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ABSTRACT 
 

This thesis describes a series of studies focused on tetranuclear model complexes of 

the Oxygen Evolving Complex (OEC) of Photosystem II (PSII). The OEC is a unique 

CaMn4O4 metallocofactor responsible for biological water oxidation, producing the 

dioxygen in the atmosphere required for aerobic life. Advances in spectroscopic and 

structural studies have deepened our understanding of the mechanism and S-state 

intermediates of the OEC, but details regarding the (1) role of Ca2+, (2) location of substrate 

waters, (3) (electronic) structures of the S-states, and (4) precise mechanism of the O−O bond 

formation remain debated. It is proposed that synthetic model complexes, due to tunability 

in aspects such as metal composition, oxidation state, geometry, and ligand environment, can 

provide important structure-function and structure-property relationships applicable to the 

OEC. However, due to synthetic challenges, series of complexes suitable for such 

comparisons remain rare in the literature. 

In Chapter 1, a brief introduction to the OEC and recent advances in the 

characterization of the S-state intermediates is discussed. Relationships between synthetic 

model complexes and how they influence mechanistic proposals for the biological system 

are highlighted. While it is clear spin state and cluster geometry are strongly correlated, it is 

important to also consider the effects of smaller, systematic changes in structure and ligand 

environment on the spectroscopic properties of multimetallic model complexes.  

Chapter 2 presents a magnetometry and spectroscopic study of a series of related 

CaMnIV
3O4 complexes varying in the symmetry of the cluster core, ligand environment, and 

protonation state of the bridging oxo groups. These complexes serve as models of the 
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CaMnIV

3 cuboidal subsite, where cluster spin state has been previously proposed to be 

indicative of cluster geometry. Results from our study show that intact CaMnIV
3O4 cubane 

structures can possess spin states of S = 3/2, 5/2, and 9/2, with spin state changes attributed 

to minor distortions within the cluster core and, importantly, from protonation state of 

bridging oxo moieties. Thus, interpretation of and structural assignments based on the 

assumption of a S = 9/2 CaMnIV
3O4 subsite must be done cautiously. 

Chapter 3 presents a series of MnIIIMnIV
3 cuboidal complexes as spectroscopic 

models of the S2 state of the OEC. Though not in the same geometric arrangement of Mn 

ions as in the OEC, these model complexes bear remarkably similar EPR spectroscopic 

features to the low-spin multiline signal of the S2 state. Importantly, differences within this 

series of essentially isostructural complexes emphasize how the electronic structures of 

tetranuclear Mn complexes are highly sensitive to changes in ligand environment. 

Specifically, the energy gap between the ground S = 1/2 spin state and higher spin excited 

states can be tuned based on ligand electronics, resulting in complexes where both high-spin 

and low-spin features can be observed by EPR spectroscopy.  

In Chapter 4, we expand upon our previous series of MnIIIMnIV
3
 model complexes 

utilizing a new synthetic approach to access complexes varying in Mn coordination numbers 

of five and six.  Importantly, both proposed structures of the S2 state contain a five-coordinate 

MnIII poised for binding an additional aquo or hydroxide ligand in the S2 to S3 transition. 

Results from this study demonstrate that Mn coordination number can significantly affect the 

spin state and observed spectroscopy of tetramanganese-oxo clusters. The complex featuring 

a five coordinate MnIII possesses a ground spin state of SG = 5/2 and reactivity with water 
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generates a MnIIIMnIV

3O4 complex with all pseudo-octahedral Mn centers displaying a S 

= 1/2 ground state. 

Chapter 5 details ligand design strategies in accessing higher oxidation state clusters 

beyond MnIIIMnIV
3. The S3-state is the last observable intermediate prior to O−O bond 

formation and assigned as S = 3. Previous studies from our group demonstrated the first 

synthetic example corroborating this spin state, concurrent with a change from 

antiferromagnetic coupling within the cluster core to overall ferromagnetic coupling upon 

oxidation to the MnIV
4 oxidation state. Synthetic challenges remain in accessing related, 

isolable clusters. Utilizing aspects of ligand charge and basicity of a disiloxide ligand, a room 

temperature stable MnIV
4O4 cluster was isolated and studied via magnetometry and EPR 

spectroscopy. Results provide a second example of a MnIV
4 cluster assigned as S = 3.  

While unfinished, Appendix 1 presents spectroscopic studies of model MnIIIMnIV
3 

complexes putatively bound to biologically relevant substrates such as water, hydroxide, 

methanol, and ammonia. Such chemical alterations and the spectroscopic effects arising from 

them have been widely studied in the biological system, providing information on the 

electronic structure of the OEC as well as, importantly, ruling out potential substrate water 

binding sites. As reactivity with small molecules typically requires an open-coordination site, 

such studies have been rare in the literature due to the difficulty in accessing lower-coordinate 

Mn sites within multimetallic Mn clusters. Thus, the ongoing characterization of these 

reaction products are proposed to be invaluable as benchmarking tools for future mechanistic 

work.  
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One of the most important chemical transformations required for aerobic life is the 

oxidation of water to dioxygen.1-3 In nature, this reaction is catalyzed by the Oxygen 

Evolving Complex (OEC) in Photosystem II (PSII) found in the thylakoid membranes of 

photosynthetic organisms. In addition to generating the O2 required for aerobic life, formal 

equivalents of protons and electrons produced as byproducts of water oxidation are utilized 

in the synthesis of important biomolecules used in biological carbon fixation. In this 

chapter, a general introduction to the OEC and some relevant synthetic model complexes 

will be presented. 

1.1) General introduction to the Oxygen Evolving Complex  

The mechanism of water oxidation by the OEC can be broadly described by the S-

state cycle (Figure 1), in which the metallocofactor is sequentially oxidized in a five-step 

redox process.2-4 O2 is formed and released in the S4 state and the OEC is recycled to the 

S0 state. Each redox event is triggered by photon absorption by PSII, and, remarkably, this 

behavior has been determined since the 1960s, prior to establishment of OEC metal 

composition and structure.5-6  

 
Figure 1. S-state cycle describing the overall mechanism of water oxidation by the OEC. 
Adapted from Ref 7. 
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Determination of the structure and metal composition of the OEC has historically 

been a collaborative effort between the fields of biochemistry, biophysics, spectroscopy, 

computation, and synthetic coordination chemistry.2-4, 7-13 Early quantitative electron 

paramagnetic resonance (EPR) spectroscopy and atomic absorption spectroscopy studies 

determined the tetramanganese stoichiometry of the OEC.14-15 Early biochemical studies 

implicated the presence of Ca in the OEC based on its ability to affect catalytic O2 

production.16-17  

Developments in the synthesis of multimetallic Mn-oxo complexes provided 

examples of several cluster geometries of adamantane,18-22 cuboidal,23-25 “butterfly,”26 linear 

chain,27-29 and “basket” shapes.30 The relationship between cluster geometry and spin state 

of these model complexes influenced interpretations of the EPR and X-ray absorbance 

spectroscopy data of the OEC, leading to various proposals for the structure and mechanism 

of the biological system over the years. These results, detailed in several reviews,11, 31-32 have 

been instrumental in our understanding of the OEC prior to direct structural characterization.   

For example, based on extended X-ray absorption fine structure (EXAFS) data, a 

“dimer-of-dimers” model was proposed (Figure 2).33 A separate “trimer/monomer” (or 

“dangling,” “3+1”) model was proposed based on EPR experiments.34-35 While 

[MnIIIMnIVO2]3+ dinuclear complexes (Figure 2) are not structural models of the OEC, these 

simplified complexes have greatly guided understanding of exchange interactions in Mn-

oxide clusters. In these complexes, the two manganese centers are antiferromagnetically 

coupled, leading to an overall SG = 1/2, with the magnitude of this coupling interaction 

typically in the range of J = ‒100 to ‒400 cm‒1. The EPR spectra of these types of complexes 

are reminiscent of the multiline signal of the S2 state of the OEC, featuring broad transitions 
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centered about g ≈ 2 with 55Mn hyperfine interactions. ENDOR spectra of dinuclear complex 

[Mn2O2(phen)4]3+ were analyzed to assign the 55Mn nuclear spin transitions for both the MnIII 

and MnIV
 centers.34 The parameters obtained in this analysis were unable to simulate ENDOR 

spectra of the S2 state of the OEC. This ruled out proposals of a dimeric structure as the origin 

of the multiline signal in the S2 state. 

 

Figure 2. a) Examples of “dimer-of-dimers” and “trimer-monomer” proposals for OEC 
structure. b) CW-EPR and ENDOR of [Mn2O2(phen)4]3+. Spectra figures reprinted with 
permission from Peloquin, J. M.; Campbell, K. A.; Randall, D. W.; Evanchik, M. A.; 
Pecoraro, V. L.; Armstrong, W. H.; Britt, R. D., 55Mn ENDOR of the S2-State Multiline 
EPR Signal of Photosystem II:  Implications on the Structure of the Tetranuclear Mn 
Cluster. J. Am. Chem. Soc. 2000, 122 (44), 10926-10942. Copyright 2000 Americal 
Chemical Society. 
 

Structural characterization of the OEC was achieved soon after these reports, with 

structures confirming the 3+1 arrangement of Mn ions, albeit with some concerns regarding 

spatial resolution and the possibility of radiation damage.36-38 As revealed by the high 

resolution, radiation-damage free crystal structure at 1.95 Å resolution of the dark-stable 

resting state (S1), the active site of the OEC is a metal-oxo cluster featuring a cuboidal CaMn3 

unit bridged to a fourth “dangler” manganese through either an oxo or hydroxo moiety.39 In 
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the absence of unambiguous structural data for all S-state intermediates, available structural 

and spectroscopic studies of lower Sn states heavily influence computational studies and 

mechanistic proposals.  

 

Figure 3. Crystal structure of the OEC at 1.95 Å resolution.39 Figure reprinted with 
permission from Tsui, E. Y.; Kanady, J. S.; Agapie, T., Synthetic Cluster Models of 
Biological and Heterogeneous Manganese Catalysts for O2 Evolution. Inorg. Chem. 2013, 
52 (24), 13833-13848. Copyright 2013 American Chemical Society.  
 

In particular, the two signals observed in the EPR spectrum for the S2 state40-46 have 

been computationally attributed to structural isomers of similar energies, accounting for the 

observed interconvertibility under relatively mild conditions. In summary, a “closed-cubane” 

structure gives rise to a ground spin-state of SG = 5/2 from ferromagnetic coupling of MnIV
3 

within the CaMn3O4 core and antiferromagnetic coupling to the dangler MnIII. In the “open-

cubane” structure, the five-coordinate MnIII is within the cuboidal subsite and a different 

coupling scheme results in an overall SG = 1/2.40 While this open-closed cubane model is 

considered a hallmark feature of the OEC, the closed cubane structure for the S2 state has not 

yet been observed, discussed vide infra. 
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More recently, X-ray free electron laser (XFEL) techniques have been utilized to 

characterize S-state intermediates under conditions that limit photo-induced damage.13, 47-51 

As this is still a developing technique, insufficient precise spatial and temporal resolution in 

the electron-transfer, proton-transfer, and substrate binding hampers the ability to fully 

understand the mechanism of water oxidation. Nevertheless, direct structural evidence on 

higher S-state intermediates provides exciting opportunities to structurally characterize the 

OEC under catalytically relevant conditions. Specifically, recent studies include the S3 state, 

the last spectroscopically observable intermediate prior to O2 formation, showing 

incorporation of a new atom X in the coordination sphere of Mn(1).49 This results 

corroborates the pseudo-octahedral coordination environment of all MnIV centers determined 

by EPR.52 Due to the proximity of atom X to solvent exchangeable bridging oxo O(5), this 

result implicates O(5) and X as the atoms involved in O−O bond formation. Notably, 

however, in these experiments, the proposed closed-cubane structure is not observed within 

the level of detection. Clearly, discrepancies between results and interpretations from 

different techniques remain to be addressed in order to fully understand the OEC.  

1.2) Multimetallic model complexes of the OEC 

Historically, multimetallic synthetic model complexes have been instrumental in 

providing examples of possible cluster geometries and their corresponding spin states.9-10 

Since the discovery of the structure of the OEC, synthetic efforts have targeted complexes 

that mimic the unique geometry of the OEC. Pentametallic metal-oxo clusters that contain a 

cuboidal subunit and a dangling fifth metal remain incredibly rare, with only a few examples 

from the Christou, Agapie, Zhang, and Tilley groups (Figure 4).53-58 As with many 

multinuclear Mn clusters described above, the self-assembly methods used to synthesize 
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some of these pentametallic complexes increase the difficulty in development of related 

complexes.31, 59 This, in turn, hampers the ability to establish structure-function and structure-

property relationships. 

 
Figure 4. Examples of pentametallic metal-oxo complexes featuring a cubane subunit and a 
dangling fifth metal.53-58  
 

Incomplete model complexes are useful in benchmarking spectroscopic 

interpretations and mechanistic proposals of different subsites of the OEC.23-24, 53, 60 

Tetranuclear Mn-oxo complexes in appropriate oxidation states reflective of each Sn state 

(i.e. S0: MnIII
3MnIV, S1: MnIII

2MnIV
2, S2: MnIIIMnIV

3, S3: MnIV
4) have been recently reviewed 

as spectroscopic models of the OEC.7  For higher oxidation state complexes (MnIIIMnIV
3, 

MnIV
4), clusters of different geometries exhibit different ground spin states. As an example, 

MnIV
4 complexes can be classified into three categories: (1) linear-chain complexes 

exhibiting diamagnetic ground states arising from pairwise antiferromagnetic coupling, (2) 

adamantane shaped complexes possessing ground states of S = 6 from ferromagnetic 

coupling, and most recently, (3) a cuboidal complex displaying an S = 3 ground state, 

representing the first synthetic example corroborating the S = 3 spin state assigned to the S3 

state (Figure 5).61 It is important to note, however, that the number of these examples is still 

quite limited, and such generalizations of the relationship between cluster geometry and spin 

state may not be upheld upon further exploration into the synthesis and spectroscopic 
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characterization of such complexes. Some specific examples are further described in this 

thesis.    

 

Figure 5. Examples of MnIV
4Ox complexes of varying geometries and their spin states. 

 
As previously described in the open-closed cubane model, the spin state of the 

CaMnIV
3O4 cuboidal subsite of the OEC is critical in the spectroscopic interpretation and 

understanding of the electronic structure of the S-state intermediates. Thus far, only two 

Ca2MnIV
3O4 and CaMnIV

3O4 synthetic complexes have been studied by magnetometry and 

spectroscopy.53, 60, 62 Results in Chapter 2 show that additional examples challenge this notion 

that intact CaMnIV
3O4 cubane cores must have a ferromagnetically coupled trimanganese 

unit yielding S = 9/2. 

In the absence of direct and unambiguous structural data for the different 

intermediates of the OEC, systematic studies that probe structure-function and structure-

electronic structure relationships on synthetic complexes of full or partial models provide 

valuable information for benchmarking against spectroscopic studies of the biological 

system. 
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1.3) Electronic structure characterization of multimetallic Mn complexes 

As previously described, each S-state intermediate is assigned a characteristic ground 

spin state(s): SG (S0) = 1/2, SG (S1) = 0, SG (S2) = 1/2 or 5/2, SG (S3) = 3.63 The spin state of 

the S-state intermediates has often been correlated to conclusions on cluster geometry;62-63 

thus, understanding the magnetic behavior and determination of ground spin state of 

multimetallic complexes is important.  

The energetic ordering of spin states of magnetically coupled transition metal 

complexes can be described using the Heisenberg-Dirac-van Vleck (HDvV) Hamiltonian 

(Equation 1), where Si and Sj are the spins of each metal center and Jij are the isotropic 

exchange coupling constants.63 Depending on the sign of J, the spins can be either aligned to 

be ferromagnetic (Jij > 0) or antiferromagnetic (Jij < 0). The magnitude of J determines the 

energetic difference(s) between each possible spin state. Typically, for Mn-oxo complexes, 

these are the only parameters that need to be considered to account for the magnetic behavior, 

though other phenomena (i.e., double exchange) may be needed to describe systems such as 

FeS complexes. Notably, J is highly dependent on the distance between metal centers, nature 

of the bridging ligand(s), and geometric parameters such as bond angles and distances, as 

demonstrated for a series of dinuclear MnIIIMnIVO2 complexes.70  

𝐻෡ =  −2 ∑ 𝐽௜௝𝑆ప
෡ ∙ 𝑆ఫ

෡௜,௝∈ே
௜ஷ௝               (1) 

Each S-state intermediate is also characterized by distinct EPR spectroscopic 

signatures. EPR spectroscopy offers a wealth of information pertaining to the electronic 

structure of multinuclear paramagnetic metal clusters beyond spin state and can be described 

using the following Hamiltonian (Equation 2). 34, 63-64 In this case, there is the assumption 

that the exchange interaction represents the largest term of the spin Hamiltonian. The first 
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term (Zeeman interaction) represents the interaction between the electron spin and external 

magnetic field (B0). The second term is the zero-field splitting (ZFS) interaction, in which 

magnetic interactions between unpaired electrons lifts the degeneracy between magnetic 

sublevels (for S > 1/2). The third term encompasses interactions between the total spin ST 

and neighboring magnetic nuclei (i.e., 55Mn, I = 5/2), with the hyperfine interactions (A) 

giving information on spin density/oxidation state. Nuclear Zeeman interactions are typically 

orders of magnitude smaller than the electronic Zeeman interaction. Nuclear quadrupole 

interaction (NQI) (for nuclei with I > 1/2), represented with the operator P, gives information 

on the symmetry and magnitudes of electronic charge distribution to a nucleus of interest.  

 

𝐻෡ = 𝜇଴𝐵ሬ⃑ ଴𝑔ୣ୤୤𝑆መ் + 𝑆መ்𝐷ୣ୤୤𝑆መ் + ∑ ൣ𝑆መ்𝐴ୣ୤୤,௝𝐼መ௝ + 𝜇ே𝑔ே𝐵ሬ⃑ ଴𝐼መ௝ + 𝐼መ௝𝑃෠௝𝐼መ௝൧௠
௝    (2) 

Thus, the combination of biochemical and spectroscopic studies on the OEC is 

powerful not only for inferring cluster geometry, but also for determining local Mn oxidation 

states, exchange coupling topology of the Mn ions, and details on coordination sphere by 

probing ligand nuclei (13C, 14/15N, 17O).64-69 Furthermore, perturbations to the HS-LS 

equilibrium and/or line-shape of the multiline signal in the S2 state of the OEC due to 

chemical treatment with alcohols, amines, and peroxides have been studied to better 

understand interactions between the cluster and these analogues for substrate 

water/hydroxide.64-66 This area is underexplored for well-defined synthetic tetramanganese 

complexes, where trends in structural parameters or ligand environment to observable 

spectroscopic parameters can be established. 
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1.4) Conclusion 

Despite the advances from structural, spectroscopic, biochemical, and coordination 

chemistry studies described above, aspects of the S-state cycle and mechanism of water 

oxidation by the OEC remain debated. Development of more accurate synthetic models 

along with series of complexes amenable for systematic studies probing how the 

multimetallic nature (cluster geometry, metal identity/oxidation state, nature/protonation 

state of bridging ligand(s), ligand environment, etc.) affects different aspects of spectroscopy 

will likely provide exciting new insight into the OEC and its mechanism for water oxidation. 

In this thesis, models based on the CaMnIV
3O4 cuboidal subunit, models of the MnIIIMnIV

3O4 

oxidation state analogous to the S2 state, and models of the MnIV
4O4 oxidation state 

analogous to the S3 state will be discussed.  
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Abstract 

The mechanism of biological water oxidation performed by the Oxygen Evolving 

Complex (OEC) of Photosystem II (PSII) is an important area of study. Current 

understanding of the magnetic interactions between the Mn ions in the pentametallic 

CaMn4 core is based on computational results that hypothesize an intact CaMnIV
3OxHn (x 

= 4 – 0, n = 0 – 4) core must be ferromagnetically coupled, giving a S = 9/2 ground state. 

Due to synthetic challenges, few model complexes in the literature have been studied in 

the context of benchmarking these results. Herein, the synthesis, crystal structure, SQUID 

magnetometry, and EPR spectroscopy of a desymmetrized CaMn3O4 cluster is described 

and compared to a series of related complexes. In this series, magnetic and spectroscopic 

differences arising from differences in ligand environment and protonation state of a 

bridging oxo are explored. Results suggest small distortions in metal-oxo bond lengths 

imposed by ligand rigidity greatly affect the magnetic coupling in the trimanganese unit, 

in direct contrast to computationally predicted coupling schemes for CaMnIV
3OxHn 

subunits.   
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2.1) Introduction 

Biological water oxidation is performed by the Oxygen Evolving Complex (OEC) 

of Photosystem II (PSII).1-3 Structural characterization of the OEC reveals a pentametallic 

CaMn4O5 cluster with a unique geometry featuring a cuboidal CaMn3O4 subsite and a 

“dangler” Mn center bound to the cluster via a bridging oxo or hydroxo motif.4-6 Mechanistic 

studies have been performed in the context of the Joliot-Kok cycle of Sn (n = 0 – 4) states. In 

the absence of direct structural and spectroscopic studies on the elusive S4 state, mechanistic 

proposals for O−O bond formation rely heavily on interpretations of lower Sn state 

intermediates.7-20 

Each Sn state intermediate adopts a characteristic spin ground state:21 SG (S0) = 1/2,22 

SG (S1) = 0,23 SG (S2) = 1/2 or 5/2,22, 24-26 SG (S3) = 3.12, 27-28 Notably, the spin states of these 

intermediates are often considered as markers for cluster geometry. The interconversion 

between the two spin states observed for the S2 state (S = 1/2 and S = 5/2) has been 

computationally assigned to structural changes in the CaMn4 core.10 A key difference in the 

two structures is the location of the O(5) oxo moiety, with concomitant changes in the 

magnetic coupling interactions between Mn centers resulting in different SG. In the “closed-

cubane” structure (Figure 1), it is proposed that ferromagnetic coupling within the MnIV
3 of 

the CaMnIV
3O4 cuboidal subunit leads to a S = 9/2 spin state. Antiferromagnetic coupling to 

the dangler MnIII (S = 2) results in an overall SG = 5/2. In this model, shifting the position of 

the O(5) ligand to the “open-cubane” structure (Figure 1) to a bridging position between 

Mn(3) and Mn(4) results in an internal valence redistribution. This CaMnIIIMnIV
2 subsite is 

proposed to have S = 1 spin state and antiferromagnetic coupling to the dangler MnIV (S = 

3/2) leads to an overall SG = 1/2. This structural isomerism model can explain the spin state 



 

 

21

interconversion, however, only the open-cubane form has been observed crystallographically 

under turnover conditions.6, 29 XFEL (X-ray free electron laser) structural studies of the S3 

state show incorporation of a sixth oxygen O(6) ligand between Mn(1) and Mn(4) in 

proximity to O(5), a oxo implicated in O−O bond formation.6 This intermediate is proposed 

to originate from the open-cubane form of the S2 state yet is also proposed to have a similar 

magnetic coupling scheme to the closed-cubane S2 isomer, featuring all ferromagnetic 

coupling in the CaMnIV
3 subunit (S = 9/2). Antiferromagnetic coupling to the dangling MnIV 

(S = 3/2) leads to the observed SG = 3. Furthermore, XAS studies performed on the high spin 

form of the S2 state show differences compared to the low spin form, though calculated Mn-

Mn distances also differ from the proposed closed cubane structure.15  

 

Figure 1. Proposed and observed structures of the CaMn4 core of the OEC in the S2 and S3 
states. Spin state of the cuboidal subunit highlighted in blue. Antiferromagnetic coupling to 
dangler Mn(4) leads to observed spin ground state SG.  
 

