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Executive Summary 

The project Mechanistic Studies to Enable Aerobic Oxidation of C-H Bonds by Manganese 

Catalysts provided fundamental new insight into the factors affecting hydrocarbon oxidation 

reactions by manganese-oxo complexes. These insights stem from the development of a structure-

function relationship, whereby particular molecular properties of manganese(IV)-oxo complexes 

were shown to correlate to their efficacy in hydrocarbon oxidation reactions. This work is 

important, as manganese oxidation catalysts have seen increasing use in synthetic transformations, 

including reactions relevant to the synthesis of pharmaceuticals and other value-added chemicals. 

The desirability of developing new manganese catalysts stems from the inexpensive nature and 

low toxicity of the metal manganese, which contrasts with the high cost and toxicity of many other 

metals. The work carried out by this project was disseminated to the scientific community in the 

form of 14 peer-reviewed publications and over twenty presentations. In addition, the research 

results were incorporated into graduate and undergraduate courses at the University of Kansas, 

providing additional means of dissemination. 

 

 

Comparison of Actual Accomplishments and Objectives 

 

The objectives of this project are as follows: (1) identify relationships between ligand properties 

and O2 activation by MnII centers; (2) evaluate the two-state reactivity model of MnIV-oxo adducts 

using a combination of experiment and theory; and (3) understand variations in ligand-field effects 

on the reactivity of MnIV-oxo and FeIV-oxo complexes. The outcomes of this project directly 

addressed these objectives. Research supported by the project uncovered different O2 activation 

pathways for a pair of MnII complexes and demonstrated that these different pathways were caused 

by the steric properties of the supporting ligand (publication #7). A series of experimental and 

computational studies provided a detailed assessment of the two-state reactivity model for MnIV-

oxo complexes and demonstrated how predictions made by this model could be used to design 

some of the most active MnIV-oxo complexes known to date (publications #1, 2, 4, 5, 8, 9 12, and 

13 below). Finally, investigations of MnIV-oxo complexes revealed different reactivity trends when 

compared to their FeIV-oxo analogues (publication #6 and 10 below). 

 

Summary of Project Activities 

 

The majority of the project outcomes have been reported in the 14 peer-reviewed publications. 

These activities are summarized below. 
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O2 Activation by MnII Centers. Previous work with synthetic MnII complexes capable of O2 

activation has offered two primary reactive mechanisms. In most cases, MnII complexes are 

oxidized to form high-valent MnIV-oxo species that undergo comproportionation reactions with 

residual MnII in solution and form oxo‐bridged MnIIIMnIII dimers (Coggins, M. K. et al., Inorg. 

Chem. 2012, 51, 6633). In contrast, for MnII species with sterically-encumbered reactive sites, the 

MnIV-oxo intermediate is proposed to carry out H-atom transfer from solent molecules to form 

monomeric MnIII-hydroxo species instead (Shirin, Z. et al. Chem. Commun. 1997, 1967). Our 

efforts towards understanding dioxygen activation have focused on the MnII complexes 

[MnII(dpaq)(OTf)] and the sterically modified [MnII(dpaq2Me)(OTf)] (Figure 1). We had 

previously shown that each of these complexes reacts with O2 to form mononuclear MnIII-hydroxo 

species in >96% isolated yields. In this last funding period, we performed O2 titration experiments 

with [MnII(dpaq)(OTf)], which showed a 4:1 MnII:O2 stoichiometry (Figure 2). 

 

 

 
Figure 1. Molecular structures of MnII complexes, [MnII(dpaq)(OTf)] and [MnII(dpaq2Me)(OTf)] (left); 

MnIII-hydroxo complexes, [MnIII(OH)(dpaq)]+ and [MnIII(OH)(dpaq2Me)]+ (center); and oxo‐bridged 

MnIIIMnIII dimer, [MnIIIMnIII(-O)(dpaq)2]+ (right). 

 

 
Figure 2. Left: Plot of O2 titration data (blue) showing percent formation of 1a as a function of added O2. 

Trend lines for 4:1 (red) and 2:1 (green) Mn:O2 stoichiometry are shown for comparison. Right: Electronic 
absorption spectra for MeCN solutions of 1 treated with varying equivalents of O2 at 20°C. 

