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cDepartment of Chemistry, Carnegie Mellon University, Pittsburgh, PA 15213.

dPhysical Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720

Abstract

Photosynthetic water oxidation is catalyzed by a Mn4O5Ca cluster with an unprecedented 

arrangement of metal ions in which a single manganese center is bonded to a distorted Mn3O4Ca 

cubane-like structure. Several mechanistic proposals describe the unique manganese center as a 

site for water binding and subsequent formation of a high valent Mn–oxo center that reacts with a 

M–OH unit (M = Mn or CaII) to form the O–O bond. The conversion of low valent Mn–OHn (n = 

1,2) to a Mn–oxo species requires that a single manganese site be able to accommodate several 

oxidation states as the water ligand is deprotonated. To study these processes, the preparation and 

characterization of a new monomeric MnIV–OH complex is described. The MnIV–OH complex 

completes a series of well characterized Mn–OH and Mn–oxo complexes containing the same 

primary and secondary coordination spheres; this work thus demonstrates that a single ligand can 

support mononuclear Mn complexes spanning four different oxidation states (II through V) with 

oxo and hydroxo ligands that are derived from water. Moreover, we have completed a 

thermodynamic analysis based on this series of manganese complexes to predict the formation of 

high valent Mn–oxo species; we demonstrated that the conversion of a MnIV–OH species to a 

MnV–oxo complex would likely occur via a stepwise proton transfer-electron transfer mechanism. 

The large dissociation energy for the MnIVO–H bond (~95 kcal/mol) diminished the likelihood 

that other pathways are operative within a biological context. Furthermore, these studies showed 

†Electronic Supplementary Information (ESI) available: Complete synthetic and preparative methods; EPR spectra of 
[MnIIH3buea(OH)]2−, [MnIIIH3buea(OH)]−, and [MnIVH3buea(OH)] (Fig. S1); EXAFS data (Fig. S2, S3); electronic absorbance 
spectra for the comproportionation reaction between [MnIIH3buea(OH)]2− and [MnIVH3buea(OH)] (Fig. S4), spectral data for the 
reaction between [MnIIIH3buea(OH)] and KOBut (Fig. S5); spectral data for the reaction between [MnVH3buea(O)] and 2,4,6-tri-
tert-butylphenol (Fig. S6); and electronic absorbance spectra for the reaction between [MnIIH3buea(OH)]2− and [MnIVH3buea(O)]− 

(Fig. S7). See DOI: 10.1039/b000000x/
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that reactions between Mn–OH and Mn–oxo complexes lead to non-productive, one-electron 

processes suggesting that initial O–O bond formation with the OEC does not involve an Mn–OH 

unit.

Introduction

Photosynthetic oxidation of water to dioxygen is an essential reaction that requires the 

precise transfer of four protons and four electrons during turnover. The enzyme photosystem 

II that catalyzes this reaction uses a metallocluster composed of one calcium and four 

manganese ions (referred to as the oxygen evolving complex, OEC), in which all of the 

metal centers contained within the cluster are essential for function.1 The arrangement of 

metal ions within the OEC is approximated by a model having one of the manganese centers 

bonded to a Mn3O4Ca cubane-like structure. This lone, “dangling” manganese ion (denoted 

MnA4) has a highly anionic primary coordination sphere and appears to be capable of 

binding water molecules. Structural studies have shown that MnA4 is located close to the 

calcium ion and that their primary coordination spheres are connected through bridging 

hydroxo or oxo ligands. The secondary coordination spheres surrounding the Mn-(μ-O(H))-

Ca unit are also linked via a network of intramolecular hydrogen bonds.2 To facilitate the 

conversion of two water molecules to dioxygen, the OEC assembles oxidizing equivalents 

through 5 different redox states (denoted S-states within the so-called Kok cycle) with the 

most oxidizing being the transient S4 state, which oxidizes water molecules and converts 

back to the most reduced S0 state. The structure of the S4 state is still not known, which has 

complicated delineation of the mechanism for water oxidation. Nevertheless, several 

proposals involve a high valent Mn–oxo center (formally a MnV–oxo site) within the S4 

state and that this species has a direct role in the water oxidation process (Fig. 1).1f,3 The 

conversion to a high-valent Mn–oxo center probably precedes through controlled oxidation/

proton-loss processes from Mn–OH2/Mn–OH species that are present in the reduced S 

states. For instance, the S3 → S4 step could reasonably involve the transformation of a 

