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Structural, magnetic, electrochemical, EPR, 1H NMR, and H2O2 reactivity studies are reported for
[MnIII

2(X-salpentO)(µ-AcO)(µ-MeO)(MeOH)2]Br (1: X = 5-OMe and 2: X = 3-OMe; salpentOH = 1,5-
bis(salicylidenamino)pentan-3-ol). The X-ray diffraction analysis of 2 reveals that the manganese atoms possess
an axially elongated-octahedral geometry. The elongation is perpendicular to the bridging plane resulting in a
short Mn � � � Mn distance of 2.9278(6) Å. The ligand lies in the meridional plane and the sixth co-ordination
position of each manganese atom is occupied by a methanol molecule providing two substitution-labile sites in
cis-position. Solution structural studies indicate that complexes 1 and 2 are stable in methanol and dmf, even in
the presence of water, and the solid state structure is retained in solution. The two complexes show catalytic activity
toward disproportionation of H2O2 in methanol and dmf at 25 �C. The initial rate of oxygen evolution in the
presence of 1 or 2 is first order in [catalyst] and show saturation kinetics with [H2O2]. Complexes 1 and 2 dismutate
H2O2 without a kinetic lag phase and are implicated as the active form of the reduced catalyst. Comparison to
other dimanganese complexes of this family reveals that the methoxy phenyl-ring substituted derivatives are
more effective at reducing H2O2 but are less efficient at binding the H2O2 substrate (higher KM) than the 5-bromo
or the unsubstituted complexes.

Introduction
Catalases disproportionate intracellular hydrogen peroxide and
provide a vital biological defence against this toxic oxygen
metabolite. Most catalases contain a heme cofactor; however,
nonheme catalases that require manganese as a cofactor 1

have been found from three bacterial origins: Lactobacillus
plantarum,2,3 Thermus thermophilus 4 and Thermoleophilum
album. 5 These manganese catalases contain a dimanganese
centre and catalyse the disproportionation of hydrogen per-
oxide into water and molecular oxygen with a catalytic cycle
involving transformation between the Mn2

II and Mn2
III oxid-

ation states.6–9 A large number of dinuclear manganese
complexes of various types of ligands have been synthesized
and structurally characterized and many model complexes have
been reported that show catalase activity.10–16 However, the best
chemical mimics of the manganese catalases are 103–105 slower
than the enzymes. The obtention of more effective mimics
could find applications as therapeutic agents against oxidative
stress and as catalysts for bleaching and organic chemistry 17–19

while also helping to elucidate the features important for the
enzymatic mechanisms.

The mechanism of H2O2 dismutation has been examined in

† Electronic supplementary information (ESI) available: 1H NMR
spectra of 3 upon addition of sodium benzoate and acetate (Fig. S1);
1H NMR spectra of 1 in basic medium and d7-dmf (Fig. S2); a plot
of the effect of [catalyst] on ri (Fig. S3) and UV-VIS spectra of the
reaction mixture (Figs. S4 and S5). See http://www.rsc.org/suppdata/
dt/b2/b204566d/

detail only for a few dimanganese complexes. Among them,
dimanganese complexes obtained with a septadentate ligand
with benzimidazoyl groups 20,21 and with the 1,3-bis(salicyl-
idenamino)propan-2-ol (salpnOH) ligand and their phenyl-ring
substituted derivatives 10,22,23 have been found to disproportion-
ate H2O2 with saturation kinetics by cycling between the Mn2

II

and Mn2
III oxidation states. Two Mn2

III complexes formed with
the higher homologue of salpnOH, 1,5-bis(salicylidenamino)-
pentan-3-ol (salpentOH) 24 and its 5-bromo substituted deriv-
ative (5-Br-salpentOH),15 also exhibit saturation kinetics with
hydrogen peroxide, although high-valence oxo-manganese
species were proposed to be involved in the catalytic cycle.15

[Mn2(salpentO)(µ-MeO)(µ-AcO)(MeOH)2]Br has been found
to possess a higher catalytic rate and a better efficiency to
disproportionate hydrogen peroxide than [Mn2(5-Br-salpentO)-
(µ-MeO)(µ-AcO)(MeOH)2]Br.15 This seems to indicate that
a more electron-donating substituent could improve the
performance of this class of catalysts. In this work, we present
the synthesis and characterisation of two new dinuclear MnIII

complexes in this series, [MnIII
2(X-salpentO)(µ-AcO)(µ-MeO)-

(MeOH)2]Br (1: X = 5-OMe and 2: X = 3-OMe), and evaluate
their ability to disproportionate hydrogen peroxide as a means
to obtain more information regarding the mechanism of H2O2

dismutation by this class of complexes. 
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Results

Structure of [Mn2(3-OMe-salpentO)(�-MeO)(�-AcO)-
(MeOH)2]Br (2)

