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Abstract

The oxygen reduction reaction (ORR) remains an important fixture in biological and synthetic
systems for energy conversion and chemical functionalization. Late transition metals continue to
dominate in the development of new catalyst systems, inspired by well-characterized
metallocofactors and prior successes. By comparison, metals to the left of Fe on the periodic table
are relatively understudied for the ORR. This Frontier article summarizes advancements related
to the use of Mn, Cr, and V in homogeneous catalyst systems for the ORR and discusses the
implications of these results for the development of catalyst systems from these metals and those

earlier in the transition metal series.

Introduction

The dramatic increase in anthropogenic greenhouse gas emissions, such as carbon dioxide,
methane, and nitrogen oxides, since the industrial revolution has resulted in an unprecedented rate
of average global surface temperature increases.' The cumulative detrimental effects of this global
warming effect include drought, famine, severe weather patterns, and species extinction.? It is,
therefore, imperative to develop alternative energy sources to meet the growing demands of the
population while decreasing the anthropogenic emissions. One promising option for sustainable
energy generation is the hydrogen fuel cell, in which the electrochemical oxidation of hydrogen
gas (H) is coupled to the reduction of oxygen gas (O2) to generate electricity. One of the limiting
factors in the commercialization and adoption of fuel cell technology is the often sluggish kinetics
associated with the oxygen reduction reaction (ORR) to water, which requires the transfer of four
protons and four electrons. The current state-of-the-art catalyst for the ORR is based on platinum

nanoparticles; however, this metal is prohibitively expensive and scarce.® Therefore, there has been



a recent emphasis on the development of cheaper transition-metal catalysts that efficiently and
selectively reduce dioxygen.

Transition metals with open-shell ground states are particularly adept at binding and
activating dioxygen due to its triplet ground state.* Indeed, inspiration for the design of first-row
transition metal-based catalysts for the ORR has been continuously drawn from nature, where
open-shell transition metal species are frequently employed to activate dioxygen. Some important
examples of oxygen-dependent metalloenzyme cofactors include Fe-based enzymes (hemoglobin,
cytochrome P450, and cytochrome C oxidase), Cu-based enzymes (tyrosinase and catechol
oxidase), and Mn-based enzymes (lipoxygenases, superoxide dismutase).> ¢ The majority of the
naturally occurring metalloenzymes for the ORR contain a macrocyclic N4 ligand framework,
similarly, the overwhelming majority of reported bioinspired catalysts for the ORR consist of
macrocyclic N4 ligands such as porphyrins, corroles, or phthalocyanines.” While recent work has
expanded the knowledge of ORR catalysts with non-macrocyclic ligands®!®, these types of
catalysts are underrepresented.

Further, the understanding of ORR catalysts based on early first-row transition metals is
lacking. Only a handful of Mn-, Cr-, and V-based homogeneous catalysts have been reported for
the ORR.> This Frontier article focuses on connecting known examples of metal complexes with
these metal centers serving as ORR catalysts in non-aqueous solvents and suggests future strategies
for new catalyst development. Readers interested in more comprehensive summaries on

homogeneous ORR should consult more extensive subject reviews.* ’

Mn-based Catalysts for the ORR

The first deliberate study on the ORR with a Mn-based complex was reported in 1989 by
Fukuzumi and co-workers on Mn(III) 5,10,15,20-tetrakisphenylporphyrin ((Mn(TPP]").!* Using a
metallocene reductant with perchloric acid (although reaction selectivity was not quantified), this
report noted that the Mn-based catalyst was slower than the Co-based one, despite a more negative
reduction potential. Generally, should a reaction proceed through a common mechanistic pathway,
more reducing potentials should result in greater catalyst activity.!> This observation was initial
evidence of divergent reaction pathways for Mn with respect to Co active sites in porphyrin ligand
frameworks. Later studies led by Abu-Omar and Fukuzumi found that Mn(IIl) 5,10,15-

tris(pentafluorophenyl)corrole [Mn(tfpc)] could also serve as an effective catalyst with



metallocene reductants and trifluoroacetic acid, producing H2O, as the primary product.'®
Interestingly, in the case of the complex with the dianionic TPP ligand,'* redox cycling should
primarily occur through Mn(I1I)/Mn(II) states, while for the complex based on the trianionic tpfc
ligand a Mn(IV)/Mn(I1I) redox process was proposed to be the basis of catalytic activity.

