40 20 4
3,5-Dimethylthiophenol 46 19 7 43 18 4
�-Naphthol 47 22 7 37 20 8
Piperidine <1 <1 <1 <1 <1 <1

Without reductant 28 5 6 15 5 5

a Conditions as inTable 2.
b Yields based on starting H2O2. o-OH andp-OH refer toortho- and para- methoxyphenol, respectively.Meta-methoxyphenol was formed in very

low amounts (<5% of total methoxyphenols).

and 5, respectively. The increase of the yields of cresols de-
rived from toluene was even larger with the same increase
in the reductant/catalyst ratio (12.5 and 27%).

In that respect, the most spectacular results were obtained
with a reducing agent, diMeH4P, which is a close analogue
of the well-known biological reducing cofactor tetrahydro-
biopterin, H4B (Fig. 2). Table 4shows that the optimal in-
crease of methoxyphenols yields was already obtained with
a diMeH4P/(L5

2FeCl)PF6 ratio of 1. Addition of a stoechio-
metric amount of diMeH4P (relative to the catalyst) led to
a 48% yield of methoxyphenols instead of 30% in the ab-
sence of this reductant, whereas the addition of an excess
of diMeH4P (5 eq. relative to the catalyst) led to a smaller
increase of the yield. The most striking beneficial effect of
diMeH4P was observed in the case of naphthalene oxida-
tion. Naphthols were formed in very low yields in the ab-
sence of a reducing agent or even in the presence of 5 eq.
of trimethylhydroquinone (relative to the catalyst). By con-
trast, they were formed in a 47% yield in the presence of
5 eq. of diMeH4P. In fact, this is the best yield obtained so
far for naphthalene hydroxylation by such non-heme iron
complexes/H2O2 systems (compareTables 2 and 4).

Table 4
Comparison of the effects of diMeH4P and 2,3,5-trimethylhydroquinone on the hydroxylation of aromatic compounds by H2O2 catalyzed by (L52FeCl)PF6a

Reductant Products (yields %)b

Anisole Naphthalene Benzene Toluene

o-OH p-OH PhOH 1-ol 2-ol PhOH o-OH m-OH p-OH PhCH2OH PhCHO

diMeH4P
1 eq. 37 11 5 5 4 33 12 4.5 5 1.5 1
5 eq. 29 14 4 30 17 40 16 4.5 6 1 3

Trimethylhydroquinone
1 eq. 32 9 5 2 1 29 6.5 3 3 2 4
5 eq. 36 15 8 7.5 5 31 16 5 6 3.5 3

Without reductant 23 7 3 <0.5 <0.5 26 3 1.5 1.5 3 5

a Conditions: catalyst/H2O2/substrate molar ratio= 1/20/3000 in CH3CN/H2O (80/20 because of the low solubility of diMeH4P in organic solvents)
for 2 h at 20◦C. [catalyst]= 1.5 mM.

b Yields based on starting H2O2. Abbreviations for the products as inTable 2

The beneficial effects of diMeH4P was also clear in the
case of benzene itself as substrate, as the addition of this
reducing agent (5 eq. relative to the catalyst) allowed one to
obtain a remarkable yield of 40% for benzene hydroxylation.

3.3. Discussion

A comparative study of the catalytic properties of iron
complexes bearing hexa-, penta-, and tetra-azapolydentate
ligands, [(TPAA)Fe](ClO4)2, (L5

2FeCl)PF6, (L5
3FeCl)PF6

and L4
3FeCl2, towards hydroxylation of hydrocarbons by

H2O2, showed us that all of them are not efficient catalysts
for alkene epoxidation or alkane hydroxylation. However,
(L5

2FeCl)PF6 and (L5
3FeCl)PF6 exhibit interesting prop-

erties as catalysts for the hydroxylation of aromatic com-
pounds by H2O2, even though they are less efficient than
[(TPAA)Fe](ClO4)2 (Table 1). Actually, the efficacy of the
four studied catalysts for hydroxylation of anisole by H2O2
increases in the following order:

L4
3FeCl2 < (L5

2FeCl)PF6 ∼ (L5
3FeCl)PF6

< [(TPAA)Fe](ClO4)2
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In [(TPAA)Fe](ClO4)2-catalyzed hydroxylation of
anisole, 56% of starting H2O2 is used for anisole oxidation,
resulting in a largely predominant hydroxylation of the
aromatic ring (95% of total oxidation) and a minor oxida-
tive demethylation reaction leading to phenol (Table 1). By
comparison, the two (L5) iron complexes lead to a ca. 30%
yield of anisole aromatic hydroxylation whereas L4

3FeCl2
gives very low yields. In all these hydroxylations of anisole,
the oxygen atom incorporated into the aromatic ring comes
from H2O2.

