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Abstract

Continually increasing global energy demand perpetuates the need for effective
alternative energy sources and ‘green’ industrial processes. The oxygen reduction
reaction (ORR) is crucial to the development of hydrogen fuel cells, a key device in the
development of alternative energy sources. Further, the ORR to hydrogen peroxide by
electrochemical means can provide an environmentally friendly alternative to its industrial
production, which is capital and energy intensive. While Pt has traditionally been the best
electrocatalyst for the ORR, inspiration from active sites in nature that bind and transport
O, has led to the development of earth-abundant transition metal catalysts. However,
despite the prevalence of Mn-based active sites that bind and activate O, there remains
a lack of developed Mn-centered catalysts for ORR in comparison to Fe and Co. Here,
we summarize known Mn-based electrocatalysts for the ORR and describe their activity

as well as future directions of the field.

1. Introduction
The utilization of dioxygen (O.) in synthetic and catalytic processes has long been

inspired by its life-sustaining roles in nature, where it is essential for energy utilization, the
degradation of harmful substances, metabolism, and the synthesis of important
biomolecules.'5 Due to its natural abundance, researchers have been working to utilize
the oxidative power of O, as an alternative oxidant in capital and energy intensive
processes. Industrial production of commodity chemicals, complex organic molecules
and fuels from petrochemical feedstock relies on selective C—H bond activation and
oxidation, where current processes often require the use of a stoichiometric oxidant and
have poor selectivity.® Selective electrochemical utilization of O, in these processes would

provide an affordable and abundant alternative with low toxicity (Figure 1).
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The oxygen reduction reaction (ORR) is also of interest for alternative energy and fuel
cell applications (Figure 1). Polymer electrolyte membrane fuel cells are the most
promising alternative for automotive power generation, with the advantage of high energy
output and low emission profile.” These fuel cells function through the oxidation of
molecular hydrogen into protons and electrons, coupled with the proton-dependent
reduction of O, to water (H,O). The alternative ORR product, hydrogen peroxide (H,O;)
is used in a wide range of industrial processes including paper bleaching, wastewater
treatment, and as a ‘green’ oxidant in chemical industry.8 ° The current industrial
anthraquinone process for the production of H,O is capital intensive and uses fossil fuel-
derived H,. Further, H,O,-based fuel cells are becoming increasingly attractive as an
alternative energy device.'® With the increasing global energy demand, depletion of non-
renewable fuel sources, and the environmental impact of current capital-intensive
industrial processes, affordable and ‘green’ alternatives are crucial moving forward,
however, expensive and platinum-based catalysts are commonly used for mediating the

ORR and new fundamental understanding is required to develop replacements.
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Figure 1. Summary of relevant O, reduction in biological, synthetic and industrial

chemistry. M = transition metal.

One challenge in the activation and reduction of O, is its triplet ground state, which
inhibits reactivity with singlet organic substrates with limited spin polarization.' Nature
has overcome this by employing open-shell transition metal centers that favorably react
with O,. Iron, copper, and manganese (Mn) are most commonly found in enzymatic active
sites that activate O, due to their redox flexibility and their natural abundance. Some
notable examples of these include hemoglobin, dioxygenases, lipoxygenases,

monooxygenases, and superoxide dismutase, among many others." 2 1218 Mn is also
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found in the only enzyme active site which oxidizes water during photosynthesis (the
oxygen evolution reaction, OER), which is the reverse reaction of the 4H*/4e~ ORR. The
Oxygen Evolving Complex (OEC) in Photosystem Il contains a Mn,CaOs cluster and the
Mn atoms are thought to be the key active sites for O—O bond formation.'® 20 The OEC
has inspired an expanding field of Mn-based electrocatalysts for the OER.2"-23 These
bioinorganic systems have inspired the development of a variety of synthetic compounds
for O, activation.?* The prevalence of earth-abundant first-row transition metals for O,
reduction in nature has led to of the development of homogeneous ORR catalysts based
on manganese, iron, cobalt, and copper active sites.* 25 However, despite the prevalence
of Mn-centered enzymatic active sites for O, activation and reduction,?* there remains a
lack of synthetic Mn-based electrocatalysts for the ORR in comparison to iron and cobalt.

Our group has been motivated by the sparse number of Mn-based electrocatalysts for
the ORR and has focused on developing porphyrinic and non-porphyrinic Mn-centered
catalysts that reduce O,. Here, we describe advancements in the development of Mn-
centered electrocatalysts for the homogeneous ORR and provide our perspective on the
current state and future of the field. We will also provide analysis on the controlling factors
of the ORR at Mn active sites, in comparison to Fe- and Co-based catalysts, emphasizing
important differences and the potential advantages of Mn as an active site.

For the purposes of this perspective, we are excluding Cu-based systems?2S,
heterogeneous systems based on molecular Mn active sites, and single atom Mn
catalysts, but we direct interested readers to a number of relevant reviews and articles on
heterogeneous and immobilized Mn-based catalysts for the ORR.27-43

2. Catalytic O, Reduction Mediated by Mn

As introduced above, relative to later first-row transition metal centers, there are fewer
examples of homogeneous catalyst systems based on Mn. It is challenging to assess an
exact first example, given that O, consumption in aerobic reactions can be of secondary
importance to the oxidative conversion of interest. One of the first examples of catalytic
ORR by a molecular Mn system was disclosed by Hamilton and Revesz in 1966 (Figure
2).%4 Interest in developing models to understand the function of amine oxidases led to
studies on an amine oxidase mimic based on catalytic amounts of pyridoxal and Mn.

Amine oxidases use dioxygen to convert alkylamines into aldehydes with ammonia as a



ChemComm

co-product, producing hydrogen peroxide as the result of simultaneous ORR.*® Hamilton
and Revesz found that under slightly basic conditions (pH 9.1), alanine could be
catalytically decomposed to pyruvate and ammonia. Reaction stoichiometry implied that
H,O, was produced as a co-product from O,, although it was not observed during the
reaction. However, control testing showed that H,O, is rapidly consumed under reaction
conditions, consistent with previous reports on the aqueous chemistry of Mn(lll) ions with
H,0,.46 It was proposed that pyridoxal and the alanine substrate undergo a condensation
reaction under catalytic conditions to form a transient imine-containing active species with

the Mn ion. It is this Schiff base-type species (Figure 2), which was proposed to bind O,
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Hamilton and Revesz, 1966

and facilitate the oxidation reaction.

