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p-0x0-bridged Diiron(iii) Complexes and H.0,: 
Monooxygenase- and Catalase-like Activities 
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The p-0x0-bridged diiron(ii1) complex [Fe,O(bipy),(OH,),] [CIO,], 1 (bipy = 2.2'-bipyridine) was found 
to exhibit monooxygenase-like activity, using H,O, as the oxidant. The system oxidizes alkanes to  alcohols 
and ketones quite efficiently (46 mmol of cyclohexanol + cyclohexanone per mmol complex in 10 min). In 
the case of adamantane, selectivity for the tertiary hydrogen was indicated by a high normalized C,: C, ratio 
of 9 :  1. The same reaction yields and rates were obtained whether argon or dioxygen was bubbled through 
the solution. Dimethyl sulfide was transformed into dimethyl sulfoxide and dimethylsulfone and benzene 
into phenol. These results exclude 0, as a key reactant in this system and suggest that high-valent oxoiron 
intermediates and hydroxyl radicals are the active species. The potential of this system is strongly limited by 
the instability of the catalyst and by its strong catalase-like activity. Complex 1 is actually a very efficient 
catalyst for hydrogen peroxide dismutation, thus transforming 50% of the excess of H,O, into 0, in 10 min. 

Binuclear 0x0-bridged non-haem iron complexes (containing 
the Fe-0-Fe unit) have recently received much attention. 
They provide structural models for the diiron sites in proteins 
involved in the storage (Haemerythrin) or the reductive 
activation (methane mono~xygenase,~ ribonucleotide reduc- 
tase ,) of dioxygen. In methane monooxygenase, the diiron 
centre is involved in the oxidation of alkanes such as methane,5 
while in ribonucleotide reductase it is implicated in the one- 
electron oxidation of a tyrosine residue near the active centre.6 
More recently, some studies have shown that well designed 
binuclear iron complexes were efficient catalysts for the 
oxidation of hydrocarbons by oxygen-atom donors, providing 
an original strategy in the search for new catalysts.'-' However, 
the initial work has, with only one exception," utilized tert- 
butyl hydroperoxide as the oxidant. 

Hydrogen peroxide is clearly a much better oxidant, in terms 
of synthetic applications. It is less expensive than Bu'0,H 
and gives only water as a by-product, greatly simplifying 
purification of the reaction products. In most biological 
oxidations. including those mentioned above, hydrogen 
peroxide can serve as an oxygen source. In this study, we show 
that model non-haem diiron complexes may catalyse the 
oxidation of organic substrates by H202. However, a great 
limitation arises from the strong catalytic activity of all studied 
complexes for H,O, dismutation which competes with 
oxidation. This property has thus also been investigated here 
since the potential of diiron complexes as catalase-like systems 
has been very little explored. 

Experimental 
Synthetic Methods.-The complex [Fe,O(bipy),(OH,),]- 

[CIO,], 1 (bipy = 2,2'-bipyridine) and all the complexes 
[Fe,OL,X,] [ClO,], were synthesised as previously described.' 
Hydrogen peroxide (30% in aqueous solution) was titrated by 
iodometry. All other chemicals were obtained commercially and 
used as received. 

Kinetics of Hydrogen Peroxide Decomposition.-All reactions 
were carried out at 19 "C in a 20 cm3 reactor containing a 
stirring bar under air. Acetonitrile (14.85 cm3) was added to the 
complex (3 pmol, 0.2 mmol dm-3) and the flask was closed with 
a rubber septum. Hydrogen peroxide (1.35 mmol, 150 pl) was 

injected through the septum with a syringe. The reactor was 
connected to a graduated burette filled with water and dioxygen 
evolution was measured at time intervals during 10 min by 
volumetry. Observed initial rates were expressed as mol dm-3 
s-' by taking the volume of the solution (0.015 1) into account 
and calculated from the maximum slope of curves describing 
evolution of 0, uersus time. Plots of the initial rates uersus 
the concentrations of H,02 and iron complexes allowed 
determination of the reaction orders in both reactants. In some 
experiments the rates were measured at 37 "C. 

Oxidation Reactions.-The complex concentration was 0.2 
mmol dm-3 and the ratio complex : hydrogen peroxide kept at a 
value of 1 : 580. In all experiments, the total volume (1 5 cm3) was 
kept unchanged and cyclohexane (360 pl, 3.3 mmol), dimethyl 
sulfide (240 p1, 3.3 mmol), benzyl alcohol (660 pl, 6.4 mmol), 
benzene (1.035 cm3, 3.3 mmol) or adamantane (164 mg, 0.4 
mmol) was added before adding the oxidant. After 10 min at 
25 "C, the products were determined by GC analysis using 
acetophenone and naphthalene as internal standard for 
cyclohexanol, cyclohexanone, alcohols, dimethyl sulfoxide, 
dimethyl sulfone, adamantan- 1-01 and adamantan-2-one and 
phenol respectively. The structures of the products were 
confirmed by GC-mass spectrometry and by comparison with 
authentic samples. All these substrates had no effect on the 
complex stability under these conditions. No oxidation 
products were formed in the absence of the complexes. 

