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The structural and electronic properties of a series of manganese
complexes with terminal oxido ligands are described. The com-
plexes span three different oxidation states at the manganese
center (III–V), have similar molecular structures, and contain intra-
molecular hydrogen-bonding networks surrounding the Mn–oxo
unit. Structural studies using X-ray absorption methods indicated
that each complex is mononuclear and that oxidation occurs at
the manganese centers, which is also supported by electron para-
magnetic resonance (EPR) studies. This gives a high-spin MnV–oxo
complex and not a MnIV–oxy radical as the most oxidized species. In
addition, the EPR findings demonstrated that the Fermi contact term
could experimentally substantiate the oxidation states at the man-
ganese centers and the covalency in the metal–ligand bonding. Ox-
ygen-17–labeled samples were used to determine spin density
within the Mn–oxo unit, with the greatest delocalization occurring
within the MnV–oxo species (0.45 spins on the oxido ligand). The
experimental results coupled with density functional theory studies
show a large amount of covalency within the Mn–oxo bonds. Fi-
nally, these results are examined within the context of possible
mechanisms associated with photosynthetic water oxidation; spe-
cifically, the possible identity of the proposed high valent Mn–oxo
species that is postulated to form during turnover is discussed.
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Photosynthetic water oxidation is an essential chemical re-
action that is responsible for producing Earth’s aerobic en-

vironment. Dioxygen production occurs at the active site of the
enzyme photosystem II, referred to as the oxygen-evolving
complex (OEC), which contains a unique Mn4CaO cluster (1, 2).
Several features of the OEC are known, including an approxi-
mate arrangement of the metal ions within the cluster (Fig. 1A)
(3, 4), its structural flexibility during turnover (5, 6), and its
ability to store oxidizing equivalents via five photo-induced redox
states (Si, i = 0–4 and known as the Kok cycle) (7). Substrate
water molecules bind to the cluster and, upon oxidation, are
coupled to produce dioxygen and 4 eq of protons. There is
agreement that formation of the O–O bond occurs in the highest
oxidized state of the Mn4CaO5 cluster (S4), after which the
cluster reverts to the most reduced state, S0 (1–6, 8–10). The
transient S4 state has eluded detection, making it difficult to
experimentally probe the structural and physical requirements
necessary to promote dioxygen production. Magnetic resonance
and density functional theory (DFT) studies of the S2 and S3
states have been used to infer that the beginning and ending
oxidation states of the Kok cycle areMn3

IIIMnIV (S0) andMn3
IVMnV

or Mn3
IVMnIV O• (S4) (11–14). The location of the MnV center

within the cluster is not certain, yet one possibility is the dangling
MnA4 site, which is coordinated to anionic donors and is sur-
rounded by a network of hydrogen bonds (H bonds) (8–10).
The lack of experimental information about the transient S4 state

has further prevented a consensus opinion on how initial O–O bond
formation occurs. Quantum chemical studies have provided insight
into this process with two limiting mechanisms (11–14). In one

mechanism, a CaII–OH (or –OH2) unit serves as a nucleophile and
attacks an electrophilic Mn–oxo center within the cluster (8–10, 14,
15). The dangling MnA4–oxo center (Fig. 1B) or the μ3-oxo ligand
(O5) that bridges between two of the Mn centers and the CaII

ion are possible electrophilic centers for attack. In a second
mechanism, a radical process is proposed in which an oxyl radical
coupling occurs between O5 and some other oxido ligand that is
bonded to the cluster, possibly at MnD1 (Fig. 1C) (11, 12). Central
to both of these mechanisms is that forming an O–O bond involves
a high valent Mn center with a terminal oxido ligand (Mn–oxo),
which most computational reports suggest is a MnIV–oxyl radical
(MnIV–O•) rather than the isoelectronic MnV–oxo species (11–14).
However, there is currently no experimental precedent for an oxyl
species in a complex containing a first-row transition metal ion.
An alternative approach to exploring possible intermediates

in O−O bond formation is to develop synthetic systems with
Mn–oxo species and investigate spectroscopically whether they
support either a MnV–oxo state or a MnIV–oxyl state (16–18). We
have thus prepared a series of monomeric Mn–oxo complexes
[MnnH3buea(O)]m (n = 3+ to 5+; m = 2− to 0) in which
[H3buea]

