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Abstract 

The oxidation of manganese complexes using ceric ammonium nitrate (CAN) are often 

complicated by the fact that cerium(IV) can serve as both an oxidant and a Lewis acid. In this work, 

we explore the reaction of CAN with the MnII complex [MnII(OTf)(DMMN4py)](OTf) (DMMN4py 

= N,N-bis(4-methoxy-3,5-di-methyl-2-pyridylmethyl)-N-bis(2-pyridyl)methylamine). We chose 

this complex as multiple oxidation products, including oxomanganese(IV) and bis(-

oxo)dimanganese(III,IV) complexes, have previously been reported. We envisioned that 

knowledge of the spectral properties of these intermediates would aid in understanding the 

potential complexities of CAN oxidation reactions. The oxidation of [MnII(OTf)(DMMN4py)](OTf) 

with 2.0 equivalents CAN in 9:1 (v/v) MeCN:H2O at 25 °C transiently forms the MnIV-oxo 

complex, but this species is formed in low yields and is unstable. The MnIV-oxo complex evolves 

to a new intermediate that had not been previously observed. At lower temperatures, the formation 

of this new intermediate is preceded by formation of the previously reported bis(-

oxo)dimanganese(III,IV) complex. EPR and X-ray absorption experiments for the new 

intermediate provide strong evidence for its formulation as [MnIVMnIV(-O)2(
DMMN4py)2]

4+. This 

work establishes dinuclear MnIVMnIV species as products that must be considered in CAN 

oxidation reactions of MnII complexes and shows that both mononuclear MnIV-oxo and dinuclear 

MnIIIMnIV complexes can be intermediates in such reactions. 
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Introduction 

The CeIV ion in ceric ammonium nitrate (CAN) is a powerful oxidant (CeIV/III reduction 

potential of +1.37 V vs. SCE in aqueous 1 M HNO3)
1 and a strong Lewis acid.1-4 Because of its 

high reduction potential, CAN is a common one-electron oxidant in organic synthesis and often 

serves as a sacrificial oxidant in water oxidation by transition-metal catalysts.3, 5-10 On the basis of 

the high Lewis acidity of CeIV (and/ or its reduced CeIII
 form), it has been proposed that this metal 

could direct a water molecule close to a transition-metal center to initiate O‒O bond formation.5 

This role is similar to that of CaII in the oxygen-evolving complex (OEC) in photosystem II.11 Due 

to the growing use of CAN in water oxidation, there is much interest in understanding 

intermediates formed when transition metals react with CAN. 

Reactions of CAN with several FeII and MnII complexes have been reported to generate 

metal(IV)-oxo complexes, where the oxo ligand is derived from water.12-16 Nam and co-workers 

reported the formation of a mononuclear MnIV-oxo complex from the reaction of 

[MnII(CF3SO3)2(BQCN)] (BQCN = N,N’-dimethyl-N,N’-bis(8-quinolyl)cyclohexanediamine; 

Figure 1) with 4 equiv. CAN in 9:1 MeCN:H2O (or 9:1 acetone:H2O) at 0 °C.12 The proposed 

MnIV-oxo product showed a broad electronic absorption band at 630 nm, and electron 

paramagnetic resonance (EPR) experiments revealed a signal at geff ≈ 4, which is consistent with 

an S = 3/2 MnIV center. The resonance Raman spectrum of the intermediate displayed a Mn–O 

vibration at 707 cm-1, which is similar to values reported for MnIV-oxo species (712 to 750 cm-

1).17-20  In a separate study, Sastri, Comba, and co-workers reported the formation of MnIV-oxo 

complexes supported by pentadentate N5 ligands in the bispidine family (L1 and L2 in Figure 1) 

by CAN oxidation.13 Specifically, treatment of the MnII bispidine complexes with 4 equiv. CAN 

in 9:1 MeCN:H2O (or 9:1 acetone:H2O) at 5 °C resulted in the formation of the MnIV-oxo 
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complexes.13 The electronic absorption spectra of these complexes showed broad near-IR bands 

at 970 and 975 nm, and ESI-MS data gave mass and isotope patterns consistent with [MnIV(O)L]2+ 

ions (L = L1 and L2; see Figure 1). These procedures for forming MnIV-oxo complexes of neutral 

N5 ligand by CAN oxidation are notable, as many MnIV-oxo complexes supported by N5 ligands 

are generated by PhIO oxidation in the fluorinated solvent 2,2,2-trifluoroethanol (TFE).21-25 

Alternative routes to generate MnIV-oxo complexes that avoid the use of fluorinated solvents are 

desirable. 

In the formation of these MnIV-oxo complexes, the CeIV is proposed to act solely as an oxidant, 

but reactions of certain Fe and Mn complexes with CAN have highlighted the consequences of the 

Lewis acidity of the CeIV and CeIII ions. Fillol, Costas, Que, and co-workers reported the formation 

of [(mcp)FeIV(O)(µ-O)CeIV(NO3)3]
+ (mcp = (N,N′-dimethyl-N,N′-bis(2-pyridylmethyl)-1,2-cis-

diaminocyclohexane; Figure 1) from the reaction of [FeIV(O)(mcp)]2+ and CAN in aqueous 

solution at 25 °C.5 Data from cryospray ionization high-resolution mass spectrometry (CSI-HRMS) 

and resonance Raman experiments supported this assignment. Thus, in this reaction, the CeIV 

center and FeIV-oxo complex form a Lewis acid-base adduct. Similarly, Que and co-workers 

reported an X-ray diffraction structure of the oxo-bridged hetero-bi-metallic complex 

