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A set of binuclear metal complexes with the formula M2(Im)4(OAc)4(H2O), where M) Mn, Co, or Ni, designed
as mimics of the active sites of hydrolase enzymes, were subjected to EPR and magnetic susceptibility studies.
The manganese complex displayed a broad EPR spectrum over the field range 0-5500 G. The 4 K spectrum
was simulated as a summation of theS) 1, S) 2, andS) 3 spin manifolds of the coupled dimer, with each
manifold weighted by the appropriate Boltzmann factor. Parameters for the best fits of EPR and magnetic
susceptibility wereg ) 1.95,J ) -1.29 cm-1, andD ) 0.095 cm-1, with line widths of 350, 450, and 550 G for
theS) 1, 2, and 3 manifolds, respectively. An alternative simulation, withg ) 1.93,J ) -1.28 cm-1, andD
) 0.081 cm-1 provided a better fit for the central peaks but only accounted for six of the seven observed peaks.
The cobalt and nickel complexes are EPR-silent. Magnetic susceptibility measurements of these two dimers
showed weak antiferromagnetic coupling; variable-temperature magnetic susceptibility plots were fit with the
parametersg ) 2.22,J ) -1.60 cm-1 (cobalt) andg ) 2.04,J ) -2.47 cm-1 (nickel). The weak coupling
highlights the difficulty in detecting bound water in these binuclear complexes or in enzymes and hence in
determining active site structure through the physical techniques used in this work.

Introduction

Of the various enzymes utilized in biological systems to
catalyze hydrolysis reactions, a significant number contain
binuclear metal centers at their active sites, or possess three or
more metal centers at the active site, yet maintain a binuclear
motif as part of the active site structure. Several of these
enzymes have been isolated and crystallographically
characterized.1-10 Metals utilized in these enzymes include
magnesium, manganese, iron, cobalt, nickel, and zinc. For many
of these proteins, the apoenzyme can be reconstituted with
divalent metals other than those occurring naturally, with
recovery of a substantial amount of activity. While the metal
coordination environments vary markedly between enzymes,
those binuclear metalloenzymes whose structures have been
determined typically possess as common features aspartate or
glutamate residues as bridging ligands, with terminal histidine
and carboxylate ligation and metal-bound hydroxo or aquo
groups occurring frequently.
The diversity of active site structures and metals utilized in

the hydrolase enzymes raises questions concerning the mode

of binding and activation of substrate molecules and the selection
of metals for the various hydrolytic processes. For example,
water molecules have been observed in both terminal and
bridging binding modes in hydrolase enzymes, yet it is not clear
which binding mode leads to water activation or whether the
activation differs between enzymes. As part of an ongoing study
to understand the role of the binuclear metal centers in the
overall activity of the hydrolase enzymes, and to elucidate the
overall mechanism of the hydrolysis reaction, a series of model
complexes with the formula M2(Im)4(OAc)4(H2O) were syn-
thesized. The synthesis, structures, and optical properties of
these compounds are presented elsewhere.11 This paper presents
a study of the electronic structure of these compounds as
deduced from electron paramagnetic resonance spectroscopy and
magnetic susceptibility measurements.

Experimental Section

The synthesis of the compounds Mn2(Im)4(OAc)4(H2O), Co2(Im)4-
(OAc)4(H2O), and Ni2(Im)4(OAc)4(H2O) is given elsewhere.11 EPR
spectra were recorded on a Varian E-109 EPR spectrometer equipped
with a Varian E-231 TE 102 rectangular cavity and interfaced to an
IBM-compatible PC computer for data acquisition and analysis.
Variable-temperature experiments utilized an Oxford Instruments ESR-
900 liquid helium cryostat. Magnetic susceptibility measurements were
made on a Quantum Design MPMS SQUID magnetometer. EPR
spectra were simulated using spin Hamiltonian matrix diagonalization,
with the program EPR-NMR (Department of Chemistry, University of
Saskatchewan, Canada).