3− provides a strong anionic ligand field while main-
taining local C3 symmetry around the manganese centers (Fig.
1D) (19–21). The [H3buea]

3− ligand also controls the local en-
vironment surrounding the Mn–oxo unit via intramolecular
H bonds. These structural components produce Mn–oxo complexes
that are approximate models for the manganese centers within
the OEC, especially MnA4, which is also coordinated to anionic
donors and is surrounded by a network of H bonds. The local C3
symmetry of the [MnnH3buea(O)]m complexes affords high-spin
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species that can be characterized with electron paramagnetic
resonance (EPR) spectroscopy. The spectra provide an experi-
mental probe of the electron distribution within the Mn–oxo unit
and the spin density on the oxido ligand. Moreover, this series
provided the first opportunity to examine the correlation be-
tween covalency within the Mn–O bond, the experimental Fermi
contact hyperfine constant for 55Mn, and spin densities. Our
findings establish that there is unpaired spin density on the oxido
ligand in [MnVH3buea(O)], yet the density is less than what is
expected for an oxyl radical; this offers the possibility that a high-
spin MnV–oxo center could be operative within S4 of the OEC.

Results
Structural Properties. X-ray absorption spectroscopy (XAS)
was used to investigate the structural properties of the three
[MnnH3buea(O)]m complexes. X-ray near-edge absorption spectra
(XANES) collected on the Mn–oxo complexes showed edge shifts
that were consistent with sequential oxidation of the manganese
centers (Fig. S1 and Table S1). An edge energy shift of ∼2.5 eV,
measured at the half-edge jump, was observed for the one-
electron oxidation from [MnIIIH3buea(O)]2− (65549.2 eV) to
[MnIVH3buea(O)]− (6551.72 eV). A similar energy shift of ∼3.3
eV was observed in the XANES for the related Mn–OH com-
plexes [MnIIIH3buea(OH)]− and [MnIVH3buea(OH)] (22). The
energy is further shifted upon oxidation of [MnIVH3buea(O)]− to
[MnVH3buea(O)] (6553.02 eV), although by a smaller amount
(∼1.3 eV). [A small amount of [MnIVH3buea(O)]− (∼10%) was
present in the sample that was determined by EPR spectroscopy—
this amount was subtracted from the spectrum prior to analysis.]
In addition, a significant increase in the intensity of the preedge
peak was observed upon oxidation to [MnVH3buea(O)], which
reflects the shortening of the Mn–O bond length compared with
that of the other [MnnH3buea(O)]m complexes (Fig. S2); the in-
tensity of this peak is correlated to the extent of Mn 3d-4p mixing,
which increases with decreasing Mn–O bond distance. However,
the preedge intensity of [MnVH3buea(O)] is not as strong as the
peaks found for square pyramidal low-spin MnV–oxo complexes,
which have short Mn–O bond lengths of less than 1.6 Å (Fig. S3
and Table S1) (similar increases in the preedge features have been
reported for other MnV–oxo complexes) (23, 24). The preedge
intensity has been shown (24) to strongly depend on the ligand
symmetry and Mn-ligand distances, and a longer MnV–O bond
distance will decrease the degree of Mn-3d-4p mixing. The ob-
served intensity of the preedge peak in [MnVH3buea(O)] suggests
that its Mn–O bond distance should be relatively long for a MnV–
oxo complex, which is supported by extended X-ray absorption
fine structure (EXAFS) results (see below). A weak preedge
intensity of [MnVH3buea(O)] has also been predicted by Leto
and Jackson (25) from a TD-DFT calculation, in which they
described the detailed relationships between Mn–O bond lengths,
coordination geometries, and the preedge intensities.

