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Abstract 

Several manganese-dependent enzymes utilize MnIII-hydroxo units in concerted proton-electron 

transfer (CPET) reactions. We recently demonstrated that hydrogen bonding to the hydroxo ligand 

in the synthetic [MnIII(OH)(PaPy2N)]+ complex increased rates of CPET reactions compared to 

the [MnIII(OH)(PaPy2Q)]+ complex that lacks a hydrogen bond. In this work, we determine the 

effect of hydrogen bonding on the basicity of the hydroxo ligand and evaluate the corresponding 

effect on CPET reactions. Both [MnIII(OH)(PaPy2Q)]+ and  [MnIII(OH)(PaPy2N)]+ react with 

strong acids to yield MnIII-aqua complexes [MnIII(OH2)(PaPy2Q)]2+ and  [MnIII(OH2)(PaPy2N)]2+, 

for which we determined pKa values of 7.6 and 13.1, respectively. Reactions of the MnIII-aqua 

complexes with one-electron reductants yielded estimates of reduction potentials, which were 

combined with pKa values to give O−H bond dissociation free energies (BDFEs) of 77 and 85 kcal 

mol-1 for the MnII-aqua complexes [MnII(OH2)(PaPy2Q)]+ and  [MnII(OH2)(PaPy2N)]+. Using 

these BDFEs, we performed an analysis of the thermodynamic driving force for phenol oxidation 

by these complexes and observed the unexpected result that slower rates are associated with more 

asynchronous CPET. In addition, reactions of acidic phenols with the MnIII-hydroxo complexes 

show rates that deviate from the thermodynamic trends, consistent with a change in mechanism 

from CPET to proton transfer.  
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Introduction 

Manganese-oxygen complexes play critical roles as intermediates in both biological and 

synthetic catalysts.1-9 In biology, manganese superoxide dismutase (MnSOD),10 manganese 

lipoxygenase (MnLOX),11-13 class 1b ribonucleotide reductase,14-15 and the oxygen evolving 

complex of photosystem II3 utilize manganese-oxygen intermediates to mediate reactions ranging 

from the detoxification of free radicals to water splitting. In synthetic chemistry, manganese 

catalysts that activate H2O2 are capable of an impressive array of substrate oxidation reactions, 

including olefin epoxidation and C−H bond hydroxylation.16-23 Such reactions can be used in 

synthetically useful processes, such as the oxidation of methylene C−H bonds in complex 

molecules24 and enantioselective lactonization of unactivated C−H bonds.25   

While the synthetic Mn catalysts are presumed to use high-valent Mn-oxo species for substrate 

oxidation, the enzymes MnSOD and MnLOX utilize mid-valent MnIII-hydroxo units to oxidize 

their biological substrates.8, 10, 26 In the catalytic cycles proposed for these enzymes, the MnIII-

hydroxo centers participate in proton-coupled electron-transfer (PCET) reactions, where the MnIII 

ion accepts an electron and the hydroxo ligand accepts a proton. While such PCET reactions are 

ubiquitous in biological and synthetic catalysis,27-32 an understanding of factors that control the 

rates of such reactions remain a challenge. Although the transfer of an electron and a proton (net 

hydrogen atom) would seem to be a simple process, there are several distinct pathways by which 

this reaction can occur. If we define PCET as a broad set of reactions where the conversion from 

reactants to products involves the transfer of a proton and electron, then there are subclasses where 

the proton and electron can be transferred in a single step (referred to here as concerted proton-

electron transfer, CPET) or in separate steps (electron-proton transfer, ET-PT, or proton-electron 

transfer, PT-ET). Figure 1 shows a square scheme for a MnIII-hydroxo and MnII-aqua couple and 
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a generic H−OR donor. The stepwise processes feature intermediates, which might or might not 

be observed experimentally, while the concerted process involves proton and electron transfer 

through a single transition state. A sub-category of asynchronous, or imbalanced, CPET has 

emerged as a further classification.33 In some descriptions, an asynchronous process involves more 

ET or PT character in the transition state (i.e., oxidatively or basic asynchronous processes, 

respectively).34-36 Srnec and co-workers defined asynchronicity in terms of the difference in 

reduction potentials and pKas of the oxidant (e.g., MnIII-hydroxo) and radical conjugate  (e.g., 

•OR) of the substrate (equation 1).33 The asynchronicity can also be expressed in terms of the free 

energies for the electron-transfer and proton-transfer reactions between the oxidant and substrate 

(GET and GPT, respectively; see equation 1). The asynchronicity can be combined with the 

related concept of frustration (; see equation 2) and the overall driving force for the CPET step 

(GCPET) to give an expression for the three-component thermodynamic contribution to the free 

energy barrier (∆𝐺𝑡ℎ𝑒𝑟𝑚𝑜
≠ ; see equation 3).37 Both asynchronicity and frustration are so-called off-

diagonal thermodynamic terms as they arise from the two off-diagonal thermodynamic branches 

in the thermodynamic cycle (Figure 1), while GCPET is the diagonal thermodynamic term. 

Asynchronicity and frustration act in opposition, and their effect on the barrier is weighted by a 

factor of ¼. 

 =
1

√2
× (∆𝐸° −

𝑅𝑇

𝐹
× ln⁡(10) × ∆p𝐾𝑎) = −

1

√2𝐹
× (∆𝐺𝐸𝑇 − ∆𝐺𝑃𝑇)        equation 1 

𝜎 =
1

√2
× (∆𝐸° +

𝑅𝑇

𝐹
× ln⁡(10) × ∆p𝐾𝑎)                  equation 2 

∆𝐺𝑡ℎ𝑒𝑟𝑚𝑜
≠ =

𝐹

4
(|𝜎| − |𝜂|) +

∆𝐺𝐶𝑃𝐸𝑇

2
             equation 3 

A correlation between higher reorganization energies and more synchronous reactions suggests 

that asynchronous reactions should have faster rates than synchronous reactions, even at parity of 
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driving force.33 Asynchronous, or imbalanced CPET, has been used to explain unusual rate trends 

in C−H bond oxidation by CoIII-oxo,35 MnIV-oxo,38 RuIV-oxo,39 and CuIII-O2CAr complexes,34 as 

well as in reactions of 2-fluorenyl benzoates.40 

 
Figure 1. Thermodynamic scheme for PCET reactions with a MnIII-hydroxo / MnII-aqua couple 

and a generic H−OR donor. According to this scheme, the GET and GPT terms in the expressions 

for asynchronicity and frustration become GET (hydroxo) and GPT (MnIII). 

 

These classifications notwithstanding, it remains challenging to predict if a given reaction will 

proceed by a concerted or stepwise process. It is likewise difficult to understand why trends in 

reaction rates for some systems are well explained on the basis of driving force (i.e., GCPET) alone, 

while others require consideration of asynchronicity and/ or frustration. Systems that display 

mechanistic crossover (i.e., from concerted proton-electron transfer to stepwise proton-transfer 

and electron-transfer) typically involve kinetic investigations for a set of substrates that vary 

greatly in their acidities and/ or reduction potentials. For example, investigations of the reactions 

of CuIII-hydroxo complexes with a series of para-substituted phenols by Tolman and Mayer 

revealed a change from a CPET to a PT-ET mechanism for more acidic phenols.41 Recently, 

Anderson and co-workers described a similar mechanistic crossover from CPET to PT-ET for 

reactions of a CoIII-oxo complex with para-substituted 2,6-di-t-butylphenols.42 In both cases an 

intermediate was observed in reactions with acidic phenols, which provided evidence for an initial 

PT step. Alternatively, Hammarström and co-workers have described how plots of reaction rates 
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versus the driving force for ET, PT, or CPET can be used to identify a reaction type and understand 

when reaction crossover might occur.29 These plots rely on accurate values for bond dissociation 

free energies (BDFEs), reduction potentials, and pKa values. Similarly, calculations of reaction 

asynchronicity, whether the Srnec model33 or the recently proposed semi-empirical model of 

Borovik and Green,38 rely on knowledge of these thermodynamic parameters. 

