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Manganese enzymes containing dinuclear or tetranuclear
active sites often catalyze the disproportionation of H2O2 to H2O
and O2.l Recently we2,3and others4 reported functional dinuclear
models for the Mn catalases and the alternative catalase reaction
for the OEC. In addition, a manganese complex that is tetra-
nuclear in the solid state has been shown to disproportionate
H2O2 in water at a rate faster than uncomplexed Mnll ion, an
observation that is consistent with a multinuclear reaction site.5

Herein we report a tetranuclear Mn complex that catalytically
disproportionates H2O2 using the ligand 2-OHpicpn.
The reaction of Mnll(ClO4)2‚6H2O (0.181g; 0.5 mmol) with

2-OHpicpn (0.134g; 0.5 mmol) and 1 equiv of NaOMe in
methanol yields a tan powder which can be recrystallized from
acetonitrile to give orange crystals of [Mnll(2-OHpicpn)]4-
(ClO4)4, 1.6 This complex has been crystallographically char-
acterized as the hexakis(acetonitrile) solvate,1•6CH3CN, con-
firming the proposed tetranuclear structure.7 An ORTEP
diagram of the cation is shown in Figure 1.
The manganese ions are spanned by monoalkoxide bridges,

with an average Mn-Mn distance of 3.74 Å. Each Mn
coordination sphere contains one pyridine nitrogen, one imine
nitrogen, and one alkoxide oxygen, each from two different
ligands, in a rhombically distorted octahedron. The pyridine
nitrogen-manganese bonds are the longest of the ligand-metal
bonds (2.40 Å average bond length) and are trans to the short

(2.11 Å) manganese-alkoxide bonds. The imine nitrogens are
trans to one another, with intermediate bond lengths of 2.22 Å.
Selected bond lengths and angles for this complex are contained
in the caption to Figure 1.
If 1 is dissolved in acetonitrile at concentrations greater than

25 µM, the complex remains a tetramer. This assignment is
supported by electrospray ionization mass spectrometry (ESI-
MS). Analysis of the higher concentration solutions showed a
mass peak in the ESI-MS+ spectrum atm/e 1587.5 consistent
with the tetramer tetracation and three perchlorate anions. The
77 K EPR spectrum of1 in acetonitrile/dichloromethane is
characterized by ag ) 2 resonance that is nearly 2200 G in
width.8 This spectrum is consistent with a coupled Mnll cluster;
however, the the complex is EPR silent at 5 K, whereas
mononuclear Mn(II) is EPR active. There is no evidence for
monomeric Mnll even at a 100µM concentration.
The UV-vis spectrum shows two prominent absorbance

bands at 325 (ε ) 51× 103 M-1‚cm-1) and 390 nm (ε ) 48×
103 M-1‚cm-1) that obey Beer’s law over the range of
concentrations above 30µM. Below [tetramer]) 20µM, there
is marked deviation from linear behavior, suggesting that the
tetramer dissociates to lower nuclearity species. The tetramer
quantitatively converts over 1000 equiv of H2O2 to O2. Isotope
labeling studies (shown by GC-MS of the head gas from the
reaction of1 with a 50:50 mixture of H216O2 and H218O2 in
acetonitrile) reveal that both oxygen atoms of the resulting O2

originate from the same H2O2 molecule.
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Figure 1. ORTEP diagram of the cation [Mnll4(2-OHpicpn)4]4+, 1:
Mnl-Mn2 3.750 Å, Mnl-Mn4 3.716 Å, Mn2-Mn3 3.765 Å, Mn3-
Mn4 3.713 Å. Average bond lengths (range in parentheses): Mn-Npy

2.40 ((0.03) Å, Mn-Nimine 2.22 ((0.02) Å, Mn-Oalk 2.11 ((0.01)
Å. Representative angles: Mnl-Ol-Mn2 99.1(1)°, Ol-Mnl-O4
104.7(4)°, Ol-Mnl-Nl 145.6(4)°, Ol-Mnl-N2 75.8(4)°, Ol-Mnl-
N15 114.9(4)°, Ol-Mnl-N16 92.2(4)°, N2-Mnl-N16 90.3(4)°, O4-
Mnl-N190.0(3)°, O4-Mnl-N2 121.6(4)°, O4-Mnl-N15 75.9(4)°,
O4-Mnl-N16 146.5(4)°, Nl-Mnl-N2 70.1(4)°, Nl-Mnl-N15 98.7-
(4)°, Nl-Mnl-N16 92.0°, N2-Mnl-N15 158.0(3), N15-MnlN16
70.8(4).
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We have studied the disproportionation of H2O2 by 1 using
a Clark-type O2 electrode to monitor initial rates of oxygen
production.9 Complex1 (29 µM) exhibits saturation kinetics
with hydrogen peroxide. These data can be fit to the Michaelis-
Menton equation to give the kinetic parametersVmax ) 140(
8 s-1 andKM ) 2.6 ( 0.3 M. If the reaction is carried out
using D2O2, theVmax drops to(9 s-1 andKM is 3.4( 0.5 M.
The results of the H2O2 and D2O2 reactions are shown in Figure
S3 (Supporting Information). The rate of this reaction has a
first-order dependence on the substrate concentration at non-
saturating peroxide concentrations.
The tetramer in this study has aVmax that is significantly