N

Figure 2. Catalytically relevant intermediate in amine oxidation activity, the condensation

product of pyridoxal and glycine in the presence of Mn(lll).44

Following this report, Bettelheim et al. reported the electrochemical properties of Mn(lll)
5,10,15,20-tetrakis-(4-N,N',N"-trimethylanilinium)porphyrin pentachloride (Figure 3A)
under aqueous conditions, including in the electrocatalytic reduction of dioxygen, in
1983.47 In phosphate buffer with added NaCl (pH = 8), adsorption was observed
(equilibration time <5 min), and the electrode was determined to have monolayer
coverage of the Mn-based porphyrin complex. Analysis of the voltammetric response with
respect to scan rate under catalytic conditions was used to propose that H,O, was the
major product. The authors did not describe whether a significant difference in activity
was observed when comparing solutions of the Mn-based porphyrin complex with
electrodes covered by a molecular monolayer; mentioning only that a positive shift in the
catalyst standard potential was observed, consistent with favorable O, binding following
the Mn(ll1)/(ll) reduction. Subsequently in 1985, Nagao et al. conducted a study on
electrocatalytic ORR mediated by Mn(lll) 5,10,15,20-tetrakis-(1-methylpyridinium-4-

yl)porphyrin pentachloride under aqueous conditions (Figure 3B).*® Although variable
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scan rate data suggested a homogeneous response under inert atmosphere, exposure
to solutions with >1 mM concentrations of the porphyrin was found to result in adsorption
and the voltammetric response was noted to be similar for the modified electrode in a
blank solution and the prepared Mn porphyrin solutions at concentrations of 57-65
micromolar. However, the stability of the adsorbed Mn porphyrin was found to be limited
during ORR, where H,O, was the major product, suggesting incompatibility between
adsorbed catalyst and reaction product. Based on rotating ring-disk voltammetry (RRDV),
a second-order rate constant of 1.1 x 108 M-'s-' was determined for the ORR to H,0,.
Analogous adsorption phenomena for the analogous Fe-based porphyrin have been

described more recently.*9
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Figure 3. Structures of charged Mn(porphyrin) derivatives examined for ORR under
aqueous conditions: (A) Mn(lll) 5,10,15,20-tetrakis-(4-N,N',N"-trimethylanilinium)-
porphyrin and (B) Mn(lll) 5,10,15,20-tetrakis-(1-methylpyridinium-4-yl)porphyrin.4”

Concurrent with the report by Nagao et al.,*® Evans and Sheriff disclosed the production
of H,O, during ORR in a pH range of 7.5-8.6 by combining Mn(ll) with (4,5-
dihydroxybenzene-1,3-disulfonate) as a catalyst (Figure 4).50 Solutions of hydroxylamine
provided the electrons and protons necessary to drive the reaction with turnover numbers
observed in excess of 10%. A follow-up study in 1992 by Sheriff showed that substituted
catechol moieties were also active toward ORR, although none of these combinations
demonstrated better activity than the original sulfonated derivativederivates.5' Hydrazine
was also determined to be a suitable reductant when substituted for hydroxylamine.
Notably, activity with Co, Cu, or Fe ions substituted for Mn produced significantly lower
activity. It was proposed that a bis(catecholate) Mn complex was the active species under

reaction conditions and that the O atoms coordinated to Mn played a key role in
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supporting the binding of the monodeprotonated hydroxylamine reductant through a
hydrogen bonding interaction, prior to an electron transfer to O,.

SO~ Bks

(o) (o] S03”

-038 0 (0]
S04~
Evans and Sheriff, 1985

Figure 4. Mn(lll) bis(catecholate) complex proposed as the active species for the most

active catalytic system reported by Evans and Sheriff.5°

In 1989, Fukuzumi and co-workers reported a pair of studies on the use of ferrocene
derivatives as chemical reductants in the ORR mediated by
metallotetraphenylporphyrins.52 %3 In both studies, Mn (Figure 5) was compared to Co
and Fe in MeCN solution with perchloric acid as the proton donor. The reaction product
was not directly characterized for Mn; the Co-based analogue was proposed to generate
water via a 2+2 mechanism where the production of H,O, was mediated by Co and H,0,
was reduced by the presence of excess ferrocene derivatives. Despite having a standard
reduction potential 0.5 V more negative than Co, the Mn derivative had a lower catalytic
second order rate constant of 1.4 x 10> M-'s~1, compared to 1.1 x 108 M-'s~" for Co under
the same conditions when decamethylferrocene was used as the reductant. Unlike
ferrocene, the decamethylferrocene derivative has a reduction potential which is more

negative than both catalyst standard potentials.54
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Fukuzumi and co-workers, 1989
Figure 5. Mn(lll) 5,10,15,20-tetrakisphenylporphyrin reported as an ORR catalyst by

Fukuzumi and co-workers in 1989.52. 53
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The next example of catalytic dioxygen reduction by a homogeneous Mn complex was
a non-porphyrinic system reported by Borovik and co-workers in 2011.55 The supporting
ligand  framework,  bis[(N'-tert-butylurealy)-N-ethyl]-(6-pivalamido-2-pyridylmethyl)-
aminato, contains two N-coordinated monodeprotonated urea moieties and a
carboxyamido group which is O-coordinated to Mn(ll) for steric reasons as part of an
overall [N4OJ3- primary coordination sphere ([Mn(H,bupa)l-; Figure 6). Exposure to
dioxygen rapidly produced an intermediate end-on Mn(lll) peroxo species in the presence
of diphenylhydrazine (or hydrazine), with net proton and electron transfer occurring to the
N atom of the O-coordinated carboxyamido group and O,, respectively. Over the course
of five hours, the Mn(lll) peroxo species converted to a terminal Mn(lll)-O species
stabilized by significant proton donation from the carboxyamide arm, resulting in structural
character that is intermediate between oxo and hydroxo end states. This intermediate
Mn(lIl) oxo/hydroxo could be converted back to the starting Mn(ll) state with water release
in the presence of diphenylhydrazine (overall two electron/two proton reduction reaction).
Since the formation of the Mn(lll) oxo/hydroxo intermediate also required an overall two
electron/two proton reduction with water release, this system became catalytic when an
excess of diphenylhydrazine and O, were present in solution. Turnover numbers as high
as 200 could be observed, with the elevated concentrations of the water product
degrading the catalyst beyond this point. The authors proposed that a key mechanistic
aspect was the participation of two different types of hydrogen bond donors with different
pKss and steric geometries, which could stabilize intermediates and participate in formal
transfers with different parameters. The development of biologically inspired secondary
coordination spheres which participate in the reaction has become increasingly important
in the development of active and selective molecular catalysts for a variety of redox-based

transformations.%6-65
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Borovik and co-workers, 2011
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Figure 6. Mn-based [Mn(H,bupa)]- catalyst with secondary-sphere moieties capable of
hydrogen bonding with and proton transfer to O, and ROSs reported by Borovik and co-

workers.%®

He et al. also studied the electrocatalytic performance of Mn(lll) 5,10,15,20-tetrakis-(1-
methylpyridinium-4-yl)porphyrin pentachloride in aqueous conditions (Figure 3B), using
0.1 M aqueous solutions of trifluoromethanesulfonic acid as the supporting electrolyte.t®
Although not directly measured, trifluoromethanesulfonic acid is expected to fully
dissociate and generate a working solution with a pH = 1.87 Under these conditions, the
Mn porphyrin produced H,O, as the primary product, with a comparable second order
rate constant (10* M-'s=") to the Co analogue which produced the same maijority product,
in spite of the standard potential for Mn which was measured to be 0.2 V more reducing
under reaction conditions. Adsorption of the complex was not observed and catalyst
degradation was not described, although Bettelheim et al. had observed instability below
pH < 3.6 for the related Mn(lll) 5,10,15,20-tetrakis-(4-N,N',N"-trimethylanilinium)porphyrin
pentachloride complex (Figure 3a).*” In our own report on Mn(lll) 5,10,15,20-tetrakis-(1-
methylpyridinium-4-yl)porphyrin pentachloride, we noted an instability at pH < 3 in the
Mn(ll) state during spectroelectrochemical experiments using Britton-Robinson Buffer,
vide infra.58

