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Synthesis, characterization, and reactivity studies
of a water-soluble bis(alkoxo)(carboxylato)-
bridged diMnIII complex modeling the active site in
catalase†‡

Claudia Palopoli,a Carine Duhayon,b,c Jean-Pierre Tuchaguesb,c and
Sandra Signorella*a

A new diMnIII complex, Na[Mn2(5-SO3-salpentO)(μ-OAc)(μ-OMe)(H2O)]·4H2O, where 5-SO3-salpentOH =

1,5-bis(5-sulphonatosalicylidenamino)pentan-3-ol, has been prepared and characterized. ESI-mass spec-

trometry, paramagnetic 1H NMR, EPR and UV-visible spectroscopic studies on freshly prepared solutions

of the complex in methanol and 9 : 1 methanol–water mixtures showed that the compound retains the

triply bridged bis(μ-alkoxo)(μ-acetato)Mn2
3+ core in solution. In the 9 : 1 methanol–water mixture, slow

substitution of acetate by water molecules took place, and after one month, the doubly bridged diMnIII

complex, [Mn2(5-SO3-salpentO)(µ-OMe)(H2O)3]·5H2O, formed and could be characterized by X-ray diffr-

action analysis. In methanolic or aqueous basic media, acetate shifts from a bridging to a terminal coordi-

nation mode, affording the highly stable [Mn2(5-SO3-salpentO)(μ-OMe)(OAc)]− anion. The efficiency of

the complex in disproportionating H2O2 depends on the solvent and correlates with the stability of the

complex (towards metal dissociation) in each medium: basic buffer > aqueous base > water. The buffer

preserves the integrity of the catalyst and the rate of O2 evolution remains essentially constant after suc-

cessive additions of excess of H2O2. Turnovers as high as 3000 mol H2O2 per mol of catalyst, without sig-

nificant decomposition and with an efficiency of kcat/KM = 1028 M−1 s−1, were measured for the complex

in aqueous buffers of pH 11. Kinetic and spectroscopic results suggest a catalytic cycle that runs between

MnIII2 and MnIV2 oxidation states, which is consistent with the low redox potential observed for the MnIII2/

MnIIIMnIV couple of the catalyst in basic medium.

Introduction

Nature has developed catalase enzymes to catalyze the redox
disproportionation of H2O2 into O2 and H2O at reasonable
rates. Mn-containing catalases (MnCAT) are widespread among
prokaryotes and have been isolated from bacteria (T. thermo-
philus,1 T. album,2 T. sp YS 8–133 and L. plantarum,4 a

hyperthermophilic archeon (P. caldifontis5)) and some cyano-
bacteria.6 All known MnCAT enzymes share an unusual
Mn2(μ-O2CR)(μ-O/OH/H2O)2 unit that serves as the active site
to perform the efficient two-electron disproportionation of
H2O2, at rates ranging from 2.6 × 104 to 2.6 × 105 s−1.7,8

Mechanistic studies performed on biomimetic model com-
pounds provide some clues on the role played by the ligands
bridging the Mn ions and the protein environment surround-
ing the diMn centre during catalysis and contribute to design-
ing efficient low molecular weight catalytic scavengers of H2O2

for the prevention of oxidative stress injuries.9–12

In aqueous media, the proton coupled disproportionation
of H2O2 catalyzed by the diMn unit – of either the enzyme or a
low-molecular-weight mimic – is strongly affected by pH,
which in turn affects the lability of both terminal and bridging
ligands, key features of CAT activity.5,12–14 However, among the
large number of Mn-based complexes that have been investi-
gated as low-molecular-weight catalytic scavengers of H2O2,
only a few Mn complexes have been tested in water,15–21 most
of them being mononuclear complexes which decompose
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H2O2 after a lag period (the active catalyst is generated during
the reaction).12,16,17,19,21 Therefore, there is a need to obtain
MnCAT mimics that are stable in an aqueous medium.

SalpentOH (1,5-bis(salicylidenamino)pentan-3-ol) and its
phenyl-ring substituted derivatives afford complexes with a
bis(μ-alkoxo)(μ-carboxylato) triply bridged dimanganese(III)
core which are structural mimics of the MnIII

2 form of
MnCAT.12 In the present work we employ a water soluble
salpentOH derivative, 1,5-bis(5-sulphonatosalicylidenamino)-
pentan-3-ol (5-SO3-salpentOH), to model the geometrical motif
of the active site of MnCAT, and analyze the effect of pH on
the lability of ligands and catalase activity of the resulting
complex, Na[Mn2(5-SO3-salpentO)(μ-OAc)(μ-OMe)(H2O)]·4H2O
(1), in aqueous medium. The kinetic results are compared
with those of the diMn complex of the 3-Me,5-SO3-salpentOH
derivative20 with the target of evaluating the magnitude of the
effect of the methyl ring-substituent upon diMn complex reac-
tivity towards H2O2 in an aqueous base.