MnIV–OH species to a MnV–oxo unit (Fig. 1).1f,4

The applicability of the pathway depicted in Fig. 1 necessitates that a single manganese-

aquo center can traverse at least two oxidation states to form a MnV–oxo species within the 

OEC; this species must then be able to facilitate a two-electron event involving the coupling 

of oxo and hydroxo ligands during initial O–O bond formation. To investigate these issues, 

we have examined the chemistry within a series of synthetic Mn–O(H) complexes.5 An 

advantage of this approach is that it allows us to probe the intrinsic properties associated 

with monomeric Mn– O(H) complexes, including an analysis that describes the 

thermodynamic relationships between the Mn–oxo and Mn– hydroxo complexes. Our 

previous work has described the formation of monomeric, high-spin Mn–oxo complexes that 

span three oxidation states (Chart 1).5 The complexes are prepared from water and use the 

ligand tris[(N’-tert-butylureaylato)-N-ethylene]aminato ([H3buea]3−) that provides an 

intramolecular hydrogen bonding network around the metal center; these complexes thus 

serve as an approximate single-site representation for the lone high-valent Mn–oxo center in 

the OEC.1,2,6 We have also prepared two related monomeric MnIII–OH and MnII–OH 

complexes, and in this report we describe a new MnIV–OH complex, [MnIVH3buea(OH)]. 
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Monomeric MnIV complexes with a terminal hydroxo ligand are rare, and the few that have 

been characterized are limited to the MnIV–(OH)2 complex of Busch and the MnIV–OH 

species of Goldberg, Fujii, and Anxolabéhère-Mallart.7,8,9 Our studies demonstrate that 

conversion of MnIV– OH to a MnV–oxo center can readily occur via a mechanism involving 

discrete proton transfer-electron transfer (PT-ET) steps. Furthermore, we obtained 

experimental evidence for the reactivity between Mn–oxo and Mn–OH complexes that argue 

against the involvement of a Mn–OH species in O–O bond formation during photosynthetic 

water oxidation.

Results ‡

Conversion of MnIII–OH to MnIV–OH: Oxidation Route

We have reported the isolation and characterization of [MnIIH3buea(OH)]2− and 

[MnIIIH3buea(OH)]− and have used these complexes to investigate the preparation of a 

MnIV-OH complex (Chart 1).5a,b The synthetic accessibility of [MnIVH3buea(OH)] was 

explored using cyclic voltammetry; previous measurements on [MnIIIH3buea(OH)]− at room 

temperature in DMSO produced a quasi-reversible reductive process at -1.5 V and an 

irreversible oxidative process at -0.18 V.10 However, when the data were collected at -60°C 

in DMF, the oxidative process became quasi-reversible at an E1/2 = − 0.15 V (Fig. 2A). We 

assigned this feature to the MnIV/III–OH couple and anticipated that the corresponding 

MnIV–OH species could be stabilized at lower temperatures. To further probe this redox 

process, we spectrophotometrically monitored the stepwise oxidation of 

[MnIIH3buea(OH)]2− (Scheme 1) at −80 °C in 1:1 THF/DMF (Fig. 2B). The addition of one 

equivalent of [FeCp2]+ to the colorless [MnIIH3buea(OH)]2− solution produced the 

absorbance spectrum of [MnIIIH3buea(OH)]− with bands at λmax = 431 and 716 nm that are 

nearly identical to those found for the complex at room temperature. Treatment of this 

[MnIIIH3buea(OH)]− solution with another equivalent of [FeCp2]+ caused the disappearance 

of these features and the appearance of a new peak at λmax/nm (εM /M−1 cm−1) = 466 (5700) 

that is stable for hours at −80 °C. This new band is assigned to the optical feature associated 

with the MnIV–OH complex, [MnIVH3buea(OH)].

