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Abstract 

Peroxomanganese species have been proposed as key intermediates in the catalytic cycles of both 

manganese enzymes and synthetic catalysts. However, many of these intermediates have yet to be 

observed. Here, we report the formation of a series of intermediates, each generated from the 

reaction of the mononuclear MnIII-hydroxo complex [MnIII(OH)(dpaq2Me)]+ with hydrogen 

peroxide under slightly different conditions. By changing the acidity of the reaction mixture and/ 

or the quantity of hydrogen peroxide added, we are able to control which intermediate forms. Using 

a combination of electronic absorption, 1H NMR, EPR, and X-ray absorption spectroscopies, as 

well as density functional theory (DFT) and complete active space self-consistent field (CASSCF) 

calculations, we formulate these intermediates as the bis(-oxo)dimanganese(III,IV) complex 

[MnIIIMnIV(µ-O)2(dpaq2Me)2]+, the MnIII-hydroperoxo complex [MnIII(OOH)(dpaq2Me)]+, and the 
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MnIII-peroxo complex [MnIII(O2)(dpaq2Me)]. The formation of the MnIII-hydroperoxo species from 

the reaction of a MnIII-hydroxo complex with hydrogen peroxide mimics an elementary reaction 

proposed for many synthetic manganese catalysts that activate hydrogen peroxide.

Introduction

Manganese enzymes that react with oxygen or its derivatives are commonly proposed to form 

peroxo intermediates as part of their catalytic cycles.1-2 For example, the formation of a dinuclear 

bis(μ-oxo)diamanganese(III,IV) species in Mn-ribonucleotide reductase (Mn-RNR) from 

superoxide and a dimanganese(II,II) form of the enzyme is proposed to proceed through a MnIII-

peroxo intermediate.3-6 For Mn-dependent dioxygenases and Mn-lipoxygenases, it has been 

proposed that O2-derived Mn-alkylperoxo intermediates form during substrate oxidation.7-11 The 

product-inhibited complex of manganese superoxide dismutase, which forms under high 

superoxide concentration, is presumed to be a MnIII-peroxo adduct,12-14 but the exact nature of this 

species (i.e. side-on MnIII-peroxo versus end-on MnIII-hydroperoxo complex) is a matter of 

contention.15-17 Water oxidation by the oxygen evolving complex of Photosystem II could result 

in the formation of a putative Mn-OO(H)-M intermediate (M = Mn or Ca) during O-O bond 

formation.18-23 Despite the prevalence of peroxo intermediates among manganese enzymes, the 

majority of these proposed intermediates have not been observed. 

Many synthetically useful manganese catalysts that activate H2O2 have also been proposed to 

utilize peroxo intermediates as part of their catalytic cycles.24-28 These catalysts have been used 

for a variety of oxidation reactions, including sulfoxidation29 and C-H hydroxylation;30-34 however, 

these catalysts are most widely used in olefin epoxidation reactions due to their high efficiencies 

and remarkable selectivity in asymmetric epoxidations.24, 30, 35-43 Mechanistic studies indicate that 

the active catalytic species in these reactions is a MnV-oxo species produced via heterolytic O-O 
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cleavage of a MnIII-hydroperoxo intermediate.43-48 This cleavage is often facilitated by a carboxylic 

acid, such as acetic acid, that hydrogen bonds with the hydroperoxo ligand. This mechanism has 

been supported by kinetic analyses30, 49 and labelling experiments34, 46, 48 as well as by 

computational studies.26, 30 As has been the case with enzymatic systems, neither the MnV-oxo 

active species nor the MnIII-OOH precursor have been observed directly.

The importance of peroxo-level intermediates in catalytic and biological pathways has led to 

the development of synthetic model complexes as investigative tools. While there have been 

numerous examples of synthetic side-on MnIII-peroxo species,50-65 examples of end-on MnIII-

hydroperoxo or Mn-alkylperoxo complexes are rare.66-73 Reports investigating reactivity of MnIII-

hydroperoxo complexes are especially limited, with only a handful of examples having been 

reported.66-69 The formation of the MnIII-hydroperoxo complexes [MnIII(OOH)(14-TMC)]2+ and 

[MnIII(OOH)(13-TMC)]2+ was achieved through the addition of perchloric acid to their side-on 

MnIII-peroxo counterparts in MeCN at -40 °C (14-TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraaza-

cyclotetradecane, 13-TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraaza-cyclotridecane).67 The MnIII-

hydroperoxo complexes were characterized by electronic absorption, resonance Raman, electron 

paramagnetic resonance (EPR), and X-ray absorption spectroscopy.66-67 These complexes were 

only stable at -40 °C, and rapidly carried out oxygen atom transfer (OAT) reactions with 

thioanisole and its derivatives at this temperature.66-67 In addition to OAT reactivity, 

[MnIII(OOH)(13-TMC)]2+ was also capable of performing hydrogen atom transfer (HAT) 

reactions with hydrocarbons with weak C-H bonds, including xanthene, 9,10-dihydroanthracene 

(DHA), and 1,4-cyclohexadiene.66 Aldehyde deformylation of cyclohexane carboxaldehyde by 

[MnIII(OOH)(13-TMC)]2+ was also observed.66 Additional manganese(III)-hydroperoxo species 

have been reported by Lin et al.68-69 In this case, [MnIII(OOH)(BDPP)] (H2BDPP = 2,6-bis((2-(S)-
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diphenylhydroxylmethyl-1pyrrolidinyl)methyl)pyridine) and [MnIII(OOH)(BDPBrP)] (H2BDPBrP 

= 2,6-bis((2-(S)-di(4-bromo)phenylhydroxylmethyl-1pyrrolidinyl)methyl)pyridine) were 

generated from Mn(BDPP)-superoxo and Mn(BDPBrP)-superoxo species after a HAT reaction 

with TEMPOH (TEMPOH = 2,2′-6,6′-tetramethylpiperidine-1-ol). These complexes were 

characterized by electronic absorption and EPR spectroscopies.69 [MnIII(OOH)(BDPBrP)] could 

also be produced by the one-electron reduction of the corresponding MnIV-OOH species.68 

Reactivity of [MnIII(OOH)(BDPP)] and [MnIII(OOH)(BDPBrP)] towards substrates was not 

reported.

While these studies have provided insight into the properties of MnIII-hydroperoxo complexes, 

these compounds failed to show reactivity most pertinent to manganese catalysts. In addition, these 

complexes are not generated by direct reaction of a manganese(III) center with H2O2, as is 

presumed for H2O2-activating manganese catalysts.24-25, 43-45 In this work, we attempt to mimic this 

chemistry by exploring the reaction of the mononuclear MnIII-hydroxo complex 

[MnIII(OH)(dpaq2Me)]+ with H2O2 under different reaction conditions (Hdpaq2Me = 2-[bis(pyridin-

2-ylmethyl)]aminoN-2-methyl-quinolin-8-yl-acetamidate). We report the formation and 

characterization of a series of products, [MnIIIMnIV(µ-O)2(dpaq2Me)2]+, [MnIII(OOH)(dpaq2Me)]+, 

and [MnIII(O2)(dpaq2Me)], with the product identity changing with the reaction acidity and amount 

of H2O2. The assignments of these species are supported by spectroscopic experiments and 

electronic structure calculations. We also explore the interconversion of these intermediates by the 

addition of acid or base and investigate the reactivity of the peroxomanganese complexes with 

substrates. 

Experimental
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Materials and Instrumentation. All chemicals were obtained from commercial vendors at 

ACS grade or better and were used without further purification unless otherwise noted. Diethyl 

ether was dried and degassed using a PureSolv solvent purification system. [MnII(dpaq2Me)](OTf), 

and [MnIII(OH)dpaq2Me)](OTf) were prepared as reported previously.74 Electronic absorption 

experiments were performed using either an Agilent 8453 spectrophotometer interfaced with an 

Unisoku cryostat or a Varian Cary 50 Bio UV-Visible spectrophotometer with a Quantum 

Northwest TC 1 temperature controller.

Reactions of [MnIII(OH)(dpaq2Me)]+ with H2O2 to give 2. A 1.25 mM solution of 

[MnIII(OH)(dpaq2Me)]+ (1) was prepared in MeCN and transferred to a quartz cuvette. Then, 10 

equiv. of H2O2 were added to the cuvette via syringe while monitoring the reaction by electronic 

absorption spectroscopy at 25 °C. The resultant amber colored species 2 was further characterized 

by EPR, 1H NMR, and XAS spectroscopies (vide infra). The thermal decay of 2 was also 

monitored using electronic absorption spectroscopy at 25 °C. 