higher than previously reported for any other manganese
complex. However, the Michaelis constant (or effective sub-
strate binding constant) for1 is 2 orders of magnitude weaker
than seen for the only other model complex ([Mn(2-OH(5Clsal)-
pn)]2, 2),2 for which saturation kinetics have been reported.
Therefore, the catalytic efficiency (kCat/KM) of 1 (55 ( 9
s-1‚M-1) is lower than that measured for2 (300( 13 s-1‚M-1).
There is a similarity between1 and2 in that both complexes
show a 50% decrease in catalytic efficiency when D2O2 is the
substrate, illustrating that a proton-dependent step is important
for the disproportionation (29 s-1‚M-1 vs 120 s-1‚M for D2O2).
The rate of hydrogen peroxide disproportionation also shows

first-order dependence on the tetramer concentration. At
tetramer concentrations above 25µM, the rate varies linearly
with catalyst concentration. The linear fit to the data has a slope
of 46 s-1, which is the first-order rate constant for the tetramer-
dependent reaction at a constant [H2O2]. This value is consistent
with the observed rate for 1.1 M H2O2 in Figure 2. These kinetic
studies support the rate law shown in eq 1.

As the effective concentration of tetramer is lowered, the rate
of H2O2 disproportion per dissolved tetramer decreases dramati-
cally (a plot of these data is contained in the Supporting
Information). This behavior for tetramer concentrations below
25µM is consistent with the decomposition of the tetramer into
less active or inactive species. The decomposition products must
be less active than the catalyst in solution above 25µM because
the observed rate per unit tetramer dissolved decreases rapidly.

One possible model for this loss of activity is the formation of
inactive monomeric species.
We evaluated this model by preparing the complexes [Mnll(2-

OHpicpnH)(NCS)(CH3OH)](ClO4), 3, [Mnll(2-OHpicpnH)-
(acac)](ClO4), 4, and [Mnll(2-OHpicpnH)(CH3OH)2](ClO4)2, 5,
to test the assumption that monomeric species of the 2-OHpicpn
ligand would not disproportionate H2O2 at rates competitive with
1. There was no evidence for O2 production by3, 4, or 5 in
the presence of H2O2, nor did the UV-vis spectrum change
over the time frame of the catalytic reaction. A purely
tetramer-monomer equilibrium does not satisfactorily model
the observed kinetic data below 25µM in complex. The slope
of the curve between 20 and 5µM is very steep and requires
an equilibrium constant for a tetramer-monomer equilibrium
of >1014. However, this equilibrium does not model the higher
catalyst concentration data. It is probable that an equilibrium
exists among tetrameric, trimeric, dimeric, and monomeric
species below 25µM. It is possible that trimers or dimers may
have some catalytic activity. This would allow a less steep slope
for the 5-20µM curve to be described by a higher equilibrium
constant. The higherKeqwould indicate a more rapid formation
of tetramer and would model the high concentration data better.
While a multispecies equilibrium is possible, modeling the data
with over seven parameters would be statistically unmeaningful.
Figure 2 illustrates a speculative intermediate for this catalase

reaction that draws upon iron chemistry.11 The reaction of1
with H2O2 could lead to the protonation of two of the bridging
alkoxides and concomitant binding of peroxide to the tetramer
as shown by complex6. This intermediate is remarkably similar
to Lippard’s Fe6(O2

2-) species.11 Two tetranuclear metal-
peroxide complexes have been characterized crystallographi-
cally: the hexanuclear iron complex described and a Cu
complex containing both a bridging peroxide and a perchlorate.12

Starting with the coordinates of1, one can calculate a Mn-O
distance for peroxide bound in the center of6 using an O-O
distance of 1.43 Å. A reasonable Mn-O distance of 2.19 Å is
obtained. The formation of such an intermediate would also
be consistent with the low binding constant, the observed H/D
isotope effect, and the necessity for a tetramer.
In conclusion,1 is the first Mn complex that carries out

catalase-like reactivity while retaining a tetranuclear structure.
The complex is highly efficient (Vmax ) 140 s-1) but suffers
from a poor binding constant, which may reflect significant
rearrangement of bonds prior to forming the peroxo intermediate.
An intermediate that is consistent with this chemistry is
presented. Such a structure has been proposed as an arrange-
ment of metals that could support water oxidation in OEC.11

Clearly, four Mn ions oriented in a square motif can lead to
highly efficient O2 production from peroxide.
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Figure 2. (A) A speculative intermediate for the [Mnll4(2-OHpicpn)4]-
(ClO4)4 catalase reaction,5, based upon (B) the hexanuclear Fe complex
[Fe6O2(O2)(O2CPh)l2(OH2)2] from ref 11.

rate) k[catalyst][H2O2] (1)
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