An alternative interpretation of the spin state interconversion in the S2 state is based 

on the observed pH dependence of this process, where at higher pH, the high spin (HS) form 

is favored.20, 30 While atomistic details following deprotonation are unknown, the aquo 

moiety bound to Mn(4) was hypothesized to be the site of deprotonation, as no pH dependent 

behavior was observed when NH3 is bound to Mn(4) at this site.14, 20, 30 Importantly, structural 

changes to the OEC through either oxo exchange or (de)protonation can affect the nature and 
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magnitude of the magnetic exchange coupling J, which in turn can affect both SG and the 

sign and magnitude of projected 55Mn hyperfine coupling constants.12, 31 Computationally, 

one study has proposed that protonation of a bridging oxo O(4) can lead to a high spin state 

with an open-cubane structure.20 Overall, discrepancies between different structural, 

spectroscopic, and computational studies highlight the intricacy of the relationship between 

geometry, nature of bridging ligands, and electronic structure of tetramanganese clusters.  

Multimetallic model complexes of appropriate metal composition, oxidation state, 

and cluster geometry have been demonstrated to be valuable in benchmarking and 

influencing mechanistic proposals.32-37 Access to closer structural mimics of the OEC has 

been limited by synthetic challenges.38-39 While representing an incomplete model of the 

OEC, cuboidal CaMnIV
3O4 complexes can be studied to better understand the magnetic 

properties of the closed cubane subsite of the S2 state, as any changes in the magnetic 

coupling of this unit will ultimately affect the total spin observed following magnetic 

coupling to the dangler. Asymmetric Ca2MnIV
3O4 and pseudo-C3 symmetric CaMnIV

3O4 

model complexes have been assigned to SG = 9/2 based on computational, magnetometry, 

and spectroscopic characterization (Figure 2).38, 40 Building upon these observations, 

computational studies concluded that the spin ground state of CaMnIV
3O4 complexes and all 

possible protonation analogs (i.e., CaMnIV
3On(OH)(4 – n) (n = 0 – 4)) is SG = 9/2.41 Importantly, 

however, systematic studies that probe the effects of oxo protonation and structural changes 

in CaMnIV
3O4 complexes have not been reported. 
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Figure 2. Previously reported complexes featuring CaMnIV

3O4 cores.38, 40  
 

Herein, we report the synthesis, crystal structure, MicroED structure, magnetic 

susceptibility, and EPR spectroscopy of a series of CaMnIV
3O4 complexes varying in 

symmetry and oxo protonation state. These subtle changes in cluster geometry result in 

complexes with SG = 5/2 and SG = 3/2. Importantly, these complexes maintain intact 

CaMnIV
3O4 cores, demonstrating that smaller changes such as distortions in symmetry 

induced by ligand environment and notably protonation state of bridging ligands, can have 

significant effects in cluster spin state. These studies complement the pH-dependent 

conversion between the high and low spin forms of the S2 state, suggesting that protonation 

states of bridging or terminal oxygen-based ligands in the OEC can be connected to spin state 

changes. 

2.2) Synthesis and crystal structure 

The acetate-bridged complex 1-Ca was used as a precursor for other complexes 

(Figure 3).40 Desymmetrization of this pseudo-C3 symmetric cluster can be achieved by 

treatment of 1-Ca with H2N4O2 in a protonolysis reaction, substituting two acetate ligands 

for a chelating bis-oximate.42 Since the MicroED structure of 2-Ca is not of sufficient 
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quality for detailed discussion of bond lengths, analogous Y complexes were synthesized, 

and trends will be discussed instead, vide infra. 

 

Figure 3. Synthesis of desymmetrized complexes supported by tethered dianionic ligands 
studied in this work. Complexes 1-Ca, 2-Ca, and 3-Ca are previously reported.40, 42 

 
Toward expanding the series of pseudo-CS symmetric CaMn3O4 clusters, 

desymmetrization using bulky benzoate ligands was targeted. Starting from an incomplete 

cuboidal LMn3O4(py)3(OTf) precursor, addition of two equivalents of M(OBzp-tBu)2 (M = 

Ca, Sr) results in reconstitution of a pseudo-C3 symmetric CaMn3O4 cubane supported by 

bridging benzoate ligands.53 This reactivity is reminiscent of the synthesis of heterometallic 

MFe3S4 clusters from a tris-thiolate supported [Fe3S4]0 complex reported by Holm and 

coworkers.43-46 Increasing steric bulk of these benzoate ligands was hypothesized to allow 

for control over stoichiometry of these ligands around the cubane core. To enforce steric bulk 

that points towards the faces of the cubane, m-terphenyl benzoates were utilized. Flanking 
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aryl rings could direct steric bulk towards the other faces of the cubane. Reaction of 

LMn3O4(py)3(OTf), one equivalent of Ca(OTf)2, and three equivalents of NaOBzPh2 results 

in the formation of a benzene-soluble species displaying only two paramagnetically shifted 

peaks in the 1H NMR spectrum, suggesting the formation of a highly symmetric species (5-

Ca, Figure 4). The X-ray structure is consistent with the formulation 

LCaMn3O4(OBzPh2)3(py) (Figure 5). Metalation conditions using fewer than three 

equivalents of the benzoate, however, only resulted in the isolation of 5-Ca, as determined 

by 1H NMR spectroscopy. Further tuning of ligand sterics may allow for access to the desired 

pseudo-CS symmetric CaMn3O4 cuboidal cluster, but control of ligand stoichiometry via 

tethering bridging ligands appears more promising.  

 

Figure 4. Synthesis of bulky benzoate complex 5-Ca.  
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Figure 5. Truncated crystal structure of 5-Ca. Ca (purple), Mn (green), O (red), N(blue), C 
(black). Bolded bonds highlight M-oxo bonds. Thermal ellipsoids are plotted at 50% 
probability.  
 

Toward expanding the series of CaMn3O4 complexes with chelating ligands of 

similar basicity to the oximate moieties, an amidate-bridged complex was targeted. 

Treatment of 1-Ca with a triethylene glycol derived bis-amide (H2diam) in the presence of 

NaOtBu leads to the formation of 4-Ca, successfully demonstrating a second pseudo-CS 

symmetric CaMnIV
3O4 cuboidal complex. The crystal structure of 4-Ca is consistent with the 

LCaMn3O4(diam)(OAc) formulation in which two acetate moieties of 1-Ca are replaced by 

the chelating bis-amidate moiety (Figure 6). 
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Figure 6. Truncated crystal structure of 4-Ca. Ca (purple), Mn (green), O (red), N(blue), C 
(black). Bolded bonds highlight M-oxo bonds. Thermal ellipsoids are plotted at 50% 
probability. 
 

To explore the effects of oxo protonation state, the CaMn3O4 core of 2-Ca can be 

further desymmetrized via treatment with 2,6-lutidinium triflate, which results in the 

protonation of a unique oxo in between the oximate moieties to afford a complex with a 

CaMn3O3(OH) core (3-Ca).42 Unfortunately, analogous reactivity with 1-Ca, 4-Ca, and 5-

Ca resulted in intractable mixtures. Overall, 1-Ca(Y), 2-Ca(Y), 3-Ca, 4-Ca, and 5-Ca 

represent a unique series of complexes mimicking the cuboidal substructure of the OEC in 

which cluster symmetry, heterometal identity, bridging ligand, and oxo protonation state is 

systematically varied. 

Metal-oxo distances were compared across this series to understand the effect of 

chelating ligands and oxo protonation on structure. Interestingly, comparisons between 

complexes 1-Ca and 4-Ca reveal that the high flexibility of the diamidate ligand in 4-Ca 

does not induce major structural changes in the metal-oxo core (Table 1). Within each 

complex 1-Ca, 4-Ca, or 5-Ca, Ca-oxo, Mn-Mn, and M-O(4) distances are all similar to each 
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other, with the other six Mn-oxo bond distances around the pseudo-C3 axis limited to a small 

range between 1.83 and 1.87 Å. Notably, the oximate-bridged complexes (2-Ca, 2-Y, and 

previously reported compound 2-Gd) do not possess this high symmetry within the metal-

oxo core. The structure of 2-Y was used as a surrogate for that of 2-Ca for structural 

comparisons because precise structural metrics could not be reliably obtained from the 

MicroED structure of 2-Ca. This comparison is reasonable because the structural parameters 

of 2-Y and 2-Gd are very similar to each other, with Mn-oxo distances within 0.01 Å, 

implying that general structural trends are observable.47 In 2-Y, the Y-O(1) distance is 

significantly shorter by 0.1 Å than the other two Y-oxo distances. Notably, O(1) is the unique 

oxo located between the two oximate donors, suggesting that the metal-oxo core has been 

both structurally and electronically desymmetrized. Another observable trend, albeit of a 

smaller magnitude, is that the Mn-oxo distances trans to the Mn-oximate bonds are slightly 

elongated compared to the Mn-oxo distances trans to the Mn-acetate/amidate bonds. 

Similarly, Mn-Mn distances in 2-Y also distort in a manner that is consistent with a pseudo-

CS symmetry with the mirror plane containing the Y(1)−O(1) vector and bisecting the 

Mn(1)−Mn(2) vector. On the basis that the three-fold symmetry of 1-Y(Gd) is broken upon 

substitution of two acetates with the bridging oximate N4O2, a similar structural distortion is 

expected in 2-Ca, away from the pseudo-C3 symmetry of 1-Ca. The structure of 3-Ca is also 

consistent with a pseudo-CS symmetry, with Mn-(μ3-OH) distances that are slightly 

elongated by roughly 0.1 Å in comparison to the corresponding Mn-(μ3-O) distances in 1-

Ca.42 Overall, distinct structural changes are observed depending on the nature of the 

bridging ligands and the protonation state of bridging oxos; these relatively small structural 
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changes across the series have a significant influence in the electronic structure of the 

CaMn3
IVO4 core. 

Table 1. Metal-oxo distances (Å) in selected complexes. Bold distances for emphasis. 

 1-Ca40 2-Y48 2-Gd47 3-Ca42 4-Ca 5-Ca 
Ca/Y-O(1) 2.431(2) 2.308(2) 2.319(5) 2.401(5) 2.450(3) 2.438(1) 
Ca/Y-O(2) 2.391(2) 2.396(2) 2.443(4) 2.513(5) 2.412(2) 2.428(1) 
Ca/Y-O(3) 2.430(2) 2.422(3) 2.445(4) 2.468(5) 2.398(3) 2.433(2) 

       
Mn(1)-O(1) 1.864(2) 1.863(3) 1.853(5) 1.926(5) 1.861(3) 1.867(2) 
Mn(1)-O(2) 1.837(3) 1.882(2) 1.885(5) 1.842(6) 1.835(3) 1.829(2) 
Mn(1)-O(4) 1.912(2) 1.941(3) 1.945(4) 1.945(5) 1.921(2) 1.915(2) 
Mn(2)-O(1) 1.833(2) 1.875(3) 1.871(5) 1.943(5) 1.829(3) 1.832(2) 
Mn(2)-O(3) 1.863(3) 1.849(2) 1.853(5) 1.811(5) 1.885(3) 1.869(1) 
Mn(2)-O(4) 1.907(2) 1.946(3) 1.946(4) 1.958(5) 1.919(2) 1.915(2) 
Mn(3)-O(2) 1.869(2) 1.836(3) 1.844(4) 1.830(5) 1.870(3) 1.870(2) 
Mn(3)-O(3) 1.828(2) 1.869(3) 1.857(4) 1.863(5) 1.838(3) 1.835(2) 
Mn(3)-O(4) 1.913(3) 1.906(2) 1.895(5) 1.893(5) 1.913(3) 1.915(2) 

       
Mn(1)-Mn(2) 2.833(1) 2.882(1) 2.870(1) 2.968(2) 2.833(1) 2.8276(6) 
Mn(1)-Mn(3) 2.830(1) 2.836(1) 2.837(2) 2.828(2) 2.818(1) 2.8259(6) 
Mn(2)-Mn(3) 2.839(1) 2.840(1) 2.837(2) 2.841(2) 2.838(1) 2.8604(5) 

 

2.3) Magnetometry 

To gain insight into the magnetic exchange coupling between the Mn centers of 

CaMnIV
3O4 complexes, magnetic susceptibility studies were performed on this series of 

clusters. In a threefold-symmetric MnIV
3 system, all J values are expected to be the same. 

Lowering the symmetry to a pseudo-CS symmetric MnIV
3
 core, the exchange coupling can 

be described using an isotropic spin exchange Hamiltonian with two distinct magnetic 

interactions, with a unique J’ = J12 and J = J13 = J23 (Equation 1).49 Defining S’ = S1 + S2 and 

ST = S’ + S3, application of the vector coupling model gives rise to twelve |ST, S’⟩ states for 

S1 = S2 = S3 = 3/2 in a MnIV
3 system (Figure 7). While the relative energies of these twelve 

states is dependent on both the signs and magnitudes of J and J’, the ground state can be 

predicted based on the ratio of J/J’ (Figure 8).38, 41  
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Figure 7. Vector coupling model gives rise to twelve |ST, S’⟩ states for a MnIV
3 system.  

 
𝐻෡ = −2𝐽(𝑆ଵ𝑆ଷ + 𝑆ଶ𝑆ଷ) − 2𝐽ᇱ𝑆ଵ𝑆ଶ                                 (1) 

 

Figure 8. Relative energies E/J' of the |ST, S'⟩ states as a function of J/J′ (for J′ < 0). Each 
colored region represents a different spin ground state. Experimental points shown as black 
circles. 
 

Although complex 1-Ca is pseudo-C3 symmetric, its magnetic susceptibility data was 

found to be better modeled using a pseudo-CS symmetric coupling scheme utilizing J = 3.5 

cm−1 and J’ = −1.8 cm−1.40 In the series 2-Ca~4-Ca, complex 4-Ca has the most similar 

structural parameters within the cluster core to that of 1-Ca and was studied via SQUID 
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magnetometry. The magnetic susceptibility data for 4-Ca shows a χT value of 5.60 

emu∙K∙mol−1 at 300 K, indicative of antiferromagnetic coupling. Upon cooling, the χT value 

increases to reach a maximum of 11.98 emu∙K∙mol−1 at 2 K, in good agreement with a SG = 

9/2 (g = 2) system (12.375 emu∙K∙mol−1). This data can be modeled with a pseudo-CS 

symmetric coupling scheme, yielding parameters J = 5.0 cm−1, J’ = −1.6 cm−1, g = 1.97. The 

calculated energy level diagram using these values indicates small energy gaps between the 

|9/2, 3⟩ ground state and the |7/2, 2⟩ first excited state (5.5 cm−1) as well as between the 

ground state and the |5/2, 1⟩ second excited state (8.8 cm−1). The sharp decrease in χT from 

its maximum value upon increasing temperature corroborates these calculated small energy 

separations. The J/J’ ratio of −3.125 is within the expected range for SG = 9/2 and is directly 

comparable to the ratio of −3.75 obtained for the asymmetric Ca2MnIV
3O4 complex reported 

by Christou and coworkers (Figure 8). The reduced magnetization data for 4-Ca shows little 

deviation from the ideal Brillouin function for SG = 9/2, indicating the presence of a small 

zero field splitting value (D = −0.1 cm−1, determined by EPR).  
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Figure 9. a) χT vs. T plot of complexes 2-Ca, 3-Ca, and 4-Ca with corresponding fits to the 
data. b)–d) Reduced magnetization plot of 2-Ca, 3-Ca, and 4-Ca, respectively. See text for 
fit parameters. 
 

Complexes 2-Ca and 3-Ca were also studied via SQUID magnetometry (Figure 9). 

Importantly, both complexes do not display SG = 9/2, deviating from computational 

predictions for CaMnIV
3O4Hx (x = 0 – 4) cuboidal complexes. Magnetic susceptibility data 

for 2-Ca can be fit as SG = 5/2 (g = 1.99, J = 250 ± 50 cm−1, J' = −280 ± 50 cm−1), with a 

narrower range of the J/J’ ratio between −0.90 and −0.93.  

Interestingly, upon selective protonation of the bridging oxo between the two 

oximate moieties to form complex 3-Ca, a change in the ground spin state is observed. 

Magnetic susceptibility data for 3-Ca shows a χT value of 3.856 at 300 K and this decreases 

monotonically with temperature to reach a value of 1.886 at 10 K, in good agreement with 

the expected value of 1.875 for SG = 3/2 (g = 2). This data can be simulated using the 
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parameters J = 11 cm−1, J’ = −55 cm−1, g = 2.0, with a J/J’ ratio of −0.2. Together, complexes 

2-Ca and 3-Ca demonstrate intact CaMnIV
3O4 cuboidal complexes need not necessarily have 

a SG = 9/2. 

2.4) EPR spectroscopy 
 

These desymmetrized complexes were studied by EPR spectroscopy. While not 

amenable for a simple qualitative analysis (D < hν at X-band), the spectrum of 4-Ca suggests 

a SG = 9/2 with multiple overlapping transitions from the five Kramers doublets and is 

reminiscent of the spectrum of the Ca2Mn3O4 complex with an SG = 9/2 ground state (Figure 

10).38 The ZFS parameters of 4-Ca were obtained by simultaneously fitting spectra obtained 

at X- and D-band (130 GHz). At higher microwave frequencies, the electron Zeeman term 

that splits the energy levels of a spin system in an applied magnetic field may be appreciably 

larger than that of the ZFS parameter. This is the case for 4-Ca at 130 GHz, where hν >> D. 

In such cases, the resulting EPR spectrum is centered around the g value that defines the total 

spin system. The width of the spectrum is determined by D, while the spacing of the EPR 

transitions is determined by E/D. The D-band electron-spin echo EPR spectrum of 4-Ca 

(Figure 11) displays approximately nine transitions centered about g = 1.99 and spans 

approximately 1.5 T. The transitions that appear at magnetic fields lower than 4.67 T (g = 

1.99) are evenly spaced by approximately 200 mT, while those at fields higher than 4.67 T 

are unevenly spaced. This is consistent with a small, negative ZFS parameter that is axial (D 

= −0.1 cm–1, E/D = 0.11).  
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Figure 10. X-band CW EPR spectrum of 4-Ca collected at T = 5 K (black traces) and 
simulation (dashed red traces). Simulation parameters: S = 9/2, g = 1.99, D = −0.1 cm−1, E/D 
= 0.11. Acquisition parameters: frequency = 9.6371 MHz, power = 8 mW, conversion time 
= 82 ms, modulation amplitude = 4 G.  
 

 

Figure 11. Pseudomodulated (derivative-like) D-band frozen solution EPR spectrum of 4-
Ca collected at 7 K (black trace) and corresponding simulation (red trace). Simulation 
parameters: S = 9/2, g = 1.99, D = 0.1 cm–1, E/D = 0.11. 
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In comparison, the X-band CW EPR spectra of complexes 2-Ca and 3-Ca can be 

qualitatively explained using rhombograms (Figure 12). For half-integer spin states S > 1/2 

and in the regime where D ≫ hν (~ 0.3 cm−1 at X-band), peak positions are primarily 

determined by the E/D ratio, where E and D represent the transverse and axial components 

of the zero-field splitting parameter, respectively. Overall, EPR spectroscopic studies of 2-

Ca~4-Ca are consistent with the electronic structure and spin ground state description 

obtained from magnetic susceptibility studies. 

 

Figure 12. X-band CW EPR spectra collected at T = 5 K (black traces) and simulations 
(dashed red traces). (a) 2-Ca, S = 5/2, g = 1.96, D = 0.3 cm−1, E/D = 0.06, fwhm distribution 
0.03. Acquisition parameters: frequency = 9.3663 MHz, power = 20 mW, conversion time = 
82 ms, modulation amplitude = 8 G. (b) 3-Ca, S = 3/2, g = 1.98, D = 0.28 cm−1, E/D = 0.33. 
Acquisition parameters: frequency = 9.6399 MHZ, power = 8 mW, conversion time = 10 
ms, modulation amplitude = 8 G.   
 
2.5) Discussion 

In conclusion, a series of CaMnIV
3O4 cuboidal complexes have been synthesized and 

characterized by sc-XRD/MicroED, magnetometry, and EPR spectroscopy, representing the 

first set of experimental studies that directly addresses the effect of systematic changes in 

cluster geometry and bridging oxo protonation on the spin state structure of CaMnIV
3O4 



 

 

36

cubane models of the OEC. Our results demonstrate that the electronic structure of the 

CaMnIV
3 unit is highly sensitive to small changes in geometric parameters in the metal-oxo 

core, nature of the bridging ligands, and protonation state of bridging oxo moieties. 

Complexes with pseudo-C3 symmetric metal-oxo cores demonstrate a SG = 9/2, reflecting the 

predicted behavior of the cuboidal CaMnIV
3 subsite of the closed cubane isomer for the S2 

state of the OEC as well as computational predictions for synthetic complexes. However, it 

is important that desymmetrization of the cluster core, as seen in complexes 2-Ca and 3-Ca, 

results in complexes with spin ground states such as SG = 3/2 and 5/2. Our results show that 

different relative ratio of J values can lead to different ground states, contrasting with the 

idea that the ground state of CaMnIV
3On(OH)(4 – n) (n = 0 – 4) complexes must necessarily be 

SG = 9/2 as previously proposed. Nevertheless, while the present results demonstrate that 

closed CaMnIV
3On(OH)(4 – n) cubane motifs can have spin states other than S = 9/2, they do 

not rule out such an interpretation for the CaMnIV
3 subunit of the OEC.  

2.6) Experimental  

General Considerations 

Reactions were performed in an N2-filled glovebox unless noted otherwise. 

Glassware was oven dried at 150 oC for at least 2 hours prior to use and allowed to cool under 

vacuum. All reagents were used as received unless otherwise stated. Anhydrous 

tetrahydrofuran (THF) was purchased from Aldrich in 18 L Pure-PacTM containers. 

Anhydrous CH3CN and THF were purified by sparging with nitrogen for 15 minutes and 

then passing under nitrogen pressure through a column of activated A2 alumina. CDCl3 and 

C6D6 were purchased from Cambridge Isotope Laboratories. C6D6 was dried over 

Na/benzophenone, degassed by three freeze-pump-thaw cycles and vacuum-transferred prior 
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to use. 1H NMR spectra were recorded on a Varian 300 or 500 MHz instrument, with shifts 

reported relative to the residual solvent peak. Complexes 1-Ca, 2-Ca, 3-Ca, and 2-Y were 

synthesized according to published procedures. 

Synthesis of H2diam: 

Under ambient atmosphere, a stirring CH2Cl2 solution of 2,2’-

(ethylenedioxy)bis(ethylamine) (1 mL, 6.8 mmol, 1 equiv) and triethylamine (4 mL, 28.7 

mmol, 4.2 equiv) was cooled to 0 °C in an ice-water bath and was treated with 2,4,6-

trimethylbenzoyl chloride (2.32 mL, 13.9 mmol, 2.04 equiv) dropwise, resulting in an 

exothermic reaction and immediate precipitation of a colorless solid. After the addition was 

complete, the reaction mixture was warmed to room temperature and allowed to stir for 16 

hours. Water was added, and the organic layer was separated, washed with saturated aqueous 

NaHCO3, washed with brine, dried over anhydrous MgSO4, and filtered. Volatiles were 

removed under reduced pressure, and the residue was washed with copious amounts of 

hexanes and Et2O to yield the desired compound as a colorless powder. Yield: (2.49 g, 83 

%). 1H NMR (500 MHz, CDCl3): δ 6.80 (s, 4H), 5.98 (bs, 2H), 3.64−3.60 (overlapping m 

and s, 8H), 3.56 (m, 4H), 2.25−2.24 (overlapping s, 18H) ppm. 13C NMR (125.7 MHz, 

CDCl3): δ 170.65, 138.60, 135.01, 134.22, 128.30, 70.35, 69.98, 39.38, 21.20, 19.15 ppm. 