Fig. 1 shows the crystal structure of 2 and selected bond dis-

tances and angles are summarized in Table 1. The manganese
ions are bridged by the alkoxo oxygen atom of the ligand, one
methoxo oxygen atom and one bidentate acetate ligand. The
phenolate oxygen, imine nitrogen and alkoxide oxygen atoms of
the ligand and the methoxide oxygen atom form a meridional
geometry around each Mn, with the sixth co-ordination
position of each manganese atom occupied by a methanol
molecule. The bromide ion forms hydrogen bonds with H7 and
H8 of the co-ordinating methanol molecules. The manganese
atoms possess an axially elongated-octahedral geometry.
Elongation occurs along the O5–Mn1–O7 and O6–Mn2–O8
axes and is accompanied by compression of the other MnIII–
ligand bond lengths, resulting in a short Mn1 � � � Mn2 distance
of 2.9278(6) Å. Elongation perpendicular to the bridging
plane was also observed for [Mn2(salpentO)(µ-MeO)(µ-AcO)-
(MeOH)2]Br (3) and [Mn2(5-Br-salpentO)(µ-MeO)(µ-AcO)-
(MeOH)2]Br (4), which posses Mn � � � Mn distances of
2.943(3) and 2.932(1) Å, respectively.15,24 These Mn � � � Mn
distances are shorter than those observed for dialkoxo bridged
Mn2

III complexes (3.22–3.24 Å) with a Jahn–Teller elongation
axis oriented along the bridging core.22,23,25

Fig. 1 Asymmetric unit of [Mn2(3-MeO-salpentO)(µ-MeO)(µ-AcO)-
(MeOH)2]Br (2) (hydrogen atoms have been omitted for clarity).

Table 1 Selected bond lengths (Å) and angles (�) for [Mn2(3-MeO-
salpentO)(µ-MeO)(µ-AcO)(MeOH)2]Br (2)

Mn(1)–O(1) 1.847(2) Mn(2)–O(3) 1.844(2)
Mn(1)–O(2) 1.935(2) Mn(2)–O(2) 1.942(2)
Mn(1)–O(4) 1.936(2) Mn(2)–O(4) 1.939(2)
Mn(1)–O(5) 2.138(2) Mn(2)–O(6) 2.166(2)
Mn(1)–O(7) 2.327(2) Mn(2)–O(8) 2.339(2)
Mn(1)–N(1) 2.007(2) Mn(2)–N(2) 1.999(2)
 
O(1)–Mn(1)–O(2) 170.53(9) O(3)–Mn(2)–O(2) 170.62(8)
O(1)–Mn(1)–O(4) 92.02(8) O(3)–Mn(2)–O(4) 92.30(8)
O(1)–Mn(1)–O(5) 96.49(9) O(3)–Mn(2)–O(6) 97.94(9)
O(1)–Mn(1)–O(7) 92.28(9) O(3)–Mn(2)–O(8) 90.48(9)
O(1)–Mn(1)–N(1) 91.82(9) O(3)–Mn(2)–N(2) 91.64(9)
O(2)–Mn(1)–O(4) 80.03(9) O(2)–Mn(2)–O(4) 79.78(7)
O(2)–Mn(1)–O(5) 89.04(8) O(2)–Mn(2)–O(6) 87.47(8)
O(2)–Mn(1)–O(7) 83.03(8) O(2)–Mn(2)–O(8) 84.54(8)
O(2)–Mn(1)–N(1) 95.83(9) O(2)–Mn(2)–N(2) 96.08(8)
O(4)–Mn(1)–O(5) 92.58(8) O(4)–Mn(2)–O(6) 92.35(8)
O(4)–Mn(1)–O(7) 92.57(9) O(4)–Mn(2)–O(8) 89.90(8)
O(4)–Mn(1)–N(1) 174.85(9) O(4)–Mn(2)–N(2) 175.42(9)
O(5)–Mn(1)–O(7) 169.66(9) O(6)–Mn(2)-O(8) 171.18(8)
O(5)–Mn(1)–N(1) 90.41(9) O(6)–Mn(2)–N(2) 89.41(9)
O(7)–Mn(1)–N(1) 83.84(10) O(8)–Mn(2)–N(2) 87.74(9)
Mn(1)–O(2)–Mn(2) 98.08(8) Mn(1)–O(4)–Mn(2) 98.14(8)