[(N4py)FeIII(O)CeIV(OH2)(ONO2)4]
+ (N4py = N,N-bis(2-pyridylmethyl)-N-bis(2-

pyridyl)methylamine; see Figure 1).26 This complex was generated from the reaction of 

[FeII(NCMe)(N4py)]2+ and 2 equiv. CAN with 10 μL water in MeCN, or by the reaction of 

[FeIV(O)(N4py)]2+ with 4.5 equiv. CAN in MeCN. The chemistry of CeIV as a Lewis acid was also 

highlighted in the formation of a complex with a MnIV-O-CeIV core. The [MnIV(O)(dpaq)]+–CeIV 

species (dpaq = 2-[bis(pyridin-2-ylmethyl)]amino-N-quinolin-8-yl-acetamidate; see Figure 1) was 

generated by the reaction of [MnIII(OH)(dpaq)]+ and 2 equiv. CAN in 49:1 (v/v) CH3CN:H2O at 
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−40 ˚C. In a very recent example, the oxidation of [MnII(ClO4)(BnTPEN)]+ with 4 equiv. CAN 

results in the formation of a species with a MnIII−O−CeIV core (BnTPEN = N-benzyl-N,N, N-

tris(pyridine-2-ylmeth-yl)ethane-1,2-diamine).27 

 
Figure 1. Ligands discussed in the text and proposed structures of Ce-bound iron or manganese 

species. 
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These studies demonstrate that the ability of the CeIV center to CAN to act as both a strong 

oxidant and Lewis acid can give rise to a range of products when FeII and MnII complexes react 

with CAN. To better understand the conditions under which CAN reacts with MnII complexes to 

generate MnIV-oxo species, we describe here the reactions of CAN with 

[MnII(OTf)(DMMN4py)](OTf) (1; see Figure 2). We chose this complex as several of its oxidation 

products have already been identified. For example, we have previously shown that this complex 

reacts with iodosobenzene (PhIO) in 2,2,2-trifluoroethanol (CF3CH2OH, TFE) to give the MnIV-

oxo intermediate [MnIV(O)(DMMN4py)]2+ (2; see Figure 2).24 Complex 2 has been characterized by 

electronic absorption, electron paramagnetic resonance (EPR), and Mn K-edge X-ray absorption 

spectroscopies and has been shown to perform C-H bond oxidation and oxygen-atom transfer 

reactions.28-29 We have also demonstrated that the MnII complex 1 reacts with H2O2 in water to 

yield a complex with a bis(-oxo)dimanganese(III,IV) core, [MnIIIMnIV(µ–O)2(
DMMN4py)2]

3+ (3; 

see Figure 2).30 In contrast to 2, which contains a mononuclear MnIV-oxo unit, the bis(-

oxo)dimanganese(III,IV) unit in 3 is significantly less reactive and reacts slowly with activated O-

H bonds.30 Cyclic voltammetry experiments for 3 in CF3CH2OH showed a quasi-reversible process 

at E1/2 = +0.74 V vs. Fc/Fc+ (ΔEp = 0.19 V) that was attributed to a MnIVMnIV / MnIIIMnIV couple; 

however the MnIVMnIV species was not generated by either H2O2 or PhIO oxidation of 1.30 In this 

present study, we use the diagnostic electronic absorption signatures of 2 and 3 to demonstrate that 

these intermediates are formed when 1 is treated with CAN in a MeCN:H2O mixture. However, 

under these conditions, the mononuclear MnIV-oxo complex is formed in relatively low yields and 

rapidly converts to a new intermediate (4). By combining spectroscopic data with studies of 

chemical reactivity, we propose that 4 is the bis(-oxo)dimanganese(IV,IV) complex 
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[MnIVMnIV(µ–O)2(
DMMN4py)2]

4+. These studies reveal the complexity of reactions of MnII 

complexes with CAN. 

 
Figure 2. Structures of DMMN4py ligand and reported intermediates generated from 

[MnII(OTf)(DMMN4py)](OTf) under given conditions. DMMN4py = N,N-bis(4-methoxy-3,5-

dimethyl-2-pyridylmethyl)-N-bis(2-pyridyl)methylamine 

  

Experimental Methods 

Materials and Instrumentation. All chemicals and solvents were ACS reagent-grade or 

better and purchased from commercial vendors. Chemicals were used as received unless otherwise 

mentioned. Electronic absorption spectra were collected using either an Agilent 8453 or a Varian 

Cary 50 Bio spectrophotometer, both of which were equipped with a Unisoku cryostat (USP-203-

A) for temperature control. Electron paramagnetic resonance experiments were carried out using 

an X-band Bruker EMXPlus spectrometer (9.4 GHz) equipped with a dual-mode cavity (Bruker 

ER4116DM). An Oxford ITC503 cryostat controller was used to adjust the temperature along with 

an Oxford ESR900 continuous-flow liquid helium cryostat. X-ray absorption spectra were 

obtained from experiments conducted at beamline 7-3 at the Stanford Synchrotron Radiation 

Lightsource (SSRL) with a Si(220) monochromator and a 30-element Ge solid-state detector 

(Canberra) at 10 K.  