Results from EXAFS spectra on the Mn–oxo complexes fur-
ther support the sequential oxidation of [MnIIIH3buea(O)]2−

(Figs. S4 and S5). The molecular structure of [MnIIIH3buea(O)]2−

has already been characterized using X-ray diffraction (XRD)
methods (19), and the structural results obtained by EXAFS curve
fitting are in agreement with the XRD-determined structure.
From XRD methods, [MnIIIH3buea(O)]2− was found to contain a
trigonal bipyramidal coordination geometry around the manga-
nese center in which the oxido ligand is bonded trans to the apical
nitrogen donor to form an N4O primary coordination sphere.
EXAFS analysis for [MnIIIH3buea(O)]2− found one Mn–O bond
length of 1.78(2) Å and four Mn–N bond distances of 2.07(2) Å
that are nearly the same as those found by XRD (Table 1 and Table
S2). The EXAFS data for [MnIVH3buea(O)]− gave an Mn–O
bond distance of 1.76(3) Å, which is statistically the same as that
found in [MnIIIH3buea(O)]2−. The EXAFS analyses were best
fitted to four Mn–N bonds at a distance of 2.00(2) Å, which is a
contraction of 0.07 Å from those found in [MnIIIH3buea(O)]2−.
Similar trends in Mn–O and Mn–N bond lengths were found for
[MnIIIH3buea(OH)]− and [MnIVH3buea(OH)]−; that is, the Mn–O
bond distances are similar in the MnIII–OH and MnIV–OH
complexes, but the Mn–N bond lengths are significantly shorter in
[MnIVH3buea(OH)] (22). The N4O primary coordination sphere
around the manganese center was maintained in [MnVH3buea
(O)], with further oxidation causing significant shortening of the
Mn–X bond lengths (Table 1). The best fit of the EXAFS data
gave one Mn–O bond distance of 1.68(4) Å and four Mn–N bond
distances of 1.86(5) Å for [MnVH3buea(O)], which represent a
contraction in bond distances of ∼0.1 for the Mn–O bond and
0.14 Å for the Mn–N bonds compared with [MnIVH3buea(O)]−.

DFT Analysis. The geometry-optimized structures obtained from
spin-unrestricted density functional theory (DFT) calculations
showed that each [MnnH3buea(O)]m complex adopted a monomeric
five-coordinated structure with metrical parameters that agreed

Fig. 1. (A–D) Structures of the OEC cluster illustrating the hydrogen-bonding network (A) (purple spheres, Mn; light blue spheres, Ca2+; red spheres, oxido/
hydroxo ligands; blue sphere, nitrogen; white spheres, water), the nucleophilic mechanism for O–O bond formation (B), the radical coupling mechanism for
O–O bond formation (C), and the Mn–oxo complexes used in this study (D). The structure in A is adapted from Protein Data Bank ID 3BZ1.

Table 1. Structural and EXAFS fitting parameters for the
[MnnH3buea(O)]m complexes

R, Å

n Shell No. DFT XRD EXAFS

III Mn–O 1 1.767 1.771 (5) 1.78 (2)
Mn–N* 4 2.12 2.100 (5) 2.07 (2)

IV Mn–O 1 1.705 — 1.76 (3)
Mn–N* 4 2.12 — 2.00 (2)

V Mn–O 1 1.679 — 1.68 (4)
Mn–N* 4 1.95 — 1.86 (5)

Values in parentheses are the errors associated with the measurement.
*Average value.
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with those obtained from our experimental measurements (Table
1) (20). For [MnIIIH3buea(O)]2−, the Mn–O bond length of 1.767 Å
from DFT calculations matched those obtained from XRD
[1.771(5) Å] and EXAFS [1.78(2) Å]. Similar good agreement
between calculations and experiment was found for the average
Mn–N bond length (Table 1). Upon oxidation to [MnIVH3buea(O)]−,
the DFT calculations predicted that the Mn–O bond contracts
to 1.705 Å, a somewhat larger change than was found by EXAFS
experiments (Table 1). Similarly, the average Mn–N bond
length differs by nearly 0.05 Å. A strong match was found
between theory and experiment for the molecular structure of
[MnVH3buea(O)]: the Mn–O and average Mn–N bond distances
of 1.679 and 1.86 Å obtained from DFT calculations were
identical to those determined from EXAFS measurements. The
DFT calculations also found that all [MnnH3buea(O)]m complexes
are high spin as anticipated for Mn–oxo complexes with local
trigonal symmetry, which requires that the orbitals {xz, yz} and
{x2-y2, xy} form degenerate pairs that transform as E representa-
tions. The calculations predict that the three trigonal angles
(Nurea–Mn–Nurea′) are equal in [MnIIIH3buea(O)]2− and [MnV