 

We have also been able to trap and characterize an oxo‐bridged MnIIIMnIII intermediate that 

converts to the MnIII-hydroxo product through hydrolysis with adventitious H2O. Collectively, 

these data support an O2 activation mechanism where a transient MnIV-oxo intermediate is trapped 

by unreacted MnII to form the oxo‐bridged MnIIIMnIII species (Figure 3). 
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Figure 3. Proposed pathways for dioxygen activation and subsequent MnIII-hydroxide formation by 

[MnII(dpaq)]+ and [MnII(dpaq2Me)]+. For [MnII(dpaq)(OTf)], a MnIV-oxo intermediate is trapped by residual 

[MnII(dpaq)(OTf)] in solution to form an oxo‐bridged MnIIIMnIII dimer that undergoes hydrolysis to give 

the observed MnIII-hydroxo product (dimer pathway). In the case of the sterically modified 

[MnII(dpaq2Me)(OTf)] complex, dimerization between the proposed MnIV-oxo species and residual MnII 

complex in solution is hindered. Instead, the MnIV-oxo species abstracts a H atom from solvent to form a 

monomeric MnIII-hydroxo species (HAT pathway). 

 

Investigations of the sterically modified [MnII(dpaq2Me)(OTf)] complex provided strong evidence 

for an alternate pathway to the MnIII-hydroxo product. The sterically modified complex reacts with 

dioxygen at a much slower rate than [MnII(dpaq)(OTf)], and investigations to date have provided 

no evidence for the formation of an oxo‐bridged MnIIIMnIII species. Instead, only the monomeric 

MnIIIhydroxo species is observed from reaction with O2. Reactions between [MnII(dpaq2Me)]+ and 

O2 in deuterated acetonitrile result in the formation of the MnIII-OD product, supporting a 

mechanism in which the transient MnIV-oxo species abstracts a H (or D) atom from solvent, as 

opposed to being sequestered by unreacted MnII in solution (Figure 3). Presumably, the steric bulk 

of the methyl-quinolinyl group hinders the formation of the oxo‐bridged MnIIIMnIII dimer, showing 

the effect of even slight ligand modifications on dioxygen activation. These studies are described 

in more detailed in publication #7. 

 

C-H Bond Activation by MnIV-oxo Complexes. In recent years, the reactivity of 

mononuclear  MnIV=O complexes has been proposed to operate by a two-state model (see Cho, 
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K.-B.; Shaik, S.; Nam, W., “Theoretical Investigations into C–H Bond Activation Reaction by 

Nonheme MnIVO Complexes: Multistate Reactivity with No Oxygen Rebound.” The Journal of 

Physical Chemistry Letters 2012, 3 (19), 2851-2856.). According to this model, a 4E excited state 

offers a lower-energy transition state for hydrogen-atom transfer than the 4B1 ground state. 

Although this model has been used to rationalize the reactivity of several MnIV-oxo adducts for 

both hydrogen-atom and oxygen-atom transfer reactions, it is lacking experimental support. To 

test this model, we first used a combination of electronic absorption and magnetic circular 

dichroism (MCD) spectroscopies to determine the energy of the 4E excited state for our previously 

reported [MnIV(O)(N4py)]2+ complex. Because this state arises from a one-electron transition from 

quasi-degenerate MnIV 3dxz/3dyz MOs to the MnIV 3dx
2

-y
2 MO, it is expected to give rise to a 

pseudo-A term in the MCD spectrum (a derivative-shaped feature with increased intensity at lower 

temperature). On the basis of these selection rules, we were able to assign a near-IR electronic 

transition of [MnIV(O)(N4py)]2+ as the 4E excited state. Importantly, the experimental energy of 

this state is significantly higher than that predicted by DFT computations. Using wavefunction-

based CASSCF/NEVPT2 calculations, we showed that the energetic splitting of the 4B1 and 4E 

states remains fairly constant as the Mn-oxo bond is elongated (i.e., along the hydrogen-atom 

transfer reaction coordinate in the absence of substrate). However, these calculations also revealed 

that the 4E state develops significant MnIII-oxyl character upon even modest Mn-O bond 

elongation. Insofar as radical character is important for hydrogen-atom transfer reactions, these 

results reinforce the previous prediction that the 4E state should be more reactive for C-H bond 

oxidation than the 4B1 ground state. Thus, if the 4E state were to be stabilized through interactions 

with substrate, this state could provide a potent reaction channel for substrate oxidation. These 

accomplishments are described in publication #1. 