For reactivity studies with 2,4-ditertbutylphenol, a 1.25 mM solution of 2 was prepared in 

MeCN in a quartz cuvette. Upon full formation of 2, an excess of 2,4-ditertbutylphenol, dissolved 

in 100 µL of MeCN, was added to the cuvette via syringe while monitoring the reaction by 

electronic absorption spectroscopy at 25 °C. The pseudo-first-order decay rate for this reaction 

(kobs) was determined by fitting the change in absorbance at 700 nm as a function of time. When 

the reaction was complete, the organic products were collected after passing the solution through 

a silica plug and eluting with CH2Cl2. The solvent was removed, and the organic products were 

redissolved in MeCN-d3 for analysis by 1H NMR spectroscopy.

Reactions of 1 with H2O2 and HClO4 to give 3. A 1.25 mM solution of 1 was prepared in 

MeCN and transferred to a quartz cuvette. 5 equiv. H2O2 and 0.1 equiv. HClO4 were 
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simultaneously added to the cuvette at -40 °C while monitoring the reaction by electronic 

absorption spectroscopy. This reaction resulted in the formation of a dark green species 3, which 

was further characterized by electrospray ionization mass spectrometry (ESI-MS), and electronic 

absorption, EPR, and 1H NMR spectroscopies. The thermal decay of 3 was monitored via 

electronic absorption spectroscopy at -40℃. The sensitivity of 3 to the presence of a base was 

determined by adding 2 equiv. triethylamine to a fully formed solution of 3 at -40℃. 

For reactivity studies of 3 with thioanisole, a 1.25 mM solution of [MnIII(OH)(dpaq2Me)]+ was 

prepared in MeCN and transferred to a quartz cuvette. 5 equiv. H2O2 and 0.1 equiv. HClO4 were 

simultaneously added to the cuvette at -40 °C, while monitoring the reaction by electronic 

absorption spectroscopy. When 3 was fully formed, 10 equiv. thioanisole were added via syringe 

and the reaction was monitored via electronic absorption spectroscopy. When the reaction was 

complete, the solution was passed through a silica plug and the organic products were collected. 

The solvent was removed, and the organic products were redissolved in CDCl3 and 1.0 equiv. 

(relative to Mn) benzoquinone was added. The products were analyzed by 1H NMR spectroscopy. 

Reactions of 1 with H2O2 and triethylamine to give 4. A 1.25 mM solution of 1 was prepared 

in MeCN and transferred to a quartz cuvette. 5 equiv. H2O2 and 2 equiv. triethylamine (Et3N) were 

simultaneously added to the cuvette at 0 °C while monitoring the reaction by electronic absorption 

spectroscopy. The resultant bright green colored species, 4, was further characterized by EPR and 

1H NMR methods (vide infra). The thermal decay of 4 was also monitored using electronic 

absorption spectroscopy at 0 °C. The acid sensitivity of 4 was assessed by titrating HClO4 into a 

fully formed solution of 4 at 0 ℃ via syringe. Each 100 µL injection contained 1.0 equiv. HClO4 

and a total of 4.0 equiv. were added. The reaction was monitored by electronic absorption 

spectroscopy.
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For kinetic studies of 4 with cyclohexane carboxaldehyde, a 1.25 mM solution of 4 was 

prepared at -40℃. After the complex had fully formed, a 100 µL aliquot of an MeCN solution 

containing an excess of cyclohexane carboxaldehyde (10 to 100 equiv.) was added, and the 

reaction was monitored via electronic absorption spectroscopy. The pseudo-first-order rate 

constant for the reaction of 4 with cyclohexane carboxaldehyde was determined by fitting the 

decay of the feature at 615 nm over time. 

Acquisition of EPR Data. EPR experiments were performed on a Bruker EMXplus 

spectrometer with Oxford ESR900 continuous-flow liquid helium cryostat and Oxford ITC503 

temperature system. EPR spectra of 2 and 3 were collected at 10 K (9.64 GHz microwave 

frequency, 2 mW microwave power, 0.4 mT modulation amplitude, 100 kHz modulation 

frequency). Spin quantification of the 16-line EPR signal of 2 was determined against a sample of 

[MnIIIMnIV(µ-O)2(N4Py)2]+ prepared by the addition of 5 equiv. H2O2 to a 10 mM solution of 

[MnII(N4Py)(OTf)](OTf)  in 2,2,2-trifluoroethanol.63 For 4, EPR spectra were collected at 10 K 

(9.64 GHz microwave frequency, 0.126 mW microwave power, 0.4 mT modulation amplitude, 

100 kHz modulation frequency). Additionally, the spectrum of 4 was simulated and fit using 

EasySpin.75

Acquisition of 1H NMR Data. 1H NMR samples of 1, 3, and 4 were prepared as described 

above from a 5 mM solution of 1 in d3-MeCN. Due to the instability of 3 and 4 at room 

temperature, 1H-NMR data were collected at -40 °C on a Bruker DRX 500 MHz spectrometer with 

an acquisition time of 0.27 s and a D1 of 0 s with a spectral width of 150 to -100 ppm. At least 

1000 scans were accumulated to provide sufficient signal-to-noise for each sample. Spectra were 

baseline-subtracted with the multipoint fitting procedure using spline functions as available in 
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MestReNova. 1H NMR data were also collected for 2 at room temperature on a 400 MHz Bruker 

AVIIIHD NMR with the same acquisition parameters as the other complexes. 

Acquisition and Analysis of X-Ray Absorption Data. A sample of 2 was prepared by adding 

10 equiv. H2O2 to a 4 mM solution of 1 in MeCN at 25 ℃ while monitoring via electronic 

absorption spectroscopy. When 2 had fully formed, the solution was injected into a sample holder 

with a Kapton tape window and immediately frozen in liquid nitrogen. A sample of 3 was prepared 

in a similar fashion by treating a 5 mM solution of 1 with 5 equiv. H2O2 and 0.1 equiv. HClO4 at -

40℃. When 3 had fully formed, as confirmed by electronic absorption spectroscopy, the solution 

was injected into a sample holder and frozen in liquid nitrogen. The Mn K-edge XAS data were 

collected at Stanford Synchotron Radiation Lightsource (SSRL) on Beamline 7-3. Spectra were 

collected at 15 K over an energy range of 6300-7300 eV using a 30-element Ge array. Reference 

spectra for manganese foil were also collected with each scan and were calibrated by assigning the 

zero crossing of the second derivative of the foil K-edge energy to 6539.0 eV. The rising edge of 

the spectra were monitored for photoreduction during data collection but photoreduction was not 

observed. 

The Athena program76 was used for XAS data reduction and averaging. A background 

correction was applied by fitting the pre-edge background with a Gaussian function and subtracting 

this function from the whole spectrum. Then low-frequency background was removed by applying 

a spline correction. EXAFS fitting was performed on k3χ(k) data using the Artemis program.76 

Phase and amplitude functions were obtained from FEFF as implemented in Artemis using a 

structural model of the related complex [MnIIIMnIV(µ-O)2(dpaq)2]+ from previously reported DFT 

calculations.77 For each fit, the number of atoms in each shell (n) was held constant and the average 

distances between Mn and scattering atoms (r) and Debeye-Waller factors (σ2) were optimized. 
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The threshold energy, E0, was optimized in each fit, but was kept common for every shell of each 

fit. n was systematically varied between fits and the goodness-of-fit was determined using the R-

factor:

𝑅 =  
𝑁

∑
𝑖 = 1

(𝜒𝑑𝑎𝑡𝑎
𝑖 ― 𝜒𝑓𝑖𝑡

𝑖 )2/
𝑁

∑
𝑖 = 1

(𝜒𝑑𝑎𝑡𝑎
𝑖 )2

The Mn K-edge pre-edge feature was fit using the Fityk program.78 Three psuedo-Voigt line 

shapes with a fixed ratio of 1:1 Gaussian:Lorentzian functions and varied energy position, peak 

height, and full width at half maximum were used to fit the pre-edge area. The pseudo-Voigt 

function was also used to fit the background and rising edge contributions.  

