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Structural and Catalytic Characterization of a Heterovalent Mn(II)Mn(III) Complex
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The binuclear heterovalent manganese model complex [Mn(II)Mn(III)(L1)(OAc)2] ClO4 3H2O (H2L1 = 2-(((3-((bis-
(pyridin-2-ylmethyl)amino)methyl)-2-hydroxy-5-methylbenzyl)(pyridin-2-ylmethyl)amino)-methyl)phenol) has been pre-
pared and studied structurally, spectroscopically, and computationally. The magnetic and electronic properties of the
complex have been related to its structure. The complex is weakly antiferromagnetically coupled (J ∼ -5 cm-1,
H =-2J S1 3 S2) and the electron paramagnetic resonance (EPR) and magnetic circular dichroism (MCD) spectra identify
the Jahn-Teller distortion of the Mn(III) center as predominantly a tetragonal compression, with a significant rhombic
component. Electronic structure calculations using density functional theory have confirmed the conclusions derived from
the experimental investigations. In contrast to isostructural M(II)Fe(III) complexes (M = Fe, Mn, Zn, Ni), the Mn(II)Mn(III)
system is bifunctional possessing both catalase and hydrolase activities, and only one catalytically relevant pKa (= 8.2) is
detected. Mechanistic implications are discussed.

1. Introduction

Binuclear manganese clusters are found in a variety of
metalloenzyme systems1,2 including, among others, argi-
nase,3 bacteriophage λ protein phosphatase,4,5 SoxB,6,7 and
exonuclease.8 A binuclear manganese derivative of a purple
acid phosphatase from sweet potato (SP-PAP) has recently
been isolated and characterized by EPR spectroscopy.2,9

There has been considerable interest in binuclear manga-
nesemodel systems as potential biomimetics, in particular for

catalase enzymes.10,11 A range of binuclear manganese com-
plexes with catalase activity ranging from kcat=0.017 s-1

-

250 s-1 have been reported12,13 (in comparison enzyme
systems operate in the range of ∼ 105 s-1)12,14. One such
catalasemodel complex15 is theMn(II)Mn(III) complex with
the ligandL12- (H2L1=2-(((3-((bis(pyridin-2-ylmethyl)ami-
no)methyl)-2-hydroxy-5-methylbenzyl)(pyridin-2-ylmethyl)-
amino)-methyl)phenol as shown in Scheme 1). The com-
plex shows significant catalase activity, with a kcat=2.48 (

0.15 s-1 and a KM=83 ( 1 mM and has been previously
characterized by structural determination and electrochem-
istry.15 Electrochemical measurements have indicated that
the heterovalent oxidation state is stabilized by the asymme-
try of the ligand, similar to the isostructural Fe(II)Fe(III)
complex.16 The latter is a biomimetic model for PAPs,
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especially the animal enzymes, which require heterovalent di-
iron centers for catalytic activity.17,18 PAPs catalyze the
phophorolysis of a large number of substrates, including
predominantly monoesters but also some diesters.18,19 The
catalytic rates are in the range between∼10 s-1 to∼1,000 s-1

depending on substrate and source of the enzyme (i.e.,
SP-PAP is faster than animal PAPs).20,21 In contrast, the
Fe(II)Fe(III) biomimetic is not reactive toward monoe-
ster substrates but displays moderate activity toward
diester substrates (kcat ∼ 10-3 s-1).16,18,22 Because of its
structural similarity to PAP biomimetics it was thus timely
and of interest to investigate if the above binuclear
manganese(III/II) complex with H2L1 may be bifunctional,
possessing both hydrolytic and catalase activities. In this
work a number of spectroscopic and computational techni-
ques were applied to understand the spectral signatures of the
binuclear center and to relate these to those of the dimanga-
nese enzyme.

2. Experimental Section

2.1. Synthesis of Complex [Mn(II)Mn(III)(L1)(OAc)2]-
ClO4 3H2O. The ligand H2L1 was prepared as described pre-
viously.16 A methanolic solution (20 mL) of H2L1 (134 mg,
0.246 mmol), manganese acetate tetrahydrate (120 mg, 0.492
mmol), and sodium perchlorate hydrate (35 mg, 0.246 mmol)
was heated to 40 �C for 30 min, then allowed to stand at room
temperature. After slow evaporation of the solvent, the complex
formed brown diamond-shaped crystals of diffraction quality
(111 mg, 51%). Elemental analysis: Calcd for C38H41ClMn2-
N5O11: C, 51.34; H, 4.65; N, 7.88. Found: C, 51.57; H, 4.52; N,
7.73%.UV/vis (CH3CN): 367 nm (ε=3160M-1 cm-1), 461 nm
(ε = 2360 M-1 cm-1).

2.2. Computational Methods. Calculations were performed
using the Amsterdam Density Functional (ADF 2007)

package.23-25TheVosko-Wilk-Nusair (VWN) form of the local
density approximation (LDA) was used,26 and Generalized-
Gradient-Approximation (GGA) corrections were introduced
by using the Becke exchange functional27 and the Perdew
correlation functional.28Triple ζbasis setswith one polarization
function were used for all atoms in the systems. The frozen core
approximation for the inner core electrons was employed in the
form of Mn 3 2p, O 3 1s, N 3 1s, and C 3 1s basis sets, and solvent
effects were incorporated with the Conductor-like Screening
Model (COSMO)29 with water as the solvent. Plots of the
molecular orbitals were generated with the MOLEKEL pro-
gram30,31 using data in MOLDEN format32 derived from the
ADF TAPE21 files.

2.3. EPR Spectroscopy. Continuous wave X-band electron
paramagnetic resonance (EPR) spectra were recorded with a
Bruker Biospin Elexsys E580 EPR spectrometer fitted with a
super high Q cavity. Magnetic field and microwave frequency
calibration were achieved with a Bruker ER 036 M Teslameter
and a Bruker microwave frequency counter, respectively. Tem-
peratures were controlled using an Oxford flow-through cryo-
stat (ESR910) in conjunction with an Oxford ITC503
temperature controller. Spectrometer tuning, signal averaging,
and subsequent spectral comparisons were performed with
Bruker’s Xepr (version 2.3) software. Computer simulation of
the EPR spectrum was performed using the XSophe-Sophe-
XeprView computer simulation software suite (v 1.1.4).33

2.4. Magnetic Circular Dichroism.Magnetic circular dichro-
ism (MCD) spectra were obtained from samples in an ethanol/
methanol (50:50) glass in a 1 mm path length quartz cell,
measured at (7 T with an Oxford Instruments Spectromag
using a Hamamatsu R669 PMT and InGaAs detectors, with a
Lastek designed MCD instrument.34

2.5. Magnetic Susceptibility. Magnetic susceptibility mea-
surements were made at the School of Chemistry, Monash
University, Australia, using a QuantumDesignMPMS SQUID
magnetometer with an applied field of 1 T as a function of
temperature (ranging from 2 to 300 K). The crystalline
samples were enclosed in a calibrated gelatin capsule posi-
tioned in the center of a drinking straw fixed to the end
of the sample rod.