Magnetic properties of 2

Solid-state magnetic susceptibility (χM) data for 2 were collected
in the temperature range 4–300 K and the plots of χM and
effective magnetic moment (µeff) against temperature are shown
in Fig. 2. µeff (per dinuclear complex) decreases from 5.85 µB at

room temperature to 0.75 µB at 8 K, indicating an antiferro-
magnetic coupling of the two MnIII ions of the dinuclear
complex. We analysed the temperature dependence of the mag-
netic susceptibility of complex 2 by employing eqn. (1) derived
from the van Vleck equation with the eigenvalues of the iso-
tropic spin-exchange Hamiltonian H = �2JS1S2 (S1 = S2 = 2),26

modified by including a correction for a paramagnetic mono-
meric MnIII impurity (eqn. (2)). 

where χ� is the molar susceptibility and x = J/kT 

where χM is the total molar susceptibility, χ� is the spin-
coupled susceptibility calculated from eqn. (1), χc is the Curie
law magnetic susceptibility for the monomer and p is the
percent of paramagnetic impurity. The least-squares refine-
ments obtained with this model afforded very good fits for the
parameters: g = 1.98, J = �13.7 cm�1 and p = 1.8 %. Fig. 2
shows the fit to the data for complex 2 based on eqn. (2), for
χM and µeff, where µeff is given by 2.828(χT)1/2. The antiferro-
magnetic interactions observed for complex 2 have the same
order of magnitude as previously observed for other Mn2

III

complexes where the bridging alkoxide oxygen atoms are not
situated on the individual axes corresponding to the elongation
of the co-ordination octahedra.24,25,27 In this type of complex,
the resulting short Mn � � � Mn distance may allow direct over-
lap between the dxy orbitals, thus providing a plausible exchange
mechanism for the antiferromagnetic interaction observed.25

Electrochemistry

The cyclic voltammetry of 1 and 2 in methanol (platinum elec-
trode) shows two reduction waves (Fig. 3(a.b)) assigned to the
Mn2

III/Mn2
II,III and Mn2

II,III/Mn2
II couples based on coulometry

studies. The Mn2
III/Mn2

II,III couple is quasi-reversible and is
observed at 52 mV for complex 1 and 84 mV for complex 2. The
Mn2

II,III/Mn2
II couple is non-reversible and is observed around

�500 mV for the two complexes and seems to be independent

Fig. 2 Variable-temperature magnetic susceptibility data for [Mn2-
(3-MeO-salpentO)(µ-MeO)(µ-AcO)(MeOH)2]Br 2. Fit lines were calcu-
lated using eqn. (2).

χ� = Ng2µB
2(2e2x � 10e6x � 28e12x � 60e20x)/

kT(1 � 3e2x � 5e6x � 7e12x � 9e20x) (1)

χM = (1 – p)χ� � pχc (2)
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of the ligand phenyl substituent. In dmf, the cyclic voltammetry
of 1 and 2 shows a non-reversible Mn2

III/Mn2
II,III reduction at

ca. �150 and �180 mV and a quasi-reversible Mn2
III/Mn2

III,IV

couple at 319 and 348 mV, respectively (Fig. 3(c)).
The Mn2

III/MnIVMnIII and Mn2
III/MnIIMnIII redox potentials

of complexes in this series are dependent on the electronic
properties of the phenyl-ring substituent. Complexes 3, 4
and [Mn2(5-NO2-salpentO)(µ-MeO)(µ-AcO)(MeOH)2]Br (5)
undergo a quasi-reversible Mn2

III/Mn2
II,III reduction in meth-

anol at 100, 145 and 255 mV (vs. Ag/AgCl), respectively. In dmf,
complexes 3 and 4 show a quasi-reversible Mn2

III/Mn2
IV,III

couple at 384 and 498 mV (vs. Ag/AgCl), respectively. The redox
potentials of the two redox processes for the 5-substituted
complexes (1, 3–5) give linear correlation when plotted against
the Hammet substituent parameter, σp (Fig. 4). The substituent
effect in these complexes may be relayed to the metal ion by two
pathways via the phenolate and imine groups and the Hammet
correlation may result from the combined effect of both path-
ways. However, the good correlation with σp suggests that, for
the present complexes, the dominant substituent effect is via the
phenolate group, as already observed for other series of com-
plexes obtained with Schiff base ligands.28

1H NMR

The 1H NMR spectra of 1, 2 and 3 in d4-methanol are very
simple and indicate a highly symmetrical environment for the
Schiff base ligand (Fig. 5 and S1(a)†). The spectra reveal a
typical pattern for these complexes, containing a characteristic
acetate resonance and distinctive ligand resonances. The para-
magnetic shift indicates the presence of weak antiferromagnetic
coupling between the MnIII ions in the Mn2

III species. One (1) or
two (2, 3) resonances are observed between �11 and �21 ppm,
which can be assigned to the H4 and H5 protons in accordance
with previous studies.29–31 In the case of 1, the resonance at
�17.87 ppm can be unambiguously assigned to H4, since H5 is
replaced by the 5-MeO group in this complex. The protons
ortho to the donor groups of the Schiff base ligand (H3 and H6)
are not observed, and this is consistent with previous findings
for MnIII complexes with related bases.29–31

Fig. 3 Cyclic voltammograms of (a) 1 in methanol; (b) 2 in methanol;
(c) 1 in dmf. Conditions: Pt/Pt/Ag–AgCl; conc. = 1 mM; scan rate =
100 mV s�1; supporting electrolyte = Bu4NPF6.

