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Abstract

Oxomanganese(V) species have been implicated in a variety of biological and synthetic processes,
including as a key reactive center within the oxygen-evolving complex in photosynthesis. Nearly
all mononuclear MnV-oxo complexes have tetragonal symmetry, producing low-spin species. A
new MnV-oxo complex that is high-spin is now reported, which was prepared from a well-
characterized oxomanganese(l11) complex having trigonal symmetry. Titration experiments with
[FeCp,]*™ were monitored with optical and electron paramagnetic resonance (EPR) spectroscopies
and support a high-spin oxomanganese(V) complex formulation. The parallel-mode EPR spectrum
has a distinctive S= 1 signal at g = 4.01 with a six-line hyperfine pattern having A, = 113 MHz.
The presence of an oxo ligand was supported by resonance Raman spectroscopy, which revealed
O-isotope sensitive peaks at 737 cm™1 and 754 cm™1 assigned as a Fermi doublet centered at 746
cm~1(A80 =31 cm™1). KB Mn X-ray emission spectra showed KB' and KBy 3 bands at 6475.92
and 6490.50 eV, which are characteristic of a high-spin MnV center.

Manganese-oxo complexes have prominent roles in several chemical and biological
processes.! In biology, high valent Mn—oxo species may be consequential in the oxidation of
water to dioxygen within the photosynthetic membrane protein (Photosystem 11, PSI1).2
Catalysis occurs at the oxygen-evolving complex (OEC) in PSII, which contains a Mn,Ca
cluster surrounded by a network of H-bonds. The structure of the cluster can be described as
a Mn3Ca0; distorted cube with an oxo-bridged external manganese center. 3 The
mechanism of water oxidation is still debated, yet one common proposal invokes the
generation of high valent Mn species prior to the formation of the O-O bond.# In this
premise, photo-oxidation would produce a high-energy transient state (S4) containing MnV—
oxo and Ca''-OH centers that initially couple to form a peroxo intermediate and, ultimately,
dioxygen (Figure 1).
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The properties of a MnV-oxo center that can lead to O—O bond formation are unknown,
leading to efforts to prepare synthetic systems that probe this process. Some successes have
been reported, including the work of Nam and Akermark, ® who showed that dioxygen can
be produced from Mn(V)-0O species and hydroxide ions. In addition to water oxidation,
MnV—oxo complexes have been invoked as oxiddants in O-atom transfer reactions and C—H
bond function-alization. ® Most of these complexes contain ancillary porphyrin, 7 corrole,8
corrolazine,® or salen ligands,19 producing species that are low-spin with $= 0 spin ground
states. This observation follows from the established theory that predicts that a//tetragonal
® metal-oxo complexes will be diamagnetic, resulting in a triple bond between the metal
center and the terminal oxo ligand (Figure 2A).11 Results from the few characterized
tetragonal MnV-oxo species support this prediction, insofar as the observed spectroscopic
and structural properties indicate the existence of an S= 0 Mn=0 unit.12

The lone MnV—oxo site in the OEC could also be high spin (S = 1). Less is known about the
chemistry of metal-oxo complexes in this spin state: we are aware of only one report
concerning a high-spin MnV—oxo complex, a MnY(O)porphyrin species for which only a
room temperature magnetic moment was used to evaluate its magnetic properties.13 In
addition, an isoelectronic MnVY —imido complex has been prepared,4 the properties of which
suggested that it is paramagnetic. One approach toward preparing high-spin metal-oxo
species is to enforce local trigonal symmetry within the complex. Mayer and Thorn!® were
the first to suggest that metal-oxo complexes with trigonal symmetry possess two low-lying
degenerate orbitals that will produce S= 1 spin ground states for a & metal-oxo complex
(Figure 2B).16 This theoretical prediction suggests that the metal-oxo interactions in such
complexes are weaker compared to those with tetragonal symmetry, making the former a
more reactive species.