3. Results

3.1. X-ray Crystal Structure. The crystal structure of
[Mn(II)Mn(III)(L1)(OAc)2]ClO4 3H2O (see Supporting
Information) is very similar to that previously reported
for the complex with a tetrafluoroborate counterion.15

The Oak Ridge Thermal Ellipsoid Plot (ORTEP) dia-
gram of the [Mn(II)Mn(III)(L1)(OAc)2]

þ cation is shown
in Figure 1.

3.2. Mass Spectrometry. The mass spectrum of the
complex in acetonitrile (Supporting Information, Figure
S1) exhibits two major ion peaks which correspond to
[Mn(II)Mn(III)(L1)(OAc)2]

þ (m/z 771) and [Mn(II)-
Mn(III)(L1)(OAc)(OMe)]þ (m/z 743), the latter likely
because of trace amounts of methanol. In methanol
(Supporting Information, Figure S1, right), the base peak

Scheme 1. H2L1
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is a monoacetate species [Mn(II)2(L1)(OAc)]þ (m/z 712),
which requires the reduction of one of the manganese
ions. Other peaks apparent in the spectrum include the
anticipated [Mn(II)Mn(III)(L1)(OAc)(OMe)]þ species
(m/z 743), [Mn(II)2(L1)(OMe)]þ (m/z 684) and a pro-
posed μ-oxo bridged species [Mn(II)Mn(III)(L1)(O)]þ

(m/z 669). The expected isotopic patterns (Supporting
Information, Figure S1, inset) are observed in all cases.
High molecular weight (m/z > 900) species, likely be-
cause of association adducts with solvent or anion spe-
cies, were also apparent.
With the acetonitrile:water (50:50) solvent used for

kinetic assays, the major peak in the spectrum (data
not shown) corresponds to the species [Mn(II)2(L1)-
(OH2)(OH)]þ (m/z 688), in which the acetate bridges
have been replaced by aqua/hydroxo ligands, and
the trivalent manganese has been reduced to manga-
nese(II). Reduction of transition metal ions has
previously been observed under the conditions of elec-
trospray ionization.35-38 However, the lack of reso-
nances associated with a weakly antiferromagnetically
coupled dinuclear Mn(II) center in the EPR and MCD
solution studies below indicate the Mn(II)Mn(III) oxi-
dation states are preserved under normal conditions
with methanol/ethanol solvents. We also note that no
acetate bridged species are observed in the mass spec-
trum recorded under the conditions used for kinetic
assays.

3.3. Phosphatase-Like Kinetics. Previously, catalase
activity toward H2O2 for [Mn(II)Mn(III)(L1)(OAc)2]

þ

was reported.15 Here, the hydrolytic activity of the com-
plex was assessed using 2,4-bis(dinitrophenyl)phosphate

(BDNPP) as the substrate (Figure 2). The activity max-
imizes at ∼pH g 10, and fitting the data to eq 1, derived
for a monoprotic system, yields a pKa of 8.2.

kcatðobservedÞ ¼ kcatðminÞþ
kcatðmaxÞ

1þ ½Hþ�
Kes1

� � ð1Þ

Figure 1. ORTEPplotof [Mn(II)Mn(III)(L1)(OAc)2]
þ cation.Thermal

ellipsoids are shown at 30%probability, hydrogen atoms are excluded for
clarity. The bond lengths are Mn1-O5 = 2.070(4) Å, Mn1-O24 =
2.144(4) Å, Mn1-O1 = 2.192(3) Å, Mn1-N4 = 2.252(5) Å, Mn1-
N5= 2.288(5) Å, Mn1-N1= 2.297(4) Å and Mn2-O2 = 1.839(3) Å,
Mn2-O1= 1.925(3) Å, Mn2-O23= 1.985(4) Å, Mn2-N2= 2.120(4)
Å,Mn2-O6=2.145(4) Å,Mn2-N3=2.271(4) Å whereMn1 andMn2
denote the Mn(II) and Mn(III) centers, respectively.

Figure 2. Catalytic properties of [Mn(II)Mn(III)(L1)(OAc)2]ClO4 3H2O.
(a) pH dependence (5 mM substrate); (b) substrate dependence at pH 10;
(c) complex dependence at pH 10.
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Substrate dependencewasmeasured at pH10 (Figure 2b),
and analyzed using the Michaelis-Menten equation,
yielding kcat = 5.4 ((0.6)� 10-4 s-1 and KM = 3.2 (

0.8 mM. The rate of hydrolysis is linearly dependent on
complex concentration (Figure 2c), as is typically seen for
model complexes of this type.

3.4. Magnetic Susceptibility. Solid state magnetic sus-
ceptibility data were collected for [Mn(II)Mn(III)-
(L1)(OAc)2]ClO4 3H2O from 2 to 300 K. The value of
μeff at 300 K, 7.37 μB, is consistent with high spin Mn(II)
and Mn(III) ions that are weakly exchange coupled. The
data points shown as symbols in Figure 3 were fitted
to the simple Van Vleck equation39 derived for S1 =
5/2, S2 = 2.

χM ¼
Ng2β2

4kðT -θÞ
:

ð165e24xþ84e15xþ35e8xþ10e3xþ1Þ

ð5e24xþ4e15xþ3e8xþ2e3xþ1Þ

ð2Þ

In the above equation, x= J/kT (forH=-2JS1 3S2), g is
the average g-value and θ is the Curie-Weiss constant.
Least squares fitting of χM to the above expression results
in the solid line in Figure 3with the parameters J=-4.18
cm-1, g=2.02 and θ=0.11. The inclusion of tetragonal
zero field splitting parameters resulted in a similar value
of J = -5.0 cm-1, with |D1 | <0.1 cm-1 and |D2| of the
order∼5 cm-1. Importantly, when the fullHamiltonian is
used the Curie-Weiss constant, which often implies a
ferromagnetic interaction, is not required. However, we
note that the fit is relatively insensitive to the values of D
and that the Mn(III) S= 2 site will have a large rhombic
component, and for this reason we cannot quantify the
zero-field splitting parameters with certainty.

3.5. EPR Spectroscopy. The frozen solution (metha-
nol) EPR spectrum (Figure 4) shows highly resolved
features around g ∼ 2 at 1.5 K, indicative of an S=1/2
ground state as would be expected for an antiferromag-
netically coupled Mn(II)Mn(III) system. To simplify

calculations, only the ground state of the complex was
simulated using eq 3 and the XSophe-Sophe-XeprView
computer simulation software suite33 with an effective
S = 1/2 spin Hamiltonian.

