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Abstract

Homogeneous electrocatalysis has been well studied over the last several decades for the 

conversion of small molecules to useful products for green energy applications or as chemical 

feedstocks. However, in order for these catalyst systems to be used in industrial applications, 

their activity and stability must be improved. In naturally occurring enzymes, redox equivalents 

(electrons, often in a concerted manner with protons) are delivered to enzyme active sites by 

small molecules known as redox mediators (RMs). Inspired by this, co-electrocatalytic systems 

with homogeneous catalysts and RMs have been developed for the conversion of alcohols, 

nitrogen, unsaturated organic substrates, oxygen, and carbon dioxide. In these systems, the RMs 

have been shown to both increase activity of the catalyst and shift selectivity to more desired 

products by altering catalytic cycles and/or avoiding high-energy intermediates. However, the 

area is currently underdeveloped and requires additional fundamental advancements in order to 

become a more general strategy. Here, we summarize the recent examples of homogeneous co­

electrocatalysis and discuss possible future directions for the field.

1. Introduction

Small molecule conversion by homogeneous electrocatalysts is of continuing importance to 

the mitigation of the problems associated with climate change and increased global energy 

demand. Reactions such as the alcohol oxidation reaction (AOR),1 nitrogen reduction reaction

(N2RR),2 oxygen reduction reaction (ORR),3 and carbon dioxide reduction reaction (CO2RR)4 all 

involve the transformation of stable, abundant molecules to value-added chemicals or energy.

Homogeneous electrocatalysts are compelling because they are generally active at ambient 

conditions (standard temperature and pressure) and have well-defined active sites, which make 

them amenable to mechanistic study and iterative synthetic modification. However, in many 

reports, these systems require large energy input due to the high overpotentials (n) required to 

achieve relevant activity. Overpotential is the energy beyond the thermodynamic minimum 

required to drive an electrochemical reaction at appreciable rates.



1.1. Biological Mediators

In biological systems, nature overcomes significant thermodynamic and kinetic challenges 

through the use of redox mediators (RMs), which shuttle electron equivalents to active sites where 

the interconversion of energy and chemical bonds occurs. When the transfer of electrons is 

accompanied by the transfer of protons these are referred to as electron-proton transfer mediators 

(EPTMs).5,6 For example, quinones are found in a variety of organisms because of their ability to 

facilitate reversible proton-dependent redox reactions to and from metallocofactors, which has the 

added benefit of protecting against the formation of potentially reactive radical intermediates.7 

During mitochondrial respiration, ubiquinone (UQ) assists in shuttling electrons and protons to 

several of the active sites in the electron transport chain (Figure 1).8 Many enzymes also rely on 

iron-sulfur clusters (FeS) distributed throughout their interior matrix to deliver electrons from the 

surface of the protein structure to a buried active site within the enzyme.9,10 These enzymes have 

evolved so that the energetic difference in oxidation states of each cluster serves as a driving 

force for electron transfer (ET), harnessing the ability of the cofactors to exist in a variety of redox 

configurations without having to electronically couple each site directly.11,12 This is a requirement 

because redox-active sites are generally spatially isolated in biological systems and their tertiary 

structures are static relative to the movement of electrons, protons, and small molecule 

substrates.
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Figure 1. Mitochondrial electron transport chain highlighting redox mediators (1,4- 
dihydronicotinamide adenine dinucleotide (NADH), flavin adenine dinucleotide (FADhh), 
dihydroubiquinone hhUQ, and iron-sulfur clusters (FeS)) which assist in the reduction of O2 to 
H20.

1.2. Synthetic Mediators

Inspired by these electron cascades, bioelectrocatalytic systems have been developed that 

utilize small molecule RMs to deliver electron equivalents to the active sites of enzymes.13,14 

Electrochemical glucose sensors that previously relied on the energy-intensive oxidation of 

hydrogen peroxide (H2O2) have been modified to instead use osmium- and ferrocene-based 

compounds as RMs, which improves their efficiency and stability.15,16 Several other biosensors



that use cytochrome c as the mediator have also been developed for the detection of small 

molecules such as H2O217 and bilirubin.18 Fuel cells that rely on co-catalysis with mediators have 

also been developed for the cathode19"22 or anode23 as well as for both half-cell reactions.24"26 

Similar to the way organic molecules have been implemented into biosensors, methyl viologen 

has been used as a RM with a nitrogenase enzyme catalyst for the reduction of nitrogen to 

ammonia as the cathodic half-reaction of a hydrogen fuel cell.27 Importantly, in all of these 

examples, matching the redox potential of the mediator and the enzyme within 50 mV is necessary 

for optimal efficiency and activity.9 This is due to a reliance on outer-sphere ET during the reaction 

(which necessitates a favorable thermodynamic driving force28, 29) and the need to avoid 

competing ET pathways which lower selectivity (Figure 2). While the addition of RMs into such 

systems has allowed for increased stability, this type of outer-sphere ET can still react with other 

small molecules present in the reaction medium15 leading to long-term instability and inefficiency.
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Figure 2. General inner- versus outer-sphere electron transfer mechanisms with a RM, 

independent of proton transfer, where X = substrate.