Results

The compounds Mn2(Im)4(OAc)4(H2O), Co2(Im)4(OAc)4-
(H2O), and Ni2(Im)4(OAc)4(H2O) possess the structure shown
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in Figure 1. Complete structural details are presented else-
where.11 They have aµ-aquo-bis(µ-carboxylato) bimetal core,
with four terminal imidazole ligands and two terminal carboxy-
lates. The terminal carboxylates form hydrogen-bonding in-
teractions with the bridging aquo ligand, as is observed for other
dimeric compounds withµ-aquo groups. In all of the dimers,
aC2 axis passes through the water bridge. The aquo group is
labile, as shown by the tendency of the dimers to dissociate
when dissolved and by the partial loss of water upon exposure
to hygroscopic salts. As a result, the magnetic measurements
were made on the pure crystalline solid sample, and the EPR
spectra were taken as 0.1% mixtures in the nonhygroscopic,
noncoordinating sodium tetraphenylborate.12,13

EPR. Variable-temperature EPR spectra of Mn2(Im)4(OAc)4-
(H2O) are shown in Figure 2. The 4 K spectrum shows a series
of peaks over the field range of 0-5500 G. In the temperature
range 4-100 K, the signal remained unsaturated at a power of
1 mW. As the temperature was raised from 4 K, the spectral
lines broadened slightly because of temperature effects, but no
dramatic changes in line position or overall spectral shape
occurred. J coupling of the twoS) 5/2 Mn centers yields a
spin ladder with values ofS ranging from 0 to 5. However,
the J value of -1.29 cm-1 obtained from fits to magnetic
susceptibility data (see below) revealed that only theS) 1, 2,
and 3 manifolds were sufficiently populated to contribute
significantly to the observed EPR spectrum at 4 K. The fact
that no new peaks arose as the temperature increased and theS
) 4 and S ) 5 manifolds became populated suggests that
temperature-dependent line broadening and zero-field splitting
made the signals from these manifolds too broad to contribute
to the overall spectral pattern. The integrals of the EPR spectra
over this temperature range deviated from Curie behavior, as
the higher energy levels became depopulated as the temperature
decreased.
Because of the complexity of the EPR signals, and the fact

that the contributions of the various spin manifolds to the overall
EPR spectrum could not be resolved directly using variable-
temperature spectra, spectral simulation was limited to the 4 K
measurement, in which theS) 4 andS) 5 manifolds were
not appreciably populated. The simulation utilized the spin

Hamiltonian shown in eq 1.14 As no hyperfine splitting was

observed at any temperature, the term∑i)1
2 ∑j)1

2 Si‚A ij‚I j was
not included explicitly in the calculations. Given the high
symmetry of the6A state of Mn, the contribution of spin-orbit
coupling to theg tensor was assumed to be isotropic. In the
case of strongJ-coupling between two spins A and B, each
resulting spin manifold can be described by the Hamiltonian in
eq 2. The tensorDS is related to the component tensorsDA

andDB by the relationDS ) dADA + dBDB + dABDAB, where
DAB represents the anisotropic intermetal spin-spin interaction.
The coefficientsdA, dB, anddAB for various spin systems have
been calculated and tabulated elsewhere.15 ForS) 5/2, S) 5/2
systems, these coefficients for the spin-coupled system are as
follows: (S) 1) dA ) dB ) -16/5,dAB ) 37/10; (S) 2) dA
) dB ) -10/21,dAB ) 41/42; (S) 3) dA ) dB ) -1/45,dAB

(12) That the dimer remains intact in the sodium tetraphenylborate mixture
is shown by the following observations: Theø vs T plots for the
compounds in NaBPh4 are identical to those for the crystalline solid
except for the lower concentration. In addition, monomeric impurity
gives rise to a sharp increase inø as the temperature approaches 1.8
K, the lowest temperature in these studies; this feature is not observed.
Furthermore, inclusion of a term for monomeric impurity in the
magnetic susceptibility does not improve the fit. Finally, the mono-
meric manganese species observed upon complex dissociation give
rise to a distinctive six-line EPR spectrum with hyperfine splitting of
∼95 G. This signature is also not observed in NaBPh4.

(13) Dilution of the sample by a further factor of 10 does not change the
EPR spectrum. Hence, the sample was determined to be as magneti-
cally dilute as can be achieved through mechanical mixing.

(14) With the exception of eq 1, individual ions are denoted by alphabetic
subscripts. The termDS and numerical subscripts are used to refer to
spin manifolds in the coupled systems.

(15) Bencini, A.; Gatteschi, D.EPR of Exchange Coupled Systems;
Springer-Verlag: Berlin, 1990.