An intense resonance appears at 5.60 ppm (complex 1) and
5.30 ppm (complex 2) and can be assigned to the methyl
protons of the methoxy substituent on the phenyl-ring, as it is
not present in the 1H NMR spectrum of 3.

The resonance at 38–40 ppm can be assigned to the methyl
group of the bridging acetate of 1–3 on the basis of its large
downfield shift as suggested for other Mn2

III(µ-OAc)
complexes.32–34 This assignment was confirmed by addition
of sodium benzoate to the solution of the complexes in d4-
methanol. The broad signal at 38 ppm (298 K) disappears upon
addition of excess benzoate to a methanolic solution of 3 and
two new signals at 9.65 and 6.80 ppm corresponding to the
benzoate protons appear in the 1H NMR spectrum, together
with a new signal at 13 ppm (Fig. S1(b)†). Addition of excess
acetate to this solution results in an up-field shift of the 13 ppm
signal to 6.5 ppm, while the benzoate protons are now observed
at 8.42 and 7.04 ppm (Fig. S1(c)†). In order to determine if the
signals observed at 13 (Fig. S1(b)†) and 6.5 ppm (Fig. S1(c)†)
correspond to the acetate protons, we examined the effect of
adding NaOAc to a methanolic solution of 1. Indeed, the broad
acetate proton resonance moves up-field upon addition of
NaOAc to the solution of 1 in d4-methanol. The shift of the
signal is indicative of dynamic averaging resulting from a rapid
exchange mechanism between bridging and free acetate. As
NaOAc concentration increased from 0.2 to 1.3 equivalents, the
signal shifted to lower δ values and sharpened, and a good
linear correlation between the chemical shift of the acetate
protons and the proportion of free acetate to complex could
be established (Fig. 6). This correlation provides a means of
quantifying the proportion of the acetate bridged in the Mn2

III

complex to free acetate in solution, and is useful to evaluate the
recovery of the starting catalyst in the H2O2 disproportionation
reaction.

Fig. 4 Hammet plot of redox potentials (vs. Ag/AgCl) of complexes
1–5 against substituent parameter, σp. (a) Mn2

III/MnIIIMnIV, in dmf.
(b) Mn2

III/MnIIMnIII, in methanol.

Fig. 5 1H NMR spectra of (a) 1 and (b) 2, in d4-methanol. [catalyst] =
14 mM.
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It has been found that there is a strong linear correlation
between the isotropic shift of the acetate protons and the
magnetic coupling constant (J) for a number of dinuclear
Mn2

III complexes.32 The observed isotropic shift (38–40 ppm)
for the acetate group of complexes 1–3 is that expected for
bridged acetate Mn2

III complexes with J in the range �15 to
�13 cm�1 (the calculated J values for 2 and 3 24 in the solid state
are �13.7 and �13.2 cm�1, respectively). This result strongly
suggests that the solid-state structure of these complexes is
retained in solution.

We used 1H NMR spectroscopy to monitor the complex
under catalytic conditions in the presence of H2O2. Either a
10-, 50- or 100-fold excess of H2O2 was added to three 12 mM
samples of 1 in d4-methanol. Immediately after addition of
H2O2, oxygen bubbles were observed and the 1H NMR spectra
were taken when O2 evolution had ceased. The spectra showed
that the proton resonances from the Schiff base ligand remain
unchanged, indicating retention of the complex nuclearity
during H2O2 disproportionation by 1 in methanol. The 1H
NMR spectrum obtained after reaction of 1 with 10 equiv. of
H2O2 is identical to the initial 1H NMR spectrum of 1. How-
ever, the chemical shift of the bridging acetate protons moved
to lower values with increasing [H2O2], and this chemical shift
was used to determine the percent of catalyst at the end of the
disproportionation reaction by employing the correlation
determined above. Thus, the proportion of the starting Mn2

III

catalyst with the bridging acetate was found to be 93% for the
50 : 1 [H2O2] : 1 ratio, which is in accordance with the 8%
decrease of the two UV-VIS bands of complex 1 at 410 and 663
nm at the end of the reaction for the same H2O2 to 1 ratio.
When a 100 : 1 H2O2 to catalyst ratio was used, H2O2 was
completely converted into O2 and H2O in a few minutes. How-
ever, the 1H NMR spectrum recorded at the end of the reaction
revealed the presence of only 65% of the starting complex, in
accordance with the spectrophotometric data. Higher [H2O2]
could not be used because of the strong 1H water signal.