Physical Metho&.-Visible spectra were recorded on a 
Uvikon 930 spectrophotometer, EPR spectra with a El02 
Varian spectrometer at 4 K. Gas chromatography was 
performed on a Perkin-Elmer Autosystem instrument connected 
to a Shimadzu Chromatopac CR6A with a flame ionization 
detector and a BP 20 and an OV 17 (30 m) capillary column. 

Results 
Monooxygenuse-like Activity of [Fe,0L4X2][C10,], Corn- 

p1exes.-In a previous study we have shown that a series of 
p-0x0-bridged diiron(II1) complexes [Fe,OL,X,][ClO,],, 
containing two bidentate nitrogen ligands [L = bipy, 4,4'- 
dimethyl-2,2'-bipyridine (dmbipy) or 1,lO-phenanthroline 
(phen)] and one exchangeable co-ordination site (X = H,O, 
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C1-, MeC0,- or CF,CO,-) per iron, were efficient catalysts 
for the functionalization of alkanes using Bu'0,H as ~ x i d a n t . ~  
With X = C1-, CF3CO2- or H,O, the complexes only 
contained a p-0x0 bridge, whereas with X = MeC0,- they are 
p-0x0-p-carboxylato bridged. Moreover, H,O and MeCO, - 
were found to be substitution-labile ligands while C1- was 
much less exchangeable. The efficiency of these catalysts 
correlated well with the lability of the Fe-X bond, with 
complex 1, shown in Fig. 1, being the most active. 

We have now studied the oxidation of cyclohexane by H,O, 
in the presence of catalytic amounts of complex 1 (1 : H,O, = 
1 : 580). The reaction mixture was continuously flushed with 
argon. It yielded cyclohexanol and cyclohexanone, in a 1.3: 1 
ratio. The turnover number (mmol product per mmol catalyst) 
was 46 and the alcohol + ketone yield was 8% after 10 min, 
with no increase during prolonged incubations. As a 
comparison, the yield was 40% after 10 min with Bu'0,H as the 
oxidant. A primary kinetic isotope effect k,/k, of 1.7 for the 
formation of cyclohexanol and 2.7 for cyclohexanone was 
measured during oxidation by H,O, of a 1 : 1 C6H1,: C6D12 
mixture, under standard conditions. Replacing the bipy ligand 
by phen or dmbipy had no major effect on the yields and rates of 
the reaction (data not shown). Moreover, the catalyst obtained 
by replacing the water ligands by an acetate bridge was slightly 
less active (data not shown). As shown in Table 1, this system 
was also able to oxidize adamantane, benzyl alcohol, benzene 
and dimethyl sulfide. 

In all reactions gas evolution was noticed and identified as 
dioxygen. In the absence of the catalyst, no evolution of 0, was 
observed. The fact that oxidation of adamantane gave the same 
yields whether the reaction mixture was vigorously bubbled 
with argon or with pure dioxygen strongly suggests that H,O,- 
derived 0, was not involved in the reaction. Moreover, the 
normalized C, : C, ratio, a measure of the preference for tertiary 
positions, was about 9 : 1 under both conditions. 

Catalase-like Activity of [Fe,OL,X,] [ClO,], Complexes.- 
The H,O, dismutation activity was tested by measuring the 
dioxygen evolution over a 10 rnin period in acetonitrile with a 
complex l:H,O, ratio of 1 :450 and a complex catalyst 
concentration of 0.2 mmol drn-,. These conditions were found 
to be optimal in terms of reaction yields. The amount of residual 
hydrogen peroxide (measured by iodometric titration) was 
compared with the amounts of dioxygen formed (as calculated 
by volumetry) and found to satisfy the stoichiometry implied 
by equation (1). 