Synthesis and Characterization. Synthesis and purification of DMMN4py were carried out 

according to published procedures.24, 30-31 Formation of the [MnII(OTf)(DMMN4py)](OTf) complex 

was performed on a smaller scale than previously reported. Under an inert atmosphere, 1.2 equiv. 
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MnII(OTf)2·2CH3CN32 was dissolved in acetonitrile (0.11 g, 0.25 mmol; 15 mL) and added to 

DMMN4py ligand (0.1 g, 0.21 mmol), which was already dissolved in a small amount of acetonitrile 

(1 - 2 mL). The reaction solution was stirred overnight and filtered with a 0.45 µm PTFE syringe 

filter, which yielded a clear amber solution of [MnII(OTf)(DMMN4py)](OTf). Recrystallization was 

carried out by evaporating acetonitrile from the solution of [MnII(OTf)(DMMN4py)](OTf), followed 

by re-dissolving the residues in 1 - 2 mL acetonitrile and layering the solution with diethyl ether. 

Crystals were found in the solution a couple of days later or in decanted diethyl ether solution. 

Further purification of [MnII(OTf)(DMMN4py)](OTf) was achieved using vapor diffusion from 

acetonitrile:diethyl ether. For independent preparations of 2 (i.e., not using CAN), a solution of 1 

in 2 mL 2,2,2-trifluoroethanol (CF3CH2OH) was reacted with 1.2 equiv. iodosylbenzene in 

CF3CH2OH and the reaction was monitored by electronic absorption spectroscopy. For 

independent preparations of 3 (i.e., not using CAN), we treated an aqueous solution of 1 with 5 

equiv. H2O2 (30% H2O2 solution in H2O) and 0.5 equiv. triethylamine (Et3N) at 3 °C. The reaction 

was stirred for 2 hours and solvent was removed under vacuum. Pure compound 3 was obtained 

after recrystallisation.   

Electron Paramagnetic Resonance and X-ray Absorption Sample Preparation. EPR and 

XAS samples of 4 were generated from the reaction of 1 with 2 equiv. CAN according to the 

following procedures. Caution! CAN is a strong oxidant and skin and eye irritant. This procedure 

controlled risk by use of millimolar concentrations of CAN. 5 mg (0.006 mmol) 1 was dissolved 

in 1 mL 7:3 (v/v) MeCN:H2O, and the solution was transferred to a quartz cuvette with a 0.2 cm 

pathlength. Although 9:1 (v/v) MeCN:H2O was used for studies of 2 mM solutions of 1, the 7:3 

(v/v) MeCN:H2O solution ensures a constant H2O:MnII ratio for the 6 mM samples. After cooling 

the solution to 0 ˚C, 6.6 mg (0.012 mmol) CAN dissolved in 7:3 (v/v) MeCN:H2O was added to 



9 

 

the cuvette. The reaction was monitored by electronic absorption spectroscopy. Once the 

absorption of the intermediate was maximized, roughly 250 µL of the solution was added to a 4 

mm quartz EPR tube, or an XAS container, and flash-frozen in liquid N2. Experimental parameters 

and conditions used for collecting the EPR data are provided in the appropriate figure caption. 

XAS data collection is discussed in the following section. 

Mn K-edge X-ray Absorption Spectroscopy. Mn K-edge XAS data were collected at 

beamline 7-3 at the Stanford Synchrotron Radiation Lightsource (SSRL). XAS data were recorded 

using fluorescence excitation over a range of 6310 eV to 7300 eV at a temperature of 15 K. We 

monitored the edge position to assess any photoreduction, but photoreduction was not observed. 

A reference spectrum using manganese foil was simultaneously collected for the internal 

calibration of edge energy, of which the energy was set to 6539.0 eV. The edge energy was 

determined using the inflection point. XAS data were analyzed and processed using the DEMETER 

software package.33 All data were merged at the end of processing, and the post-edge line was used 

for normalization. EXAFS data were fit using FEFF6 for the phase and amplitude calculations of 

the models,34 which were prepared from DFT-optimized structures (vide infra). The Fityk software 

was used to fit pre-edge data, using pseudo-Voigt line shapes of 1:1 Lorentzian to Gaussian 

functions.35 

Electronic Structure Computations. All electronic structure computations were performed 

using ORCA 5.0.3.36-37 The structure of [MnIVMnIV(-O)2(
DMMN4py)2]

4+ was optimized using the 

B3LYP functional38-39 with D3 corrections40-41 for dispersion interactions. The calculation was 

converged to the S = 0 spin state. These calculations used def2-TZVP (Mn, N, and O) and def2-

SVP (C and H) basis sets,42-43 and the RIJCOSX approximation was used to speed the calculations. 

The calculations also included an SMD solvent model44 for acetonitrile. Electronic transition 
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energies for 4 were determined using the TD-DFT method with the B3LYP functional 45 and the 

def2-TZVP basis set for Mn, O, and N atoms and def2-SVP for C and H. TD-DFT computations 

incorporated solvation effects from acetonitrile using the CPCM SMD solvation model.46 The 

optimized coordinates for [MnIVMnIV(-O)2(
DMMN4py)2]

4+ and the TD-DFT-computed electronic 

absorption spectrum are included in the Supporting Information 

Kinetic Experiments for the Reactions of 4 and 3 with 2,4-di-tert-butylphenol. 1 mM 

solutions of complexes 3 and 4 were generated in 9:1 (v:v) MeCN:H2O at 25 °C by oxidation of 1  

using 1.5 and 2.0 equiv. CAN, respectively. To these solutions were added 100 L of MeCN that 

delivered 40 equiv. phenol. The reactions were monitored at 25 °C by electronic absorption 

spectroscopy. 