Electronic Structure Calculations. Density functional theory calculations were performed 

using ORCA 4.2.79 Geometry optimizations and analytical frequency calculations used the TPSS 

functional80 and the def2-TZVP basis set81 for Mn, O, and N, with the def2-SVP basis set82 for C 

and H. The calculations used the RI approximation83 with the def2/J auxiliary basis set.81 Single 

point calculations used the TPSSh functional84-85 and def2-TZVPP basis set for all atoms. 

Solvation effects in acetonitrile were included using the CPCM SMD model in ORCA.86 

Electronic transition energies were determined using TD-DFT with the B3LYP functional87 and 

the def2-TZVP basis set for Mn, O, and N, and def2-SVP for C and H. The auxiliary basis set 

def2-TZVP/C88 and the RIJCOSX approximation89-90 were used. Electronic structures were also 

explored using CASSCF calculations with NEVPT2 corrections.91-93 The calculations used an 

active space of CAS(4, 5) to include only the MnIII 3d orbitals and electrons, with the def2-TZVP 

basis set for Mn, O, and N, and the def2-SVP basis set for C and H. Auxillary basis sets def2/J and 

def2-SVP/C were used. The calculations included 50 singlet, 45 triplet, and 5 quintet roots. 
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Results and Discussion   

Reaction of [MnIII(OH)(dpaq2Me)](OTf) with H2O2.When 10 equiv. H2O2 are added to a 

solution of [MnIII(OH)(dpaq2Me)]+ (1) in MeCN at 25℃, 1 is rapidly converted to a new species 2 

with intense features at 500 and 710 nm (ε = 1490 M-1cm-1 and 330 M-1cm-1
, respectively) (Figure 

1). This conversion proceeds through a short-lived intermediate with features at 610 and 770 nm, 

which forms 3 seconds after the addition of H2O2 (Figure 1, purple dashed traces) and persists for 

only 2 seconds (Figure 1, inset). At 25℃, 2 decays over a period of 24 hours to regenerate 1 in 

99% yield, determined using the reported extinction coefficient for 1 (Figure 2).74, 94 To further 

characterize 2, EPR data were collected for a frozen MeCN solution. The resultant EPR spectrum 

has a 16-line signal with g = 2.01 and A = 7.70 mT (Figure 3). Spin quantification reveals that this 

signal accounts for roughly 80% of the total manganese in this sample. The EPR and electronic 

absorption spectra of 2 are similar to those previously reported for bis(μ-oxo)dimanganese(III,IV) 

complexes (Table S1), providing strong evidence for the assignment of 2 as [MnIIIMnIV(µ-

O)2(dpaq2Me)2]+ (Scheme 1).63, 77, 95-98

Figure 1. Electronic absorption spectra following the reaction of a 1.25 mM solution of 
[MnIII(OH)(dpaq2Me)]+ (1) in MeCN at 25 °C (red trace) with 10 equiv. H2O2 to form 2 (blue trace). 
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Inset: Time course of the formation of the feature at 710 nm. The formation of 2 is preceded by 
the formation of a fleeting intermediate (highlighted using the purple dashed traces) which forms 
within 3 seconds and persists for ~2 seconds before the formation of 2.

Figure 2. Electronic absorption spectra monitoring the thermal decay of a 1.25 mM solution of 2 
(red trace) in MeCN at 25℃ to regenerate [MnIII(OH)(dpaq2Me)]+ (1; blue trace). Inset: Time course 
of the decay of the feature at 710 nm. 

Figure 3. 10 K perpendicular-mode EPR spectrum obtained following the reaction of a 3 mM 
solution of [MnIII(OH)(dpaq2Me)]+ (1) with 1 equiv. of H2O2 in MeCN at 25 °C to form 2. The 16-
line signal is consistent with a bis(μ-oxo)dimanganese(III,IV) complex, which accounts for 
roughly 80% of total Mn in the sample. Inset: Full range of the collected spectrum.
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Scheme 1. Balanced reaction showing the formation of a bis(m-oxo)dimanganese(III,IV) complex 
from the reaction of a MnIII-hydroxo complex and H2O2.

The assignment of 2 as a bis(μ-oxo)dimanganese(III,IV) complex is further supported by Mn 

K-edge XAS data. The X-ray absorption near edge structure (XANES) of 2 (Figure 4) is similar 

to that of the parent complex 1. In particular, the Mn K-edge energy of 2 (6550.2 eV) is within 0.2 

eV of 1 and is comparable to edge energies of other bis(μ-oxo)dimanganese(III,IV) species (Table 

S1).77, 95 The XANES spectrum of 2 shows a pre-edge peak at 6540.9 eV. The pre-edge area was 

found to be 19.4, which is larger than that reported for monomeric manganese complexes 

supported by this ligand (~4; see Table S1). However, this large area is consistent with those of 

bis(μ-oxo)dimanganese(III,IV) complexes (22.9 and 19.6; see Table S1).95
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Figure 4. Mn K-edge XANES spectrum for 2. Inset: Pre-edge feature of 2. Experimental data are 
shown in black and fits are shown in red.

The Fourier transform EXAFS spectrum of 2 features two large peaks at 1.32 and 2.45 Å with 

shoulders at 1.66 and 2.88 Å (Figure 5). These data are best fit with shells of two O atoms at 1.81 

Å, 4 N atoms at 2.08 Å, 8 C atoms at 2.91 Å, and a single Mn at 2.65 Å (Table 1). These distances 

are in excellent agreement with EXAFS analyses for other bis(μ-oxo)dimanganese(III,IV)  

complexes,95 which showed Mn-O and Mn-Mn distances of 1.82 and 2.63 Å, respectively. 

The observation that 1 reacts with H2O2 to generate a bis(µ-oxo)dimanganese(III, IV) complex 

is similar to that observed for the related complex [MnIII(OH)(dpaq)]+.77 The bis(μ-

oxo)dimanganese(III,IV) species generated from [MnIII(OH)(dpaq)]+ showed poorly resolved UV-

vis features at 540 and 660 nm and decayed to regenerate the parent MnIII-hydroxo complex 

(Figure S1).77 The structural parameters of 2 are in good agreement with the DFT structure of 

[MnIIIMnIV(µ-O)2(dpaq)2]+ reported previously; however, the EXAFS-derived Mn-Mn distance of 

2 is shorter than that in the DFT structure (2.65 vs 2.79 Å, respectively). The discrepancy between 

the calculated Mn-Mn distance and that observed by EXAFS could be due to the use of a double-

zeta basis set and/ or the lack of dispersion interactions in determining the DFT structure.77 
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Figure 5. Fourier transform of Mn K-edge EXAFS data for 2 in frozen MeCN. Inset: EXAFS 
spectrum for 2. Experimental data are shown in black and fits are shown in red. 
Table 1. EXAFS Fit Parameters for 2

Mn-Mn Mn-N Mn-O Mn-C
fit n r (Å) σ2 n r (Å) σ2 n r (Å) σ2 n r (Å) σ2 goodness 

of fita

1 1 1.94 0.005 0.583
2 1 2.56 0.004 6 1.78 0.014 0.530
3 1 3.65 0.007 4 1.76 0.008 0.475
4 1 2.71 0.002 4 1.55 0.027 2 1.86 0.009 0.223
5 5 2.00 0.017 2 1.88 0.005 6 2.87 0.001 0.472
6 1 2.65 0.003 4 2.08 0.014 2 1.81 0.005 8 2.91 0.006 0.058

aEvaluated using the R-factor

Previous studies of bis(µ-oxo)dimanganese(III, IV) complexes reveal phenol oxidation as a 

common model of reactivity.63, 77, 95-96, 98 Reactions of 2 with 100 equiv. 2,4-di-tert-butylphenol 

result in the decay of the feature at 710 nm over 300 s at 25 °C (Figure S2, top). An analysis of the 

resulting solution by 1H NMR spectroscopy reveals the formation of 3,3',5,5'-tetra-tert-

butylbiphenyl-2,2'-diol (Figure S3). This biphenol is a characteristic product when 2,4-di-tert-

butylphenol has donated a hydrogen atom to an oxidant. Thus, the reactivity of 2 further supports 

its formulation as a bis(µ-oxo)dimanganese(III, IV) complex.63, 77, 95-96, 98
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Reaction of [MnIII(OH)(dpaq2Me)](OTf) with H2O2 in the presence of an acid. In the reaction 

of 1 with H2O2 at 25 °C, there is evidence of a short-lived intermediate with absorption features at 

610 and 800 nm that precedes the formation of the bis(µ-oxo)dimanganese(III, IV) complex 2 