HRMS (FAB+): calculated for C26H36N2O4: 440.5840; found: 441.2746 [M+H] 

Synthesis of LCaMn3O4(diam)(OAc) (4-Ca): 

To a stirred suspension of 1-Ca (252 mg, 0.18 mmol, 1 equiv) in THF (10 mL) was added 

H2diam (89 mg, 0.20 mmol, 1.1 equiv). After stirring the reaction mixture at room 

temperature for 5 minutes, sodium tert-butoxide (43 mg, 0.45 mmol, 2.5 equiv) was added 

and additional THF was added to adjust the volume of the reaction to 20 mL. After stirring 
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the reaction at room temperature for 16 hours, the reaction mixture became homogenous. All 

volatiles were removed under reduced pressure, and the solid residue was triturated with 

pentane (3 mL). The solid was collected on a pad of Celite, rinsed with more pentane, and 

extracted with benzene. All volatiles were removed from the filtrate under reduced pressure, 

yielding 4-Ca as a red-brown powder. Yield: 182 mg, 62%. Crystals suitable for X-ray 

crystallography were obtained from a slow vapor diffusion of Et2O into a concentrated 

solution of 4-Ca in benzene. 1H NMR (300 MHz, C6D6): δ 94.4, 81.2, 20.3, 13.7, −14.7, 

−16.2, −16.7 ppm. Analysis calculated for C88H79CaMn3N8O13 (4-Ca∙0.5C6H6): C 63.61, H 

4.79, N 6.74; found: C 63.71, H 5.02, N 6.50. 

Synthesis of LCaMn3O4(OBzPh2)3 (5-Ca): 

To an acetonitrile solution of LMn3O4(py)3(OTf) (50 mg, 0.034 mmol, 1 equiv), Ca(OTf)2 

(12.6 mg, 0.037 mmol, 1.1 equiv) and NaOBzPh2
 (21.2 mg, 0.072 mmol, 2.1 equiv) were 

added as THF solutions. The reaction mixture was stirred at room temperature for 16 hrs. 

The red-brown precipitate was collected over Celite, washed with acetonitrile and Et2O, and 

extracted with benzene. All volatiles were removed under reduced pressure, yielding 5-Ca 

as a red-brown powder. Crystals suitable for X-ray crystallography were obtained from slow 

vapor diffusion of Et2O into a concentrated pyridine solution of 5-Ca.  1H NMR (300 MHz, 

C6D6): δ 23.7, −17.9 ppm.  
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NMR spectroscopy 

 

Figure 13. 1H NMR of H2diam in CDCl3. 

 

Figure 14. 13C NMR of H2diam in CDCl3. 
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Figure 15. 1H NMR of 4-Ca in C6D6. 

 

Figure 16. 1H NMR of 5-Ca in C6D6.  
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ESI-MS spectrometry 

 

Figure 17. ESI-MS of 4-Ca. Peak assignment: [LCaMn3O4(diam)(OAc)]+ (m/z = 1622). 

Electrochemistry 

 

Figure 18. a) CV of 4-Ca in CH2Cl2. E1/2 = −1.3 V vs Fc/Fc+ assigned to (MnIIIMnIV
2/MnIV

3) 
redox couple. Redox couple is shifted ~ 400 mV more negative in comparison to that of 1-
Ca due to increased basicity of amidates versus acetates. b) Square wave voltammogram of 
4-Ca.  
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Table 2. Crystal and refinement data for complex 4-Ca. 

Compound 4-Ca 

CCDC 2058414 

Empirical formula C93H96CaMn3N8O15 

Formula weight 1770.67 

Temperature/K 100.0 

Crystal system triclinic 

Space group P-1 

a/Å 16.032(2) 

b/Å 16.081(2) 

c/Å 19.756(3) 

α/° 84.987(7) 

β/° 84.858(7) 

γ/° 62.604(7) 

Volume/Å3 4497.8(12) 

Z 2 

ρcalcg/cm3 1.307 

μ/mm-1 4.423 

F(000) 1850.0 

Crystal size/mm3 0.8 × 0.5 × 0.4 

Radiation CuKα (λ = 1.54178) 
2Θ range for data 
collection/° 

6.198 to 160.604 

Index ranges 
-19 ≤ h ≤ 20, -20 ≤ k ≤ 19, -

24 ≤ l ≤ 22 
Reflections collected 131888 

Independent reflections 
18310 [Rint = 0.0631, 

Rsigma = 0.0376] 
Data/restraints/parameters 18310/12/1052 

Goodness-of-fit on F2 1.029 

Final R indexes [I>=2σ (I)] R1 = 0.0697, wR2 = 0.1756 

Final R indexes [all data] R1 = 0.0805, wR2 = 0.1834 
Largest diff. peak/hole / e 
Å-3 

1.10/-0.90 
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SQUID Magnetometry 

Magnetic susceptibility measurements were carried on a Quantum Design MPMS 3 

instrument running MPMS Multivu software. Crystalline samples were powdered and 

suspended in clear plastic straws in polycarbonate capsules. Data were recorded at 0.2 T 

from 2−300 K. Fitting simulations were performed using PHI.54 

 

D-band EPR spectroscopy 

High-frequency (130 GHz) experiments were performed at the CalEPR facility in 

the Britt lab at the University of California, Davis using a recently redesigned home-built 

130 GHz EPR spectrometer equipped with an Oxford Instruments CF-935 liquid helium 

cryostat and an ITC-503 temperature controller.50 The spectrometer is equipped with an 8 

T cryogen-free magnet (Cryogenic Limited, UK). All data were acquired using a TE011 

mode cylindrical resonant cavity designed and manufactured by HF EPR Instruments, Inc. 

(V. Krymov, New York).51 Spectrometer control is achieved using the SpecMan 

software.52 Electron-spin echo (ESE) detected field-swept spectra were collected using a 

Hahn echo sequence: /2 – τ −  − τ − echo. The length of the microwave pulse  was set 

to 40 ns and the interpulse delay τ was set to 240 ns. The ESE-EPR spectrum represents 

1000 averages (1000 shots per point, 1 scan).  
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Abstract 

Despite extensive biochemical, spectroscopic, and computational efforts in 

elucidating the mechanism of water oxidation in the oxygen evolving complex (OEC) found 

in Photosystem II (PSII), questions remain regarding the (electronic) structures of Sn-state 

intermediates. Model complexes of relevant nuclearity and Mn oxidation states for 

benchmarking spectroscopic studies are rare. Herein, the synthesis, crystal structure, 

electrochemistry, XAS, magnetic susceptibility, and variable temperature X-band CW-EPR 

of a [MnIIIMnIV
3O4] cuboidal complex is described. As a spectroscopic model of the S2 state 

of the OEC, this species exhibits a low-spin multiline signal reminiscent to that of the 

biological system. Comparisons to literature compounds and structurally related 

[MnIIIMnIV
3O4] cuboidal complexes with different bridging ligands show that the electronic 

structures of these tetranuclear Mn complexes are highly sensitive to small geometric and 

ligand environment changes. 
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3.1) Introduction 

The Oxygen Evolving Complex (OEC) of Photosystem II (PSII) is a low-symmetry 

CaMn4O5 cluster that catalyzes biological water oxidation.1-6 While extensive collaborative 

studies from biochemical, crystallographic, spectroscopic, and computational disciplines 

have advanced our knowledge of this metallocofactor, details regarding the structure, 

electronic structure, and progression to through the S-state intermediates are debated. 

Interpretations from structural studies and spectroscopic characterization of observable 

lower-oxidation state intermediates heavily influence mechanistic proposals of O−O bond 

formation.7 Thus, thorough determination of the (electronic) structure and unambiguous 

interpretation of spectroscopy for these lower S-state intermediates are crucial for advancing 

mechanistic understanding of the OEC. 

In the S2 state, two signals are observed by EPR spectroscopy, with the high spin 

(HS) g = 4.1 signal computationally attributed to a “closed-cubane” structure and the low 

spin (LS) g = 2 feature assigned to an “open-cubane” structure of similar energy.8 

Ferromagnetic coupling within the CaMnIV
3 subunit and antiferromagnetic coupling to the 

fourth Mn results in a SG = 5/2 for the closed cubane whereas a valence redistribution in the 

open-cubane form results in an overall SG = 1/2 ground state (Figure 1). Interconvertibility 

of the two signals is a widely studied topic, as growing evidence suggests the conversion of 

the LS to HS species as an intermediate step within the progression from the S2 to the S3 

state.9 IR radiation of the LS form at low temperature (120 – 150 K) results in conversion to 

the HS form; annealing samples at 200 K causes the HS form to revert to the LS species.10 

pH dependence studies suggest conversion of the LS form to the HS form upon 

deprotonation, although atomistic details are unknown.11-12 
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Figure 1. Open-closed cubane model proposed to account for the presence of and 
interconvertibility between the HS and LS signals observed in the EPR spectra of the S2 state. 
Bond distances between Mn(4)−O(5) and Mn(1)−O(5) highlighted for each isomer.8  
 

In comparison to the extensive structural and spectroscopic focus on the S2 state of 

the OEC,13-21 analogous studies on tetranuclear MnIIIMnIV
3-oxo model complexes are rare.22-

24 To summarize, (1) putative linear-chain complex [Mn4O6(bpy)6]3+ displays a multiline 

signal centered about g = 2 consistent with a SG = 1/2 ground state,25 (2) cuboidal [L6Mn4O4]+ 

(L = O2PPh2, O2P(p-OMePh)2) complexes feature a broad EPR spectrum suggesting S ≥ 

3/2,26-27 (3) adamantane-shaped complex [Mn4O6(bpea)4]3+ (bpea = N,N-bis(2-

pyridylmethyl)ethylamine) shows an intense signal at g = 4.1 attributed to the first excited 

Kramers doublet of a SG = 5/2 ground state as determined by magnetic susceptibility,28 and 

(4) OEC close structural mimic CaMn4O4(OPiv)8 can be oxidized in situ to generate an EPR 

spectrum displaying both LS and HS signals.29 However, further characterization of this 

species is not presented, and independent computational studies disagree on the assignment 

of these features.22, 30 

The above examples highlight the relationship between cluster geometry and ground 

spin-state. However, it is important that in the open-closed cubane model, the geometries of 

the two isomers essentially differ only in the location of a particular O(5) bridging oxo ligand, 

a moiety notably implicated in the O−O bond forming step.17, 31-32 Thus, systematic studies 
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on a series of complexes with smaller variations in the cluster core and environment could 

be well suited to establish structure-function and structure-electronic structure relationships.  

Herein, we report the synthesis, crystal structure, electrochemistry, XAS, SQUID 

magnetometry, and EPR spectroscopy of a cuboidal [MnIIIMnIV
3O4] complex. Comparisons 

to a series of related compounds as well as homoleptic [L6Mn4O4]+ (L = O2PPh2, O2P(p-

OMePh)2)  complexes suggest that the spectroscopic properties of tetranuclear Mn4O4 

complexes are highly sensitive to minute changes in structure as well as ligand environment. 

3.2) Synthesis and X-ray crystallography 

Addition of 3 equivalents of Ph2PO2H to 1 yields trisphosphinate [Mn4O4] cluster 

2 via a protonolysis pathway (Figure 2). ESI-MS of 2 shows a major m/z peak of 1792, 

consistent with the mass of [LMn4O4(Ph2PO2)3]+. The 1H NMR spectrum in CD2Cl2 

exhibits two broad, paramagnetically shifted peaks, characteristic of pseudo C3-symmetric 

MMn3O4 clusters supported by L3−.33-36 The LMn4O4(O2PPh2)3 formulation can be 

confirmed by X-ray diffraction. From the metal-oxo bond lengths determined from the X-

ray structure of 2, oxidation states of each manganese center can be assigned. Notably, 

axial elongation of Mn-oxo bonds due to population of dz2 σ-antibonding orbitals are 

observed at 2.177(2) Å for Mn(3) and 2.187(2) for Mn(4). Thus, Mn(1) and Mn(2) are 

assigned as MnIV centers, where Mn(3) and Mn(4) are assigned as MnIII centers.  
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Figure 2.  Synthesis of complexes discussed in this work. Complex 1 is previously 
reported. 
 

Based on the reduction potential (+680 mV vs Fc/Fc+) of the [Mn4O4(O2PPh2)6]+ 

complex,26-27 we targeted a MnIIIMnIV
3 oxidation state cluster supported by bridging 

phosphinate ligands. The one-electron oxidized species 2-ox can be accessed by addition 

of 1 equivalent of [(4-BrPh)3N][OTf] to 2. The ESI-MS peak of m/z = 1792 is consistent 

with the [LMn4O4(O2PPh2)3]+ formulation. Mn-oxo bond distances in the cluster core, 

determined from the X-ray structure (Figure 3), indicate a MnIIIMnIV
3 oxidation state with 

one elongated Mn(4)−O(4) distance at 2.241(1) Å. The spread of Mn-oxo distances is 

consistent with that of related species 3-ox and 4-ox.  
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Figure 3. Truncated crystal structure of 2-ox. Mn (green), O (red), N (blue), P (purple), C 
(black). Bolded bonds highlight metal-oxo bonds.  
 
3.3) Electrochemistry 

The electrochemistry of complexes 2, 3, and 4 were studied by cyclic voltammetry 

(CV). The CV of complex 2 exhibits two redox events, assigned as a reductive 

(MnIII
3MnIV/MnIII

2MnIV
2) couple and an oxidative (MnIII

2MnIV
2/MnIIIMnIV

3) couple (Figure 

4). The reduction potential of the (MnIII
2MnIV

2/MnIIIMnIV
3) couple is observed at E1/2 = +190 

mV (vs Fc/Fc+). Notably, this reduction potential is comparable to the estimated midpoint of 

the S1/S2 redox couple in the OEC (+900 mV vs SHE, approximately +250 mV vs Fc/Fc+).37  
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Figure 4. a) CV of 2. Isolated redox couple shown in dotted lines. E = + 190 mV (vs. Fc/Fc+). 
b) SWV of 2. c) Isolated redox couple measured at various scan rates. d) Plot of peak current 
vs. square root of scan rate. 
 

Reduction potentials of the (MnIII
2MnIV

2/MnIIIMnIV
3) couples of complexes 1, 3, and 

4 were also determined by CV (E1/2 = +250 mV, −150 mV, and −15 mV vs Fc/Fc+, 

respectively). Comparisons within this series reveal a linear relationship between ligand 

basicity and reduction potential,38 similar to the phenomena observed for Co4O4 and 

RuCo3O4 complexes.39-40  

3.4) XAS spectroscopy 
 

Solution and solid-state Mn K-edge X-ray absorption near-edge spectroscopy 

(XANES) and extended X-ray absorption fine structure (EXAFS) data were collected 

(Figure 5). The absorption edge position of 2-ox, determined from the second derivative 
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zero-crossings, was found to be 6553.3 eV. This value is comparable to that of the S1 state 

(6553.1 eV) and S2 state (6554.1 eV) of cyanobacteria PSII.41 Importantly, EXAFS solution 

and solid-state data are indistinguishable from one another, with values in good agreement 

with those determined from XRD data, further supporting the structural integrity of 2-ox in 

solution. Similar studies were performed on complexes 3-ox and 4-ox, resulting in the same 

conclusion regarding the structural integrity of these complexes in solution.  

 

Figure 5. a) Normalized XANES data for solution and solid samples of 2-ox at Mn K-edge. 
b) k3-weighted k-space EXAFS at Mn K-edge of solution and solid samples of 2-ox. 
 
3.5) Magnetometry 

Complex 2-ox was studied by SQUID magnetometry to gain insight into the 

magnetic exchange coupling between Mn centers. In the temperature range from 1.8 – 300 

K, magnetic susceptibility measurements were performed on powdered crystalline samples 

at a nonsaturating field of 0.4 T. At 300 K, the magnetic susceptibility of 2-ox is 5.63 

emu∙K∙mol−1. This deviation from the expected spin-only value (8.62 emu∙K∙mol−1) for 

uncoupled MnIII (S = 2) and MnIV centers (S = 3/2) indicates overall antiferromagnetic 

coupling. Lowering the temperature results in a decrease in the measured χT value. At 1.8 K, 

the χT value of 0.383 emu∙K∙mol−1 is in good agreement with the χT value of 0.375 
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emu∙K∙mol−1 expected for a S = 1/2 (g = 2) system. Variable field and variable temperature 

data were also collected. Calculating the magnetization, a non-dimensional representation of 

unpaired electrons, shows saturation at M = 1 at high fields. Importantly, this behavior 

observed between 1.8 and 10 K suggests the lack of thermally accessible spin excited states 

within this temperature range. 

This susceptibility data was fitted using software that utilizes an exact solution to the 

isotropic spin exchange Hamiltonian (Equation 1).42 As the MnIII(4)–O(4) distance is 

uniquely elongated (2.241(1) Å), the [Mn4O4] core of 2-ox can be assumed to have pseudo-

Cs symmetry with a mirror plane containing vectors Mn(4)–O(4) and Mn(4)–Mn(1) while 

bisecting the Mn(2)–Mn(3) vector (Figure 6). The susceptibility data was fit using the 

following values: J12 = J13 = –8.8 cm−1, J14 = –21.0 cm−1, J24 = J34 = –3.2 cm−1, and g = 2.00. 

Notably, the small values for J24 and J34 are expected, considering the elongated Mn(4)–O(4) 

bond distance, as well as longer Mn(2)–Mn(4) and Mn(3)–Mn(4) distances of 2.9288(6) and 

2.9585(7) Å, respectively.  

Ĥ =  −2 ෍ 𝐽௜௝Ŝ௜ ∙ Ŝ௝

௜,௝∈ே

௜ ஷ௝

 

          (1) 
 

Typically, six-coordinate MnIV centers exhibit |D| ≈ 0.2 cm−1 and MnIII centers 

exhibit |D| ≈ ~1 – 5 cm−1. Assuming zero field splitting (ZFS) parameters of D(MnIV) = 0 

cm−1 and varying D(MnIII) = 0, –2, –4 cm-1 did not significantly affect the values of J 

(Figure 13).43 Simulation of the Zeeman field splitting diagram was carried out using 

D(MnIV, MnIII) = 0 cm-1, and a quartet first excited state approximately 28 cm−1 higher in 

energy than the doublet ground state is predicted. As with the values of J, variation of D (–

2 or –4 cm−1) also did not result in significant changes in the calculated energy gap between 
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the ground and first excited state (Figure 13). In the case assuming D = 0 cm−1
, the 

separation of 28 cm−1 is comparable to a temperature of 40 K, suggesting no significant 

population of the quartet state below 40 K (Figure 7). Interestingly, this value is also 

comparable to the estimated energy difference between ground and excited state of 

methanol treated PSII (primarily S = 1/2).44 In comparison, a smaller energy separation of 

3 – 6 cm−1 has been reported for untreated higher plant OEC in the S2 state.44-45 

 

Figure 6. Exchange coupling model, fit parameters, and χT vs T plot of complexes 2-ox, 
3-ox, and 4-ox. For exchange coupling models, the mirror plane of the pseudo-CS 
symmetry contains the bold vector and bisects the dashed vector. 
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Figure 7. Calculated energy level diagram for 2-ox using D = 0 cm−1. A S = 3/2 excited 
state is predicted to be ~28 cm−1 higher in energy.  
 

Although the magnetic susceptibility data of complexes 3-ox and 4-ox also indicate 

S = 1/2 ground states, the temperature dependence of χT values vary significantly 

throughout this series of MnIIIMnIV
3 complexes (Figure 6). Based on Mn-oxo and Mn-Mn 

distances in the cubane core determined from X-ray structures, similar CS-symmetric 

coupling schemes differing in the location of the unique MnIII can be used to describe the 

exchange coupling in complexes 3-ox and 4-ox; this analysis yielded the following 

parameters for 3-ox: J12 = −15.3 cm−1, J13 = J23 = −8.9 cm−1, J14 = J24 = −16.7 cm−1, J34 = 

−10.6 cm−1, g = 1.97, and for 4-ox: J12 = −11.6 cm−1, J13 = J23 = −7.2 cm−1, J14 = J24 = 

−11.1 cm−1, J34 = −6.8 cm−1, g = 1.97 (Figure 6). Notably, the smaller variation of exchange 

coupling constants in both complexes 3-ox and 4-ox relative to that of 2-ox is consistent 

with the smaller spread in Mn-oxo bond distances.  

Importantly, these differences in exchange coupling parameters with respect to 

those for 2-ox result in significantly different calculated energy level diagrams. Whereas 

the magnetic susceptibility data for 2-ox indicates a well isolated S = 1/2 ground state with 
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the first excited state 28 cm−1 higher in energy, the data for 3-ox and 4-ox suggests lower-

lying excited states. For 3-ox, a quartet excited state is predicted to be 3−5 cm−1 (equivalent 

temperature of 4.3−7.2 K) above the doublet ground state. This holds true for variations in 

|D|(MnIII) = 0, 2, 4 cm−1. Similarly, the calculated energy level diagram for 4-ox indicates 

an even smaller energy separation (0−1 cm−1, equivalent temperature 1.4 K) between the 

doublet ground state and quartet excited state. Overall, the magnetic susceptibility data of 

2-ox, 3-ox, and 4-ox indicate that energy spacings in the spin ladder of tetranuclear Mn 

complexes can be very sensitive to small changes in the cluster core and ligand 

environment.  

3.6) EPR spectroscopy 

Frozen solutions of complexes 2-ox, 3-ox, and 4-ox were studied by CW X-band 

EPR spectroscopy. At 5 K, the EPR spectrum of 2-ox features a broad low-field signal 

centered about g = 2 with 55Mn hyperfine interactions (Figure 8). This is consistent with 

the S = 1/2 ground state predicted by the susceptibility data and represents the |−1/2⟩ → 

|1/2⟩ transition. Upon warming the sample, the g = 2 signal loses intensity. No signals were 

observed above 15 K. The lack of thermally populated spin excited states in this 

temperature range is consistent with the calculated energy splitting diagram determined 

from magnetic susceptibility studies. The spectrum can be approximated using the 

following parameters: g = [2.053, 2.003, 1.952] (giso = 2.00) and 55Mn hyperfine 

interactions Ai, (Aiso)i: Mn1 = [434, 434, 313], 394 MHz; Mn2 = [293, 155, 245], 231 MHz; 

Mn3 = [128, 146, 198], 157 MHz; Mn4 = [134, 133, 72], 113 MHz. Notably, one set of 

55Mn hyperfine interactions is larger, consistent with the assignment of one MnIII center in 

2-ox.46  
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Figure 8. X-band EPR spectrum of 2-ox. Acquisition parameters: frequency = 9.64 MHz, 
power = 8 mW, conversion time = 20.48 ms, modulation amplitude = 8 G. See text for 
simulation parameters. 
 

This EPR spectrum of 2-ox is in stark contrast with that of the homoleptic 

[Mn4O4(Ph2PO2)6]+ complex reported by Dismukes,26-27 which only features higher spin (S  

≥ 3/2) signals. Further elaboration on the exchange-coupling scheme and interpretation of 

this data were not discussed.  