In 2015, Duboc and co-workers published a sulfur-bridged bimetallic Mn" dimer with a
bipyridine-based ligand framework, [Mn'">(LS)(LSH)](ClO4), where LS = (2,2'-(2,2"-bipyridine-
6,6'-diyl)bis(1,1-diphenylethanethiolate), that reduces O to H.O> with about 80-84% efficiency
in the presence of 2,6-lutidinium tetrafluoroborate as a proton donor and either
octamethylferrocene or decamethylferrocene as the sacrificial reductant (Figure 1).!7 Key
components of the proposed catalytic cycle include a persistent Mn dimer species (aided by the
thiolate ligands serving as a bridging scaffold) and one of the thiolate ligands serving as a proton
relay during the course of the catalytic reaction. Notably, under stoichiometric conditions, H>O
was the primary product (four-electron process), while the catalytic system showed H>O; as the
primary product (two-electron process). It was proposed that O—O bond scission was avoided by
maintaining relatively acidic conditions near the active site, since this favors protonation of M—O
bonds and therefore H>O, release.

Following this example, our group has since published several additional Mn bipyridine-
based homogenous catalyst systems for the ORR (Figure 1). The parent catalyst Mn(**"dhbpy)Cl,
where 6,6'-di(3,5-di-tert-butyl-2-phenolate)-2,2"-bipyridine = [®dhbpy]?>", exhibits an O
activation pathway involving metal reduction accompanied by ligand protonation to rapidly
convert O2 to H»O> in the presence of PhOH and 2,2,2-trifluoroethanol (TFEOH) under
electrochemical conditions.!® During the catalytic cycle, the Mn center is reduced from Mn'!! to
Mn!" while the phenolate moiety is protonated by PhOH prior to dioxygen binding to form a
superoxide adduct. A second reduction coupled with an intramolecular proton transfer from the
phenolate moiety to the intermediate Mn superoxide generates a bound hydroperoxo species. The
catalytic cycle is primarily closed upon the protonation of the Mn—O bond to release H20:
(81+4%).

It is noteworthy the ligand heteroatoms in the Mn(***dhbpy)CI catalyst emulate the function
of the thiolate groups of the Duboc catalyst described above as proton relays. The soft S bases in
the ligand used by Duboc required the use of the stronger acid 2,6-lutidinium (pKa(MeCN) =
14.16)", as compared our work using PhOH (pKa(MeCN) = 29.14)** and TFEOH (pKa(MeCN) =



35.4).2! Although the thermodynamics of proton activity are markedly different, the role of the
metal-bound heteroatoms appears to enforce a kinetic preference to H,O» for reaction selectivity
in both cases. The absence of dimerization for the Mn(*dhbpy)Cl catalyst is likely the result of
the steric profile of the fert-butyl functionalized phenolate fragment of the ligand, prohibiting Mn—
O—Mn bridging. Unfortunately, it is challenging to speculate on the origin of the shared product
selectivity between the dimer species of Duboc and co-workers and our Mn(***dhbpy)CI catalyst,

given that bridging Mn dimers were speculated to exist but not detected in the former case.

Mn(PBUdhbpy)ClI Mn("P"dhbpy)CI

Figure 1. Previously published Mn-based polypyridyl complexes for the ORR.

More recently, we have explored the effect of incorporating pendent proton relays into the
ligand framework on the selectivity of the ORR mediated by this family of Mn-based catalysts
(Figure 1).>> The pendent relay had the notable effect of increasing the efficiency for H>0,
(Mn("""dhbpy)Cl 96.2 + 4.1%) under spectrochemical conditions relative to a control complex
(Mn(>Bi'dhbpy)Cl 64.2 + 6.9%) in MeCN. These studies used a cationic acid (N,N’-
diisopropylethylammonium hexafuorophosphate (DIPEAHPFs)), which showed a strong
attraction to the metal complex during catalysis. The strength of this interaction could be attenuated
by introducing the conjugate base of the alkylammonium acid, which revealed that the overall
selectivity of both systems could be governed by controlling the protonation of the Mn—O bond of
the intermediate Mn(III) hydroperoxo species. Consistent with this, adding the conjugate base
diisopropylamine to the reaction mixture to buffer the proton donor shifted reaction selectivity
away from H>O; to H,O for both complexes by enabling access to an alternative dimerization

pathway. It is proposed that dimerization is possible with Mn(**"dhbpy)Cl due to the greatly



decreased steric profile of the -OMe group ortho to the Mn-coordinated O atom compared to tert-

butyl group in the analogous Mn(""dhbpy)Cl complex, vide supra (Figure 1).