H ¼ βB 3 g 3 Sþ S 3A1 3 I 1þ S 3A2 3 I 2

-gnβn B 3 I 1 -gnβn B 3 I 2 ð3Þ

Here, the subscripts 1 and 2 refer to the Mn(II) and
Mn(III) ions. Rhombic g- and A-matrices were necessary
for the simulation illustrated in Figure 4, using the para-
meters given in Table 1. In addition to the intrinsic line
widths (σRx,y,z = 49.10, 112.71, 33.29 � 10-4 cm-1),
broadening was simulated using g- and A-strain, (σgx,y,z/
gx,y,z=-0.0244, 0.0281,-0.0010; σAx,y,z=8.471,-8.517,
-10.241 � 10-4 cm-1). The simulation parameters are
typical for complexes of this type, and Table 1 contains
some values for comparison.
The temperature dependence of the EPR spectrum is

shown in Figure 4b. As the temperature is raised a low
field transition (geff ∼ 6) emerges, reaching a maximum
around 10 K before it gradually disappears, concomitant
with a shift of the resonance to a lower magnetic field.
Deconvolution studies revealed that it is composed of two
components at geff∼ 5.6 and 7.0. The geff∼ 5.6 resonance
initially increases in intensity with temperature up to
about 4 K and then decreases, while the geff ∼ 7.0
resonance increases with increasing temperature. While
the geff∼ 5.6 resonance arises from a transition within the
(|3/2æ doublet of an S = 3/2 spin state, the geff ∼ 7.0
resonance most likely arises from a transition within a
(|1/2æ doublet of an S= 5/2 excited spin state where the
zero field splitting parameter (D) is greater than the
microwave quantum.40-43 Quantitative analysis of the
variable temperature data for geff∼ 5.6 resonance proved
impossible as a result of spin-lattice relaxation.43,44

Because of the weak exchange coupling, the excited S =
3/2 and 5/2 transitions would be expected to appear at
relatively low temperatures.42 For example, on the basis
of a J of -5 cm-1, the S = 3/2 state would be ∼24%
populated at 10 K. The S = 1/2 resonances decrease in
intensity as the temperature increases, and at high tem-
peratures, the only remaining features apparent around
g=2correspond to aminormonomeric high spinMn(II)
impurity as is apparent from the magnetic susceptibility
data (Figure 3). Attempts to fit the intensity of the
resonances to the appropriate Boltzmann populations
were unsuccessful as the intensity of both resonances
decay more rapidly than would be expected. This is
typical of weakly exchange coupled Mn(II)Mn(III) sys-
tems where rapid Orbach relaxation leads to loss of the

Figure 3. Molar paramagnetic susceptibility per complex, χM (circles),
and effective magnetic moment per molecule, μeff (diamonds), versus
temperature. The solid lines represent the least-squares fit of the data.
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signal at low temperatures.43,44 Although mass spectro-
metry indicated the presence of some reduced species in
methanolic solution, the EPR data are consistent with the
retention of the heterovalent oxidation states (Mn(II)-
Mn(III)) under these conditions.

3.6. MCD and Optical Spectroscopy. The variable
temperatureMCD and low temperature absorption spec-
tra of [Mn(II)Mn(III)(L1)(OAc)2]ClO4 in an ethanol/
methanol glass are shown in Figures 5a and 5b, respec-
tively. TheMCD spectra (Figure 5a) show broad negative
(∼ 460 nm) and (less well resolved) positive (∼370 nm)
bands which are typical of trivalent manganese

centers,45-47 and correspond to the phenolate to Mn(III)
charge transfer transitions which are also evident in the
absorption spectrum (Figure 5b). The broad bands show
characteristic C-term behavior, with the signal intensity
rapidly decreasing with increasing temperature. Unusual
features of the spectra are the sharp, temperature depen-
dent peaks at 426 and 472 nm. The 426 nm feature is also
clearly resolved in the low temperature absorption spec-
tra (Figure 5b). The relative intensity of these sharp

Figure 4. (a) Experimental (above) and simulated (below) X-bandEPR spectra of [Mn(II)Mn(III)(L1)(OAc)2](ClO4) (1 mM inmethanol). The spectrum
was measured at 1.5 K, 0.2 mW power and 2.00 G modulation amplitude, ν = 9.377502 GHz. (b) Variable temperature X-band EPR spectra of
[Mn(II)Mn(III)(L1)(OAc)2]ClO4 in amethanol glass. Temperature= 10-55K: 2mWpower, 4 Gmodulation amplitude;T=1.5-3.5 K: 0.2mWpower,
2 G modulation amplitude.
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features increases with increasing temperature over this
temperature range, and interestingly, the MCD of the
sharp MCD feature at 472 nm appears to change sign.
The variable temperature-variable field (VTVH)

MCD data measured at 450 nm are shown in Figure 6,
where the nested curves are a consequence of the low
energy states of this spin-coupled system. To simulate the
data, a coupled S1=5/2, S2=2 spinHamiltonian in eq 4
was used, with the coupled basis of dimension (2S1þ1) �
(2S2þ1) and the approximations g(S1) ∼ 2, g(S2) ∼ 2,

D2∼0. Further it was assumed that themetal centers have
approximate tetragonal symmetry, with the rhombic zero
field splitting parameters zero.

H ¼ -2J S1 3 S2þHsð S1ÞþHsð S2Þ ð4Þ

HsðSÞ ¼ βB 3 g 3 S þD S
2
z
-
1

3
SðSþ1Þ

� �

Following the formalism of Neese and Solomon,48 the
MCD VTVH curves are calculated from

Δε

E
¼

-1

4πS

Z π

0

Z 2π
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NiðlÆSx1iæMyz1þmÆSy1iæMxz1þ

nÆSz1iæMxy1þlÆSx2iæMyz2þmÆSy2iæMxz2þ

nÆSz2iæMxy2Þ sin θ dθ dφ ð5Þ

where theNi are the Boltzmann populations of the energy
levels; ÆSx1iæ is the expectation value of the spin operator
Sx1 for spin 1 in level i using the eigenvectors from the
solutions of (4); and l, m, n specify the direction of the
magnetic field with respect to the molecular fixed axis

Table 1. EPR Simulation and Line Width Parameters for [Mn(II)Mn(III)(L1)(OAc)2]ClO4 and Related Complexes Using an Effective S = 1/2 Spin Hamiltonian

Mn(III) Mn(II)

gx, gy, gz Ax, Ay, Az
a Ax, Ay, Az

a Wx, Wy, Wz
a

[Mn(II)Mn(III)(L1)(OAc)2](ClO4)
b 1.753, 1.938, 2.015 61, 63, 123 -157, -120, -262 49, 113, 33

[Mn(II)Mn(III)(BPTBMP)(OAc)2](ClO4)
55 1.844, 1.932, 2.005 60, 66, 122 -157, -146, -259 69, 86, 25

[Mn(II)Mn(III)(BCMP)(OAc)2](ClO4)2
66 1.905, 1.905, 2.022 73, 73, 106 -153, -153, -245

[Mn(II)Mn(III)(BPMP)(OAc)2](ClO4)
41 1.813, 1.883, 2.026 65, 65, 113 -145, -145, -267 67, 67, 34

Mn(II)Mn(III) Photosystem II (þNO)118 1.970, 1.970, 2.011 76, 76, 69 -184, -184, -255
Mn(II)Mn(III) catalase44 1.935, 1.995, 2.016 72, 73, 72 -174, -171, -241

aHyperfine and line-width parameter in units of ( � 10-4 cm-1). bThis work.

Figure 5. (a) Variable temperature MCD spectra of [Mn(II)-
Mn(III)(L1)(OAc)2]ClO4 measured at 5 T in a methanol/ethanol glass.
(b) Variable temperature absorption spectra of [Mn(II)Mn(III)-
(L1)(OAc)2]ClO4 in a methanol/ethanol glass. Inset shows the 400-
450 nm region, with the temperatures as shown.