Complexes 3-ox and 4-ox were also studied by EPR spectroscopy. At T = 5 K, the 

EPR spectrum of 3-ox also displays a S = 1/2 signal centered at g = 2 featuring 55Mn 

hyperfine interactions. Increasing the temperature results in a decrease in the intensity of 

this S = 1/2 signal along with an increase in intensity of a higher spin signal centered about 

g = 4.2. At ~17.5 K the two features are of roughly equal intensity, and above 20 K, both 

features start to lose intensity due to relaxation. This temperature dependence corroborates 

the calculated energy splitting diagram determined from magnetic susceptibility studies, as 

a quartet excited state is expected to be only 3−5 cm−1 higher in energy (Figure 9). Thus, 

the g = 2 and g = 4.2 features are assigned as the transitions within the |±1/2⟩ and |±3/2⟩ 

Kramers doublets, respectively. Similarly, the EPR spectrum of 4-ox displays a major S = 
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1/2 feature at g = 2. However, even at T = 5 K, higher spin signals at g = 7.5 and g = 5.5 

are observable. This result agrees with an even smaller energy separation between the 

doublet ground state and excited quartet states predicted by magnetic susceptibility.  

 

Figure 9. Variable temperature X-band CW EPR spectra of 2-ox (top) and 3-ox (bottom). 
Expanded view of the low-field region (right).  
 
3.7) Discussion  

Comparisons between 2-ox, 3-ox, and 4-ox indicate that small changes in structure 

and nature of the bridging ligand(s) can have significant impact on observed magnetometry 

and spectroscopic properties. Specifically, the degree of thermal accessibility to excited 

spin states can be tuned by ligand substitution. These data contrast with the open-closed 

cubane hypothesis for the S2 state of the OEC, where the high spin and low spin signals are 

attributed to structurally distinct isomers.  
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3.8) Experimental  

General Considerations  

All reactions were performed at room temperature in an N2-filled glovebox or by 

using standard Schlenk techniques unless otherwise specified. Glassware was oven dried at 

150 °C for at least 2h prior to use and allowed to cool under vacuum. All reagents were used 

as received unless otherwise stated. Diphenylphosphinic acid was recrystallized from 95% 

ethanol. Tris(4-bromophenyl)aminium triflate was synthesized according to literature.47 

Anhydrous tetrahydrofuran (THF) was purchased from Aldrich in 18 L Pure-PacTM 

containers. Anhydrous CH2Cl2, CH3CN, diethyl ether, benzene and THF were purified by 

sparging with nitrogen for 15 minutes and then passing under nitrogen pressure through a 

column of activated A2 alumina. NMR solvents (CD2Cl2) were purchased from Cambridge 

Isotope Laboratories, dried over calcium hydride, degassed by three freeze-pump-thaw 

cycles and vacuum-transferred prior to use. 1H NMR spectra were recorded on a Varian 300 

MHz instrument, with shifts reported relative to the residual solvent peak. Elemental analyses 

were performed at the California Institute of Technology. 

Synthesis of LMn4O4(O2PPh2)3 (2): 

A solution of LMn4O4(OAc)3 (600 mg, 0.46 mmol, 1 equiv) in CH2Cl2 (12 mL) was 

added to a stirring CH2Cl2 suspension of diphenylphosphinic acid (330 mg, 1.51 mmol, 3.3 

equiv). After stirring the reaction at room temperature for 16 hours, a colorless precipitate 

formed and was filtered away. All volatiles were removed from the filtrate under reduced 

pressure. The solid residue was triturated with CH2Cl2 (15 mL) and Et2O (15 mL). The brown 

powder was then suspended in 15 mL of THF, collected on a pad of Celite, dissolved in 

CH2Cl2, and filtered through Celite. All volatiles were removed from the filtrate under 
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reduced pressure, yielding compound 2 as a red-brown powder. Yield = 462 mg, 57 %. 

Crystals suitable for X-ray crystallography were grown from slow vapor diffusion of Et2O 

into a concentrated solution of 2 in CH2Cl2. 1H NMR (300 MHz, CD2Cl2): δ 16.3, 11.0, 9.7, 

8.5, −14.3 ppm. 

Synthesis of [LMn4O4(O2PPh2)3][OTf] (2-ox):  

To a stirring solution of 2 (150 mg, 84 μmol, 1 equiv) in CH2Cl2 (5 mL), a blue 

CH2Cl2 solution (4 mL) of [(4-BrPh)3N][OTf] (53 mg, 84 μmol, 1 equiv) was added. After 

the brown solution was stirred at room temperature for 16 hours, all volatiles were removed 

under reduced pressure. The residue was washed with Et2O (4 mL), washed with THF until 

the filtrate was no longer blue/green, dissolved in CH2Cl2, and filtered through Celite. 

Volatiles were removed from the filtrate under reduced pressure, yielding 2-ox as a brown 

powder (112 mg, 69 %). Crystals suitable for X-ray crystallography were obtained from a 

slow vapor diffusion of Et2O into a concentrated solution of 2-ox in CH2Cl2. 1H NMR (300 

MHz, CD2Cl2): δ 10.9, 9.9, 8.9, 8.2, −14.8 ppm. Analysis calculated for 

LMn4O4(O2PPh2)3(OTf) [C94H69F3Mn4N6O16P3S]: C 58.19, H 3.58, N 4.33; found: C 58.00, 

H 3.79, N 4.66.  

 

 

Figure 10. 1H NMR of 2 in CD2Cl2. 
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Figure 11. 1H NMR of 2-ox in CD2Cl2.  

 

Figure 12. ESI-MS of 2. m/z = 1792 is consistent with [LMn4O4(O2PPh2)3]+ formulation. 
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Table 1. Crystal and refinement data for complexes 2 and 2-ox. 

Compound 2 2-ox 

CCDC 1863637 1863638 

Empirical formula C94H71Cl2Mn4N6O13P3 C95H71Cl2F3Mn4N6O16P3S 

Formula weight 1876.13 2025.20 

Temperature/K 296.15 100.00 

Crystal system triclinic monoclinic 

Space group P-1 P21/n 

a/Å 14.2765(10) 14.3608(9) 

b/Å 14.3034(8) 27.4932(17) 

c/Å 23.7048(18) 23.6617(14) 

α/° 72.614(2) 90 

β/° 87.529(2) 101.255(2) 

γ/° 67.645(2) 90 

Volume/Å3 4258.6(5) 9162.5(10) 

Z 2 4 

ρcalcg/cm3 1.463 1.468 

μ/mm-1 0.767 0.748 

F(000) 1920.0 4132.0 

Crystal size/mm3 0.1 × 0.1 × 0.1 0.1 × 0.05 × 0.03 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.094 to 61.002 3.67 to 59.818 

Index ranges 
-20 ≤ h ≤ 19, -20 ≤ k ≤  

20, -33 ≤ l ≤ 33 
-23 ≤ h ≤ 23, -45 ≤ k ≤ 45,  

-39 ≤ l ≤ 39 

Reflections collected 163138 4703347 

Independent reflections 
25775 [Rint = 0.0594,  

Rsigma = 0.0494] 
43739 [Rint = 0.0541,  

Rsigma = 0.0346] 

Data/restraints/parameters 25775/0/1099 43739/30/1211 

Goodness-of-fit on F2 1.012 1.049 

Final R indexes [I>=2σ (I)] R1 = 0.0495, wR2 = 0.1122 R1 = 0.0590, wR2 = 0.1539 

Final R indexes [all data] R1 = 0.0780, wR2 = 0.1244 R1 = 0.0861, wR2 = 0.1739 

Largest diff. peak/hole / e Å-3 0.90/-1.32 2.16/-2.32 
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SQUID Magnetometry 

Magnetic susceptibility measurements were carried on a Quantum Design MPMS 3 

instrument running MPMS Multivu software. Crystalline samples were powdered and 

suspended in clear plastic straws in polycarbonate capsules. Data were recorded at 0.4 T from 

1.8−300 K. A diamagnetic correction of –970 × 10−6 cm3 /mol was made for 2-ox. Fitting 

simulations were performed using PHI.42 Fitting simulations were performed assuming an 

on-site zero field splitting parameter D(MnIV) ≈ 0 cm−1 and D(MnIII) = 0, −2, or −4 cm−1. 

The average J values are reported along with the standard deviation. 
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Figure 13. Fit parameters and corresponding χT vs. log(T) plots and Zeeman splitting 
diagrams for 2-ox. Regardless of D(MnIII) values within a reasonable range, a similarly large 
energy gap between ground and excited state is observed. 
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Abstract 

The S2 state of the Oxygen Evolving Complex (OEC) of Photosystem II (PSII) shows 

high-spin (HS) and low-spin (LS) EPR signals computationally attributed to distinct 

structures. Conversion between the two is a crucial topic of study in the context of 

progression to higher Sn states; importantly, both isomers feature five-coordinate MnIII 

centers, a characteristic absent in available spectroscopic model complexes. Herein, we 

report the synthesis, crystal structure, electrochemistry, SQUID magnetometry, and EPR 

spectroscopy of a MnIIIMnIV
3O4 cuboidal complex featuring a five-coordinate MnIII. Results 

demonstrate that coordination number has substantial effect on spectroscopy; a spin ground 

state of S = 5/2 is observed for the cluster with a five-coordinate Mn, and addition of water 

results in a spin state change of S = 5/2→1/2, emphasizing the sensitivity of the spectroscopy 

of tetramanganese oxo clusters to changes in ligand environment, without dramatic changes 

in the Mn4O4 cluster core. 
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4.1) Introduction 

The Oxygen Evolving Complex (OEC) in Photosystem II (PSII) performs the four-

electron oxidation of water to dioxygen.1-6 Upon photon absorption, the inorganic 

CaMn4Ox core sequentially advances to higher Sn (n = 0 ‒ 4) states. Structural and 

spectroscopic characterization of these intermediates has been crucial for mechanistic 

proposals of the OEC. Although significant progress has been achieved through extensive 

biochemical, biophysical, spectroscopic, and structural studies, fundamental questions 

about this mechanism remain. Synthetic model complexes of appropriate metal oxidation 

states and cluster geometries for higher Sn states are rare but have been demonstrated to 

complement and benchmark studies on the OEC.7-23 

For the S2 state, two EPR signals are observed at g = 2 and g = 4.1, attributed to 

two structures of similar energy by computation (Figure 1).24 Ferromagnetic coupling in 

the CaMnIV
3 cuboidal subsite (S = 9/2) and antiferromagnetic coupling to the dangler MnIII 

(S = 2) in the “closed-cubane” structure leads to a high-spin (HS) ground state of SG = 5/2. 

In the “open-cubane” structure, the CaMnIIIMnIV
2 subsite is proposed to be S = 1; 

antiferromagnetic coupling to the dangler MnIV (S = 3/2) leads to an overall low-spin (LS) 

ground state of SG = 1/2. Effectively, the two structures differ in the location of O(5), an 

oxo proposed to be involved in O‒O bond formation.25-26 Notably, both MnIII centers in 

these structures are five-coordinate, poised for binding an additional substrate water or 

hydroxide to give an all-octahedral MnIV
4 species in the S3 state.27-28 
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Figure 1. Proposed open-closed cubane structures of the inorganic CaMn4 core of the OEC 
in the S2 state.  
 

Recent pH dependence studies on the S2 state show that at high pH, the HS form is 

more prevalent.29 Though atomistic details following deprotonation of the LS species are 

unknown, these results highlight the sensitivity of the OEC towards small changes in the 

ligand environment.30-32 This observation is interesting as growing experimental data 

suggest that an intermediate step in the S2→S3 advancement is the conversion of the LS 

species to the HS species.33  

In contrast to the wealth of literature in biochemical and biophysical studies, a 

relatively small number of synthetic MnIIIMnIV
3 compounds have been characterized by 

EPR spectroscopy. Crucially, available MnIIIMnIV
3Ox model complexes of linear,34 

adamantane,35 and cubane geometries all contain six-coordinate Mn centers.15, 18, 36 OEC 

structural model compound CaMnIII
2MnIV

2O4(OPiv)8 contains a six-coordinate dangler 

MnIII, crystallizing as the pyridine adduct.37-38 In situ oxidation generates an EPR spectrum 

displaying two signals at g = 4.9 and g = 2 highly reminiscent of the biological system, 

though additional characterization was not reported. However, independent computational 

studies suggest these two signals arise from different structures.7, 39 
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 A series of cuboidal MnIIIMnIV
3O4 complexes reported by our laboratory15, 40-41 show 

that tuning of ligand electronics affects cluster electronic structure and spectroscopy without 

significantly perturbing the cubane core. These results contrast with the large oxo movements 

and cluster core structural changes proposed as the origin of the HS and LS signals in the S2 

state of the OEC, highlighting the need for further systematic studies on a larger scope of 

model compounds to better understand the factors influencing the spectroscopy of 

tetramanganese-oxo clusters.15  

Herein, we report on the sensitivity of the electronic structures of tetramanganese oxo 

clusters to changes in the Mn coordination number between five and six, as relevant to the 

OEC S2 state.  

The synthesis, crystal structure, electrochemistry, SQUID magnetometry, and EPR 

spectroscopy are described for a rare example of MnIIIMnIV
3O4 cluster with a five-

coordinate Mn center. The ground spin state of this cluster shifts from S = 5/2 to S = 1/2 

upon the addition of water, suggesting coordination number has an important role in ground 

spin state of this family of tetramanganese complexes even in the absence of substantial 

structural changes within the Mn4O4 core. 

4.2) Synthesis and crystal structure 

To gain access to Mn4O4 cubane clusters with open coordination sites, we targeted 

acetate-free derivatives of complexes supported by L3‒. Treatment of 1 with three 

equivalents of pyridinium triflate yielded 2 via a protonolysis reaction (Scheme 1). The 

ESI-MS peaks at m/z = 1242 and 1321 are consistent with the masses of [LMn3O4(py)2]+ 

and [LMn3O4(py)3]+, respectively. Complex 2 is an incomplete cuboidal Mn3O4 complex, 

lacking a fourth metal,70 a motif reminiscent of tris-thiolate supported [Fe3S4]0 complex 
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reported by Holm,42-43 and N-heterocyclic carbene supported [Fe3S4]+/0 complexes reported 

by Suess.44 Reconstitution of homometallic [Fe4S4] and heterometallic [MFe3S4] (M = Co, 

Ni, Cu, Mo, W, Pd, Pt, Tl, Ag) cubanes was achieved by addition of simple metal 

precursors,43, 45-47 highlighting the synthetic utility of this approach for site-differentiated 

clusters challenging to prepare via self-assembly methods.  

 

Figure 2. Synthesis of complexes studied in this work. Complex 1 is previously reported. 
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Inspired by this strategy, 2 was employed as a precursor to acetate-free Mn4O4 

complexes with open coordination sites. Treatment of 2 with one equivalent of 

Mn(OTf)2·2(MeCN), one equivalent of H2diamMes, and two equivalents of base generated 

acetate-free cluster 3 (Figure 2). The X-ray crystal structure of 3 is consistent with the 

LMn4O4(diamMes)(OTf) formulation (Figure 4). Based on Mn‒oxo bond lengths, individual 

manganese oxidation states of 3 can be assigned as follows: Mn(1) and Mn(2) as MnIV
, 

Mn(3) and Mn(4) as MnIII. Axial-elongation of MnIII‒oxo bond lengths due to population 

of σ-antibonding dz2 orbital can be observed for Mn(3) and Mn(4) (2.181(2) and 2.199(2)  

Å, respectively). The remaining Mn‒oxo bond lengths vary between 1.823‒1.925 Å, 

displaying a similar range to other MnIII
2MnIV

2O4 cubane complexes.15, 40-41  

Addition of bulky siloxide KOSiPh3 to 3 yields 4. The crystal structure of 4 is 

consistent with the LMn4O4(diamMes)(OSiPh3) formulation (Figure 4). In this structure, two 

axially elongated MnIII‒oxo bonds (Å) are observed (Mn(1)‒O(2) 2.120(2), Mn(3)‒O(4) 

2.073(2)), confirming the MnIII
2MnIV

2 oxidation state of 4. In comparison to 3, the position 

of one MnIII ion in the cluster core is different; this internal redox reorganization is consistent 

with the ability of electron-donating siloxide ligands to act as both σ and π donors.48 Similar 

behavior is observed for related disiloxide ligated Mn4O4 complexes.41 Notably, addition of 

KOSiPh3 to related acetate-ligated Mn4O4 clusters did not result in any reaction at ambient 

conditions, highlighting the utility of this synthetic strategy in accessing a five-coordinate 

Mn center for this series of complexes. 

The cyclic voltammogram (CV) of 4 in THF shows a quasi-reversible redox process 

at ‒0.24 V versus Fc/Fc+, assigned to the (MnIII
2MnIV

2)/(MnIIIMnIV
3) redox couple (Figure 

3).  
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Figure 3. a) CV of 4. Eox = ‒ 0.24 V vs. Fc/Fc+. b) Isolated redox couple measured at various 
scan rates (mV/s) c) Plot of peak current vs. square root of scan rate. 
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Treatment of 4 with one equivalent of FcOTf generates the one-electron oxidized 

species 4-ox. The crystal structure of 4-ox is consistent with the 

[LMn4O4(diamMes)(OSiPh3)][OTf] formulation (Figure 2). Axial-elongation of one MnIII‒

oxo bond (2.093(3) Å trans to the open coordination site) due to population of -

antibonding dz2 orbital is observed for Mn(3). To our knowledge, complex 4-ox is the first 

structurally characterized MnIIIMnIV
3Ox cluster featuring a MnIII with an open coordination 

site. In the context of the isomerism proposed for the S2 state of the OEC, and for 

comparison to previously studied model compounds, 4-ox was further characterized to 

determine the effects of coordination number. 

Table 1. Selected bond distances (Å) and angles (°) in complexes 3, 4, and 4-ox. Bolded 
entries highlight elongated Mn-oxo bond lengths.  
 
      3      4      4-ox 
Mn(1) ‒ O(2) 1.923(2) 2.120(2) 1.883(3) 
Mn(1) ‒ O(3) 1.823(2) 1.8927(19) 1.899(3) 
Mn(1) ‒ O(4) 1.878(2) 1.945(2) 1.879(3) 
Mn(2) ‒ O(1) 1.904(2) 1.922(2) 1.917(3) 
Mn(2) ‒ O(3) 1.867(2) 1.8831(19) 1.878(3) 
Mn(2) ‒ O(4) 1.866(2) 1.871(2) 1.891(3) 
Mn(3) ‒ O(1) 1.914(2) 1.9332(19) 1.938(3) 
Mn(3) ‒ O(2) 1.925(2) 1.8751(19) 1.917(3) 
Mn(3) ‒ O(4) 2.181(2) 2.073(2) 2.093(3) 
Mn(4) ‒ O(1) 1.923(2) 1.9243(19) 1.906(3) 
Mn(4) ‒ O(2) 1.902(2) 1.8748(19) 1.927(3) 
Mn(4) ‒ O(3) 2.199(2) 1.933(2) 1.928(3) 
Mn(4) ‒ O(5)      ‒ 1.845(2) 1.810(3) 
Mn(4)‒O(5)‒Si(1)      ‒ 148.60(13) 154.7(2) 

 

  



 

 

83

Table 2. Comparison of selected distances (Å) and bond angles (°) in complexes 
[LMn4O4(diam)(OAc)]+ 15 and 4-ox.  
 
  [ LMn4O4(diam)(OAc)]+ 15 4-ox 

Mn(1) ‒ Mn(2) 2.899(2) 2.847(1) 

Mn(1) ‒ Mn(3) 2.946(1) 2.878(1) 

Mn(1) ‒ Mn(4) 2.777(1) 2.786(1) 

Mn(2) ‒ Mn(3) 2.962(1) 2.936(2) 

Mn(2) ‒ Mn(4) 2.758(1) 2.782(1) 

Mn(3) – Mn(4) 2.804(1) 2.847(1) 

Mn(1) – O(3) – Mn(4) 93.7(2) 93.4(1) 

Mn(1) – O(2) – Mn(4) 93.7(2) 94.0(1) 

Mn(1) – O(3) – Mn(2) 99.4(2) 97.9(1) 

Mn(1) – O(4) – Mn(2) 97.1(2) 98.0(1) 

Mn(2) – O(3) – Mn(4) 93.4(2) 94.0(1) 

Mn(2) – O(1) – Mn(4) 93.1(2) 93.4(1) 

Mn(2) – O(1) – Mn(3) 101.5(2) 99.2(1) 

Mn(2) – O(4) – Mn(3) 96.0(2) 94.8(1) 

Mn(3) – O(2) – Mn(1) 101.4(2) 98.5(1) 

Mn(3) – O(4) – Mn(1) 95.2(2) 92.7(1) 

Mn(3) – O(1) – Mn(4) 94.3(2) 95.6(1) 

Mn(3) – O(2) – Mn(4) 94.5(2) 95.6(1) 
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Figure 4. Truncated crystal structures of 3 (top, left), 4 (top, right), and 4-ox (bottom). 
Mn(green), O (red), N (blue), C (black), F (light green), Si (light purple), S (yellow). Bolded 
bond highlight Mn-oxo bonds. Thermal ellipsoids are plotted at 50% probability.  
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4.3) Magnetometry 

Complex 4-ox was studied by SQUID magnetometry in the temperature range of 2‒

300 K at a nonsaturating field of 0.2 T (Figure 5). At 300 K, the χT value of 6.113 

emu·K·mol‒1 indicates antiferromagnetic coupling, as the expected spin-only value is 8.625 

emu·K·mol‒1 (g = 2) for an uncoupled MnIII (S = 2) and three MnIV (S = 3/2) centers. χT 

decreases with temperature, reaching a minimum of 3.07 emu·K·mol‒1 at 20 K. Further 

cooling shows an increase in χT until a value of 4.151 emu·K·mol‒1 is observed at 2 K. This 

value is in good agreement with the expected χT value of 4.375 emu·K·mol‒1 for a SG = 5/2 

(g = 2) ground state. The data can be modeled49 with an isotropic spin exchange Hamiltonian 

(Eq. 1) with four unique magnetic interactions, assuming pseudo-CS symmetry of the 

[Mn4O4] core (Figure 3). Zero-field splitting (ZFS) parameters of |D| = 0 cm‒1 (MnIV) and 

0.32 cm‒1 (MnIII) provided a good fit, consistent with EPR simulations, vide infra. ZFS values 

for octahedral MnIV complexes are expected to be small (~0.2 cm‒1) due to the near spherical 

symmetry of the  (𝑡ଶ௚
ଷ 𝑒௚

଴) state.50-52 While mononuclear MnIII complexes of varying 

geometries tend to have larger ZFS values (|D| = ~1‒5 cm‒1),53 smaller values (|D| = ~0.3‒

0.4 cm‒1) have been observed for triangular MnIII
3 and cuboidal MnIII

3MnIVO3Cl 

complexes.54-55 Overall, magnetic susceptibility studies indicate a S = 5/2 ground state for 4-

ox, contrasting directly with [Mn4O4]7+ compounds supported by L3‒. 

𝐻෡ =  −2 ∑ 𝐽௜௝𝑆ప
෡ ∙ 𝑆ఫ

෡௜,௝∈ே
௜ஷ௝               (1) 
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Figure 5. Magnetic susceptibility, exchange coupling model, and fit parameters for 4-ox. For 
the exchange coupling model, the mirror plane of the pseudo-CS symmetry contains the 
bolded vector and bisects the hashed vector. Numbering scheme is identical to that in Figure 
4. 
 