(Figure 1). The previous study of the reaction of [MnIII(OH)(dpaq)]+ with H2O2 reported formation 

of a similar bis(µ-oxo)dimanganese(III, IV) complex, but in that case no intermediates were 

observed.77 In an effort to characterize this fleeting intermediate, we explored the reaction of 1 

with H2O2 in the presence of an acid at the substantially lower temperature of -40 °C. Through 

exploratory experiments in which we varied the amount of acid, we observed that this fleeting 

intermediate (3) was most stable when 5 equiv. H2O2 and 0.1 equiv. HClO4 were added 

simultaneously to a solution of 1 in MeCN at -40 °C. In this reaction, the purple MnIII-hydroxo 

complex is rapidly converted to a dark green species 3 with absorption features at 610 and 770 nm 

(ε = 210 and 105 M-1cm-1, respectively; see Figure 6, top). The absorption maxima of 3 occur at 

the same energy as that of the short-lived intermediate briefly observed during the formation of 2, 

though they are much better resolved in the presence of acid (Figure S4). Importantly, the 

formation of 3 from 1 under these conditions proceeds with isosbestic behavior. The decay profile 

of 3 (Figure 6, bottom inset) is complex. In the first 1200 seconds, 3 decays relatively slowly, 

losing 5% of its absorption intensity at 610 nm. After 1200 seconds, the absorption intensity drops 

much more rapidly (losing 11% of its intensity at 610 nm in 360 seconds). After roughly 1560 

seconds, the absorption intensity rises again, revealing the formation of the bis(μ-

oxo)dimanganese(III,IV) complex 2. From this profile, we propose that the self-decay of 3 

involves the slow accumulation of an intermediate within the first 1200 seconds. As this 

intermediate accumulates, it increases the decay rate of 3, leading to the more rapid decay phase 

that eventually yields the bis(μ-oxo)dimanganese(III,IV) product.  
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Figure 6. Top: Electronic absorption spectra for the reaction of a 1.25 mM solution of 1 (red trace) 
with 5 equiv. H2O2 and 0.1 equiv. HClO4 to form 3 (blue trace) at -40℃. Inset: Time course for 
the growth of the feature at 610 nm. Bottom: Electronic absorption spectra for the decay of 3 at -
40℃. The decay product (blue trace) is the bis(μ-oxo)dimanganese(III,IV) complex 2. Inset: Time 
course of the self-decay reaction. 3 is stable for ~1200s before a rapid decay process initiates the 
formation of 2. 

While 0.1 equiv. HClO4 was found to best stabilize 3, other formation conditions were 

attempted. Complex 3 can also be generated using 5 equiv. H2O2 and 1 equiv. HClO4; however, 

under these conditions 3 begins to decay almost immediately even at -40℃ (Figure S5). 
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Interestingly, the decay pathway for 3 is sensitive to the amount of acid. When 3 is generated using 

1 equiv. HClO4, the decay product shows a nearly featureless UV-vis spectrum, consistent with 

the formation of a MnII product (Figure S5, bottom). Thus, the increase in acid concentration 

appears to prevent the conversion of 3 to 2. We also attempted to form 3 using 5 equiv. H2O2 and 

1 equiv. of acetic acid. While 3 does form under these conditions, the feature at 610 nm is not as 

well resolved as in other reactions (Figure S6, top). Moreover, when 3 is formed using acetic acid, 

3 begins to decay rapidly after ~20 seconds even at -40 ℃ (Figure S6, bottom). Based on these 

results, we used 5 equiv. H2O2 and 0.1 equiv. HClO4 for characterization and reactivity studies. 

The influence of acid strength and concentration on the formation and stability of 3 suggests 

that this species might be a MnIII-hydroperoxo complex (Scheme 2). To date, only four MnIII-

hydroperoxo species supported by non-porphyrin ligands have been reported.66-67, 69 Two of these 

species, [MnIII(OOH)(14-TMC)]2+ 67 and [MnIII(OOH)(13-TMC)]2+,66 were generated by 

protonation of the corresponding side-on peroxomanganese(III) complexes by a strong acid. The 

[MnIII(OOH)(BDPP)] and [MnIII(OOH)(BDPBrP)] complexes were formed via a HAT reaction 

between TEMPOH and the MnIII-superoxo complexes.69 These reports differ from our method for 

generating 3, which involves direct reaction of a MnIII-hydroxo species (1) with H2O2. Indeed, the 

conversion of 1 to 3 by the addition of 5 equiv. H2O2 and 0.1 equiv. HClO4 shows isosbestic points 

at 510 and 560 nm (Figure 6, top), suggesting a direct conversion from 1 to 3. Precedent for the 

formation of a metal-hydroperoxo adduct from a metal-hydroxo species comes from iron 

chemistry.99 The formation of FeIII-hydroperoxo species from an FeIII-hydroxo adduct has been 

proposed to proceed through an initial protonation of the hydroxo moiety from H2O2 to produce 

the FeIII-aqua species and the hydroperoxyl anion (Scheme 3, top pathway).99 The formation of the 

FeIII-hydroperoxo species then follows from a ligand exchange of water for the hydroperoxyl 
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anion. In the formation of a FeIII-OOH complex reported by Xu and coworkers, this process was 

shown to be assisted by the presence of a weak acid in solution, which also results in the formation 

of the FeIII-aqua species and aids in the formation of the FeIII-hydroperoxo species (Scheme 3, 

bottom pathway).100 That study reported that strong acids could protonate the distal oxygen of the 

hydroperoxo moiety, promoting heterolytic O-O bond cleavage resulting in an FeV=O species and 

water.100 The dependence of the stability of 3 on the amount of acid present in solution supports a 

ligand substitution mechanism, where the hydroxo ligand in 1 is replaced by H2O2, yielding the 

MnIII-hydroperoxo complex 3 and water (Scheme 2).

Scheme 2. Summary of the reactions of a MnIII-hydroxo complex with H2O2 in the absence and 
presence of strong acid. The reactions are not balanced but indicate the Mn complexes detected by 
spectroscopic methods.

Scheme 3. Potential pathways for the formation of a metal(III)-hydroperoxo complex from the 
reaction of a metal(III)-hydroxo species with H2O2 in the presence of acid.
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To further assess our proposal that 3 is a MnIII-hydroperoxo species, as well as evaluate the 

proposed ligand exchange mechanism, we determined the amount of hydrogen peroxide required 

to result in the maximum formation of 3. The complex 3 can be formed in high yields by adding 

as few as 2 equiv. H2O2 to 1 (Figure S7, top). We observed no change in the lifetime of 3 when 

this complex was generated using either 2 or 5 equiv. H2O2. When 1 is treated with only 1 equiv. 

H2O2, the resultant spectrum can be reproduced using a linear combination of the absorption 

spectra of 1 and 3 with a 1:3 ratio of 0.46:0.54 (Figure S7, bottom). This result supports our 

proposal of an exchange equilibrium between the MnIII-hydroxo complex and the putative MnIII-

hydroperoxo complex.

Complex 3 was further characterized by EPR, 1H NMR, Mn K-edge X-ray absorption 

spectroscopies, and ESI-MS. The perpendicular-mode EPR spectrum of a frozen solution of 3 

shows a feature near g = 2.0 with a six-line hyperfine splitting pattern (Figure S8). This feature is 

consistent with the presence of a MnII species, but accounts for only 3% of the manganese in 

solution. The parallel-mode EPR spectrum of 3 only shows a weak feature due to O2 (Figure S8). 

Thus, the majority of Mn in 3 is in an EPR-silent form. On this basis, 3 contains spin-coupled 

multinuclear Mn centers and/ or mononuclear MnIII centers with large zero-field splitting. Notably, 

the mononuclear MnIII-hydroxo complex 1 is also EPR silent.94
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Due to the instability of 3 at room temperature, 1H-NMR experiments were performed at -40 

℃. The 1H NMR spectrum of 3 is similar to, but distinct from, that of 1 (Figure 7 and Table 2). 