The oxidation of [MnIIH3buea(OH)]2− was also studied using parallel (B1 ∥ B) and 

perpendicular (B1 ⊥ B) mode electron paramagnetic resonance (EPR) spectroscopy (Fig. 

S1). The [MnIIH3buea(OH)]2− species showed signals at g = 5.17, 1.80, 1.37 in 

perpendicular mode and at g = 4.60 in parallel mode (Fig. S1A,D). The addition of 1 equiv 

of [FeCp2]+ resulted in the loss of signals from [MnIIH3buea(OH)]2− and the appearance of 

a 6-line hyperfine pattern centered at g = 8.14 (A = 270 MHz, a = 9.6 mT) in parallel mode 

(Fig. S1E). This pattern originates from an S = 2 spin ground state that is assigned to 

[MnIIIH3buea(OH)]−.11 Addition of a second equivalent of [FeCp2]+ resulted in the loss of 

the 6-line pattern from the MnIII–OH complex in parallel mode and the appearance of 

signals in perpendicular mode (Fig. S1C) at g = 5.47, 2.95, 1.43.12 The positions of these 

resonances are indicative of an S = 3/2 spin-state, which is assigned to the 

[MnIVH3buea(OH)] complex.13 These EPR results show the near quantitative conversion of 

‡See supporting information for full experimental details.
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MnII–OH complex to MnIII–OH complex, which then was oxidized to the MnIV–OH 

complex. We have previously reported the EPR properties of the MnIV=O complexes with 

[H3buea]3−, which also has an S = 3/2 ground spin state. However, the EPR signal 

corresponding to [MnIVH3buea(O)]− is distinctly different from that found for the 

[MnIVH3buea(OH)] complex.5c A detailed analysis of the EPR properties for the three Mn–

OH complexes has been described in a separate report.14

X-ray Absorption Spectroscopy

The manganese K-edge X-ray absorption spectra (XAS) of the three Mn–OH complexes 

were measured to evaluate their structural properties. X-ray absorption near-edge absorption 

spectra (XANES) collected on [MnIIH3buea(OH)]2−, [MnIIIH3buea(OH)]− and 

[MnIVH3buea(OH)] showed edge-energy shifts of ~ 2.5 eV (Mn(II) to Mn(III)) and ~ 3.3 eV 

(Mn(III) to Mn(IV)) by the 1st inflection point energy in the spectra, which support the 

sequential oxidation of the manganese center (Fig. 3). The rising edge-energy taken from the 

2nd derivative spectrum was 6548.00 eV for [MnIIH3buea(OH)]2−, 6550.55 eV for 

[MnIIIH3buea(OH)]−, and 6553.84 eV for [MnIVH3buea(OH)].

Findings from EXAFS studies (Fig. S2 & S3; Table 1) also support the step-wise oxidation 

of [MnIIH3buea(OH)]2− to its analogous MnIII–OH and MnIV–OH complexes. We have 

previously determined the molecular structures of [MnIIH3buea(OH)]2− and 

[MnIIIH3buea(OH)]– using single-crystal X-ray diffraction (XRD) methods and have used 

these results to aid in our analysis of the EXAFS data. From the XRD studies, 

[MnIIH3buea(OH)]2− has a trigonal bipyramidal structure with three distinct types of Mn–X 

bonds (Table 1): a Mn–O(H) bond distance at 2.06 Å, three Mn–Nurea bond distance 

between 2.13 to 2.18 Å, and a long Mn–Napical bond length at 2.32 Å. The EXAFS results 

for [MnIIH3buea(OH)]2− agree with those obtained from XRD. The best fit of the EXAFS 

data for a five-coordinate complex gave one Mn–O bond length at 2.02 Å, three Mn–N bond 

distances at 2.15 Å, and one slightly longer Mn–N bond at a distance of 2.19 Å that we have 

assigned to the Mn–Napical bond. Significant changes in the Mn–X bond distances were 

found upon oxidation to [MnIIIH3buea(OH)]–, particularly the shortening of the Mn–O(H) 

bond distance to 1.84 Å. In addition, the EXAFS analysis indicated four Mn–N bond lengths 