We examined the effect of addition of base on the 1H NMR
spectra of 1 in d4-methanol. The spectrum obtained upon
addition of 10 equiv. of NaOMe is shown in Fig. S2(a). †The
proton resonances of the ligands now appear in the range for
diamagnetic compounds although they are significantly broad-
ened and the chemical shifts differ from those of the free ligand.
It is unlikely that paramagnetic impurities cause this broad-
ening, as different batches of this compound yielded exactly
the same spectra. Since the size of the isotropic shift reflects
the strength of the intermanganese magnetic interaction,29,34–37

the smaller paramagnetic shift of the ligand protons indicates
that the antiferromagnetic coupling between Mn ions is

Fig. 6 1H NMR spectra of 1 (15 mM) after addition of (a) 0.00, (b)
0.05, (c) 0.2, (d) 0.33, (e) 0.6 and (f ) 0.9 equiv. of NaOAc, in d4-
methanol.

stronger than in 1. The 1H NMR spectra obtained in basic
medium can be interpreted in terms of the formation of an
oxo-bridged Mn2

III complex, which should decrease the
Mn � � � Mn distance and provide a better exchange pathway
between Mn ions. This is consistent with the shift of the
phenolate-to-Mn charge-transfer band (of the salpentO ligand)
in the UV-VIS absorption spectrum from 410 nm for 1 in
methanol to 371 nm (ε = 8700 M�1 cm�1) for 1 in basic
medium.38

Another interesting spectral feature of the spectrum in basic
medium is the disappearance of the broad resonance corre-
sponding to the bridging-acetate and the observation of a
signal at 1.89 ppm, which can be assigned to the free acetate
protons or to a labile monodentate terminal acetate.34

The complex generated in basic medium could not be
monitored under catalytic conditions in the presence of H2O2,
because when H2O2 is added to the basic solution of 1 a brown
precipitate rapidly forms together with vigorous O2 evolution.
Addition of D2O – the same quantity as introduced when
H2O2 is added – to the solution of 1 in NaOMe, also causes
precipitation of this brown solid, revealing that water is respon-
sible for decomposition of the manganese species generated in
this medium.

We have also followed H2O2 disproportionation by 1 in
d7-dmf. In this solvent, the resonance of H4 is observed at
�15.5 ppm and the bridging acetate protons appear at 37 ppm
(Fig. S2(b)†). When a 50-fold excess of H2O2 is added to the
d7-dmf solution of 1, the 1H NMR spectrum of the mixture at
the end of O2 evolution shows the signal at �15.5 ppm but
that of the bridging acetate protons disappears. Thus, in this
solvent, acetate dissociates completely or converts to a labile
monodentate terminal acetate.

Catalytic activity

Stoichiometry. We measured the stoichiometry of the dis-
proportionation of H2O2 catalysed by 1 and 2 by volumetric
determination of the evolved O2. In methanol, complexes 1 and
2 quantitatively convert up to 200 equivalents of H2O2 to O2,
but the rate of O2 evolution gradually decreases, and when a
new portion of excess H2O2 is added to this reaction mixture,
the rate of O2 evolution becomes extremely slow. In dmf, com-
plexes 1 and 2 quantitatively convert over 1500 equiv. of H2O2

to O2. In this solvent, when more than 500 equiv. of H2O2 have
been consumed, a brown solid appears, meaning that the
catalyst partially decomposes. Then, the reaction smoothly
decelerates, but the total amount of O2 evolved corresponds to
half the equivalent of H2O2 added, indicating that all H2O2

disproportionates into O2 and H2O. MnO2 can be ruled out
as catalyst for O2 formation at short reaction times because of
its negligible activity in this solvent compared to that observed
for the present complexes and the lack of a lag period corre-
sponding to MnO2 formation.

Kinetics. The initial rates of oxygen production for the H2O2

disproportionation reactions in methanol and dmf were
measured in excess H2O2 and at constant temperature, for
different concentrations of catalyst and H2O2. At constant
[H2O2], the initial rate shows a linear dependence with the
[catalyst] (Fig. S3†) and the first-order rate constant (k) was
obtained from the slope of the line (Table 2). At constant
[catalyst], 1 and 2 exhibit saturation kinetics with [H2O2]
(Fig. 7) and the experimental data can be fitted to the
Michaelis–Menten equation from which the catalytic turnover
number (kcat) and the Michaelis constant (KM) were deter-
mined. Values of kcat and KM obtained for complexes 1 and 2
at 25 �C in methanol and dmf are listed in Table 3.