The use of RMs, commonly ferrocene (Fc) derivatives,30'32 has been explored in 

electrosynthesis, where in contrast to the systems described previously, the RM shuttles electron 

equivalents in a catalytic fashion via an outer-sphere reaction to transform substrates into reactive 

intermediates.33 34 Other examples use nitroxyl radicals as EPTMs in transformations that rely on 

a hydrogen atom transfer (HAT) step, where proton and electron movement are directly coupled 

during direct interaction with the substrate, sometimes when both substrate and EPTM are bound 

to the same metal center.35"38 Additionally, RMs have been implemented in photocatalysis to 

assist in photosensitizer activation39"44 and in systems for heterogenous CO2RR to improve 

activity and selectivity.45 46 Although this approach has been recognized as a basic research need 

for catalysis science, there remains a relatively limited number of homogeneous electrochemical 

systems with RMs in spite of their potential to improve selectivity, activity and energy efficiency



through thermodynamic and mechanistic analysis.47 In this Perspective, we discuss examples of 

RMs in homogeneous co-electrocatalysis, analysis of the key thermodynamic components of 

these systems, and strategies we believe to be important for further optimization of co- 

electrocatalytic systems in the future.

2. Recent Examples of Redox Mediators in Homogeneous Co-Electrocatalysis

Despite the limited number of reports involving the use of RMs in homogeneous 

electrocatalysis, the known systems cover a wide scope of energy-relevant small molecule 

transformations involving alcohol oxidation (AOR),5, 48, 49 dinitrogen reduction (N2RR),50, 51 the 

hydrogenation of unsaturated organic molecules,52 hydrogen oxidation (HOR),53 dioxygen 

reduction (ORR),6, 54, 55 and CO2 reduction(CO2RR).56-60 Here, we describe the current known 

examples of co-electrocatalytic systems where (1) both the catalyst and RM are homogeneous 

molecular species and (2) at least one of the two is redox-active and regenerated by the electrode. 

There are additional examples of co-catalytic systems for small molecule transformation that rely 

on similar properties, but do not meet both sets of criteria and are therefore not discussed in detail 

in this Perspective.34, 61, 62 The term ‘co-electrocatalytic’ is meant to encompass that these 

transformations are both electrocatalytic and require a co-catalytic component to occur; this 

description does not require that any individual component is also intrinsically catalytic under the 

described conditions, although this can be the case.

2.1. Alcohol Oxidation Reaction (AOR)

The first example of co-electrocatalytic AOR is a report by Badalyan and Stahl on the use of 

2,2,6,6-tetramethyl-1-piperidine N-oxyl (TEMPO) as an EPTM with a (2,2’-bipyridine)Cu(II) triflate 

catalyst for the AOR (Figure 3).5 While TEMPO has been widely reported as an electrocatalyst 

for alcohol oxidation, these systems rely on a H+/2e- TEMPO+/TEMPOH redox process, which 

occurs at very oxidizing electrode potentials, making the process relatively energy intensive.63-67 

The co-electrocatalytic system utilizes the lower energy TEMPO/TEMPOH couple to facilitate a 

HAT reaction when paired with the Cu catalyst, thanks to the activation of the alcohol substrates 

when coordinated to the Cu metal center. The authors demonstrated that while co-electrocatalysis 

occurs at the Cu(II/I) redox potential, the nitroxyl radical is necessary for catalysis due to its role 

as a hydrogen atom acceptor from a Cu(II)-alkoxide intermediate, the formation of which is the 

rate-limiting step of the reaction.
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Figure 3. (A) Structures from the redox cycle of 2,2,6,6-tetramethyl-1-piperidine A/-oxyl (TEMPO), 
(B) the Cu(bpy)(OTf)2 (bpy = 2,2’-bipyridine; OTf = CF3SO3") complex, and (C) the intermediate 
species formed following the rate-limiting deprotonation of the alcohol substrate (benzyl alcohol 
in this example) in Ref5.