of 2.04 Å, suggesting that the MnIII–OH complex remained five-coordinate. Note that the 

bond distances obtained for [MnIIIH3buea(OH)]− from the EXAFS study are similar to those 

found by XRD methods (Table 1). The EXAFS analysis for [MnIVH3buea(OH)] revealed 

that the N4O primary coordination sphere is retained upon oxidation to the MnIV–OH 

complex. An Mn–O bond distance of 1.83 Å was found for [MnIVH3buea(OH)], which is 

statistically the same as that determined for [MnIIIH3buea(OH)]−. Moreover, the EXAFS 

data was fit to 4 Mn–N bond distances at 1.97 Å, which represents a contraction of 0.07Å 

from those observed in [MnIIIH3buea(OH)]−.

The EXAFS data agree with theoretical predictions for complexes with localized trigonal 

symmetry that possess two degenerate sets of d orbitals: the dxz, dyz orbitals with π* 

character along the Mn–O bond and the dxy, dx2-y2 orbitals having σ* character within the 

trigonal plane.15 The dz2 orbital is at higher energy and has σ* character along the Mn–O 

bond. The oneelectron oxidation of [MnIIH3buea(OH)]2− (S = 5/2) caused a significant 
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contraction of the Mn–O bond in the resulting MnIII– OH complex because an electron was 

removed from the dz2 orbital. Further oxidation to [MnIVH3buea(OH)] lead to negligible 

changes in the Mn–O bond length but a measurable shortening of the Mn–Nurea bonds, 

which is consistent with the removal of an electron from the degenerate dxy, dx2-y2 orbitals.16 

These observations are similar to those reported by Smith on a series of Fe-nitrido 

complexes.17

Thermodynamic Cycles for the Mn–OH and Mn–Oxo Complexes

The preparation of [MnIVH3buea(OH)] extends our series of monomeric Mn–OH 

complexes, and together with the related Mn–oxo complexes, allowed us to assess the 

intrinsic properties of complexes with Mn–O(H) moieties. In particular, studies on these 

complexes allowed us to construct three related thermodynamic cycles that aided in 

predicting the reactivity of the Mn–O(H) complexes (Fig. 4).18 We have previously reported 

estimates for the O–H bond dissociation energies (BDEOH) for [MnIIH3buea(OH)]2− and 

[MnIIIH3buea(OH)]− as 77 and 89 kcal/mol, respectively19 and now have added the value 

for [MnIVH3buea(OH)], which is 95 kcal/mol. The BDEOH values show the expected 

increase in BDEOH with increasing oxidation state of the metal center. We are unaware of a 

similar experimental study to evaluate BDEOH values for metal-hydroxo complexes 

spanning three oxidation states. Normally, this information is applied toward processes 

involving organic substrates bearing X–H bonds;18 however, we have used these 

thermodynamic relationships to guide reactivity studies between the Mn–OH and Mn–oxo 

complexes.20

Comproportionation Reaction

If our assignment of the [MnIVH3buea(OH)] is correct, we reasoned that a 

comproportionation reaction should occur between the MnII–OH and MnIV–OH complexes 

to produce [MnIIIH3buea(OH)]−, which has known spectroscopic properties. We 

successfully tested this premise by mixing equimolar amounts of [MnIVH3buea(OH)] and 

[MnIIH3buea(OH)]2− to produce [MnIIIH3buea(OH)]−, whose concentration was twice that 

of the starting species. This reaction was verified spectrophotometrically, in which the final 

product had the exact absorbance spectrum of [MnIIIH3buea(OH)]− (Fig. S4). Moreover, the 

reaction was monitored using parallel and perpendicular mode EPR spectroscopy (Figs. 5A 

& B). We observed the conversion of signals in the perpendicular mode EPR spectra for the 

MnII–OH and MnIV–OH complexes to a single, 6-line hyperfine signal at g = 8.14 in 

parallel mode. The quantitative comproportionation reaction also indicates that the 

molecular structure is not irreversibly disrupted upon oxidation to MnIV−OH.