Efforts aimed at understanding PCET reactions of MnIII-hydroxo complexes have primarily 

explored how changes in the environment of the MnIII-hydroxo unit alter reaction rates.43-49 In one 

case, the rate of reaction of a set of four MnIII-hydroxo complexes (Figure 2, left) with the 

hydrogen-atom donor TEMPOH increased as the MnIII/II reduction potential became more 

positive.45 The variation in reduction potentials led to corresponding changes in the O−H BDFE 

in the MnII-aqua products according to equation 4, such that the MnIII-hydroxo complexes with 

more positive MnIII/II reduction potentials formed stronger O−H bonds in the MnII-aqua products. 

𝐵𝐷𝐹𝐸(O − H) = 1.37p𝐾𝑎(Mn
II − OH2) + 23.06𝐸o(MnIII − OH⁡/⁡MnII − OH) ⁡+ 𝐶𝐺,𝑠𝑜𝑙  

equation 4 

(DFT calculations predicted minimal changes in the pKa values of the MnII-aqua species.) The net 

result was a correlation between the reaction rate and the BDFE of the O−H bond formed during 

the reaction, which is a hallmark of a CPET mechanism. More recently, a similar pair of complexes 

was employed to examine the role of hydrogen-bonding on treactivity (Figure 2, center and 

right).49 In this case, the complex capable of forming an intramolecular hydrogen bond with the 

hydroxo ligand ([MnIII(OH)(PaPy2N)]+) showed a rate of TEMPOH oxidation ~16-fold greater 

than that of the complex lacking the hydrogen bond ([MnIII(OH)(PaPy2Q)]+).50 DFT calculations 

suggested that an increase in basicity for [MnIII(OH)(PaPy2N)]+ led to a stronger O−H BDFE in 

the MnII-aqua product, which accounts for the faster reaction rate. The [MnIII(OH)(PaPy2N)]+ 
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complex oxidized para-substituted 2,6-di-t-butylphenols ~65- to 100-fold faster than 

[MnIII(OH)(PaPy2Q)]+. The basis for this different rate enhancement was unclear, but it was 

speculated that the more acidic O−H bonds in the phenol substrates could be a contributing factor. 

Moreover, the enhanced basicity of [MnIII(OH)(PaPy2N)]+ relative to [MnIII(OH)(PaPy2Q)]+ was 

only inferred from DFT computations. 

 
Figure 2. Schematic structures of MnIII-hydroxo complexes. 

 

In this present work, we addressed these issues by experimentally probing the different 

basicities of [MnIII(OH)(PaPy2N)]+ and [MnIII(OH)(PaPy2Q)]+. Titrations of the MnIII-aqua 

complexes [MnIII(OH2)(PaPy2N)]2+ and [MnIII(OH2)(PaPy2Q)]2+ with base yielded O−H pKa 

values for the aqua ligands, which show that the hydroxo in [MnIII(OH)(PaPy2N)]+ is significantly 

more basic than that of [MnIII(OH)(PaPy2Q)]+.49 Reactions of the MnIII-hydroxo complexes with 

an acidic phenol reveal that increased phenol acidity can change the nature of the reaction from 

CPET to PT. These results are discussed in light of thermodynamic properties of these reactions. 

 

Experimental and Computational Methods. 

Chemicals and HPLC grade solvents were purchased from commercial vendors and used 

directly without further purification, unless noted. Dried and degassed acetonitrile, methanol, 

ether, and dichloromethane were obtained from a Pure Solv solvent purification system. Phenols 
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were purified by recrystallizing from hot ethanol or hexanes. Tetrabutylammonium 

hexafluorophosphate (TBAPF6) was purified by three recrystallizations from hot ethanol to 

remove chloride impurities. Protonated dimethylformamide triflate ([H-DMF](OTf)) was prepared 

by a slight modification of the procedure of Favier and co-workers.51 Anhydrous DMF (4.7 g; 

0.064 mmol) was mixed with 20 mL anhydrous ether in the glovebox. The flask was sealed with 

a rubber septum before removal from a glovebox and kept under an inert atmosphere using a 

Schlenk line. Triflic acid (10 g; 0.067 mmol) was added to this solution at 0 °C, and the solution 

was stirred for 15 minutes. Caution! Triflic acid is a strong acid that can cause severe burns and 

irritation of the respiratory tract. It must be handled with appropriate personal protective 

equipment and avoid exposure to moist air and water. The [H-DMF](OTf) product formed as a 

white precipitate and was isolated by removing ether under vacuum. The purity of [H-DMF](OTf) 

was determined by 1H NMR spectroscopy.  The ligands N,N-bis(2-pyridinylmethyl)amine-N-

ethyl-2-quinolinecarboxamide (PaPy2QH)50 and N,N-bis(2-pyridinylmethyl)amine-N-ethyl-1,8-

naphthyridine-2-carboxamide (PaPy2NH) and the [MnII(PaPy2Q)](OTf) and [MnII(PaPy2N)](OTf) 

complexes were synthesized according to reported procedures.49 

Electronic absorption data were collected on an Agilent 8453 spectrophotometer or a Varian 

Cary 50 Bio interfaced with a Unisoku cryostat (USP-203-A). 1H NMR data were collected on a 

Bruker AVIIIHD 400 MHz spectrometer. The raw 1H NMR data were further processed by the 

MestReNova software.  

Formation of MnIII-hydroxo and MnIII-aqua Complexes. Solutions of 1.25 mM 

[MnIII(OH)(PaPy2Q)]+ and [MnIII(OH)(PaPy2N)]+ were made in a nitrogen-filled glovebox by 

dissolving 15.0 and 16.1 mg of the corresponding MnII species in 20 mL acetonitrile. Each solution 

was added to a vial containing 2.8 mg PhIO (0.5 equiv. with respect to MnII solution) and stirred 
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overnight. A 2 mL aliquot of each MnIII-hydroxo solution was placed in a quartz cuvette and the 

cuvette was sealed with a pierceable septum. To the 1.25 mM [MnIII(OH)(PaPy2Q)]+ solution, 50 

μL of a Brӧnsted acid (1 equiv.), either [H-DMF](OTf) or HClO4, was added at −40 °C to form 

the [MnIII(OH2)(PaPy2Q)]2+ complex. The low temperature was required due to the low thermal 

stability of [MnIII(OH2)(PaPy2Q)]2+. Similarly, a 50 μL aliquot of acid was added to a 1.25 mM 

solution of [MnIII(OH)(PaPy2N)]+ at −40 °C to form [MnIII(OH2)(PaPy2N)]2+ complex. In this case, 

the MnIII-aqua complex was more thermally stable, and this reaction could also be performed at 

25 °C. The changes in the electronic absorption spectra upon the addition of acid to the solutions 

of MnIII-hydroxo species were monitored by UV-vis spectroscopy. The MnIII-aqua complexes 

were further characterized by 1H NMR spectroscopy (vide infra), and magnetic moments of 5.0 μB 

were determined for both MnIII-aqua complexes in CD3CN by the Evan’s method. The stabilities 

of the MnIII-aqua complexes were determined by monitoring their electronic absorption bands at 

25 °C in acetonitrile.  

