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The dimanganese(II,II) complexes [Mn2(L)(OAc)2(CH3OH)]-
(ClO4) (1a) and [Mn2(L)(OBz)2(H2O)](ClO4) (1b) as well as
the dimanganese(II,III) complex [Mn2(L)(OAc)2(CH3OH)]-
(ClO4)2 (2a), where HL is the asymmetric phenol ligand
2-[bis(2-pyridylmethyl)aminomethyl]-6-{[(benzyl)(2-pyridyl-
methyl)amino]methyl}-4-methylphenol, react with hydrogen
peroxide in acetonitrile solution. The initial reaction rates
and their temperature and acid/base dependencies were in-
vestigated by monitoring the dioxygen evolution. These
studies revealed a first-order dependence on both the cata-
lyst and H2O2 and a strong influence of the carboxylate. Elec-
trospray ionisation mass spectrometry as well as EPR and
UV/Vis spectroscopy were used to monitor the reaction cata-
lysed by 2a. The same bis(μ-oxo)dimanganese(III,IV) and (μ-

Introduction

Although it is a product of aerobic respiration, hydrogen
peroxide is potentially toxic since its reduction produces the
highly deleterious hydroxyl radical. To prevent formation of
HO· and related oxidative stress, cells possess very efficient
enzymatic machineries in which the catalase enzymes play
an essential role.[1,2] These enzymes eliminate H2O2 by
means of its disproportionation into harmless dioxygen and
water. Most of these enzymes are haemoproteins but a few
of them of bacterial origin[3–5] possess a dimanganese active
site.[6,7] The two manganese atoms are triply bridged by the
carboxylate group of a glutamate and two water-derived li-
gands, as revealed by the crystallographic studies of the en-
zymes from Thermus thermophilus[8] and Lactobacillus plan-
tarum.[9]

Very limited information is available on their mechanism
of action. Biochemical[10] and spectroscopic[11] studies have
shown that during catalysis, the carboxylate-capped Mn2O2
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oxo)dimanganese(II,III) active species as found for 1a were
detected in the catalytic medium. The EPR spectra recorded
during the catalase-like reaction revealed the accumulation
of the magnetically uncoupled dimanganese(II,III) precursor
of the active bis(μ-oxo)dimanganese(III,IV) species which
dominates the spectra in the case of 1a. This difference can
be attributed to the different pH conditions generated by the
reaction and reflects differences in the initiation phases for
the two catalysts. Overall, the kinetic and thermodynamic
studies of H2O2 disproportionation by these dimanganese
complexes are fully consistent with the mechanism deduced
from our previous extensive spectroscopic studies.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

diamond core shuttles between the oxidation states MnII-
MnII and MnIIIMnIII. However, the fast kinetics of the en-
zymatic reaction (kcat � 105 s–1)[8] and the fact that the oxi-
dised and the reduced forms both react with the same sub-
strate (H2O2) have precluded a precise description. As a
consequence, most mechanistic proposals have been based
on studies of biomimetic compounds.[12–14] The most de-
tailed of these studies were performed on complexes of li-
gands involving either alkoholates[14,15] or phenolates[13,16]

which stabilise the dimanganese unit by providing it with
an internal bridge. Depending upon the Mn ligands, all oxi-
dation states of the pair from MnIIMnII to MnIVMnIV have
been implicated in the catalysis. In the case of dimanganese
complexes of pentadentate bis(aminoalkylimino)phenol li-
gands, the involvement of oxomanganese(iv) species has
been demonstrated by Okawa et al.[16,17] through the obser-
vation, in DMF, of a characteristic vibronically split elec-
tronic absorption of the MnIV(O) unit. On the other hand,
Nishida et al. provided EPR evidence of the formation of a
bis(μ-oxo)dimanganese(iii,iv) species in the reaction of hy-
drogen peroxide with dimanganese complexes of heptadent-
ate hexaaminophenols but did not establish definitely
whether this species is a catalytic intermediate or a mere
by-product.[18]