This report describes the preparation and spectroscopic properties of a high-spin MnV—oxo
complex, in which the oxo ligand arises from H,0. The complex is supported by the ligand
[Hsbuea]3~, which promotes C; molecular symmetry and influences the secondary
coordination sphere through an intramolecular H-bonding network around the MnV-oxo
unit. Our findings demonstrate the feasibility of high-spin MnV-oxo complexes and provide
a spectroscopic framework for probing their role in chemical processes.

We have previously synthesized [Mn!!"Hsbuea(0)]2-, the only example of a monomeric
Mn'"—oxo complex (Figure 2C).17 Unlike most monomeric metal-oxo complexes, there are
three intramolecular H-bonds between the oxo ligand and [Hsbuea]®~ which aids in the
isolation of the complex. [Mn!"Hzbuea(0)]2~ has unusually low oxidation potentials
because of the highly anionic ligand field surrounding the manganese center, making it a
convenient synthon to prepare higher valent Mn-oxo species. We showed that the one-
electron oxidation of [Mn!!'Hsbuea(0)]?~ to its Mn!V—oxo derivative at room temperature in
DMSO can be accomplished at —1.0 V vs [FeCp,]*/? (-0.34 V vs NHE).18 A second
oxidative process was observed at —0.076 V vs [FeCp,]*/? (+0.59 V vs NHE), which we
assigned to the MnV/'V—oxo redox couple. However, this process was only reversible under
the relatively fast scan velocity of 50 V/s, which hindered further characterization of this
oxidized species at room temperature. We have found that measuring the redox potential at
—-60°C in 1:1 THF/DMF produced a quasi-reversible one-electron redox process at —0.08 V
vs [FeCp,]*/0 at significantly slower scan velocities of 0.100 V/s (Figure S1), suggesting the
possibility for detecting this putative MnV—oxo species at lower temperatures.

The sequential oxidation of [Mn!"Hzbuea(0)]2~ was followed spectrophotometrically at
—-80°C in a DMF/THF solution (Scheme 1, Figure 3A). The optical properties of
[Mn!'H3buea(0)]?~ at Amax = 710 and 500 nm disappear upon the addition of 1 equiv of
[FeCp,]™ to produce a spectrum with bands at sy = 640 and 420 nm. These features are
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identical to those obtained for [Mn!VH3buea(O)]~ when measured at room temperature in
DMSO.182 Treating the solution with another equivalent of [FeCp,]™ caused a new spectrum
to appear, containing peaks at Amax, NM (ep)= 820 (3600), 620 (3400) and 430 (10,000),
which persists for hours at —80°C. We assign these features to the MnY—oxo complex,
[MnVHsbuea(O)].

The oxidation of [Mn!""Hzbuea(0)]2~ by [FeCp,]* was also studied using parallel (II) and
perpendicular (L) mode EPR spectroscopy. We found that [Mn!!'Hsbuea(0)]?~ has no
signals in _L-mode but shows a 6-line hyperfine pattern (A, = 280 MHz, 10 mT) in ll-mode
at g = 8.08 (Figure 4A), which is indicative of an S = 2 spin state.1® One-electron oxidation
of [Mn'!"Hbuea(0)]2~ was evident by the loss of the g = 8.08 signal in the I-mode EPR
spectrum and the appearance of features at g = 5.26, 2.38 and 1.62 in the L-mode spectrum
(Figure 4B). These signals are associated with [Mn!VHzbuea(O)]™ as reported previously.182
The relative signal intensities of [Mn!!"Hzbuea(0)]2~ and the simulations of the Mn!V-oxo
showed that 80% of the manganese in the sample was converted to [Mn!VHzbuea(0)]™. The
11-line hyperfine pattern centered at g = 2 is proposed to originate from a minority mixed-
valent species (< 1% in manganese).