 

Results and Analysis 

Reaction of [MnII(OTf)(DMMN4py)](OTf) with 2 equiv. CAN. Because the oxidation of the 

MnII complex 1 to form the mononuclear MnIV-oxo complex requires two electrons, we 

investigated the reaction of 1 with 2 equiv. CAN. The addition of 2.0 equiv. CAN to 1 at 25 °C in 

9:1 (v/v) MeCN:H2O leads to the immediate formation of electronic absorption bands at 640 and 

960 nm (Figure 3, dashed trace). The band at 960 nm exhibits maximum intensity 14 seconds after 

the addition of CAN and then rapidly decays (Figure 3, inset). In contrast, the band at 640 nm 

maximizes in intensity 10 minutes after the addition of CAN. This species, which we refer to as 4, 

has a half-life of 390 minutes at 25 °C (Figure S1). The different kinetic behavior of these 

electronic absorption bands allows us to associate them with distinct intermediates. The low energy 

band at 960 nm is assigned to the mononuclear MnIV-oxo complex 2, as this complex displays a 

similar λmax at 920 nm in TFE (Table 1).24 A 15% conversion of 1 to 2 is estimated using the 
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extinction coefficient for 2 in TFE (ε = 290 M-1cm-1 at 920 nm in TFE).24 The formation of 4 is 

insensitive to a decrease in the water content, as we observe the same reaction when 1 is oxidized 

with 2.0 equiv. CAN in 19:1 (v/v) MeCN:H2O at 25 °C (Figure S2). Further, the new intermediate 

4 can also be generated by treating the previously reported bis(-oxo)dimanganese(III,IV) 

complex 3 with 0.5 equiv. CAN (relative to the starting concentration of 1; see Figure S3). The 

electronic absorption spectrum of the final species 4, does not resemble spectra for known 

oxidation products of 1 (Table 1).24, 30  

 

 
Figure 3. Electronic absorption spectra of the reaction of 2 mM [MnII(OTf)(DMMN4py)](OTf) 

(black) and 2.0 equiv. CAN in 9:1 (v/v) MeCN:H2O at 25 °C (top) and 0 °C (bottom). The dashed 

gray traces show the formation of [MnIV(O)(DMMN4py)]2+ (2), characterized by the band at 920 

nm. As 2 evolves, we observe the formation of 4, with bands at 535, 590, and 640 nm. The initial 

complex 1 has not optical bands in this spectral region. 
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Table 1. Electronic and X-ray Absorption Properties of [MnIV(O)(DMMN4py)2]
2+ (2), 

[MnIVMnIII(-O)2(
DMMN4py)2]

3+ (3), [MnIVMnIV(-O)2(
DMMN4py)2]

4+ (4).a 
 [MnIV(O)(N4py)]2+ 

(2)b 
[MnIVMnIII(-O)2(DMMN4py)2]3+ 

(3)c 

[MnIVMnIV(-O)2(DMMN4py)2]4+ 

(4) 

 (nm) 920, 580 670, 560, 440 640, 590, 535 

 (M-1cm-1) 290, 90 550, 600, 1380 585, 490, 680d   

pre-edge (eV) 6539.9, 6541.6, 6543.2 6540.3, 6541.5 6540.5, 6541.6, 6542.9 

pre-edge area 20.1 19.6 19.0 

edge (eV) 6550.5 6550.6 6551.2 
a Data for 2 and 3 in TFE. Data for 4 in 9:1 (v/v) MeCN:H2O. b From ref. 24 and 28. c From ref. 

30. d
 Extinction coefficients were determined by assuming that 100% of 1 is converted to 

[MnIVMnIV(-O)2(
DMMN4py)2]

4+. 
 

To better understand the reaction of 1 with 2.0 equiv. CAN, we explored this reaction at low 

temperatures. At 0 °C, we observe the initial formation of electronic absorption bands at 580 and 

960 nm. The latter band is attributed to 2 (Table 1),24 which is formed in higher conversion (40%) 

at this lower temperature. In TFE, complex 2 also displays an electronic absorption band at 580 

nm, although this band has low intensity (Table 1) and cannot account for the observed intensity 

in the reaction of 1 with CAN. Even at 0 °C, 2 is unstable and the band at 960 nm decays over the 

course of ~2500 seconds (Figure 3, inset). The band at 580 nm shows a more complex evolution. 

Initially, this band is replaced by a set of two more intense bands at 560 and 660 nm. These bands 

mark the formation of the bis(-oxo)dimanganese(III,IV) complex 3 (564 and 667 nm absorption 

maxima in TFE; see Table 1).30 These bands are transient and eventually convert to give a single 

prominent band at 640 nm, thus yielding the same final product (4) observed at 25 °C. We note 

that there are subtle differences between the final spectrum of 4 at 25 °C and at 0 °C, which we 

attribute to the incomplete conversion of 3 to 4 at 0 °C. In summary, the low-temperature reaction 

of 1 with 2.0 equiv. CAN generates 2 in higher yield and reveals that 3 is an intermediate on route 

to the product 4. The observation that a dimanganese complex is an intermediate in the generation 

of 4 suggests that 4 might be a dimanganese complex that is further oxidized compared to 3. 
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Reaction of [MnII(OTf)(DMMN4py)](OTf) with 1.5 equiv. CAN. To test our hypothesis 

regarding the formulation of 4, we first sought to generate 3 in higher yields by CAN oxidation of 

1. Upon the addition of 1.5 equiv. CAN to a 2 mM solution of 1 in 9:1 (v/v) MeCN:H2O at 25 °C, 

we observed an immediate growth of two electronic absorption bands at 600 and 960 nm (Figure 

4). This initial spectrum is nearly identical to that observed when 2.0 equiv. CAN are added to 1. 