2H,O, - 2H,O + 0, 

The characteristics of this new catalase-like system are as 
follows: (i) yields were around 50% based on H,O, after 10 rnin 
of reaction with about 30 and 150 initial turnovers per rnin at 19 
and 37 "C respectively in the case of complex 1 (turnover is 
mmol of 0, per mmol of complex); (ii) yields were dependent on 
the X ligand and ranged from 0 to 50% with C1- < CF,CO,- 
< MeC0,- < H,O in agreement with the exchangeability of 
the X ligand; (iii) bipyridine-containing complexes were more 
efficient than corresponding phenanthroline-containing ones; 
(iv) inactivation of the catalyst occurred during the reaction. 
Addition of a new quantity of hydrogen peroxide after 10 rnin of 
reaction led to a much decreased catalase activity. At the end of 
the reaction spectroscopic study of the solution showed the 
presence of two mononuclear complexes. One was identified as 
the iron(I1) complex [FeL,I2 + characterized by its visible 
spectrum, and shown to be inactive during H,O, dismutation. 
The second was a monomeric high-spin iron(II1) ion 
characterized by an EPR signal centred at g = 4.3. In all 
probability, the complexes became inactive by breaking down 
into monomers. It should be mentioned that a simple iron 
salt such as Fe(ClO,), has, under standard conditions, no 
activity. 

n 
N N=bipy 

Fig. 1 Schematic representation of complex 1 and related complexes 

Table 1 Substrate oxidation by H 2 0 ,  catalysed by complex 1 

Yield' Total 
Substrate Products (turnover) (%) turnover 
Cyclohexane Cyclohexanol(l8) 8 46 

Cyclohexanone (14) 
Adamantane Adamantan- 1-01 (6) 1.5 9 

Adamantan-2-one (1.5) 
Benzyl alcohol Benzaldehyde (88) 15 88 
Benzene Phenol (14) 2.5 14 
Dimethyl sulfide Dimethyl sulfoxide (1 20) 27.5 160 

Dimethyl sulfone (20) 

See Experimental section. Turnover = mmol products per mmol 
catalyst after 10 rnin of reaction. Based on starting H 2 0 2 .  Total 
yield and turnover values take into account that 2 equivalents of H 2 0 2  
are required to make 1 equivalent of ketone or sulfone. 

Kinetic Studies of H,O, Decomposition.-The dependence of 
initial rates of dioxygen evolution was examined with varying 
concentrations of H,O, and complex 1. In the first experiment, 
the hydrogen peroxide concentration was kept constant 
([H202]o = 0.18 mol dm-3) and the concentration of the 
complex was varied from 0.1 to 2 mmol drn-,. Plots of the 
initital rate versus catalyst concentration indicated that the 
reaction was first order in complex concentration. In a second 
experiment the catalyst concentration was kept constant at 0.2 
mol dm-, and the H,O, concentration was varied between 10 
and 300 mmol dmP3. The reaction was also first order in 
[H202]. In the rate law (2) kobs was calculated to be 2.2 &- 0.2 
dm3 mol-' s-' . 

A remarkable observation is that the solution turned yellow- 
brown to deep blue-green during the first minutes of the 
reaction. This change is tentatively assigned to the formation of 
a transient peroxide adduct of the binuclear iron complex. 
Rapid-scan electronic spectroscopy on a chilled sample at an 
early stage of the reaction demonstrated the appearance of an 
intense broad absorption band at around 600 nm ( E  > 1 dm3 
mmol cm-I per Fe)." The absence of EPR signals revealed 
that the system retained its antiferromagnetically coupled 
diiron(Ir1) structure. Such features were previously reported for 
other well characterized p-peroxo-diiron(II1) complexes. 

The reaction was accelerated by addition of imidazole (Fig. 
2). With 2 equivalents of imidazole, based on complex 
concentration, a three- to four-fold increase in the initial rate 
was observed (inset, Fig. 2). 1 -Methyl- or 1,2-dimethyl-imidazole 
had similar effects. However, the presence of imidazole also 
resulted in a much faster inactivation of the catalyst as shown by 
the increased amount of the iron(I1) mononuclear complex. 
Consequently, the reaction yields were in fact slightly de- 
creased. 

Competition between Catalase and Oxygenase Activities.- 
Whether the same intermediate oxidizing species is responsible 
for both substrate and H,O, oxidation (in the latter case, 
leading to 0,) may be investigated by monitoring the dioxygen 
evolution and substrate oxidation simultaneously. The yield 
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Fig. 2 Stimulatory effects of imidazole on dioxygen evolution from 
H,O, dismutation catalysed by complex 1. (0) Complex 1 alone; 
(0) 1 + 2 equivalents imidazole. Inset: imidazole concentration curve 

and initial rate of dioxygen generation from hydrogen peroxide 
were not affected significantly by the addition of cyclohexane, 
in good agreement with the limited reactivity of the substrate 
and thus the very low yields of oxidation products. On the other 
hand, addition of dimethyl sulfide greatly inhibited H,O, 
dismutation and dioxygen release (turnover = 75 uersus 220 in 
the absence of dimethyl sulfide). The amount of oxidation 
products (dimethyl sulfoxide and dimethyl sulfone: 120 and 20 
mmol per mmol complex respectively after 10 min of reaction) 
roughly matched the missing 02. Oxidations were totally 
inhibited when 0.4 mmol dm-, imidazole was present in the 
reaction mixture with both dimethyl suiSde and cyclohexane as 
substrates. 