4.4) EPR spectroscopy 
 

Frozen solution samples of 4-ox were studied by X-band CW-EPR spectroscopy. 

At 5 K, the EPR spectrum of 4-ox displays a broad, intense feature centered at ~160 mT (g 

= 4.24), with a small shoulder with maximum intensity at g ~ 8.9. A low-intensity signal 

centered at g = 2 with 55Mn hyperfine interactions is also observed (Figure 6). All features 

display similar temperature dependence (Figure 6) and the spectrum can be simulated56 

using the following parameters: g = [2.074, 2.068, 2.045], giso = 2.062, |D| = 0.32 cm‒1, 

E/D = 0.265 (Figure 7iv). This EPR spectrum is reminiscent of that of adamantane-shaped 

[Mn4O6(bpea)4]3+ (bpea = N, N-bis(2-pyridylmethyl)ethylamine).35 An intense broad peak 

at g ~ 4.1 with a shoulder at g ~ 9.1 was assigned to a SG = 5/2 with an E/D value of 0.2, 

with |D| = 1.1 cm‒1 determined from field-dependent magnetic susceptibility studies. A 

related complex 5-ox, bearing different substituents on the siloxide moiety but also 

possessing a five-coordinate MnIII, features a similar EPR spectrum (Figure 7).  
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Figure 6. Variable temperature X-band EPR spectrum of 4-ox. Acquisition parameters: 
frequency = 9.64 MHz, power = 8.7 mW, conversion time = 10.00 ms, and modulation 
amplitude = 8G. 
 

 
Figure 7. Scheme depicting complex 5-ox (left). X-band CW EPR spectrum of 5-ox at T = 
5 K (right). Acquisition parameters: frequency = 9.64 MHz, power = 8.7 mW, conversion 
time = 10.00 ms, and modulation amplitude = 8G. 
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Figure 8. i) X-band EPR of the S2 state of the OEC,
59 ii) [LMn4O4(OPPh2)3][OTf] (5 K) 

SG = 1/2,15 iii) [LMn4O4(diam)(OAc)][OTf] (17.5 K) SG = 1/2, SES = 3/2,15 iv) 4-ox (5 K), 
SG = 5/2, v) addition of ~80 equiv. of H2O to 4-ox, (5 K) SG = 1/2. Data (black traces) and 
simulation (dashed red traces). See text for simulation parameters and experimental section 
for acquisition parameters. 
 

In contrast, other cuboidal Mn4O4 complexes supported by the                                           

same ancillary ligand L3‒ exhibit SG = 1/2.15, 40 For tris-phosphinate cluster 

[LMn4O4(O2PPh2)3][OTf], a broad signal centered about g = 2 with 55Mn hyperfine coupling 

interactions is observed, consistent with the well-isolated SG = 1/2 ground state determined 

by magnetometry (Figure 8ii). Diamidate complex [LMn4O4(diam)(OAc)][OTf] also 

possesses a ground state of S = 1/2, with a low-lying quartet excited state predicted to be 3 ‒

5 cm‒1 (equivalent temperature 4.3‒7.2 K) higher in energy. Consequently, the EPR 

spectrum of this species shows significant temperature dependence; at low temperatures (5 

K) only a multiline signal at g = 2 is observed, but as the temperature is increased, population 
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of the quartet excited state gives rise to a broad signal at g = 4.2 concomitant with decreasing 

intensity of the LS signal (Figure 8iii). Despite high similarities in structural parameters of 

the cubane cores (Table 2), complex 4-ox displays drastically different magnetic and 

spectroscopic properties from these examples.15 

To further investigate the effect of Mn coordination number on the spectroscopy of 

Mn4O4 complexes, we monitored the reaction between 4-ox and water by EPR spectroscopy. 

After addition of ~80 equivalents of water, a new species with a broad feature centered about 

g = 2 featuring 55Mn hyperfine interactions is observed (Figure 8v). Assignment of this 

putative OHx-bound species will be discussed. 

To gain better understanding of the Mn hyperfine interactions (HFI) in this species, 

55Mn Davies electron nuclear double resonance (ENDOR) spectra were collected at Q-band 

(Figure 9b). The pulse sequence π-tRF-πRF-tRF-π/2-τ−π−τ-echo was used. Spectra were 

collected at 1170, 1205, 1240, 1270, and 1300 mT along the envelope of the electron spin-

echo detected EPR (ESE-EPR) spectrum (Figure 9a). The ESE-EPR spectrum, ENDOR 

spectra, and X-band CW spectrum can be approximated with the following parameters: g = 

[1.999, 1.946, 1.938], giso = 1.961, and 55Mn hyperfine interactions Ai (Aiso)i Mn1 = [287, 

311, 384] (327) MHz, Mn2 = [203, 256, 292] (250) MHz, Mn3 = [176, 204, 251] (209) MHz. 

Mn4 = [130, 186, 221] (178) MHz. One unique Mn with larger HFI (Aiso = 327 MHz) is 

consistent with the presence of one MnIII ion in this species.57 This spread of HFI values is 

also comparable to those determined for [LMn4O4(diam)(OAc)]+ and the S2 state of T. 

elongatus, Synechocystis, and spinach PSII (Table 3).15, 50, 58-59  
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Table 3. Summary of the effective g and 55Mn HFI tensors (isotropic) for 4-ox-H2O, 
[LMn4O4(diam)(OAc)]+,15 T. elongatus,7 spinach PSII,8 and Synechocystis.59  
 

 g A1 A2 A3 A4 

4-ox-H2O 1.961 327 250 209 178 
[LMn4O4(diam)(OAc)]+  1.970 315 230 228 198 

T. elongatus 1.968 312 251 208 191 
Spinach 1.977 298 248 205 193 

Synechocystis 1.984 307 204 190 209 
 
 

     

 

Figure 9. Experimental spectra of the reaction of 4-ox and ~80 equiv. of H2O (b) or D2O 
(c) (black traces) and simulation (dashed red traces) (a) Q-band electron spin echo (ESE) 
EPR. (b) Q-band 55Mn Davies ENDOR recorded at five magnetic field positions. (c) Q-
band 2H Mims ENDOR 2H−1H difference spectra centered at 2H Larmor frequency 
collected at three magnetic field positions. See text for simulation parameters and 
experimental section for acquisition parameters.  
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Deuterium-labeled samples prepared analogously using 2H2O were further 

characterized via 2H Mims ENDOR using the pulse sequence π/2-τ-π/2-tRF-πRF-tRF-π/2-τ-

echo (see Experimental section for further details). 2H−1H difference spectra (Figure 9c) 

centered about the Larmor frequency of 2H show signals consistent with a single resolved 

class of weak coupling to deuterium of A (aiso) = [−1.24, −2.06, −0.41] (−1.24) MHz, 

confirming the binding of O2Hx to the cluster. In the absence of definitive structural data 

confirming the location of the protons, assignment of this feature as a hydroxide or water 

bound to MnIII or MnIV is difficult, and further detailed studies are in progress to evaluate 

and differentiate hydroxide versus water binding.60-61 

Analogous samples prepared with 17OH2 (70% enrichment) were also studied via 

17O Mims ENDOR at Q-band. Due to large overlap of the 17O peaks with the 14N signals 

from the ancillary ligands, one of the expected 17O peaks is obscured. Based on the position 

of the observable 17O peak relative to the 17O Larmor frequency, a 17O hyperfine coupling 

constant of A = ~ 3 MHz is estimated (Figure 10). Importantly, this study further confirms 

the binding of OHx group(s) to the cluster. In addition to FTIR spectroscopy and mass 

spectrometry, W-band 17O EPR studies on the S0 and S1 states have been utilized to 

determine different classes of exchangeable oxygen nuclei.62-65 Hyperfine coupling 

constants of ~ 10 MHz, ~ 5 MHz, and < 2 MHz have been assigned to bridging oxos, 

terminal Mn-aquo(hydroxo) and Ca-aquo moieties, respectively.66-67 Benchmarking from 

relevant 17O-labelled Mn synthetic compounds is limited to mononuclear and dinuclear 

examples due to synthetic challenges.68-69 In 4-ox-H2O, the estimated hyperfine coupling 

constant of ~ 3 MHz is within the expected regime for a terminal Mn-aquo/hydroxo moiety 

and represents a rare example of 17O labeling in tetranuclear Mn4 clusters. 
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Figure 10. Q-band 17O Mims ENDOR centered about 17O Larmor frequency, collected at 
1240 mT, T = 3.5 K. Comparison between samples prepared using natural abundance water 
(top) versus 17O labeled water (bottom) confirm the binding of OHx group(s) to the cluster. 
Peaks not centered about 17O Larmor frequency present in both natural abundance and 
labeled samples are attributed to 14N signals from ancillary ligands. 

 

 

Figure 11. Addition of water to 4-ox to generate 4-ox-H2O.  

Given that an OHx moiety is bound to the paramagnetic center, two scenarios are 

plausible. This new species can be the product of simple ligand binding to MnIII or that of a 

more complex process involving hydrolysis of the siloxide to yield a hydroxide-bound 
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cluster and one equivalent of byproduct triphenylsilanol. Due to the large excess of water 

added, this putative hydroxide species is proposed to contain a water molecule coordinated 

to the original five-coordinate MnIII site (Figure 11). Allowing pentane to diffuse into a THF 

solution of 4-ox (with a different weakly-coordinating anion) treated with water also yielded 

crystals of lower quality, confirming an intact [LMn4O4(diamMes)(OHx)(OHy)]+ cluster core 

(Figure 12). Mn-oxo bond lengths in the core corroborate a MnIIIMnIV
3 oxidation state, with 

only one elongated Mn(3)−O(4) bond length of 2.186(9) Å (Table 4). The differences in the 

bond lengths of Mn(4)−O(5) (1.87(1) Å) and Mn(3)−O(6) (2.22(1) Å) suggest hydroxide and 

aquo ligands, respectively. Importantly, all Mn centers in both species are six-coordinate, 

with water-derived ligand(s) bound to the cluster, further demonstrating ground spin state 

conversion upon coordination number change at Mn. Notably, the X-band CW EPR 

spectrum of re-dissolved crystals in 1:1 CH2Cl2:2-MeTHF is nearly identical to that of the 

in-situ generated sample with ~ 80 equivalents of H2O (Figure 13). 
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Figure 12. Truncated structures of 4-ox-H2O. Mn(green), O (red), N (blue), C (black), F 
(light green), Si (light purple), S (yellow). Bolded bond highlight Mn-oxo bonds. Thermal 
ellipsoids are plotted at 50% probability. 
 
 
Table 4. Selected bond distances (Å) and angles (°) in complexes 4-ox-H2O. Bolded entries 
highlight elongated Mn-oxo bond lengths. 
 

 4-ox-H2O 
Mn(1) ‒ O(2) 1.919(1) 
Mn(1) ‒ O(3) 1.84(1) 
Mn(1) ‒ O(4) 1.89(1) 
Mn(2) ‒ O(1) 1.912(9) 
Mn(2) ‒ O(3) 1.89(1) 
Mn(2) ‒ O(4) 1.82(1) 
Mn(3) ‒ O(1) 1.89(2) 
Mn(3) ‒ O(2) 1.96(1) 
Mn(3) ‒ O(4) 2.186(9) 
Mn(4) ‒ O(1) 1.94(1) 
Mn(4) ‒ O(2) 1.92(2) 
Mn(4) ‒ O(3) 1.956(9) 
Mn(4) ‒ O(5) 1.87(1) 
Mn(4) ‒ O(6) 2.22(1) 
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Figure 13. Comparison of the in situ generated water-bound species by addition of ~80 
equiv. of H2O to 4-ox (black trace) and isolated crystals of 4-ox-H2O, dissolved in 1:1 
CH2Cl2:2-MeTHF (blue trace). Both spectra collected at T = 5 K. Acquisition parameters: 
frequency = 9.64 MHz, power = 8.8 mW, conversion time = 10 ms, and modulation 
amplitude = 8 G.  
 

4.5) Discussion 

Comparisons in the series [LMn4O4(O2PPh2)3]+, [LMn4O4(diam)(OAc)]+, 4-ox, and 

4-ox-H2O emphasize that large structural perturbations of the metal-oxo core are not required 

to observe HS and LS EPR signals in tetramanganese oxo complexes. Geometric changes 

much smaller than those proposed for the S2 state of the OEC, including binding or 

dissociation of ligands, can have a significant impact on the electronic structure and 

spectroscopy.  

In conclusion, a unique MnIIIMnIV
3O4 cuboidal complex featuring a five-coordinate 

Mn center has been synthesized and characterized by XRD, electrochemistry, SQUID 

magnetometry, and EPR spectroscopy. Comparisons to a series of structurally similar 

complexes demonstrate the ability to change ground spin state without large perturbations of 
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the cluster core. Binding of OHx group(s) was confirmed via presence of 2H and 17O coupling 

in Mims ENDOR spectra, and crystallography. For this series, coordination number plays an 

important role, as binding of additional ligands results in ground spin-state change from HS 

to LS.  

4.6) Experimental  

General considerations  

All reactions were performed at room temperature in an N2-filled glovebox or by 

using standard Schlenk techniques unless otherwise specified. Glassware was oven dried at 

150 °C for at least 2h prior to use and allowed to cool under vacuum. All reagents were used 

as received unless otherwise stated. Compound 1 was prepared according to literature.12 

Ferrocenium triflate was synthesized according to literature. KOSiPh3 was synthesized by 

addition of one equivalent of KH to HOSiPh3 in THF. Anhydrous tetrahydrofuran (THF) 

was purchased from Aldrich in 18 L Pure-PacTM containers. Anhydrous CH2Cl2, diethyl 

ether, benzene, pentane, and THF were purified by sparging with nitrogen for 15 minutes 

and then passing under nitrogen pressure through a column of activated A2 alumina. NMR 

solvents were purchased from Cambridge Isotope Laboratories, dried over calcium hydride 

(CD2Cl2, CD3CN) or over sodium/benzophenone (C6D6), degassed by three freeze-pump-

thaw cycles and vacuum-transferred prior to use. 1H2O and 2H2O for EPR experiments were 

degassed by sparging with N2 or three freeze-pump-thaw cycles, respectively. 17OH2 (70% 

isotopic enrichment) was purchased from Sigma Aldrich. 1H and 19F NMR spectra were 

recorded on a Varian 300 MHz instrument, with shifts reported relative to the residual solvent 

peak. Elemental analyses were performed at the California Institute of Technology or at the 

University of Rochester. 
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Synthesis of N,N'-(propane-1,3-diyl)bis(2,4,6-trimethylbenzamide)  

A 100 mL round bottom flask equipped with a magnetic stir bar was charged with a 

solution of 1,3-diaminopropane (1 mL, 0.888 g, 0.012 mmol, 1 equiv) in CH2Cl2 (20 mL) 

and cooled in an ice-water bath. To this stirring solution was added excess triethylamine (4 

mL, 0.029 mmol). Two equivalents of 2,4,6-trimethylbenzoyl chloride (4.08 mL, 0.024 

mmol, 2.04 equiv) was added dropwise via syringe and a white precipitate formed 

immediately. The reaction mixture was warmed up to room temperature and allowed to stir 

for 16 hours. Water (10 mL) was added to the reaction, followed by a saturated aqueous 

solution of NaHCO3 (30 mL). The organic layer was collected, and the aqueous layer 

extracted with additional CH2Cl2 (15 mL x 3). The organic fractions were combined, dried 

over MgSO4, and filtered. Volatiles were removed under reduced pressure and the residue 

was washed with copious amounts of Et2O and hexanes to yield a white powder. (3 g, 69.7%). 

1H NMR (500 MHz, CDCl3): d 6.83 (s, 4H), 6.30 (t, 2H), 3.56 (q, 4H), 2.29 (s, 12 H), 2.26 

(s, 6H), 1.87 (p, 2H) ppm. 13C NMR (125.7 MHz, CDCl3): d 171.43, 138.58, 134.88, 134.11, 

128.41, 36.37. 30.48, 21.21, 19.37 ppm.  

Synthesis of LMn4O4(diamMes)(OTf) (3) 

Compound 2 (750 mg, 0.51 mmol, 1 equiv) was dissolved in a 3:1 mixture of THF-

pyridine (5 mL) and stirred. A THF solution of Mn(OTf)2·(MeCN)2 (244 mg, 0.56 mmol, 

1.1 equiv) and a pyridine solution of H2diamMes (206 mg, 0.56 mmol, 1.1 equiv) were added 

sequentially to the reaction mixture. After 5 minutes, sodium tert-butoxide (109 mg, 1.13 

mmol, 2.2 equiv) was dissolved in THF and added dropwise, and the reaction mixture was 

stirred for 16 hours. Volatiles were removed under reduced pressure and the residue was 

triturated with Et2O. The residue was suspended in Et2O, collected over a pad of Celite, and 
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washed thoroughly with more Et2O. The solid was extracted with a generous amount of 

benzene and all volatiles were removed from the filtrate under reduced pressure to yield 

compound 3 as a brown powder (300 mg, 35.6%). Crystals suitable for X-ray crystallography 

were obtained from slow vapor diffusion of Et2O into a concentrated solution of 3 in benzene. 

1H NMR (300 MHz, C6D6): δ 55.5, 48.2, 25.3, 20.9, 17.9, 16.1, 14.2, −9.9, −13.3, −15.1, 

−49.4, −65.2 ppm. 19F NMR (300 MHz, C6D6): δ ‒41 ppm. Analysis calculated for 

LMn4O4(diamMes)(OTf) [C81H67F3Mn4N8O12S]: C 58.85, H 4.08, N 6.78; found: C 58.52, H 

3.99, N 6.69. 

Synthesis of LMn4O4(diamMes)(OSiPh3) (4) 

 To a stirring benzene suspension of compound 3 (44 mg, 0.027 mmol, 1 equiv), a 

benzene solution of KOSiPh3 (10 mg, 0.032 mmol, 1.18 equiv) was added slowly. The 

reaction mixture was stirred at room temperature for 5 hours and filtered over a pad of Celite. 

All volatiles were removed under reduced pressure. Vapor diffusion of Et2O into a 

concentrated THF solution of 4 shows co-crystallization of 4 and KOSiPh3. This precipitate 

was collected and washed with Et2O and cold benzene. Compound 4 was extracted with 

CH2Cl2. From this filtrate, all volatiles were removed under reduced pressure, yielding 

compound 4 as a brown powder (20 mg, 42%). Crystals suitable for X-ray crystallography 

were obtained from slow vapor-diffusion of Et2O into a concentrated THF solution of 4. 1H 

NMR (300 MHz, C6D6):  δ 38.8, 22.5, 20.4, 18.7, 15.0, 14.0, −2.1, −5.0, −15.5, −23.5, −36.7 

ppm. Analysis calculated for LMn4O4(diamMes)(OSiPh3) · Et2O [C102H92Mn4N8O11Si]: C 

66.09, H 5.00, N 6.04; found C 66.67, H 4.86, N 6.08.  
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Synthesis of [LMn4O4(diamMes)(OSiPh3)][OTf] (4-ox) 

To a stirring CH2Cl2 solution of 4 (87.2 mg, 0.049 mmol, 1 equiv), a CH2Cl2 solution 

of FcOTf (17.2 mg, 0.051 mmol, 1.04 equiv) was added dropwise. The reaction was stirred 

for 30 minutes, and all volatiles were removed under reduced pressure. The residue was 

suspended in pentane, collected over a pad of Celite, washed with Et2O and THF. The solid 

residue was dissolved in CH2Cl2 and filtered through the pad of Celite. Volatiles were 

removed from this filtrate, yielding compound 4-ox as a brown powder (82.8 mg, 88%). 

Crystals suitable for X-ray crystallography were obtained from a slow vapor-diffusion of 

Et2O into a concentrated CH2Cl2/fluorobenzene solution of 4-ox. 1H NMR (300 MHz, 

CD2Cl2): δ 51.0, 15.8, 12.5, 10.7, −11.4, −11.9, −27.6 ppm. 19F NMR (300 MHz, CD2Cl2): 

δ −78 ppm. Analysis calculated for [LMn4O4(diamMes)(OSiPh3)][OTf]·CH2Cl2 

[C100H84Cl2F3Mn4N8O13SSi]: C 59.65, H 4.20, N 5.56; found: C 60.37, H 4.14, N 5.51. 

Synthesis of LMn4O4(diamMes)(OSi(OtBu)3) (5) 

To a stirring benzene suspension of compound 3 (20.1 mg, 0.012 mmol, 1 equiv), a 

benzene solution of KOSi(OtBu)3 (4.2 mg, 0.014 mmol, 1.16 equiv) was added. The reaction 

mixture was stirred at room temperature for 16 hours and filtered over a pad of Celite. All 

volatiles were removed under reduced pressure. This precipitate was collected and washed 

with Et2O and cold benzene. Compound 5 was extracted with CH2Cl2. From this filtrate, all 

volatiles were removed under reduced pressure, yielding compound 5 as a brown powder (12 

mg, 42%). Crystals suitable for X-ray crystallography were obtained from slow vapor-

diffusion of Et2O into a concentrated CH2Cl2 solution of 5. 1H NMR (300 MHz, C6D6):  δ 

47.2 (br), 26.0 (br), 19.5, 17.9, 16.6, 15.4, 13.7, 12.3, −4.6, −9.5, −17.5 ppm.   
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Synthesis of [LMn4O4(diamMes)(OSi(OtBu)3)][OTf] (5-ox)  

To a stirring CH2Cl2 solution of 5 (30.3 mg, 0.017 mmol, 1 equiv), a CH2Cl2 solution 

of FcOTf (6.1 mg, 0.018 mmol, 1.05 equiv) was added dropwise. The reaction was stirred 

for 1 hour, and all volatiles were removed under reduced pressure. The residue was 

suspended in pentane, collected over a pad of Celite, washed with Et2O and THF. The solid 

residue was dissolved in CH2Cl2 and filtered through the pad of Celite. Volatiles were 

removed from this filtrate, yielding compound 5-ox as a brown powder (15 mg, 88%). 

Crystals suitable for X-ray crystallography were obtained from a slow vapor-diffusion of 

Et2O into a concentrated CH2Cl2 solution of 5-ox. 1H NMR (300 MHz, CD2Cl2): δ 55.7, 40.3, 

−9.0, −12.5, −14.5, −17.8, −29.3 ppm. 19F NMR (300 MHz, CD2Cl2): δ −78 ppm.  

Synthesis of [LMn4O4(diamMes)(OH)(OH)2][MeSiF] (4-ox-H2O)  

To a stirring CH2Cl2 solution of 4 (21 mg, 0.012 mmol, 1 equiv), a CH2Cl2 solution 

of FcMeSiF3 (10.4 mg, 0.013 mmol, 1.05 equiv) was added dropwise. The reaction was stirred 

for 1 hour, and all volatiles were removed under reduced pressure. The residue was 

suspended in pentane, collected over a pad of Celite, and washed with more pentane. The 

solid residue was dissolved in Et2O and filtered through the pad of Celite. Volatiles were 

removed from this filtrate, yielding [LMn4O4(diamMes)(OSiPh3)][MeSiF] as a brown powder 

(20 mg, 54%). 1H NMR (300 MHz, C6D6): δ 50.7, −12.1, −13.1, −28.5 ppm. 19F NMR (300 

MHz, C6D6): δ −68 ppm. This compound was used without further purification. A drop of 

degassed water was added to a concentrated THF solution of this compound. Crystals 

suitable for X-ray crystallography were obtained from a slow vapor-diffusion of pentane into 

this THF solution. 
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NMR Spectroscopy 

 

 
Figure 14. 1H NMR of H2diamMes in CDCl3. 
 