The Waymouth Group has published two co-electrocatalytic systems for the AOR, the first of 

which by Galvin and Waymouth uses an lr(PNP)(H)2 complex, where PNP is bis[2- 

diisopropylphosphino)ethyl]amide, (Figure 4) with several electron-rich phenol derivatives as the 

EPTM.48 The authors rationalized that activity for the AORs of interest could be achieved at lower 

overpotentials by eliminating the need to directly oxidize relatively stable metal-hydride (M-H) 

species, since the energy-intensive oxidative deprotonation of these intermediates is generally 

the limiting kinetic step of the intrinsic catalytic cycle. They found that the addition of a phenol 

derivative to a solution containing the lr(PNP)(H)2 pincer catalyst led to a significant shift in 

oxidation potential to much lower energy (more negative potential for the oxidation event which 

initiates catalysis) due to the interception of the M-H intermediate. The proposed catalytic cycle 

depends on a HAT step, where a phenoxyl radical accepts a hydrogen atom from the M-H. In 

total, two successive HAT steps are necessary to complete the catalytic cycle, each of which 

could represent the rate-determining step (RDS) of the reaction (Figure 4). By examining a series 

of phenol-based molecules as the EPTM, Galvin and Waymouth were able to demonstrate that 

as the pKa of the phenol becomes more acidic, the observed oxidation potential of the 

corresponding phenoxide decreases (shifts to more negative potentials) in a manner that can be 

used to tune the operating potential of the co-catalytic system.



Figure 4. The proposed catalytic cycle for oxidation of 2-propanol by lr(PNP)(H)2, where PNP is 
bis[2-diisopropylphosphino)ethyl]amide, in the presence of the phenoxyl radical mediator. 
Reproduced from Ref. 68 with permission from the Royal Society of Chemistry.

Shortly following this report, McLoughlin et al. disclosed a second co-catalytic system for the 

AOR using an efficient Ru-based ketone transfer hydrogenation catalyst and a Ru-centered 

EPTM, Ru'"N (Figure 5).49 Under thermal catalytic conditions, the catalyst can oxidize isopropanol 

to acetone in order to drive the reduction of ketone substrates, generating a Ru(ll) hydride 

intermediate RuH. They found that the electrocatalytic oxidation of isopropanol could be achieved 

if an electrode poised at suitably oxidizing potentials was substituted for the ketone substrate,69 

noting that the two-electron, one-proton oxidation of the intermediate Ru(ll) hydride complex RuH 

was likely to be the rate-determining step of the catalytic cycle. Subsequently, inspired by previous 

work,5,38 McLoughlin et al. reasoned that the introduction of a suitable hydrogen atom acceptor 

could again access an appreciable catalytic response at less oxidizing potentials (lower 

overpotentials) by circumventing the stepwise removal of a proton and electron during the 

oxidation of the key metal hydride intermediate.49 In order to implement this strategy, the authors 

developed a set of guidelines for the selection of an EPTM with the appropriate thermodynamic 

properties: (1) the BDFE of the relevant M-H intermediate must be similar to that of the EPTM- 

H bond, (2) the Em and pKa of the EPTM must be close to the thermodynamic potential for the 

AOR, (3) the EPTM must be oxidized at more negative potentials than the targeted M-H 

intermediate, and (4) the pKa of the EPTM-H should be in the range where the hydrogen evolution 

reaction (HER) is unfavorable. The system functioned as intended, lowering the overpotential for 

isopropanol oxidation by ca. 450 mV, in spite of the limited knowledge of relevant thermodynamic 

parameters in the THE operating solvent, which precluded definitive thermodynamic positioning



of several reaction steps. Additionally, high Faradaic efficiency of the desired product was 

maintained with minimal HER observed.

Figure 5. Co-electrocatalytic cycle proposed by McLoughlin et al. for isopropanol (iPrOH) 
oxidation by a Ru-centered transfer hydrogenation catalyst paired with a metal-based HAT 
acceptor Ru'"N. Following HAT between RuH and Ru'"N, the resulting Ru1 and Ru"NH products 
can be regenerated by the electrode to close the cycle.

2.2. Nitrogen Reduction Reaction (N2RR)
Leveraging extensive work on the reduction of N2 with chemical reducing agents by the Peters

group70,71 Chalkley et. al were able to develop a homogeneous co-catalytic system with a Co­

based EPTM for N2RR in 2018.50 Previously, in 2017 Chalkley et al. reported that P3BFe+, where 

PsB = tris(o-diisopropylphosphinophenyl)borane, was a competent catalyst for the reduction of N2 

to ammonia (NH3) with dihydrogen as a co-product when cobaltocene (Cp*2Co) was used as the 

chemical reductant in the presence of acid.72 In the subsequent 2018 report, it was established 

that the Cp*2Co EPTM could be electrochemically recycled during co-electrocatalytic N2RR with 

P3BFe+.50 The authors discovered that the rate of catalysis was dependent on the pKa of the acid 

used because the protonation of the EPTM to form Cp*(A74-CsMe5H)-Co+ was essential to the co- 

electrocatalytic cycle. This activated cationic Co-based EPTM was proposed to possess C-H 

bonds weak enough to position it as a proton-coupled electron transfer (PCET) reagent capable 

of generating N-H bonds during catalysis (Figure 6). A more recent study of this EPTM by the 

same group shows the generality of this approach to co-electrocatalytic systems by substituting 

the Fe-based catalyst for other transition metals that bind N2. This report establishes the excellent



generality of this approach, as all systems function co-electrocatalytically, however, competitive 

HER is observed in all cases.51

P3BFeNNH2 [P3BFeNNH2][OTf]

Figure 6. Calculated thermodynamics and kinetics of synchronous PCET and asynchronous 
PCET (PT-ET) between P3BFeNNH and [Cp*(exo-r|4-C5Me5H)Co][OTf] to generate P3BFeNNH2. 
Note: /Crei for ET is defined as 1 M™1 s“1. Reprinted with permission from J. Am. Chem. Soc. 2018, 
140, 6122-6129. Copyright 2018 American Chemical Society.