As part of our continuing interest in the physical proper-
ties and reactivity of dimanganese compounds,[19] we re-
ported the synthesis of the dimanganese(ii,ii) complexes
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[Mn2(L)(OAc)2(CH3OH)](ClO4) (1a) and [Mn2(L)(OBz)2-
(H2O)](ClO4) (1b) derived from the asymmetric phenolate
ligand 2-{[bis(2-pyridylmethyl)amino]methyl}-6-{[(benzyl)-
(2-pyridylmethyl)amino]methyl}-4-methylphenol (HL,
Scheme 1).[20] We also showed that the hydrogen peroxide
disproportionation induced by these complexes involves
two intermediates, namely a (μ-oxo)dimanganese(ii,iii)
species [Mn2(L)(OAc)(O)]+ and a bis(μ-oxo)dimanga-
nese(iii,iv) complex [Mn2(L)(OAc)(O)2]+ which were char-
acterised by a combination of electrospray ionisation mass
spectrometry (ESI-MS) and EPR spectroscopy.[21] In ad-
dition, we described the independent synthesis of the bis(μ-
oxo)dimanganese(iii,iv) complex and its characterisation by
X-ray absorption spectroscopy and we showed that the ini-
tial reaction of tert-butyl hydroperoxide (and probably
H2O2 also) with the dimanganese(ii,ii) complexes is a one-
electron oxidation to their dimanganese(ii,iii) analogue.[21]

These results are summarised in Scheme 2.

Scheme 1. Complexes used in this study.

Scheme 2. Overall mechanism of the disproportionation of H2O2

by 1a.

In the present article, we report kinetic and thermo-
dynamic studies of the reaction of H2O2 with complexes
1a and 1b and the analogous dimanganese(ii,iii) compound
[Mn2(L)(OAc)2(H2O)](ClO4)2 (2a).[20] In addition, spectro-
scopic monitoring of the reaction of H2O2 with 2a shows
that the same intermediates are formed, therefore providing
a consistent mechanistic picture for all complexes.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 1565–15711566

Results

Solvent Influence

Many different solvents were used in previous studies of
the catalase-like reaction. In a few cases, solvent effects on
the rate of dioxygen evolution were considered but the ob-
served effects were found to depend on the catalyst.[18,23–25]

It was also reported that even the mechanism of the reac-
tion can change between DMF and acetonitrile.[18] These
observations from the literature prompted us to investigate
the solvent influence on the kinetics of dioxygen evolution
upon reaction of H2O2 with 1a. Figure 1 illustrates the data
obtained at 0 °C in DMF, methanol and acetonitrile. In
DMF, the reaction was very slow (0.012 mLmin–1) and only
a small part (ca. 10%) of hydrogen peroxide was dispropor-
tionated. In methanol and acetonitrile, the reaction was
faster (1.3 and 1.2 mLmin–1, respectively) and H2O2 was
fully disproportionated. Although the initial rates of reac-
tion are very similar, the reaction in methanol slowed down
as it approached completion which is possibly due to the
limited stability of the catalyst. For this reason, all subse-
quent measurements were performed in acetonitrile.

Figure 1. Time dependence of dioxygen evolution upon reaction of
1a with H2O2 in different solvents: methanol (�), acetonitrile (�)
and DMF (�); [1a] = 1.0 mm, [H2O2] = 460 mm, T = 0 °C.

Comparison of the Catalysts – Stability

The activities of the different catalysts 1a, 1b and 2a were
studied under the same conditions as above and the kinetic
results are illustrated in Figure 2. The most active catalyst
was 2a with an initial rate of O2 evolution of 9 mLmin–1

which can be compared with 1.2 and 0.9 mLmin–1 for 1a
and 1b, respectively. In each case, H2O2 underwent quanti-
tative disproportionation. At the end of the reaction, the
addition of another aliquot of 460 equiv. of hydrogen per-
oxide gave rise to a new evolution of dioxygen. In the case
of 1a, the rate increased from 1.2 mLmin–1 for the first
H2O2 batch to 3.45 mLmin–1 for the second and
4.5 mLmin–1 for the third. A sharp decrease in the rate of
2.0 and 0.2 mLmin–1 was noted for the fourth and the fifth
batches, respectively. In the case of 2a, the rate of O2 evol-
ution was divided by a factor of 1.8 for the second addition
and continued to decrease for the third and the fourth ad-
ditions where the initial rate became very small (a lag phase
was observed in this case).
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Figure 2. Time dependence of dioxygen evolution upon reaction of
H2O2 with 1a (�), 1b (�) and 2a (♦) in acetonitrile; [catalyst] =
1.0 mm, [H2O2] = 460 mm, T = 0 °C.