Figure 6. VTVH MCD data of [Mn(II)Mn(III)(L1)(OAc)2]ClO4 in a
methanol/ethanol glass. Solid lines indicate the fit to the data using J =
-4.7 cm-1, D(Mn(III)) = 4.3 cm-1.

(48) Neese, F.; Solomon, E. I. Inorg. Chem. 1999, 38, 1847.
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system. The signed Mjki parameters are effective transi-
tion moments products mjmk.

48 For a particular field
value, eq 5 was numerically integrated by repeated diag-
onalization of the 30 � 30 matrix over Gaussian quad-
rature grid points in θ and φ. The principal axes on each
center can be related to a common dimer axes system;
however, as it is assumed that the phenolate-to-Mn(III)
LMCT transition dominates theMCD intensity (Mxy1=
Mxz1 = Myz1 = 0), we define the axes system to be the
principal directions of the Mn(III) (S2 = 2) center. The z
axis is defined in the Mn2-O2 direction, the x axis
perpendicular to the Mn1-O1-Mn2 plane.
As discussed below, the exchange coupling is quite

sensitive to the Mn(III/II)-O bond lengths, and since
there are likely structural changes in solution (such as
possible replacement of acetate bridges with methoxy
ligands, as suggested by the mass spectrometry), as well
as increased flexibility, the J value determined from
magnetism was used only as a starting value and allowed
to float. The antiferromagnetic nature of the couplingwas
fixed based on the S = 1/2 ground state observed in the
EPR spectra measured in methanol. The parameters J=
-4.7 ( 0.2 cm-1 and D(Mn(III)) = 4.3 ( 0.2 cm-1 were
obtained from the fit to the data shown in Figure 6.
A small ZFS associated with the divalent manganese was
required to fit the data, along with a larger value asso-
ciated with the trivalent manganese. As with themagnetic
susceptibility data, the fit of the VTVH curves was
relatively insensitive to the values of the ZFS parameters,
as has been seen in other manganese systems,49 and the
use of the additional rhombic ZFS parameters could not
be supported by the data although it can be assumed that
the E values are not zero. We also found that for these
parameters together with the approximations and coor-
dinate system defined above, the calculated VTVH curves
result in the expectedMxz2∼Myz2>Mxy2, but that the fit
is insensitive to the actual value of Mxy2.

3.7. Electronic Structure Calculations. The geometry
optimized structure of the [Mn(II)Mn(III)(L1)(OAc)2]

þ

cation is given in Supporting Information, Table S3,
together with a comparison to the experimental data.
The average absolute deviation between calculation and
experiment is 2-3 pm, and the agreement is somewhat
better for the Mn(II) than the Mn(III) sites. The calcu-
latedMn-Mndistance andMn-O-Mnangle are 3.50 Å
and ∼116� respectively, very close to the experimental
values (3.49 Å and 115.8�).
It is interesting to compare these values to those

calculated for the reduced system [Mn(II)Mn(II)-
(L1)(OAc)2]. In this case all metal-ligand distances of
the Mn2 site exhibit a significant lengthening which
correlates with the change in formal oxidation state from
Mn(III) to Mn(II). In contrast, the Mn1 site, which does
not undergo a change in formal oxidation state, shows
only a relatively small increase of the metal-ligand
distances, with the exception of the Mn1-O1 distance,
which decreases considerably, in opposition to the large
increase in the bond length between this bridging oxo site
and the Mn2 site. The calculated Mn-Mn distance and
Mn-O-Mn angle for the reduced dimer are 3.45 Å and

∼110�, respectively. A comparison of selected bond
lengths of the Mn(II)Mn(III) and Mn(II)Mn(II) dimer
systems is given in Supporting Information, Table S4. A
Mulliken population analysis (Supporting Informa-
tion, Table S5) shows values for the atomic charge and
spin density consistent with high-spin configurations,
with S = 5/2 and S = 2, respectively, for Mn(II) and
Mn(III) sites.

4. Discussion

4.1. Geometric and Electronic Structural Description of
the Mn(II)Mn(III) Complex. 4.1.1. Mn(II)Mn(III) Lo-
cal Geometry. Both metal centers are six coordinate, with
Mn1 in the softer N3O3 site and Mn2 in the harder N2O4

site. The angle between themetal centers and the bridging
phenoxo (Mn1-O1-Mn2) is 115.8�, and the me-
tal-metal distance is 3.492 Å. A Jahn-Teller distortion
is expected for theMn(III) (d4) center, but the orientation
is somewhat ambiguous. Karsten et al.15 proposed a
tetragonal elongation along the O6-Mn2-N3 axis
(average bond lengths 2.21 Å, compared to the averages
1.88 and 2.05 Å along the other axes). It is also possible to
define a tetragonal compression along the O1-Mn2-O2
axis (1.88 Å), but in either case there is a large rhombic
component to the ligand field.
The divalent (Mn1) and trivalent (Mn2) centers are

readily distinguished on the basis of bond lengths.50-52A
Bond Valence Sum (BVS) analysis distinguishes the
oxidation states of manganese, and searches of the
Cambridge Crystallographic Data Centre (CCDC) have
indicated that high spin Mn(II), Mn(III), and Mn(IV)
complexes have BVS values of approximately 1.9, 3.1,
and 4.1, respectively.53Applying this methodology to the
twometal centers in [Mn(II)Mn(III)(L1)(OAc)2]

þ yields a
BVS value of 1.98 for Mn1 and 2.99 for Mn2, consistent
with the proposed di- and trivalent oxidation states,
respectively.

4.1.2. Magnetochemistry and EPR. Fitting of the
magnetic susceptibility data indicates that the metal
centers are weakly antiferromagnetically coupled. The
weak antiferromagnetic coupling is typical of μ-(phe-
noxo)-bis-(μ-carboxylato) systems and exchange cou-
pling constants of this magnitude have been reported
for similarMn(II)Mn(III) complexes.40-42,54 In this com-
plex, use of the simple Van Vleck model (eq 2) is not
strictly valid as the Mn(III) ion is expected to have a D
value of the order of the coupling constant J. We have
fitted the data using the full spin Hamiltonian of the
coupled system but because of over parameterization we
have had to set the rhombic ZFS parameterE to zero. The
treatment of the susceptibility data with and without
inclusion of ZFS parameters resulted in very similar
values for the coupling constant.

(49) Jackson, T. A.; Karapetian, A.; Miller, A.-F.; Brunold, T. C.
Biochemistry 2005, 44, 1504.

(50) Bortoluzzi, A. J.; Neves, A.; Couto, R. A. A.; Peralta, R. A. Acta
Crystallogr. 2006, C62, 27.

(51) Gultneh, Y.; Tesema, Y. T.; Yisgedu, T. B.; Butcher, R. J.;Wang, G.;
Yee, G. T. Inorg. Chem. 2006, 45, 3023.

(52) Mikuriya, M.; Fujii, T.; Tokii, T.; Kawamori, A. Bull. Chem. Soc.
Jpn. 1993, 66, 1675.