The upfield region of the 1H NMR spectrum of 3 shows 4 peaks at -13, -20, -34, and -44 ppm, 

which are at essentially identical positions to peaks observed for 1 (Table 2). The resonances in 

this region arise from quinoline protons, and the similarities between 1 and 3 require similar MnIII-

quinoline interactions.101 The downfield region of the 1H NMR spectrum of 3 shows slight 

variations compared to 1. The broad features at 91.55 ppm and 50.97 ppm in 1, previously assigned 

as pyridine protons,101 shift by nearly 10 ppm to 102.09 ppm and 62.91 ppm, respectively. We 

considered the possibility that these minor peak shifts were due to the presence of water in the 

solution, as observed previously for similar complexes.102 However, the addition of water or acid 

in the absence of H2O2 did not result in the peak shifts observed here (Figure S9). Overall, the 1H 

NMR data are consistent with the dpaq2Me ligand of 3 being in an environment nearly identical to 

that of 1, which would be expected for a MnIII-OOH species.

Figure 7. Low temperature 1H NMR spectra of 3 mM 1 (black trace) in d3-MeCN and a 3 mM 
solution of 3 formed with 5 equiv. H2O2 and 0.1 equiv. HClO4 (purple trace) in d3-MeCN. A larger 
version of this spectrum is available in Figure S9.
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Table 2. 1H NMR Chemical Shifts for 1, 3, and 4 in d3-MeCN at -40℃.
Assignments 1 3 4

1 ppm ppm ppm

H(py) 91.55 102.09 91.05

H(qn) 67.31 69.89 44.50

H(qn) 64.57 68.75 31.52

H(qn) 58.49 60.09 16.70

H(py) 50.97 62.91 (sh) 11.59

H(py) -9.00 -12.78 11.18

H(qn) -20.09 -20.80 -6.48

H(qn) -33.87 -34.33 -17.24

H(qn) -43.72 -44.11 -37.17

The XANES region of 3 is remarkably similar to that of 1 (Table S1). The edge energy of 3 is 

6550.5 eV, which is only 0.5 eV higher than that of 1 (Figure 8 and Table S1). Additionally, the 

pre-edge energy of 3 (6540.3 eV) is identical, within error, to that of 1, while the pre-edge area of 

6.3 is slightly larger (Table S1). The Fourier transform of the EXAFS region of 3 features a large 

peak at 1.77 Å with two smaller peaks at 2.24 and 2.54 Å (Figure 9). These data are well fit with 

a shell of two O/N atoms at 1.91 Å, 4 N atoms at 2.16 Å, and 5 C atoms at 2.92 Å (Table 3). This 

Mn-O bond length is in good agreement with that of 1, which featured an O/N scattering shell at 

1.89 Å, and with a related MnIII-alkylperoxo complex that also had a scattering shell at 1.89 Å.73, 

103 The second shell at 2.16 Å is attributed to the equatorial nitrogen ligands and is in excellent 

agreement with values reported for 1 (2.17 Å), suggesting little change to the ligand binding at the 

Mn center. In total, the EPR, 1H NMR, and XAS data for 3 are fully consistent with the assignment 

as a mononuclear Mn(III) species with a ligand environment very similar to that of 1.
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Figure 8. Mn K-edge XANES spectrum for 3. Inset: Pre-edge feature of 3. Experimental data are 
shown in black and fits are shown in red.

Figure 9. Fourier transform of Mn K-edge EXAFS data for 3 in frozen MeCN. Inset: EXAFS 
spectrum for 2. Experimental data are shown in black and fit 4 (Table 3) is shown in red.
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Table 3. EXAFS Fit Parameters for 3
Mn-O/Naxial Mn-O/Nequatorial Mn-C

fit n r (Å) σ2 n r (Å) σ2 n r (Å) σ2 goodness 
of fita

1 6 2.22 0.012 0.663
2 2 1.91 0.003 4 2.15 0.004 0.251
3 2 1.90 0.003 5 2.15 0.006 0.244
4 2 1.91 0.003 4 2.16 0.004 5 2.92 0.006 0.122
5 2 1.90 0.003 5 2.16 0.006 5 2.92 0.006 0.118

aEvaluated using the R-factor

ESI-MS measurements of 3 reveal a feature at m/z = 484.1, which is consistent with a MnIII-

OOH species (calc. m/z = 484.1; Figure S7). The remaining features in the spectrum are the result 

of the rapid decay of this complex under the experimental conditions. These features can be 

assigned as MnIII-hydroxo species (calc. m/z = 468.1), the dpaq2MeH2
+ ligand (calc. m/z = 398.2), 

Na+dpaq2MeH (calc. m/z = 420.1), and [MnII(dpaq2Me)]+ (m/z = 451.1).

Reaction of [MnIII(OH)(dpaq2Me)](OTf) with H2O2 in the presence of base. Previous reports 

have indicated that end on MnIII-hydroperoxo species and the corresponding MnIII-peroxo species 

can be interconverted by the addition of base or acid, respectively.66-67 We used a similar approach 

to assess our assignment of 3 as a MnIII-hydroperoxo species. The reaction of the putative MnIII-

hydroperoxo complex 3 with triethylamine results in the rapid formation of a new bright green 

intermediate 4 with features at 450 and 615 nm (Figure 10). The electronic absorption spectrum of 

this complex is nearly identical to that of the MnIII-peroxo complex supported by the unmodified 

dpaq ligand ([MnIII(O2)(dpaq)]+).104
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Figure 10. Electronic absorption spectrum of 3 generated using 5 equiv. H2O2 and 0.1 equiv. 
HClO4 (red trace). The spectral changes (dashed gray traces) mark the reaction of 3 with 2 equiv. 
Et3N to give the final product 4 (blue trace). 

The new species 4 can also be generated from the reaction of 1 with H2O2 in the presence of 

triethylamine (Figure 11). In these reactions 5 equiv. H2O2 and 2 equiv. Et3N were added to a 1.25 

mM solution of 1 at 25℃. This reaction resulted in a spectrum identical to that of 4, with features 

at 450 and 615 nm (ε = 442 and 108 M-1cm-1, respectively). In the case of 4 formed from the 

deprotonation of 3, the intensity suggests only ~50% formation (Figure S11). At 25 ℃, 4 quickly 

decays to a species with a spectral feature at 715 nm, consistent with formation of the bis(µ-

oxo)dimanganese(III, IV) complex 2 as the decay product (Figure S12, top, and Scheme 4). Under 

these conditions 2 itself decays to give an 89% yield of the starting complex 1 over the course of 

3 hours (Figure S12, bottom, and Scheme 4). Due to the instability of 4 at room temperature, 

further characterization and reactivity studies with this complex were performed at 0 ℃. The 

electronic absorption signals of 4 are similar to those of side-on MnIII-peroxo complexes (Table 

4).54-55, 57-58, 61, 63
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Figure 11. The reaction of a 3 mM MeCN solution of 1 with 5 equiv. H2O2 and 2 equiv. Et3N at 
25 °C results in the formation of 4 (blue trace). Inset: Time trace for the formation of the feature 
at 450 nm.

Scheme 4. Summary of the reactions of a MnIII-hydroxo complex with H2O2 in the absence and 
presence of base. The reactions are not balanced but indicate the Mn complexes detected by 
spectroscopic methods.

The interconversion of 3 to 4 by the addition of base provides further evidence to support the 

assignments of 3 and 4 as MnIII-OOH and MnIII-O2 species, respectively. We also attempted the 

reverse reaction by adding HClO4 to 4. However, this reaction did not result in the formation of 3. 

The inability to form 3 from the reaction of 4 with acid could point to significant structural 

distortion in 4 that renders it incapable of regenerating 3. Alternatively, 3 is quite sensitive to the 
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presence of acid in solution and it is possible that the complex cannot be detected under these 

conditions. It should be noted that the conversion of MnIII-peroxo species to corresponding MnIII-

hydroperoxo species is quite rare, with only two known examples.66-67 

The EPR spectrum of 4 at 10 K reveals an intense, broad derivative-shaped signal with an 

apparent g value of 8.6 (Figure 12). This unusual EPR spectrum can be nicely simulated for an S 

= 2 system with g = 2.03, |D| = 2.41 cm-1, and E/D = 0.20 (Figure 12, red). This fit is insensitive 

to the sign of D. Several MnIII-peroxo species show parallel-mode EPR signals around 80 mT; 

however, in most cases the signals display a six-line hyperfine splitting pattern that is absent in the 

EPR spectrum of 4 (Table 4).54-55, 58, 61  For example, a broad, derivative signal spanning 50 – 120 

mT was reported by Borovik and coworkers for an S = 2 MnIII-peroxo species with D = -2.0 cm-1 

and E/D = 0.13 although that signal had resolved hyperfine splitting from the 55Mn center (A = 5.7 

mT).61 Low-field, derivative signals were also reported for trimanganese clusters by Agapie and 

coworkers.105 For those systems, the signal was centered around 40-50 mT, which would 

correspond to a much higher apparent g value than we observe in 4. These trimanganese species 

also showed additional features at higher field and thus are distinct from the EPR spectrum of 4.105
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Figure 12. The parallel-mode EPR spectrum obtained at 10 K following the reaction of a 3 mM 
solution of [MnIII(OH)(dpaq2Me)]+ in 1:1 MeCN:toluene with 5 equiv. of H2O2 and 2 equiv. Et3N 
at -40 °C (black) and the simulated spectrum (red). The intensity of the signal at 400 mT (*) varied 
greatly between sample preparations. On this basis, we tentatively attribute this signal to an 
unknown contaminant. 