Results and discussion
Solid state characterization of 1 and crystal structure of
[Mn2(5-SO3-salpentO)(µ-OMe)(H2O)3]·5H2O (2)

Complex 1, Na[Mn2(5-SO3-salpentO)(μ-OAc)(μ-OMe)(H2O)]·4H2O,
was prepared from 1 : 2 mixtures of the ligand with Mn(OAc)3·
2H2O in methanol. When Mn(ClO4)2 was used instead of
acetate, no colour change was observed until NaOAc was added
to the reaction mixture, to yield the same final complex. In the
latter case, acetate facilitates the aerobic oxidation of MnII

besides favouring deprotonation of the alcohol and phenol
groups for coordination to the metal, to yield 1.22 Although the
disodium salt of the ligand was used, conductivity measure-
ments and analytical results show that the complex retains only
one sodium ion per molecule in the solid state, and the thermo-
gravimetric analyses indicate that only one of the water mole-
cules is coordinated to the metal centre of each complex. The
remaining coordination position of the Mn ion is probably
occupied by the sulphonato group of an adjacent complex mole-
cule. The IR spectrum of complex 1 (Fig. 1) shows absorption
peaks at 1557 and 1420 cm−1 that identify the antisymmetrical
and symmetrical stretching vibrations of the syn–syn 1,3-brid-
ging acetate,23 and strong imino and phenolato absorptions at
1616 and 1542 cm−1 that are shifted by ≈30 cm−1 from those in
the free ligand due to the coordination of the metal to these
groups. The two strong bands at 1112 and 1034 cm−1 are
attributable to the antisymmetric and symmetric stretching
modes of the −SO3

− groups. Comparison of the FT-IR spectrum

of 1 with those of other diMnIII complexes of the X-salpentOH
family20,24–28 evidences the fingerprint pattern of the Schiff-base
ligand and μ1,3-carboxylato coordinated to the Mn ions.

Complex 1 is stable in methanol and in 9 : 1 methanol–
water mixtures, where the complex retains acetate and nuclear-
ity, at least for several hours after preparing the solution (see
NMR and ESI-MS results below). However, in this solvent
mixture, slow substitution of acetate by water molecules takes
place, and after one month [Mn2(5-SO3-salpentO)(µ-OMe)-
(H2O)3]·5H2O (2) crystallized and could be characterized by
X-ray diffraction analysis.

Compound 2 crystallizes in the P 21 21 21 space group with
the asymmetric unit containing a dinuclear complex molecule
and five solvate water molecules. The molecular structure of
complex 2 is illustrated in Fig. 2. In the complex, 5-SO3-sal-
pentO5− is fully deprotonated and acts as a pentadentate che-
lating ligand through the N2O3 donor set, with one of the
sulphonato groups (S2-O12) terminally bound to the Mn1 of a
neighbour complex molecule. The two Mn atoms are six-
coordinated and doubly bridged by the central alkoxo group of
the ligand and one exogenous methoxo ligand. The phenoxo
oxygen, imino nitrogen and alkoxo oxygen atoms of the ligand
and the methoxo oxygen atom form a meridional geometry
around each Mn. The two axial positions of Mn2 are occupied
by two coordinated water molecules, while Mn1 is axially co-
ordinated to one water molecule and one oxygen atom of the
sulphonato group of an adjacent complex molecule. Inspection
of Table 2 shows that both Mn atoms are in an axially
elongated octahedral environment, with the Mn1–O7, Mn1–
O12, Mn2–O5 and Mn2–O6 bond distances (av. 2.272 Å) dis-
tinctly longer than the equatorial Mn1–O1, Mn1–O2, Mn1–O4,
Mn2–O2, Mn2–O3, Mn2–O4, Mn1–N1 and Mn2–N2 ones
(av. 1.924 Å), which is consistent with the expected Jahn–Teller
distortion of the coordination of a d4 MnIII ion in an octa-
hedral ligand field. The values of the trans-angles in the
coordination environment of each Mn ion are between 172
and 175° (Table 2), also indicating a distortion from pure octa-
hedral geometry. The Mn⋯Mn separation of 2.9721(15) Å is in
the range observed for other bis(μ-alkoxo)MnIII

2 complexes
with axial elongation perpendicular to the bridging plane,29,30

Fig. 1 FT-IR spectra of Na[5-SO3-salpentOH] (gray) and complex 1
(pink).
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and is markedly shorter than for bis(alkoxo)MnIII
2 complexes

(≈3.2 Å), with the Jahn–Teller elongation axis oriented along
the bridging core.31–35

Fig. 3 displays the crystal packing of compound 2 along c.
In the crystal structure, each dinuclear entity is connected to
two adjacent diMn molecules through coordination of Mn(1)
and O(12) of the sulphonato group of the basic dinuclear unit
to the respective O(12) and Mn(1) from adjacent complex mole-
cules, forming 1-D chains.

The crystal packing reveals that the structure also contains
extended hydrogen contacts between sulphonato groups (O8,
O9, O11), phenoxo (O3), and coordinated (O5, O7) and crystal-
lized (O14, O15, O16, O17, O18) water molecules. Fig. 4 dis-
plays the crystal packing of compound 2 along a. The five
crystallographically unique lattice water molecules and their
symmetrically related molecules link to each other to form a
water grid through hydrogen bonds acting as glue between the
polymeric 1-D chains of complex 2, yielding a 3-D structure.

ESI-mass spectrometry (ESI-MS)

ESI-mass spectra of complex 1 confirm its chemical compo-
sition and retention of nuclearity in solution. In methanol, the
positive mode ESI mass spectrum of complex 1 (Fig. 5(a))
shows two main peaks at m/z = 727.1 (100%) and 705.2 (59%),
which originate from the Na2[Mn2(5-SO3-salpentO)(OMe)-
(OAc)]+ and NaH[Mn2(5-SO3-salpentO)(OMe)(OAc)]+ mono-
cations, respectively. Other peaks generated during the electro-
spray experiments correspond to the substitution of OAc by
OMe (Na2[Mn2(5-SO3-salpentO)(OMe)2]

+, m/z = 677.2, 30%),
the exchange of OMe or OAc by OH (Na2[Mn2(5-SO3-salpentO)-
(OMe)(OH)]+, m/z = 685.6, 16% and Na2[Mn2(5-SO3-salpentO)-
(OH)(OAc)]+, m/z = 713, 14%), and the loss of OAc (Na3[Mn2-
(5-SO3-salpentO)(OMe)]+, m/z = 691.2, 15%). The isotopic pat-
terns of these peaks match their simulated spectra very well.
When complex 1 is dissolved in a 9 : 1 methanol–water
mixture, the major peak of the ESI-mass spectrum also
appears at m/z = 727.1 (100%) (Fig. 5(b)), with peaks belonging

Fig. 2 Asymmetric unit of 2 with atom numbering.