Abu-Omar, Fukuzumi and co-workers disclosed in 2015 that Mn(lll) corroles could
catalyze the two-electron reduction of O, using octamethylferrocene as a sacrificial
electron source and trifluoroacetic acid as the proton donor (Figure 7).%° Unlike the known
examples with porphyrins, this system is proposed to have a Mn(lll) active state which
can react with O, to produce a Mn(lV) superoxide intermediate. Mechanistic studies
showed that the reaction rate had a first-order dependence on the concentrations of the
catalyst and O, (and was independent of the concentrations of trifluoroacetic acid and
octamethylferrocene), which the authors ascribed to a catalytic cycle with O, binding and
reduction by one-electron as the rate-determining step. Product analysis suggested that
H,O, was the nearly exclusive product. Unlike the previous studies by Fukuzumi and co-
workers,%2 no reduction of the H,O, product by octamethylferrocene was observed, which

can likely be attributed to the use of the relatively weaker trifluoroacetic acid as a proton
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donor instead of perchloric acid. Although a Mn(V) arylimido was the catalyst precursor,
the following reduction and protonation to release a primary arylamine in the catalytic

reaction only required Mn(IV)/(lll) cycling for ORR to occur.

Abu-Omar, Fukuzumi and co-workers, 2015
Figure 7. The resting state of the catalytic cycle proposed by Abu-Omar, Fukuzumi and

co-workers: Mn(lll) 5,10,15-tris(pentafluorophenyl)corrole.?®

Duboc and co-workers then published a unique example of a dinuclear Mn catalyst
based on a dithiolate-modified 2,2"-bipyridine ligand (Figure 8).7° When the dipotassium
salt of the ligand was exposed to a stoichiometric amount of manganese, a dinuclear Mn
complex with a single thiol ligand was isolated (N.B. both Mn centers retained the divalent
oxidation state of the precursor perchlorate salt). We note that the stoichiometric
chemistry of Mn complexes with thiolate containing ligands and O, has been explored
extensively by Kovacs and co-workers.”'-7> Upon exposure to dry air, both centers were
oxidized by a single electron and a bridging hydroxide species was recovered.
Mechanistic studies established that the dinuclear monothiol species united two separate
reaction cycles, where either H,O, or H,O production was favored. The isolated u,-
hydroxo species is situated on a stoichiometric reaction cycle, which produces water in
the presence of sufficient acid. Although the dinuclear monothiol Mn(Il) complex can be
regenerated electrochemically, only 35% of the material is recovered following
electrolysis. Conversely, octamethyl- and decamethylferrocene can be used to establish
a catalytic cycle for ORR in the presence of 2,6-lutidinium tetrafluoroborate as an acid
with H,O, as the primary reaction product. The authors ascribed the product
differentiation as a consequence of the relative concentrations of acid to the dinuclear Mn
complex under catalytic and stoichiometric conditions: high acid concentrations favor

protonation of the M—O bond while at low concentrations O—O bond scission can occur.
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Interestingly, the Fe-based analogue of this Mn system was later shown to have a product
dependence based on whether an electrode or soluble chemical reductant was used:
under electrochemical conditions the electrode was capable of reducing key
intermediates and favoring O—O bond cleavage to produce water, while the diffusion-
limited process of reduction by dissolved ferrocene derivatives instead favored H,O,

release through M—O bond protonation.”®

Duboc and co-workers, 2015
Figure 8. Dinuclear catalyst developed by Duboc and co-workers based on a dithiolate-

modified 2,2'-bipyridine ligand.”°

Noting the relatively limited examples of electrochemical ORR mediated by Mn
complexes, we became interested in identifying strictly homogeneous electrocatalysts
(adsorption equilibria with the electrode surface were not observed or implied). We noted
that a feature of many general synthetic preparations for Mn complexes is to begin with
a Mn(ll) precursor and ligand under aerobic conditions and isolate a Mn(lIl) complex.””
Curious about the generality of this observation for salen- and salophen-type ligand
frameworks,”® we were interested in related ligand frameworks which did not contain
potentially reactive imine bonds.” Based on prior studies conducted by Arora et al.,?% we
developed an alternative Pd-catalyzed method for isolating the 6,6'-di(3,5-di-tert-butyl-2-
hydroxybenzene)-2,2"-bipyridine (*vdhbpy(H),) ligand in high-yield.8! Exposure to a
suitable base and Mn(ll) precursor under aerobic conditions allowed us to isolate the
Mn(l1l) complex Mn(*“dhbpy)CI (Figure 9).8' In MeCN solvent with 2,2,2-trifluoroethanol
present as a weak acid, this compound was found to be ca. 80% selective for H,0,

production during the electrocatalytic ORR using RRDV methods.
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Machan and co-workers, 2018

Figure 9. Mn(®udhbpy)CI catalyst developed in our group.®'

Under electrochemical conditions, our mechanistic testing revealed a catalytic reaction
mediated by Mn(tudhbpy)Cl which showed first-order dependence on the concentrations
of catalyst, O,, and proton donor. Further, the Mn(lll)/(Il) reduction couple showed a
sensitivity to the concentration of the added proton donor that was independent of a CI-
ion loss equilibria. This was ascribed to a protonation continuum involving the Mn-bound
O atoms of the ligand in the Mn(ll) state, as established through the use of a potential-
pK, diagram.8? Control testing suggested that the less-than-quantitative production of
H,O, was the result of a Mn-mediated disproportionation reaction. On the basis of these
data, we proposed a catalytic cycle where the reduction and protonation of a Mn(lll)

superoxide intermediate was the rate-limiting step in the reaction, k3 in Figure 10.83

Heterogeneous Homogeneous
(Electrode) 0,, ROH ([Cp*sFe]*)
Mn'(L)CIT- Mn'(L)CIT
ES Kk N R0 Tk ky
[Cp*2Fe]”
[Mn"(L)CIT® [Mn'(L(H))(0,)1* EY
ks ES ky [Cp*2Fe]®
Hzoz, RO~ CI
[Mn'(L(H))(02M)1° MntL)ci®

ROH, CI-
0.5 H,0,, 0.5 0,

Figure 10. Electrocatalytic and electrochemical catalytic cycles for Mn(tudhbpy)CI; L(H)
indicates monoprotonation of the phenolate groups of the ligand framework.83 Reprinted
with permission from J. Am. Chem. Soc. 2019, 141, 4379-4387. Copyright 2019