 

 
Figure 15. 13C NMR of H2diamMes in CDCl3. 
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Figure 16. 1H NMR of 3 in C6D6. 

 
Figure 17. 19F NMR of 3 in C6D6. 
 

 
Figure 18. 1H NMR of 4 in C6D6. 
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Figure 19. 1H NMR of 4-ox in CD2Cl2. 
 

 
Figure 20. 19F NMR of 4-ox in CD2Cl2. 

 
Figure 21. 1H NMR of [LMn4O4(diamMes)(OSiPh3)][MeSiF] in C6D6. 
 
 

 
Figure 22. 19F NMR of [LMn4O4(diamMes)(OSiPh3)][MeSiF] in C6D6.  
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Figure 23. 1H NMR of 5 in C6D6. 
 

 
Figure 24. 1H NMR of 5-ox in CD2Cl2. 
 

 
Figure 25. 1H NMR of 4-ox in CD3CN. 
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Figure 26. 1H NMR of addition of ~80 equivalents of H2O to 4-ox in CD3CN, using standard 
acquisition parameters for diamagnetic compounds. Spectrum acquired ~5 min after addition 
of H2O. Presence of Ph3SiOH suggests protonolysis of siloxide moiety.  
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Table 4. Crystal and refinement data for complexes 3 and 4. 
Compound 3 4 

CCDC 2259279 2259280 

Empirical formula C85H77F3Mn4N8O13S C98H82Mn4N8O10Si 

Formula weight 1727.36 1779.56 

Temperature/K 100.00 99.99 

Crystal system monoclinic monoclinic 

Space group P21/n P21/n 

 a/Å 21.794(5) 16.085(2) 

b/Å 15.9356(19) 25.868(3) 

c/Å 23.734(4) 23.032(4) 

α/° 90 90 

β/° 109.230(8) 101.938(13) 

γ/° 90 90 

Volume/Å3 7783(2) 9376(2) 

Z 4 4 

ρcalcg/cm3 1.474 1.261 

μ/mm-1 6.059 4.892 

F(000) 3560.0 3680.0 

Crystal size/mm3 0.12 × 0.06 × 0.03 0.02 × 0.19 × 0.29 

Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) 

2Θ range for data collection/° 6.806 to 145.686 5.2 to 159.494 

Index ranges 
-26 ≤ h ≤ 26, -19 ≤ k ≤ 19, -25 

≤ l ≤ 29 
-19 ≤ h ≤ 19, -31 ≤ k ≤ 32, -

28 ≤ l ≤ 28 

Reflections collected 105798 81727 

Independent reflections 
15169 [Rint = 0.0613, Rsigma = 

0.0411] 
18915 [Rint = 0.0764, 

Rsigma = 0.0623] 

Data/restraints/parameters 15169/0/1035 18915/0/1096 

Goodness-of-fit on F2 1.025 1.057 

Final R indexes [I>=2σ (I)] R1 = 0.0507, wR2 = 0.1225 R1 = 0.0516, wR2 = 0.1131 

Final R indexes [all data] R1 = 0.0650, wR2 = 0.1303 R1 = 0.0742, wR2 = 0.1230 

Largest diff. peak/hole / e Å-3 1.62/-0.68 0.66/-0.59 
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Table 5. Crystal and refinement data for complexes 4-ox and 4-ox-H2O.  
Compound 4-ox 4-ox-H2O 

CCDC 2259281 2259282 

Empirical formula C99H83F3Mn4N8O13SSi C112.92H112.56F24Mn4N8O17.57Si 

Formula weight 1929.64 2566.81 

Temperature/K 100.00 100.15 

Crystal system monoclinic triclinic 

Space group P21/n P-1 

a/Å 15.274(7) 15.9477(10) 

b/Å 29.224(12) 19.5508(12) 

c/Å 24.016(6) 21.5860(12) 

α/° 90 89.277(3) 

β/° 92.815(14) 73.810(4) 

γ/° 90 66.035(4) 

Volume/Å3 10707(7) 5867.2(6) 

Z 4 2 

ρcalcg/cm3 1.197 1.453 

μ/mm-1 0.555 4.441 

F(000) 3976.0 2633.0 

Crystal size/mm3 0.4 × 0.4 × 0.15 0.3 × 0.15 × 0.05 

Radiation MoKα (λ = 0.71073) CuKα (λ = 1.54178) 

2Θ range for data 
collection/° 

3.67 to 59.818 4.29 to 133.188 

Index ranges 
-16 ≤ h ≤ 21, -34 ≤ k ≤ 40, -

33 ≤ l ≤ 33 
-18 ≤ h ≤ 18, -23 ≤ k ≤ 23, -25 

≤ l ≤ 25 

Reflections collected 116207 198003 

Independent reflections 
30750 [Rint = 0.0532, 

Rsigma = 0.0652] 
20259 [Rint = 0.1576, Rsigma = 

0.0792] 

Data/restraints/parameters 30750/78/1172 20259/4277/1836 

Goodness-of-fit on F2 1.055 1.066 

Final R indexes [I>=2σ (I)] R1 = 0.1009, wR2 = 0.2497 R1 = 0.2224, wR2 = 0.4719 

Final R indexes [all data] R1 = 0.1290, wR2 = 0.2674 R1 = 0.2546, wR2 = 0.4873 

Largest diff. peak/hole / e Å-

3 
1.75/-1.84 0.50/-0.38 
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Figure 27. Truncated X-ray crystal structures of 5 (left) and 5-ox (right). Mn(green), O (red), 
N (blue), C (black/gray), F (light green), Si (light purple), S (yellow). Bolded bond highlight 
Mn-oxo bonds. Thermal ellipsoids are plotted at 50% probability. 5-ox represented as 
isotropic ball-and-stick model due to low-quality dataset.  
 
SQUID magnetometry 
 
 

 

Figure 28. Reduced magnetization plot of complex 4-ox. Black line represents simulation of 
data using parameters in text. 
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EPR Spectroscopy 

Samples were prepared as solutions (c.a. 2 mM) in 1:1 CH2Cl2:2-MeTHF and rapidly 

cooled in liquid nitrogen to form a frozen glass. For ligand binding studies, a stock solution 

of complex 4-ox in 1:1 CH2Cl2:2-MeTHF (2 mM) was prepared, and the desired equivalents 

of water (0.4 M in THF) were delivered via syringe. Samples were mixed by pipet, 

transferred to X-band or Q-band tubes, respectively, and frozen in LN2 within 5-10 minutes 

of reagent addition. All X-band and Q-band EPR experiments presented in this study were 

acquired at the Caltech EPR facility. X-band CW EPR spectra were acquired on a Bruker 

(Billerica, MA) EMX spectrometer using Bruker Xenon software (ver. 1.2). Temperature 

control was achieved using liquid helium and an Oxford Instruments (Oxford, UK) ESR-900 

cryogen flow cryostat and an ITC-503 temperature controller. Pulse EPR and electron 

nuclear double resonance (ENDOR) experiments were acquired using a Bruker ELEXSYS 

E580 pulse EPR spectrometer using a Bruker D2 pulse ENDOR resonator for Q-band 

experiments. Temperature control was achieved using an Oxford Instruments CF-935 helium 

flow cryostat and a Mercury ITC temperature controller. Spectra were simulated using 

EasySpin5 (release 5.2.35)56 with Matlab R2020b. Acquisition parameters for Q-band 

Davies ENDOR: pulse sequence π-tRF-πRF-tRF-π/2-τ−π−τ-echo; where π = 40 ns, π/2 = 20 ns, 

tRF = RF pulse delay = 2 μs, πRF = RF pulse length = 3 μs; and τ = 140 ns; MW frequency = 

34.120 GHz, Temperature = 3.8 K, shot repetition time (srt) = 15 ms. The frequency of the 

RF pulse was randomly sampled to minimize nuclear spin saturation. Acquisition parameters 

for Q-band 2H Mims ENDOR: pulse sequence π/2-τ-π/2-tRF-πRF-tRF-π/2-τ-echo; where π/2 = 

20 ns, tRF = RF pulse delay = 2 μs, πRF = RF pulse length = 40 μs; and τ = 140 ns; MW 
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frequency = 34.120 GHz, Temperature = 3.5 K, shot repetition time (srt) = 50 ms. The 

frequency of the RF pulse was randomly sampled to minimize nuclear spin saturation. 

 
 

Figure 29. X-band EPR spectrum 4-ox with addition of excess THF, collected at T = 5 K. 
Acquisition parameters: frequency = 9.64 MHz, power = 8.7 mW, conversion time = 10 ms, 
and modulation amplitude = 8 G.  
 

 

Figure 30. X-band CW-EPR of [LMn4O4(diamMes)(OSiPh3)][MeSiF], collected at T = 5 K. 
Acquisition parameters: frequency: 9.64 MHz, power = 8.8 mW, conversion time = 10 ms, 
and modulation amplitude = 8 G. 
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Figure 31. Closeup of X-band CW-EPR data (black trace) and simulation (dashed red trace) 
for 4-ox, collected at T = 5 K. Acquisition parameters: frequency = 9.64 MHz, power = 8.7 
mW, conversion time = 10 ms, and modulation amplitude = 8 G. See main text for simulation 
parameters.  
 

 

Figure 32. X-band CW EPR spectrum of addition of ~30 and ~80 equivalents of water. Full 
conversion observed at ~ 80 equivalents. Acquisition parameters: frequency = 9.64 MHz, 
power = 8.8 mW, conversion time = 10 ms, and modulation amplitude = 8 G. 
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Figure 33. Closeup of X-band CW-EPR data (black trace) and simulation (dashed red trace) 
for the addition of ~80 equiv H2O to 4-ox, collected at T = 5 K. Acquisition parameters: 
frequency = 9.64 MHz, power = 8.8 mW, conversion time = 10 ms, and modulation 
amplitude = 8 G. See main text for simulation parameters. 
 

 
 

Figure 34. Q-band Mims ENDOR spectra of 4-ox-H2O at various fields, (a) data for natural 
abundance sample (gray), data for deuterium enriched sample (black), (b) 2H – 1H difference 
spectrum. Peaks not centered about 2H Larmor frequency which are present in spectra of 
both 2H and 1H samples correspond to 14N signals from the ancillary ligands. 
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Figure 35. Q-band Mims ENDOR spectra collected at 1240 mT of 4-ox, dissolved in 1:1 
CD2Cl2:2-MeTHF, (a) data for natural abundance sample (gray), data for deuterated solvent 
sample (black), (b) 2H – 1H difference spectrum. Control experiment confirms 2H signals 
seen for water addition experiment are not from matrix deuterium.  
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C H A P T E R    5 

 

 

 

MnIV
4O4 Model of the S3 Intermediate of the Oxygen-Evolving Complex: Effect of the 

Dianionic Disiloxide Ligand 
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Abstract 

Synthetic complexes provide useful models to study the interplay between the 

structure and spectroscopy of the different Sn-state intermediates of the oxygen-evolving 

complex (OEC) of photosystem II (PSII). Complexes containing the MnIV
4 core 

corresponding to the S3 state, the last observable intermediate prior to dioxygen formation, 

remain very rare. Toward the development of synthetic strategies to stabilize highly oxidized 

tetranuclear complexes, ligands with increased anion charge were pursued. Herein, we report 

the synthesis, electrochemistry, SQUID magnetometry, and electron paramagnetic resonance 

spectroscopy of a stable MnIV
4O4 cuboidal complex supported by a disiloxide ligand. The 

substitution of an anionic acetate or amidate ligand with a dianionic disiloxide ligand shifts 

the reduction potential of the MnIIIMnIV
3/MnIV

4 redox couple by up to ∼760 mV, improving 

stability. The S = 3 spin ground state of the siloxide-ligated MnIV
4O4 complex matches the 

acetate and amidate variants, in corroboration with the MnIV
4 assignment of the S3 state of 

the OEC. 
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5.1) Introduction 

Biological water oxidation to dioxygen is catalyzed at the oxygen evolving complex 

(OEC) of Photosystem II (PSII).1-9 The proposed mechanism is described in the context of 

the Kok cycle of Sn (n = 0−4) states. The S3 state is the last observable intermediate prior to 

dioxygen formation. Despite extensive biochemical, biophysical, computational, and 

structural studies to understand the advanced S-states, few multimetallic synthetic examples 

with relevant metal oxidation states and cluster geometries are available to complement and 

benchmark these studies.10-24   

Due to synthetic challenges, relatively few MnIV
4 clusters have been reported, which 

belong to three classes: (1) linear25-27 and (2) adamantane-shaped28-31 complexes featuring 

[Mn4O6]4+ cores, and (3) a recently reported cubane-shaped complex featuring a [Mn4O4]8+ 

core.17 Notably, all three types demonstrate different spin ground states, indicating that the 

electronic structure of cluster complexes is intimately tied to their geometry. For example, 

the linear [MnIV
4O6(bpy)6]4+ complex features strong pairwise antiferromagnetic coupling 

that leads to a S = 0 ground state.25 In contrast, the adamantane-shaped [MnIV
4O6(tacn)4]4+ 

complex and its ligand-substituted derivatives display ferromagnetic interactions that lead to 

an S = 6 ground state, determined by magnetic susceptibility studies.28, 31  

Recently, our group reported the synthesis and characterization of Mn4O4 cuboidal 

complexes supported by a bridging diamidate ligand. Specifically, complex 

LMnIII
2MnIV

2(diam)(OAc) (1) supported by a tris-alkoxide ligand, a multinucleating 

diamidate, and an acetate serves as a precursor for the one- and two-electron oxidized 

complexes as models of the S2 and S3 states of the OEC.17-18 (Figure 1).  
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Upon oxidation of the MnIIIMnIV
3O4 cluster to the MnIV

4O4 cluster (1-ox), the spin 

ground state changes from S = 1/2 to S = 3, mimicking the spin state change observed for the 

S2→S3 transition in the OEC. Importantly, the electron-rich diamidate was crucial in 

accessing this high oxidation state cluster. Despite this ligand choice, 1-ox is unstable even 

as a solid at ‒40 ⁰C, thwarting its isolation. To stabilize such a highly oxidized cluster, we 

targeted exchange of the acetate with a more electron donating ligand. Herein, we report the 

synthesis and characterization of an isolable and room temperature stable [MnIV
4O4]8+ 

cuboidal complex supported by a disiloxide ligand. Results highlight the ability of the 

disiloxide ligand to support highly oxidized metal clusters. Electronic structure studies 

confirm an S = 3 spin ground state consistent with the acetate and amidate variants, further 

supporting the MnIV
4 assignment of the S3 state of the OEC. 

Siloxides such as tris(tertbutoxy)siloxide and triphenylsiloxide have been used as 

supporting ligands for a variety of high oxidation state transition metal and f-element 

complexes.32-37 Silsesquioxane-derived ligands have also been demonstrated to support 

manganese clusters.38-40 In comparison, silanediol-derived (R2Si(OH)2) ligands have not 

been as widely explored, especially for multinuclear systems.41-50 Diphenylsilanediol reacts 

with (p-halophenyl)stibonic acids to yield Sb4O4 complexes where four disiloxides bridge 

Sb-atoms at alternating corners of a cubane.47 With the precedent of disiloxides supporting 

similar cluster motifs to the desired Mn complexes and the ability of siloxides to support 

high-valent metal centers, Mn clusters were targeted with the hypothesis that replacing a 

monoanionic bridging ligand with a dianionic one will improve the stability of the more 

highly oxidized variants. 
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5.2) Synthesis 

Treatment of 1 with diphenylsilanediol generates 2 via a protonolysis reaction 

(Scheme 1). The ESI-MS peak (m/z = 1511) is consistent with the mass of 

[LMn4O4(diam)(HO2SiPh2)]+. The single crystal X-ray diffraction (scXRD) structure of 2 is 

consistent with this formulation, although the H-atom of the silanol moiety has not been 

located (Figure 19). Axial elongations of Mn−oxo distances are observed for Mn(1) and 

Mn(2) (2.049(6), 2.172(7) Å, respectively). This structural feature is consistent with the high-

spin MnIII oxidation state where distortion results from partial occupation of the dz
2-σ-

antibonding orbital weakening the Mn‒O interaction along z. Lacking such distortions, 

Mn(3) and Mn(4) are assigned as MnIV. Compared to 1, 2 displays a redox reorganization 

within the cluster. In 1, the MnIV centers are ligated by three amidate oxygen donors, but in 

2 the MnIII ions are ligated by the amidate O-atoms, and MnIV by siloxides, consistent with 

the more electron-donating nature of this moiety. Treatment of 2 with NaOtBu and FcOTf 

generated 3. The ESI-MS peak (m/z = 1510) is consistent with the mass of 

[LMn4O4(diam)(O2SiPh2)]+. The scXRD structure supports the LMn4O4(diam)(O2SiPh2) 

formulation (Figure 2). The oxidation state of Mn(2) is assigned as MnIII, as only one 

elongated Mn−oxo bond length is observed (Mn(2)‒O(4): 2.106(7) Å).  All other Mn-oxo 

distances are within 1.864(7)−1.942(7) Å, consistent with the MnIIIMnIV
3 oxidation state 

assignment of 3. Additionally, the EPR spectrum of 3 shows a broad signal centered around 

g = 2 featuring 55Mn hyperfine interactions, consistent with an S = 1/2 spin ground state 

reminiscent of related acetate, phosphinate, and amidate-supported MnIIIMnIV
3O4 complexes 

(Figure 26).18, 51 
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Figure 1. Synthesis of complexes studied in this work. 1, 1-ox, 4, and 5 are previously 
reported.40-41, 81 
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Figure 2. Truncated crystal structure of 3. Mn (green), O (red), N (blue), Si (purple), C 
(black). Bolded bonds highlight Mn-oxo bonds. Ellipsoids at 50% probability. 
 
5.3) Electrochemistry 

The cyclic voltammograms (CV) of 2 and 3 show reversible MnIII
2MnIV

2/MnIIIMnIV
3 

redox couples at ‒10 and ‒750 mV versus Fc/Fc+, respectively (Figure 20−21). The CV of 3 

also shows a reversible feature at +15 mV assigned to the MnIIIMnIV
3/MnIV

4 couple (Figure 

4a). Markedly, the dianionic disiloxide ligand decreases the reduction potential of the 

MnIIIMnIV
3/MnIV

4 couple by ~760 mV relative to that of 1, and ~505 mV relative to that of 

4, which contains three electron-donating amidates (Figure 3). These are the only Mn4O4 

cubanes that display a MnIIIMnIV
3/MnIV

4 redox event electrochemically. Compared to that of 

1 and 4, the reversibility of this redox couple for 3 is greatly increased suggesting improved 

stability (Figure 20).  
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Figure 3. CV of complexes 1 (green), 3 (red), and 4 (blue) showing both 
MnIII

2MnIV
2/MnIIIMnIV

3 and MnIIIMnIV
3/MnIV

4 redox events. 
 

As in the case of Co4O4 and RuCo3O5 complexes,52-55 the redox properties of the 

MMn3O4 (M = Mn, Y) complexes can be tuned by the nature of the supporting ligands, 

exhibiting a linear correlation between cluster reduction potential and effective ligand 

basicity (Figure 4b).51 Comparing the series of Mn4O4 clusters with different ligands on only 

three faces of the cubane,18, 51 a substantial shift in the reduction potential (~1 V) is observed 

(Figure 3). In comparison, changing ligands on all six faces of the cubane in Co4O4 

complexes results in a reduction potential range of 1.4 V.52 For the Mn4O4 series, 3 features 

the lowest reduction potential owing to the combined effect of an additional negative ligand 

charge and higher ligand basicity compared to the previously studied monoanionic ligands. 

This behavior highlights the utility of the disiloxide ligand in facilitating access to high 

oxidation state clusters. Using both the MnIII
2MnIV

2/MnIIIMnIV
3 and MnIIIMnIV

3/MnIV
4 

reduction potentials of 3 (‒750, +15 mV, respectively), an effective basicity of ~25 was 

predicted based on the intersection with trendlines developed from the series of related 
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complexes (Figure 4b). Notably, the MnIII
2MnIV

2/MnIIIMnIV
3 potential for 2 and the 

MnIIIMnIV
3/MnIV

4 potential for 3 (‒10, +15 mV, respectively) are close, exemplifying the 

reduction potential levelling effect of combining proton and electron removal (to convert 2 

to 3-ox) as proposed for the OEC catalytic cycle.56 

 

Figure 4. a) CV of 1, 3, and 4. Isolated waves correspond to MnIIIMnIV
3/MnIV

4 redox couple. 
Measured E1/2 (mV): +780 (1), +15 (3), +520 (4). b) Linear correlation between redox 
potential and effective ligand basicity in [Mn4O4] complexes. Red and blue circles 
correspond to MnIII

2MnIV
2/MnIIIMnIV

3 and MnIIIMnIV
3/MnIV

4 values, respectively. Red and 
blue dotted lines correspond to the respective redox couples for complex 3. Black dotted 
lines are linear fits. 
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5.4) Magnetism and EPR spectroscopy 

As there is a single reported cuboidal MnIV
4O4,17 isolation of the one-electron 

oxidation product of 3 was targeted.  Treatment of 3 with [AcFc][OTf] (E1/2 = +270 mV vs 

Fc/Fc+, CH2Cl2)57 results in the formation of MnIV
4O4 species 3-ox. Although oxidants with 

varying counter-anions were utilized, conditions for growing single crystals of 3-ox suitable 

for X-ray characterization remain elusive. The ESI-MS peak (m/z = 1510) is consistent with 

the mass of [LMn4O4(diam)(O2SiPh2)]+. Anion exchange of 3-ox with LiB(C6F6)4 shows the 

same 1H NMR spectrum, while in the 19F NMR spectrum the triflate peak is replaced with 

three peaks of the tetrakis(pentafluorophenyl)borate anion (Figures 11−12). This supports 

the assignment of an outer-sphere triflate for 3-ox. Furthermore, treatment of 3-ox with 

FeCp*2 (E1/2 = −590 mV vs Fc/Fc+, CH2Cl2)57 results in the formation of [FeCp*2][OTf] and 

3 (Figure 13). Together, these data corroborate 3-ox as the one-electron oxidized analogue 

of 3, with an intact Mn4O4 cuboidal core and metal coordination sphere. 3-ox is room 

temperature stable as a solid and can thus be characterized via methods unamenable for 

studying the related complex 1-ox. 