Conversion of MnIV–oxo to MnIV–OH: Protonation Route

To further support the identity of [MnIVH3buea(OH)], we have employed a protonation 

approach that utilizes the related MnIV– oxo complex (Chart 1). Our thermodynamic 

evaluation suggested that the oxo ligand should be readily protonated (Fig. 4). Thus, treating 

[MnIVH3buea(O)]− with [HNEt3]+ in 1:1 THF:DMF at – 80°C produced the expected 

[MnIVH3buea(OH)] species (eq 1). Following this reaction spectrophotometrically showed 

clean conversion from the MnIV–oxo complex to [MnIVH3buea(OH)] with two isosbestic 
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points at λ = 437 and 583 nm (Fig. 6A). This result was corroborated using EPR 

spectroscopy, in which the distinct S = 3/2 spectrum for [MnIVH3buea(O)]– is converted to 

that of [MnIVH3buea(OH)] upon addition of acid (Fig. 6B).

(1)

The deprotonation of [MnIVH3buea(OH)] was also investigated via the reaction of 

[MnIVH3buea(OH)] with tert-butoxide ion at −80°C in 1:1 THF:DMF. Both UV-vis and 

EPR spectroscopies conclusively showed that [MnIVH3buea(OH)] could be converted to 

[MnIVH3buea(O)]− (Fig. S5). Taken together, these results demonstrate the reversibility of 

the protonation/ deprotonation process, which is additional evidence to suggest that the 

MnIV– oxo and MnIV–OH complexes have similar molecular structures.

Conversion of MnV–oxo to MnIV–OH: PCET Route

The high-spin MnV–oxo complex [MnVH3buea(O)] should serve as a synthon for the 

formation of the MnIV–OH complex via a proton-coupled electron transfer (PCET) route. 

The BDEOH = 95 kcal/mol estimated for [MnIVH3buea(OH)] provided a thermodynamic 

basis for predicting this type of reactivity (Fig. 44). In one study, treating [MnVH3buea(O)] 

with 2,4,6-tri-tertbutylphenol (TBP, BDEOH = 80 kcal/mol)21 at -80°C cleanly afforded 

[MnIVH3buea(OH)] with sharp isosbestic points at λ = 494 and 563 nm (eq 2, Fig. S6A). 

Furthermore, dual-mode EPR spectroscopy showed that the S = 1 signal for MnV–oxo 

observed in parallel mode disappeared with concomitant appearance of the S = 3/2 signals 

for the MnIV–OH complex when measured in perpendicular mode (Fig. S6B). An additional 

EPR feature was observed at g = 2, which is assigned to the phenoxy radical that was also 

produced during the reaction.

(2)

Conversion of MnIV–OH to MnV –oxo: Stepwise PT-ET Route

We have also studied the reverse reaction involving the conversion of [MnIVH3buea(OH)] to 

[MnVH3buea(O)]. Our thermodynamic estimates suggested that it was unlikely for this 

conversion to occur via homolytic cleavage of the MnO–H bond because of its large bond 

dissociation energy (Fig. 4). We have been unable to determine the redox potential for the 

one-electron oxidation of [MnIVH3buea(OH)] but found that [FeCp2 +] at −80°C was unable 

to perform the oxidation. However, clean formation of [MnVH3buea(O)] was achieved after 

this reaction mixture was treated with the base 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). 

Isosbestic points at λ = 490 and 570 nm were observed when this reaction was monitored 

spectrophotometrically (eq 3, Fig. 7).
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(3)

These results are consistent with a step-wise process in which deprotonation of 

[MnIVH3buea(OH)] initially occurs to form [MnIVH3buea(O)]– that can then be oxidized by 

[FeCp2]+ to form the desired MnV–oxo complex. We did not observed intermediates for this 

process, suggesting that proton transfer was rating limiting.