Cr-based Catalysts for the ORR

The only reported Cr-based molecular catalyst for ORR was reported by Liu ef al. in
2014.2 This study showed that chromium(V)-oxo tris(pentafluorophenyl)corrole, [(tpfc)CrY(0)],
efficiently reduced Oz in the presence of octamethylferrocene (MesFc) and TFA. The selectivity
of the catalytic reaction was found to be dependent on the amount of acid present. With
stoichiometric amounts of TFA present, the reaction favored the production of H>O, while an
excess of TFA shifted the reaction selectivity towards H>2O». The shift in selectivity to favor H2O:
was attributed to rapid proton-coupled electron transfer (PCET) involving MegFc and TFA to a
superoxide intermediate, [(tpfc)Cr'V(O27)], to produce a hydroperoxide intermediate,
[(tpfc)Cr'Y(OOH)], which only occurred in the presence of excess TFA. Under these conditions,
reduction to the Cr(IIl) active species was rapid enough that O, binding became the rate-limiting
step. The authors noted that the dependence of reaction selectivity on proton concentration is a
unique feature of the early metal catalyst used here, since the Cr(IIl) complex can mediate aprotic
O-O bond scission to generate the parent oxo species [(tpfc)CrV(O)] in this coordination

environment.

V-based Catalysts for the ORR

Reports of V-based molecular catalysts for the ORR are limited to a collection of salen and
related Schiff-base supported systems.” Yamamoto et al. reported in 1996 that (u-oxo)bis[(N,N'-
ethylenebis(salicylideneaminato))vanadium(IV)] tetrafluoroborate ([O(V(salen)):][BF4]>) could
reduce Oz to H2O with over 90% selectivity under electrochemical conditions with an excess of
TFA present in CH3CN solution.>* Although this initial study proposed that the bimetallic species
persisted through the catalytic cycle, later studies found that the bimetallic species was actually a
precursor to a monomeric active species [V'(salen)]" that could selectively reduce O, to H2O

under electrochemical conditions in the presence of excess triflic acid in CH>Cl, (Figure 2A).2% 2
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Figure 2. (A) Proposed catalytic cycle for V(salen) complexes, (L = Schiff base ligand). (B)

Structures of V(IV) oxo complexes studied by Liu and Anson.?* %’

The instability of the [V'i(salen)]" complex in the presence of acid and the observed slow
rate of reaction with Oz led Liu and Anson to develop a series of substituted Schiff base ligands
for the study of V' compounds that react with dioxygen (those soluble and stable under
electrocatalytic conditions with added acid had a phenyl backbone — rather than alkyl or 1,8-
napthyl — and are depicted in Figure 2B-D).?” The additional derivatives followed the same
proposed catalytic cycle as the initial report, which is initiated by two VYO complexes undergoing
a proton-assisted disproportionation to form a [V!]* compound, a [VYO]" compound, and H>O.
Subsequently, two equivalents of the [V]* compound bind one molecule of O, in a bridging
peroxo fashion before mediating homolytic O—O bond scission to generate two equivalents of the
[VYO]" compound. The [VYO]" compound can then be reduced back to the initial VYO compound
at mild potentials, completing the catalytic cycle.

Interestingly, analogous to the Cr-based example discussed above, oxo species become
relevant intermediates with vanadium active sites in salen-type ligand frameworks. However,
although the possibility of a vanadium-dioxygen adduct is invoked in the mechanistic analysis,
there is no implication of an intermediate hydroperoxo species as was observed with the
Cr(corrole) derivative of Liu et al.,?* despite the use of a stronger acid. An analogous dimerization
reaction involving O—O bond scission does occur for the Cr(corrole) derivative in the absence of
a proton source, similar to the reaction described for the V(salen) derivatives with acid present.
Given that the ligand frameworks differ in overall charge, it can be speculated that the dianionic
salen-type ligand scaffold does not produce sufficiently basic vanadium-(super)oxo adducts to

favor protonation. Thus, the trianionic nature of the corrole ligand framework appears to be crucial



for the selectivity difference seen for the Cr active site. The instability of many of the examined
vanadium-based salen derivatives with respect to acid also suggests that the composition of the
ligand framework must address stability while increasing the basicity of metal-bound reactive

oxygen species to improve V-mediated ORR performance.

Possible Future Strategies for Early Transition Metal Catalyst Systems for ORR
Ligand Design for O: binding

02 is a paramagnetic species with a triplet ground state based on the partial occupancy of
degenerate n* antibonding orbitals, resulting in a double bond overall. This electronic
configuration makes O; a strong m-acid, and it often undergoes formal reduction to generate a
superoxide or peroxide ligand upon binding to a metal center.* Therefore, facile Oz binding is often
achieved at metal centers with unpaired electrons of relevant energy and frontier orbital symmetry
to that of O,.> Further, whether Oz binds to a monometallic complex in a ! or n? fashion generally
dictates whether formal reduction occurs by le™ or 2e” electrons, respectively. Therefore, the active
site must have both a sufficient d-electron count and accessible higher oxidation states for O
binding to occur.’