2.3. Hydrogenation of Unsaturated Substrates

The electrocatalytic hydrogenation of unsaturated organic molecules can proceed via a M-H 

intermediate, however, at reducing potentials these intermediates can also rapidly be reduced 

again to lead to competitive HER. However, a recent study by Derosa et al. exploits the use of 

the same class of Co-based EPTM described in Section 2.2 to circumvent this issue by forming 

a M-H intermediate at more positive potentials than those required for HER.52 To achieve this, 

Ni-centered catalyst, [P4MeNi"]2+, was paired [CpCoCpNMe2]+ as an EPTM (Figure 7). For this Ni- 

based catalyst, the two-electron reduction potential of Ni" to Ni° generates a species which can 

be protonated by an acid of sufficient strength to form a readily reduced Ni"-H. This means that 

at a comparable potential to the Ni"/Ni° reduction, the reduction of Ni"-H to Ni'-H can occur, which 

initiates HER in the presence of the external acid. However, at potentials which are more positive 

than those required for Ni"/Ni° and Ni"—H/Ni'—H reduction, the Co-based EPTM is protonated and 

reduced to generate its activated form, [CpCoCpNHMe2]+, which can transfer a hydrogen atom 

equivalent via a PCET step to [P4MeNi"]2+, forming [P4MeNi'"-H]2+. At the potentials required for the 

reduction of the Co-based RM, this Ni'"-H hydride species is rapidly reduced to a Ni"—H, but these 

potentials are not reducing enough to complete the Ni"—H/Ni'—H reduction. The result is that the 

intermediate compound Ni"-H is available and capable of hydride transfer to unsaturated 

substrates like methyl phenylpropiolate under conditions which limit competitive HER. Like the



examples for the N2RR discussed above, all of the systems tested showed some competitive HER 

even at the less reducing potentials, which is likely a consequence of the presence of multiple 

species with BDFEs weaker than H2, vide infra.
H
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Figure 7. Plausible mechanistic pathway accounting for the tandem reductive electrocatalysis 
discussed herein, consistent with the data described in the text. Reprinted with permission from
J. Am. Chem. Soc. 2022, 144, 20118-20125. Copyright 2022 American Chemical Society.

2.4. Hydrogen Oxidation Reaction (HOR)

The only example reported for the HOR involves the use of an Fe-centered catalyst, 

[Fe(PEtNPhPEt)-(CO)3]+, where PEtNPhPEt is (Et2PCH2)2NMe, and a Cr-based EPTM.53 The Cr- 

centered EPTM exists in an equilibrium between its dimeric form, [Cp*Cr(CO)3]2, and a 17- 

electron species, Cp*Cr(CO)3. The slowest reaction step in the co-electrocatalytic cycle is the 

homolytic activation of H2 by two equivalents of Cp*Cr(CO)3 to generate an intermediate 

chromium hydride in a purely thermal step. The resultant Cp*Cr(CO)3H complex can transfer a 

hydrogen atom equivalent to the monocationic [Fe(PEtNPhPEt)-(CO)3]+ to form an [Fe-H]+ which 

can quickly be deprotonated by added base to generate a formally Fe(0) species. The formally 

Fe(0) species is oxidized at the electrode to close the cycle, regenerating all components and 

dictating the required operating potential. Analysis of the reaction components revealed that the 

chosen base, 2-methylpyridine, was not basic enough to deprotonate the chromium hydride. 

Further, control testing showed that the oxidation of Cp*Cr(CO)3 and Cp*Cr(CO)3H occurred at 

potentials more positive than that of the [Fe(PEtNPhPEt)-(CO)3]+/0 redox event which initiated co­

electrocatalysis, meaning that no electrochemical activation of the Cr species occurs as a part of 

the reaction cycle. Although no BDFEs were reported for any of the hydride species proposed,



the observation of facile hydrogen atom transfer from Cr to Fe suggests that this reaction could 

be favored thermodynamically.