Discussion 
In order to evaluate correctly the potential of p-0x0-diiron(m) 
complexes as catalysts for the oxidation of hydrocarbons it is 
important to know whether these complexes may utilize 
hydrogen peroxide as the oxygen source. To our knowledge 
only one study has been reported on such systems. However, 
molecular oxygen was not excluded from the medium and the 
reaction looked more like a metal-catalysed free-radical chain 
autoxidation process than a monooxygenase-like reaction. 
The oxidations were slow and greatly inhibited by radical 
scavengers and anaerobiosis, alkyl hydroperoxide was identi- 
fied as an intermediate species during oxidation of alkane, 
and Fe(CIO,), was more active than were binuclear complexes. 

In our investigation the reactions were subjected to a 
dynamic argon atmosphere to avoid autoxidations by O2 from 
air or from H20 ,  dismutation. We thus exclude O2 as a key 
reactant in our system and cyclohexyl hydroperoxide as the 
precursor of cyclohexanol and cyclohexanone. Complex 1 with 
one exchangeable H,O ligand per iron, was found to be the 
most effective catalyst and Fe(C10,), was totally inactive. 

Even though no detailed investigation of the mechanism has 
been carried out, it is possible to suggest the following 
mechanism (Scheme 1). Reaction of H,02 with complex 1 yields 
a peroxo complex. Such an intermediate has been observed 
transiently and is characterized by an intense and broad 
absorption band at around 600 nm. Further spectroscopic 
studies would be needed to support the proposed structure. This 
unstable peroxo complex might generate, by heterolytic 
cleavage of the 0-0 bond, high-valent oxoiron intermediates 
which would be the active oxidizing species, in good agreement 
with the formation of dimethyl sulfoxide and, probably more 
significant, dimethyl sulfone from dimethyl sulfide,' 3,14 and 
with the high C ,  : C, ratio during oxidation of adamantane.15 

t \ I  
0-0 

16 0 

0-0 Heterolysis 0-0 Homolysis 

Scheme 1 Proposed mechanism for the disproportionation of H 2 0 2  
and substrate oxidation by complex 1; S represents the co-substrate or a 
second H,02 molecule 

One of the possible limiting forms of such a complex is shown in 
Scheme 1. However, the observed hydroxylation of benzene 
leads us also to consider that generation of OH' radicals by 
homolytic cleavage of the 0-0 bond might simultaneously 
occur. 

The efficiency of the complex 1-H,O, system is, by far, not as 
good as that of 1 and Bu'0,H and the reaction yields were not 
satisfactory. We discovered that a major drawback of binuclear 
complexes resides in their strong activity for dismutation of 
H,02 in acetonitrile which makes them good candidates for 
catalase-like systems. The diiron(Ir1) centre of ribonucleotide 
reductase has been shown to dismutate hydrogen peroxide in 
water at neutral pH.17 There has been one recent report that a 
synthetic p-oxo-diiron(m) complex, modelling the haemerythrin 
metal centre, has a good catalase-like activity.'* The catalase- 
like activity of complex 1 in organic solvent was comparable to 
that of manganese or iron porphyrins, but its stability is much 
lower due to decomposition into inactive monomers during 
multiple turnovers. Good catalase-like activity has been 
reported with mononuclear non-haem iron complexes, but 
comparison to the present system is difficult since the solvent 
conditions were so different.,' The fact that production of 0, 
from H20 ,  was greatly inhibited by addition of dimethyl sulfide 
might suggest that the same high-valent oxoiron intermediate 
shown in Scheme 1 is responsible for H,O, oxidation to 0,. 

The observed stimulatory effects of imidazole on H,O, 
dismutation could be explained by its general acid-base 
catalytic properties, which would facilitate proton transfers. It 
has also been reported that bases such as imidazole stimulate 
catalase-like activities of iron or manganese complexes by 
binding to the metal centre.', However, a direct interaction 
between imidazole and complex 1 is here excluded on the basis 
of spectroscopic investigations (data not shown). 

Conclusion 
While they have the potential to utilize H,02 for the oxidation 
of alkanes and may provide a new class of catalysts, p-oxo- 
bridged diiron(m) complexes might have limited use because of 
their strong activity for H,02 dismutation, on the one hand, 
and of their great instability on the other. There is thus a need 
for further studies aimed at designing new complexes. 
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