H3buea(O)], whereas in [MnIVH3buea(O)]−, single occupation of
one of these E levels causes a Jahn–Teller distortion that leads to
different values for the three Nurea–Mn–Nurea′ angles (Table S3).
Our computational results also agree with those reported recently
using time-dependent density functional theory (TD-DFT) methods
(25). Our results also show that the Mn–oxo bonds in the series
of [MnnH3buea(O)]m complexes are best described as having a
formal bond order of 2, in which an empty z2 orbital and two half-
filled xz and yz orbitals are involved in the bonding.

EPR Spectroscopy: [MnIIIH3buea(O)]
2−. We have previously reported

EPR results (21) for the oxidative titration of [MnIIIH3buea(O)]2−

and here we extend this previous work to include 55Mn and 17O
hyperfine measurements as well as DFT calculations to provide
more detailed descriptions of the bonding in the [MnnH3buea(O)]m

complexes. The S = 2 ground spin state for [MnIIIH3buea(O)]2−

was confirmed using X- and Q-band parallel-mode EPR spec-
troscopy (Fig. 2). The spectra showed a six-line hyperfine split-
ting of A = 280 MHz (10.0 mT for X-band) at g = 8.08.
Simulation of the X-band spectrum predicted the additional
broad feature at g = 4.45 from the j1±> transition and the g =
8.08 signal from the j2±> transition, which are at energies of
2 cm−1 and 8 cm−1, respectively, above the ground j0> state of the

S = 2 spin manifold. The signals are sensitive only to the z
component of g and A tensors, and because the complex has axial
symmetry, this component is aligned with the Mn–O bond. The
temperature dependence (Fig. S6) of the signals indicated a
zero-field splitting of D = +2.0(2) cm−1, and the simulations
predicted the signal shape and intensities for spectra collected at
both microwave frequencies using an S = 2 electronic spin, an I =
5/2 nuclear spin, and the parameters found in Table 2. The signal
intensity was in quantitative agreement with the sample con-
centration determined from the weight of the complex added
to solvent.

[MnIVH3buea(O)]
−. The X- and S-band perpendicular-mode EPR

spectra of [MnIVH3buea(O)]− gave observed g values that are
indicative of an S = 3/2 complex (Fig. 3). The j±3/2> excited
state doublet is 5.5 cm−1 higher in energy than the j±1/2> ground
state doublet. A large E/D value of 0.264 was found, which is
indicative of rhombic symmetry caused by a Jahn–Teller distor-
tion that is expected for a MnIV center in trigonal symmetry.
Overlapping rhombic signals from each doublet result in com-
plicated spectra with only the lower field resonances showing
resolved hyperfine patterns. However, the data and simulations
from spectra recorded at the two microwave frequencies (Fig. 3)
allowed determination of the full 55Mn hyperfine A tensor, to
give the parameters listed in Table 2. The hyperfine patterns at
g = 5.26 (j±1/2>, A = 189MHz, or 6.8 mT for X-band) and g = 5.64
(j±3/2>, A = 222 MHz, or 7.9 mT for X-band) correspond to dif-
ferent directions in the principal axes frame of the D tensor. The A
values obtained directly from the spectra of [MnIVH3buea(O)]−

may not be the principal components because the 55Mn A tensor
may not be collinear with the D tensor. Therefore, the simu-
lations (Fig. 3) were generated using the spin-dipolar A tensor
(+34 MHz, +11 MHz, −45 MHz; S = 3/2) from the DFT opti-
mized structure while varying the isotropic Fermi contact term
(AFC) and the rotation angles of A relative to D. The principal
components of the A tensor are given in Table 2 and the A tensor
is rotated relative to the D tensor by 36° about the y axis.

[MnVH3buea(O)]. This MnV–oxo complex showed a resonance at a
g value of 4.01 and displayed a six-line hyperfine splitting pattern
of 113 MHz (4.04 mT, Fig. 4). A simulation using the parameters
given in Table 2 reproduced the position and shape of the signal,
which are indicative of a transition from the j1±> doublet of an
S = 1 spin manifold. Similar to the MnIII–oxo complex, the EPR
signal for [MnVH3buea(O)] is sensitive only to the z component
of the g and A tensors, which is aligned with the MnV–O bond. A
fit to the temperature dependence of the EPR signal (Fig. S6)
gave a D = +5.0(5) cm−1, indicating that the j1±> doublet is
5.0 cm−1 above the ground j0> state.