(53) Larsen, F. B.; Boisen, A.; Berry, K. J.;Moubaraki, B.;Murray, K. S.;
McKee, V.; Scarrow, R. C.;McKenzie, C. J.Eur. J. Inorg. Chem. 2006, 3841.

(54) Chang, H.-R.; Larsen, S. K.; Boyd, P. D. W.; Pierpont, C. G.;
Hendrickson, D. N. J. Am. Chem. Soc. 1988, 110, 4565.
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Table 2 shows the exchange coupling and key bond
lengths reported for (μ-phenoxo)bis(μ-carboxylato)
Mn(II)Mn(III) dimers. Dubois et al.40 have identified a
magneto-structural relationship for this type of dimer
based on the parameter δMn-O (difference between Mn-
(III)-Ophenoxo andMn(II)-Ophenoxo distances). The cor-
relation is shown in Figure 7, where the observed values
for J are plotted as a function of δMn-O. The increase in
the magnitude of J, observed for a decrease in δMn-O, can
be understood in terms of both the decrease in the
Mn(II)-O bond length (greater overlap increases ex-
change coupling) and the increase in Mn(III)-Ophenoxo

bond length (decrease in the Jahn-Teller distortion). The
Jahn-Teller distortion is associated with the Mn(III)
center and can be described either as a compression along
the Mn(III)-Ophenoxo axis or an elongation perpendicu-
lar to this axis. In each case, the Mn(III)-Ophenoxo is the
shortest bond length, and therefore the dz2 orbital point-
ing toward the bridging phenoxo is the highest energy d-
orbital. A shorter Mn(III)-Ophenoxo distance (larger
δMn-O, Figure 7) renders the orbital higher in energy
and thus less populated, resulting in a smaller exchange
coupling, while a longer bond has the opposite effect.40 In
the current complex, δMn-O is 0.267 Å and using the
relation determined by Dubois40 yields a J of -6.5 cm-1,
slightly larger than the values found from the magnetic
susceptibility (J = -5.0 cm-1) and the VTVH MCD
experiments (J = -4.7 cm-1).

The EPR spectrum of the model complex strongly
resembles that of other Mn(II)Mn(III) dimers.41,44,54-59

Table 1 shows the simulation parameters used for similar
complexes, as well as for catalase and for the species
obtained from the reaction of photosystem II with NO.
In comparison to the enzyme systems, the [Mn(II)-
Mn(III)(L1)(OAc)2]ClO4 model complex has a larger
rhombic distortion. Huang et al.55 reported a thorough
analysis of the EPR simulation of the effective S=1/2
state of an antiferromagnetically coupled Mn(II)Mn(III)
dimer system, and related the effective hyperfine valuesA
to the intrinsic hyperfine values a. The calculated spin-
projection coefficients are c1 = 7/3 for Mn(II) and c2 =
-4/3 for Mn(III)55,60,61 for the S = 1/2 ground state,
assuming that |J| > |D|.

Ai ¼ ciai ð6Þ

Using this relationship, the intrinsic hyperfine values and
the hyperfine anisotropy, Δa, values can be calculated
(Table 3). The intrinsic isotropic hyperfine value of
manganese(III) agrees reasonably well with that found
forMn(III) in TiO2, aiso=-73� 10-4 cm-1.62The small
variation may be attributed to the O6 donor set in TiO2,
compared to N2O4 in the present complex.55 The hyper-
fine anisotropy Δa for the manganese(III) ion is as
expected. Manganese(III) (d4) undergoes a Jahn-Teller
distortion in which the 5E term reduces to 5A1 or

5B1, with

Figure 7. Magneto-structural correlation proposed by Dubois et al.40

Dataoriginally included are shownas triangles, subsequentdataas circles,
and the current complex as a cross. The straight line shows the linear best
fit to the data.

Table 2. Exchange Coupling Constants and Key Structural Parameters of Mn(II)Mn(III) μ-Phenoxo-bis(μ-carboxylato) Dimers

complex J (cm-1) Mn(III)-O (Å) Mn(II)-O (Å) δMn-O
a (Å)

[Mn(II)Mn(III)(L1)(OAc)2](ClO4)
b

-4.18 1.925 2.192 0.267
[Mn(II)Mn(III)(BPTBMP)(OAc)2](ClO4)

42
-5.45 1.922 2.179 0.257

[Mn(II)Mn(III)(BCMP)(OAc)2](ClO4)2
41

-7.7 1.957 2.17 0.213
[Mn(II)Mn(III)(BPMP)(OAc)2](ClO4)

41
-6.0 1.903 2.193 0.29

[Mn(II)Mn(III)(BPPMP)(OAc)2](ClO4)2
40

-4.3 1.8727 2.2448 0.3721
[Mn(II)Mn(III)(BMIMP)(OAc)2](ClO4)2

58
-4.5 1.887 2.258 0.371

[Mn(II)Mn(III)(BPEMP)(OAc)2](ClO4)2
51

-4.1 1.923 2.237 0.314
[Mn(II)Mn(III)(BPAMP)(OOC6H5)2](ClO4)2

119
-6.3 1.905 2.184 0.279

a δMn-O = Mn(II)-Ophenoxo - Mn(III)-Ophenoxo.
bThis work.

Table 3. Intrinsic Hyperfine Values a and Anisotropy Δa for the Mn(II) and
Mn(III) Ions Calculated from the Effective Hyperfine Values Obtained from the
Simulationa

metal center ax, ay, az aiso Δab

Mn(II) -67, -51, -112 -77 -53
Mn(III) -46, -47, -92 -62 -46

aAll values �10-4 cm-1. bDefined as az - 1/2(ax - ay).

(55) Huang, P.; Shaikh, N.; Anderlund,M. F.; Styring, S.; Hammarstrom,
L. J. Inorg. Biochem. 2006, 100, 1139.

(56) Diril, H.; Chang, H.-R.; Zhang, X.; Larsen, S. K.; Potenza, J. A.;
Pierpont, C.G.; Schugar,H. J.; Isied, S. S.; Hendrickson, D.N. J. Am.Chem.
Soc. 1987, 109, 6207.

(57) Lomoth, R.; Huang, P.; Zheng, J.; Sun, L.; Hammarstrom, L.;
Akermark, B.; Styring, S. Eur. J. Inorg. Chem. 2002, 2965.

(58) Buchanan, R.M.; Oberhausen, K. J.; Richardson, J. F. Inorg. Chem.
1988, 27, 971.

(59) Magnuson, A.; Liebisch, P.; Hogblom, J.; Anderlund, M. F.;
Lomoth, R.;Meyer-Klaucke,W.; Haumann,M.; Dau, H. J. Inorg. Biochem.
2006, 100, 1234.

(60) Schafer, K.-O. Exchange coupled manganese complexes: Model
systems for the active centres of redox proteins investigated with EPR
techniques. Doctoral thesis, Technical University Berlin, Berlin, Germany,
2002.