Figure 1. Schematic diagram of the bimetallic compounds studied in
this work.

Figure 2. Variable-temperature X-band EPR spectra of Mn2(Im)4-
(OAc)4(H2O) (0.1% in NaBPh4). Conditions: 9.226 GHz microwave
frequency, 1 mW microwave power, 100 kHz modulation frequency,
10 G modulation amplitude, 16.7 G/s scan rate, and 0.128 s time
constant.

Ĥ ) ∑
i)1

2

âBi‚gi‚Si + ∑
i)1

2

Si‚Di‚Si - 2JS1‚S2 (1)

ĤS ) âB‚gS‚S+ S‚DS‚S (2)
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) 47/90; (S) 4) dA ) dB ) 1/7,dAB ) 5/14; (S) 5) dA ) dB
) 2/9, dAB ) 5/18. For Mn2(Im)4(OAc)4(H2O), the observed
EPR spectrum showed only one spin manifold (S) 2) for which
an accurate value ofDS can be obtained. As a result, it was
not possible to extract the relative contributions of individual
ion zero-field splitting and intermetal spin-spin interactions.
As both interactions are treated identically in a mathematical
sense for a given spin manifold, the spectrum was simulated
by attributing all of the zero-field splitting to the individual ion
terms. In no way is this meant to imply that there was no
intermetal spin-spin interaction; rather, it does not matter from
where the effect arose for the purposes of simulation. TheD
value extracted from the simulation was thus an effective value,
not an exact measure of either single-ion zero-field splitting or
intermetal spin-spin interaction. For each spin manifold, the
C2 axis of the dimer defines one principal axis. The other two
axes are determined by the relative contributions ofdA, dB, and
dAB. Because of the symmetry of the system, the principal axes
for each spin manifold must be coincident, such that no angular
information is needed in the spectral simulation, and with a
suitable choice of coordinate system, allD tensors are diagonal.
This allowsD to be treated as a scalar quantity. The fit for the
Mn dimer thus utilized as independent parameters an isotropic
g, an isotropicJ, a scalarD value (identical for both ions), and

Gaussian line width parameters which encompass hyperfine
coupling,D-strain, and contributions fromE. Energy levels
were determined by diagonalizing the 36× 36 spin Hamiltonian
matrix arising from the application of eq 1 to theS) 5/2, S)
5/2 system. TheJ value utilized in the simulation was
determined from magnetization data (see below).D values were
varied between-0.2 and 0.2 cm-1. Transition probabilities
were calculated explicitly using eq 3, whereI is the observed

line intensity,φi andφf are the initial and final eigenstates of
the spin system,µ is the dipole moment operator, andB1 is the
excitation field. For theS) 1 andS) 2 manifolds, transition
probabilities were calculated for all possible transitions within
the manifold to detect the presence of any spin-forbidden
transitions; for theS) 3, 4, and 5 manifolds, only the∆MS )
1 transitions were analyzed. The powder pattern was generated
by sampling points in a spiral pattern along the unit sphere.16

The contributions from theS ) 1, 2, and 3 manifolds were
weighted by Boltzmann factors to yield the final spectral
simulation at 4 K.
Figure 3 shows the 4 K EPR spectrum of the manganese

dimer, along with the simulated fit (trace a) and the individual
simulations of theS ) 1, 2, and 3 manifolds (b-d). The
simulation parameters were as follows:g ) 1.95,D ) 0.095
cm-1, J ) -1.29 cm-1, line width 350 G (S) 1), 450 G (S)
2), 550 G (S) 3). Because of the large zero-field splitting in
theS) 1 state, the resulting component spectrum was broad
and did not contribute significantly to the overall spectral shape.
TheS) 2 manifold dominated the low-temperature spectrum,
displaying six peaks spanning the entire spectral range. TheS
) 3 manifold gave rise to a single peak, centered at∼3500 G,
(16) Mombourquette, M. J.; Weil, J. A.J. Magn. Reson.1992, 99, 37-44.