American Chemical Society.
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Subsequently, we became interested in using thermodynamic reaction control* 84 to
decrease the overpotential for H,O, formation.83 At overpotentials (n) as low as 20 mV,
electrocatalytic turnover frequencies of 7.82 s' were observed. The n of an
electrocatalyst for the ORR is defined as the difference in the applied potential (E,pp) and
the equilibrium potential of the reaction (Eorr) under experimental conditions.* Under
electrochemical conditions with buffered proton donors (equivalent amounts of proton
donor and its conjugate base) a strong dependence on acid pK, was observed and no
catalytic activity occurred when the system was placed under counterthermodynamic
conditions with respect to the standard potential of H,O, production (catalyst standard
reduction potential was positive of the reaction standard potential). However, replacing
the electrode with decamethylferrocene as a source of electron equivalents resulted in
identical rates for the electrochemical ORR using same set of buffers with Mn(®tdhbpy)ClI,
implying a mechanistic change had occurred. Under chemical reduction conditions, we
proposed that the Mn(lIl) superoxide intermediate proposed from electrochemical studies
is a branching point between two overlapping catalytic cycles. At low proton donor activity
and concentration, the catalytic wave contains two distinct features, which we assigned
to the Mn(lIl)/(I1) reduction that triggers O, binding, and the proton-dependent reduction
of the resultant Mn(lll) superoxide. In other words, the second electron transfer requires
more reducing conditions. Since the reducing power of the decamethylferrocene chemical
reductant is fixed, the driving force for the second electron transfer decreases, allowing a
disproportionation reaction to occur whereby H,O, and O, are generated in equal
amounts.

Following our initial report on Mn(®tdhbpy)CI,8' Nocera and co-workers reported a study
on the electrocatalytic behavior of manganese porphyrins in MeCN solvent, comparing
the effects of including a pendent proton donor in the secondary coordination sphere
(Figure 11).85 For Mn(lll) 5,10,15,20-tetrakis-phenylporphyrin chloride, H,O was
observed as the majority product across a range of pK,s and the rate law showed a first-
order dependence on [Mn] and [O;], with a second-order dependence on [acid], leading
the authors to propose that hydrogen bond-assisted stabilization of a Mn(lll) superoxide

intermediate was important, prior to further reduction. The rate-limiting step was proposed
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to be a proton transfer-assisted O—O bond cleavage to generate a Mn(V) oxo intermediate
which is rapidly reduced and protonated to release water under experimental conditions.
Consistent with this, the use of the pendent proton donor changed the rate dependence
on [acid]: at low concentrations of added acid, the system showed a first-order
dependence, reflecting the participation of the pendent proton donor in stabilizing the
peroxide intermediate (Figure 11). A shallow Brgnsted slope was obtained in the
comparison of proton donor pK, with the catalytic rate constant, which was ascribed to
the role of the two equivalents of acid in driving an electron transfer that is not rate
determining to generate the pre-catalytic Mn(lll) peroxide state. It was also noted that the
use of strong acids promoted demetallation at sufficient concentrations under
experimental conditions in MeCN, which was determined by the appearance of a new

redox wave that matched the response of the free base porphyrin ligand.

tbu —l +
Ph 1+
Ph
[Mn(TPP)]*

[Mn(HPX-COH)]*: R=H
[Mn(HPX-CO,Me)]*: R = CH,

Nocera and co-workers, 2018

Proposed Hydrogen-Bonding
Interaction and Valence Tautomerism
HA HA
‘(.)'_ _‘-.-6\ -
AH' \0 -~ O---HA

l\lnn(lll) Mn(IV)

Figure 11. Mn(porphyrin)-based catalysts examined by Nocera and co-workers. Non-
covalent interactions with hydrogen bond donors were proposed to impact the equilibrium
resonance structure of the Mn-O, adduct. The inclusion of pendent proton sources in the
hangman ligand framework was reflected in changes in the observed rate law at low acid

concentrations; HA indicates added Brgntsed acid or pendent proton donor.8%

Motivated by these precedents, we re-examined the reported behavior® 6 of Mn(lll)
5,10,15,20-tetrakis-(1-methylpyridinium-4-yl)porphyrin  pentachloride under aqueous

conditions (Figure 3B).68 Contrary to these previous reports, which showed selectivity for
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H,0O, using phosphate buffer (pH = 7) and 0.1 M trifluoromethanesulfonic acid (pH = 1) in
indirect product analyses based on rotating disc electrochemistry (RDE), we found
selectivity ranging between 82-93% for H,O across a pH range of 3-6 with pH-adjusted
Britton-Robinson buffer. Measurements at lower pH were precluded by the demetallation
of the Mn complex, as had been reported previously under strongly acidic conditions,*”:
8587 and at higher pH because of a significant background ORR response by the
electrode. Control experiments showed that the selectivity for H,O is not likely to be the
result of a 2+2 mechanism in the pH range of 3-6, as expected from previous reports.
89 Using potential-pH analysis and UV-vis spectroelectrochemistry, we proposed that the
active Mn(ll) species was five-coordinate, with an axial water ligand opposite the site of
O, binding.%0-92

More recently, we returned to our Mn(®Udhbpy)CI catalyst to develop a method to shift
selectivity from H,O, to H,O (Figure 12).°3 Anson and Stahl had demonstrated that the
combination of Co(salophen) and p-hydroquinone resulted in a co-electrocatalytic system
for the ORR.?* Based on prior mechanistic studies,®® they showed that electrogeneration
of p-hydroquinone occurs under conditions where Co(salophen) binds and activates O,
through a single electron transfer. The resultant Co(lll) superoxide is rapidly reduced by
sequential HAT and proton-coupled electron transfer reactions from the electrogenerated
p-hydroquinone, resulting in a product selectivity shift from H,O, (without p-hydroquinone)
to H,O (with p-hydroquinone). Given that our Mn-based complex is also proposed to have
an important intermediate peroxide,?!- 83 we reasoned that redox mediators which transfer
proton and electron equivalents to the catalytically active site could also be used to
enhance its activity and shift product selectivity. In contrast to the work of Anson and
Stahl, we elected to use a much weaker acid that should only monoprotonate the
electrogenerated p-benzoquinone dianion under the conditions of the reaction.®6-1%5 The
non-ideal solvent mixture of MeCN with molar concentrations of 2,2,2-trifluoroethanol
resulted in the favorable solvation of the dianion by 5-6 equivalents of the proton donor
(Keq = 2.31 x 106 with 2.5 mM p-benzoquinone and 1.37 M 2,2,2-trifluoroethanol). In this
non-ideal solvation environment, two proton transfers became thermodynamically
feasible, although trifluoroethoxide base is assumed to remain strongly associated in

solution and oxidation of the reduced quinone core was expected to favor proton transfer
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back to 2,2,2-trifluoroethanol.®”- 106. 107 |nterestingly, the non-covalent assembly of weak
proton donors with the reduced quinone was found to be more reactive than p-
hydroquinone,®* however, it did not have intrinsic ORR activity and similarly shifted
product selectivity from H,O, to H,O (96%) while increasing the observed activity (Figure
12). Based on our studies, we proposed that the observation of a product selectivity
change could be attributed to the reduced and hydrogen bond-stabilized quinone
mediator transferring one proton and two electrons to the Mn(lll) superoxide intermediate

as part of a new co-catalytic mechanism.
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Figure 12. A product selectivity switch from H,O, to H,0O is observed upon the inclusion
of a p-benzoquinone (BQ) as a redox mediator in the presence of excess weak acid,
TFEOH.®3 Adapted with permission from Chem. Sci. 2021, 12, 9733-9741. Copyright
2021 Royal Society of Chemistry.