Manganese-55 Fermi Contact Constants. The magnetic hyperfine ten-
sor is the sum of three contributions, A = AFC + ASD + AL, where
AFC is the Fermi isotropic contact constant, ASD is a traceless
spin-dipole tensor, and AL is an orbital tensor. The AL term
is relatively small because the [MnnH3buea(O)]m complexes have
g values close to 2.00 and is ignored in our analyses. For
[MnIVH3buea(O)]−, an AFC(55Mn) value of −199 MHz was de-
termined from the average of the principal components of the A
tensor (Table 2)—this AFC value is within the range found for other
MnIV complexes (26, 27). Note that the sign of AFC cannot be
determined from EPR spectroscopy, but the values are known
to be negative for manganese species (28).
For the integer-spin systems, [MnIIIH3buea(O)]2− and

[MnVH3buea(O)], only the value of Az can be determined from
the EPR spectra (Table 2). The value of AFC(55Mn) for these
two complexes was determined from the expression, AFC = Az −
ASD

z· The local C3 symmetry of these complexes requires that the
z component of the spin-dipolar tensor (ASD

z) be coincident with

Fig. 2. Q- and X-band parallel-mode EPR spectra of the MnIII
–oxo complex,

10 mM in 1:1 dimethyformamide (DMF):tetrahydrofuran (THF). The colored
traces are experimental data and the black traces are simulation of the
corresponding spectra using the parameters given in Table 2. Inset shows the
broadening of a hyperfine line at 68 mT due to 17O enrichment. Experi-
mental conditions: temperature 10 K; frequency 33.906 GHz (Q), 9.298 GHz
(X); and power 5 mW (Q), 20 mW (X).
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the Mn–O bonds. DFT calculations of ASD have been shown to be
reliable at predicting experimental ASD tensors for other metal
complexes (29). [MnIIIH3buea(O)]2− exhibited an experimental
hyperfine splitting of Az = ±280 MHz and DFT calculations gave
ASD

z = −67 MHz. Because the AFC(55Mn) value is negative, the
positive possibility was discarded to give AFC(55Mn) = −280 +
67 = −213 MHz, which is in the range reported for other MnIII

complexes (26, 27). For [MnVH3buea(O)], an AFC(55Mn) value
of −163 MHz was determined using the same approach from the
experimentally measured value for Az (±113 MHz) and the DFT
derived value for ASD

z (+50 MHz). To our knowledge, this is the
first experimental report of an AFC value for a MnV complex.

Oxygen-17 Hyperfine Constants and Spin Density. We have experi-
mentally estimated the amount of electron delocalization within
the Mn–O bond of the [MnIIIH3buea(O)]2− and [MnVH3buea(O)]
complexes, using samples that were selectively enriched with oxy-
gen-17 (60%) at the oxido ligand. The parallel-mode EPR spectrum
of [MnIIIH3buea(

17O)]2− (Fig. 2, Inset) showed that all six hyperfine
lines of the signal at g = 8.08 are broadened because of inclusion of
the oxido-17 ligand (I = 5/2). This broadening was reproduced in
simulations with the inclusion of a 17O hyperfine constant of Az = 7
(2) MHz for a 60% enrichment while keeping all other parameters
unchanged from simulation of [MnIIIH3buea(

16O)]2−. A similar
approach was used for [MnVH3buea(

17O)]: a broadening of the
hyperfine lines was found on the g = 4.01 signal in its parallel-mode
EPR spectrum, which was simulated using a 17O hyperfine constant
of Az = 10(2) MHz (Fig. 4, Inset). Related experiments with
[MnIVH3buea(