2.5. Oxygen Reduction Reaction (ORR)

Anson and Stahl published a study on Co(salophen) as the catalyst for the ORR with p- 

benzoquinone (BQ) as an EPTM (Figure 8).6 This study was a follow-up to an earlier study on 

the mechanism of Co(salophen)-catalyzed oxidation of p-hydroquinone (the reduced form of BQ) 

under aerobic conditions.73 In contrast to the intrinsic inactivity of some of the catalysts in the AOR 

system discussed above, the Co(salophen) metal complex catalyzes the ORR in the absence of 

the EPTM, producing hydrogen peroxide (H2O2; the 2e72H+ product). However, when p- 

hydroquinone is present, the system selectivity shifts from H2O2 to water (H2O; the 4e74H+ 

product) and an increase in rate is observed. Both changes are explained by the authors’ 

proposed mechanism: a Co(lll)-superoxide intermediate reacts initially with H2Q via HAT, which 

is followed by a PCET step that leads to the formation of water. This pathway for water formation 

avoids the production of H2O2, an undesirable product in polymer electrolyte membrane fuel 

cells,74 while also increasing the rate of the ORR. The authors also found that using an EPTM 

with a more positive reduction potential, 2-chlorohydroquinone (2-CIH2Q), increased the rates of 

catalysis relative to BQ used at the same more positive potential.

Co(salophen)

+2H+/2e-

-2H+/2e-

BQ

2-CIBQ

H2Q
+2H+/2e~ w H

-2H+/2e~

2-CIHgQ

c H0XX hat

"....

■°X1

PCET
H V

& <s>

Figure 8. The structures of the Co(salophen) catalyst (A) and p-hydroquinone (H2Q) and 2- 
chlorohydroquinone (2-CIH2Q) EPTMs (B) from Ref6. The relevant hydrogen atom transfer (HAT) 
and proton-coupled electron transfer (PCET) steps proposed in the reduction of the Co(lll) 
superoxide intermediate.

Inspired by the work of Anson and Stahl,6 our lab has also studied the use of benzoquinone 

(BQ) as an EPTM with a Mn-centered catalyst, Mn(tbudhbpy)CI where (tbudhbpy)(H)2 is 6,6'-di(3,5- 

di-te/Y-butyl-2-hydroxybenzene)-2,2'-bipyridine (Figure 9).54 In this example, a change in the



intrinsic selectivity of the catalyst for H2O275, 76 to favor H2O is observed when BQ and 2,2,2- 

trifluoroethanol (TFEOH) are present in solution. BQ is typically reduced by two electrons in a 

stepwise fashion under aprotic conditions in non-aqueous solvents, but in the presence of TFEOH 

the reduced species are stabilized by hydrogen bonding-interactions, shifting to a two-electron 

reduction as the reduction potential of the second electron shifts to more positive potentials than 

the first reduction (potential inversion). In the co-catalytic system with Co(salophen), Anson and 

Stahl used AcOH as the proton donor, which is strong enough to fully protonate the benzoquinone 

dianion under standard thermodynamic conditions; under our chosen reaction conditions, TFEOH 

should only monoprotonate the same dianion.77"86 However, at high proton donor concentrations, 

the solvent mixture becomes non-ideal, as a cluster of proton donors forms around the initially 

favored monoprotonated species, which was assessed by electrochemical means to have an 

approximate formulation of [HQ(TFEOH)4(TFEO)i]2-.78, 87, 88 In this non-covalent assembly, it is 

possible to form a hydrogen bond-stabilized H2Q species, [H2Q(TFEOH)3(TFEO)2]2- that functions 

as an EPTM to a Mn(III) superoxide intermediate, intercepting the intrinsic catalytic mechanism 

and shifting product selectivity from H2O2 to H2O. We found that although this electrogenerated 

non-covalent EPTM assembly is more reactive89 than p-hydroquinone generated under the 

conditions reported by Anson and Stahl with a much stronger acid,6 its co-catalytic function was 

the same, resulting in a shift in product selectivity from H2O2 to H2O and an increase in the 

observed activity. Under our reported co-electrocatalytic conditions54 we proposed that the 

consumption of the reduced EPTM results in the delivery of one proton and two electrons overall, 

accompanied by the release of additional proton donors to complete the reaction: the strong 

association of 2,2,2-trifluoroethanol in the cluster will weaken rapidly as the hydrogen bond- 

stabilized p-hydroquinone cluster is oxidized.
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Figure 9. Structure of Mn(tbudhbpy)CI catalyst developed in our lab where (tbudhbpy)(H)2 is 6,6'- 
di(3,5-di-te/t-butyl-2-hydroxybenzene)-2,2'-bipyridine and summary of results in Ref 54. 
Reproduced from Ref. 90 with permission from the Royal Society of Chemistry.