Figure 3. (a) EPR spectrum of Mn2(Im)4(OAc)4(H2O) at 4 K (solid
line) and simulated spectrum (dashed line). Simulation parameters:g
) 1.95,D ) 0.095 cm-1, E ) 0, J ) -1.29 cm-1, and line width 550
(S) 3), 450 (S) 2), and 350 G (S) 1). (b-d) Contributions from
the S ) 3, S ) 2, andS ) 1 spin manifolds to the overall spectral
simulation in (a). (e) EPR spectrum of Mn2(Im)4(OAc)4(H2O) at 4 K
(solid line) and simulated spectrum (dotted line). Simulation param-
eters: g ) 1.93,D ) 0.081 cm-1, E ) 0, J ) -1.28 cm-1, and line
width 550 (S) 3), 450 (S) 2), and 350 G (S) 1).

Figure 4. Magnetic susceptibility data for Mn2(Im)4(OAc)4(H2O), Co2-
(Im)4(OAc)4(H2O), and Ni2(Im)4(OAc)4(H2O), over the temperature
range 1.8-300 K, with fits to the data (solid lines). See text for details.

I ∝ 〈φf|µ‚B1|φi〉2 (3)
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as the zero-field splitting for that manifold was close to zero.
Trace e in Figure 3 shows an alternative fit to the experimental
spectrum, withg) 1.93,J) -1.28 cm-1, andD ) 0.081 cm-1.
This simulation accounts for all but one of the observed peaks
and matches several of the peak positions in the experimental
spectrum well.
Both the cobalt and the nickel dimers were EPR-silent over

the temperature range 4-100 K. All of the spin manifolds for
these dimers will be populated at these temperatures; therefore,
the EPR silence is likely due to strong zero-field splitting.
Magnetism. Figure 4 shows plots ofø vs T for the

manganese, cobalt, and nickel dimers at a field strength of
10 000 G, along with fits to the data. The susceptibilities were
not subjected to a diamagnetic correction. All three complexes
displayed antiferromagnetic behavior, with maxima in theø vs
T plots at 10.5, 6.0, and 8.0 K, respectively. The standard
expression for the magnetic susceptibility of aJ-coupled dimer,
shown in eq 4, was inadequate for properly fitting the data, as

theJ-coupling was found to be quite weak. The more general
expression given in eq 5 was used for all magnetization fits.
The energiesE and the magnetic moments∂E/∂B were
calculated using spin Hamiltonian matrix diagonalization.
Energy levels were calculated with the magnetic field aligned
along the principal molecular axes, and theM andø values were
calculated using eq 5. Nuclear hyperfine terms were ignored
in these calculations. The average of theø values,øav ) (øx +
øy + øz)/3, was used to fit the experimental data. The parameters
g andJ were optimized through simplex fitting,17 utilizing the
EPR-NMR program and a program custom-written in our
laboratory. Several random initial guesses ofg and J were
made, and the fitting routine varied the two parameters so as to
minimize the quantity∑(ømeasd - øcalcd)2. The fits were
weighted toward the low-temperature data by virtue of the larger
number of data points taken in that range.
Values ofg andJ for the metal dimers, as determined from

simplex fitting, were as follows:g ) 1.89,J ) -1.29 cm-1

for Mn2(Im)4(OAc)4(H2O); g) 2.22,J) -1.60 cm-1 for Co2-
(Im)4(OAc)4(H2O); andg ) 2.04, J ) -2.47 cm-1 for Ni2-
(Im)4(OAc)4(H2O). For the manganese dimer, aD value of 1020
G, derived from the EPR data, was included in the fitting. The
reducedg value for the Mn dimer as compared with the EPR
simulation most likely arose from errors in sample weight, as
theg value obtained from susceptibility measurements is highly
sensitive to this quantity and is thus not very accurate. For the
cobalt and nickel dimers,D was not included in the magnetic
susceptibility analysis, as there was no independent means of
measuring this quantity. The EPR silence of the cobalt and

nickel dimers at X-band suggested that the value ofD is non-
negligible; however, simulations of the magnetic susceptibility
of the two dimers suggested that the error introduced inJ by
ignoringD is only on the order of a few tenths of a wavenumber.
IncludingD and temperature-independent magnetism as vari-
ables improved the fit to the magnetic susceptibility data for
the nickel and cobalt dimers, but the large number of variables
cast doubt on the reliability of the numbers obtained.