Order of the Reaction

The order of the reaction with respect to the catalyst and
hydrogen peroxide was investigated. In the case of 1a, Fig-
ure 3 and Figure 4 show the influence of the complex and
hydrogen peroxide concentrations on the reaction rate,
respectively. After the initial rate determination, the curve
of the Ln(initial rate) = f(concentration) gave a slope of
1.16 (r2 = 0.998) with respect to the catalyst concentration
and 1.12 (r2 = 0.988) for hydrogen peroxide. It is worth
noting that at low H2O2 concentrations ([H2O2] � 115 mm),
an initiation phase was observed over a period of ca. 100 s.
In the case of 2a, the slopes of the curve of the Ln(initial
rate) = f(concentration) were 1.17 (r2 = 0.991) and 0.95 (r2

Figure 3. Time dependence of dioxygen evolution upon reaction of
H2O2 with different concentrations of 1a in acetonitrile: 1 mm (�),
0.8 mm (�), 0.6 mm (�), 0.4 mm (♦), 0.2 mm (�); [H2O2] = 460 mm,
T = 0 °C.

Figure 4. Time dependence of dioxygen evolution upon reaction of
1a with different concentrations of H2O2 in acetonitrile: 115 mm
(�), 86 mm (�), 57 mm (�), 29 mm (♦); [1a] = 1 mm, T = 0 °C.
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= 0.99998) for the catalyst and the hydrogen peroxide con-
centrations, respectively. Interestingly, no lag phase was de-
tected whatever the H2O2 concentration. These results indi-
cate that for 1a and 2a, the reaction follows a first-order
dependence on both the hydrogen peroxide and the catalyst
concentrations.

Temperature Dependence

The determination of the thermodynamic parameters of
the catalase-like reaction for the complexes 1a, 1b and 2a
was carried out by investigating the rate of dioxygen evol-
ution at different temperatures over the range of –30 °C to
+30 °C. After the initial rate determination, the curves Ln-
(initial rate) = f(1/T) were plotted (Figure 5). For every cata-
lyst, linear regression analysis proved satisfactory thereby
indicating that the Arrhenius law is obeyed in all cases. The
linear regression analysis provided the activating energy Ea

and the preexponential factor k0 and these parameters are
summarised in Table 1. It is noteworthy that the complexes
follow a trend in activation energy (2a � 1a � 1b) which
parallels their activities. In other words, the highest acti-
vation energy is associated to the most active catalyst (2a).
This observation contradicts the general view that the
higher activity of a catalyst corresponds to a lower activa-
ting energy. It follows that the preexponential term k0 is
indeed the dominant factor.

Figure 5. Temperature dependence of the initial rate of the catalase-
like reaction in the form of the curve Ln(initial rate) vs. 1/T for 1a
(�), 1b (�) and 2a (�) in acetonitrile; [catalyst] = 1.0 mm, [H2O2]
= 460 mm.

Table 1.Activation energies and preexponential factors for the reac-
tions of 1a, 1b and 2a with H2O2 in acetonitrile.