A co-electrocatalytic system for the ORR that does not contain a transition metal-centered 

catalyst or RM was published by Gerken and Stahl based on the combination of the nitroxyl 

mediator TEMPO and NO* species.55 Nitric oxide (NO) can react with half an equivalent of 

dioxygen to form nitrogen dioxide (N02) in a reaction that is both thermodynamically favorable 

and kinetically facile. TEMPO, when added to the system, is oxidized by N02 in the presence of 

trifluoroacetic acid to give an equivalent of H20, while generating TEMPO+ and nitrite (N02“) as 

co-products. Based on literature precedent, under the protic reaction conditions NOf is thought 

to be protonated twice to release water with the formation of N202, which can dissociate to 

regenerate NO and N02. TEMPO+ is then reduced at the electrode to close the co-electrocatalytic 

cycle. Interestingly, although it is possible for TEMPOH (which can also be oxidized by N02) to 

form in solution via the acid-assisted disproportionation of TEMPO, the primary implied redox 

cycling is TEMPO+/0, meaning that TEMPO is proposed to function primarily as a RM and not as 

an EPTM. As has been the case with several examples discussed above, neither component is 

a competent ORR catalyst individually, but the combination of the two components takes 

advantage of facile and thermodynamically favorable reactivity to mediate the reaction at much 

more positive potentials than is possible with homogeneous transition metal-based catalysts. The 

authors went on to demonstrate the generality of this approach by achieving co-electrocatalysis 

with 4-acetamidoTEMPO (ACT), 3-carbamoyl-2,2,5,5-tetramethyl-1-pyrrolidinyl-N-oxyl (3-



CARP), and 9-azabicyclo[3.3.1]nonane-N-oxyl (ABNO). Although all systems showed good 

stability and activity for ORR, under the electrochemical conditions tested the system was limited 

by the loss of NOx species to the gaseous headspace of the cell.

2.6. Carbon Dioxide Reduction Reaction (CO2RR)

Inspired by biological systems, which accumulate and distribute protons and electrons to 

metallocofactors during catalysis, Smith et al. reported the first example of an EPTM for 

homogeneous co-electrocatalysis for the CO2RR in 2019 using the well-studied iron 

tetraphenylporphyrin ([Fe(TPP)]+) catalyst with a series of nicotinamide adenine dinucleotide 

(NADH) analogues as the EPTM. (Figure 10).56 Consistent with a co-electrocatalytic response, 

the addition of the EPTM leads to a greater catalytic rate for the optimized co-catalytic system 

than the intrinsic activity of [Fe(TPP)]+ (13-fold increase) under the same conditions. This system 

does not see a change in selectivity when the EPTM is added; the exclusive CO2 reduction 

product remains carbon monoxide (CO). The series of EPTMs that were tested by the authors 

allowed them to identify two trends for EPTM selection: (1) the EPTM must be capable of 

mediating the transfer of both protons and electrons and (2) the closer the reduction potential of 

the EPTM and catalyst are to one another, the more of an activity enhancement during co­

electrocatalysis.

H
NADH Analogue Redox Cycle

[Fe(TPP)]

Figure 10. The structures of the iron tetraphenylporphyrin ([Fe(TPP)f) catalyst and RM with the 
highest activity for the CO2RR in Ref56.

Further, this study by Smith et al. showed through testing with control compounds that 

while both electron transfer and proton transfer were implicated, when combined in the same 

EPTM the enhancement effect was greater than the sum, suggesting a more complex 

mechanism. This point is important, since it had been established previously91,92 that the inclusion 

of hydrogen bond donors in solution has a positive effect on CO2RR. Mechanistic experiments 

suggested that the pyridine-based EPTMs were reduced by an ECEC mechanism (where £ and 

C are electron transfer and chemical reaction steps, respectively), with potential inversion for the 

second reduction event favored at high concentrations of proton donor: at high proton donor



concentrations the species formed after the initial reduction and protonation is more easily 

reduced than the starting pyridine species. Although this potential inversion by definition 

establishes the thermodynamic conditions required for a disproportionation reaction to be viable 

(EPTM(l)+EPTM(l)^EPTM(ll)+EPTM(0)),93 additional control compounds suggested that radical 

mechanisms were unlikely to assist in catalysis. This is an important point because radical 

nicotamides have much lower BDFE values than the fully reduced compounds94 and could 

potentially react as HAT reagents. Thus, the results of Smith et a/, imply the possibility of a two- 

electron redox event, accompanied by one or two protons in a concerted way.

More recently, Mougel et al. reported a system for the reduction of CO2 to formic acid 

(HCOOH) using Mn(bpy)(CO)3Br95,96 and an FeS cluster as an EPTM.60 Interestingly, this system 

also employs a HAT step in the reaction mechanism to avoid inefficient stepwise electron and 

proton transfer steps, but in this case the authors sought the formation of a M-H species. 

Therefore, the BDFE of the EPTM-H and M-H species, as well as the pKa of the acid used, were 

important thermodynamic values to consider. Similar to other studies discussed here, the authors 

were able to alter reaction selectivity and the rate of product formation when using the EPTM in 

comparison to the intrinsic catalytic properties of the Mn-based complex. In this case, the Mn- 

centered catalyst is selective for CO under electrochemical conditions,96 but in the presence of 

the FeS cluster EPTM, the selectivity shifts to HCOOH. This is due to the EPTM promoting the 

formation of Mn'(bpy)-H at more positive potentials than [Mn°(bpy"”)r forms, the latter species 

being the initial step of the electrocatalytic reduction of CO2 to the alternative CO product (Figure 
11).4

+H+
pKa(M-H)

Figure 11. The two most common 2e /2H+ pathways for the CO2RR which determine selectivity 
between carbon monoxide (CO) and formic acid (HCOOH) and competitive HER pathway.