1H-NMR Experiments for the MnIII-aqua Complexes. 15 mM solutions of 

[MnIII(OH)(PaPy2Q)]+ and [MnIII(OH)(PaPy2N)]+ were prepared using the protocol described 

previously in 0.4 ml of  CD3CN. Once maximum formation of the MnIII-hydroxo complexes was 

achieved, as confirmed from the UV-vis spectroscopy, the solution temperature was dropped to 

−40 °C, and a 100 μL aliquot of CD3CN delivering 1 equiv. acid was added to each solution to 

give a final volume of 0.5 mL. The 1H NMR spectra of both [MnIII(OH2)(PaPy2Q)]2+ and 

[MnIII(OH2)(PaPy2N)]2+ complexes were collected at -40 °C in deuterated acetonitrile using the 

wide scan range of 200 to −150 ppm, a relaxation time of zero, and 1024 scans. The 1H NMR 

spectrum for [MnIII(OH2)(PaPy2N)]2+ was also collected at 25 °C in CD3CN. 
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Titration of MnIII-aqua Complexes with Brønsted Bases. A 0.5 mM solution of 

[MnIII(OH2)(PaPy2Q)]2+ was titrated against p-cyanopyridine (4 to 20 equiv. relative to total Mn 

concentration; pKa = 8.10) in acetonitrile at −40 °C and monitored by UV-vis spectroscopy. After 

each increment of base was added, the concentrations of the MnIII-hydroxo and MnIII-aqua species 

were determined from a two-component spectral deconvolution. The concentrations of p-

cyanopyridine and its conjugate base were determined by mass balance, and an equilibrium 

constant was calculated for each equivalent of base added. This process was repeated twice to 

determine the pKa for [MnIII(OH2)(PaPy2Q)]2+. A similar procedure was employed to determine 

the pKa for [MnIII(OH2)(PaPy2N)]2+ but using pyridine as base (0.25 mM – 2.0 mM; pKa = 12.53). 

Determination of Reduction Potentials (Ered) of MnIII-aqua Complexes. The range of 

MnIII/II reduction potentials of the MnIII-aqua complexes was determined by chemically reducing 

the MnIII-aqua species by employing several one-electron reducing agents. A solution of 1.25 mM 

[MnIII(OH2)(PaPy2Q)]2+ was reacted with 1 equiv. ferrocene (0.0 V vs. Fc/Fc+), 1,1-

dibromoferrocene (0.35 V vs. Fc/Fc+), 1,1-diacetylferrocene (0.46 V vs. Fc/Fc+), p-bromo-N,N-

dimethylaniline (E1/2 = 0.55 V vs. Fc+/0), or tris(4-bromophenyl)ammoniumyl 

hexachloroantimonate (0.67 V vs Fc/Fc+) in acetonitrile and the reactions were monitored using 

UV-vis spectroscopy. A similar procedure was followed to determine the range of the reduction 

potential of [MnIII(OH2)(PaPy2N)]2+ complex in acetonitrile. A control reaction was also 

performed where 1.25 mM MnIII-hydroxo complexes were reacted with each of the reducing 

agents in acetonitrile. Although we attempted to determine the potentials of the MnIII-aqua 

complexes using cyclic voltammetry, these experiments did not yield peaks that we could reliably 

attribute to the MnIII/II-aqua couple. 
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Kinetic Experiments for Reactions of MnIII-hydroxo Complexes with 4-NO2-2,6-di-tert-

butylphenol. A quartz cuvette of 2 mL of a 1.25 mM MeCN solution of the MnIII-hydroxo 

complex ([MnIII(OH)(PaPy2Q)]+ or [MnIII(OH)(PaPy2N)]+) was prepared and sealed with a 

pierceable septum. The cuvette was placed in a spectrometer with a temperature controller set to 

50 °C. An excess of substrate (4-NO2-2,6-di-t-butyphenol), dissolved in 200 μL of degassed 

dichloromethane, was added to the cuvette through the septum. The decay of the absorption 

features of the MnIII-hydroxo complex was monitored by UV-vis spectroscopy. This decay was fit 

to a first-order model to obtain observed rates (kobs). This procedure was performed for different 

concentrations of substrate (20 mM – 50 mM). Second-order rate constants were obtained from 

the slope of plots of kobs versus substrate concentration. Additional experiments were performed 

to explore the reactivity of the MnIII-hydroxo complexes with the acidic phenols 4-bromo-2,6-di-

t-butyphenol and 4-methoxycarbonyl-2,6-di-t-butyphenol. However, the kinetics for these 

reactions were complex and could not be readily analyzed by the kinetic model used for the other 

phenols. Thus, we did not pursue these reactions further. 

Computational Methods. Calculations were performed using the ORCA 5.0.3 software 

package.52-53 Structures of the [MnIII(OH2)(PaPy2Q)]2+, [MnIII(OH2)(PaPy2N)]2+, and 

[MnIII(OH)(PaPy2NH)]2+ were optimized using the B3LYP-D3 functional54-55 with def2-TZVP 

basis sets for Mn, O, and N and def2-SVP for C and H.56-57  The RIJCOSX approximation was 

used to speed up the calculations, and an appropriate auxiliary basis set was called using the 

AutoAux command.58 Optimized geometries were verified to be a minimum through frequency 

calculations at the same level of theory. For single point energy calculations, we used the larger 

def2-TZVPP basis set for all atoms. Time-dependent DFT (TD-DFT) calculations were performed 

using the same basis sets employed in the geometry optimization, except an auxiliary def2-
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TZVP/C basis set was used, and solvent effects were incorporated using an SMD solvation model 

for acetonitrile.59 The TD-DFT electronic absorption spectra were generated by modeling each 

electronic transition as a Gaussian band with a full-width-at-half-maximum of 2500 cm−1. 

Isosurface plots of Kohn-Sham molecular orbitals were visualized using the Chemcraft software. 

Net thermodynamics for reactions of the MnIII-aqua complexes and phenols were calculated by 

two approaches, which are described in the Supplementary Information. In one approach, we used 

the experimental thermodynamic parameters for the Mn complexes and calculated parameters for 

the phenols. 

 

Results and Discussion. 

Reaction of MnIII-hydroxo Complexes with Acid. In order to determine any differences in 

the basicity of [MnIII(OH)(PaPy2Q)]+ and [MnIII(OH)(PaPy2N)]+, we first used electronic 

absorption spectroscopy to explore the reactions of these complexes with Brønsted acids. The 

reaction of [MnIII(OH)(PaPy2Q)]+ with 1.0 equiv. [H-DMF](OTf) in MeCN at -40 °C resulted in 

the formation of a new species with features at 430, 650, and 1000 nm (Figure 3, top). This reaction 

proceeded with isosbestic points at 480, 577, 726, and 875 nm, indicating a reaction without any 

accumulating intermediates. The formation of this new species was also observed upon the 

addition of 1 equiv. HClO4 to [MnIII(OH)(PaPy2Q)]+ (Figure S1). When pyridine (1 equiv.) was 

added to the same solution, the new chromophore reverted to the initial [MnIII(OH)(PaPy2Q)]+ 

complex (95% recovery on the basis of the absorption intensity; see Figure S1). This reversibility 

suggests that the new species is a protonated product of [MnIII(OH)(PaPy2Q)]+. In addition, this 

new species displays a magnetic moment in solution of 5.0 B (Figure S2), which is consistent 
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with that expected for a high-spin (S = 2) MnIII center (4.9 B). Thus, the addition of acid does not 

change the oxidation state or nuclearity of the complex. 