Table 2 Selected bond lengths and angles for compound 2

Bond lengths (Å)
Mn1–O1 1.849(5) Mn2–O2 1.937(5)
Mn1–O2 1.938(5) Mn2–O3 1.858(5)
Mn1–O4 1.926(5) Mn2–O4 1.923(5)
Mn1–O12 2.266(5) Mn2–O5 2.329(5)
Mn1–O7 2.295(5) Mn2–O6 2.198(6)
Mn1–N1 1.975(6) Mn2–N2 1.985(6)

Angles (°)
O1–Mn1–O4 93.5(2) O3–Mn2–O4 95.2(2)
O1–Mn1–O2 172.5(2) O3–Mn2–O2 173.5(2)
O4–Mn1–O2 79.26(19) O4–Mn2–O2 79.4(2)
O1–Mn1–N1 92.9(2) O3–Mn2–N2 90.8(2)
O4–Mn1–N1 172.0(2) O4–Mn2–N2 173.2(2)
O2–Mn1–N1 94.1(2) O2–Mn2–N2 94.4(2)
O1–Mn1–O12 95.8(2) O3–Mn2–O6 93.8(2)
O4–Mn1–O12 93.9(2) O4–Mn2–O6 88.2(2)
O2–Mn1–O12 86.56(19) O2–Mn2–O6 89.8(2)
N1–Mn1–O12 90.1(2) N2–Mn2–O6 94.5(2)
O1–Mn1–O7 89.2(2) O3–Mn2–O5 90.4(2)
O4–Mn1–O7 85.8(2) O4–Mn2–O5 87.49(19)
O2–Mn1–O7 88.5(2) O2–Mn2–O5 85.73(19)
N1–Mn1–O7 89.6(2) N2–Mn2–O5 89.3(2)
O12–Mn1–O7 175.01(18) O6–Mn2–O5 174.28(19)
Mn2–O2–Mn1 100.2(2) Mn2–O4–Mn1 101.1(2)

Table 1 Crystal data for [Mn2(5-SO3-salpentO)(μ-MeO)(H2O)3]·5H2O (2)

Empirical formula C20H36Mn2N2O18S2
M 766.51
Temperature 180 K
Wavelength 0.71073 Å
Crystal system, space group Orthorhombic, P212121
Unit cell dimensions a = 8.160(5) Å, α = 90.000(5)°

b = 21.760(5) Å, β = 90.000(5)°
c = 17.609(5) Å, γ = 90.000(5)°

V 3127(2) Å3

Z, ρcalc 4, 1.628 Mg m−3

μMoKα 1.020 mm−1

F(000) 1584
Crystal size 0.12 × 0.12 × 0.015 mm
θ range for data collection 2.20 to 26.03°
Limiting indices −9 ≤ h ≤ 10, −26 ≤ k ≤ 26,

−21 ≤ l ≤ 21
Reflections collected/unique 24786/6098 [R(int) = 0.0773]
Completeness to θ = 26.03 99.3%
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 6098/2/376
Goodness-of-fit on F2 1.001
Final R indices [I > 2σ(I)] R1 = 0.0592, wR2 = 0.1430
R indices (all data) R1 = 0.0905, wR2 = 0.1650
Absolute structure parameter 0.45(3)
Largest diff. peak and hole 1.179 and −0.685 e Å−3
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to the monocations generated by substitution of the exogenous
bridging ligands by hydroxide or methoxide from the solvent
(Na2[Mn2(5-SO3-salpentO)(OMe)2]

+, Na2[Mn2(5-SO3-salpentO)(OMe)-
(OH)]+ and Na2[Mn2(5-SO3-salpentO)(OH)(OAc)]

+), also present.
In the Et3N–Et3NH

+ buffer of pH 11, even when the ESI-
mass spectra are dominated by the peak of the buffer (m/z =

303.5, [(Et3NH)2(ClO4)]
+, 100%), monocation Na2[Mn2(5-SO3-

salpentO)(OMe)(OAc)]+ can be well identified as the major
species (Fig. 5(c)). Triethylamine adducts (H(Et3NH)[Mn2-
(5-SO3-salpentO)(OMe)(OAc)]+, m/z = 784.2, Na(Et3NH)[Mn2-
(5-SO3-salpentO)(OMe)(OAc)]+, m/z = 806.1, and
(Et3NH)2[Mn2(5-SO3-salpentO)(OMe)(OAc)]+, m/z = 885.1) and
all other species generated by ligand exchange with the solvent
show low relative intensities (<10% of the peak at m/z = 727.1).
Identical spectra are obtained several hours after preparation
of solutions of 1 in Et3N–Et3NH

+ buffer. In addition, negative
mode ESI-mass spectra of the complex in either methanol or
buffer solution of pH 11 are dominated by the peak at m/z =
681.2 (100%) corresponding to the [Mn2(5-SO3-salpentO)(OMe)
(OAc)]− anion. Other anionic species generated during electro-
spray show intensities < 15% of the main peak (Fig. S1, ESI‡).