Table 4. Comparison of Spectroscopic Characteristics of Select MnIII-peroxo Species.
Complex λ (nm) geff A Reference

4 450, 615 8.6 -- This work.

[MnIII(O2)(Me2EBC)]+ 400, 650 7.96 6.84  58

[MnIII(O2)(N4Py)]+ 617 7.85 6.8 54, 63 

[MnIII(O2)(mL5
2)]+ 585 8.1 6.6 54 

[MnIII(O2)(TpPh2)(THF)] 379, 435 8.3 9.1 55 

[MnIII(O2)(Pro3Py)]+ 580 8.3 -- 57 

[MnIII(O2)(H2bupa)]- 490, 660 8.2 5.7 61

Further insight into the solution structure of 4 was obtained by 1H NMR experiments at -40 ℃ 

(Figure 13). The hyperfine shifted signals in the NMR spectrum of 4 are consistent with a 

mononuclear MnIII species. While formal assignments of NMR resonances of 4 have not been 

made, there are two key features of this NMR spectrum that provide insight into its structure. First, 

the 1H NMR spectrum for 4 has the same number of hyperfine shifted resonances as 1 (Figure 13 

and Table 1). On this basis, the binding of the dpaq2Me ligand in 4 must have similarities to that of 

1. In particular, the pyridine groups in 4 must be symmetric, as a loss of symmetry would increase 

the number of hyperfine shifted resonances. Second, the resonances of 4 are contracted toward the 

10 – 0 ppm region relative to 1. This contraction could be attributed to a different factors. In the 

simplest case, this contraction could be caused by structural distortions required for a seven-

coordinate Mn center with a side-on peroxo ligand. This distortion would include elongation of 

equatorial Mn-N bonds, increasing the distance between protons and the paramagnetic Mn center. 

Alternatively, the contraction could arise from large shifts in resonances of quinoline protons due 
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to quinoline dissociation. We have previously assigned many of the upfield shifted peaks of a 

similar complex as quinoline resonances.101 In the case of quinoline dissociation, these features 

would shift substantially downfield and potentially into the 10 – 0 pmm region. Quinoline would 

not alter the symmetry of the pyridine protons, consistent with the experimental spectrum. 

Figure 13. Low temperature 1H NMR spectra of 3 mM 1 (black trace) in d3-MeCN and a 3 mM 
solution of 4 formed with 10 equivalents each of H2O2 and Et3N (green trace) in d3-MeCN. Spectra 
were collected at -40℃. Inset: expanded view of the 25 to 0 ppm region showing overlapped 
features near 11 ppm. Peaks in the 9 to 7 ppm region correspond to free ligand. A larger version 
of this spectrum is available in Figure S9.

Electronic Structure Calculations. A) DFT Calculations for 1 and 3. To further understand 

the spectroscopic differences between 1 and 3, and to more fully evaluate our assignment of 3 as 

a MnIII-hydroperoxo adduct, we performed DFT calculations for these species.  The optimized 

geometries and key structural parameters are shown in Figure 14. These structures indicate an 

elongation of the equatorial MnIII-N bonds (MnIII-Neq) for 3 relative to 1 (2.22 vs 2.17 Å, 

respectively) as well as elongation of the MnIII-O bond in 3 (1.86 vs 1.82 Å in 1). The amide bond 

distance remains the same in both structures. The elongation of the Mn-O bond in 3 is reflected in 

the EXAFS analysis (1.91 vs 1.89 Å in 1) however the EXAFS data indicate similar MnIII-Neq 
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bond lengths between 1 and 3 (2.17 and 2.16 Å, respectively). These structural changes are similar 

to those reported in the DFT structures of the [MnIII(OOtBu)(dpaq2Me)]+ complex, which also had 

elongated Mn-Neq and Mn-O bonds relative to 1.73 A similar trend was observed in the Mn-O 

bonds of the [MnIII(OOCm)(6Medpaq)]+ and [MnIII(OH)(6Medpaq)]+ complexes (H6Medpaq = 2-

(bis((6-methylpyridin-2-yl)methyl)amino)-N-(quinolin-8-yl)acetamide), where the crystal 

structures revealed an elongated Mn-O bond in the alkylperoxo species, but with similar Mn-Neq 

bonds.70 Additionally, the Mn-O and O-O bond lengths in the DFT structure of 3 fall within the 

range of those observed in crystal structures of MnIII-alkylperoxo complexes.71-73 The Mn-O and 

O-O bond lengths for 3 are both shorter than those of the DFT optimized structure of 

[MnIII(OOH)(14-TMC)]2+, which are 1.93 and 1.52 Å, respectively.67

Figure 14. DFT optimized geometries for [MnIII(OOH)(dpaq2Me)]+, [MnIII(OH)(dpaq2Me)]+, and 
[MnIII(O2)(dpaq2Me)] with the quinoline arm bound 4a or unbound 4b along with relevant structural 
information (bottom). Hydrogen atoms attached to carbons have been removed for clarity. 
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We performed TD-DFT and CASSCF/NEVPT2 calculations for 1 and 3 to evaluate our 

assignment of 3 as a MnIII-hydroperoxo species. The TD-DFT calculated spectrum for 1 

corresponds well to the experimental spectrum of this complex. Band i of 1, which arises from a 

Mn dx
2
-y

2 ⟶ dz
2 transition (Figure 15, Table S6) is predicted to be at 778 nm, in excellent 

agreement with the experimental feature at 780 nm. (The orbital labels use a coordinate system 

with the z- and x-axes along the Mn-O and Mn-Nquinoline bonds, respectively; see Figure 14.) Bands 

ii and iii in 1 correspond to MnIII dyz ⟶ dz
2 and dxz ⟶ dz

2 transitions, respectively (Table S6), and 

are predicted to occur at 535 and 483 nm. These bands correspond nicely with the broad 

experimental feature at 515 nm (Figure 15). Electronic transitions calculated by the 

CASSCF/NEVPT2 method are very similar (Figure S13).
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Figure 15. Experimental and TD-DFT electronic absorption spectra for 1 (top) and 3 (bottom).

The TD-DFT and CASSCF/NEVPT2 spectra of 3 are likewise in excellent agreement with 

experimental data (Figure 15, bottom and Figure S13), predicting absorption features near 770, 

580, and 470 nm. In the TD-DFT spectrum for 3, band i is at slightly higher energy (771 nm) 

compared to 1 (Figure 15, Table S7). This modest band shift is in excellent agreement with the 

experimental data, which shows a slight blue shift in the lowest energy band of 3 compared to 1 
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(Figure 6). This blue shift in band i, which is due to a dx
2
-y

2 ⟶ dz
2 transition, arises from the longer 

Mn-Neq bond lengths in 3 that stabilize the dx
2
-y

2 orbital. This orbital stabilization is apparent in the 

calculated MnIII 3d orbital splitting patterns of 1 and 3 (Figure 16).

Figure 16. Molecular orbital (MO) energy-level diagrams for 1 (left, black) and 3 (right, purple) 
complexes from DFT calculations. MOs are labelled based on the most significant contributions.