Further oxidation of the sample produced a new signal in l-mode centered at g = 4.01
(Figure 4C),20 which displayed a 6-line hyperfine splitting of 113 MHz (4 mT) (Figure 3B).
The position of the signal is indicative of a transition from the |1*> doublet of an S= 1 spin
manifold,2921 and, taken together with the hyperfine splitting, is consistent with a
monomeric MnV species that is assigned to [MnVHzbuea(O)]. Simulations of this signal
indicated that 60% of the initial Mn!!'—oxo species was converted to [MnYHzbuea(O)].

Additional support for the S= 1 spin state for [MnVHzbuea(O)] came from KB manganese
X-ray emission spectroscopy (XES). Figure 5 shows the Mn K emission spectrum of
[MnYH3buea(O)] and of the low-spin oxomanganese(V) complex [MnVDMB(0O)] 12
recorded at 10 K. The low-spin oxomanganese(V) shows a single peak (KB, 3) at 6489.06
eV, while the spectrum of [MnVHsbuea(O)] is split into two peaks, Kp, 3 at 6490.50 eV and
its satellite peak (KB') at ~6476 eV. The KB4 3 peak of [MnVHsbuea(O)] is shifted to higher
energy by 1.44 eV compared to that of [MnVDMB(O)]".

KB 3 XES detects the X-ray emission from the relaxation of a 3p electron to a 1shole,
which is created by excitation of an 1selectron. The energy splitting in Kp spectra is caused
by the exchange interaction between 3p and 34 orbitals. 22 Two final states (KB1,3 and KB")
exist because of constructive (KB 3) or destructive (Kp') spin-exchange interactions
between the unpaired electrons in the 3pand 3d orbitals (Figure 5B). The KB spectrum is
thus sensitive to the effective number of unpaired 3d'electrons and has been used to
determine the Mn oxidation states in synthetic complexes and the OEC.23 Splitting of KB13
peak has been observed previously between low- and high-spin Fe!ll species: 24 a shift of ~
0.7 eV for the KB4 3 peak position was found between the low- and high-spin species. For
the low-spin complex, the Kp' peak moved towards and merged into the low energy side of
the KB 3 line because of a decrease in valence spin. Analogous trends were observed in the
KB XES spectra of [MnYHzbuea(0)] and [MnYDMB(0)]", findings that are consistent with
[MnVHsbuea(0)] having an S= 1 spin ground state.

In order to confirm the presence of the oxo ligand in [MnYHsbuea(O)], resonance Raman
(rR) spectroscopy was performed (Aey = 647.1 nm, 77 K). The rR spectrum of
[MnVYHsbuea(180)] contained oxygen-sensitive features at 737 cm™1 and 754 cm™ that
converted to a single feature at 715 cm~! when the sample was prepared with H, 180
(Figure 6). On the basis of this behavior, and the fact that none of the peaks were observed
in rR spectra of the Mn'"" or Mn!V precursors,2> we postulate that the two peaks in the 160
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sample comprise a Fermi doublet, a relatively common phenomenon in metal-oxygen
compounds.2® In support of assigning these features to a MnV-O vibration, the observed
difference of 31 cm~ between the average position of the two peaks in the 160 sample (746
cm™1) and the 715 cm™1 peak in the 180 sample agrees with the value expected based on a
harmonic Mn—O oscillator (v(Mn-160)/v(Mn-180) = 1.043; calc'd = 1.046). The MnV-O
vibration occurs at a slightly higher energy than that found by FTIR spectroscopy for
[Mn'VH3buea(0)] (v(Mn-0) = 737 cm™1),182 which is consistent with the electron being
removed from orbitals not involved in Mn—O bonding (Figure 2B). The Mn-0 vibration
observed for [MnVHsbuea(O)] is similar to the v(Mn-0) of 759 cm™1 reported for a 6-
coordinate MnV—oxo porphyrin complex; however, it is at significantly lower energy than
those reported for nonporphyrinic low-spin oxomanganese(V) complexes. For example, the
low-spin [MnVDMB(0O)]~ complex has an Mn-O vibration of 973 cm~1.120 This difference
in vibrational energies reflects the disparate Mn—O bond orders predicted for high- and low-
spin oxomanganese(V) complexes (Figure 2) and the likelihood that the Mn—O bond in
[MnYH3buea(0)] forms intramolecular H-bonds with the [Hsbuea]~ ligand.