Electronic spectroscopy

The electronic spectrum of complex 1 in H2O (Fig. S2, ESI‡)
exhibits intense absorption bands between 220 and 300 nm,
attributed to π→π* transitions from the ligand. Absorptions in
the 300–500 nm range correspond to ligand-centered tran-
sitions overlapping with L→M charge-transfer transitions from
pπ orbitals of the phenoxo oxygen to the partially filled dπ
orbitals of the MnIII ion,36–39 while the low intensity band at
575 nm (ε = 560 M−1 cm−1) can be assigned to a d–d transition

Fig. 4 Packing diagram of 2 viewed along the crystallographic a-axis.

Fig. 5 Positive mode ESI-mass spectra of 1 in (a) methanol, (b) 9 :
1 methanol–H2O and (c) Et3N–Et3NH

+ buffer of pH 11.

Fig. 3 Packing diagram of 2 viewed along the crystallographic c-axis.

Paper Dalton Transactions

17148 | Dalton Trans., 2014, 43, 17145–17155 This journal is © The Royal Society of Chemistry 2014



in agreement with reported values for related diMnIII

complexes.11,37,38,40,41

With time, absorbance at 270 nm decreases and the band
at 228 nm splits into two bands at 222 and 234 nm, due to sul-
phonate protonation. This acid–base process occurs with an
isosbestic point at 307 nm. Aqueous solutions of Na2[5-SO3-sal-
pentOH] exhibit similar behaviour. Concurrently, partial metal
dissociation also contributes to the observed spectral changes
(see below). The final equilibrium is reached in about 4 h, and
the stabilized spectrum of 1 is shown in Fig. 6(a) (pink line).
Addition of Et3N to the aqueous solution of the complex re-
establishes the band at 270 nm and results in an intense
absorption at 370 nm due to intraligand transitions of the sul-
phonato ligand superimposed to phenolate to MnIII CT tran-
sitions (Fig. 6(a), black lines). The intensity of this absorption
grows linearly with increasing concentrations of Et3N. In Et3N–
Et3NH

+ buffer of pH 11, the molar absorption coefficient of
this band is 1.41 times higher than for the free ligand and can
be used to monitor the integrity of the complex during H2O2

disproportionation in basic solution.

1H NMR spectroscopy

The paramagnetic 1H NMR spectrum of 1 in D4-methanol
(Fig. 6(b), pink line) shows a simple pattern for this
complex, containing two proton resonances that lie outside

the diamagnetic region (δ = 0–14). The upfield resonance,
observed at −19.5 ppm, can be assigned to the H4 proton of
1,42–45 while the broad resonance at 38 ppm may be attributed
to the methyl group of the bridging acetato of 1 on the basis of
comparison with the spectra of other MnIII

2-μ-OAc complexes
studied previously.43,44 This assignment was confirmed by
addition of D3-NaAcO to the solution of 1 in D4-methanol,
which resulted in the disappearance of the broad resonance at
38 ppm (Fig. S3, ESI‡). Due to their closeness to the Mn, the
resonance of protons ortho to the donor groups of the Schiff
base ligand (H3 and H6) are probably too broad to be
observed.42–45 The signal of the bridging acetato persisted
upon addition of up to 10% D2O to the methanolic solution of
the complex (Fig. S4, ESI‡). Conversely, solutions of 1 in neat
D2O showed a unique low intensity resonance for the aromatic
proton, indicating partial metal dissociation (see below).

Addition of 5 equiv. of Et3N to the D4-methanol solution of
1 causes disappearance of the bridging acetate protons reson-
ance, while that from H4 of the Schiff base ligand remains
unchanged (Fig. 6(b), black line). The unchanging paramag-
netic shift of the ligand proton indicates that the magnetic
coupling between Mn ions is the same as in starting 1.
Besides, the ESI-MS results described above showed that in
methanol–Et3N the complex retains acetate. Therefore, the dis-
appearance of the broad resonance corresponding to the
acetate protons, together with the unchanged chemical shift of
the aromatic proton, points to the conversion of the bridging
acetato into a monodentate terminal ligand, the chemical shift
of which is within the diamagnetic region of the spectrum.46

The 1H NMR spectrum obtained in basic medium also
excludes the formation of an oxo-bridged MnIII

2 that should
provide a better exchange pathway between Mn ions, affording
a spectrum with a H4 paramagnetic shift different from that of
the starting compound.42,46–49 Therefore, the basic medium
prevents the complex from dissociation.

Kinetic stability of the complexes

Complex 1 is EPR silent in the solid state and in frozen MeOH
solution (T ≈ 110 K), a fact consistent with the presence of
MnIII ions. However, when 1 is dissolved in water, a 6-line EPR
signal (hyperfine splitting of ≈90 G) with g ≈ 2 characteristic
of an Mn2+

aq ion is observed (Fig. 7, red line), meaning that
water induces dissociation of the metal ion from the complex.
Double integration of EPR spectra of the complex in water and
comparison against Mn(II) standard indicates 10% of Mn2+

aq

in solution. When the complex solution is prepared in basic
aqueous solution (by either addition of Et3N or preparing the
solution in a buffer of pH = 11), the solution is EPR silent even
after 24 h (Fig. 7, blue line), meaning that the exogenous base
prevents complex dissociation in water. The stability of
complex 1 in aqueous basic medium was also checked by UV-
vis spectroscopy. Spectra of the complex registered at different
time-lengths after preparation of solutions 1 in either Et3N–
Et3NH

+ buffer of pH 11 or Et3N–H2O (pH = 10.75), showed
identical λmax and molar absorbance coefficients.