Discussion

Transition metal complexes containing theµ-aquo-bis(µ-
carboxylato) ligand environment have been known for over two
decades. Interest in these compounds as models for enzyme
active sites was spurred by the crystal structure determination
of hemerythrin,18 which contains theµ-oxo-bis(µ-carboxylato)
unit, as well as by later structure determinations of the related
diiron proteins ribonucleotide reductase19 and methane mo-
nooxygenase.20 Structure determinations of hydrolases and other
binuclear metalloenzymes have revealed a large diversity of
active site structures. In order to achieve an understanding of
such active site structures through spectroscopic probes, and to
learn the relationships between electronic structure and reactivity
in these proteins, detailed study of model systems is necessary.
Complexes with theµ-aquo-bis(µ-carboxylato) structure have
been difficult to study in this regard for two main reasons. First,
J-coupling in these complexes gives rise to spin manifolds with
integer spins, such that Kramer’s doublets do not exist, and
significant zero-field splitting can render the compounds EPR-
silent. Second,J-coupling in complexes with aµ-aquo bridge
is generally very small, being of the same order of magnitude
as the Zeeman splitting and zero-field splitting of the component
metals, so that appreciable mixing can occur between the various
spin manifolds. Hence, perturbation theory is often ineffective
in dealing with these systems. With regard to the former point,
manganese(II), which possesses a symmetric6A ground elec-
tronic state, often has a zero-field splitting small enough to allow
detection of its dimers by EPR techniques. Manganese(II)
dimers have been studied effectively by EPR in single crystals
of manganese-doped solid state materials;21-24 however, for
discrete molecules, which are normally analyzed as randomly
oriented solids or frozen solutions, analysis is complicated by
orientation effects and by the large number of energy levels
involved. Several analyses of binuclear manganese(II) com-
plexes have been performed,25-31 utilizing the temperature
dependence of specific EPR transitions, spectral deconvolution
techniques or simulation by second-order perturbation theory.
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University: Cambridge, U.K., 1988.
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ø )
Nâ2g2

3kT

∑
S)0

S1+S2

S(S+ 1)(2S+ 1) exp(-ES

kT )
∑
S)0

S1+S2

(2S+ 1) exp(-ES

kT )
(4)

M ) -N

∑
i

∂Ei

∂B
exp(-Ei/kT)

∑
i

exp(-Ei/kT)
(5)
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In addition, EPR measurements have been made on native
dimanganese enzymes and Mn-reconstituted binuclear sites in
other proteins.31-37 However, despite the presence of three
structurally characterized manganese dimers with the Mn2(µ-
H2O)(µ-OAc)2 core, no EPR spectrum of such a species has
been reported to date.
The complex Mn2(Im)4(OAc)4(H2O) is a reasonably simple

system for observing the electronic structure of MnII/MnII

dimers. The complex possesses aC2 axis relating the two metal
centers and lacks discernable hyperfine coupling, allowing a
simulation requiring a relatively small set of independent
parameters. Furthermore, since theS ) 4 andS ) 5 spin
manifolds are not appreciably populated at 4 K, the simulation
problem acquires further simplicity. The parametersg, D, J,
and three line width values were sufficient to reproduce the
major spectral features of the observed EPR spectrum, specif-
ically the number and approximate location of the seven
discernable peaks in the spectrum and, to a reasonable extent,
line intensities. As the spectrum arising from theS ) 1
manifold is rather featureless, the line width for this manifold
has little effect on the overall spectrum. The line widths for
theS) 2 andS) 3 spectra, while having been chosen on the
basis of their ability to fit the observed spectrum, also reflect
the known trend of increasing line widths with increasingS. It
is worth noting that a recent simulation of the fluoride-inhibited
Mn-catalase fromLactobacillus plantarum37 shows a spectral
pattern similar to that observed for Mn2(Im)4(OAc)4(H2O);
however, the pattern for Mn-catalase arises from a largerJ
value and smallerDS values, making the resemblance of the
two simulations fortuitous.
The lack of complete agreement between the experimental

and simulated spectra for Mn2(Im)4(OAc)4(H2O) with regard
to line positions is not surprising, given the small number of
parameters utilized. As is shown by the alternative fit to the
EPR spectrum, whereD ) 0.081 cm-1 instead of 0.095 cm-1,
there remains a small range over which the parameters can be
varied while still yielding an acceptable fit to the observed
spectrum. To the extent that the Hamiltonian correctly describes
the spin system of the dimer, the matrix diagonalization
techniques utilized in the simulation should faithfully reproduce
the EPR spectrum. Hence, further improvements in the fit will
likely require the use of additional terms in the Hamiltonian
and perhaps a more sophisticated treatment of line widths.
Two electronic parameters used widely for relating spectro-