Catalyst Ea [kJ mol–1] ln(k0) r2

2a 35±1 25.2±0.5 0.992
1a 29±1 22.0±0.6 0.997
1b 20.0±0.5 16.2±0.2 0.998

Effect of Acid and Base Addition

In order to further assess the large differences in the abil-
ities of 1a and 1b to disproportionate hydrogen peroxide,
we decided to study the effect of acid and base addition on
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the reaction rate. Figure 6 shows the effect, on the initial
reaction rate in the case of 1a, upon addition of perchloric
acid or triethylamine. Upon addition of triethylamine, the
rate increased and this effect reached a maximum at 3 equiv.
(per complex) at which point the rate was 3 times higher. A
more important effect was observed upon addition of 1
equiv. of perchloric acid and at this concentration the rate
of dioxygen evolution was 7 times higher (4.2 mLmin–1)
than in the absence of perchloric acid. Moreover, it is worth
noting that, at this point, the rate is very close to that mea-
sured for 2a (4.5 mLmin–1 under the same conditions). Fur-
ther addition of perchloric acid caused a decrease of the
initial rate. For 2a, no change was observed after addition
of perchloric acid while addition of base induced its dispro-
portionation into MnII and MnIIIMnIV species (see below)
as shown by EPR spectroscopy.

Figure 6. Effect of acid and base addition in the rate of the cata-
lase-like reaction of 1a: addition of triethylamine (�), addition of
perchloric acid (�).

Spectroscopic Monitoring of Hydrogen Peroxide
Disproportionation by 2a

We have previously reported spectroscopic investigations
of the mechanism of the reaction of hydrogen peroxide with
1a and 1b. We completed this study by monitoring the same
reaction for 2a by combining spectroscopic (UV/Vis, EPR)
and mass spectrometric experiments.

UV/Vis Monitoring

When 2a was treated with hydrogen peroxide in acetoni-
trile, its characteristic visible spectrum with maxima at 380,
485 and 627 nm[20] disappeared very rapidly (ca. 30 s.) and
was replaced by three poorly resolved absorptions at 460,
550 and 630 nm. These absorptions are the signature of a
bis(μ-oxo)MnIIIMnIV complex[26] and were similarly ob-
served previously and assigned to the active species in the
disproportionation of H2O2 by 1a and 1b.[21] This spectrum
was observed during the whole reaction and tended to dis-
appear at times longer than 5 min.

EPR Monitoring

Figure 7 shows the EPR spectra recorded during the re-
action of 2a with H2O2. The initial spectrum (Figure 7a)
consists of a large featureless signal between 150 mT and
500 mT with a characteristic poorly resolved 6-line signal
superimposed on the central line, as already described.[20]

This 6-line signal departs from that of the solvated Mn2+

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 1565–15711568

ion and is characteristic of a Mn2+ centre bound to the
ligand. After addition of H2O2 (460 mm, Figure 7b), the sig-
nal of 2a disappeared rapidly (ca. 1 min) and was replaced
by a well-resolved 6-line spectrum centred near 350 mT (g
= 2). On both the high- and low-field sides of this signal,
another weak signal could be detected also with a 16-line
pattern which corresponds to a bis(μ-oxo)MnIIIMnIV com-
plex. At longer times (Figure 7c), these two signals de-
creased in intensity and were replaced by a new poorly re-
solved 6-line signal at 350 mT (g = 2). After ca. 30 min (Fig-
ure 7d), this last signal was the only one observed.

Figure 7. EPR spectra of the reaction of 2a in acetonitrile with
H2O2 and after addition of perchloric acid or triethylamine. Spectra
a–d: reaction times 0, 1, 8 and 30 min; reaction conditions: [2a] =
1 mm, [H2O2] = 460 mm, T = –40 °C; spectrum e: 2a + 1 equiv.
perchloric acid; spectrum f: 2a + 1 equiv. triethylamine; spectrum
g: 1a + 1 equiv. percloric acid + 460 equiv. H2O2. Reaction condi-
tions [1a] = 1 mm, [H2O2] = 460 mm, T = 0 °C.