Fig. 6 (a) Electronic spectra of 1 in water before (pink) and after (black)
addition of increasing amounts of Et3N. [1] = 6.5 × 10−2 mM. (b) 1H NMR
spectra of 1 (20 mM), before (pink) and after (black) the addition of
5.0 equiv. of Et3N, in D4-methanol.
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Electrochemistry

In methanol, the complex exhibits one quasi-reversible
reduction wave at E1/2 167 mV (Fig. 8(a)), which can be attribu-
ted to the MnIII

2/MnIIIMnII redox couple as confirmed by
linear voltammetry and square-wave voltammetry (W1/2 =
135 mV) experiments. An additional nonreversible reduction
peak was observed at Ec ≈ −650 mV attributable to the MnIII-
MnII/MnII

2, in accordance with previously reported complexes
with a similar environment.25–28

After addition of Et3N to the MeOH solution of 1, MnIII
2/

MnIIIMnII and MnIIIMnII/MnII
2 reduction processes take place

at 150 and ∼ −500 mV. Upon oxidation, the cyclic voltammo-
gram of 1 shows one additional reversible anodic process at
E1/2 445 mV (Fig. 8(b)). A plausible explanation for the appear-
ance of this wave, only observed in basic medium, is that it
results from oxidation of the form in which solvent (or base)
binds the metal through acetate-shift (from bridging to term-

inal position) to yield (S)MnIII
2-OAc.

41,42 This ligand-shift
affects the cathodic wave slightly, but lowers the potential of
the MnIIIMnIV/MnIII

2 couple, bringing closer the two redox
couples of 1. This result is consistent with the 1H NMR results.
An irreversible peak at Ea ≈ 850 mV is also observed in the oxi-
dative scan, but it was already present in the voltammogram of
the Et3N–MeOH mixture.

H2O2 dismutation studies

The ability of complex 1 to catalyze H2O2 disproportion was
first tested in H2O. Addition of H2O2 to an aqueous solution of
the catalyst caused an immediate vigorous evolution of O2. The
volumetric measurement of evolved O2 reveals that in this
solvent 1 is able to catalyze the decomposition of H2O2, but
after successive additions of excess H2O2 to the catalyst solu-
tion the rate of O2 formation gradually decreases (Fig. 9(a)).
Electronic spectra registered immediately after addition of 150
equiv. H2O2 show that the band at 362 nm increases and red
shifts to 382 nm. Then, during the progress of the reaction,
this band decreases and blue shifts concurrently with the
growth of the band at 326 nm, with an isosbestic point at
343 nm (Fig. 9(b)). EPR spectra taken during the reaction show
a six line signal typical of Mn2+

aq (Fig. 9(c)) which accumulates
in the reaction mixture irreversibly.

Fig. 8 Cyclic voltammograms of (a) 1 and (b) 1 + 5 equiv. Et3N, in
methanol. [1] = 1 mM. Supporting electrolyte = Bu4NPF6. Scan rate =
100 mV s−1, working electrode = glassy carbon.

Fig. 7 EPR spectra taken 24 h after preparing solutions of 1 in H2O (red)
and buffer of pH 11 (blue); ν = 9.5 GHz, T = 100 K, and microwave power
= 0.5 mW.

Fig. 9 (a) Volume of O2 evolved after three successive additions of 130
equiv. H2O2 to an aqueous solution of 1 (1.56 × 10−3 M). T = 298 K.
(b) Electronic spectra registered after addition of 150 equiv. H2O2 to an
aqueous solution of 1 (1.4 × 10−5 M). (c) EPR spectrum taken at the end
of disproportionation of 150 equiv. of H2O2 by 1 in water; ν = 9.5 GHz,
T = 100 K, and microwave power = 0.5 mW.
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In order to find a better solvent for disproportionation of
H2O2 by complex 1, DMF, a nonprotic solvent, and basic Et3N
aqueous solution were essayed. In DMF, O2 evolution starts
after a lag period, which stretches on a second addition of 130
equiv. of H2O2 to the solution of 1 (Fig. S5, ESI‡). After six
additions of excess of H2O2, the catalyst retrieves its initial
activity and the lag period shortens to a time close to the start-
ing value. Higher amounts of H2O2 added to the reaction
mixture show kinetic traces similar to, or even faster than, that
of the first addition, probably because a new active form of the
catalyst is generated in this solvent.

In basic aqueous medium, 1 is a better catalyst than in neat
water. However, after successive additions of excess of H2O2 to
a solution of 1 in Et3N–H2O, the rate of O2 evolution decreases
gradually as do the absorption bands in the electronic spectra
of the complex after each new addition of H2O2 (Fig. 10).
Changes in the intensity of the spectral bands of 1 are the
same as observed when lowering the pH. Simultaneously, a six
lines EPR signal due to aqueous Mn2+ ion builds up and per-
sists at the end of the reaction, indicating partial dissociation
of the complex during the catalytic cycles. Thus, when the reac-
tion is performed in aqueous Et3N, as base equivalents are
consumed, protonation of the catalyst results in metal dis-
sociation with concomitant loss of CAT activity.

The performance of the catalyst could be improved by
employing buffered aqueous solutions. It was found that pH
must be controlled to values >8.5 for the catalyst to retain its
activity after successive additions of H2O2. Turnovers as high
as 3000 (mol H2O2/mol catalyst) without significant decompo-
sition were measured for the complex in buffer Et3N–Et3NH

+

of pH 11. As shown in Fig. 11(a,b), the rate of O2 evolution

remains essentially constant after successive additions of 150
equiv. of H2O2, with no changes in the electronic spectra of 1.