It is noteworthy that the redox potentials (FeIII /FeII cou-
ple) of the FeII complexes used in this study increase in the
following order:

L4
3FeCl2

+280 mV[16]
< (L5

2FeCl)PF6
+570 mV[17]

∼ (L5
3FeCl)PF6

+640 mV[18]

< (TPAA)Fe(ClO4)2
+1023 mV[21] (versus SCE)

Thus, there is a parallel variation of the redox potential and
the catalytic efficiency of these iron catalysts.

Our data also show that the addition of reducing agents,
such as trimethylhydroquinone or thiophenol, to the iron
catalyst–H2O2 systems may lead to a considerable increase
of the aromatic hydroxylation yields (Tables 2–4). Such
beneficial effects of the addition of a reducing agent to
“Fenton-like” systems using ferrous ions and H2O2 in the
hydroxylation of aromatic compounds have been previously
reported[22]. They have been attributed to the fact that the
reducing agent regenerates ferrous ions by the reduction of
the ferric ions formed during the reactions[22].

Great increases of the aromatic hydroxylation yields
were observed in the case of the two (L5) iron complexes
and were particularly important with L4

3FeCl2 since the
latter catalyst was almost inefficient in the absence of
reductant. Such increases did not significantly occur in
(TPAA)Fe(ClO4)2-catalyzed reactions. The presence of a
reducing agent in (L5) iron complexes-catalyzed oxida-
tion of anisole allows one to reach aromatic hydroxylation
yields up to 60–70%, that are markedly better than the best
ones reported previously with [(TPAA)Fe](ClO4)2 [14]. In
the best case (Table 3; case of�-naphthol), 76% of starting
H2O2 was used to produce anisole oxidation products (69%
for aromatic hydroxylation and 7% for oxidative demethy-
lation). This improvement of the yields was observed for all

the studied aromatic substrates, allowing us to increase the
best yields of aromatic hydroxylation of toluene, ethylben-
zene and naphthalene obtained in the absence of reductant
(7, 6 and<1%, respectively,Table 2) up to 33, 18 (Table 2)
and 47% (Table 4), respectively.

With toluene and ethylbenzene for which aromatic hy-
droxylation is in competition with benzylic hydroxylation,
that is a highly favorable reaction with most oxidizing sys-
tems (see for instance[15,23]), the increases of the aromatic
hydroxylation yields in the presence of a reductant were al-
ways accompanied with an increase in the aromatic/benzylic
hydroxylation ratio. Several reducing agents, trimethylhy-
droquinone, thiophenol, 3,5-dimethylthiophenol,�-naphthol
and diMeH4P exhibit comparable beneficial effects on
aromatic hydroxylation yields (Tables 3 and 4). However,
diMeH4P is particularly interesting in that respect, since
it causes an important increase of anisole hydroxylation
yields when used in stoechiometric amounts relative to the
catalyst, and since it leads to a spectacular increase of the
yields of naphthalene hydroxylation (from less than 1 to
47%, Table 4) and to the best yields of hydroxylation of
this substrate (47%) and of benzene itself (40%,Table 4)
observed with the non-heme iron–H2O2 systems.

The mechanism of the above described aromatic hydrox-
ylations, as well as the origin of the beneficial effects of
reducing agents on some of these reactions, are far from be-
ing understood. Such a mechanism should take into account
four main results of this work.

(a) The unusual pattern of reactivity of the above described
systems, with a low ability to epoxidize alkenes and a
particular efficiency for aromatic hydroxylation.

(b) The increase of this efficiency for aromatic hydroxyla-
tions with the redox potential of the catalyst.

(c) The beneficial effects of reducing agents on several sys-
tems.

(d) The fact that the oxygen atom inserted into anisole al-
most exclusively comes from H2O2 (even in the pres-
ence of large amounts of H2O).

Whatever this mechanism may be, the aforementioned
results show that some non-heme iron complexes may act
as good catalysts for the hydroxylation of aromatic com-
pounds by H2O2, and indicate some ways to improve their
efficacy.
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