3. O, Activation and Reduction
The molecular orbital description of O, gives essential context about its ground state
and reactivity. Dioxygen exists in a triplet ground state where the highest occupied
molecular orbitals are singly occupied degenerate ™ orbitals, giving the molecule an
overall bond order of 2. A single reduction of O, to a superoxo (O,™) reduces the bond

order to 1.5, with a formal 2e- reduction to a peroxo (0,2") species cleaving the O-0 n-
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bond entirely.%® Oxidation reactions involving O, are often thermodynamically favorable,
however, there is often a significant kinetic barrier due in part to its triplet ground state
which makes reactivity with closed shell substrates a spin-forbidden process, under the
assumption that the substrate experiences a minimum of spin polarization in its ground
state.!!

Conversely, O, activation by open-shell transition metals can be highly favorable
(Figure 13). O, activation at a metal center results in the formation of reduced O,
intermediates, known as reactive oxygen species (ROS), whose stability is crucial in
determining reaction pathways. The binding mode of O, to a single metal center is
dependent both on d-electron count and spin configuration of the metal, as well as the
steric properties invoked by the supporting ligand framework. O, can bind in an end-on
(13A) or side-on fashion (to either one 13B or two metal centers 13D) and this interaction
typically results in formal oxidation of the metal center and reduction of O, to generate
metal superoxo (O,-) or peroxo (O,2") species. In addition to the o-symmetric interactions
possible with the lone pairs on each O atom, the 7 bond can also act as a o donor. The
propensity to reduction upon binding is in part due to another aspect of the frontier orbital
structure of O,, specifically, the partially occupied degenerate m*-symmetric SOMOs.
Upon coordination with a metal center, these energetically accessible orbitals can act as
a m-acid and accept electron density through a m-backbonding interaction, lowering

bonding character.
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Figure 13. Summary of possible reaction pathways for aprotic O, activation in mono- and

dinuclear configurations.
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Generally, the end-on binding mode of metal superoxide is bent (13A) rather than linear.
This is because the o bond with the metal center arises from a fully occupied ™ orbital
(generated through the formal one electron reduction of O,) acting as a Lewis base and
donating electron density into the d,2 acceptor orbital of the metal. Depending on the
oxidation state of the metal, an additional m-interaction from partially filled d,, metal
orbitals into the remaining singly occupied ™ orbital of O, is possible; strong coupling
between these orbitals is responsible for the diamagnetic structure of Fe(lll)-superoxides
in porphyrinic frameworks.2% 109 |n a side-on binding mode, the o bond originates from a
o-symmetric interaction involving donation from the m-orbital of O, into the d,? orbital of
the metal, with n-backbonding from the metal’s filled d;; orbitals into the partially occupied
n* orbitals of O,. O, can also act as a bridging ligand between two metal centers in a p-
n':n' 13C or y,n%n? fashion 13D with each metal providing an electron to achieve an
overall two-electron reduction to an 0.2~ configuration. Ligand structure can be used to
modulate the character of the frontier d orbitals, as well as inhibit specific binding modes

through control of the stereochemical profile.# 110, 111

Catalytic Reduction of O,

During the electrocatalytic reduction of O,, product selectivity is controlled, in part, by
the nature of O, binding to the active site, which dictates the extent of ROS stabilization
and the nature of the reactivity for intermediates formed through the mechanistic cycle.
In a protic media, there are two primary pathways for the ORR a 2H*/2e- transformation
to make H,O, or a 4H*/4e- process to form two equivalents of H,O. Generally, ORR to
both H,O, and H,O mediated by mononuclear catalysts is initiated by electron transfer
from a metal active site to O, to form a metal-bound O~ as described above (Figure 14,
iii). & 12 From here, a proton and electron transfer can occur in either a stepwise or
concerted fashion to form a hydroperoxo intermediate (OOH-), (Figure 14, iv). Formation
of H,O, arises from favorable net reduction of the complex and protonation of the proximal
oxygen based on the adsorption strength of the OOH~- species to the metal center and its
consequences for the basicity of the M-O bond. The mechanistic pathway to H,O
formation commonly arises from protonation of the M—OOH adduct at the distal O atom,

assisted by electron transfer from the metal center, leading to cleavage of the O—-O bond,
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release of one equivalent of H,O and the formation of a high valent metal oxo (0%)
species (Figure 14, v). Subsequent transfer of 2e- to the metal and 2H* to O?- releases
the second equivalent of H,O. ORR to generate H,O can also proceed via a 2+2
mechanism, where H,O, produced during catalysis can be further reduced to two
equivalents of water by the catalyst. There are a number of factors that govern
mechanistic pathways and favorable formation and stability of reactive intermediates. For
catalysts which form dinuclear species on the catalytic cycle, superoxide formation is
generally avoided in favor of peroxo intermediates which can undergo aprotic or proton
assisted cleavage to generate p-oxo or -hydroxo species prior to further reduction and
protonation to release H,0.
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Figure 14. Generalized mechanism for the ORR at mononuclear active sites.

In fuel cells, the ORR to H,0 is preferred due to its higher free energy release as well
as it being non-destructive to these devices. The standard redox potential of O, reduction
to H,0O is +1.229 V vs. SHE. By comparison the 2e-/2H* reduction of O, to H,0O; is less
thermodynamically favorable, with a more negative standard reduction potential of +0.68
V vs SHE."?2 However, further reduction of H,O, by 2e-/2H* to two equivalents of water
is very favorable, with a standard reduction potential of +1.77 V vs SHE."'2 When
comparing electrocatalysts, overpotential (n) and turnover frequency (TOF) are common
metrics that assess efficiency and activity. As described above, n describes the

thermodynamic comparison of catalyst operating potential with the minimum reduction
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potential required under operating conditions.* TOF is given in reaction rate per unit time,
reflecting how rapidly product is generated under catalytic conditions. An effective catalyst
minimizes overpotential while maximizing TOF. The essential challenge to developing
better electrocatalysts for O, reduction (and indeed any catalyst) is how to prevent the
release of reactive intermediates during catalysis to prevent side reactions and catalyst
deactivation. Moduli of control in the testing and regulation of the possible reaction
pathways include the redox potential of the catalyst, the electronic and steric effects

imparted by the primary and secondary coordination spheres.