Bands ii and iii in the TD-DFT absorption spectrum of 3 correspond to Mn dyz ⟶ dz
2 and Mn 

dxz ⟶ dz
2 transitions (Table S7). Both bands are predicted to be lower in energy in 3 relative to 1, 

which reproduces the observed shifts in the experimental spectrum (Figures 6 and 15). These shifts 

are caused by stabilization of the MnIII dz
2 orbital due to the elongation of the MnIII-O bond in 3 

(Figure 16). The TD-DFT calculations also predict hydroperoxo-to-MnIII charge transfer bands for 

3 in the near-UV region (364 nm; see Table S7). The experimental spectra of [MnIII(OOH)(14-

TMC)]2+ and [MnIII(OOH)(13-TMC)]2+ have intense UV absorption bands (324 and 384 nm for 

[MnIII(OOH)(14-TMC)]2+ 67  and 305 and 425 nm for [MnIII(OOH)(13-TMC)]2+).66 On the basis 

of our TD-DFT computations for 3, these bands could arise form hydroperoxo-to-MnIII charge 

transfer transitions.
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Because the TD-DFT computations nicely reproduce the experimental electronic absorption 

spectrum of 3, we used this method to examine the frontier MOs of the MnIII-hydroperoxo unit 

and compare them with the MnIII-hydroxo analogue 1. In each complex, the MnIII dxz MO is 

involved in π-interactions with the axial ligand (hydroxo for 1 and hydroperoxo for 3). The MnIII 

dxz MO for 3 has a significant contribution (41.2%) from the O-O π* MO of the hydroperoxo 

moiety, indicating strong Mn-OOH -interactions, and a small admixture (1.9%) of Namide 

character from the N 2pz orbital (Figure 17, bottom-right, and Tables S4 and S5). The MnIII dxz 

MO of 1 reveals strong -mixing with the hydroxo ligand, with 28% O character from a 2p orbital 

of the O atom. This MO contains a small amount (1.7%) of Namide character from the N px orbital 

(see Figure 17, top-right and Tables S2 and S3). Overall, the computations indicate greater -

covalency in the MnIII-hydroperoxo complex. An examination of the MnIII dz
2 MOs of 1 and 3 

allow us to examine -interactions with the hydroxo and hydroperoxo ligands. In 1, there is a 

modest contribution (8.7%) from a 2p orbital of the hydroxo oxygen (Table S2). In 3, the dz
2 orbital 

shows a larger σ-interaction, with a 14.1% contribution from the in-plane O-O π* orbital of the 

hydroperoxo group (Table S4). The dz
2 MOs of both 1 and 3 contain similar contributions from 

the Namide function (5.7% and 5.8% respectively, Tables S2 and S4). Taken together, the DFT 

computations predict the MnIII-hydroperoxo bonding to be more covalent than the MnIII-hydroxo 

bonding. 

Page 33 of 51 Dalton Transactions



34

Figure 17. Surface contour plots of the spin up dz
2 (left) and dxz (right) MOs of 1 (top) and 3 

(bottom). 

B) DFT Calculations for 4. DFT studies were performed on two potential structures of 4 to 

determine which is more consistent with experimental data. We considered a seven-coordinate 

structure with a side-on peroxo ligand and pentadentate dpaq2Me (4a) and a six-coordinate structure 

with a side-on peroxo unit and a tetradentate dpaq2Me ligand (4b). The tetradentate structure was 

achieved by rotating the quinoline moiety so that it was unable to coordinate the Mn center. The 

optimized geometries and key structural parameters of both structures are in Figure 14. In the 

seven-coordinate model 4a, the MnIII-peroxo and MnIII-pyridine bonds are asymmetric (Mn-O of 

1.84 and 1.92 Å and Mn-N of 2.28 and 2.43 Å). The Npyridine-MnIII-Npyridine bond angle of 4a of 

146.3° is slightly smaller than that in 1 (155.2°). Additionally, the Mn-quinoline bond distance is 

quite long (2.47 Å), with the quinoline tilted toward one pyridine group (Figure 14). This tilt is 

manifested by an asymmetry in the Nquinoline-Mn-Npyridine bond angles (116.4° and 88.1°). For 

comparison, these angles are quite similar (106.0° and 98.1°) in 1. The asymmetry in 4a could 

appear at odds with the 1H NMR data for 4, as inequivalent pyridines would give rise to a greater 
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number of proton resonances. However, many of the peaks tentatively assigned as pyridine protons 

are broadened considerably compared to that of 1 (Figure 13), which could be explained by 

averaging of slightly dissimilar pyridine moieties.101

In the six-coordinate structure 4b, a rotation of the quinoline arm prevents any association 

between the quinoline nitrogen and the manganese. This structure is quite similar to other DFT 

and crystallographic structures of 6-coordinate MnIII-peroxo species, with the Mn-N bonds all bent 

considerably to accommodate the side-on peroxo unit.54-55, 57-58, 62, 64, 106 In this case, the MnIII-

peroxo and MnIII-Npyridine bond lengths are symmetric at 1.84 and 2.15 Å, respectively (Figure 14). 

To distinguish between these potential structures, we calculated total energies and 

spectroscopic properties using both DFT and CASSCF/NEVPT2 methods. Both the DFT and 

CASSCF/NEVPT2 computations predict 4a to be lower in energy (by 3 and 10 kcal mol-1). The 

calculated spectroscopic properties for 4a and 4b are very similar and both are in reasonable 

agreement with experiment (Figures S14 and S15). Thus, while the predicted spectroscopic data 

for either structure are compatible with experiment, the lower energy for 4a leads us to favor this 

structure. The significant distortion of the ligand in the structure of 4a could explain the inability 

of this complex to react with acid to form 3.

Reactivity of 3 and 4. Having assessed the formulations of 3 and 4 using a combination of 

spectroscopic and computational methods, we next analyzed the chemical reactivity of these 

complexes. We focused on substrates known to react with previously reported MnIII-hydroperoxo 

and MnIII-peroxo complexes.57, 60, 62, 65-67, 106-107

A) Reactivity of 3 with Thioanisole. The two previously reported MnIII-hydroperoxo species, 

[MnIII(OOH)(14-TMC)]2+ 67 and [MnIII(OOH)(13-TMC)]2+,66 reacted rapidly with thioanisole to 

give sulfoxidation products. Only [MnIII(OOH)(13-TMC)]2+ showed reactivity towards 
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hydrocarbons (C-H bond activation).66 Such limited reactivity has also been observed for FeIII-

hydroperoxo species, which show reactivity towards thioanisole,108-109 while reactions with 

hydrocarbons108 or other substrates110 are rarer. The addition of thioanisole to 3 resulted in 

unexpected behavior. When 10 equiv. thioanisole were added to a 1.25 mM solution of 3, the 

absorption bands did not decay, suggesting the lack of a direct reaction. Instead, the presence of 

thioanisole in the solution prolonged the slow decay phase of 3 from 1200 to 2000 seconds (Figure 

19, top). After 2000 seconds, the absorption band at 610 nm rapidly lost intensity and began to 

increase in intensity again after an additional 360 seconds (Figure 18, top). This extended decay 

was also observed after the addition of 5 equiv. 4-methoxythioanisole (Figure 18, bottom). In the 

presence of 4-methoxythioanisole, the slow decay phase of the feature at 610 nm is prolonged to 

2500 seconds. After 2500 seconds, this feature decays rapidly and begins increasing in intensity 

after approximately 500 seconds (Figure 18, bottom). 
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Figure 18. Top: Electronic absorption spectra of a 1.25 mM solution of 3 (red trace) after the 
addition of 10 equiv. thioanisole (blue trace) in MeCN at -40℃. Significant decay of 3 was not 
observed until after approximately 2000 seconds (inset). Bottom: Electronic absorption spectra of 
a 1.25 mM solution of 3 (red trace) after the addition of 5 equiv. 4-methoxythioanisole (blue trace) 
in MeCN at -40℃. Significant decay of 3 was not observed until after approximately 2500 seconds 
(inset).