Early transition metals (Ti, V, Cr triads) have adequate reducing power to react with O,
and significant effort has been spent in understanding how to leverage this reactivity in
organometallic complexes for oxidative transformations of hydrocarbons.

However, the accessibility of high formal oxidation states for these elements (greater than
M?*") and strong binding to the intermediates of O reduction result in stable metal oxygen species,
rendering many reactions stoichiometric in nature.’ Indeed, for organometallic and alkoxide
complexes of early metals which can react with dioxygen, a limiting factor is the inability to close
the reaction cycle and regenerate the starting material. The lack of recyclability can arise from the
low basicity of the early metal oxo species, the propensity for disproportionation reactions, or the
stability of p-oxo dimer species.?®

In order to develop compounds that catalytically activate O, initial M—O; intermediates
must be destabilized to allow for the scission of the O—O bond and release of products. Further,
the propensity to create reactive monomeric oxo species as the result of O, activation can lead to
unintended ligand activation. Polypyridine frameworks could present an attractive configuration

for future development, given the ability to sterically protect potentially reactive bonds, as well as



the precedent for the reactivity of Ti(IIl) and V(III) with O; in the presence of this ligand type
(Figure 3A).3%38 For instance, in the case of V(III), more electron-rich pyridine ligands accelerate
the reaction, offering insight into possible future ligand design.’” For Ti(IIl), the lability of the
coordination environment in the d' configuration was proposed to inhibited the rate of reaction
with Oz, which could be addressed through the denticity or charge of the ligand framework (Figure
3B). Notably, polypyridine multidentate ligand frameworks can support Cr centers for the catalytic
disproportionation of H2O> to Oz and H20, which involves reaction steps that mirror those required
for the ORR.® Thus, in comparison to the non-recyclability, low basicity, or inertness of complexes
supported by organometallic or alkoxide ligands, polypyridyl-based ligand frameworks could offer
possible advantages for early metal ORR catalysts.
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Figure 3. (A) Summary of the stoichiometric reactions observed between vanadium(III) chloride
and dioxygen in pyridine and (B) titanium(III) chloride and dioxygen in pyridine.

Modifying the inner-coordination sphere and the ligand framework is one way to tune the
electronic structure of the metal center to optimize the strength and orientation of the M—O»
binding interaction, as well as disfavor dimerization through sterics.> 3® 3 It is also possible to
modulate catalyst design through the secondary coordination sphere. There are a multitude of
reports discussing the benefit of including a hydrogen-bonding site in the secondary coordination
sphere for the cleavage of the O—O bond.* 7> 1> 22 The inclusion of a hydrogen-bonding site, like
the “pacman” or “hangman” motifs, has led to improved selectivity and increased rates of catalysis
in a variety of transition-metal based catalysts by affecting the binding modes of O» and increasing
the rates of intramolecular proton transfer (Figure 4).2% 44! In the case of Cr-based catalysts like
the metallocorrole described above, this would seem to offer substantial benefits for accelerating

the rate-determining O binding step by increasing its thermodynamic favorability. Likewise, such



a motif could also benefit V-based complexes by stabilizing monomeric O, adducts with respect
to dimerization, shifting the balance of product selectivity between H,O, and H»O by altering the

basicity of V-0 bonds in presumptive intermediate species.
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Figure 4. 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 Brensted acid or pendent proton donor. Adapted from ref. 39 with permission from

the Royal Society of Chemistry, copyright 2022.

Additives for Tuning Activity

Along with ligand design, the use of additives has been repeatedly shown to impact the
activity of molecular catalysts for the ORR. The use of benzoquinone and Fe- and Co-based
macrocyclic complexes to mediate redox activity in Pd-catalyzed oxidation reactions has been long
known, but Stahl and co-workers were the first to use p-hydroquinone (H2Q) as a non-covalently
bound electron-proton transfer mediator (EPTM) with Co(salophen) for the electrochemical ORR
in 2016.*> Mechanistic studies into the co-catalytic system revealed that the combination of
Co(salophen) and H>Q resulted in an increase in reaction rate as well as a shift in selectivity from
H>0: to H,O due to sequential HAT and PCET reactions from p-hydroquinone to the Co-

superoxide intermediate followed by a subsequent H'/e™ transfer from a second equivalent of