17O)]− have not yet been successful because of over-
lapping signals from the two doublets. Note that an MnIII–
(μ-O)-MnIV complex labelled with oxygen-17 showed an A-value
of 13 MHz (30).
The Fermi contact value for the oxygen-17 nucleus has been

expressed as AFC(17O) = aπρπ, where aπ is the isotropic hyperfine
constant for a spin population of ρπ = 1 localized in a p orbital of
the oxygen atom and has a value of −120 MHz for S = 1/2 (31).
Similar to the 55Mn hyperfine analysis, the value of AFC(17O) was
determined from AFC = Az − ASD

z, where Az is the experi-
mentally determined value for oxygen-17 from the EPR spectra
(Table 2) and ASD

z is the spin-dipolar value for oxygen-17, which
is oriented along the Mn–O bond because of the local C3 sym-
metry in these complexes. DFT calculations gave ASD

z = +37 MHz
(S = 1) for [MnVH3buea(O)]. The sign ambiguity of the exper-
imental value for Az gave two possible values for AFC(17O) of
−27 MHz or −47 MHz, which equate to −54 MHz or −94 MHz
in the S = 1/2 representation, respectively. From the above ex-
pression, these two values gave a spin population in the p orbitals
on the oxido ligand of ρπ = 0.45 or 0.78. Within the experimental
uncertainty, the value of 0.45 was in agreement with the value of
0.41 determined by DFT calculations for the spin population in
the p orbitals of the oxido ligand. Following a similar analysis for
[MnIIIH3buea(

17O)]2−, DFT calculations gave ASD
z = +16 MHz

(S = 2). The experimentally determined value of Az can have two
possible values for AFC(17O) of −9 MHz or −23 MHz, which

equate to −36 MHz or −92 MHz in the S = 1/2 representation,
respectively. Two values for the spin population in the p orbitals
of the oxido ligand were obtained: ρπ = 0.30 or 0.77, with the
value of 0.30 comparing favorably to the 0.20 value determined
from DFT calculations.

Discussion
Structural Properties of the Mn–oxo Complexes. The series of mo-
nomeric Mn–oxo complexes characterized in this study provide
an opportunity to evaluate how the molecular and electronic
structures adjust to stepwise oxidation processes. The structural
results obtained from XAS experiments agreed with those pre-
dicted from DFT calculations for the optimized structures of
each complex. The metrical parameters found for [MnIIIH3buea
(O)]2− from the EXAFS spectra are also in excellent agreement
with those previously obtained from XRD methods. The oxida-
tion to [MnIVH3buea(O)]– produced a complex that has a strong
Jahn–Teller distortion within the trigonal plane that was con-
firmed by EPR studies. A similar agreement between EXAFS
and DFT was found for the related Mn–OH complexes,
[MnIIIH3buea(OH)]− and [MnIVH3buea(OH)] (22). There
were significant changes in the metal–ligand bond lengths at
the Mn center upon oxidation to [MnVH3buea(O)], with both
DFT and EXAFS data showing a contraction in the Mn–O
bond length to 1.68 Å. Both calculations and experiment sug-
gest that the MnIII–oxo and MnV–oxo complexes have local C3
symmetry around the Mn centers with trigonal bipyramidal
coordination geometry. The MnIV–oxo has a more distorted
coordination geometry because of the Jahn Teller effect.

Correlating 55Mn Hyperfine with Oxidation State. The present re-
sults indicate that the complex with the highest oxidation state

Table 2. EPR parameters for the [MnnH3buea(O)]m complexes

n S D, cm−1 E/D (σE/D) g value 55Mn A, MHz* 55Mn AFC, MHz 17O Az, MHz* ρπ†

III 2 +2.0(2) 0.055(0.030) gz = 2.02(1) Az = 280(3) −213 7(2) 0.30
IV 3/2 +2.5(2) 0.259(0.024) 2.01(1) 165(10)‡ −199 — —

1.99(1) 188(2)
1.99(1) 244(2)

V 1 +5.0(5) 0.005(0.003) gz = 1.99(1) Az = 113(2) −163 10(2) 0.45

Values in parentheses are the errors associated with the measurement.
*Only the absolute value of A is determined.
†Spin population (see text for explanation).
‡A tensor rotated relative to D tensor by 36° about the y axis. The hyperfine pattern at g = 2.38 was not resolved, resulting in a larger uncertainty for Ax.