(61) Blondin, G.; Girerd, J.-J. Chem. Rev. 1990, 90, 1359.
(62) Gerritsen, H. J.; Sabisky, E. S. Phys. Rev. 1963, 132, 1507.
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the former corresponding to an empty dz2 orbital, and the
latter to an empty dx2-y2 orbital. This distortion results in
the intrinsic anisotropy of the hyperfine tensors.
A positive value of Δa corresponds to a tetragonally

elongated 5B1 ground state and a negative value to a
tetragonally compressed 5A1 ground state.63-65 The in-
trinsic anisotropy is expected to be |45 � 10-4| cm-1,55,66

which is in good agreement with the value of-46� 10-4

cm-1 obtained herein. The negative sign of the intrinsic
anisotropy indicates that the Mn(III) ion is in the 5A1

state,63with the dz2 orbital being the highest (unoccupied)
d-orbital.63,67 This corresponds to a tetragonally com-
pressed distortion which gives rise to a positive value of
the ZFS parameter D.63

The identification of a positive D and thus a tetragon-
ally compressed geometry is in contrast to the Jahn-Tel-
ler elongation proposed by Karsten et al.,15 but is con-
sistent with themarkedly shorterMn2-O1 andMn2-O2
bond lengths along our definition of the z axis, indicating
that this corresponds to the tetragonally compressed axis
and the orientation of the unfilled dz2 orbital. Interest-
ingly, the bulk of manganese(III) complexes studied by
EPR have tetragonally elongated geometries and nega-
tive values of D.68

The isotropic hyperfine matrix of the manganese(II)
ion is consistent with that reported for isolated
manganese(II) in crystalline hosts.62 However, the sig-
nificant anisotropy of the hyperfinematrix in this center is
unexpected. The minor distortion from octahedral geo-
metry is insufficient to cause such a large anisotropy, and
so it is attributed to “transferred anisotropy”. That is, in
weakly exchange coupled dimers whereS1=S2þ 1/2, the
effective hyperfine coupling of each metal ion is influ-
enced by the ZFS term of both metal ions, and the
exchange coupling constant.69 In this way the anisotropy
of the trivalent manganese can be transferred to the
divalent ion.55,60

Also of note, and similar to that observed in the related
complex,55 are the rhombic line width parameters, where
the x- and y-components have much larger linewidths
than the z-component.While themain contribution to the
EPR line width is the transverse relaxation time, this
effect would be expected to be homogeneous.55,70 Other
possible sources of line broadening include anisotropic
T1’s and the anisotropic distributions of local magnetic
fields arising from anisotropic ZFS, electronic Zeeman,
and hyperfine interactions.

4.1.3. Zero Field Splitting Parameters. The MCD and
absorption spectra of the complex are dominated by

ligand-to-metal charge transfer (LMCT) bands at ∼450
nm. In the MCD spectrum, these bands show usual C-
termbehavior.However, theweak sharp bands at 426 and
472 nm showunusual temperature dependence, as they do
not appear to significantly decrease in intensity as a
function of temperature. The low intensity and narrow
bandwidth of the absorption peaks indicates that they
likely arise from spin flip transitions.46,47,71-73 These are
ligand field independent transitions in which the excited
state has the same orbital but different spin configuration
as the ground state. These states appear as horizontal
lines in the Tanabe-Sugano diagram (see Supporting
Information, Figure S2).47 Similar weak, sharp transi-
tions have previously been observed in various manga-
nese(III) and manganese(II) complexes,45-47,49,72,74-76

and at these energies, the bands are probably attributable
to transitions associated with the Mn(III) center arising
from ligand field components of the 3H term.46

There are two main mechanisms by which spin for-
bidden transitions may gain intensity in a dimer.77-81

First, intensity may be gained through a single ion
mechanism, which is due to the combined action of the
odd-parity ligand field at the single-ion site and
spin-orbit coupling.47,78-81This mechanism always con-
tributes to the intensity of the spin forbidden transitions
in a dimer since there can be no center of inversion at the
single ion site, and may be a significant contributor to
intensity in single excitations of weakly coupled systems.
The second mechanism is an electric-dipole exchange
mechanism, termed the Tanabe mechanism.78-80 This is
the most effective intensity-providing mechanism for pair
transitions within t2 orbitals,78-80 and relies heavily on
overlap between the magnetic orbitals of the constituent
centers. Either of these mechanisms could be responsible
for the intensity of the single ion spin forbidden transi-
tions observed.
The VTVH MCD data revealed weak antiferromag-

netic coupling with J = -4.7 cm-1, similar to the solid
state value (J=-5.0 cm-1). A tetragonal ZFS parameter
associatedwith themanganese(III) centerwas found to be
D = 4.3 cm-1. Similarly to the fit of the magnetic sus-
ceptibility data, the rhombic parameters E could not be
determined because of the over parametrization of the
model. While the fit is again relatively insensitive to the
value of D, the similar values obtained from both the
magnetic susceptibility and the VTVH MCD lends some
confidence to this value. Other reported values for the
single ion Mn(III) D parameter derived from a coupled
system have been in the range |D| ∼ 1-2 cm-1,47,49 and

(63) Campbell, K. A.; Force, D. A.; Nixon, P. J.; Dole, F.; Diner, B. A.;
Britt, R. D. J. Am. Chem. Soc. 2000, 122, 3754.

(64) Kripokapic, I.; Noble, C.; Klitgaard, S.; Tregenna-Piggott, P.;
Weihe, H.; Barra, A.-L. Angew. Chem., Int. Ed. 2005, 44, 3613.

(65) Boca, R. Coord. Chem. Rev. 2004, 248, 757.
(66) Zheng,M.; Khangulov, S. V.; Dismukes, G. C.; Barynin, V. V. Inorg.

Chem. 1994, 33, 382.
(67) Krzystek, J.; Yeagle, G. J.; Park, J.-H.; Britt, R. D.; Meisel, M. W.;

Brunel, L.-C.; Telser, J. Inorg. Chem. 2006, 45, 9926.
(68) Krzystek, J.; Ozarowski, A.; Telser, J. Coord. Chem. Rev. 2006, 250,

2308.
(69) Sage, J. T.; Xia, Y.-M.; Debrunner, P. G.; Keough, D. T.; de Jersey,

J.; Zerner, B. J. Am. Chem. Soc. 1989, 111, 7239.
(70) Weil, J. A.; Bolton, J. R.; Wertz, J. E. Electron paramagnetic

resonance: Elementary theory and practical applications; John Wiley & Sons:
New York, 1994.

(71) Gamelin, D. R.; Kirk, M. L.; Stemmler, T. L.; Pal, S.; Armstrong,
W.H.; Penner-Hahn, J. E.; Solomon, E. I. J. Am.Chem. Soc. 1994, 116, 2392.

(72) Mathoniere, C.; Kahn, O. Inorg. Chem. 1994, 33, 2103.
(73) Gerloch, M.; Constable, E. C. The Intensities of d-d spectra. In

Transition Metal Chemistry; VCH: Weinheim, 1994.
(74) Kohler, P.; Massa, W.; Reinen, D.; Hofmann, B.; Hoppe, R. Z.

Anorg. Allg. Chem. 1978, 446, 131.
(75) Brunold, T. C.; Gamelin, D. R.; Solomon, E. I. J. Am. Chem. Soc.

2000, 122, 8511.
(76) Ferguson, J.; Guggenheim, H. J.; Tanabe, Y. J. Phys. Soc. Jpn. 1966,

21, 692.
(77) Fujiwara, T.; Gebhardt, W.; Petanides, K.; Tanabe, Y. J. Phys. Soc.