 
Figure 3. Top: Electronic absorption spectra showing the reaction of 1 mM [MnIII(OH)(PaPy2Q)]+ 

(pink) with 1 equiv. [H-DMF](OTf) to give [MnIII(OH2)(PaPy2Q)]2+ (green)  in MeCN at -40 °C. 

Bottom: Electronic absorption spectra showing the reaction of 1 mM [MnIII(OH)(PaPy2N)]+ (red) 

with 1 equiv. [H-DMF](OTf) to give [MnIII(OH2)(PaPy2N)]2+ (blue)  in MeCN at 25 °C. The insets 

show an expanded view of the low-energy spectral region during the reactions. 

 

Similar reactivity with acid was observed for [MnIII(OH)(PaPy2N)]+. The addition of 1 equiv. 

[H-DMF](OTf) or HClO4 to a solution of [MnIII(OH)(PaPy2N)]+ in MeCN at 25 °C led to the 

growth of a shoulder at 430 nm and the appearance of the new bands at 640 and 1000 nm (Figure 

3, bottom, and Figure S3). These reactions could be reversed by the addition of 1 equiv. 

triethylamine to give the initial [MnIII(OH)(PaPy2N)]+ complex in 96% yield (Figure S3). The 

reaction product showed a magnetic moment in solution of 5.0 B (Figure S2), consistent with a 

high-spin, mononuclear MnIII center. While the product formed after the addition of acid to 
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[MnIII(OH)(PaPy2Q)]+ had limited stability at 25 °C (t1/2 = 200 s), the product formed after the 

addition of acid to [MnIII(OH)(PaPy2N)]+ was quite stable at 25 °C (t1/2  4200 s).  

To aid in understanding the structures of the protonated forms of [MnIII(OH)(PaPy2Q)]+ and 

[MnIII(OH)(PaPy2N)]+, we compared the spectral changes observed here to those of the related 

[MnIII(OH)(dpaq)]+ complex (Figure 2).60-61 In that case, crystallographic and spectroscopic data 

established the protonated product as the MnIII-aqua complex [MnIII(OH2)(dpaq)]2+.14  Given the 

similarities between the dpaq and PaPy2Q ligands, this comparison is informative. The electronic 

absorption spectrum of [MnIII(OH2)(dpaq)]+ had band maxima at 410, 720, and 1150 nm at 25 °C 

in acetonitrile, which are very similar to those of the protonated products of [MnIII(OH)(PaPy2Q)]+ 

and [MnIII(OH)(PaPy2N)]+ (430, ~650, and 1000 nm). Based on these similarities, and additional 

data discussed below, we propose that the [MnIII(OH)(PaPy2Q)]+ and [MnIII(OH)(PaPy2N)]+ 

complexes react with acid to give the corresponding MnIII-aqua species (Scheme 1). 

 
Scheme 1. Reactions of MnIII-hydroxo complexes with acid in acetonitrile. 
 

Comparison of 1H NMR Spectra for MnIII-aqua and MnIII-hydroxo Complexes. We used 

1H NMR spectroscopy to further probe the products of the reactions of acid with 
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[MnIII(OH)(PaPy2Q)]+ and [MnIII(OH)(PaPy2N)]+. Although 1H NMR spectra for 

[MnIII(OH)(PaPy2Q)]+ and [MnIII(OH)(PaPy2N)]+ in the presence of acid cannot provide 

unambiguous information about the site of protonation, the data can be used to determine if 

protonation leads to major structural rearrangements, as might be expected if the amide group of 

the supporting ligand were the site of protonation. 

The 1H NMR spectra of [MnIII(OH2)(PaPy2Q)]2+ and [MnIII(OH2)(PaPy2N)]2+ (Figure 4) each 

show five peaks in the downfield region (~170 to 30 ppm) and three peaks in upfield region (-10 

to -120 ppm). The number of peaks and pattern of downfield and upfield peaks matches that 

previously reported for the MnIII-hydroxo complexes (see Supporting Information),49 which 

strongly suggests that there has not been a major perturbation in the binding mode of the PaPy2Q 

or PaPy2N ligands upon protonation. The upfield region of the 1H NMR spectra for the MnIII-aqua 

complexes shows modest shifts of less than 20 ppm in peak position relative to the MnIII-hydroxo 

complexes (Figure 4 and Table 1). Two peaks in this region were tentatively attributed to quinolyl 

protons for the MnIII-hydroxo complexes.49 Minor perturbations are also observed in the downfield 

region of the 1H NMR spectra of the MnIII-aqua complexes. In each case, a set of two sharper peaks 

is retained and shifted by only ~10 ppm relative to the MnIII-hydroxo complexes (Figure 4 and 

Table 1). The three broader, downfield peaks, which appear at ~140, 120, and 45 ppm for the 

MnIII-hydroxo complexes have shifted to ~160, 80, and 40 ppm for the MnIII-aqua complexes. 

Taken together, while there are clear shifts in the positions of proton resonances upon protonation 

of the [MnIII(OH)(PaPy2Q)]+ and [MnIII(OH)(PaPy2N)]+ complexes, most shifts are ~10 – 20 ppm, 

and, importantly, the number and pattern of peaks is unchanged for the protonated complexes. 

 

Table 1. 1H NMR Chemical Shifts (ppm) for [MnIII(OH)(L)]+ and [MnIII(OH2)(L)]2+ complexes 

in CD3CN at different temperatures (L = PaPy2Q and PaPy2N). 

L = PaPy2Q   L = PaPy2N 
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[MnIII(OH)(L)]+ [MnIII(OH2)(L)]2+   [MnIII(OH)(L)]+ [MnIII(OH2)(L)]2+ 

25 °Ca,b −40 °C −40 °C   25 °Ca −40 °C −40 °C 

116.4 140.8 157.7  121.7 145.6 166.6 

88.7 115 82.1  97.3 124.1 78.7 

44.8 52.3 62.6  47.0 54.8 66.9 

40.8 47.5 57.4  42.4 49.6 63.6 

  41.9  37.4 45.2 33.4 

−6.7 −9.6 −13.3  −3.2 −5.0 −11.1 

−22.8 −27.3 −34.3  −28.8 −35.2 −41.0 

−77.0 −99.0 −116.7   −84.5 −106.3 −122.5 

a From ref 49. b An eight proton resonance was resolved upon the addition of a small amount of 

water, which caused the resolution of two-overlapping peaks. 
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Figure 4. 1H NMR spectra (-40 °C) of 15 mM [MnIII(OH)(PaPy2Q)]+ (pink), 

[MnIII(OH)(PaPy2N)]+ (red) complexes and their corresponding aqua complexes, 

[MnIII(OH2)(PaPy2Q)]2+ (green) and [MnIII(OH2)(PaPy2N)]2+ (blue), formed after addition of 1 

equiv. HClO4. 