Fig. 3. S- and X-band perpendicular-mode EPR spectra of the MnIV
–oxo

complex, 30 mM in 1:1 DMF:THF. The black lines are simulation of the cor-
responding spectra using the parameters given in Table 2. Experimental
conditions: temperature 12 K; frequency 3.500 GHz (S), 9.642 GHz (X); and
power 0.03 mW (S), 0.20 mW (X). A minor impurity occurs near g = 2.00 in
both spectra.
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within the series is an MnV–oxo species. Conceivably, the S = 1
spin state of [MnVH3buea(O)] could also be produced from
oxidation of the oxido ligand to an oxyl radical as opposed to a
metal-centered oxidation (that is, [MnIVH3buea(O•)]). For this
postulated [MnIVH3buea(O•)] complex, the experimentally ob-
served S = 1 spin state would result from antiferromagnetic
coupling between a MnIV center with an S = 3/2 spin state and
the oxyl radical center. The observed 55Mn hyperfine A values
for this antiferromagnetic state would be 5/4 times greater than
the intrinsic A values for the MnIV site. Our experimentally
observed jAj value of 113 MHz (Table 2) therefore requires an
intrinsic manganese jAj value of 90 MHz for a MnIV–oxyl
complex. This jAj value is far outside the range of the A-tensor
values for any known MnIV complex, including that measured for
[MnIVH3buea(O)]−. Based on these experimental results,
the possibility of a [MnIVH3buea(O•)] species was ruled out.
The observation of EPR spectra from the [MnnH3buea(O)]m

complexes allowed the determination of the Fermi contact term
(AFC) for structurally related Mn–oxo complexes (Table 2). At-
tempts to prepare the analogous MnII–oxo complex were un-
successful because the oxido ligand is too basic (22), but we have
previously reported the isolation of [MnIIH3buea(OH)]2−, which
has an experimental value of jAFCj = 250 MHz (32). We ex-
amined the changes in AFC for this series of manganese com-
plexes spanning four consecutive oxidation states with nearly
identical molecular structures. Our findings illustrate that
AFC(55Mn) can be used to experimentally substantiate the
oxidation states at the manganese centers and the covalency in
the metal–ligand bonding. The value of AFC(55Mn) depends on the
polarization of the s-electron density at the nucleus, which in turn
is dependent on the spin populations of the d orbitals. A cor-
relation of AFC(55Mn) with oxidation state and covalency was
observed because the spin density of the d orbitals is affected by
the extent of electron transfer from ligand to metal orbitals (that
is, the amount of covalency in the M–L bonds). As the covalencies
of the M–L bonds increase, the ligands donate more β-electron
density to the manganese centers of the [MnnH3buea(O)]m com-
plexes, leading to decreases in spin populations of the d orbitals.
This decrease is detected within our EPR experiments as a re-
duction in the magnitude of the Fermi contact value of 55Mn centers
(Table 2). The experimental correlation of 55Mn(AFC) values with
oxidation state demonstrated that each oxidation step within the
series of Mn–oxo complexes culminating in [MnVH3buea(O)] is
at the manganese centers and not the oxido ligands.

Spin Density Within the Mn–oxo Unit.Oxygen-17 enrichment of the
oxido ligands provides a powerful probe of spin density and the
presence of oxyl radicals by EPR spectroscopy. We have used
this method to show that both [MnIIIH3buea(

17O)]2− (0.30 spins)

and [MnVH3buea(
17O)] (0.45 spins) have substantial spin density

on the oxido ligand, which is a consequence of strong covalent
bonds within the Mn–oxo unit. The increase in spin density on
the oxido ligands from [MnIIIH3buea(

17O)]2− to [MnVH3buea(
17O)]

reveals that the covalency of the Mn–O bond increases as a
function of oxidation state. The significant transfer of both α- and
β-electrons into the empty Mn dz

2 orbital increases the electro-
philicity of the oxido ligand. The spin population of the oxido li-
gand arising from the MnV–oxo covalency is distinct from that of
an oxyl radical as illustrated by the spin densities of [MnVH3buea
(O)] and the corresponding MnIV–oxyl species. If [MnVH3buea
(O)] had been a MnIV–oxyl species, we would have observed the
oxygen-17 hyperfine interaction of nearly one full spin on the
oxido ligand (ρπ close to 1) and no change in the Fermi contact
value for the 55Mn center between [MnIVH3buea(O)]− and [MnV