Jpn. 1972, 33, 39.
(78) Schenker, R.; Weihe, H.; G

::

udel, H. Inorg. Chem. 2001, 40, 4319.
(79) G
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udel, H. Comments Inorg. Chem. 1984, 3, 189.
(80) Schenker, R.; Weihe, H.; G
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udel, H. Inorg. Chem. 1999, 38, 5593.
(81) Decurtins, S.; G

::

udel, H. Inorg. Chem. 1982, 21, 3598.
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led us to initially question our fitted value. However,
ligand field calculations for Mn(III) shown in Figure 8 as
a function of the tetragonal ligand field, support a larger
D. Here, an octahedral splitting of 10,000 cm-1 is used
and the tetragonal field quantified by the difference in the
energy of the eg d-orbitals: Δe = E(dx2-y2) - E(dz2). The
spin-orbit split ground state multiplet, away from Oh

(Δe = 0) symmetry, consists of the five energy levels
labeled by their irreducible representations (Γi) of theD4h

double group (Γ5 is doubly degenerate). These are the five
levels that an S=2 spin Hamiltonian approximates. The
ZFS parameter D can be associated with the energy
difference between the lowest (Γ1) level and the first pair
(Γ5) for Δe <0, or the difference between the Γ5 pair and
the Γ3 level Δe > 0. Moreover, it is seen that these levels
and their splitting are independent of the degree of the
tetragonal distortion.
The magnitude of D has often been rationalized by the

simple formulas givenbyAbragamandBleaney43basedon
the perturbations within the (5Eg,

5T2 g) multiplets. In fact
these formulas are rather poor approximations, predicting
aD value of∼2 cm-1, about half the value obtained from
the data shown in Figure 8. We have investigated this
further (Supporting Information, Figure S2) and find
similar values to the perturbation expressions if only the
quintets are included in the calculation. To reproduce the
values of the full ligand field calculation, one must also
include the triplet with the quintet states.
The spin-orbit coupling between the quintet ground

state and the triplet excited states are therefore important
in determining the ZFS of the ground state. This is also

consistent with the sharp features observed in the spectrum
being assigned to the spin-forbidden transitions to states
associated with Mn(III) triplet states. It should be noted
that the sign of the ZFS parameterD is essentially ambig-
uous in the pure rhombic limit when |E/D| = 1/3. In this
case identical levels are obtained for D defined positive
(indicating a predominant compression) or negative
(indicating an elongation in a perpendicular direction).
The most certain values of D are obtained from single ion
studies where high field EPR studies were employed to
determineD=-4.52 cm-1 for an elongated,82andD=3.53
cm-1 for compressed83Mn(III) complexes, consistentwith
the magnitude of the value obtained here.

4.1.4. Electronic Structure Calculations. Figure 9
shows the calculated energy levels obtained from DFT
for the highest occupied and lowest unoccupied orbitals
of eg like character centered onMn(II) (Figure 9, left) and
Mn(III) (right). The calculated electronic structure agrees
well with many of the conclusions reached experimen-
tally. Themetal parts of the orbitals have mixed dz2/dx2-y2

character and are antibonding with respect to the ligand
part of the orbitals. The lowest unoccupiedMn(III) based
orbital approximates a dz2 orbital oriented along the
Mn(III)-O1 direction, indicating an effective ligand field
compression along this axis. The splitting of the Mn(III)
based eg orbital is much larger than the Mn(II) based

Figure 8. Ground state multiplet of a d4 system as a function of the
spittingof the eg orbitalsΔe=E(dx2-y2)-E(dz2). Full d

4 (210� 210) basis
with ζ = 284 cm-1, B = 912 cm-1, C = 2940 cm-1 set at 80% of their
free-ion values. Octahedral splitting Δ= 10,000 cm-1, Δt2 = 1/4 Δe.

Figure 9. Calculated orbitals of [Mn(II)Mn(III)(L1)(OAc)2]
þ showing

the contribution of the metal based (x2 - y2, z2) d-orbitals on the Mn(II)
(left) and Mn(III) (right) centers.

(82) Krzystek, J.; Yeagle, G. J.; Park, J.-H.; Britt, R. D.; Meisel, M. W.;
Brunel, L.-C.; Telser, J. Inorg. Chem. 2003, 42, 4610.

(83) Scheifele, Q.; Riplinger, C.; Neese, F.; Weihe, H.; Barra, A.-L.;
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orbitals, ameasure of the Jahn-Teller driving force of the
d4 configuration. That the Jahn-Teller distortion has the
opposite sign to that expected for a d4 configuration is due
to the effective compression provided by the O1 and O2
ligating atoms.84 Calculations of the reduced Mn(II)Mn-
(II) complex (Supporting Information, Figure S4) show
that the eg energy separation is greater for the Mn2 site
than the Mn1 site because of the effective compression of
the N2O4 coordination sphere. However, the eg orbital
splitting in the Mn2 site of the Mn(II)Mn(III) complex
(Figure 9, right) is about a factor of 2 larger still, indicat-
ing that the splitting in this case is principally due to the
Jahn-Teller effect, not solely to the ligand environment
of the Mn2 site. The overall energy separation of the
averages of one electron orbitals of eg and t2g like char-
acter for the Mn(II) and Mn(III) sites in the Mn(II)-
Mn(III) complex are 12,900 and 16,900 cm-1, respec-
tively. This illustrates the larger effective octahedral
ligand field about the Mn(III) ion, as expected.
Finally, calculations have been made on the ferromag-

netic high-spin states to be able to calculate the coupling
constants using standard methodology.85 The calcula-
tions indicate that the broken-symmetry states are more
stable than the spin aligned states, and thus antiferro-
magnetic coupling is predicted, in agreement with experi-
ment. However, the calculated J values are larger in
magnitude than those observed experimentally, J =
-24 cm-1 for [Mn(III)Mn(II)] and -15 cm-1 for
[Mn(II)Mn(II)]. Plots of orbitals that show coupling
between the two Mn sites have been made (Supporting
Information, Figure S5) for cases where the interactions
are through the bridging phenolate or the acetate orbitals.