The near-IR band at 960 nm marks a 30% conversion of 1 to give 2.24 Roughly 10 seconds 

following its maximal formation, the broad band of 1 at 960 nm begins to decay, and the band at 

600 nm evolves to give the characteristic electronic absorption features of 3 at 440, 562, and 660 

nm (Figure 4). This conversion takes approximately 10 minutes. Complex 3 is indefinitely stable 

under these conditions and does not evolve to 4. The known extinction coefficients for this 

complex (ε = 600 M-1cm-1 at 564 nm in TFE) allow us to determine a ~75% formation of the bis(µ-

oxo)dimanganese(III,IV) complex from this reaction. 

  
Figure 4. Electronic absorption spectra showing the reaction of 2 mM 

[MnII(OTf)(DMMN4py)](OTf) (black) with 1.5 equiv. CAN in 9:1 (v/v) MeCN:H2O at room 

temperature. The dashed gray trace shows formation of an initial intermediate, characterized by a 

band at 920 nm, which is converted to the product (red trace), which has bands at 440, 560, and 

670 nm. The inset shows changes in absorbance at 564 and 960 nm during the initial stages of the 

reaction. 

 



15 

 

Chemical Conversion of 3 and 4. Our ability to generate 3 in 9:1 (v/v) MeCN:H2O by CAN 

oxidation allowed us to test our hypothesis that 4 is an oxidized form of 3. In this experiment, we 

first generated 3 by adding 1.5 equivalents of CAN to a solution of 1 in 9:1 (v/v) MeCN:H2O. We 

then added 0.5 equiv. CAN (relative to that starting mononuclear MnII complex 1) and observed 

the formation of the 640 nm band characteristic of 4 (Figure 5). The observation that 4 can also be 

formed upon oxidation of the MnIIIMnIV complex 3 is consistent with the formulation of 4 as 

[MnIVMnIV(µ–O)2(
DMMN4py)2]

4+. If so, addition of a one electron reductant would be able to 

convert this species back to 3. To verify this proposal, 0.5 equiv. 1,1-dibromoferrocene were 

added to 4. Addition of this reductant yielded 3 in essentially quantitative yields (Figure 5). This 

reduced product can be converted back to 4 upon the addition of 0.5 equivalents of CAN. 

 
Figure 5. Electronic absorption spectra of a 2 mM solution of [MnII(OTf)(DMMN4py)](OTf) (1) 

before (black trace) and after (gray trace) the addition of 1.5 equiv. CAN to give 3, which has 

bands at 440, 560, and 670 nm. The reaction of 3 with 0.5 equiv. CAN gives 4 (green trace), which 

has bands at 535, 590, and 640 nm. 4 can be reduced by the addition of 0.5 equiv. 

1,1´dibromoferrocene to regenerate 3 (red trace), which can be reoxidized to 4 using 0.5 equiv. 

CAN (violet trace). 

 

Collectively, our experiments provide strong support that 4 is a one-electron oxidized version 

of 3. At low temperatures, 3 is observed as an intermediate that precedes the formation of 4 (Figure 

3). In addition, we observe the formation of the MnIV-oxo complex 2 as an intermediate formed en 
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route to both 3 and 4 (Figures 3 and 4). On the basis of these observations, we have formulated the 

reaction scheme in Figure 7. We propose that the starting [MnII(OTf)(DMMN4py)]+ complex is 

initially oxidized by 1 equiv. CAN to generate an unobserved MnIII species. Given the presence of 

water in the reaction mixture, we suggest that this species is a MnIII-hydroxo complex. Attempts 

to generate this species by reacting 1 with 1.0 equiv. CAN were not successful, as these reactions 

yielded a poorly defined electronic absorption spectra, potentially implying limited stability of the 

MnIII product (Figure S4). We propose that in the presence of an excess of CAN, a fraction (<50%) 

of the putative MnIII-OH complex is converted to the MnIV-oxo complex 2, consuming < 0.5 equiv. 

CAN. Partial oxidation is supported by the lower yields of 2 observed by optical spectroscopy 

(~30% yield). The reaction of 2 and the MnIII-hydroxo complex generates the MnIIIMnIV species 

3, which accumulates at lower temperatures, thereby permitting its detection by optical 

spectroscopy (Figure 3). When [MnII(OTf)(DMMN4py)]+ is oxidized with only 1.5 equiv. CAN, the 

reaction ends with 3 as the final product (Figure 4). For experiments with 2.0 equiv., 3 is further 

oxidized to give 4 (Figure 3), as observed in independent experiments starting with 3 and 0.5 equiv. 

CAN (Figure 5). An alternative mechanism would involve the reaction of 2 with 1 to give a (-

oxo)dimanganese(III,III) complex. However, the addition of 1 to an independently prepared 

solution of 2 in CF3CH2OH (a solvent required for forming 2 in high yields) failed to show any 

reaction (Figure S5). Thus, at least in CF3CH2OH, the MnIV-oxo complex is unreactive towards 1. 

In the next sections, we discuss spectroscopic data further supporting the formulation of 4 as the 

[MnIVMnIV(µ–O)2(
DMMN4py)2]

4+ complex, and we explore the abilities of 4 as an oxidant. 
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Figure 6. Reaction scheme showing the formation of 2, 3, and 4 from the oxidation of 

[MnII(OTf)(DMMN4py)]+ by CAN. 