scopic and structural data are the Heisenberg exchangeJ and
the zero-field splitting parameterD. J is a measure of orbital
overlap and thus depends on metal-metal separation, the
identity of bridging ligands which mediate the superexchange,
and the M-L-M angle, where L is the bridging ligand. For
spin-coupled dimers,DS for a given spin manifold is composed
of contributions from the single ion ZFS and from the intermetal
spin-spin interaction and, thus, is a measure of both the
anisotropy in the crystal field of the individual metals, and the
internuclear separation, as the spin-spin interaction has a 1/r3
distance dependence.

Khangulov and co-workers have found an empirical linear
relationship in proteins and synthetic inorganic complexes
between MnII-MnII distances determined by X-ray crystal-
lography andD2, the zero-field splitting of the quintet (S) 2)
state of the dimer.31 The compounds utilized in generating this
relationship span a range in Mn-Mn distances of 3.06-3.66
Å and a range ofD2 of -0.182 to -0.034 cm-1. This
relationship is explained as the result of two opposing effects:
the 1/r3 dependence of the intermetal spin-spin interaction and
a decrease in the single-ion ZFS (DC) as the metal-metal
distance decreases and the bridging ligands become less ionic
in character. As the principal contribution to the 4 K spectrum
of Mn2(Im)4(OAc)4(H2O) is theS) 2 manifold, the value of
D2 is readily obtained for this complex. Given the observed
Mn-Mn distance of 3.777 Å, one would expect aD2 value
very close to zero. However, the observedD2 value of-0.090
cm-1 (-20/21× 0.095) for this dimer deviates significantly
from the linear relationship. There are two possible reasons
for this discrepancy. First, the relationships between metal-
metal separation and bothDC and the spin-spin interaction are
inherently nonlinear, so that even if a linear relationship between
metal-metal distance andD2 exists over a given range of M-M
distances, the linear relationship is likely to break down at very
long or very short distances. Second,DC and the spin-spin
interaction are in general independent parameters. If the
terminal ligands on the metal centers provide the major
asymmetry in the crystal field, rather than the bridging ligands,
then the metal-metal separation is expected to have very little
effect onDC. Hence, a certain amount of caution is necessary
in inferring metal-metal distances from the single parameter
D2.
In the interpretation ofJ values, the identity of the bridging

ligands generally is the most prominent factor. While bridging
ligands control metal-metal separations, their principal role in
mediating exchange coupling lies in their ability to provide
orbital overlap through the ligand orbitals. Table 1 shows the
magnetic parameters for the Mn, Co, and Ni dimers, along with
values for selected analogous compounds in the literature.38-50

For those compounds for which noJ value is reported, the Ne´el
temperature is given instead. The values ofTN for the cobalt
and nickel dimers in this work are included for comparison.
More complete tabulations of structural and magnetic data for
biomimetic, binuclear manganese and nickel complexes have
been published.31,51 In addition, other dicobalt and dinickel
compounds containing theµ-aquo-bis(µ-carboxylato) motif
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B38, 1580-1583.
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have been crystallographically characterized but have not been
subjected to detailed magnetic study.52-59

It is well-known that, for coupled metal centers with bridging
oxygen-containing ligands, the strength of the coupling varies
according to the trend H2O < OH- < O2-. The compounds
listed in Table 1 demonstrate this trend. For theµ-aquo dimers
in Table 1,|J| < 3 cm-1, a value indistinguishable from those
arising from species containing only carboxylate bridges.
Hence, the presence of a bridging water molecule at an enzyme
active site cannot be demonstrated by magnetic susceptibility
alone.
In that both bridging and terminal aquo groups have been