Evaluation of MnIII-aqua Complexes using DFT computations. To further evaluate our 

formulations for the [MnIII(OH2)(PaPy2Q)]2+ and [MnIII(OH2)(PaPy2N)]2+ complexes, we 

developed structures using DFT computations and predicted the electronic absorption spectra of 

these complexes using TD-DFT computations. The Mn−OH2 bond lengths in 

[MnIII(OH2)(PaPy2Q)]2+ and [MnIII(OH2)(PaPy2N)]2+ are nearly 0.2 Å longer than the Mn−OH 

bond lengths in the corresponding MnIII-hydroxo complexes (Table 2).49 The Mn−N2 bond that is 
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trans to the aqua ligand has contracted by ~0.07 Å relative to the MnIII-hydroxo complexes. Thus, 

protonation of the hydroxo ligand is accompanied by large changes in both the Mn−O distance and 

in the trans Mn−N2 distance. The remaining Mn−N ligand bond lengths show only minor changes 

between the MnIII-hydroxo and MnIII-aqua complexes. Even with the elongations of the Mn−OH2 

distances, these complexes retain the same (3dyz)
1(3dxy)

1(3dxz)
1(3dx

2
-y

2)1(3dz
2)0 configuration that 

we previously described for the MnIII-hydroxo complexes (Figure S5).49 

We also explored a potential structure of the protonated form of [MnIII(OH)(PaPy2N)]+ where 

the 1,8-naphthyridine moiety is protonated rather than the hydroxo ligand 

([MnIII(OH)(PaPy2NH)]2+). As shown by Borovik and co-workers, care must be taken when 

assigning protonation sites for transition-metal complexes.63 In the structure of 

[MnIII(OH)(PaPy2NH)]2+, the N−H unit of the ligand donates a hydrogen bond to the hydroxo 

ligand (Figure 5, bottom). The metal-ligand bond lengths for [MnIII(OH)(PaPy2NH)]2+ are quite 

similar to those of [MnIII(OH)(PaPy2N)]+, with a notable difference being a slight elongation (0.05 

Å) of the Mn−OH distance due to the hydrogen bond. A comparison of energies of the 

[MnIII(OH2)(PaPy2N)]2+ and [MnIII(OH)(PaPy2NH)]2+ reveals that the latter is lower in energy by 

1.9 kcal mol-1. Given the expected accuracy of DFT calculations for transition-metal complexes, 

we view it as unwise to determine the site of protonation using solely this small DFT energy 

difference. 

Table 2. Selected Bond Lengths (Å) and Angles (°) for MnIII-hydroxo and MnIII-aqua 

Complexes from X-ray Crystallography and DFT Computations. 
 [MnIII(L)(PaPy2Q)]n+ a [MnIII(L)(PaPy2N)]n+ a [MnIII(OH)(PaPy2NH)]2+ 

 L = OH L = OH2 L = OH L = OH2 
 

 XRDb DFTb DFT DFTb DFT DFT 

Mn−O1 1.8180(16) 1.843 2.034 1.822 1.992 1.873 

Mn−N1 2.1945(19) 2.211 2.159 2.172 2.129 2.181 

Mn−N2 1.9680(18) 1.956 1.882 1.970 1.896 1.943 

Mn−N3 2.2415(19) 2.260 2.219 2.261 2.238 2.267 

Mn−N4 2.171(2) 2.166 2.152 2.191 2.159 2.127 
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Mn−N5 2.138(2) 2.136 2.179 2.161 2.190 2.160 

OHN    1.952 1.539  

OHN      1.642 

N2−Mn−O 174.21 176.2 172.1 176.7 174.0 173.2 
a For these complexes, n = 1 for L = OH and n = 2 for L = OH2. 

 b From ref. 49.  

 
Figure 5. Structures of MnIII-aqua complexes [MnIII(OH2)(PaPy2Q)]2+ and 

[MnIII(OH2)(PaPy2N)]2+ (top) and MnIII-hydroxo complex [MnIII(OH)(PaPy2NH)]2+ (bottom) 

from DFT computations. 

 

As a further means of evaluating these structures, we used TD-DFT calculations to predict 

electronic absorption spectra. The TD-DFT-predicted electronic absorption spectra of 

[MnIII(OH2)(PaPy2Q)]2+ and [MnIII(OH2)(PaPy2N)]2+ are quite similar, each showing a weak 

absorption band in the near-IR region (~1000 – 1200 nm), a more prominent band at ~600 – 700 

nm, and the onset of more intense features at wavelengths less than 500 nm (Figure 6). These 

calculated features nicely match the experimental absorption spectra, and any discrepancies are 

well within the expected accuracy of the TD-DFT method.64 In contrast, the TD-DFT electronic 

absorption spectrum of [MnIII(OH)(PaPy2NH)]+ has one feature at ~810 nm and the onset of 

intensity at wavelengths less than 600 nm Figure 6, right), in poor agreement with the two 

experimental bands at 1054 and 620 nm. Thus, the TD-DFT computations for the MnIII-aqua 
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complex [MnIII(OH2)(PaPy2N)]+ better reproduce the experimental data, and we therefore favor 

this complex. 

 
Figure 6. Experimental and TD-DFT computed electronic absorption spectra for 

[MnIII(OH2)(PaPy2N)]2+ (left) and [MnIII(OH2)(PaPy2Q)]2+ (right). The sticks indicate electronic 

transitions. 

 

pKa Values and Reduction Potentials of MnIII-aqua Complexes. To determine a pKa value 

for the MnIII-aqua complex [MnIII(OH2)(PaPy2Q)]2+, we performed spectrophotometric titrations 

with p-cyanopyridine (pKa = 8.1) at −40 °C (Scheme 2). The addition of various concentrations of 

p-cyanopyridine to [MnIII(OH2)(PaPy2Q)]2+ caused changes in the electronic absorption spectrum 

consistent with the reformation of the MnIII-hydroxo complex [MnIII(OH)(PaPy2Q)]+ (Figure 7). 

In each experiment, the final absorption spectrum after the addition of p-cyanopyridine could be 

fit as a linear combination of the spectra of [MnIII(OH2)(PaPy2Q)]2+ and [MnIII(OH)(PaPy2Q)]+, 

which provided the concentrations of these species at equilibrium. This analysis yielded a pKa 

value for [MnIII(OH2)(PaPy2Q)]2+ of 7.6 ± 0.1 in acetonitrile. This value is very similar to that of 

[MnIII(OH2)(dpaq)]2+ (pKa = 6.8),60 which is expected given the structural similarities of these 

complexes. 
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Scheme 2. Reaction of MnIII-aqua complexes with base. 

 

 
Figure 7. Reaction of 0.5 mM [MnIII(OH2)(PaPy2Q)]2+ (blue) with increasing concentrations of p-

cyanopyridine (0 – 13 mM) to generate [MnIII(OH)(PaPy2Q)]+ (red).   

 

When p-cyanopyridine was added to [MnIII(OH2)(PaPy2N)]2+ in MeCN, we observed no 

reaction, even with as much as 200 equiv. base relative to the MnIII-aqua complex. This lack of 

reactivity suggests that [MnIII(OH2)(PaPy2N)]2+ might not be a strong enough acid to react with p-

cyanopyridine. We therefore explored the reactivity of [MnIII(OH2)(PaPy2N)]2+ with the stronger 

base pyridine (pKa = 12.83 in MeCN).65 In these reactions, we observed reformation of the MnIII-

hydroxo complex (Figure 8), and we were able to fit spectra after the addition of pyridine using 

linear combinations of spectra from [MnIII(OH2)(PaPy2N)]2+ and [MnIII(OH)(PaPy2N)]+. These 



22 
 

experiments allowed us to determine a pKa value of 13.1 ± 0.3 for [MnIII(OH2)(PaPy2N)]2+. Thus, 

[MnIII(OH)(PaPy2N)]+ is ca. 6 and 7 pKa units more basic than [MnIII(OH)(PaPy2Q)]+ and 

[MnIII(OH)(dpaq)]+.60 The enhanced basicity for [MnIII(OH)(PaPy2N)]+ is consistent with previous 

DFT computations. These calculations predicted pKa values for the [MnIII(OH2)(PaPy2Q)]2+ and 

[MnIII(OH2)(PaPy2N)]2+ of 6.4 and 13.3, respectively,49 which are remarkably similar to the 

experimental values (7.6 ± 0.1 and 13.1 ± 0.3, respectively). We attribute the increased basicity of 

[MnIII(OH)(PaPy2N)]+ to an intramolecular hydrogen bond enabled by the naphthyridine group. 