 

Spectroscopic Characterization of 4. To evaluate our proposal that 4 contains a bis(µ–

oxo)dimanganese(IV,IV) core, we performed EPR and Mn K-edge XAS experiments. The EPR 

spectrum of [MnIVMnIV(µ–O)2(
DMMN4py)2]

4+ shows a complex signal centered at g = 2.0 (Figure 

S7). The signal resembles an admixture of the EPR spectra of [MnII(OTf)(DMMN4py)](OTf) and 

[MnIIIMnIV(µ–O)2(
DMMN4py)2]

3+ (Figure S6). Spin quantification of the EPR signal indicates that 

the signal only accounts for ~10% of the Mn in the sample (see Supporting Information). On this 

basis, we conclude that the majority (~90%) of Mn is in a form that is EPR silent. Several bis(µ-

oxo)dimanganese(IV,IV) complexes are EPR silent, which arises from antiferromagnetic coupling 

between the two MnIV centers to give an S = 0 ground state. Thus, the EPR data are consistent with 

our formulation of 4 (Figure 6). 

Mn K-edge XAS near-edge data for 4 show a weak pre-edge feature near 6542 eV and an edge 

energy of 6551.2 eV (Figure 7). As displayed in Table 1, the edge energy of 4 is slightly higher 
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than those of 2 (6550.5 eV) and 3 (6550.6).24, 30 This positive edge shift of 4 relative to 3 is 

consistent with the higher average Mn oxidation state in 4. The shift between 4 and 2 might reflect 

strong covalency within the Mn=O double-bond in 2 that could affect the edge energy. 

The pre-edge regions of 2, 3, and 4 are remarkably similar (Table 3). The pre-edge peak for 4 

could be simulated as three transitions at 6540.5, 6541.6, and 6542.9 eV (Figure S7). These pre-

edge energies are nearly identical to those of 2 and 3, with the exception that a higher-energy 

transition near 6543 eV was not observed in the bis(µ-oxo)dimanganese(III,IV) complex 3 (Table 

1). The analysis of the pre-edge features also reveals that each complex has a similar pre-edge area 

of ~20, which reflects similar distortions from centrosymmetry for these complexes. Although it 

might be anticipated that the short Mn=O double-bond in a terminal metal-oxo complex would 

represent a larger deviation from centrosymmetry than a bis(µ-oxo)dimanganese complex with 

Mn-O single bonds, the pre-edge area is influenced by several factors, including metal-ligand 

covalency, metal geometry, and metal oxidation state. A previous study of a bis(µ-

oxo)dimanganese(IV,IV) complex supported by derivatives of the salen ligand showed similar pre-

edge peak energies (6541.0 and 6542.7 eV), with a larger total area of 36.2 units.  

 
Figure 7. Mn K-edge XANES spectrum of [MnIVMnIV(µ–O)2(

DMMN4py)2]
4+ prepared from the 

reaction of [MnII(OTf)(DMMN4py)](OTf) and 2 equiv. CAN in 7:3 (v/v) MeCN:H2O at 0 °C. Inset 

shows enlarged view of the pre-edge region. 
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An analysis of the EXAFS data of 4 provides structural information for this complex. The 

Fourier transform of the EXAFS region of [MnIVMnIV(µ–O)2(
DMMN4py)2]

4+ shows five peaks, 

including three prominent peaks at R′ of 1.3, 2.0, and 2.4 Å (Figure 8). The EXAFS data can be 

well fit using a shell of two O atoms at 1.80 Å, a shell of 3 N atoms at 2.02 Å, a shell of 8 C atoms 

at 2.88 Å, and a single Mn scatterer at 2.64 Å (Table 2). The goodness of fit and Debye-Waller 

factors (2) are sensitive to the number of scatterers in each shell, and the best fit is actually 

achieved with an inner shell of one O atom and two N atoms (Table S1). However, the Debye-

Waller factor for the single O-atom shell is unreasonably low (1.98 x 10-3 Å2). Importantly, the 

Mn-scatterer distance is not very sensitive to the number of atoms in the shell. In particular, the 

Mn‧‧‧Mn and Mn–O separations only vary from their respective values of 2.64 – 2.65 Å and 1.78 

– 1.80 Å regardless of the number of scatterers in the O, N, or C shells (Table S1). The average 

bond distances of Mn–O and Mn–N derived from the best fit for the EXAFS data of [MnIIIMnIV(µ-

O)2(
DMMN4py)2]

3+ are longer than those of [MnIVMnIV(µ–O)2(
DMMN4py)2]

4+ by 0.03 and 0.11 Å, 

respectively (Table 2, Figure S8).30 Accordingly, the EXAFS data provide strong support for 

metric parameters characteristic of a bis(µ-oxo)dimanganese(IV,IV) core. 

            
Figure 8. Fourier transform of Mn K-edge EXAFS spectrum of [MnIVMnIV(µ–O)2(

DMMN4py)2]
4+ 

(black dots) and fit (red trace). Inset shows raw k-space experimental data (black dots) and the fit 

(red trace). 
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Table 2. Metric Parameters from EXAFS Fits results of [MnIVMnIV(µ-O)2(
DMMN4py)2]

4+ (4), 

[MnIIIMnIV(µ-O)2(
DMMN4py)2]

3+ (3), and [MnIV(O)(DMMN4py)]2+ (2).a 
  Mn–O   Mn–N   Mn‧‧‧Mn   Mn‧‧‧C  

 n r (Å) σ2 (Å2) n r (Å) σ2 (Å2) n r (Å) σ2 (Å2) n r (Å) σ2 (Å2) 

[MnIVMnIV(µ–

O)2(DMMN4py)2]4+ 
2 

1.79 7.40 3 2.02 10.5 1 2.64 3.45 6 2.88 6.083 

[MnIIIMnIV(µ-O)2 

(DMMN4py)2]3+ 

2 1.82 6.0 2 2.05 6.1 1 2.65 3.0 6 2.92 4.2 

   2 2.22 2.5       

[MnIV(O) 

(DMMN4py)]2+ 

1 1.72 1.26 2 1.94 2.38 - - - 3 2.92 2.28 

   3 2.10 6.09    3 2.74 8.63 
a Debye-Waller factors are given in × 103. Data for [MnIV(O)(DMMN4py)]2+ and [MnIIIMnIV(µ-

O)2(
DMMN4py)2]

3+ are from ref. 24 and 26, respectively. 