1H NMR experiments following these reactions reveal 1-methoxy-4-(methylsulfinyl)benzene 

and unoxidized 4-methoxythioaniole in a 0.25:0.75 ratio (Figure S16). The presence of oxidized 

products in conjunction with the altered decay profile indicates that 3 is not the active oxidant. The 

extended lifetime of 3 in the presence of 4-methoxythioanisole could suggest that the active 

oxidant is an unobserved intermediate that forms during the self-decay of 3. This intermediate 

reacts with 4-methoxythioanisole, delaying the accumulation necessary to initiate the rapid decay 

of 3. Alternatively, 4-methoxythioanisole could intercept excess H2O2 in solution, and this reaction 

could also slow the decay of 3. Control experiments lacking 3 reveal that excess hydrogen peroxide 

is capable of oxidizing 4-methoxythioanisole to 1-methoxy-4-(methylsulfinyl)benzene in a similar 

yield (Figure S16). 
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The lack of a direct reaction between 3 and substrates contrasts with the previous reports of 

MnIII-hydroperoxo species with nonporphyrin ligands. Those complexes reacted directly with 

thioanisole and, in one case, hydrocarbons.66-67 However, there is precedent for FeIII-hydroperoxo 

species serving as precursors to active oxidants rather than acting as the oxidant themselves. While 

there are some examples of direct substrate oxidation by FeIII-hydroperoxo complexes,109, 111-112 

these reactions are quite slow compared to those of their Fe-oxo counterparts.99, 110, 113-114

B) Reactivity of 4 with cyclohexanecarboxaldehyde. The reactivity of 4 towards substrates 

was also explored. For these studies, 4 was treated with 100 equiv. substrate and any reaction was 

monitored by electronic absorption spectroscopy. This complex was not reactive towards 

substrates with weak C-H or O-H bonds (9,10-dihydroanthracene, 1,4-cyclohexadiene, 2,4,6-tri-

tert-butylphenol, and TEMPOH) (Figure S17), but 4 did show reactivity towards 

cyclohexanecarboxaldehyde (CCA; see Figure 19), a common substrate for MnIII-peroxo 

complexes.60, 65, 106, 115 For the reaction with CCA, the decay could be fit to a pseudo-first order 

model. Data collected at several concentrations of CCA allowed us to determine a second order 

rate constant of 0.07 M-1s-1 at -40 ℃ (Figure 19). This rate constant is similar to those reported for 

the reaction of CCA with [MnIII(O2)(13-TMC)]+ and [MnIII(O2)(14-TMC)]+ (0.2 and 0.4 M-1s-1) at 

10 ℃,52, 60 but slower than that observed for other MnIII-peroxo complexes supported by 

aminopyridyl ligands (0.19 to 3.1 M-1s-1
 at -40 ℃).53 The lack of reactivity of 4 towards substrates 

with weak C-H or O-H bonds is also consistent with reports for other MnIII-peroxo species.57, 59, 61-

62, 65, 107 Collectively, 4 shows reactivity in keeping with its assignment as a MnIII-peroxo complex.
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Figure 19. Top: Electronic absorption spectra for a solution of 4 (red trace) after addition of 100 
equivalents of CCA at -40℃. The feature at 615 nm decays completely to the blue trace. Inset: 
Decay trace of the feature at 615 nm over time. Bottom: Plot of kobs vs. substrate concentration for 
the reaction of 4 with cyclohexane carboxaldehyde. 

Summary and Conclusions

Manganese catalysts in both biological and synthetic systems facilitate oxidation-reduction 

reactions through the formation and decay of peroxo intermediates. While there are now numerous 

examples of side-on MnIII-peroxo complexes, end-on MnIII-hydroperoxo species remain relatively 
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scarce. Such complexes are critical intermediates in H2O2-activating Mn catalysts that effect an 

array of impressive substrate oxidation reactions. Consequently, our present understanding of the 

mechanisms of a broad class of synthetic Mn catalysts is stymied by the paucity of MnIII-

hydroperoxo complexes.

In this present work, we have accessed several different intermediates from the reaction of the 

MnIII-hydroxo complex 1 with H2O2, controlling the particular intermediate formed by introducing 

acid or base to the reaction mixture. These new species, which we assign as [MnIIIMnIV(µ-

O)2(dpaq2Me)2]+ (2), [MnIII(OOH)(dpaq2Me)]+ (3), and [MnIII(O2)(dpaq2Me)] (4), can also 

interconvert by thermal decay and/ or acid-base reactions (Scheme 5). In the absence of acid or 

base, the reaction of 1 with H2O2 yields a fleeting MnIII-hydroperoxo intermediate 3 that is 

observed before the formation of the bis(-oxo)dimanganese(III,IV) complex 2 (Figure 1). This 

dinuclear complex decays to quantitatively regenerate 1. While the reductant for this latter process 

is unclear, the reaction solution contains an excess of H2O2 (10 equiv. relative to the initial 

concentration of 1), which could aid in the conversion of 2 to 1.

Scheme 5. Summary of the reactions of a MnIII-hydroxo complex with H2O2 under various 
conditions. The reactions are not balanced but indicate the Mn complexes detected by 
spectroscopic methods.
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The fleeting MnIII-hydroperoxo complex 3 can be stabilized in the presence of acid, permitting 

its characterization. 1H NMR, XAS, and ESI-MS data for 3 are consistent with its assignment as a 

mononuclear MnIII-hydroperoxo species with a geometry very similar to that of 1. DFT and 

CASSCF/NEVPT2 computations for [MnIII(OOH)(dpaq2Me)]+ nicely reproduce the UV-vis 

spectrum for 3, and 3 reacts with base to give the MnIII-peroxo complex 4. While vibrational data 

would bolster the assignments of both 3 and 4, the weak electronic absorption bands of these 

compounds are poorly suited for resonance Raman experiments. IR experiments have been 

unsuccessful, likely due to the low thermal stability of these species. Nonetheless, spectroscopic 

and reactivity profiles corroborate the assignment of 3 as a MnIII-hydroperoxo complex. 

While the deprotonation of the MnIII-hydroperoxo species 3 to give its side-on MnIII-peroxo 

counterpart 4 by the addition of base follows reactivity reported for MnIII-hydroperoxo species,66-

67 its conversion of to the bis(μ-oxo)dimanganese(III,IV) complex 2 via thermal decay is, to the 

best of our knowledge, unprecedented. Nonetheless, the thermal decay of 3 to 2 mimics a step in 

the proposed mechanism for manganese ribonucleotide reductase, where an MnIIMnIII-OOH 

intermediate decays to give a bis(μ-oxo)dimanganese(III,IV) center.3 A previous study of the 

related complex [MnIII(OH)(dpaq)]+ with H2O2 revealed the formation of a bis(μ-

oxo)dimanganese(III,IV) similar to 2.77 However, in that case no intermediates were observed en 

route to 3, and no mononuclear MnIII-peroxo or MnIII-hydroperoxo complexes were reported. The 

sole difference between the dpaq ligand used in that study and the dpaq2Me ligand employed here 

is the presence of the 2-methyl-quinolinyl group that places steric bulk near the coordinate site that 

accommodates peroxo, hydroperoxo, or oxo ligands. We propose that the introduction of this steric 

bulk tends to disfavor, but not completely suppress, the formation of dinuclear complexes, 

allowing us to trap unstable, mononuclear intermediates. In support, previous studies from our lab 
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revealed differences in the dioxygen activation mechanisms of [MnII(NCMe)(dpaq)]+ and 

[MnII(NCMe)(dpaq2Me)]+.116 The O2 activation mechanism of the former complex, with the less 

bulky dpaq ligand, involves dinuclear intermediates, while the mechanism of the latter complex, 

with the bulky dpaq2Me ligand, involved only mononuclear species. This present work is thus a 

further example of how relatively modest steric effects can be leveraged to permit the observation 

of new intermediates.

To the best of our knowledge, the reaction of 1 with H2O2 to give 3 is the first report of the 

generation of a MnIII-OOH species via the direct reaction of a manganese(III) center with H2O2. 

The isosbestic points observed when this reaction is monitored by UV-vis spectroscopy (Figure 6, 

top) suggest a simple ligand substitution reaction, aided by acid. This reaction mimics a key step 

proposed for H2O2-activating Mn catalysts, where a MnIII-OOH intermediate forms via the binding 

of H2O2 to a MnIII-OH center.24, 28, 43-45 In the catalytic systems, the next step in the mechanism is 

heterolytic cleavage of the O-O bond, which is promoted by a carboxylic acid coordinated to the 

MnIII center in an orientation cis to the hydroperoxo ligand.24, 28 As 3 features a MnIII-OOH unit 

supported by a pentadentate ligand, there is no binding site for a carboxylic acid. Moreover, the 

decay process of 3 to give the bis(-oxo)dimanganese(III,IV) species 2 is complex, consisting of 

several phases (Figure 6, bottom). The observation that certain substrates slow the decay of 3 

points to the formation of some reactive, yet unidentified, intermediate. Future studies will aim to 

better understand this decay process and uncover the roles of the ligand environment and reaction 

conditions in modulating this process.

Supplementary Information Available: Electronic absorption spectra, EPR spectra, 1H NMR 

spectra, description of CASSCF results, DFT orbital compositions and electron density difference 

maps, and Cartesian coordinates for optimized structures.
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