 
Figure 8. Reaction of 1.25 mM [MnIII(OH2)(PaPy2N)]2+ (blue) with increasing concentrations of 

pyridine (0 – 2.75 mM) to generate [MnIII(OH)(PaPy2N)]+ (red). 

 

We determined an estimate of the MnIII/II reduction potentials for [MnIII(OH2)(PaPy2Q)]2+ and 

[MnIII(OH2)(PaPy2N)]2+ by reacting these complexes with one-electron reductants with E1/2 values 

from 0 – 0.67 V vs Fc0/+. The addition of ferrocene (0 V vs Fc+/0), 1,1-dibromoferrocene (E1/2 = 

0.34 V vs Fc+/0), 1,1-diacetylferrocene (E1/2 = 0.46 V vs Fc+/0), and p-bromo-N,N-dimethylaniline 

(E1/2 = 0.55 V vs Fc+/0) to [MnIII(OH2)(PaPy2Q)]2+ and [MnIII(OH2)(PaPy2N)]2+ at -40 °C in MeCN 

resulted in the disappearance of the bands associated with the MnIII-aqua complexes and the 

formation of bands expected for the oxidized products of the added reductants (Figures S5 – S7). 

In contrast, no reaction was observed either for [MnIII(OH2)(PaPy2Q)]2+ or 
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[MnIII(OH2)(PaPy2N)]2+ upon the addition of tris(4-bromophenyl)ammoniumyl 

hexachloroantimonate (E1/2 = 0.67 V vs Fc+/0). On the basis of these results, we conclude that the 

reduction potentials for these MnIII-aqua complexes fall between 0.55 and 0.67 V vs Fc+/0. These 

values align well with the potential of 0.63 V vs Fc+/0 determined by Nam et al. for the 

[MnIII(OH2)(dpaq)]2+ complex.60 These potentials are much higher than peak potentials (Ep,c) 

observed for the corresponding MnIII-hydroxo complexes [MnIII(OH)(PaPy2Q)]+ or 

[MnIII(OH)(PaPy2N)]+ (-0.86 and -1.10 V vs Fc+/0, respectively), demonstrating the dramatic 

increase in potential associated with protonation of the hydroxo ligand.49 

The pKa values and range of reduction potentials for t allow us to use the Bordwell equation (a 

modified version of that shown in equation 4) to calculate O−H BDFEs for the MnII-aqua 

complexes. For [MnII(OH2)(PaPy2Q)]+, we obtain values of 75.7 to 78.6 kcal mol-1, while for 

[MnII(OH2)(PaPy2N)]+ we have higher values of 83.2 to 86.0 kcal mol-1.  We thus will use the 

midpoint values of 77 ± 2 kcal mol-1 and 85 ± 2 kcal mol-1 for [MnII(OH2)(PaPy2Q)]+ and 

[MnII(OH2)(PaPy2N)]+, respectively. These values are remarkably similar to those predicted from 

DFT computations (78.3 and 84.0 kcal mol-1).49 The increase in BDFE for [MnII(OH2)(PaPy2N)]+ 

is solely linked to the increase in basicity of the coordinated hydroxo/aqua ligand, which is 

imparted by the hydrogen-bonding interaction. We can also use the calculated BDFEs and the 

experimental peak potentials (Ep,c) for the MnIII-hydroxo complexes to estimate pKa values for the 

MnII-aqua complexes. (This analysis is imperfect, as the peak potentials will not be the same as 

the reduction potentials.) From this approach, we calculate MnII-aqua pKa values of 30 and 40 for 

[MnII(OH2)(PaPy2Q)]+ and [MnII(OH2)(PaPy2N)]+, respectively, which are in accordance with 

DFT predictions (29.6 and 38.2, respectively).49 
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Reactivity of MnIII-hydroxo complexes with acidic phenols. In our previous study of the 

oxidation of 4-X-2,6-di-t-butylphenols (X = Cl, H, tBu, Me, and OMe) by these MnIII-hydroxo 

complexes, the addition of the phenol led to a bleaching of all optical signals of the MnIII-hydroxo 

complex, which was consistent with the formation of MnII products.49 For some phenols, such as 

2,4,6-tri-t-butyphenol, we observed the formation of bands from the phenoxyl radicals. We also 

observed a linear correlation between the reaction rate and the phenolic O−H BDFE. On this basis, 

we concluded that these reactions occurred by a CPET mechanism. However, the phenols 

considered were not acidic and exhibited a narrow range of pKa values (~25 – 28). Given the large 

difference in basicity between the [MnIII(OH)(PaPy2Q)]+ and [MnIII(OH)(PaPy2N)]+ complexes, 

we investigated the reactions of these MnIII-hydroxo complexes with acidic phenols. 

The addition of excess 4-nitro-2,6-di-tert-butylphenol (4-NO2-2,6-DTBP) to 

[MnIII(OH)(PaPy2Q)]+ in MeCN at 50 °C led to the disappearance of the electronic absorption 

bands of the MnIII-hydroxo unit and the growth of absorption intensity at wavelengths less than 

510 nm (Figure 9, top). This reaction followed first-order kinetics (Figure 9, top inset), and an 

analysis of the reaction at various substrate concentrations yielded a k2 value of 0.039 M-1s-1 

(Figure S9). This rate is faster than that observed for the oxidation of 4-H-2,6-DTBP and 4-Cl-

2,6-DTBP by [MnIII(OH)(PaPy2Q)]+ (0.012 and 0.0323 M-1s-1, respectively).49 The increased rate 

for 4-NO2-2,6-DTBP is surprising given that the O−H BDFE for this substrate is ~4 kcal mol-1 

higher than those of 4-H-2,6-DTBP and 4-Cl-2,6-DTBP.42 While we do not observe any transient 

intermediates in this reaction, the [MnIII(OH2)(PaPy2Q)]2+ complex, which would be the product 

of a proton-transfer reaction, has low thermal stability and was characterized at -40 °C (Figure 3). 

Thus, we presume that, if formed, we would not observe the accumulation of 

[MnIII(OH2)(PaPy2Q)]2+ due to its instability at 50 °C. 
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The [MnIII(OH)(PaPy2N)]+ complex also shows a reaction with 4-NO2-2,6-DTBP at 50 °C in 

MeCN (Figure 9, bottom). In this case, when the optical signals of the MnIII-hydroxo complex 

bleach, we observe the growth and decay of signals near 550 and 1050 nm. During the decay, there 

is also a subtle shift of the absorption maximum at ~730 nm to ~650 nm (Figure 9, bottom, green 

trace). We attribute these spectral changes to the transient formation of the MnIII-aqua complex 

[MnIII(OH2)(PaPy2N)]2+. This complex is unstable at 50 °C and decays with time. Despite the 

complexity of the decay process, the absorption decay of [MnIII(OH2)(PaPy2N)]2+ at 800 nm can 

be fit to a first-order process, and we determined a k2 for this reaction of 0.3 M-1s-1 at 50 °C (Figure 

S9). This rate is only slightly less than that observed for the reaction of [MnIII(OH)(PaPy2N)]+ with 

4-H-DTBP (0.99 M-1 s-1) despite the ~4 kcal mol-1 increase in O−H BDFE from 4-NO2-2,6-DTBP 

to 4-H-2,6-DTBP. 
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Figure 9. Electronic absorption spectrum showing the decay of [MnIII(OH)(PaPy2Q)]+ (top) and 

[MnIII(OH)(PaPy2N)]+ (bottom) in the presence of an excess of 4-NO2-DTBP in MeCN at 50 °C. 