 

 

DFT Structure of [MnIVMnIV(-O)2(DMMN4py)2]4+. We used DFT calculations to develop a 

structure for [MnIVMnIV(µ–O)2(
DMMN4py)2]

4+. On the basis of the EPR data for this complex, we 

assumed an S = 0 ground state. In developing this structure, we considered the X-ray structure of 

the related [MnIVMnIII(µ–O)2(N4py)2]
3+ complex, which showed that one of the pyridylmethyl 

groups was not coordinated to a Mn center (Figure 9).48 In the presence of the bis(-

oxo)dimanganese core, this 4 binding mode for the N4py ligand preserves six coordinate Mn 

centers. The calculated structure for [MnIVMnIV(µ–O)2(
DMMN4py)2]

4+ shown in Figure 9 is very 

similar to the X-ray structure of [MnIVMnIII(µ–O)2(N4py)2]
3+. Metric parameters for these 

structures, as well as those from fits to EXAFS data, are collected in Table 3. The calculated 

structure for 4 is remarkably consistent with the EXAFS data. The DFT calculated MnMn 

separation of 2.66 Å is very close to the EXAFS distance (2.64 Å). The DFT structure shows 

asymmetric Mn−O distances (1.83 and 1.78 Å), and the average given by these distances (1.81 Å) 

is in good agreement with the O atom EXAFS scatterer at 1.79 Å. Likewise, the average of the 

Mn−N distances from the DFT structure (2.01 Å) is nearly the same as that from the EXAFS fit 

(2.02 Å). This high level of agreement lends further credence to our assignment for 4. 
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Figure 9. X-ray structure of [MnIIIMnIV(-O)2(N4py)](OTf)2.8(PF6)0.2 (left) and DFT structure of 

[MnIVMnIV(-O)2(N4py)]4+ (right). The X-ray structure is from ref. 50. 

 

Table 3. Selected bond distances (Å) and angles (o) for [MnIVMnIV(-O)2(N4py)]4+ from DFT 

calculations and EXAFS data analysis and for [MnIIIMnIV(-O)2(N4py)](OTf)2.8(PF6)0.2 from X-

ray Diffraction (XRD) from EXAFS data analysis. 
 [MnIVMnIV(-O)2(DMMN4py)]4+ [MnIIIMnIV(-O)2(N4py)](OTf)2.8(PF6)0.2 

 DFT EXAFS XRD EXAFS 

Mn(1)Mn(2) 2.66 2.64 2.6483(8) 2.63 

Mn(1) – O(1) 1.83 

1.79 

1.815(3) 

1.79 
Mn(1) – O(2) 1.78 1.812(3) 

Mn(2) – O(1) 1.78 1.815(3) 

Mn(2) – O(2) 1.83 1.812(3) 

Mn(1) – N(1) 2.01 

2.02 

2.116(4) 

2.00 

2.17 

Mn(1) – N(2) 2.05 2.096(4) 

Mn(1) – N(3) 1.99 2.055(4) 

Mn(1) – N(4) 1.99 2.143(4) 

Mn(2) – N(6) 1.99 2.143(4) 

Mn(2) – N(7) 1.99 2.055(4) 

Mn(2) – N(8) 2.05 2.096(4) 

Mn(2) – N(9) 2.01 2.116(4) 

     

O(1)-Mn(1)-O(2) 85.2  86.2(1)  

O(1)-Mn(2)-O(2) 85.2  86.2(1)  

Mn(1)-O(1)-Mn(2) 94.8  93.8(1)  

Mn(1)-O(2)-Mn(2) 94.8  93.8(1)  

N(1)-Mn(1)-N(4) 160.8  155.7(2)  

N(6)-Mn(2)-N(9) 160.8  155.7(2)  
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Reactivity of 4 with 2,4-di-tert-butylphenol. We investigated the reactivity of 4 towards 2,4-

di-tert-butylphenol (2,4-DTBP), as we had previously examined the reactivity of this substrate 

with 2 and 3.30 The addition of 40 equiv. 2,4-DTBP to a 1 mM solution of 4 in MeCN at 25 °C led  

to the disappearance of the optical signals of 4 (Figure S10), and fits of the decay of the absorption 

intensity fit a first-order model (kobs =  1.4  10-2
  s-1). Complex 3 is formed as a product of these 

reactions in 80% yield, based on the extinction coefficients of 3. The observation of 3 as a product 

was unexpected, given that previous studies had demonstrated the ability of 3 to react with 2,4-

DTBP.30 Indeed, the reaction of 3 with 2,4-DTBP gave a kobs of 4.8  10-4
  s-1, a 29-fold decrease 

compared to that of 4.30 However, the previous experiments for 3 were in CF3CH2OH.30 To 

evaluate the solvent-dependence of this reaction, we generated 3 in MeCN by oxidation of 1 with 

1.5 equiv. CAN and added 40 equiv. 2,4-DTBP at 25 °C. Under these conditions, we observe no 

reaction of 3 with 2,4-DTBP (Figure S10), indicating a large solvent dependence for this reaction. 