EPR and UV-VIS spectroscopies. The EPR spectra of 1 and 2
recorded in frozen dmf or methanol at various times following
the addition of H2O2 exclude the formation of mixed-valence

3816 J. Chem. Soc., Dalton Trans., 2002, 3813–3819



intermediates, either Mn2
II,III or Mn2

III,IV species, as these give
rise to distinct, intense signals. Indeed, an EPR signal at
g ≈ 2 is detected, with five weak doublets (∆m = 1 nuclear-spin-
forbidden transition) 39 inserted between the six absorptions
characteristic of the hyperfine structure of an uncoupled MnII

ion. This EPR signal does not disappear at the end of the
reaction and can not be restored reversibly with more H2O2,
indicating an irreversible decomposition product, and not an
intermediate species. This MnII species forms at a much slower
rate in dmf than in methanol. Addition of acid accelerates the
apparition of the MnII signal, suggesting that formation of this
uncoupled MnII species requires protons.

Room-temperature UV-VIS absorption spectra were taken
during the progress of the reaction of complex 1 and 2 with
H2O2 in methanol and dmf. When H2O2 is added to the catalyst
in methanol, the green solution turns brown concomitantly
with an increase in and a slight blue shift of the absorption
bands (Fig. S4†). For 50 : 1 or 100 : 1 H2O2 to catalyst ratios, the
initial spectral pattern of 1 and 2 is restored after completion
of the reaction but the intensity is lower than for the starting
complex. When an excess larger than 200 : 1 of H2O2 over the
catalyst is employed, the MnIII spectral pattern is lost.

In dmf, upon addition of excess H2O2 over catalyst, an
orange solution is generated within minutes, exhibiting an
absorption maximum at 480 nm for 1 and 505 nm for 2. Under
conditions of saturating substrate concentration, this is the
major species in solution (Fig. S5†). As the colour of the solu-
tion changes to pink, the intensity of this band diminishes and
a multiplet appears centred at λ = 530 nm on which vibrational
fine structure separated by ca. 20 nm are superimposed. The
multiline signal reaches a maximum corresponding to the
steady state and then rapidly disappears, when the oxygen
evolution ceases.

Discussion
The dismutation of H2O2 by complexes 1 and 2 shows satur-
ation kinetics with substrate, first order dependence of the

Fig. 7 Effect of the [H2O2] on the initial rate of H2O2 dispro-
portionation at 25 �C, in methanol and dmf. [1] = 45 µM; [2] = 35 µM.

Table 2 First-order rate constants independent of the [catalyst] at
25 �C

Complex k/s�1 Solvent [H2O2]/mM

1 0.59(2) Methanol 30
2 1.19(2) Methanol 30
1 0.86(1) dmf 55
2 1.43(2) dmf 55

reaction rate on catalyst and proceeds without an initial
time-lag. 1H NMR experiments show that complex 1 retains
dinuclearity during cycling as the signal of the aromatic proton
appears unaltered at the end of the reaction. These experiments
also reveal that, in methanol, the bridging acetate is retained
during the catalysis, but acetate dissociates or shifts to a
monodentate co-ordinated acetate in dmf. These observations
indicate that 1 and 2 are responsible for the H2O2 dispro-
portionation reaction, and suggest that H2O2 binds to these
complexes in the first step by displacement of bound
solvent.

In dmf, the band at 480 nm observed in the dismutation
of H2O2 by 1, and 505 nm in the reaction with 2, may account
for the formation of a catalyst–substrate complex in rapid
equilibrium with the unbound substrate. This is consistent with
the increase of the maximal intensity of this band with increas-
ing [H2O2], and with the fact that 2 requires an excess of H2O2

over catalyst larger than 1 to attain the maximal intensity of
this band (KM,3-OMe > KM,5-OMe). In this solvent, the electronic
spectra of the reaction of H2O2 with the two catalysts, show the
growth and decay of a multiplet centred at 530 nm. Apparition
and disappearance of such a multiplet had also been observed
in H2O2 dismutation by complexes 3 and 4.15 The fine structure
of this signal may be assigned to νMn��O vibration coupled to a
ligand-to-metal-charge-transfer band from O2� to manganese
in a high oxidation state through vibronic interactions.40 This
suggests that an oxidised oxo-manganese species is involved as
an active species in the H2O2 disproportionation by 1–4. A band
at 530 nm with vibrational fine structure had previously been
observed in the disproportionation of H2O2 by MnII dimers
with phenolate-dicarboxylate 40–43 and pyrazolate-carboxylate 44

bridging cores and was attributed to the formation of the
[MnIV��O]2 species in a mechanism involving redox cycling
between Mn2

III and [MnIV��O]2.
The number of equiv. of H2O2 that catalysts 1 and 2 may

disproportionate is larger in dmf than in methanol. In the latter
solvent, complexes 1 and 2 lose activity after 200 turnovers,
Mn2� accumulates in the reaction mixture – as evidenced by the
growth of an EPR signal typical of uncoupled Mn2� – and the
[catalyst] in the solution decreases with the increasing number
of cycles, as revealed by 1H NMR and UV-VIS spectroscopies.
Decomposition is observed to a lesser extent for 4 and is essen-
tially absent in the case of 3. Unlike in methanol, in dmf
catalysts 1 and 2 disproportionate more than 1500 equiv. of
H2O2 with only slight reduction of activity. Thus, protons must
play an important role in the catalyst decomposition, which is
favoured in protic solvents and accelerated by addition of acid
to the reaction mixture.