Motivated by the elegant examples discussed above, we have been investigating small 

molecules with reduction potentials near the catalytic potential of a Cr catalyst developed in our 

group.97,98 Our initial studies focused on RMs with more negative reduction potentials than the Cr 

catalyst under the basic premise that to drive electron transfer during CO2RR, downhill reactions 

would offer the most benefit. During our screening process we observed that the greatest current 

enhancement of Cr(tbudhbpy)(H20)CI (Figure 12A) arose with sulfone-based RMs (Figure 12B 

and 12C). It should be emphasized that the role of the sulfone is to shuttle electron equivalents 

only and does not involve an associated proton transfer, functioning as an RM instead of an 

EPTM. We initially identified the ability of the Cr-catalyst to catalyze the reduction of CO2 with 

dibenzothiophene 5,5-dioxide (DBTD) as a RM.57,58 The combination of Cr(tbudhbpy)(H20)CI and 

DBTD catalyzes the reductive disproportionation of CO2 to CO and carbonate (CO32”) under 

aprotic conditions. Since the ability to catalyze the reduction of CO2 under aprotic conditions is 

not inherent to either the catalyst or RM, we concluded that the electron transfer was occurring 

via an inner-sphere pathway where the reduced RM binds to Cr during the catalytic cycle in order 

for the electron transfer from the RM to catalyst to occur. DFT calculations indicated that Cr- 

sulfone bond formation, dispersion effects, and through-space conjugation (TSEC)99 between the 

bpy-backbone of the ligand and DBTD stabilized the key intermediate prior to the rate-determining 

step. In TSEC, a single electron is shared between two n systems of appropriate symmetry and 

orientation (Figure 13).99 Although an increase in activity also occurred under protic conditions 

when Cr(tbudhbpy)(H20)CI and DBTD were combined, we were unable to exclude the possibility 

that the reduced DBTD RM acted as an outer-sphere electron transfer reagent, since it was 

reduced at potentials negative of where the Cr-based complex displayed intrinsic CO2RR activity.

Cr(,budhbpy)(H20)CI, R = H 
Cr(tbudhtbubpy)(H20)CI, R = tbu

B C Rv°

DBTD, R = H
Mes2DBTD, R = Mes TPTD 

Ph2DBTD, R = Ph



Figure 12. The structures of both Cr-based catalysts and RMs from Refs. 57 and 59.

This is in contrast to the work by Smith et al. where the greatest increase in co-catalytic activity 

is observed when the EPTM is reduced at a potential slightly positive of the catalyst. We attribute 

this difference in potential requirements to the large difference in the upper-limit turnover 

frequency (TOFmax) values of [Fe(TPP)]+ in comparison to our Cr(N2O2) catalyst. Given the 

significant intrinsic activity of [Fe(TPP)]+, the mediator must be in an activated form prior to 

potentials where the unimolecular catalytic cycle occurs, such that the co-elecytrocatalytic cycle 

is competitive with the intrinsic one. The comparatively lower intrinsic activity of our Cr(N2O2) 

catalyst allows the co-electrocatalytic pathway to be competitive, even though it is accessed at 

more negative potentials than those required to produce a catalytically competent Cr species.

In the initial co-electrocatalytic studies, we proposed that the protic mechanism relied on 

pancake bonding (PB), where n systems share two electrons that are antiferromagnetically paired 

(Figure 13). Since it is known that PB can be improved by synthetically increasing the 

delocalization of the participating radical as well as increasing steric protection,100-103 we examined 

protic reaction conditions with a new Cr-based complex and three additional sulfone-containing 

RMs which varied in their steric properties and electronic structure (Figure 12).59 Our results 

demonstrated that an inner-sphere electron transfer mechanism stabilized by PB between the 

bpy backbone of the ligand and the RMs could become the dominant pathway under protic 

conditions, if the interaction between the two components was favorable enough.59 It is worth 

emphasizing that since all of the RMs in this study are reduced at more negative potentials than 

the catalyst, co-electrocatalytic reduction of CO2 is initiated at the £1/2 of the RM. When comparing 

the activity of the systems across the series, we found that the RMs with more positive reduction 

potentials, closer to the reduction potential of the catalyst, had the highest co-electrocatalytic 

rates. Computational studies showed that the barrier for the rate-determining transition state, 

cleavage of the C-OH bond in a [RM-C-CO2H]2- adduct, was uniformly lower for all RM 

derivatives than the intrinsic catalytic cycle of the Cr complexes. However, it was determined that 

the favorability of adduct formation increased as the standard reduction potential of the RM 

became more positive, meaning that catalytic rates scaled inversely with the catalytic potential. 