 

Of the current MnIV-oxo complexes known to effect C-H bond oxidation processes, large 

variations in supporting ligands and reaction conditions prevent a fundamental understanding of 

the factors that govern reactivity. To address this challenge, we employed a series of derivatives 

of the N4py ligand to generate two new MnIV-oxo complexes with systematically perturbed 

properties. In particular, we employed electron-rich and electron-deficient ligand derivatives to 

determine the influence of equatorial ligand donor strength on MnIV-oxo properties. One of the 

new complexes, [MnIV(O)(2pyN2Q)]2+ (see Figure 4), which contains weaker equatorial 

interactions, showed significant rate enhancements in C-H bond oxidation and sulfur-oxidation 

reactions compared to [MnIV(O)(N4py)]2+. On the other hand, the [MnIV(O)(DMMN4py)]2+ 

complex, which contains stronger Mn-N equatorial interactions, showed significant decreases in 

oxidation reaction rates compared to [MnIV(O)(N4py)]2+. Thus, these studies showed how subtle 

variations in equatorial donor strength can have a profound effect on reaction rates. The observed 

rate variations correlate with the energy of the 4E excited state, consistent with a computational 

prediction that this state is important in MnIV-oxo reactivity. However, our observed reaction rate 

variations can also be explained in terms of the MnIII/IV reduction potentials, which we measured 

for our MnIV-oxo complexes. Thus, the exact rationale for the large rate variations observed for 

this set of complexes is not certain at present. These accomplishments are described in publication 

#2. 
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Figure 4. Molecular structures of 2pyN2Q ligand (left) and [MnIV(O)(2pyN2Q)]2+ complex (right). 

 

To expand understanding of the influence of the ligand field on reactivity, we developed a new 

MnIV-oxo complex supported by an N-(methyl)benzimidazolyl analogue (2pyN2B; see Figure 5). 

We chose this benzimidazolyl derivative, as previous work with FeIV-oxo systems had shown a 

100-fold rate enhancement for C-H bond oxidation for a benzimidazole-containing complex 

compared to the pyridine-containing analogue. We generated the [MnIV(O)(2pyN2B)]2+ complex 

by idosobenzene oxidation of the MnII starting material and characterized the MnIV-oxo complex 

by a suite of spectroscopic techniques (electronic absorption, electron paramagnetic resonance, 

and Mn K-edge X-ray absorption spectroscopy, XAS). We also performed XAS studies for other 

previously reported MnIV-oxo complexes. Analysis of EXAFS data for these complexes showed 

Mn=O distances near 1.70 Å. Although these bond lengths are similar to those reported for 

MnIV=O adducts, they are ca. 0.02 Å longer than that predicted by density functional theory (DFT) 

computations. Excellent agreement between the EXAFS and DFT distances was obtained when 

we considered explicit solvent molecules (2,2,2-trifluoroethanol, TFE) hydrogen-bonding with the 

oxo ligands (Figure 6). This result suggests that the TFE solvent might play a role in stabilizing 

MnIV-oxo species through hydrogen-bonding interactions (we note that a number of MnIV-oxo 

adducts can be stabilized in TFE but not in other solvents). Having characterized 

[MnIV(O)(2pyN2B)]2+, we then explored its reactivity in hydrogen- and oxygen-atom transfer 

reactions, using 9,10-dihydroanthrecene and thioanisole as representative substrates. 

Unexpectedly, the [MnIV(O)(2pyN2B)]2+ showed HAT and OAT rates on the lower end of those 

observed for our previously reported MnIV-oxo complexes. These results demonstrate that ligand 

design principles identified for FeIV-oxo complexes cannot be applied carte blanche to MnIV-oxo 

species. These results are described in more detail in publications #6 and 9. 
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Figure 5. Top: Molecular structures of 2pyN2B ligand (left) and [MnIV(O)(2pyN2B)]2+ complex (right). Bottom: 

Electronic absorption spectrum showing the formation of the [MnIV(O)(2pyN2B)]2+ complex by PhIO oxidation of 

the [MnII(OH2)(2pyN2B)]2+ precursor. The inset shows the growth of intensity of the near-infrared electronic 

absorption band of [MnIV(O)(2pyN2B)]2+ as a function of equivalents of PhIO. 