observed in hydrolase crystal structures and model compounds,
the mode of water activation during turnover of these enzymes
must be addressed. Studies of phosphate ester hydrolysis by
transition metal complexes suggest that the principal contribu-
tions of the metal in catalyzing the reaction are in bringing the
substrates into close proximity, and in decreasing the pKa of a
bound water molecule, to generate a more nucleophilic hydroxyl
group.60 The presence of a binuclear site in the hydrolase
enzymes suggests that perhaps one metal ion is involved in the
activation of substrate, while the second one activates water.
However, because the known active site structures can in

principle accommodate alternative binding modes for substrate
and water, the orientation of the reactants during the course of
the hydrolysis reaction may not be the same for all hydrolases.
It is likely that mechanistic details will differ somewhat with
the identity of the metals in the enzyme active site. Further
understanding of the hydrolysis reaction will of necessity rely
on the use of biomimetic complexes, especially those that more
faithfully duplicate the active site structure of the known
hydrolase enzymes.

Conclusion

As the first µ-aquo manganese(II) dimer characterized by
EPR, the complex Mn2(Im)4(OAc)4(H2O) provides a guideline
for the interpretation of enzyme EPR spectra. The symmetry
of the molecule results in a relatively simple spectrum, which
has been successfully simulated through the use of matrix
diagonalization techniques. The principal contribution to the
spectrum is theS) 2 manifold, with lesser contributions from
theS) 1 andS) 3 manifolds. Parallel study of the magnetic
susceptibilities of the manganese, cobalt, and nickel dimers
reveals small antiferromagneticJ coupling for all of the
complexes, underscoring the difficulty of using magnetic
susceptibility data to infer structural information. Nevertheless,
the presence of a series of isostructural bimetallic complexes
containing a range of transition metals and aµ-aquo group will
allow a study of the effect of the transition metal on both
spectroscopic and reactivity properties related to the ability of
enzymes to catalyze the hydrolysis reaction.
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Table 1. Metrical and Magnetic Data for Selected Dimeric Divalent Metal Complexes

compounda M-M (Å) M-O-Mb (deg) Jc (cm-1) ref

Mn2(H2O)(Im)4(OAc)4 3.777 114.4 -1.29 11, this work
Mn2(H2O)3(F5C2COO)4L2 3.739 114.6 -1.65 38
Mn2(H2O)(piv)4(Me2bpy)2 3.5950 110.2 -2.73 39
Mn2(H2O)(OAc)4(tmeda)2 3.621 110.0 -2.952 39
[Mn2(OH)(OAc)2(tmeda)2]+ 3.351 109.4 -9 40
[Mn2(OAc)3(Me3tacn)]+ 4.034 - -1.7 41

Co2(H2O)(Im)4(OAc)4 3.687 117.2 -1.60 (TN ) 6.0) 11, this work
Co2(H2O)(OAc)4(tmeda)2 3.597 115.1 TN ) 3.0 42, 43
Co2(H2O)(ClCH2COO)4(tmeda)2 3.621 113.5 TN ) 4.8 42, 43
Co2(H2O)(Cl3CCOO)4(tmeda)2 3.696 116.1 TN ) 4.3 43

Ni2(H2O)(Im)4(OAc)4 3.635 119.0 -2.47 (TN ) 8.0) 11, this work
Ni2(H2O)(OAc)4(tmeda)2 3.563 117.2 TN < 2 43, 44
Ni2(H2O)(ClCH2COO)4(tmeda)2 3.567 117.4 TN ) 3.0 43, 45-47
Ni2(H2O)(Cl2CHCOO)4(tmeda)2 3.657 118.1 TN ) 4.0 43, 48
[Ni2(OH)(OAc)2(Me3tacn)2]+ 3.400 115.2 -4.5 49
[Ni2(OAc)3(urea)(tmeda)2]+ 3.4749 109.8d -0.9 50

a Abbreviations: Im ) imidazole; L ) 2-ethyl-4,4,5,5-tetramethyl-3-oxo-4,5-dihydro-1H-imidazolyl-1-oxyl; Me3tacn ) N,N′,N′′-1,4,7-
triazacyclononane; OAc) acetate; piv) pivalate; py) pyridine; tmeda) N,N,N′,N′-tetramethylethylenediamine.b Angle formed by bridging
aquo, hydroxo, or monodentate acetato group.c H ) -2JS1S2. dOne of the acetate ligands bridges the two Ni centers through a single oxygen
atom.

2622 Inorganic Chemistry, Vol. 36, No. 12, 1997 Schultz et al.