Under these conditions, the reaction mixture is EPR silent,
meaning that the buffer prevents metal dissociation during
catalysis. Besides, the absence of EPR signal during the reac-
tion course suggests that the MnIII

2 form of the catalyst is the
main species in solution since no EPR signal is expected for
the catalyst in this oxidation state. Negative mode ESI-mass
spectra taken during and at the end of the reaction show the
peak at m/z 681 (Fig. 11(c)), which corresponds to the [Mn2-
(5–SO3–salpentO)(OMe)(OAc)]− anion, indicating that the cata-
lyst retains nuclearity and composition during catalysis.

Kinetics

The initial rate of H2O2 disproportionation by complex 1 in
H2O and in Et3N–Et3NH

+ buffer of pH 11.05 was measured as
a function of the complex and substrate concentrations at
25 °C. In both media, at constant [H2O2]0, the initial rate of
H2O2 disproportionation varies linearly with the [catalyst]0,
meaning that the reaction is first order with the catalyst.
The first order dependence of the reaction rate on the catalyst
and the lack of time-lag at the onset of the reaction suggest
that the starting complex is responsible for the rapid dispro-
portionation of H2O2. At constant [catalyst]0, the initial rate of
H2O2 dismutation exhibits saturation kinetics with [H2O2]0
(Fig. 12), and the experimental data could be fitted to the
Michaelis–Menten equation from which the catalytic turnover

Fig. 10 (a) Time-dependence of O2 evolution after successive additions
of 145 μL of 10.49 M H2O2 (375 equiv.) to an aqueous solution of
1 (1.44 mM) + 10 equiv. Et3N; (b) Electronic spectra registered after
successive additions of 150 equiv. H2O2 to the aqueous solution of 1
(6 × 10−5 M) + 10 equiv. Et3N. T = 298 K.

Fig. 11 (a) Time-dependence of O2 evolution after successive additions
of 150 equiv. H2O2 to an aqueous solution of 1 (1.73 mM) in buffer at pH
11. (b) Electronic spectra registered after successive additions of 160
equiv. H2O2 to the solution of 1 (6.5 × 10−5 M) in buffer at pH 11.
(c) Negative mode ESI-mass spectrum registered on a mixture of 1 + 150
equiv. of H2O2 in buffer at pH 11. T = 298 K.
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number (kcat) and the Michaelis constant (KM) were deter-
mined (Table 3).

Values of kcat measured in either water or basic medium are
in the range of those determined for a number of alkoxo-
bridged diMn complexes;9,12 however, based on the kcat/KM cri-
terion, 1 is much more efficient than most of these complexes.
The high efficiency of the present catalyst results from the low
value of KM, which in water is one-sixth of the value found for
[Mn2(salpentO)(μ-OAc)(μ-OMe)]+ in methanol (Table 3).28

Decrease of KM values in the presence of water has also been
observed for [Mn2(O)2tpa2]

3+ (Table 3) and related com-
plexes.15,50 In the case of 1, the negative formal charge of the
complex and coexistence of H2O2 with HO2

− at pH 11, result in
an affinity of the catalyst for the substrate in neat water that is
higher than in buffered basic solution (higher affinity of 1 for
H2O2 vs. HO2

− ). Conversely, positively charged complexes have
shown to be more efficient at binding the substrate in basic
aqueous medium than in water (entries 6 and 7, Table 3).51

The higher efficiency of 1 (kcat/KM) in the buffer solution

results from turnover numbers (kcat) seven-times larger than in
water. Thus, 1 is more effective at oxidizing peroxide but is
poorer at binding the substrate in basic aqueous buffer than
in water, so a maximal rate in the buffer is achieved at higher
[H2O2].

Comparison with the methyl-substituted complex,
[Mn2(μ-OMe)(μ-OAc)(3-Me,5-SO3-salpentO)]

− (3), provides
information on the oxidation states of Mn involved in the cata-
lytic cycle. Complex 3 with an electron-donor substituent, is a
better reducing agent (electron-donor effect stabilizes higher
oxidation states) and has higher kcat (Table 3).20 The fact that
catalyst 3, which is easier to oxidize, reacts faster than 1 (H <
electron-donor substituent) suggests that oxidation of the cata-
lyst with simultaneous H2O2 reduction should be the slow step
in the catalytic cycle. This implies that the reduced form of the
catalyst is the major catalytic species in solution, which, from
the spectroscopic studies, is a MnIII

2 species. Therefore,
kinetic and spectroscopic results point to a catalytic cycle that
runs between MnIII

2 and MnIV
2 oxidation states, which is con-

sistent with the low redox potential observed for the MnIII-
MnIV/MnIII

2 couple of 1 in basic medium and the lack of
mixed valence and MnII

2 species in the EPR spectra.

Conclusions

The pentadentate ligand 5-SO3-salpentOH affords a water-
soluble complex with a bis(μ-alkoxo)(μ1,3-carboxylato) triple-
bridged dimanganese(III) core, a geometric motif similar to
that found in the active site of MnIII

2 form of T. thermophilus7

and L. plantarum8 CAT, where the two Mn ions are triply-
bridged through a μ1,3-carboxylate from Glu (Glu707 and
Glu66,8 respectively) and two solvent-derived single oxygen
atom bridges.