Reactivity between Mn–oxo and Mn–OH Complexes

We also examined whether two manganese centers could facilitate a two-electron redox 

event involving the coupling of oxo and hydroxo ligands to form an O–O bond (Fig. 8, path 

2). A nucleophilic process has been postulated as one of the many possible routes to the 

oxidation of water to dioxygen in the OEC1f,3,22 and Mn–OH centers are known to function 

as nucleophiles in other metalloproteins.23 However, competitive one-electron processes are 

common for 3d transition metal complexes and could possibly hinder this type of reaction 

(Fig. 8, path 1).24 In fact, our thermodynamic analysis indicated that Mn–oxo complexes 

have a strong driving force to undergo one-electron processes that can prevent Mn–OH 

complexes from functioning as a nucleophile in the presence of a high-valent Mn– oxo 

center. We tested the prediction that one-electron processes are likely by investigating the 

reactivity of our high-valent Mn– oxo complexes with the various Mn–OH species. For 

example, an immediate reaction ensued when [MnVH3buea(O)] was treated with 

[MnIIIH3buea(OH)]− at -80°C, producing a 45(5):55(5) mixture of [MnIVH3buea(O)]− and 

[MnIVH3buea(OH)] (Fig. 9). Similarly, the reaction involving [MnIVH3buea(O)]− and 

[MnIIH3buea(O)]2− at room temperature afforded a 45(5):55(5) mixture of 

[MnIIIH3buea(O)]2− and [MnIIIH3buea(O)]− (Fig. S7). All of these reactions gave the 

products that are expected for oneelectron processes, as suggested from our thermodynamic 

assessments. Furthermore, no reactivity was observed between [MnVH3buea(O)]/ 

[MnIVH3buea(OH)], [MnIVH3buea(O)]− /[MnIIIH3buea(O)]−, and [MnIIIH3buea(O)]-/

[MnIIH3buea(OH)]−.

Discussion

Preparation and Properties of [MnIVH3buea(OH)]

Mononuclear MnIV–OH complexes are relatively rare,7 especially those in which related 

metal-oxo complexes are known. We have found that the MnIV–OH complex, 

[MnIVH3buea(OH)], can be prepared via three independents routes: 1) direct oxidation of 

the MnIII–OH complex, [MnIIIH3buea(OH)]−, 2) protonation of the MnIV–oxo complex, 

[MnIVH3buea(O)]−, and 3) a PCET process involving the MnV–oxo complex, 

[MnVH3buea(O)]. The spectroscopic data, including EPR and XAS spectra, are consistent 

with the formulation of this complex as a high-spin, mononuclear MnIV–OH species. With 

the preparation of [MnIVH3buea(OH)], we now have a unique series of six different Mn–

O(H) complexes of the tripodal ligand [H3buea]3−. These results demonstrate that a single 

ligand set can support mononuclear Mn complexes spanning four different oxidation states 
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(II through V) while accommodating oxo and hydroxo ligands derived from water. The 

synthetic methods we developed to interconvert between the complexes followed from our 

thermodynamic predictions and are related to processes that are proposed to occur within the 

OEC.

Relevance to the OEC: Formation of a MnV–oxo Center

The Mn–O(H) complexes of [H3buea]3− bear some resemblance to MnA4, the so-called 

dangling Mn center in the OEC, in that both systems have highly anionic primary 

coordination spheres and are surrounded by a network of hydrogen bonds. There has been 

much debate as to the functional role of MnA4 center with some suggesting that it is directly 

involved in the formation of dioxygen from water molecules.2,3 One plausible mechanism 

involves a MnV center with a terminal oxo ligand that is formed from a MnIV–OH species in 

the S3 state.4 Insights gained from our work on synthetic Mn–O(H) complexes provided a 

possible mechanistic framework for how this conversion can be accomplished. Our 

thermodynamic analysis agrees with the premise that a MnIV–OH species cannot convert to 

a MnV–oxo center via a PCET process. The estimate of 95 kcal/mol for the BDEOH in 

[MnIVH3buea(OH)] illustrates that a MnIVO– H bond is too strong to be homolytically 

cleaved using species generally found within a protein active site, such as a tyrosyl radical 

(BDEOH (Tyr-OH) = 86 kcal/mol).1f,25 A more likely mechanism involves a sequential 

process in which proton transfer is followed by electron transfer. As we demonstrated for the 

conversion of [MnIVH3buea(OH)] to [MnVH3buea(O)], initial deprotonation of a MnIV–OH 

center to form a MnIV–oxo species would sufficiently lower the one-electron oxidation 

potential so that oxidation to a transient MnV–oxo center could be achieved. We suggest that 

a similar process could be viable during the S3 → S4 step in the OEC to produce a highly 

reactive MnV–oxo center. In this way, the MnA4 center can form a MnV–oxo species via 

controlled proton and electron transfer steps.