With the characterization of [MnYHzbuea(O)] we have now prepared oxomanganese
complexes in three different oxidation levels, which have similar primary and secondary
coordination spheres. The chemistry within this series of complexes is currently under
investigation but preliminary results are consistent with our spectroscopic findings that all
are monomeric oxomanganese species. For instance, treating the newly discovered
[MnVHsbuea(0)] complex with 1 equiv of [Mn!!"Hzbuea(0)]%~ produced 2 equiv of
[Mn!VH3buea(0)]~ as determined by EPR and optical spectroscopies (Figure S2). This
reaction is consistent with the comproportionation reaction described by eq 1

[Mn"Hsbuea(0)]+[ Mn"'Hsbuea(0)]*~ e 2[Mn'YH3buea(0)]” O
-80°C

Our work has further shown that changes in spin state within the series can be monitored
with EPR spectroscopy, illustrating the utility of using l-mode methods to probe integer-spin
states. In addition, we have obtained the first high-spin manganese(V) EPR and XES spectra
that can now be used as references in the study of other high valent manganese systems,
such as those that may be present in the OEC of PSII. These results also establish the
viability of high-spin oxomanganese(V) species as possible reactive intermediates in a
variety of chemical processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

[H3b

uea]®” tris[(V-tert-butylureaylato)- A-ethylene]aminato

DMB is a tetra-amido marcocylic ligand
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Figure 1.
Hypothetical representation of the S, state in the OEC and a possible route to the formation
of the O-0 bond.
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Qualitative orbital splitting diagrams for oxometal complexes with (A) tetragonalll2 and (B)
trigonall® symmetries, and (C) the structure of the oxomanganese(I11) precursor.
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Figure 3.

(A) Electronic absorbance spectra of [Mn!=!'Hsbuea(0)]?~ (- - -), [Mn!VYH3buea(0)]~ (—),
and [MnVHsbuea(O)] (—) collected at —80°C in 1:1 THF/DMF. (B) Il-mode EPR spectrum
of [MnVH3buea(0O)] (black) and simulated spectrum (red). See Figure 4 for experimental
conditions.
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Figure 4.

II- (left) and L-mode (right) EPR spectra of a (A) [Mn!!'Hsbuea(0)]2"); and after addition of
approximately (B) one and (C) three equiv of [FeCps]*. The peak at g=4.42 in the L-mode
spectrum in C is from excess [FeCp,]*. Experimental conditions, temperature, 10 K;
microwave frequency, 9.29 (Il) or 9.62 (L) GHz.
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(A) XES spectra of [MnYHzbuea(O)] (—) and the low-spin oxomanganese(V) complex
[MnVYDMB(0)] (- - -) collected at 10K with an excitation energy of 10.0 keV and (B)
schematic diagrams of the 3¢£3p exchange interactions in low- and high-spin MnV systems.
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Figure 6.

Resonance Raman spectra of (A) [MnVHzbuea(160)] (black) and [MnVHsbuea(180)] (gray)
collected at 77 K with Agyx = 647.1 nm and (B) their difference spectrum (160 — 180).
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[Mn"H,buea(0)]* —2—+ [Mn'VHibuea(O)]- _b, [MnVHs;buea(O)]

Conditions: (a) 1.0 equiv [FeCp,J*, 1:1 DMF/THF, -80°C; (b) 1-1.5 equiv [FeCp,]*,
1:1 DMF/THF, -80°C

Scheme 1.
Conditions: (a) 1.0 equiv [FeCpo]*, 1:1 DMF/THF, —80°C; (b) 1-1.5 equiv [FeCpo]*, 1:1
DMF/THF, -80°C
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