To further substantiate the effect of addition of acid or
base to an acetonitrile solution of 2a, its EPR spectrum
was recorded in the presence of 1 equiv. of perchloric acid
(Figure 7e). This spectrum possesses a better resolved 6-line
signal centred at 350 mT (g = 2) which is completely dif-
ferent from that of 2a. This spectrum is very similar to that
of 1a + 1 equiv. of perchloric acid (see Figure 4a in ref.[21]).
The spectrum shown in Figure 7f was recorded after ad-
dition of 1 equiv. of triethylamine to 2a. It consists of two
signals, one with a 16-line pattern centred at 350 mT (g =
2) corresponding to a bis(μ-oxo)MnIIIMnIV complex. The
second one, composed of several transitions between 0 and
5500 G is characteristic of 1a.[20] These results indicate that
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2a is not stable in a basic medium and disproportionates
into 1a and a bis(μ-oxo)MnIIIMnIV derivative. Spectrum 7 g
was recorded during the reaction of 1a with H2O2 after ad-
dition of 1 equiv. of perchloric acid. We can notice than
this spectrum is very close to that of 2a without perchloric
acid (Figure 7b).

Mass Spectrometry Monitoring

To obtain a better characterisation of the reaction me-
dium during the reaction of 2a with hydrogen peroxide, it
was monitored by ESI-MS. The results obtained are re-
ported in Figure 8. The starting compound 2a (Figure 8a)
appeared in the form of 3 peaks at m/z = 854.8, 756.2 and
378.1 which correspond, respectively, to [MnIIMnIII(μ-L)(μ-
OAc)2](ClO4)]+, [MnIIMnII(μ-L)(μ-OAc)2]+ and [MnII-
MnIII(μ-L)(μ-OAc)2]2+. The second ion at m/z = 756 was
formed by reduction of the starting material (or other re-
lated species) during the ionisation process and this can be
confirmed by its absence in the corresponding EPR spec-
trum.[20] After addition of hydrogen peroxide (Figure 8b),
new peaks appeared at m/z = 713.1, 729.2 and 742.3. All
these signals were also observed during the reaction of 1a
with hydrogen peroxide[21] and labelling experiments en-
abled us to assign them to the two intermediates [MnIIMnIII

(μ-L)(μ-O)(μ-OAc)]+ and [MnIIIMnIV(μ-L)(μ-O)2(OAc)]+,
and the oxidation product [MnIIMnII(μ-L)(μ-OAc)(μ-
HCOO)]+, respectively. After ca. 17 min, the starting com-
pound had been fully consumed as revealed by the spec-
trum depicted in Figure 8c showing that the peaks of the
initial complex had disappeared.

Figure 8. ESI-MS spectra of the reaction of 2a with H2O2 in aceto-
nitrile: spectra a–c: reaction times 0, 1 and 17 min; reaction condi-
tions [2a] = 0.6 mm, [H2O2] = 460 mm, T = –40 °C.

Discussion
Scheme 2 summarises the overall mechanism of H2O2

disproportionation by 1a which emerged from our previous
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investigations of the reaction by a combination of UV/Vis,
EPR, X-ray absorption spectroscopy and ESI mass spec-
trometry.[21] This mechanism involves an initiation phase in
which 1a is oxidised to the dimanganese(ii,iii) state with
cleavage of the phenoxo bridge. A 6-line EPR signal centred
at g = 2 is associated with this species. This compound can
be viewed as the precursor to the catalytic species since it is
further oxidised to the active bis(μ-oxo)dimanganese(iii,iv)
complex. In the catalase-like reaction, this complex oxidises
H2O2 and is transformed into the (μ-oxo)dimanganese(ii,iii)
species which is then able to reduce H2O2 to water. The
present kinetic and thermodynamic studies of dioxygen
evolution are fully consistent with this mechanistic scheme.
In particular, a lag phase extending over ca. 100 s can be
observed at low H2O2 concentrations in the case of 1a. This
lag phase more than likely corresponds to the required oxi-
dation process to generate the precursor of the active spe-
cies. Consistently, no lag phase was observed for 2a or for
1a at higher H2O2 concentrations. The present kinetic and
thermodynamic studies provide a few observations which
can valuably improve the understanding of the mechanism.