To gain insight into the magnetic exchange coupling between the MnIV centers, 

magnetic susceptibility experiments were performed on powdered samples of 3-ox in a non-

saturating field of 0.2 T (Figure 5a). At 300 K, a χT value of 7.55 emu·K·mol‒1 is close to 

the expected value of 7.5 emu·K·mol‒1 (g = 2) for four uncoupled MnIV centers.  At 1.8 K, 

the χT value of 5.45 emu·K·mol‒1 at 1.8 K is slightly lower than the value expected for an S 

= 3 (g = 2) ground-state (6 emu·K·mol‒1). An isotropic spin exchange Hamiltonian (eq. 1) 

with four distinct magnetic interactions can be employed to model the data, assuming 

pseudo-CS symmetry. From EPR simulations, the axial zero-field splitting (ZFS) value of 
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D(MnIV) = +0.151 cm‒1 was estimated. The coupling scheme, ZFS value, and incorporation 

of a mean field model of intermolecular antiferromagnetic interaction zJ yielded reasonable 

fit of both the magnetic susceptibility and magnetization data (Figure 25). This ZFS 

parameter is smaller than the estimated value for 1-ox (D = +0.4 cm‒1),17 but comparable to 

those of a CaMnIV
3O4 cluster reported by Christou (|D| ≈ 0.068 cm‒1),12 and the S3 state of T. 

elongatus (|D| = 0.175 cm‒1) and chemically modified T. elongatus (|D| = 0.281 cm‒1) of 

PSII.5-6, 58 Comparably, the S3 state of Synechocystis has been modeled as a mixture of four 

species with a range of |D| = 0.163‒0.33 cm‒1.59 Small ZFS values (~0.2 cm‒1) are expected 

for MnIV complexes because of the near spherical symmetry of the (t2g
3 eg

0) state,60-62 but a 

wider spread of values (|D| = 0.17‒2.3 cm‒1) has been reported for six-coordinate 

monometallic MnIV complexes.63-65 Overall, this coupling scheme is consistent with the αααβ 

spin topology approaching the trimer-monomer magnetic coupling model of pseudo-

octahedral MnIV centers reported for 1-ox.17 

𝐻෡ =  −2 ∑ 𝐽௜௝𝑆ప
෡ ∙ 𝑆ఫ

෡௜,௝∈ே
௜ஷ௝               (1) 
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Figure 5. a) Exchange coupling model, fit parameters, and magnetic susceptibility for 3-
ox. For the exchange coupling model, the mirror plane of the pseudo-CS symmetry contains 
the bold vector and bisects the hashed vector. Numbering scheme is identical to that in 
Figure 1. b) Perpendicular and parallel-mode X-band CW-EPR of 3-ox. 
 

To obtain further insight into the electronic structure of 3-ox, X-band CW-EPR 

studies were conducted. The parallel-mode X-band CW-EPR of 3-ox displays two main 

features at g = ~26 and ~9.8 (Figure 5b). The broad spectrum was modeled using S = 3, g = 

2, a Gaussian distribution of D centered at 0.151 with a full width at half maximum of 0.035 

(Figure 27), and E/D = 0.166. Expanding this series of cuboidal MnIV
4O4 complexes, 
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triamidate-supported 5-ox was generated in situ from oxidation of 5 with [(4-BrPh)3N][OTf]. 

Like that of 1-ox, the parallel-mode X-band EPR spectrum of 5-ox features an intense signal 

at g ~12, consistent with an S = 3 spin ground state. A larger D of +0.55 cm‒1 and E/D of 

0.18 provided a satisfactory fit (Figure 6), in agreement with the observation that more 

covalent metal-ligand interactions result in larger ZFS parameters.66 

 

Figure 6. Parallel-mode X-band CW-EPR of i. 1-ox. Simulation parameters41: S = 3, g = 
1.97, D = 0.4 cm‒1, E/D = 0.1. ii. 5-ox. Simulation parameters: S = 3, g = 2, D = 0.55 cm−1, 
E/D = 0.18.  
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5.5) Discussion 

In summary, highly oxidized Mn4O4 complexes featuring bridging disiloxide ligands 

were synthesized and characterized. Effects of exchanging an acetate or amidate for a 

disiloxide on a metal-oxo cluster include a large negative shift in reduction potential, making 

the previously unstable MnIV
4O4 species derived from 1 readily accessible by relatively weak 

oxidants like acetylferrocenium. Complexes 3-ox and 5-ox expand the series of MnIV
4O4 

cubane models of the S3 state. Characterization via SQUID magnetometry and EPR 

spectroscopy corroborate an S = 3 ground state. Despite structural differences with the 

biological system, these cuboidal tetra-manganese-oxo clusters serve as spectroscopic 

models for studies of the impact of ligand changes, as they all demonstrate a spin change of 

S = 1/2 → S = 3 upon oxidation from MnIIIMnIV
3 to MnIV

4, mimicking the S2→S3 transition 

in the OEC. 

5.6) Experimental section 

General considerations  

All reactions were performed at room temperature in an N2-filled glovebox or by 

using standard Schlenk techniques unless otherwise specified. Glassware was oven dried at 

150 °C for at least 2h prior to use and allowed to cool under vacuum. All reagents were used 

as received unless otherwise stated. Diphenylsilanediol was recrystallized from chloroform. 

Ferrocenium triflate and tris(4-bromophenyl)aminium triflate were synthesized according to 

literature. Anhydrous tetrahydrofuran (THF) was purchased from Aldrich in 18 L Pure-

PacTM containers. Anhydrous CH2Cl2, diethyl ether, benzene, and THF were purified by 

sparging with nitrogen for 15 minutes and then passing under nitrogen pressure through a 

column of activated A2 alumina. NMR solvents were purchased from Cambridge Isotope 
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Laboratories, dried over calcium hydride (CD2Cl2) or sodium/benzophenone (C6D6), 

degassed by three freeze-pump-thaw cycles and vacuum-transferred prior to use. 1H NMR 

spectra were recorded on a Varian 300 MHz instrument, with shifts reported relative to the 

residual solvent peak. Elemental analyses were performed at the California Institute of 

Technology or at the University of Rochester. 

All compounds are mildly air-sensitive and decompose over the course of hours in 

air. 

Synthesis of LMn4O4(diam)(HO2SiPh2) (2) 

A solution of diphenylsilanediol (54 mg, 0.25 mmol, 1.1 equiv) in THF (5 mL) was 

added to a stirring CH2Cl2 solution of LMn4O4(diam)(OAc) (1) (300 mg, 0.22 mmol, 1 

equiv). After stirring the reaction mixture at room temperature for 16 hours, all volatiles were 

removed under reduced pressure. The solid residue was triturated with CH2Cl2 (5 mL) twice 

and with pentane (3 mL) once. The brown powder was suspended in 5 mL of pentane, 

collected on a pad of Celite, and washed thoroughly with pentane and Et2O. The product was 

dissolved in benzene and filtered through Celite. All volatiles were removed from the filtrate 

under reduced pressure, yielding 2 as a brown powder. Yield: 293.2 mg, 88%. Analysis 

calculated for LMn4O4(diam)(HO2SiPh2) [C76H62Mn4N8O11Si]: C 60.40, H 4.14, N 7.41; 

found: C 60.36, H 4.21, N 7.17.  

Synthesis of LMn4O4(diam)(O2SiPh2) (3) 

A solution of sodium tert-butoxide (5.0 mg, 0.052 mmol, 1.05 equiv) in THF (2 mL) 

was added to a stirring THF solution of 2 (75 mg, 0.049 mmol, 1 equiv). After 5-10 minutes 

of stirring, the reaction mixture was transferred to a stirring suspension of FcOTf (17.4 mg, 

0.052 mmol, 1.05 equiv) in THF (5 mL). The reaction mixture was stirred at room 
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temperature for 16 hours and became homogeneous. All volatiles were removed under 

reduced pressure. The solid residue was suspended in pentane, collected on a pad of Celite, 

and washed with pentane until all the Fc byproduct was removed. The brown solid was 

further washed with Et2O (3 mL, x3), dissolved in benzene, and filtered through Celite. All 

volatiles were removed from the filtrate under reduced pressure, yielding 3 as a brown 

powder. Yield: 58.3 mg (79%). Crystals suitable for X-ray crystallography were grown from 

slow vapor diffusion of Et2O into a concentrated solution of 3 in benzene. Analysis calculated 

for LMn4O4(diam)(O2SiPh2)·Et2O [C80H71Mn4N8O12Si]: C 60.65, H 4.52, N 7.07; found: C 

60.16, H 4.15, N 6.92. 

Synthesis of [LMn4O4(diam)(O2SiPh2)][OTf] (3-ox) 

To a stirring solution of 3 (35 mg, 0.023 mmol) in THF (5 mL), a blue THF solution 

(4 mL) of [(4-BrPh)3N][OTf] (15.4 mg, 0.024 mmol, 1.05 equiv) was added. After the brown 

solution was stirred at room temperature for 15 minutes, all volatiles were removed under 

reduced pressure. (A weaker oxidant such as acetylferrocenium triflate can also be utilized 

but including a 16-hour reaction time, with the same workup procedure as described below.) 

The residue was washed with Et2O (4 mL), dissolved in benzene, and filtered through Celite. 

The precipitate from a slow vapor diffusion of Et2O into a concentrated solution of 3-ox in 

benzene was collected, washed with Et2O, and minimal benzene. The resulting brown solid 

was dissolved in CH2Cl2 and filtered. Volatiles were removed from the filtrate under reduced 

pressure to yield 3-ox. Yield: 19 mg (49%). Analysis calculated for 

[LMn4O4(diam)(O2SiPh2)][OTf]·CH2Cl2 [C78H63Cl2F3Mn4N8O14SSi]: C 53.71, H 3.64, N 

6.42; found: C 54.20, H 3.63, N 6.18.  
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In-situ generation of 5-ox for EPR 

[LMn4O4(triam)][OTf] (5) was prepared according to literature51 by oxidation of 4 

with AgOTf. Dissolve [LMn4O4(triam)][OTf] (88 mg, 0.053 mmol) in CH2Cl2. An optimal 

amount of [(4-BrPh)3N][OTf] (35 mg, 0.055 mmol,  1.05 equiv) was dissolved in CH2Cl2 

and added dropwise. The mixture was stirred for 30 minutes and then all volatiles were 

removed under reduced pressure. The residue was washed with Et2O (3 x 2 mL), benzene (3 

x 2 mL), dissolved in CH2Cl2 and filtered through Celite. A c.a. 1 mM solution of this red-

brown solid in MeCN can be filtered into an EPR tube and frozen in liquid nitrogen.  

  



 

 

137

NMR spectroscopy 

 
Figure 7. 1H NMR of 2 in C6D6. 
 
 

 
Figure 8. 1H NMR of 3 in C6D6. 
 
 

 
Figure 9. 1H NMR of 3-ox in C6D6. 
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Figure 10. 19F NMR of 3-ox in C6D6. 
 
 
 

 
Figure 11. 1H NMR of anion exchange reaction of 3-ox with one equivalent of LiB(C6F5)4, 
after workup, in C6D6. 
 
 
 

 
Figure 12. 19F NMR of anion exchange reaction of 3-ox with one equivalent of LiB(C6F5)4, 
after workup, in C6D6. 
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Figure 13. a) 1H NMR (C6D6) of reaction between 3-ox and 1 equivalent of Fc*, after 
extraction away from byproduct Fc*+. b) 1H NMR (C6D6) of 3, synthesized and purified 
according to the procedures described vide supra. 
 
 

 
Figure 14. a) 1H NMR (CD2Cl2) spectra of 5. b) 1H NMR (CD2Cl2) spectra of 5-ox. 
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ESI-MS spectrometry 
 

 
Figure 15. ESI-MS of 2. m/z = 1511 consistent with [LMn4O4(diam)(HO2SiPh2)]+. m/z = 
1355 consistent with [LMn4O4(diam)(OAc)]+.  
 
 
 

 
Figure 16. ESI-MS of 3. m/z = 1510 consistent with [LMn4O4(diam)(O2SiPh2)]+. m/z = 1355 
consistent with [LMn4O4(diam)(OAc)]+.  
 
 
 

 
Figure 17. ESI-MS of 3-ox. m/z = 1510 consistent with [LMn4O4(diam)(O2SiPh2)]+. m/z = 
1355 consistent with [LMn4O4(diam)(OAc)]+.  
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Figure 18. ESI-MS of 5-ox. m/z = 753 consistent with [LMn4O4(triam)]2+. m/z = 1505 
consistent with [LMn4O4(triam)]+. 
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Table 1. Crystal and refinement data for complexes 2 and 3.  

Compound 2 3 

CCDC 2171723 2171724 
Empirical formula C76H61Mn4N8O11Si C76H61Mn4N8O11Si 
Formula weight 1510.17 1510.17 

Temperature/K 99.99 100.0 

Crystal system triclinic triclinic 

Space group P-1 P-1 

a/Å 15.232(5) 15.149(8) 

b/Å 15.802(6) 15.752(6) 

c/Å 17.585(6) 17.589(6) 

α/° 90.39(3) 90.17(3) 

β/° 101.55(2) 102.05(4) 

γ/° 106.965(18) 106.960(19) 

Volume/Å3 3957(2) 3917(3) 

Z 2 2 

ρcalcg/cm3 1.268 1.280 

μ/mm-1 5.710 5.768 

F(000) 1550.0 1550.0 

Crystal size/mm3 0.05 × 0.05 × 0.05 0.05 x 0.05 x 0.05 

Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) 
2Θ range for data 
collection/° 

5.142 to 101.496 5.88 to 89.308 

Index ranges 
-15 ≤ h ≤ 15, -15 ≤ k ≤ 15, -

17 ≤ l ≤ 17 
-13 ≤ h ≤ 13, -14 ≤ k ≤ 

14, -16 ≤ l ≤ 16 
Reflections collected 18442 15525 

Independent reflections 
8178 [Rint = 0.0681, Rsigma = 

0.1029] 
 6080 [Rint = 0.0661, 

Rsigma = 0.0796] 
Data/restraints/parameters 8178/2290/735 6080/2302/705 

Goodness-of-fit on F2 1.074 1.089 

Final R indexes [I>=2σ (I)] R1 = 0.0893, wR2 = 0.2502 R1 = 0.0903, wR2 = 0.2530 

Final R indexes [all data] R1 = 0.1244, wR2 = 0.2713 R1 = 0.1136, wR2 = 0.2743 
Largest diff. peak/hole / e 
Å-3 

0.75/-0.62 0.74/-0.86 
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Figure 19. Truncated crystal structure of 2. Mn (green), O (red), N (blue), Si (purple), C 
(black). Bolded bonds high-light Mn-oxo bonds. Ellipsoids at 50% probability.  
 
 
 
Table 2. Mn-oxo bond distances (Å) of complexes 2 and 3. Bolded entries highlight 
elongated Mn-oxo bond lengths. 
 

 2 3 
Mn(1) ‒ O(2) 1.966(6) 1.873(8) 
Mn(1) ‒ O(3) 1.868(6) 1.864(7) 
Mn(1) ‒ O(4) 2.049(6) 1.899(6) 
Mn(2) ‒ O(1) 1.893(6) 1.891(8) 
Mn(2) ‒ O(3) 1.942(6) 1.938(7) 
Mn(2) ‒ O(4) 2.172(7) 2.106(7) 
Mn(3) ‒ O(1) 1.902(6) 1.871(7) 
Mn(3) ‒ O(2) 1.882(6) 1.901(6) 
Mn(3) ‒ O(4) 1.948(7) 1.896(9) 
Mn(4) ‒ O(1) 1.957(6) 1.942(7) 
Mn(4) ‒ O(2) 1.925(6) 1.930(7) 
Mn(4) ‒ O(3) 1.937(7) 1.93(1) 
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Figure 20. a) CV of 3. Isolated MnIIIMnIV

3/MnIV
4 redox couple shown in dotted lines. E = + 

15 mV vs. Fc/Fc+. Small feature around ~780 mV vs Fc/Fc+ corresponds to small impurity 
of 1. b) SWV of 3. c) Isolated MnIIIMnIV

3/MnIV
4 redox couple measured at various scan rates. 

d) Plot of peak current vs. square root of scan rate. e) Isolated MnIII
2MnIV

2/MnIIIMnIV
3 redox 

couple measured at various scan rates. E = ‒ 750 mV vs. Fc/Fc+. f) Plot of peak current vs. 
square root of scan rate. 
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Figure 21. a) CV of 2. Small impurity at ‒250 mV vs Fc/Fc+. b) SWV of 2. c) 
MnIII

2MnIV
2/MnIIIMnIV

3 redox couple E = − 10 mV vs. Fc/Fc+.  Isolated redox couple 
measured at various scan rates. d) Plot of peak current vs. square root of scan rate. e) 
MnIII

2MnIV
2/MnIII

3MnIV redox couple E = ‒ 750 mV vs. Fc/Fc+.  Isolated redox couple 
measured at various scan rates. f) Plot of peak current vs. square root of scan rate. 
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Figure 22. CV of 6. Isolated MnIII
2MnIV

2/MnIIIMnIV
3 and MnIIIMnIV

3/MnIV
4 redox couples 

shown in dotted lines, with E = ‒ 465 mV and E = +520 mV vs. Fc/Fc+, respectively.  
 

 

 

 

Figure 23. CV of [Mn4O4] complexes. Isolated MnIII
2MnIV

2/MnIIIMnIV
3 redox couples 

shown. Red = 3, yellow = 4, light green = 1, green = 2, blue = LMn4O4(diam)(p-
CF3C6H4CO2), purple = LMn4O4(O2PPh2)3.18  

 



 

 

147

 

 

 

Figure 24. Linear correlation between MnIII
2MnIV

2/MnIIIMnIV
3 redox potential and effective 

ligand basicity in [Mn4O4] complexes 1, 2, 4, LMn4O4(diam)(p-CF3C6H4CO2), and 
LMn4O4(OAc)3. Values for complexes 1, 4, LMn4O4(diam)(p-CF3C6H4CO2), and 
LMn4O4(OAc)3 are from Ref. 3. Calculated diphenylsilanediol pKa (11.4) obtained from Ref. 
67. Equation used to calculate effective ligand basicity adapted from Refs. 51 and 52.  
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SQUID magnetometry  

Magnetic susceptibility measurements were carried on a Quantum Design MPMS 3 

instrument running MPMS Multivu software. Crystalline samples were powdered and 

suspended in clear plastic straws in polycarbonate capsules. Data were recorded at 0.2 T from 

1.8 − 300 K. Diamagnetic corrections (‒840 × 10‒6 cm3/mol) were made for 3-ox. Fitting 

simulations were performed using PHI.68 Fitting simulations were performed assuming an 

on-site zero field splitting parameter D(MnIV) ≈ 0.151 cm−1.  

 
 

Figure 25. Magnetization data of 3 with fit using the value of D = 0.151 cm−1 determined by 
EPR and contributions from intermolecular interactions (mean field model): TIP = 5·10‒4 
emu mol‒1, zJ = ‒0.006 cm‒1. 
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EPR spectroscopy 

Samples were prepared as solutions (c.a. 1 mM) in 2-MeTHF unless specified 

otherwise and rapidly cooled in liquid nitrogen to form a frozen glass. All X-band CW-EPR 

experiments presented in this study were acquired at the Caltech EPR facility. X-band CW 

EPR spectra were acquired on a Bruker (Billerica, MA) EMX spectrometer using Bruker 

Win-EPR software (ver. 3.0). Temperature control was achieved using liquid helium and an 

Oxford Instruments (Oxford, UK) ESR-900 cryogen flow cryostat and an ITC-503 

temperature controller. Data were collected at T = 5 K. Spectra were simulated using 

EasySpin69 (release 5.2.33) with Matlab R2020b. 

 
 

Figure 26. X-band CW-EPR spectra of 3 at 5 K. Data acquisition parameters: frequency = 
9.6386 MHz, power = 8 mW, conversion time = 5 ms, modulation amplitude = 4 G.  
 
Data acquisition parameters: 
3-ox (B0⊥hν): frequency = 9.6389 MHz, power = 8 mW, conversion time = 5 ms, modulation 

amplitude = 4 G. T = 5 K. 

3-ox (B0 ‖ hν): frequency = 9.3881 MHz, power = 8 mW, conversion time = 10 ms, 

modulation amplitude = 8 G. T = 5 K. 
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7-ox (B0 ‖ hν): frequency = 9.3760 MHz, power = 20 mW, conversion time = 82 ms, 

modulation amplitude = 8 G. T = 5 K. 

 

Figure 27. Gaussian distribution of D centered at 0.151 used for fitting spectra for 3-ox. 
FWHM = 0.035. 
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UV-Vis spectroscopy 
 
UV-Vis spectra were recorded on a Cary 50 spectrometer. 
 

 

Figure 28. UV-Vis absorbance spectra of 2 (1 cm cuvette; 100, 50, 25 μM) in CH2Cl2. ε (M-

1·cm-1) = 1.64 x 104 (315 nm).  
 
 

 

Figure 29. UV-Vis absorbance spectra of 3 (1 cm cuvette; 100, 50, 25 μM) in CH2Cl2. ε (M-

1·cm-1) = 1.60 x 104 (321 nm). 
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Figure 30. UV-Vis absorbance spectra of 3-ox (1 cm cuvette; 100, 50, 25, 12.5 μM) in 
CH2Cl2. ε (M-1·cm-1) = 2.40 x 104 (325 nm). 
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Abstract 

Mechanistic details of the Oxygen Evolving Complex (OEC) of Photosystem II 

(PSII) have been studied through a combination of biochemical, structural, spectroscopic, 

and computational methods. EPR spectroscopic characterization of intermediates with 

isotopically labeled biologically relevant molecules such as water, methanol, and ammonia 

have contributed to understanding the key aspects of the mechanism of the OEC. Analogous 

benchmarking studies for synthetic model complexes are rare due to synthetic challenges in 

accessing and stabilizing complexes bound to these substrate molecules. Herein, we report 

the reactivity of a MnIIIMnIV
3O4 synthetic complex with water, hydroxide, ammonia, 

methanol, and methoxide and the EPR characterization of these species. 
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A1.1) Introduction 

The Oxygen Evolving Complex (OEC) of Photosystem II (PSII) is nature’s catalyst 

for water oxidation, consisting of a unique pentametallic CaMn4O5 cluster core which is 

proposed to undergo structural changes throughout the catalytic cycle.1-7 The S0 – S3 

intermediates have been subjects of extensive biochemical, structural, spectroscopic, and 

computational studies, with conclusions and results from these studies heavily influencing 

mechanistic proposals for the O–O bond forming step in the elusive S4 state.8-14 One critical 

question that remains debated is the site of substrate-water binding to the CaMn4 cluster of 

the OEC,15-16 complicated by the situation in which the substrate is also the solvent. Based 

on previous FTIR spectroscopy, mass spectrometry, and W-band 17O EPR studies, several 

classes of solvent exchangeable oxygen nuclei have been observed and proposed as possible 

substrate binding sites (Figure 1).17-20 In addition, biochemical studies utilizing small 

molecule analogues of water such as ammonia have greatly aided mechanistic interpretations 

by narrowing down possible substrate-water binding sites.8-9, 11 Notably, chemical treatments 

with small molecules such as amines, alcohols, and halides affect the equilibrium between 

high-spin (HS) and low-spin (LS) signals of the S2 state and influence progression to higher 

Sn states.  

 

Figure 1. Proposed structure of the OEC in the S2 state highlighting positions of proposed 
fast, solvent exchangeable oxygen nuclei (left): terminal Mn and Ca bound aquo or hydroxo 
moieties labelled W1 – W4 and bridging μ3-O(5). Ammonia proposed to bind terminally to 
dangler MnIV (right).  
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In particular, ammonia has been studied as a substrate analogue because pf 

opportunities in probing specific nuclei (i.e., 14N and 15N) distinguishable from water. 

Ammonia has been demonstrated to be a non-competitive inhibitor which can also alter the 

multiline signal in the S2 state.9, 11 As determination of the ammonia binding site can rule out 

a potential substrate-water binding site, it is important to consider two competing proposals. 