4.2. Catalytic Properties and Mechanism of Action. In
addition to the catalase activity previously reported for
the manganese dimer,15 the complex also acts as a hydro-
lase. The activity observed is lower than that of the iso-
structural complexes with Fe(III)M(II) centers (kcat =
3 � 10-3 s-1, 4.5 � 10-4 s-1, 7.3 � 10-4 s-1, and 1.8 �
10-3 s-1 for systems with M = Fe, Mn, Zn, or Cu,
respectively),18,22 and has a kcat=5.4 ((0.6) � 10-4 s-1.
However, the complex binds the substrate, BDNPP,more
tightly than most other isostructural complexes, with
a KM=3.2 ( 0.8 mM, which is similar to that observed
(2.1 mM) for the isostructural Fe(III)Mn(II) complex.86

Interestingly, the complex displays a catalytic behavior
very different to that of the [Fe(III)M(II)(L1)(OAc)2]

þ

complexes (whereM=Cu, Zn,Mn, Fe,Ni).86-91 Instead

of a bell-shaped pH dependence, a monoprotic behavior
is noted, resembling the pH-activity profiles observed in
some dizinc and dicadmium complexes,92,93 and in phos-
phodi- and triesterases such as the glycerophosphodies-
tease from Enterobacter aerogenes (GpdQ)92,94 and the
organophosphate hydrolase from Pseudomonas diminuta
(PTE).95The complexwas not stable under the conditions
of potentiometric titration, preventing the determination
of other, catalytically silent, pKa values.
The pKa of hexaaqua manganese(III) is ∼1,96 preclud-

ing the assignment of the catalytically relevant pKa of 8.2
to the formation of a Mn(III)-OH species. Instead,
comparison to [Fe(III)Mn(II)(L1)(OAc)2]

þ86 and other
Mn(II) complexes (pKa’s 8.3-9.5)97-99 supports the as-
signment of this pKa to a Mn(II) bound water. In bi-
nuclear manganese(II) enzymes, such as λ protein
phosphatase, PTE and arginase, bridging hydroxide moi-
eties function as nucleophiles and have pKa values in the
range of 7-8.5.1,100-104 In contrast, hexaaqua manga-
nese(II) has a pKa of ∼10.5,96 and while the pKa of
terminally Mn(II)-bound water has been reported to be
as low as 9.2,99 the value of 8.2 obtained here is indicative
of a bridging water molecule between two Mn(II) ions.
However, this would suggest that the Mn(III) ion is
reduced to Mn(II) (which would account for a Mn-
(II)-OH-Mn(II) nucleophile, as observed under the
conditions of mass spectrometry). Reduction of the tri-
valent ion is, however, not likely, as no significant
changes to the absorption spectrum (which is primarily
due to the trivalent metal ion) were observed in the
complex under catalytic conditions as would be expected
if the chromophoric trivalent manganese was reduced.42

Thus, we tentatively assign the catalytically relevant pKa

to the deprotonation of a water molecule bound termin-
ally to the divalent manganese, and which is involved in a
hydrogen bonding interaction with a hydroxide coordi-
nated to the trivalent metal ion. This hydrogen bonding
interaction is expected to decrease the pKa of the Mn(II)-
bound water.105-107 Indeed, in carbonic anhydrase,
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hydrogen bonding interactions decrease the pKa of a
terminally zinc bound water by up to 2.5 pH units.105

The presence of water and hydroxide ligands are sup-
ported by the mass spectrometry conducted under kinetic
solvent conditions, and similar hydrogen bonding inter-
actions are proposed inmetallohydrolases such as leucine
aminopeptidase,108 β-lactamases,109 GdpQ,94 and have
been studied in binuclear zinc107,110,111 and nickel112

complexes.
The observation of residual activity at low pH and the

presence of only one catalytically relevant pKa indicates
that the reactionmechanism employed by theMn(II)Mn-
(III) complex is different from that of isostructural com-
plexes of the M(II)Fe(III) type. On the basis of
mechanistic schemes discussed for other isostructural
complexes15,22,86,90,91,113,114 and several enzymatic sys-
tems (e.g., PAPs18,19) the following reaction mechanism
for the Mn(II)Mn(III) complex is proposed. At low pH
(<8) the likely nucleophile involved in hydrolysis is a
terminallyMn(III) bound hydroxide (Scheme 2), with the
substrate bound only to the divalent metal ion. In this
respect, the mechanism is similar to that proposed for the
M(II)Fe(III) complexes.86,90,114 According to the mass
spectrometric data (see above) and in agreement with
similar data for related model systems, a terminal coor-
dination on the Mn(II) position is occupied by H2O in
the absence of substrate.115 As discussed above, this
water is assigned a pKa of 8.2. Since the deprotonation
of this ligand would slow down ligand exchange a reduc-
tion in catalytic rate because of slow substrate binding
would be expected. However, the opposite effect is ob-
served (Figure 2). Thus, we propose that upon deproto-
nation the terminal water ligand becomes bridging, thus
vacating a coordination site for the substrate on the
Mn(II) center (Scheme 2). A similar rearrangement has
been proposed for the isostructural Ni(II)Fe(III) sys-
tem.90 The formation of a μ-OH bridge at higher pH
would be expected to increase the magnitude of the
exchange coupling. Unfortunately, it is at present not
possible to acquire MCD and EPR data of sufficient
quality at high pH since the addition of an aqueous buffer
to the solvent solution leads to a drastic reduction in data
quality.
In essence, both the bridging and the terminally Mn-

(III)-bound hydroxide can act as nucleophiles to initiate
hydrolysis and at present the two possibilities cannot be
distinguished unambiguously (it is of interest to note that
in PAPs it was observed that both the bridging and the

terminal hydroxide can act as a nucleophile depending on
the substrate used in the reaction).19 Since a Mn(III)-
bound hydroxide would be expected to be as reactive
as a Fe(III)-bound one, the observed lower activity of
the Mn(II)Mn(III) complex suggests the bridging hy-
droxide as the nucleophile (because of its poorer nucleo-
philicity114,116,117). It is interesting to note that the de-
creased activity of this Mn(II)Mn(III) model in
comparison to its binuclear M(II)Fe(III) counterparts
(M = Fe, Zn, Mn, Ni, Cu) may reflect the selection of
metal ions for specific functions in a biological environ-
ment.Whilemanganese is ideal for performing redox type
chemistry12 in catalases and peroxidases it is rarely used in
hydrolytic reactions.2

Scheme 2. Reaction Mechanism for Hydrolysis of BDNPP by
[Mn(II)Mn(III)(L1)(OAc)2]ClO4 at High and Low pH
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5. Summary

The binuclear manganese model complex with the L12-

ligand has been spectroscopically characterized. The complex
is weakly antiferromagnetically coupled, typical of phenoxo
bridged manganese complexes. The magnetic and electronic
properties of the complex have been related to the structure.
The EPR andMCD analyses enables the identification of the
Jahn-Teller distortionof theMn(III) center as predominantly
a tetragonal compression from the sign of the ZFS and the
hyperfine anisotropy. Ligand field and density functional
theoryhave beenused to relate the observed zero-field splitting
and exchange coupling, respectively, to the compressed geo-
metry. The orientation of the compression is directed along the
Mn(III)-Ophenolate direction. While this tetragonally com-
pressed geometry is atypical of manganese(III) centers, it has
been confirmed here from both the crystal structure and the
electronic structure calculations. The unoccupied “dz2” type
orbital is directed toward the bridging oxygen and plays a
crucial role in the size of the exchange coupling.Empirically, as
the Mn(III)-Ophenolate is lengthened, and the ligand environ-
ment is less compressed the “dz2” type orbital drops in energy
and the exchange coupling increases.

In addition to its catalase activity, the complex also
operates as a functional phosphodiesterase mimic. In agree-
ment with this system’s bifunctionality, we were able to
demonstrate mechanistic flexibility here (Scheme 2). As the
pH changes so does themechanism of action. Thus, the range
of functionality of complexes generated with the ligand L12-

may reflect, at least in part, how Nature has acquired the
ability to tune chemical reactions by using different metal
ions in a similar chemical environment.
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