Complex 1 retains its chemical composition in methanol
solutions, but in neat water, acetate de-coordinates rapidly and
metal dissociation occurs. Slow dissociation of acetate occurs
in 9 : 1 methanol–water mixtures, where complex 1 transforms
into 2 after several weeks, with only a slight amount of free
metal ion accumulated in the solution. Addition of a base
induces an acetato-shift from bridging to terminal, and pre-
vents acetate and metal hydrolysis in water solution. In basic
medium, the complex is stable in solution for a long time.

Table 3 kcat and KM values for 1 and other dimanganese functional CAT modelsa

Catalyst
kcat
(s−1)

KM
(mM)

kcat/KM
(s−1 M−1) Solvent Ref.

1 1.0(5) 2.5(8) 400 H2O This work
1 7.4(2) 7.2(8) 1028 Buffer pH 11.05 This work
[Mn2(salpentO)(μ-OAc)(μ-OMe)]+ 0.98(9) 14(5) 70 MeOH 28
[Mn2(3–Me,5–SO3–salpentO)(μ-OAc)(μ-OMe)]− 10.5(2) 6.6(4) 1600 Buffer pH 10.6 20
[Mn2(O)2tpa2]

3+ 107(24) 3100(400) 35 MeCN 15
1.97(5) 1470(30) 1.3 MeCN–H2O

[Mn2(μ-OAc)(μ-OH2)(benzimpnO)]2+ 2.7(1) 6(4) 450 MeOH–H2O 51
[Mn2(μ-OAc)(μ-OH2)(benzimpnO)]2+ + 5 equiv. OH− 2.1(1) 3(0.4) 700 MeOH–H2O 51

a BenzimpnOH = N,N,N′,N′-tetrakis(2-methylenebenzimidazolyl)-1,3-diaminopropan-2-ol; tpa = tris-2-picolylamine.

Fig. 12 Effect of the [H2O2] on the initial rate of H2O2 disproportiona-
tion catalyzed by 1, at 298 K, in water and in an aqueous Et3N buffer pH
11.05.
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Complex 1 proves to be a very efficient CAT mimic in
aqueous medium of pH > 8.5 (kcat/KM = 1028 M−1 s−1 at pH
11), especially due to its high affinity for the substrate, even
higher than the enzyme.2–4 In this complex, the presence of
labile H2O molecules bound to the Mn ions facilitates H2O2

binding through H2O–H2O2 exchange, while the bridges can
serve as proton storage sites. Besides, the two Mn ions possess
the same NO5 coordination sphere providing a symmetrical
environment that stabilizes the homovalent diMn core and
facilitates redox activity based on shuttling between MnIII

2 and
MnIV

2 states during disproportionation of H2O2.
In the absence of a buffer, catalytic efficiency of complex 1

decreases, especially due to protonation of the bridges and
consequent metal dissociation. The pH dependence of the
CAT activity of this mimic resembles the behaviour of the
enzyme, for which the loss of activity below pH 5 has been pro-
posed to result from protonation of the catalytically active
Mn(μ-OR)2Mn closed form of the MnIII

2 state (the major form
at high pH), to yield an inactive H2OMn(μ-OR)MnOH open
form at pH 6.5.13

Experimental section
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 iodometric titration. Sodium
salicylaldehyde-5-sulphonate was prepared according to a pub-
lished method.52,53

Physical measurements

Electronic spectra were recorded on a JASCO V550
spectrophotometer with thermostated cell compartments. IR
spectra were recorded on a Perkin-Elmer Spectrum One FT-IR
spectrophotometer. ESI-mass spectra were recorded on a
Perkin-Elmer SCIEX 365 LCMSMS mass spectrometer. The
electrospray solutions were prepared from water, buffer of pH
11 or methanol solutions of the complexes and diluted with
methanol to a ≈10−5 M concentration at a flow rate of 5 μL
min−1. EPR spectra were obtained on a Bruker ESP 300 E
spectrometer with a microwave frequency generated with a
Bruker ER 04 (9–10 GHz). The microwave frequencies were
measured with a Racal-Dana frequency meter and the mag-
netic field was measured with a Bruker NMR probe Gauss-
meter. 1H and 13C NMR spectra were recorded on a Bruker AC
200 NMR spectrometer at ambient probe temperature
(ca. 26 °C), with nominal operating frequencies of 200.1 and
50.3 MHz. Conductivity measurements were performed using
a Horiba F-54 BW conductivity meter, on 1.0 mM solutions of
the complexes in water. The electrochemical experiments were
performed with a computer-controlled Princeton Applied
Research potentiostat, model VERSASTAT II, with model 270/
250 Research Electrochemistry Software. Studies were carried
out under Ar, in methanol solutions using 0.1 M Bu4NPF6 as a
supporting electrolyte and ∼10−3 M of the complex. The

working electrode was a glassy carbon disk and the reference
electrode was Ag/AgCl with Pt as the auxiliary electrode. All
potentials are referred to the Ag/AgCl electrode. Using the
described conditions, the ferrocene/ferrocenium redox couple
was observed at E1/2 = 418 mV in methanol.

Crystal data collection and refinement

Crystallographic data for compound 2 were collected on a Stoe
Imaging Plate Diffractometer System (IPDS) equipped with an
Oxford Cryosystems cooler device using graphite-monochro-
mated Mo-Kα radiation. Data collection, cell refinement and
data reduction were carried out using the Stoe IPDS
package.54,55 The structure was solved by direct methods with
SIR 9256 and refined by full-matrix least-squares on Fo

2 with
SHELXL-97,57 using anisotropic displacement parameters for
non-hydrogen atoms. Hydrogen atoms could not be located on
water molecules. The molecular plots were drawn using the
Ortep-3 for Windows program58 with 50% probability displace-
ment ellipsoids. Crystal data collection and refinement para-
meters are summarized in Table 1. CCDC 1008329 (2) contains
the supplementary crystallographic data for this paper.