Relevance to the OEC: Possible Role of a Mn–OH Unit in Water Oxidation

Among the proposed mechanisms for O–O bond formation during water oxidation in the 

OEC, one of the most popular pathways involves the reaction of a metal-bound nucleophile 

with an electrophilic Mn–oxo. Establishing the identity of the nucleophile is critical for 

determining the viability of this mechanism. Towards this end, we considered whether two 

manganese centers could facilitate the coupling of oxo and hydroxo ligands to form an O–O 

bond within the context of the thermodynamic relationships established for our series Mn–

oxo and Mn–hydroxo complexes. The outcomes of the present work indicated that it is 

unlikely for a Mn–OH center to be involved in O–O bond formation to afford a peroxo 

species (Fig. 8, route 2) because of the propensity of Mn–oxo complexes to undergo one-

electron processes when treated with Mn–OH complexes (Fig. 4). This prediction was 

experimentally verified by monitoring reactions involving our synthetic Mn–OH and Mn–

oxo complexes. These types of one-electron processes must be avoided by the OEC in order 

to oxidize water to a peroxo intermediate. The Mn3O4Ca cluster within the OEC must 

facilitate another route to water oxidation: for instance, a nucleophilic mechanism could still 

be operative if a Ca–OH unit is involved because it is redox-inactive.1,3,26 We noted that 

computational studies have suggested alternative mechanisms for O–O bond formation, 
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including radical coupling routes and ones involving the μ4-oxo ligand that links MnA4 to 

the Mn3O4Ca cube.27

Conclusions

The catalytic conversion of water to dioxygen is an inherently difficult process that involves 

the precise movement of 4 electrons and 4 protons. In the OEC, these movements are 

undoubtedly influenced by the structure of the protein active site. The mechanism for water 

oxidation is still evolving, with several proposals having been reported.1,2,3,26,27 Many 

proposals suggest that the dangling Mn center is directly involved in the binding of water 

and its conversion to species that can facilitate O–O bond formation. We have used a series 

of well characterized Mn–OH and Mn–oxo complexes that approximate some of the 

structural features of the MnA4 center to investigate the role of this unique Mn center in 

water oxidation within the OEC. This deconstructive approach28 allowed us to examine 

inherent properties of these complexes as they pertain to the OEC. The feasibility of a 

sequential proton transfer-electron transfer route for converting a MnIV–OH complexes to a 

MnV–oxo species, which is a possible transformation in the S3 → S4 step, is described. We 

provided predictive thermodynamic information and experimental evidence against the 

involvement of a lower valent Mn–OH species as a nucleophile in water oxidation. The 

mechanism for water oxidation in the OEC continues to be debated, as does the role of the 

calcium ion within the Mn3O4Ca cluster. It is possible that a Ca–OH unit could be involved 

in the initial O–O bond forming steps,3,26,29a,b which would be consistent with data found in 

our study. However, alternative proposal exists,27 including one that suggests that the CaII 

ion serves as a redox modulator within the Mn3O4Ca cluster to facilitate oxidation of the 

cluster.30 Delineating the role(s) of the metal centers of the cluster in O–O bond formation 

requires additional studies.
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Fig. 1. 
A hypothetical depiction of the S3 state converting to the S4 state in the OEC that involves a 

high valent Mn site.
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Chart 1. 
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Fig. 2. 
(A) Cyclic voltammogram of [MnIIIH3buea(OH)]−recorded at -60°C in DMF at a scan rate 

of 0.01 V/s. (B) Electronic absorbance spectra of [MnIIH3buea(OH)]2− (black, dashed), 

[MnIIIH3buea(OH)]− (gray), and [MnIVH3buea(OH)] (black, solid) collected at −80 °C in 

1:1 THF/DMF.
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Scheme 1. 
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Fig. 3. 
XANES spectra of [MnIIH3buea(OH)]2− (black, dashed), [MnIIIH3buea(OH)]− (gray), and 