 

 
Figure 6. Molecular structures of MnIV-oxo complexes, [MnIV(O)(N4py)]2+(TFE)2 (top-left), 

[MnIV(O)(DMMN4py)]2+(TFE)2 (top-right), [MnIV(O)(2pyN2Q)]2+(TFE)2 (bottom-left), and 

[MnIV(O)(2pyN2B)]2+(TFE)2 (bottom-right). 

 

 

To better understand the experimental rates for C-H bond oxidation by MnIV-oxo species, we 

explored these reactions using electronic structure methods. Original DFT computations invoked 

a multi-state reactivity model, involving crossing from the 4B1 ground state to a low-lying 4E state, 

but this prediction lacked experimental validation (Chen, J. et al.; Chem. Comm. 2015, 13094). 

Our initial work in this area (Leto, et al.; J. Am. Chem. Soc. 2016, 15413) showed that these MnIV-

oxo complexes contain significant multireference character in both the 4B1 state and the 4E states, 

which calls into question the appropriateness of the DFT method. To explore this issue, we used 

experimental activation parameters for ethylbenzene oxidation by a MnIV-oxo complex to compare 
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DFT (at the B3LYP level) and multi-reference CASSCF-NEVPT2 computations, the latter of 

which can properly treat multi-reference systems. Both the DFT and CASSCF-NEVPT2 methods 

predict the 4E transition state to be at lower energy (Figure 7), with the CASSCF-NEVPT2 result 

being in reasonable agreement with the experimentally determined energy barrier. In contrast, the 

DFT results severely underestimate the activation barrier on the 4E surface, predicting a far faster 

reaction than observed experimentally. These results demonstrate that a multireference treatment 

is required to treat MnIV-oxo systems. This work is described in more detail in publication #8. 

 

 
Figure 7. Graph showing the deconvoluted activation barriers into their entropy (at 25 °C) and enthalpy components.  

 

Given the impressive reactivity of several of the MnIV-oxo complexes, we expanding our 

exploration of reactivity to include olefins. These substrates present a challenge of regioselectivity, 

as the MnIV-oxo unit can transfer an oxygen atom to the olefin to give an epoxide product, or the 

MnIV-oxo unit can abstract an allylic C-H bond to yield an allylic oxidation product. We showed 

that a set of MnIV-oxo complexes yielded different olefin epoxidation / allylic oxidation ratios, 

which could be correlated to changes in the Mn=O bond dissociation free energy. This work is 

described in more detail in publication #13. 

 

As a further means of assessing the best descriptors of reactivity for C-H bond oxidation by MnIV-

oxo complexes, we generated a series of manganese(II) and oxomanganese(IV) complexes 

supported by neutral, pentadentate ligands with varied equatorial ligand-field strength (N3pyQ, 

N2py2I, and N4pyMe2). These complexes were characterized using structural and spectroscopic 

methods. On the basis of electronic absorption spectroscopy, the [MnIV(O)(N4pyMe2)]2+ complex 

has the weakest equatorial ligand field among a set of similar MnIV-oxo species. In contrast, 

[MnIV(O)(N2py2I)]2+ shows the strongest equatorial ligand-field strength for this same series. We 

examined the influence of these changes in electronic structure on the reactivity of the 

oxomanganese(IV) complexes using hydrocarbons and thioanisole as substrates. The 

[MnIV(O)(N3pyQ)]2+ complex, which contains one quinoline and three pyridine donors in the 

equatorial plane, ranks among the fastest MnIV-oxo complexes in CH bond and thioanisole 

oxidation. While a weak equatorial ligand field has been associated with high reactivity, the 

[MnIV(O)(N4pyMe2)]2+ complex is only a modest oxidant. Buried volume plots suggest that steric 
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factors dampen the reactivity of this complex. Trends in reactivity were examined using DFT-

computed bond dissociation free energies (BDFEs) of the MnIIIO–H and MnIV=O bonds. We 

observe an excellent correlation between MnIV=O BDFEs and rates of thioanisole oxidation rates, 

but more scatter is observed between hydrocarbon oxidation rates and the MnIIIO–H BDFEs. A 

manuscript describing this work has been submitted and is presently under review. 
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