H>Q.* Our group reported a similar shift in selectivity when p-benzoquinone (BQ) was used as a
redox mediator with a previously reported Mn catalyst [(Mn"®dhbpy)C], where B*dhbpy* = 6,6’-
di(3,5-di-tert-butyl-2-phenolate)-2,2’-bipyridine.?? Here, too, selectivity for the electrocatalytic
reduction of O in the presence of TFEOH is shifted from H>O: to H>O upon the addition of
benzoquinone, and the co-catalytic system produced a higher current density than the catalyst or
benzoquinone alone due to a shift in electrochemical mechanism to include non-covalent
interactions between the proton donor and reduced BQ anions. In the context of polypyridyl Cr, V,
and Ti complexes that reductively bind O, the weak sacrificial bonds of these additives could
similarly drive catalytic reduction if the relevant bond dissociation free energies for putative
intermediates in the catalytic cycle can be measured or estimated.**

In addition to the use of EPTMs, redox-inert Lewis Acids have been shown to shift
selectivity of the ORR by molecular catalysts by impacting both the coordination mode to the
active site and the rate of electron transfer from the metal to the substrate.*> *® A quantitative shift
in selectivity was reported by Fukuzumi and co-workers in 2015, when they showed that the
addition of Sc(OTf); to a Cu-complex, [(tmpa)Cu(CH3CN)](ClO4), (tmpa = tris(2-
pyridylmethyl)amine)] resulted in a shift from the four-electron reduction of O2 to H2O to an
overall two-electron pathway to quantitatively produce [Sc''(02?")]" during each turnover (Figure
5).47-48 A dramatic rate enhancement of O, activation was also reported by Borovik and co-workers
in 2011 and 2013 as a result of the addition of redox-inert Lewis Acids to both [Fe'"™MST]™ and
[Mn"MSTT", where MST = N,N, -[2,2,2-nitrilotris(ethane-2,1-diyl)]tris-(2,4,6-tri-methylbenzene-
sulfonamido).** ** The rate of O, activation by [Fe'MST] was enhanced by a 34- to 36-fold
increase in the presence of M(OTf)2/15-crown-5 (M = St or Ca'!, respectively) compared to the
rate observed for [NMe4][Fe'MST]. Similarly, the addition of Ca' resulted in a 35-fold increase
in the rate of O activation by [Mn'MST]" compared to [NMes][Mn"MST].*> *° Since these
reactions rely on intramolecular electron transfer to produce reactive oxygen species, it can be
surmised that the added ions function to lower the reduction potential required to form these
intermediates, through some combination of charge and basicity. It is likely for early metals like
Cr, V, and Ti that strong Lewis acids will be required to achieve similar effects, given to the
relatively low basicity of the intermediates noted in the discussion of the limited examples of
catalytic systems. Nonetheless, should any alternative binding modes be relatively favored, they

could assist in flattening the potential energy surface to achieve catalytic turnover.



2 Fc** + [(tmpa)Cu'l*
2 Fc* 0,

2 [(tmpa)Cu"]?* Z/—\
2 Fc** + 2 H,0 [

0L .-]+
[(tmpa)Cu'l* (tmpa)cu!” O

3+ + *
Bransted Acid Lewis Acid Se Fe

2Fc*+4H"

o
n~\__cCu'(tmpa *
(tmpa)Cu o~ (tmpa) Fol [(tmpa)Cu'2* ScO,* + Fc +

[(tmpa)Cu']" + O,
Figure 5. Proposed catalytic cycles for the reduction of dioxygen by
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Brensted Acids (left) and Lewis Acids (right) . The mechanistic differences between the two cycles
result in a quantitative shift in selectivity from water (Breonsted) to hydrogen peroxide (Lewis).

Adapted from refs. 47 and 48.

Conclusions and Outlook

Despite the relevance of early transition metal active sites in biological systems for the
activation and transportation of dioxygen, the synthetic development of homogeneous catalysts for
these reactions has primarily focused on late transition metals such as platinum and iron. This
Frontier article summarized the few reports of Mn-, Cr-, and V- based homogeneous catalysts for
ORR and the implications of these reports that can inform the development of new catalysts. The
early transition metals (Cr, V, and Ti) are known to reduce O: in a variety of ligand configurations
via stoichiometric reactions, yet the products of these reactions have been too stable in most cases
to allow for catalytic turnover. Based on the discussion above, we speculate that a combination of
intentional ligand design (increased polypyridine denticity, negative overall ligand charge, and
steric profile), as well as the inclusion of additives that destabilize these M—O> intermediates (e.g.,
hydrogen-bonding motifs and Lewis acids) or offer alternative reaction pathways (e.g., EPTMs)
could enable the development of efficient and selective homogeneous catalysts for the ORR based

on early transition metals.
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