[MnIVH3buea(OH)] (black, solid) collected at 10 K in 1:1 THF/DMF.
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Fig. 4. 
Thermodynamic cycles developed in DMSO to evaluate the BDEOH with redox potentials 

referenced to the [FeCp2]+/[FeCp2] couple. Key: vertical lines, pKa values; horizontal lines, 

redox potentials; and diagonal lines, BDEOH. Complex in black have been detected and 

characterized. Values in italics are estimates.
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Fig. 5. 
Comproportionation reaction between 10 mM solutions of [MnIIH3buea(OH)]2− and 

[MnIVH3buea(OH)]: EPR spectra (A) with B1 ∥ B and (B) with B1 ⊥ B. Experimental 

conditions: temperature 10 K, power 0.2 mW, frequency 9.6 GHz (B1 ⊥ B), 9.3 (B1 ∥ B) 

GHz. The relative scales of the spectra are indicated. The multi-line signals at g~ 2 are from 

small impurities that account for less than 2% of the total manganese in the samples.
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Fig. 6. 
Experimental data for the reaction shown in eq 2: (A) Electronic absorbance spectra 

collected at −80 °C in 1:1 THF/DMF for [MnIVH3buea(O)]− (gray) and after the addition of 

0.25, 0.5, 0.75, 1.0 (black) equiv of H+ to [MnIVH3buea(O)]–. (B) Perpendicular-mode (B1 

⊥ B) EPR spectra of [MnIVH3buea(O)]− (gray) and after the addition of 1.0 equiv of H+ to 

[MnIVH33buea(O)]− to form [MnIVH3buea(OH)] (black). Experimental conditions for the 

EPR measurements: 1:1 THF/DMF, temperature 77K, frequency 9.6 GHz.
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Fig. 7. 
Electronic absorbance spectra for the reaction in eq 4: [MnIVH3buea(OH)] (black) was 

treated with DBU and [FeCp2]+ at -80°C in THF:DMF to produce [MnVH3buea(O)] (gray). 

The peak at ~ 620 nm in the starting spectrum is from [FeCp2]+. Spectra were measured 

every 30 s.
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Fig. 8. 
Possible reaction pathways involving only the Mn–O(H) species within the OEC.
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Fig. 9. 
Electronic absorbance spectra, measured in THF/DMF at -60°C, for reactants 

[MnIIIH3buea(OH)]− (gray) and [MnVH3buea(O)] (black, solid), product mixture (red), and 

a model spectrum showing a 45(5):55(5) mixture of [MnIVH3buea(O)]− and 

[MnIVH3buea(OH)] (black, dashed). The absorbance band from ferrocence (produced in 

generating the MnV–oxo complex) has been subtracted from the spectra
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Table 1

EXAFS Fitting Parameters Obtained for [MnIIH3buea(OH)]2− (1), [MnIIIH3buea(OH)]– (2), and 

[MnIVH3buea(OH)] (3).

Shell N R / Å σ2 / Å2 R / %

XRD EXAFS

1 Mn-O 1 2.06 2.02 0.003 1.0 E0 (eV) = 4.3

Mn-N 3 2.13 – 2.18 2.15 0.004

Mn-N 1 2.32 2.19 0.002

Mn-C 9 3.04 – 3.20 3.09 0.009

Mn-C-N 18 3.32 – 3.44 3.39 0.013

Mn-N 3 3.31 – 3.37 3.37 0.021

2 Mn-O 1 1.88 1.84 0.003 4.9 E0 (eV) = 7.7

Mn-N 4 2.01 – 2.07 2.04 0.005

Mn-C 9 2.80 – 3.14 3.00 0.017

Mn-C-N 18 3.15 – 3.25 3.31 0.008

Mn-N 3 3.28 – 3.38 3.33 0.004

3 Mn-O 1 1.83 0.003 0.7 E0 (eV) = 6.6

Mn-N 4 1.97 0.005

Mn-C 9 2.94 0.015

Mn-C-N 18 3.45 0.020

Mn-N 3 3.25 0.003
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