Complexes 1–4 are isostructural, possess Mn � � � Mn dis-
tances around 2.93–2.94 Å and show the same magnetic
behaviour. Electronic and 1H NMR spectroscopies show that
the four complexes are stable in methanol and dmf, even in the
presence of water, and the NMR spectra reveal that the solid
state structure of these complexes is retained in solution.
Although the substituent, either ortho or para to the co-
ordinate phenolate, does not affect the structure of the
complexes in this series, they affect their redox potential and,

Table 3 Kinetic parameters based on fits of the Michaelis–Menten
equation to the rate data at 25 �C

Complex kcat/s
�1 10 KM/mM kcatKM

�1/M�1 s�1 Solvent

1 2.0(1) 7.1(4) 28 Methanol
2 6.2(2) 13(2) 48 Methanol
3 a 0.98(9) 1.4(5) 70 Methanol
4 a 0.66(6) 3.6(3) 18 Methanol
1 1.6(2) 4.4(3) 36 dmf
2 7.9(3) 25(2) 32 dmf
a Data from ref. 15. 
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in consequence, their catalytic activity. The kinetic parameters
of the four complexes are listed in Table 3. Complexes 1 and 2,
with an electron-donating substituent (MeO), are easier to
oxidise (Fig. 4) and have higher maximal rates than the unsub-
stituted or the 5-Br substituted derivatives. The observed trend
for the rates (MeO > H > Br) indicates that H2O2 reduction
with concomitant oxidation of the catalyst should be the slow
step in the catalytic cycle (the catalyst which is easier to oxidise
reacts faster). In particular, the 3-MeO derivative has a kcat

value higher than expected from its oxidation potential. This
seems to indicate some kind of participation of the o-MeO to
facilitate the H2O2 reduction.

On the other hand, 3 and 4 have lower KM values than the
MeO derivatives, indicating that 1 and 2 are less efficient at
binding the H2O2 substrate. Thus, although the MeO deriv-
atives are more effective at reducing H2O2 they have difficulty
in binding the substrate so that maximal rates can only be
achieved at higher [H2O2] than for 3 and 4. This is especially
evident for 2, where the 3-MeO substituent, ortho to the co-
ordinated phenolate, probably hampers the substrate approach
toward the dimanganese centre.

EPR measurements exclude mixed valence Mn2 complexes,
so we think that the redox cycle should involve either a Mn2

II/
Mn2

III or Mn2
III/Mn2

IV couple. Complexes 1 and 2 are EPR
silent, so no EPR signal is expected for the catalyst occurring in
the Mn2

III oxidation state during cycling. The absence of an
EPR signal during the reaction course – except for the inactive
uncoupled MnII species – the lack of observation of Mn oxid-
ation states different from MnIII in the electronic spectra taken
in methanol, the band at 480 (or 505) nm observed in dmf,
typical of a high-valence Mn complex, together with the
observation of the band at 530 nm with vibrational fine struc-
ture attributed to the formation of an oxidised oxo-manganese
species, suggest that complexes of this series dismutate H2O2 by
a mechanism involving redox cycling between Mn2

III and
Mn2

IV. The fact that the oxidised and reduced Mn2 species are
observed in dmf but only the Mn2

III species is detected in
methanol may be interpreted as the consequence of the relative
kox and kred values in the two solvents. The kcat trend for these
complexes indicate that the oxidation of the catalyst (kox) is
the slow reaction step (kox < kred). Since for each complex the
kcat values (and thus the kox) are similar in both solvents, the
observation of the oxidised species should reflect a kred lower in
dmf than in methanol.

In conclusion, although the electron-donating substituents in
1 and 2 improve the turnover rate of H2O2 dismutation, their
low affinity for binding the substrate places the unsubstituted
complex (3) as the most efficient (with optimal kcat/KM ratio)
and stable (no significant decomposition is observed when more
than 1000 equiv. of H2O2 are disproportionated) member of the
series.

Experimental

Materials

All reagents or AR chemicals were used as purchased. Solvents
were purified by standard methods. The concentration of H2O2

stock solution was determined by iodimetric titration. NaOMe
solutions used in 1H NMR experiments were prepared by
dissolving Na in d4-methanol.