Analysis of Dioxygen Adduct Structure in Mn/Co/Fe

Clearly, there is a large disparity in the available information on Mn-centered
systems relative to Fe and Co-based ones. However, comparing Mn to Fe and Co is
informative to the development of better catalysts. First, we must consider the ability of
different metal centers to bind O, based on frontier orbital configuration and reduction
potential.’’3 Based on the limiting approximation of the Sabatier Principle, for ORR to
occur the catalytic metal center must not bind any intermediate species, such as O,™,
OOH, and OH, too weakly or too strongly.'# It is worth emphasizing that many different
scaling relationships are possible with molecular systems, but that within catalyst families
intrinsic parameters like reduction potential can scale proportionately with activity
because of a relatively uniform relationship to the stability of intermediates and/or the
energy of the rate-determining transition state.!15 116

A 2014 study by Flyagina et al. used single-hybrid DFT functional methods to
examine the primary differences in the ORR catalyzed by Mn, Fe and Co in four different
macrocyclic ligand frameworks.''” They found that while O, binding was dependent on
the nature of the metal center and the macrocycle structure, binding to Mn was the
strongest in all frameworks, with the side-on configuration preferred. The binding
interaction between Co and O, was found to be the weakest and only occurred in an end-
on fashion. The behavior of Fe was intermediate to these two extremes, binding O, in
both end-on and side-on configurations. Next, the complete catalytic cycles were
assessed for model systems of the ligand frameworks with each metal center by including

an OH- group trans to the site of O, binding. Given the relatively lower catalytic response
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predicted for Mn in this class of active site in comparison to Fe and Co, the authors
proposed that its O, binding strength impedes the kinetics of subsequent reaction steps.
The Fe macrocycle was predicted to be the most active of the three and catalyzes the
ORR via a concerted 4e-/4H* pathway. In comparison, although both pathways were
feasible, Mn was able to catalyze the 2e-/2H* pathway faster than the 4e-/4H* due to the
unfavorable second protonation of the distal O atom during catalysis."'” Further, in
comparison to Fe and Co, the protonation of the intermediate bis(hydroxide) species
during the 4e-/4H* pathway to generate an equivalent of water bound to the metal center
was significantly less favorable for Mn, indicative of greater thermodynamic stability.
Qualitatively speaking, this has been observed experimentally by Fukuzumi and co-
workers, who found that Mn-based catalysts were the slowest of the three under
otherwise identical reaction conditions.52 53

A parallel study by Baran et al. disclosed a computational analysis on
electrochemical ORR mediated by porphyrinic first row transition metal complexes which
included an assessment of the role of secondary coordination sphere interactions on
catalysis using a gradient-corrected DFT functional.''® This study found that the binding
energy of metal-bound —OH, —O, and —OOH intermediates decreased moving from left to
right on the periodic table, meaning again that Mn binds these intermediates more
strongly than Fe and Co. Interestingly, the difference between the M—OH and M-OOH
binding energies remains constant across the first row transition metals, suggestive of an
intrinsic scaling relationship between these intermediates. A comparison of the base
metal macrocycle with a comparable ‘hangman’ scaffold containing a carboxylic acid
provided adequate conformational flexibility to stabilize the M—O intermediate through a
hydrogen bonding interaction (see Figure 11 for an example of a ‘hangman’ ligand). The
study found that substituting sulfonic acid for the carboxylic further stabilized the M—-O
intermediate, which was attributed to its decreased pK,.''® Overall, they found that the
higher activity of the hangman metalloporphyrins relative to the unfunctionalized
porphyrin arises from a combination of the destabilization of M-OH and M-OOH
intermediates due to the inclusion of electron-withdrawing groups at the meso positions
of the porphyrin in addition to the stabilization of M-O intermediates by the hangman

carboxylic acid group.''®
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Explaining why Mn binds O, and its reduced intermediates more strongly than Fe
and Co is not trivial, but there are several important factors to consider. It is generally
accepted that the Fe(ll) in porphyrinic frameworks binds O, in an end-on fashion after
reducing it by one electron and that the primary bonding interactions arise from an
interaction between the vacant d,? of the low-spin Fe(lll) center and the fully occupied *
orbital of O,, antiferromagnetically coupled as Z2Fe(lll)-20,-, Figure 15.1° In
comparison, Mn has been shown to prefer to bind O, in a side-on configuration in
porphyrinic frameworks and prefers to be in a high-spin state.’0 120 |n this geometry,
calculations performed using second-order perturbation theory indicate that the major
resonance contributor is the *Mn(IV)-'0,%- resonance form (minor 3Mn(ll1)-20O;~), where
two electrons have been formally donated from the Mn center to O, (Figure 15).'2' The
obvious difference is that the Fe center prefers a low-spin configuration upon O, binding
and a single electron transfer while the Mn center prefers a high-spin one, with a final
electronic state which is a resonance-averaged electron transfer greater than one but less
than two. Mn(Il) has a high spin-pairing energy relative to later first row transition metals
and strong ligand fields are required to achieve low-spin configurations in octahedral
environments.""" Low-spin states become slightly more accessible for Mn(lll), which is
also prone to Jahn-Teller distortion, but the preference is still for a high-spin configuration.
Consistent with the trend for the divalent and trivalent formal oxidation states, the o®

configuration of Mn(IV) prefers an open-shell configuration.
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Figure 15. Comparison of the electronic structures proposed for O, adducts formed upon

exposure to Mn(ll) and Fe(ll) porphyrins.

Phung and Pierloot have proposed that O, binding to Mn(ll) in the porphyrinic
framework occurs through sequential electron transfer events.'?! The relatively slow step
is the initial electron transfer from Mn(ll) center occurring between its singly occupied d,
orbital and the 1™ orbital perpendicular to the metal-dioxygen bonding axis, forming a -
symmetric bonding interaction. The resultant adduct is in a formally quartet spin manifold,
which crosses into a different quartet spin manifold as the distance between Mn and O,
shortens during bond formation. At the minimum energy crossing point between these
two different quartet spin manifolds, a second electron transfers from Mn d,..y» into the 7*
orbital parallel to the M-O, bond axis. The resultant fully occupied ™ orbital is & symmetric
with respect to the Mn d,, orbital (Figure 15), resulting in a weak interaction which
primarily resembles the parallel ™ orbital on O,2-. This means that the singly occupied
dyy orbital is formally antibonding with respect to this d-symmetric interaction and the
singly occupied d|, and d,, orbitals form negligible interactions with O,2-. It is reasonable
to speculate that the relative inflexibility of the Mn spin manifold which manifests in this
preference for side-on binding is also a contributor to the observed ORR activity and
selectivity. Relative to an end-on superoxide adduct with distal and proximal O sites, a
side-on peroxide adduct will have symmetric O atoms that are relatively less basic thanks
to interactions with the high-valent Mn center. For formal cleavage of the O—-O bonding
interaction to occur in the mononuclear side-on peroxide adduct, adjacent oxo/hydroxo
species need to form (Figure 13G), which isn’'t sterically accessible within a rigid
macrocyclic ligand framework. In the event that the formation of a bridging dinuclear Mn
peroxide adduct is sterically accessible, the O atoms are again likely to be less basic and
formal O-O bond cleavage would result in the possibility of strong electronic coupling
between the unpaired spin of the Mn centers in the resultant Mn,O, core (Figure 13D