The starting spectra are red and the final spectra are blue. For the reaction of 

[MnIII(OH)(PaPy2N)]+, a green trace marks an intermediate that is attributed to the accumulation 

of [MnIII(OH2)(PaPy2N)]+. In each plot, the inset shows the decay of the MnIII-hydroxo complex 

in the presence of 50 equiv. 4-NO2-DTBP in MeCN at 50 °C. 
 

Thermodynamic Analysis of Phenol Oxidation by MnIII-hydroxo Complexes. In this section, 

we use our experimental thermodynamic data for [MnII(OH2)(PaPy2Q)]+ and 

[MnII(OH2)(PaPy2N)]+ with corresponding parameters for phenol substrates to evaluate trends in 

reactivity. This analysis requires accurate values for the BDFEs, pKa, and E1/2 of the phenols. 

Because these data are not available for all phenols in MeCN, we used DFT methods to calculate 

these values. We describe this approach and its validation in the Supplementary Information. We 

also discuss a complementary approach in the Supplementary Information, where we calculate 

reaction free energies solely using DFT computations. This procedure follows that used by 

Anderson and co-workers in a recent investigation of phenol oxidation by CoIII-oxo complexes.42 

As discussed in the Supplementary Information, the trends for the DFT-only approach are the same 

as those when using the experimental thermodynamic parameters for the MnIII-hydroxo 

complexes. The only difference is in the absolute values of the reaction free energies. 
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When we consider phenol oxidation by [MnIII(OH)(PaPy2Q)]+ and [MnIII(OH)(PaPy2N)]+ and, 

for the moment, exclude the results for 4-NO2-DTBP, we observe an excellent linear correlation 

(R2 = 0.96) between the reaction barrier (as ln(k2)RT) versus the free energy for proton-electron 

transfer (GCPET; see Figure 10, left). All reactions are either exoergic or only slightly endoergic 

(GCPET
 ≤ 0). The data points for reactions with [MnIII(OH)(PaPy2Q)]+ and [MnIII(OH)(PaPy2N)]+ 

nearly fall on the same fit lines, and the linear fit in each case yields slopes near -0.5, which is 

typical of a Bell-Evans-Polanyi relationship.66 The data points for the reactions with 4-NO2-2,6-

DTBP are notable outliers. For example, GCPET for a reaction between [MnIII(OH)(PaPy2N)]+ and 

4-NO2-DTBP is -0.6 kcal mol-1. From the trend line in Figure 10 (left), we expect the rate of 

reaction between [MnIII(OH)(PaPy2N)]+ and 4-NO2-DTBP to be 0.02 M-1s-1, which is more than 

an order of magnitude smaller than the experimental rate (0.33 M-1s-1). The experimental rate for 

[MnIII(OH)(PaPy2Q)]+ is even more of an outlier (Figure 10, left). In this case, GCPET = 7.4 kcal 

mol-1, and the trend line predicts an experimental rate of 1  10-4 M-1s-1, which is approximately 

400-fold slower than the experimental rate of 0.039 M-1s-1. This lack of conformity to the 

established trend for CPET reactions suggests a change in reaction mechanism caused by the 

increased acidity of the 4-NO2-DTBP substrate. We propose that these reactions proceed by a 

proton-transfer mechanism, which is supported by the appearance of [MnIII(OH2)(PaPy2N)]2+ for 

the reaction of [MnIII(OH)(PaPy2N)]+ with 4-NO2-DTBP (Figure 9, bottom).  
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Figure 10. Correlation of the reaction rates of phenol oxidation by [MnIII(OH)(PaPy2Q)]+ and 

[MnIII(OH)(PaPy2N)]+ with the overall proton-electron transfer driving force (left), the driving 

force for initial proton transfer (center), and the driving force for initial electron transfer. The blue 

circles are data points for [MnIII(OH)(PaPy2Q)]+ and the red diamonds are data points for  

[MnIII(OH)(PaPy2N)]+. The linear fit lines exclude the data points for reactions with 4-NO2-DTBP. 

In these plots, all reaction free energies were determined using experimental values for the metal 

complexes and DFT-calculated values for the phenols. 

 

We also plotted the experimental reaction rates versus GPT and GET (see Figure 10, center 

and right). The proton-transfer reactions are all endoergic (GPT > 15 kcal mol-1). While the plot 

of rate versus GPT for all phenols except 4-NO2-DTBP shows poor linearity (R2 < 0.5), there is a 

trend of slower reaction rates as the proton-transfer driving force becomes more favorable (i.e., 

GPT becomes a smaller, positive number). This general trend, along with the overall positive 

values for GPT, presents a strong case against a mechanism involving initial proton transfer. The 

data points for reactions with 4-NO2-DTBP are clear outliers and are the only points that show a 

trend of increased rate with more favorable (i.e., less positive) GPT. 

A plot of experimental reaction rates versus GET for all phenols but 4-NO2-DTBP is very 

linear (R2  0.92), illustrating an increase in rate with a more favorable electron-transfer driving 

force. The small slope (-0.20) shows that the rate is less sensitive to the electron-transfer driving 

force than to the proton-transfer driving force (slope  0.50). The GET is a large, positive value 
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for each reaction (> 30 kcal mol-1), illustrating that an initial electron-transfer reaction is 

unfavorable. We note that in these plots, the reactions of the MnIII-hydroxo complexes with the 4-

NO2-DTPB remain marked outliers, with rates several orders of magnitude faster than expected 

based on the trend lines. 

One potential caveat to our conclusion that the reactions of the MnIII-hydroxo complexes with 

4-NO2-DTBP proceed by a PT reaction is that GPT is positive for these reactions (~7 to 18 kcal 

mol-1; see Figure 10). However, we note that there are likely systematic errors in our calculated 

thermodynamic parameters for the phenols. As discussed in the Supplementary Information, an 

alternative approach to determining thermodynamic parameters that used a different density 

functional revealed the same trends as shown in the main text, but with different absolute values 

for GCPET, GPT, and GET (see Figure S10). In that case, GCPET and GPT for reactions of the 

MnIII-hydroxo complexes with 4-NO2-DTBP are nearly identical (~16 kcal mol-1 for 

[MnIII(OH)(PaPy2Q)]+ and ~9 kcal mol-1 for [MnIII(OH)(PaPy2Q)]+; see Tables S5 and S6), in 

better agreement with the mechanistic crossover. 

Finally, we examine the dependence of the rate in terms of the asynchronicity (equation 1).33 

(We also examined the reactions in terms of frustration, GPT + GET, and ∆𝐺𝑡ℎ𝑒𝑟𝑚𝑜
≠  (equations 2 

– 3).37 While there is a correlation with the reaction barrier with GPT + GET, the analysis in terms 

of frustration and ∆𝐺𝑡ℎ𝑒𝑟𝑚𝑜
≠  had limited success, potentially due to sensitivities in frustration to 

errors in the thermodynamic parameters. We describe these results in the Supporting Information.) 