 

Discussion  

Although CAN is a powerful oxidant used in stoichiometric and catalytic reactions, it remains 

difficult to predict which intermediates will be formed by CAN oxidation of a reduced metal 

complex. In some cases CAN oxidation can yield mononuclear metal(IV)-oxo complexes,12-16 

while in other cases oxo-bridged species transition-metal−cerium adducts are formed.5, 14, 26-27 In 

this present work, we sought to better understand the complexities of CAN oxidation by using the 

[MnII(OTf)(DMMN4py)](OTf) complex, for which several oxidized intermediates had been 

previously observed and characterized.24, 30 The addition of 2 equiv. CAN to  

[MnII(OTf)(DMMN4py)](OTf) in a mixture of MeCN and H2O at room temperature did lead to the 

formation of the mononuclear MnIV-oxo complex 2. However, this species was unstable under 
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these conditions, only formed in modest yields (~30%), and converted to a new species 4 (Figure 

3, top). This result contrasts with that observed for CAN oxidation of several other MnII complexes, 

where MnIV-oxo complexes were generated in high yields.12-13 Low-temperature reactions of 

[MnII(OTf)(DMMN4py)](OTf) with 2.0 equiv. CAN also revealed the initial formation of the MnIV-

oxo complex 2. In this case, 2 evolved to give the bis(-oxo)dimanganese(III,IV) complex 3 before 

generating 4 (Figure 3, bottom). Both spectroscopic data and chemical reactivity data provide 

strong support that 4 is a bis(-oxo)dimanganese(IV,IV) complex (Figure 6). 

When compared with previous reports in the literature, this present study raises several 

interesting questions. First, why does the MnIV-oxo complex not form in high yields upon CAN 

oxidation while 2 can be generated quantitatively by PhIO oxidation? Second, why do we not 

observed evidence of an oxo-bridged adduct of a Mn complex with cerium? 

To address the first question, we propose that both the low yield and stability of the MnIV-oxo 

complex 2 in the CAN oxidation reaction relates to the MeCN:H2O solvent employed. When 2 is 

generated by PhIO oxidation of [MnII(OTf)(DMMN4py)](OTf) in TFE, this complex is remarkably 

stable, having a half-life of 6 hours at 25 °C.24 We attribute this difference between MeCN:H2O 

and TFE to two related factors. First, we have already proposed that the TFE solvent can stabilize 

the MnIV-oxo unit through intermolecular hydrogen-bonding interactions.28 Second, we propose 

in this work that the bis(-oxo)dimanganese(III,IV) complex 3 is generated by the reaction of 2 

with a mononuclear MnIII-hydroxo complex (Figure 6). The PhIO oxidation reactions of 

[MnII(OTf)(DMMN4py)](OTf) in TFE presumably avoid the formation of any MnIII intermediates, 

as PhIO is a two-electron oxidant. The ability to form a mononuclear MnIV-oxo complex in high 

yields by CAN oxidation thus comes down to a completion between the following reactions: 1) 

CAN oxidation of the MnIII-hydroxo complex to the MnIV-oxo complex, and 2) the trapping of the 
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MnIV-oxo complex by the MnIII-hydroxo complex to give the bis(-oxo)dimanganese(III,IV) 

complex (Figure 7). We propose that the former reaction must be faster for systems in which CAN 

oxidation leads to high formation of MnIV-oxo complexes. In addition, we observe high yields of 

2 (30%) when 1 is oxidized using 1.5 equiv. of CAN than when using 2.0 equiv. CAN (15% yield 

of 2). We propose that the larger CAN concentration leads to a larger accumulation of the MnIII-

hydroxo complex in solution, which more readily traps 2 to give 3. 

 

 
Figure 10. Reactions leading to the formation of the [MnIV(O)(DMMN4py)]2+ (top) and 

[MnIIIMnIV(-O)2(
DMMN4py)2]

3+ (bottom) complexes. 

 

We now address the second question. Why do we not observe the formation of an oxo-bridged 

adduct of a Mn complex with cerium? There are growing examples of such intermediates.14, 27 

While we do not have a definitive answer for this question, we offer an observation. In this system, 

we have convincing evidence that the bis(-oxo)dimanganese(III,IV) complex 3 is an intermediate 

in the CAN oxidation pathway. The geometric structure of 3 would seem to disfavor the formation 

of a (-oxo)manganese-cerium species. For the latter to form, cerium would need to displace one 



25 

 

of the manganese ions, and a spacing filling model of a crystal structure of the analogous 

[MnIIIMnIV(-O)(N4py)2]
3+ complex demonstrates shielding of the oxo ligands (Figure S11), 

which would prevent attack by cerium. In contrast, the conversion of 3 to 4 by CeIV oxidation 

could proceed by an outer-sphere mechanism where steric effects would pose a minimal barrier. 

 

Conclusions 

In this work, we have shown that CAN oxidation of a MnII compound features the formation 

of several intermediates, including a mononuclear MnIV-oxo complex, a bis(-

oxo)dimanganese(III,IV) complex, and a bis(-oxo)dimanganese(IV,IV) complex. The final 

bis(-oxo)dimanganese(IV,IV) species was stable and amenable to spectroscopic characterization, 

while the other intermediates had been previously reported.24, 30 Future work will explore how 

reaction conditions can be manipulated to control which intermediates are formed in a predictable 

fashion. 

 

Supporting Information. EPR and XAS data, EXAFS fits, space-filling diagrams and Cartesian 

coordinates from DFT computations (PDF). 
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