and F).74. 122

Critical Analysis of Homogeneous ORR by Molecular Mn/Fe/Co
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Extensive studies on ORRs mediated by metalloporphyrins allows for a critical
comparison of activity and mechanism for structurally analogous systems containing Fe,
Co and Mn active sites. Generally, Co catalysts have shown a preferred selectivity for
H,O, under homogeneous conditions, unlike Fe-based porphyrins that exclusively make
H,O. This has been attributed to the fact that the formation of an intermediate high-valent
metal-oxo species is less thermodynamically accessible for octahedral Co complexes
than Fe.?® However, as described above, computational studies indicate the
thermodynamic feasibility of both reaction pathways for Co. Inspired by these and
examples of selectivity for H,O for ORR mediated by surface-immobilized molecular
species, Stahl and co-workers used Brgnsted acid scaling relationships to switch reaction
selectivity by thermodynamically excluding certain reaction pathways in DMF. When both
reaction products are thermodynamically feasible, the kinetic product H,O, is preferred;
when H,0, generation is no longer thermodynamically viable, the system switches to H,O
production.'?® Co(ll) porphyrins are known to readily react with dioxygen, forming end-on
superoxide adducts with a low-spin Co center, 'Co(lll)-20,.109. 124-126 Proton-coupled
electron transfer (either stepwise or concerted), produces a Co(lll)-OOH intermediate
which is the selectivity branching point between the two catalytic pathways. With a
sufficiently weak acid, the protonation of the M—O bond of this hydroperoxo intermediate
becomes endergonic. Instead, reduction and protonation of the distal O atom of the Co-
bound hydroperoxide transfer occurs to cleave the O—O bond and generate a putative
Co(lll) oxyl species with concomitant water formation en route to further reduction and
protonation to generate a second equivalent of water. The mechanism of homogeneous
ORR mediated by Fe(TPP) (TPP = tetraphenylporphyrin) in DMF and MeCN has been
described in extensive detail by Mayer and co-workers.116. 127.128 They determined that a
pre-equilibrium for reversible O, binding to Fe(ll) leads to the formation of an end-on
Fe(lll) -superoxide species, which has been described in detail above. The protonation of
the distal O atom of this end-on superoxide species is the rate-determining step of the
reaction: subsequent reduction and protonation by 3H*/3e~ is comparatively rapid and
closes the catalytic cycle and produce two equivalents of water. Subsequent mechanistic
studies investigations with Fe(5,10,15,20-tetrakis-(mesityl)porphyrin) chloride showed

that the production of H,O, from an Fe(ll1)-OOH intermediate requires the dissociation of
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the hydroperoxide anion and does not show a rate dependence on the concentration of
added acid, unlike the proton-dependent behavior observed for comparable Co
systems.12?

We can contrast these observations to the results with Mn-based porphyrins in MeCN,
reported by the Nocera group.®> The observed second-order dependence of activity on
acid concentration for Mn, is in direct contrast to the analogous Fe and Co systems
discussed above: Fe and Co exhibit a first-order dependence on acid during H,O
production. For comparison, Co shows a first-order dependence on acid during H,O,
production while Fe shows a zero-order dependence; Mn has not yet been shown to have
activity for this product under comparable conditions. It was proposed that the second-
order activity dependence on ORR to H,O was a result of the stabilization of presumptive
end-on Mn-based (su)peroxy intermediates through hydrogen bonding.8® This suggests
that an essential role of the added acid is to destabilize side-on (su)peroxide coordination
in favor of the end-on mode and make the ORR to H,O kinetically viable. Comparison
with a carboxylic acid-modified ‘hangman’ derivative reinforces this description, reflected
in stoichiometry changes of the rate law at low proton donor concentrations. Theory
predicts that both the H,O, and H,O products are thermodynamically accessible for
Mn,™17. 118 a5 was the case with Co, which implicates the possibility of analogous reaction
selectivity control to that reported by Stahl and co-workers for the Co congener through
Brgnsted acid scaling relationships should also be possible with Mn. It is compelling that
the side-on binding mode of (su)peroxide to Mn can be readily disrupted by non-covalent
interactions since the alternative strategy accessing low-spin Mn to disrupt the kinetic
limitations of this binding mode is potentially synthetically prohibitive. The results suggest
that if the thermodynamic and kinetic trap of end-on coordination can be avoided through
reaction or synthetic control, Mn centered catalysts can show significant ORR activity.

It is also possible to compare the ORR activity of salen-, salophen-, and acen-based
(imine backbones) Co complexes reported by the Stahl group to the Co and Mn catalysts
with a 2,2'-bipyridine (bpy) backbone developed by our group.5°: 81. 8, 130 Stghl and
coworkers showed that the imine-based N,O, derivatives of Co are selective for H,O, in
MeOH with acetic acid as a proton donor.'3' The observed turnover frequencies have a

shallow dependence on the Co(lll/Il) reduction potential than the Fe-based porphyrins,
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which is attributed to the influence of this redox event on only one kinetically relevant step
(protonation), in contrast to two for Fe(porphyrin) derivatives (O, binding and
protonation).’3 The experimentally determined rate law for Co imine-based N,O,
mediated ORR shows first-order concentration dependences on Co and acid, indicating
that the resting state of the catalyst is a Co(lll)-OOH species, the protonation of which is
rate limiting (Figure 14, blue).'3?

We have also studied the bpy-based ligand framework discussed above for Mn
with Co-centered catalysts.? 30 |n contrast to what has been previously observed, this
non-porphyrinic Co catalyst produces H,O as the majority product during catalytic ORR.
Despite a change in selectivity, the rate law of ORR by the [Co(®“dhbpy)]* catalyst is the
same as Stahl’s catalysts, with first order rate dependences on [Co] and [acid]. However,
the observed product selectivity for water suggests the rate-determining step has shifted
to protonation of the distal oxygen of a Co(lll)-OOH species (Figure 14, green). We
hypothesized that the increased m-acidity of the bpy backbone stabilizes the Co(ll1)-OOH
intermediate by accommodating stronger m-donation from O to Co. In follow-up studies,
the introduction of a pendent relay in the secondary coordination sphere of the bpy-based
catalysts resulted in a shift of product selectivity and H,O, becoming the primary product
through a kinetic enhancement.®® In other words, the effect of the pendent relay was to
kinetically favor an analogous mechanism to the imine-based Co(N,O;) complexes
examined by Stahl and co-workers.