Firstly, we observed that on the first three successive ad-
ditions of H2O2, the reaction rate of 1a increased and
eventually approached that of 2a, while the latter did not
show such a rate increase. This can be explained if the initi-
ation process is slower than the disproportionation reac-
tion. If this were the case, the disproportionation would
start developing before all 1a had entered the catalytic cycle.
Successive additions would therefore bring more of 1a into
the active form. This view is supported by the observation
that the less reactive 1b persists longer than 1a in the cata-
lytic medium.[21]

Secondly, the kinetic measurements show that the initial
rate of the catalase-like reaction is dependent on the nature
of the bridging carboxylates. A similar observation was
made by Okawa et al.[16,27,28] This result may indicate that
at least one of the carboxylate groups remains in the coordi-
nation sphere of the active species. This conclusion is per-
fectly consistent with the results of our previous ESI-MS
analyses of 1a and 1b which indicated the presence of one
carboxylate in both active species.

Thirdly, the thermodynamic analysis of the reaction re-
vealed similar trends (2a � 1a � 1b) in the activation ener-
gies and the preexponential terms. This trend in activation
energy is opposite to the reaction efficiency but it is note-
worthy that it parallels the bond strengths between the car-
boxylate ligands and the catalysts. It may then reflect the
need to dissociate a carboxylate during the catalysis to
make a coordination site available to hydrogen peroxide.

ESI-MS monitoring of the reaction of 2a with H2O2 has
shown that the bis(μ-oxo)MnIIIMnIV and the (μ-oxo)MnII-
MnIII intermediates are involved as in the case of 1a. Never-
theless, the EPR spectra recorded during the course of the
reaction were dominated by the 6-line signal of the precur-
sor. It is worth noting that such a species was transiently
formed upon reaction of 1a with H2O2.[21] Protonation ex-
periments coupled with EPR spectroscopy showed that the
same 6-line EPR spectrum can be obtained upon addition
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of 2 equiv. of HClO4 to 1a or 1 equiv. to 2a. This enhanced
proton sensitivity of 2a was attributed to the fact that its
MnII–Ophenoxo bond is significantly elongated (2.245 Å) and
weakened with respect to the same bonds in 1a (2.105–
2.107 Å)[20] and therefore more susceptible to break in solu-
tion. This cleavage of the phenoxide bridge makes the di-
manganese unit appear as the individual ions: an EPR-sil-
ent MnIII and a mononuclear MnII with a 6-line signature.
The influence of protonation on the reactivity experiments
supports this view. Firstly, the rate of the catalase-like reac-
tion of 1a + 1 equiv. of perchloric acid is very close to that
of 2a without perchloric acid. Secondly, the EPR spectrum
recorded during the catalase-like reaction of 1a + 1 equiv.
of perchloric acid and 2a without perchloric acid are very
similar and include a dominating contribution of the pre-
cursor (6-line signal at g � 2) and traces of a bis(μ-oxo)-
MnIIIMnIV complex (16-line signal at g � 2). It appears
then that a unique mechanism is likely to be in operation
for 1a and 2a but the different EPR signatures observed
during the catalase-like reaction may reflect different pro-
portions of EPR active species present in solution. Indeed,
in the case of 1a, the EPR spectrum is dominated by the
16-line signal of the active bis(μ-oxo)MnIIIMnIV intermedi-
ate and the characteristic EPR signal of 1a slowly disap-
pears during the reaction. In contrast, in the case of 2a, the
spectrum of the precursor dominates and that of the active
bis(μ-oxo)MnIIIMnIV intermediate appears weak. This dif-
ference may have its origin in the different proton sensitivi-
ties of the starting complexes reinforced by the chemical
processes required to form the active bis(μ-oxo)MnIIIMnIV

intermediate. Indeed, in the case of 1a, the reaction requires
3/2 H2O2 molecules and generates a single H+ [Equation (1)].

MnIIMnII + 3/2 H2O2 � MnIIIMnIV(μ-O)2 + H2O + H+ (1)

In contrast, for 2a, a single H2O2 molecule is needed but
two H+ ions are released [Equation (2)].

MnIIMnIII + H2O2 � MnIIIMnIV(μ-O)2 + 2 H+ (2)

The increased acidity of the medium may be responsible
for the higher proportion of the precursor species.