H3buea(O)], both of which are inconsistent with our experimental
findings (Table 2).
DFT calculations supported the MnV–oxo formulation of the

ground state of [MnVH3buea(O)]. Comparison of the DFT-cal-
culated energies of the MnV–oxo complex and the higher-energy
MnIV–oxyl state as a function of Mn–O bond distance (Fig. 5)
clearly disfavored the MnIV–oxyl formulation; at a Mn–O bond
distance of 1.68 Å corresponding to the distance determined by
EXAFS measurements (Table 1), the MnIV–oxyl state is estimated
to be 7,000 cm−1 (0.9 eV) higher in energy than the MnV–oxo
ground state. The potential energy surfaces for MnV–oxo and
MnIV–oxyl states cross at a Mn–O bond distance of 2.05 Å,
nearly 10,000 cm−1 (∼1.2 eV) above the ground state minimum
(Fig. 5). Similar stretch-induced oxyl formation has also been
observed in calculations of FeIV = O systems and stems from
the propensity of a free O2− ion to lower its energy by ejecting
an electron (33, 34).

High-Valent Mn–oxo Site(s) Within the OEC. The premise that a
MnIV–oxyl species is formed in the S4 state of the OEC implies
that an oxido ligand instead of a manganese center is oxidized
in going from S3 to S4 to give a radical oxyl species. Computa-
tional studies of the mechanism of the OEC have suggested a
MnIV–oxyl site as the key reactive species in O–O bond forma-
tion (Fig. 1C) (11–15). Experimental support of such a species
requires systems, like the synthetic complexes considered here,
that can be studied without the interference of other para-
magnetic species that are present in the OEC. Our analyses of
the sequential oxidation of the [MnnH3buea(O)]m complexes
show that the manganese centers and not the oxido ligands are

Fig. 4. X-band parallel-mode EPR spectra of the MnV
–oxo complex, 25 mM

in 1:1 DMF:THF. The red traces are data and the black traces are simulations.
Inset shows the broadening of a region of hyperfine lines due to 17O en-
richment. Experimental conditions: temperature 11 K, frequency 9.332 GHz,
and power 20 mW. The simulation parameters are given in Table 2.

Fig. 5. Relaxed potential energy scans of the MnV
–oxo (S = 1) ground state

(lower curve) and the MnIV
–oxyl (S = 1) broken symmetry configuration

(upper curve) along the Mn–O coordinate. The solid curves are parabolic fits
of the DFT-generated points obtained from B3LYP/6-311G calculations. Insets
show total spin density contour plots for the two states.
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oxidized in each species. There is neither experimental nor
theoretical evidence for the formation of a Mn–oxyl radical in
[MnVH3buea(O)]; rather, a MnV–oxo complex is produced with an
S = 1 spin ground state. The observed spin density on the oxido
ligand parallels the monotonic increase in the Mn–oxo bond
covalency as the oxidation state increases. A high-spin MnV–oxo
site in S4 is compatible with either mechanism outlined in Fig. 1
for the conversion of water to dioxygen within the OEC. Re-
sults from oxygen-17 labeling studies showed that the Mn–oxo
unit becomes more electrophilic as the manganese center is
oxidized, which would enhance its reactivity toward a nucleo-
phile (Fig. 1B). Furthermore, there is appreciable spin density
on the oxido ligand in [MnVH3buea(O)], suggesting that a
high-spin MnV–oxo could be involved in a radical coupling
process (Fig. 1C). For these reasons, we suggest that a high-spin
MnV–oxo center should also be considered a viable candidate for

the high-valent site in S4 and possible involvement in the forma-
tion of the O–O bond.

Materials and Methods
The complexes were prepared as previously described starting from the
[MnIIIH3buea(O)]

2− complex and using ferrocenium as the oxidant (19–21).
Oxygen-17 samples were prepared using H2

17O. The DFT calculations used the
functional B3LYP and the basis set 6-311G within Gaussian 09. For details and
descriptions of the experimental and computational methods and all spectral
and computational data see SI Text.
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