Synthesis of disodium salt of 1,5-bis(5-sulphonatosalicylide-
namino)pentan-3-ol (5-SO3-salpentOH)

Na2[5-SO3-salpentOH]·3H2O was prepared by Schiff-base con-
densation of sodium salicylaldehyde-5-sulphonate (5.027 g,
22 mmol) with 1,5-diaminopentan-3-ol59 (11 mmol) in ethanol
(100 mL), at reflux for 2 h. Na2[5-SO3-salpentOH]·3H2O was iso-
lated as a pure yellow solid by precipitation from the reaction
mixture after 48 h, at room temperature. Yield: 5.415 g
(9.27 mmol, 84%). Anal. calcd for C19H20N2Na2O9S2·3H2O:
C 39.04, H 4.45; N 4.79; S 10.97. Found: C 39.48; H 4.50;
N 4.74; S 10.88. 1H NMR (D6-DMSO) δ: 8.58 (s, 2H, NvCH–),
7.66 (d, 2H, C6-H), 7.52 (dd, 2H, C4-H), 6.77 (d, 2H, C3-H),
3.68 (m, 1H, H–C(OH)–), 2.5 (m, 4H, –CH2–N), 1.74 (m, 4H,
(HO)C–CH2–).

13C NMR (D2O) δ: 175.52 (Ar), 168.39 (CHvN),
133.92, 132.43, 127.87, 123.75, 114.12 (Ar), 66.95 (R2CH–OH),
48.69 (N–CH2–), 36.01 (–CH2–CHOH–). UV-visible (UV-vis)
λmax nm (ε M−1 cm−1) in Et3N–Et3NH

+ buffer, pH 11: 236
(58 100), 259 (20 200), 370 (11 800). Significant IR bands (KBr,
ν cm−1): νOH 3420 (broad), νCvN 1648, νSO3 1113/1043.

Synthesis of Na[Mn2(5-SO3-salpentO)(µ-OAc)(µ-OMe)-
(H2O)]·4H2O (1)

Mn(OAc)3·2H2O (0.3914 g, 1.46 mmol) was added to a solution
of Na2[5-SO3-salpentOH]·3H2O (0.44 g, 0.75 mmol) in metha-
nol (13 mL). The mixture was stirred for 20 minutes, then fil-
tered and the resulting green solution was left to stir for 24 h.
Addition of 80 mL of acetonitrile caused the formation of a
green precipitate, which was collected by filtration, washed
with methanol and hexane and dried under vacuum. Yield
0.4249 g of 1 (0.54 mmol, 72%). Anal. calcd for
C22H25Mn2N2NaO13S2·4H2O: C 33.25, H 4.16, Mn 13.85,
N 3.53, Na 2.90, S 8.06%; found: C 33.20, H 3.76, Mn 13.5,
N 3.55, Na 2.79, S 7.58%. Significant IR bands (KBr, ν cm−1):
νOH 3450, νCH 2931, 2857, νCvN 1616, νAcO 1557/1420,
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νSO3 1112/1034. UV-vis λmax nm (ε M−1 cm−1) in H2O (immedi-
ately after preparation of solution): 229 (53 800), 271 (37 040),
362 (sh, 6524), 443 (1285), 575 (560); in Et3N–Et3NH

+ buffer,
pH 11: 236 (65 900), 259 (30 950), 370 (16 680); in DMF: 370
(6460), 460 (1160), 597 (368). These absorption bands obey
Beer’s law over the range of concentrations above 10 μM used
in this work. Molar conductivity = 125 Ω−1 cm2 mol−1. The
content of 4 molecules of non-coordinated water per complex
molecule was confirmed by thermogravimetric analysis of the
complex which showed 9.5% mass loss below 120 °C. Single
crystals of [Mn2(5-SO3-salpentO)(µ-OMe)(H2O)3]·5H2O (2) suit-
able for X-ray diffraction were obtained by crystallization from
a solution of 1 in a 9 : 1 methanol–H2O mixture layered with
ethyl ether, upon standing in air for about one month.

Volumetric measurements

The stoichiometry of the reaction was measured by volumetric
determination of the evolved O2 from reaction mixtures in
DMF, methanol, water, aqueous Et3N, or buffer Et3N–
Et3NH·ClO4 of pH = 11. A round-bottom flask with a stopcock-
equipped gas delivery side tube connected to a gas-measuring
burette (precision of 0.1 mL) was used. A closed vessel contain-
ing a solution of catalyst was stirred at constant temperature
on a water bath. Previously thermostated H2O2 ([H2O2] :
[catalyst] ratio 130–375 : 1) was injected through a silicon
stopper, and the evolved dioxygen was volumetrically
measured. Blank experiments performed in an Et3N–
Et3NH·ClO4 buffer (pH = 11) without the catalyst showed that
after 40 min only 5% of the initial H2O2 had disproportio-
nated, while when the catalyst was present, all H2O2 decom-
posed in less than 3 min.

Kinetic measurements

Oxygen evolution studies were carried out polarographically
using a Clark-type oxygen electrode with an YSI oxygen-moni-
toring system (Model 5300, Yellow Springs Instruments Co.,
Inc.). The initial rate method was used to determine the rate
constants (see ref. 24 for further details). Each rate constant
reported here represents the mean value of multiple determi-
nations that fall within ±5%. Experiments were carried out at
25 °C.
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