In comparison, the Mn analogue, Mn(*“dhbpy)CI, mediates ORR with first-order
catalytic rate dependence on [Mn], [acid], and [O,] concentration, similar to Fe(porphyrin)
derivatives, but instead produces H,O, as the primary reaction product like the imine-
based Co(N,O,) complexes. We have proposed that the reduction and protonation of an
intermediate Mn(lll) superoxide is rate-determining (Figure 14, purple) and have
speculated that proton (or proton donor) acceptor ability of the inner-sphere phenolate
moiety is important for the observed activity. In preliminary DFT calculations with a single
hybrid functional,® both end-on and side-on modes were found to be thermodynamically
accessible for Mn(lll)-superoxide in this bpy-based ligand framework, suggesting that a
blending of wavefunctions could exist similar to the Mn(porphyrin) system?8>. 121. 133 gnd

should be considered in the future with higher-level computational methods. In the context
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of the discussion here, it can be hypothesized that the observed interactions of added
proton donors and proton transfer to the Mn-bound phenolate moieties impact both steric
and electronic parameters, shifting the distribution between side-on and end-on
coordination modes during the catalytic cycle. Mechanistic work to assess how such
considerations impact selectivity between H,O, and H,O through synthetic ligand iteration
is ongoing.

Anson and Stahl have shown that an alternative to ligand modification strategies
to achieve shifts in product selectivity is to design co-electrocatalytic systems.®* Their
report on the inclusion of co-catalytic amounts of benzoquinone to intercept an
intermediate Co(lll)-superoxide species via sequential HAT and subsequent PCET steps
and shift product selectivity from H,O, to H,O, is an important example of how
mechanistic understanding allows for the development of new catalyst systems. Our own
work showed that this approach has generality to Mn catalysts with superoxide
intermediates and that formal O—H bond formation is not necessarily a requirement.
Taken together, it can be reasoned that if a fundamental challenge for Mn-based
molecular catalysts is escaping the (su)peroxide state, redox mediators (which do not
intrinsically show significant activity or selectivity during the ORR) are an excellent way
to achieve emergent properties from Mn complexes. As a design principle, quantifying
the O-H bond dissociation free energies (BDFEs) of Mn superoxide and hydroxide
species can aid in selecting the appropriate redox mediator, but this must be reconciled
to place the mediator reduction potential positive or equal to the catalyst standard
potential. Indeed, knowledge of relative BDFEs has already been shown to be efficacious
for designing co-electrocatalytic systems for alcohol oxidation and CO, reduction.34-137

The dinuclear Mn thiolate complex that catalytically reduced O, to H,O, reported
by Duboc and co-workers suggests an alternative strategy for Mn-based catalyst
development.’® Following the initial report, an Fe analogue of this catalyst for the ORR
was disclosed.”® For both Fe and Mn, it was found that the electron-rich thiolate ligand
framework facilitated stabilization of metal-peroxo intermediates, decreased the
activation barrier for O, binding, increased the reducing power of the metal center,
increased the basicity of bound substrates, and intrinsically labilized trans ligand sites to

support unsaturated coordination environments.”® Additionally, catalytic studies

Page 26 of 41



Page 27 of 41

ChemComm

27

suggested that protonation of one of the thiolates to form a pendent thiol proton relay

during O, activation is also important, protonating metal-peroxo intermediates to form a

hydroperoxo species, ultimately leading to the cleavage of metal-O bonds and release of

H,0,.70: 76 The combination of intrinsic ligand properties, the redox reservoir enabled by

a dinuclear active site, as well as the non-covalent and proton donor capabilities of a

pendent relay contributed to avoid the potential thermodynamic sink of Mn,O, species,

thus, enabling catalysis.

Outlook and Conclusion:

The apparent lessons for Mn catalyst design that can be drawn from the analysis of these

examples are summarized below:

The propensity for high-spin configurations increases the bonding strength
between Mn and O, (as well as ROSSs), kinetically limiting turnover by favoring a
thermodynamically stable side-on binding state. Non-covalent effects like
hydrogen-bonding have been established as an effective method for favoring the
end-on coordination mode and facilitating catalysis. Additionally, the use of a redox
mediator can also enable reductive transformation of Mn-superoxide intermediates
by generating molecules with low effective BDFEs.

o Ligand frameworks which favor low-spin configurations are another

possibility, although examples of these are Ilimited and low-spin
configurations have not been proposed for known Mn-based ORR catalysts.
Further, in a low spin configuration in an octahedral environment, Mn(lll)
can still have more unpaired electrons than the comparable Fe(lll) species.
Since this spin is likely to be distributed in m-symmetric d orbitals, increased
bonding strength with (su)peroxide species is still a possible limitation if
strong coupling occurs with partially and fully occupied * orbitals on the
O, framework.

Ligand frameworks for mononuclear catalysts that either inhibit the
formation of the side-on coordination mode of O, entirely or contain cis

vacant sites are also possible opportunities. The former would avoid the
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thermodynamic trap of the Mn(IV)-O,%- resonance state while the latter
could make O—O bond scission from this state kinetically accessible.

e Multinuclear species offer a complementary opportunity to destabilize MnO,
intermediates. The only known example relies on the unique donor properties of a
highly charged thiolate-rich ligand framework, exemplifying how an understanding
of structure-activity relationships from extensive stoichiometric mechanistic studies
can be translated into competent catalytic systems.?* Strong magnetic coupling
between the unpaired spin on Mn centers through oxo/hydroxo bridges were
avoided by these electronic effects combined with the participation of a pendent
proton relay.

o Dinuclear complexes with rigid ligand frameworks have not yet been
disclosed, but these would enable precise control over interatomic
distances. Examples abound in the design of molecular catalysts for water
oxidation to dioxygen, which is the reverse of the homogeneous ORR
reaction.138-141

In this perspective we have discussed the homogeneous ORR activity of the
known Mn-based systems in comparison to comparable Fe and Co analogues. Based
only on a limited number of examples, it is clear that mechanistic understanding can allow
for the successful development of new Mn-based catalysts through non-covalent effects,
choice of redox mediators, or use of dinuclear active species. Possible future, but
unproven, strategies for ORR catalysis with Mn active sites could include judicious choice
of axial ligand (possibly in control with equatorial ligand manipulation). Mechanistic
studies by the groups of Kovacs and Jackson have demonstrated how the manipulation
of the electronic properties and steric profiles of ligand frameworks can impart control
over Mn-O, adducts, which could also be leveraged into catalytic systems.”3 142 Likewise,
it is also possible that intrinsic factors which make Mn compounds excel at the
disproportionation of superoxide and activation of hydrogen peroxide could be translated
to the ORR.143-148

In spite of the successes known from the effect of analogous modifications on Fe-
and Co-based catalysts, development of comparable examples with Mn has lagged

behind. For Mn, we speculate that its low activity results from its preference for open-shell
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configurations, which can facilitate the activation of O, beyond superoxide and the
formation of intrinsically stable side-on modes, limiting kinetics. However, we are
optimistic that the known successes in this area, coupled with the analysis presented
here, can prove useful to researchers interested in expanding the number of known Mn-
based catalysts for homogeneous ORR.
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