Kinetic studies have been interpreted to favor the assignment of the ammonia derived ligand 

as a bridging nitrido ligand in place of O5,21-22 while pulse EPR studies on 14N and 15N 

ammonia treated PSII from Synechocystis suggest terminal ammonia bound to the dangler 

MnIV (Figure 1).8-9  

Methanol and other primary alcohols are also known to alter the S2 state, favoring 

the population of the LS signal.23-25 On the basis of multifrequency EPR and ENDOR 

spectroscopic analysis of 13C-labeled methanol binding to the OEC and comparisons to 

methanol binding to a synthetic MnIIIMnIV dimeric complex,10 it was concluded that 

methanol likely does not bind to Mn in the S2 state. Instead, it is proposed that methanol can 

be ligated to Ca by replacing W3 or is within the vicinity of the CaMn4 core and affects the 

HS-LS equilibrium of the S2 state via hydrogen bonding interactions.  

Systematic studies on the effects of these specific substrate ligands on the 

spectroscopy of synthetic tetranuclear Mn4 complexes are rare for several reasons. First, 

many multimetallic model complexes are synthesized via self-assembly methods, limiting 

the degree of synthetic control over aspects such as cluster geometry and ligand 

environment.26-30 Secondly, reactivity with substrate molecules often requires accessible 

open coordination sites on Mn (or Ca). Multimetallic Mn complexes typically contain 

pseudo-octahedral Mn centers, with only a few rare examples containing a five-coordinate 



 

 

163

Mn.26, 31-32 Creating open coordination sites in a controlled fashion via ligand removal in 

complexes prepared by self-assembly methods is also difficult, as these methods tend to favor 

generation of homoleptic or high-symmetry complexes. 

Recently, we have reported the synthesis and characterization of a site differentiated 

MnIIIMnIV
3O4 complex (1) containing one five-coordinate Mn. This coordination number 

change was demonstrated to have significant effect on the ground spin state of this family of 

tetranuclear Mn-oxo clusters. It is hypothesized that this complex can serve as a precursor in 

reactivity with biologically relevant small molecules due to the presence of an open 

coordination site on Mn. Herein, the reactivity of complex 1 with water, hydroxide, 

ammonia, methanol, methoxide, alkylhydrogenperoxide, and hydrogen peroxide is explored 

and monitored by EPR spectroscopy.  

A1.2) Water and Hydroxide 

As previously demonstrated, addition of excess water (~80 equivalents) to 1 results 

in the conversion of the HS species to a new LS species. Following loss of silanol in a 

protonolysis reaction, [LMnIIIMnIV
3O4(diamMes)(OHx)(OHy)]+ (1-H2O-OH) was isolated 

(Figure 2). Though the lower quality of these crystals does not allow for unambiguous 

assignment of protonation state of the water-derived ligands, Mn−O bond lengths suggest a 

MnIV−OH and MnIII−OH2 assignment. 2H Mims ENDOR spectra of complex 1 show only 

one resolved class of deuterium atoms. In the context of the interplay between Mn oxidation 

state and substrate protonation state in the OEC, we targeted complexes with only one water-

derived ligand in efforts to minimize ambiguity. In attempts to isolate the water-bound 

species without protonolysis of the siloxide moiety, crystals of 1 were subjected to water 

vapor for at least 48 hours, resulting in a single crystal to single crystal conversion to a water-
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bound species (O-atom partial occupancy).33 Due to the thin nature of the plate-like crystals 

and crystal cracking from unit cell changes, the quality of the XRD data is low, only allowing 

for confirmation of connectivity (Figure 3).  

 

Figure 2. Solution-state versus solid-state reactivity of 1 with water.  
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Figure 3. Truncated crystal structure of reaction product (1-H2O) from subjecting crystals 
of 1 to water vapor for 48 hours. Occupancy of O(6) is ~30%. Due to low quality dataset, 
atoms depicted as ball-and-stick model. Mn (green), Si (light purple), O (red), N (blue), C 
(gray).  
 

Addition of hydroxide to 1 was also investigated and monitored by EPR 

spectroscopy. Titration of different equivalents (0 – 1) of TBAOH (1 M in MeOH) (TBA = 

tetrabutylammonium) shows near stoichiometric conversion of 1 to a putative hydroxide 

bound species (Figure 4). Utilizing a 1:1 mixture of DBU: H2O in THF (DBU = 1,8-

diazabicyclo[5.4.0]undec-7-ene) (Figure 5), consumption of the HS complex 1 is also 

observed. Notably, it is hypothesized MeOH can also bind to the cluster, discussed vide infra. 

A control experiment with the addition of DBU to 1 in the absence of methanol and water 

does not result in significant reactivity with 1 (Figure 5). However, it is noted  
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Figure 4. Addition of varying equivalents (from the top: 0, 0.13, 0.25, 0.5, 1 equivalents), of 
TBAOH (1 M in MeOH) to 1, collected at T = 5 K. Acquisition parameters: frequency = 
9.64 MHz, power = 8.8 mW, conversion time = 10 ms, and modulation amplitude = 8 G. 
 

 
Figure 5. (a) Addition of DBU (1 equiv) to 1. (b) Addition of 1 equivalent of a 1:1 DBU:H2O 
mixture to 1. Acquisition parameters: frequency = 9.64 MHz, power = 8.8 mW, conversion 
time = 10 ms, and modulation amplitude = 8 G. 
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Stoichiometric addition of H2O to benzyl potassium results in the formation of an 

anhydrous suspension of KOH. Addition of 2 equivalents of this mixture to complex 1 results 

in near complete conversion of 1 to a new low-spin species, as monitored by EPR 

spectroscopy (Figure 7). Temperature dependence studies were also performed in the 

temperature range of T = 5 – 20 K (Figure 8), suggesting an accessible higher spin excited 

state. Analogous preparations of the hydroxide mixture utilizing 2H2O and 17OH2 were 

performed and labelled samples of the putative hydroxide species were prepared. No 

significant differences of the hyperfine features in the CW-spectrum were observed in the 

labelled samples (Figure 9), and pulse-EPR studies are underway to confirm the binding of 

a hydroxide moiety to the Mn4O4 unit. Further characterization and attempts to isolate the 

product are also underway.   

 

Figure 6. Proposed product of reaction between 1 and 2 equivalents of KOH, generated from 
KBn and H2O.  
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Figure 7. Addition of 2 equivalents of KOH to 1 in 1:1 2-MeTHF:CH2Cl2. Acquisition 
parameters: frequency = 9.64 MHz, power = 8.7 mW, conversion time = 10 ms, and 
modulation amplitude = 8 G. 
 

 
 

Figure 8. Temperature dependence studies (T = 5, 10, 20 K) on the addition of 2 equivalents 
of KOH to 1 in 1:1 2-MeTHF:CH2Cl2. Acquisition parameters: frequency = 9.64 MHz, 
power = 8.7 mW, conversion time = 10 ms, and modulation amplitude = 8 G. 
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Figure 9. Comparisons of X-band CW EPR spectra of natural abundance, 2H labelled, and 
17O labelled samples of the putative hydroxide complex. Acquisition parameters: frequency 
= 9.64 MHz, power = 8.7 mW, conversion time = 10 ms, and modulation amplitude = 8 G. 
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A1.3) Ammonia  

Addition of varying equivalents of ammonia (0.4 M in THF) to 1 suggests that the 

conversion to a new LS species is complete upon the addition of ~100 equivalents (Figure 

11). This contrasts with the studies with water and hydroxide. Due to the more basic nature 

of NH3 versus H2O, it is proposed that protonolysis of the siloxide moiety is not as feasible 

(Figure 10). Interestingly, removing all volatiles of an ammonia-treated sample of 1 and 

subsequent sample preparation of this residue by re-dissolving in 1:1 CH2Cl2:2-MeTHF 

shows the conversion of a mixture containing both HS and LS signals to one with 

predominantly the HS signal (Figure 12). This result suggests some degree of reversibility in 

the reaction with NH3 and lability of the NH3 ligand, lending support for the hypothesis that 

the new LS species is bound to both siloxide and NH3.  

 

Figure 10. Proposed product of reaction between 1 and ~ 100 equivalents of NH3.  
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Figure 11. Addition of varying equivalents of NH3 (0.4 M in THF) to 1, with spectra 
collected at T = 5 K. Acquisition parameters: frequency = 9.64 MHz, power = 8.8 mW, 
conversion time = 10 ms, and modulation amplitude = 8 G. 
 

 
Figure 12. Comparison between NH3 treated sample (blue) and same sample after subjecting 
to vacuum, then redissolving the resulting residue (black). Spectra scaled to roughly have 
same intensity of LS signal. Data collected at T = 5 K. Acquisition parameters: frequency = 
9.64 MHz, power = 8.8 mW, conversion time = 10 ms, and modulation amplitude = 8 G. 
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Interestingly, even with the large excess of reagent added, some HS signal remains. 

X-band CW spectra collected at variable temperatures reveal different temperature 

dependent relaxation behavior of the HS and LS signals (Figure 13). One possible 

explanation is that ammonia binding tunes the energy gap between ground and higher-spin 

excited states. Notably, the nature of ligand environment has been previously demonstrated 

to have such an effect in related synthetic Mn4O4 complexes. Furthermore, the Q-band ESE-

EPR spectrum of 1 displays broad features at low field in addition to features centered about 

g = 2 due to a small zero-field splitting value (|D| = 0.32 cm-1) (Figure 14). These signals are 

not observed in the ammonia-treated samples, consistent with the tentative assignment of the 

HS signal resulting from a thermally accessible excited state as opposed to unreacted starting 

material 1.  

 

Figure 13. X-band CW EPR spectra of addition of ~ 100 equivalents of NH3 to 1, collected 
at various temperatures. Acquisition parameters: frequency = 9.64 MHz, power = 8.7 mW, 
conversion time = 10 ms, and modulation amplitude = 8 G. 
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Figure 14. Q-band ESE-EPR spectra of (a) 1 collected at T = 3.2 K and (b) 1-NH3, collected 
at 3.5 K.  
 

Comparisons between labelled 15NH3 and natural abundance samples were attempted 

utilizing pulse techniques (ESEEM, HYSCORE, ENDOR) at both X and Q-bands. However, 

due to overlap with the 14N signals originating from ancillary ligands, the 15N signals could 

not be resolved. Samples prepared from addition of N2H3 were studied by 2H Mims ENDOR 

spectroscopy. Signals centered about the 2H Larmor frequency were observed and can be 

estimated to have a 2H hyperfine interaction (HFI) of A = ~2 MHz (Figure 15). This 

magnitude is comparable to that observed for the related hydroxide and water bound species.  
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Figure 15. 2H – 1H difference Mims ENDOR spectra of N2H3-treated samples of 1 collected 
at 1240 and 1300 mT. 
 

A single crystal to single crystal reaction of complex 1 with ammonia was performed. 

Subjecting crystals of 1, grown from vapor diffusion of Et2O into a o-difluorobenzene 

solution, to an atmosphere of ammonia for 2 hours resulted in an observed change in the unit 

cell of the crystals. Importantly, this new unit cell is unique to the one obtained from 

subjecting crystals of 1 to water (vapor). Although the quality of the dataset is insufficient 

for determination of precise structural metrics, this result yields the connectivity of the 

reaction product (Figure 16). Likely due to disorder, the expected triflate counteranion is not 

located, though unaccounted electron density surrounding the cluster is present in this 

dataset. 
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Figure 16. Truncated crystal structure of reaction product (1-NH3) from subjecting crystals 
of 1 to ammonia for 2 hours. Due to low quality dataset, atoms depicted as ball-and-stick 
model. Mn (green), Si (light purple), O (red), N (blue), C (gray). 

 
A1.4) Methanol, methoxide, and miscellaneous  

Addition of excess methanol (~ 60 equivalents) likewise results in the conversion of 

1 to a new LS species, as monitored by EPR spectroscopy (Figure 17). Addition of one 

equivalent of DBU in excess methanol results in the complete conversion to a new LS 

species, suggesting the formation of a methoxide bound complex. 2H labeled samples can be 

prepared utilizing CD3OD; signals centered about the 2H Larmor frequency in the 2H Mims 

ENDOR spectrum (Figure 18) have estimated 2H hyperfine interactions of A = ~0.5 MHz. 

This value is significantly smaller than those observed for water/hydroxide and ammonia 

binding discussed previously, suggesting these signals arise from the methyl deuterons. 

Unfortunately, attempts at isolating a methoxide bound species have not been successful thus 

far.  
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Figure 17. X-band CW EPR spectrum of the (a) addition of ~ 60 equiv of MeOH to 1. (b) 
addition of 1 equivalent of DBU in excess MeOH (~ 60 equiv relative to 1).  (c) addition of 
1 equivalent of DBU and 1 equivalent of MeOH to 1. Spectra collected at T = 5 K. 
Acquisition parameters: frequency = 9.64 MHz, power = 8.7 mW, conversion time = 10 ms, 
and modulation amplitude = 8 G. 
 

 
Figure 18. Q-band 2H Mims ENDOR spectrum collected at 1240 mT of putative methoxide-
bound cluster. Estimated 2H hyperfine coupling constant A = ~0.5 MHz. Peaks not centered 
about 2H Larmor frequency are attributed to 14N signals from ancillary ligands.  
 

Other substrates of interest include (hydro)peroxides and superoxide, as comparisons 

to the water/hydroxide species isolated previously (1-H2O-OH). Preliminary studies on the 

addition of 10 equivalents of HO2
tBu (5.5 M in decane) to 1 shows incomplete consumption 

of the HS species and formation of a new LS species (Figure 19). It is hypothesized that the 
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reaction with HO2
tBu involves protonolysis of the siloxide moiety and results in an 

alkylperoxide bound in an η2 fashion, although further characterization is needed to confirm 

this assignment.  

 

Figure 19. X-band CW EPR spectrum of the reaction between 1 and 10 equivalents of 
HO2

tBu (5.5 M in decane), collected at T = 5 K. Acquisition parameters: frequency = 9.64 
MHz, power = 8.8 mW, conversion time = 10 ms, and modulation amplitude = 8 G. 
 

Similarly, addition of anhydrous sources of hydrogen peroxide results in the 

conversion to a new low-spin species. Reactions with DABCO ∙ (H2O2)2 (DABCO = 1,4-

diazabicyclo[2.2.2]octane) are incomplete likely due to the insolubility of this reagent. 

Utilizing 3 equivalents of a phosphine-oxide adduct of H2O2 ([(o-tol)3P=O ∙ H2O2]2), soluble 

in common organic solvents such as tetrahydrofuran and methylene chloride,34, 35 a new low-

spin species is observed (Figure 20). X-band CW EPR spectra were also collected at T = 5 

K, 10 K, 15 K, 20 K, and 30 K (Figure 21). Similar to previously reported [Mn4O4] 

complexes,36 a new higher spin signal is observed as the temperature is increased, 

concomitant with decreasing intensity of the LS signal. This observation suggests the 

presence of a low-lying high spin excited state.  Notably, a small amount of complex 1 
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remains in this mixture, as determined based on the temperature dependence behavior, and 

is denoted with an asterisk (*) (Figure 22).  

 

Figure 20. X-band CW EPR spectrum of the reaction between 1 and 3 equivalents of [(o-
tol)3PO(H2O2)]2, collected at T = 5 K. Acquisition parameters: frequency = 9.64 MHz, power 
= 8.7 mW, conversion time = 10 ms, and modulation amplitude = 8 G. 

 

Figure 21. X-band CW EPR spectrum of the reaction between 1 and 3 equivalents of [(o-
tol)3PO(H2O2)]2, collected at various temperatures. Acquisition parameters: frequency = 9.64 
MHz, power = 8.7 mW, conversion time = 10 ms, and modulation amplitude = 8 G. 
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Figure 22. Expanded view of the low-field region of the X-band CW EPR spectrum of the 
reaction between 1 and 3 equivalents of [(o-tol)3PO(H2O2)]2, collected at various 
temperatures. Presence of small amounts of complex 1 denoted with an asterisk (*). 
Acquisition parameters: frequency = 9.64 MHz, power = 8.7 mW, conversion time = 10 ms, 
and modulation amplitude = 8 G. 
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A1.5) Discussion 

The reactivity of complex 1 with various biologically relevant small molecules was 

explored and studied via EPR spectroscopy. In general, these reactions are hypothesized to 

generate Mn4O4 clusters featuring all (pseudo)octahedral Mn centers, due to the observed 

spin state change from S = 5/2 of the starting complex 1 to S = 1/2 of new products. More 

detailed experiments and analysis of these reaction products to better understand how 

different substrates affect the J-coupling between Mn centers and thus the energy differences 

between ground and excited states are underway.  

A1.6) Experimental  

General considerations 

All reactions were performed at room temperature in an N2-filled glovebox or by 

using standard Schlenk techniques unless otherwise specified. Glassware was oven dried at 

150 °C for at least 2h prior to use and allowed to cool under vacuum. All reagents were used 

as received unless otherwise stated. Compound 1 was prepared according to literature. 

Anhydrous tetrahydrofuran (THF) was purchased from Aldrich in 18 L Pure-PacTM 

containers. Anhydrous CH2Cl2, diethyl ether, benzene, pentane, and THF were purified by 

sparging with nitrogen for 15 minutes and then passing under nitrogen pressure through a 

column of activated A2 alumina. NMR solvents were purchased from Cambridge Isotope 

Laboratories, dried over calcium hydride (CD2Cl2, CD3CN) or over sodium/benzophenone 

(C6D6), degassed by three freeze-pump-thaw cycles and vacuum-transferred prior to use. 

1H2O and 2H2O for EPR experiments were degassed by sparging with N2 or three freeze-

pump-thaw cycles, respectively. 17OH2 (70% isotopic enrichment) was purchased from 

Sigma Aldrich. NH3 (0.4 M in THF) solutions was purchased from Sigma Aldrich and used 
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without further purification. Isotopically labeled N2H3 and 15NH3 solutions were prepared by 

saturating 2 mL of anhydrous THF with the desired gas on the high-vacuum line. Isotopically 

labeled N2H3 and 15NH3 gases were subjected to three freeze-pump-thaw cycles prior to use 

and transferred while submerged in a dry-ice/acetone bath (– 78 °C).  

EPR spectroscopy 

Samples were prepared as solutions (c.a. 2 mM) in 1:1 CH2Cl2:2-MeTHF and rapidly 

cooled in liquid nitrogen to form a frozen glass. For reactivity studies, a stock solution of 

complex 1 in 1:1 CH2Cl2:2-MeTHF (2 mM) was prepared, and the desired equivalents of 

substrate (prepared as 0.4 M solutions in THF unless specified otherwise) were added via 

syringe. Reaction mixtures were mixed by pipet, filtered, and transferred to X-band or Q-

band tubes, respectively, and frozen in LN2 within 5-10 minutes of reagent addition. All X-

band and Q-band EPR experiments presented in this study were acquired at the Caltech EPR 

facility. X-band CW EPR spectra were acquired on a Bruker (Billerica, MA) EMX 

spectrometer using Bruker Xenon software (ver. 1.2). Temperature control was achieved 

using liquid helium and an Oxford Instruments (Oxford, UK) ESR-900 cryogen flow cryostat 

and an ITC-503 temperature controller. Pulse EPR and electron nuclear double resonance 

(ENDOR) experiments were acquired using a Bruker ELEXSYS E580 pulse EPR 

spectrometer using a Bruker D2 pulse ENDOR resonator for Q-band experiments. 

Temperature control was achieved using an Oxford Instruments CF-935 helium flow cryostat 

and a Mercury ITC temperature controller. Acquisition parameters for Q-band 2H Mims 

ENDOR: pulse sequence π/2-τ-π/2-tRF-πRF-tRF-π/2-τ-echo; where π/2 = 20 ns, tRF = RF pulse 

delay = 2 μs, πRF = RF pulse length = 40 μs; and τ = 140 ns; MW frequency = 34.120 GHz, 
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Temperature = 3.5 K, shot repetition time (srt) = 50 ms. The frequency of the RF pulse was 

randomly sampled to minimize nuclear spin saturation. 
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Figure 1. Truncated structure of [LMn4O4(diamMes)(py)2][BArF24]. Synthesized from anion 
exchange between LMn4O4(diamMes)(OTf) and NaBArF24 in the presence of pyridine. Bolded 
bonds highlight Mn-oxo bonds. Bond lengths in the Mn4O4 core suggest MnIII

2MnIV
2 

oxidation state as expected. Mn (green), O (red), N (blue), C (black). 
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Figure 2. Truncated structure of LMn4O4(diamMes)(OtBu). OtBu group is disordered between 
Mn(4) and Mn(3) sites (not depicted above). Product formed from addition of excess (~ 6 
equivalents) NaOtBu to LMn3O4(py)3(OTf), Mn(OTf)2, and H2diamMes. Mn (green), O (red), 
N (blue), C (gray). 

 

Figure 3. Truncated structure of LMn4O4(diam)(O3HxSiAr) Ar = 1,3,5 triisopropylphenyl. 
Synthesized from protonolysis reaction of LMn4O4(diam)(OAc) and ArSi(OH)3. Bolded 
bonds highlight Mn-oxo bonds. Preliminary bond lengths suggest MnIIIMnIV

3 oxidation state, 
suggesting unidentified in situ oxidation and/or H-atom loss from trisilanol moiety. Mn 
(green), Si (light purple), O (red), N (blue), C (black). 
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Figure 4. Truncated structure of LMn4O4(diamMes)(OAr), Ar = 3,5 di-tertbutylphenyl. Di-
tertbutyl groups omitted for clarity; disorder is severe in these groups. Synthesized from salt 
metathesis of LMn4O4(diamMes)(OTf) and KOAr in benzene. Bolded bonds highlight Mn-
oxo bonds. Mn (green), O (red), N (blue), C (black). 
 

 
 
Figure 5.  Truncated structure of LMn4O4(Cy-phosphinamide). Bolded bonds highlight Mn-
oxo bonds. Mn(green), P (purple), O (red), N (blue), C (black).  
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Figure 6. Truncated structure of LYMn3O4(py-diamCF3)(OAc). Product of metalation of 
[LYMn3O4(OAc)3][OTf] with H2(py-diamCF3) and base. Note that isolated product is one 
electron reduced from starting material. Bolded bonds represent M-oxo bonds. Y (dark blue), 
Mn (green), F (light green), O (red), N (blue), C (black). Note one carbon depicted as ball 
and stick model.  
 

 
 

Figure 7. Truncated structure of [LYMn3O4(py-ox)2(OAc)(DMF)][OTf], py-ox = di-2-
pyridyl ketone oximate. Product of protonolysis reaction of [LYMn3O4(OAc)3][OTf] and 
H(py-ox). Bolded bonds represent M-oxo bonds. Y (dark blue), Mn (green), O (red), N 
(blue), C (black).  
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Figure 8. Structure of L2Mn6O8. Unexpected decomposition product in unoptimized reaction 
conditions for LMn4O4(diam)(OTf). Bolded bonds represent Mn-oxo bonds. Mn (green), O 
(red), N (blue), C (gray).  

 

 
Figure 9. Structure of LMn4O2(N-diamCF3)(OTf). One unexpected product of 
LMn3O4(py)3(OTf), Mn(OTf)2, NH-H2diamCF3, and 3 equivalents of NaOtBu. Bolded bonds 
represent Mn-oxo bonds. See below for a second product. Mn green), S (yellow), F (light 
green), O (red), N (blue), C (gray).  
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Figure 10. Structure of [LMn4O2(N-diamCF3)Na(OTf)2]2. One unexpected product of 
LMn3O4(py)3(OTf), Mn(OTf)2, NH-H2diamCF3, and 3 equivalents of NaOtBu. Bolded bonds 
represent Mn-oxo bonds. See above for another product. Mn green), Na (orange), S (yellow), 
F (light green), O (red), N (blue), C (gray). 
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