Here we have shown that complexes 1a, 1b and 2a are
able to disproportionate 100% of the initial hydrogen per-
oxide in acetonitrile or methanol solution by means of a
first-order reaction with respect to catalyst and hydrogen
peroxide. This observation departs from the results of
Okawa[13,28] who claimed that the complexes of dissymmet-
ric pentadentate imine/amine-phenolato ligands are able to
disproportionate only 65% of the initial hydrogen peroxide,
while the symmetric ones disproportionate all the hydrogen
peroxide. Nevertheless, the present hexadentate amine li-
gands and probably also the heptadentate ligand used by
Nishida[25] appear flexible enough to accommodate the
bis(μ-oxo)dimanganese(iii,iv) cores by allowing a phenolate
shift which frees some coordination position.[21] Such a situ-
ation may not be easily achievable with more conjugated
ligands involving imine donors. When the dioxygen evol-
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ution rates are compared, our best catalyst (2a) is around 9
times more active than the comparable phenolato-bridged
complexes described in the literature (after converting ini-
tial rates to the same conditions).[13,25] Nevertheless, they
appear much less active than the dimanganese(ii,ii) com-
plexes of tripodal ligands recently reported.[29]

Conclusions

The present kinetic and thermodynamic studies fully
support our initial mechanistic investigations of the cata-
lase-like reaction by dimanganese(ii,ii) complexes. A unique
mechanism seems to be operative which is based on
shuttling between a (μ-oxo)dimanganese(ii,iii) and a bis(μ-
oxo)dimanganese(iii,iv) species. This illustrates the fact
that to efficiently disproportionate H2O2 the system uses
the Mn2 pairs, the redox potentials of which are the most
adapted whatever the initial oxidation states of the Mn ions.
The systems differ by the initiation process required to enter
the catalytic cycle and the sensitivity to protonation which
appears to significantly alter the composition of the me-
dium and the kinetics.

Experimental Section
General: All solvents and reagents were of the highest quality avail-
able and were used as received unless noted otherwise. The concen-
tration of the hydrogen peroxide stock solution (30% w/w) was de-
termined monthly by permanganate titration. The ligand HL was
prepared according to the literature procedure.[22]

Syntheses: The complexes 1a, 1b and 2a where synthesised accord-
ing to the procedure described before.[20]

Caution: Perchloric acid and perchlorate salts are potentially dan-
gerous and explosive and must be handled with care and in small
quantities.

Spectroscopic Measurements: Electronic absorption spectra were re-
corded with a Hewlett Packard HP 89090A diode array spectro-
photometer. Electrospray ionisation mass spectra were obtained
with an LCQ Finnigan Thermoquest ESI source spectrometer with
an ion trap and an octupolar analyser. EPR spectra at X band
were recorded with an EMX Bruker spectrometer equipped with an
Oxford Instruments cryostat ESR900. All spectra presented were
recorded with the following set of conditions: T = 10 K, P =
0.2 mW, modulation F = 100 kHz, I = 9 G.

Kinetic Measurements: The rate determinations of the catalase-like
reactions were performed by volumetric measurements of the
evolved dioxygen. The whole apparatus, constructed from borosili-
cate glass, was kept at a constant temperature (±0.2 °C) using a
thermostatted ethanol circulation bath (Haake FQ-4). In a stan-
dard procedure, catalyst solution (2 mL) was placed in the kinetic
apparatus. The solution was stirred for 30 min to reach a stable
temperature. The chosen volume of hydrogen peroxide stock solu-
tion was added and the volume of evolved dioxygen was then mea-
sured as a function of time. To compare the kinetics at different
temperatures, the volume of the gas was converted to a reference
temperature (273 K) using the ideal gas law. The volume was also
corrected for the vapour pressure of the solvent at the working
temperature using the expression Vcorr = Vmes*(Patm–Pvap)/Patm

where Vcorr is the corrected volume, Vmes the measured volume,
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Patm the atmospheric pressure and Pvap the vapour pressure of the
solvent at the working temperature. In most cases, the initial rates
were obtained by measuring the slopes of the tangents of the curve
v(O2) vs. time at 0 s. When a lag phase was present (i.e. experiments
with 1a at low H2O2 concentrations), the largest slope after the
initiation phase was used.
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