We first examine asynchronicity using both  and GPT - GET (equation 1). (We note that  and 

GPT - GET are related by a prefactor of 1/2; see equation 1. Our plot here uses GPT - GET to 

permit a later comparison with a recent study by Mayer and co-workers.66) 
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When considering all phenols but 4-NO2-DTBP, the plot of reaction rate versus GPT - GET 

is very linear (R2  0.9), with slopes of ~0.16 (Figure 11, left). First, we note that the GPT - GET 

term is negative in all cases, which reflects a more favorable driving force for PT over ET. 

Consequently, all these reactions show PT-favored asynchronicity. However, as seen from Figure 

10, the change in driving force among the series of phenol oxidation reactions primarily comes 

from changes in the GET term. Thus, this series displays PT-favored but ET-varied 

asynchronicity. Second, these plots show an increase in rate as the difference between GPT and 

GET decreases. Indeed, the reaction of 4-MeO-DTBP with [MnIII(OH)(PaPy2Q)]+ is the fastest 

for this series, and this reaction has nearly equal and oppositely signed GPT and GET terms (i.e., 

GPT - GET  0). We also include a plot of the reaction barriers versus -||/4, as this term is 

included in the expression for the barrier (equation 1). The plot of ln(k2)RT versus -||/4 is linear, 

with a slope near 1 (Figure 11, right), indicating that the change in the barrier is of the order of that 

predicted by equation 3, but the slope has the wrong sign.  Thus, for these reactions of MnIII-

hydroxo complexes with phenols, an increase in the reaction asynchronicity (GPT - GET) does 

not correlate with a faster reaction rate. In fact, we observe the opposite trend. A potential 

exception are the reactions with 4-NO2-2,6-DTBP. These reactions are the most asynchronous of 

the series and are anomalously fast. However, in these cases, we attribute the anomalously fast 

rates to a change in mechanism from CPET to proton transfer. 
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Figure 11. Correlation of the reaction rates of phenol oxidation by [MnIII(OH)(PaPy2Q)]+ and 

[MnIII(OH)(PaPy2N)]+ with the difference in proton-transfer and electron-transfer driving force 

(left; bottom axis) and asynchronicity (left; top axis) and with -||/4 (right). The blue circles are 

data points for [MnIII(OH)(PaPy2Q)]+ and the red diamonds are data points for  

[MnIII(OH)(PaPy2N)]+. The linear fit lines exclude the data points for reactions with 4-NO2-DTBP, 

and the data for this substrate are excluded from the graph on the right. In these plots, all reaction 

free energies were determined using experimental values for the metal complexes and DFT-

calculated values for the phenols. 

 

Conclusions. 

Manganese catalysts are used in both synthetic and biological systems to perform a variety of 

oxidation-reduction reactions.19, 21, 25, 67 In many of these examples, a key step in the catalytic cycle 

involves a manganese-oxygen species accepting a proton and an electron from a substrate 

molecule. More generally, PCET reactions are ubiquitous in biological and synthetic catalysis,27-

32 and a major goal in this field is to classify and identify factors that control PCET reactions. 

While the past several years have seen important advances in our understanding of CPET 

reactions, a basic requirement for most analyses is knowledge of thermodynamic data (i.e., BDFEs, 

pKa values, and reduction potentials) for metal-oxygen intermediates. In this work, we generated 

a pair of MnIII-aqua complexes by reacting MnIII-hydroxo species with strong acids and used a 

variety of spectroscopic and computational methods to characterize these complexes. A 
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comparison of experimental and TD-DFT electronic absorption spectra provide strong support that 

the hydroxo is the site of protonation. Titration experiments yielded pKa values for the MnIII-aqua 

complexes. The putative hydrogen bond in [MnIII(OH)(PaPy2N)]+ increases the basicity of the 

hydroxo ligand by over 5 pH units, which leads to an increase in the O-H BDFE of the MnII-aqua 

complex of ~8 kcal mol-1. Notably, prior studies of MnIII-OH complexes that relied on changes in 

the ligand sphere lead to only modest net changes in O−H BDFE due to offsetting changes in metal 

reduction potential and basicity.45 The new experimental data allowed us to evaluate CPET 

reaction rates according to thermodynamic models of reactivity. 

In the broad literature on PCET reactions, there are growing examples where GCPET appears 

to be insufficient in explaining trends in reactivity. For example, in hydrocarbon oxidation by CoIII-

oxo complexes, better correlations exist between reaction barriers and substrate acidity.35 In other 

cases, better agreement with experimental rate trends is achieved by augmenting the GCPET term 

with changes in the proton-transfer or electron-transfer driving force (GPT and GET).38, 68 

However, using the newly determined thermodynamic parameters for the MnIII-hydroxo 

complexes explored in this present study, we observe that the reaction barriers for phenol oxidation 

(expressed as ln(k2)RT) show a strong linear correlation with GCPET (Figure 10, left). Thus, the 

rate variations are well described by changes in GCPET. Nonetheless, a plot of reaction rates versus 

GPT - GET does reveal a linear correlation. In a recent study of the oxidation of substituted 

toluenes by tBu•, tBuO•, and tBuOO•, Mayer and co-workers observed that plots of reaction barrier 

versus GPT - GET were linear, but with very small slopes of -0.02 to -0.03.66 In this present study, 

we observe larger slopes of ~0.16 (Figure 11). According to the formulation of asynchronicity, the 

barrier is sensitive to -||/4 (equation 3),33 and our observed slopes are close to this prediction (see 

Figure 11, right). The reason for the different slopes for organic radicals and these MnIII-hydroxo 
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complexes is unclear at present. Moreover, the rates of phenol oxidation by the MnIII-hydroxo 

complexes increase with less asynchronous reactions. This observation runs counter to other cases, 

where faster rates were attributed to more asynchronous, or imbalanced, proton-electron 

transfer.34-35, 38-40 However, faster rates are only predicted for asynchronous reactions when this 

term is a dominant contributor to the free energy barrier or correlates proportionally with another 

dominant factor.69 Although we were unable to perform a meaningful analysis of the contribution 

of frustration to the barrier (see the Supplementary Information), our preliminary data suggest that 

the asynchronicity might be offset by frustration, such that these off-diagonal contributions are 

roughly constant and GCPET becomes the best predictor of reactivity. 

Our observed trends between reaction rates and driving force fail for reactions involving the 

more acidic 4-NO2-DTBP substrate (Figure 11). For this substrate, we observe reaction rates that 

are 10- to 400-fold faster than that expected based on the linear free energy relationship established 

by reactions with other phenols. Such a clear deviation implies a change in mechanism. This 

conclusion is bolstered by the observation of a transient intermediate in the reaction of 4-NO2-

DTBP with [MnIII(OH)(PaPy2N)]+ that resembles the MnIII-aqua complex (Figure 9, bottom). 

Thus, in this work, we can use both the thermodynamic and kinetic trends and the observation of 

an intermediate to support a mechanistic crossover. This study reveals the continued power of 

measured thermodynamic parameters in understanding the intricacies of reactions involving 

proton and electron transfer. 

 

Supporting Information. Electronic absorption spectra, NMR data, discussion of variable-temperature 

NMR data, kinetic data, discussion of thermodynamic analysis of phenol oxidation reactions, including 

data tables and figures, and Cartesian coordinates from DFT computations (PDF). 
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