Synthesis of ligands

5-MeO-salpentOH and 3-MeO-salpentOH were prepared by
Schiff-base condensation of 1,5-diaminopentan-3-ol 45 with the
corresponding aldehyde. 5-MeO-salpentOH was isolated by
precipitation from the reaction mixture (ethanol) as a pure
yellow solid (85%). 3-MeO-salpentOH precipitates as the
sodium salt after addition of diethyl ether in the presence of
excess NaOEt, to yield a pure yellow solid (39%). The two

ligands were characterised by elemental analyses and 1H NMR
and IR spectroscopies.

Synthesis of catalysts

[Mn2(X-salpentO)(µ-MeO)(µ-AcO)(MeOH)2]Br (1: X = 5-MeO;
2: X = 3-MeO) were obtained as green powders in 79% (1)
and 71% (2) yield, following the procedure described in ref. 15
for 3 and 4. Calculated for Mn2C26H37N2O10Br: 42.9 C, 5.13 H,
3.85 N, 15.1 Mn. Found for 1: 42.6 C, 5.30 H, 3.98 N, 15.3%
Mn. IR (ν cm�1): νOH 3349, νC��N 1625 (st), νCO2 1546/1417. UV-
VIS λmax/nm (ε/M�1 cm�1) methanol: 336 (sh), 410 (6315), 663
(461); dmf: 405 (6000). Found for 2: 42.8 C, 4.98 H, 4.03 N,
15.2% Mn. IR (ν cm�1): νOH 3392, νC��N 1614 (st), νCO2 1551/1414.
UV-VIS λmax/nm (ε/M�1 cm�1) methanol: 289 (24200), 393
(5953), 630 (544); dmf: 389 (4870). These absorbance bands
obey Beer’s law over the range of concentrations above 10 µM
used in this work. Single crystals of 2 suitable for X-ray diffrac-
tion were obtained by crystallization from methanol upon
standing in air for several days. Complexes 1 and 2 are stable
in solution as revealed by the electronic, 1H NMR and EPR
spectra of the complexes recorded at different time-lengths
after the preparation of the solutions in anhydrous dmf and
methanol, or following water addition (up to 10%).

Physical measurements

Variable-temperature magnetic susceptibility data were
obtained with a Quantum Design MPMS SQUID suscepto-
meter, under a magnetic field of 1 T in the temperature range
4–300 K. Diamagnetic corrections were applied by using
Pascal’s constants. Least-squares computer fitting of the data
was accomplished with a function-minimization program.
Instruments and conditions for IR, EPR, UV-VIS, electro-
chemical, initial rate and volumetric measurements are the
same as those described in ref. 15.

1H NMR measurements

Solutions of the Mn complexes in d4-MeOH or d7-dmf were
prepared in order to record the 1H spectra on a Bruker AC 200
NMR spectrometer at ambient probe temperature (ca. 26 �C).
The nominal operating frequencies were 200.1 and 50.3 MHz.
A super-weft pulse sequence for intense water suppression in
paramagnetic samples 46 was used whenever water needed to be
added to the sample. In each case the D1 (τ) value in the weft
sequence was selected from an inversion–recovery T1 experi-
ment with delay list cycling (Bruker standard software) such as
to provide maximum water suppression. For the paramagnetic
samples, typically operation conditions were: 400 to 500 transi-
ents, recycle delay 0.5 s, acquisition time 0.65 s and a SW of
25000 Hz ( 124.9 ppm). D1 (τ) were typically between 0.00184
and 0.024 s.

X-Ray crystal structure determination

The pertinent crystallographic data together with the refine-
ment details for [Mn2(3-OMe-salpentO)(µ-MeO)(µ-AcO)-
(MeOH)2]Br (2) are summarized in Table 4.

The crystal data were collected at 293 K on an Enraf-Nonius
CAD4 diffractometer using graphite-monochromated Mo-Kα
radiation (λ = 0.71073 Å). Data reduction was made with the
MolEN package.47 Absorption corrections from psi scans were
applied (maximum and minimum transmission factors =
0.9995–0.8380).48

The structure was solved by direct methods using SHELXS-
97 49 and refined on F 2 by full-matrix least-squares using
SHELXL-97 50 with anisotropic displacement parameters for
all non-hydrogen atoms. Hydrogen atoms bonded to O(7) and
O(8) atoms were refined isotropically. The other H atoms were
introduced in calculations using the riding model with isotropic
thermal parameters 1.1 times higher than those of the atom to
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which they are bonded. Scattering factors were taken from
ref. 51. The molecular plot was obtained using the ZORTEP 52

program.
CCDC reference number 185611.
See http://www.rsc.org/suppdata/dt/b2/b204566d for crystal-

lographic data in CIF or other electronic format.
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