This sulfone-based RM system is the only example presented in this Perspective that is proposed 

to rely on an inner-sphere electron transfer mechanism sensu stricto, where a RM binds to the 

metal center and an electron is directly transferred between the two to initiate the subsequent co- 

catalytic pathway to be accessible.



Through-Space Electronic Conjugation (TSEC)
SOMO

LUMO

stacked ;r systems 
enable charge 
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Pancake Bonding (PB)
SOMO SOMO

highly delocalized 
^-electron radicals with 

short distances and 
vertical atom overlap

Figure 13. Possible stabilizing forces for key intermediates in the proposed inner-sphere co- 
catalytic mechanisms described in Refs.57 and 59. Adapted from Ref. 59 with permission from the 
Royal Society of Chemistry.

3. Critical Analysis of Homogeneous Redox Mediator Development

Based on these examples, we can highlight key observations and preliminary conclusions 

about desirable properties for RMs in molecular co-catalytic systems. Much like the use of 

thermodynamic positioning in natural systems to establish energy gradients, electron transfer 

events (with or without a proton) in artificial systems rely on reactions which are at least isoergic, 

but preferably exergonic in the forward direction. It should be emphasized that while the primary 

function of a catalyst is not to create favorable thermodynamics for catalytic reactions, but rather 

to render them kinetically accessible, the thermodynamic positioning of all elementary reaction 

steps can impact speciation relevant to the catalytic process and consequently the observed 

activity.104 Therefore, the key challenge to developing a co-catalytic system is to critically assess 

how the slowest and least efficient steps of the system can be supplanted with alternative routes.

The distinct advantage of the co-catalytic approach is the ability to independently select the 

properties of the secondary component without synthetically modifying the catalyst of interest. In 

single-component electrocatalysts, modification of the ligand framework to include electron- 

donating or electron-withdrawing functional groups will impact the standard reduction potential of



the catalytic center. To a first approximation, the standard potential of a catalytic center can be 

linked to the observed activity in a basic linear free energy relationship, since the thermodynamic 

positioning of intermediates and kinetic barriers of interest can depend on the same intrinsic 

properties that dictate reduction potential.105 The caveat to this generalization is that this type of 

‘scaling relationship’ can only rigorously occur within a catalyst ‘family’ where the mechanism 

remains consistent. Several synthetic strategies for circumventing this link between standard 

reduction potential and activity have been developed,91, 106-108 the majority of which rely on 

manipulating secondary-sphere effects based on positioning charge and hydrogen-bond donors. 

A strategy for improving the activity and selectivity of a catalytic system that does not require 

systematic synthetic modifications of the ligand framework is relatively attractive in terms of time 

and cost.

As a predictive tool, the Bordwell equation has been used to determine X-H bond strengths 

via a thermodynamic scheme that uses acid strength and standard reduction potential,109 most 

commonly in combination with a solvent-dependent correction for the one-electron reduction 

potential of H+.110 Initially, Bordwell et al. used the data from the solution-phase thermochemical 

cycle to estimate bond dissociation enthalpies (BDEs),110 however, since this initial 

implementation it is more common to determine bond dissociation free energies (BDFEs) from 

these data. BDEs correspond to the enthalpy associated with homolytic bond cleavage in the gas 

phase, whereas BDFEs incorporate the effects of solvation relevant to homogeneous reactions, 

including enthalpic and entropic components. Where possible, we have tried to use BDFE values 

to describe our analysis of the reaction chemistry, although it is important to note that these are 

not always available. We also note that the Mayer group has recently proposed to re-calibrate 

these values by referencing PCET potentials against the standard potential of the 2H+/H couple 

in the solvent of interest.94, 111 For PCET redox couples with an equivalent number of proton and 

electron transfers, they argue that the use of the potential for H2 gas formation as the reference 

state can produce a value which is largely independent from solvent and solution conditions and 

can even be conceptually described as the free energy of hydrogenation, which has significant 

utility in the context of thermochemical cycles. Lastly, for multisite-PCET reactions where the 

electrons and protons are not spatially co-located at some point in the reaction coordinate, the 

Bordwell equation can also be used to determine an ‘effective’ BDFE value.112

3.1. Requirements for Relative EPTM X-H Bond Strength in Co-Electrocatalysis

Independent of the preferred thermodynamic reference state, the known examples of co­

electrocatalysis generally leverage the generation of relatively weak sacrificial X-H bonds for 

reductive processes (such that the desired product bond is stronger) and comparatively strong



ones relative to the substrate bond of interest for oxidative processes. In the pioneering example 

by Badalyan and Stahl,5 TEMPOVTEMPOH cycling (BDFE 66 kcal/mol in MeCN94) during the 

oxidative conversion of alcohols to aldehydes only becomes feasible upon the inclusion of a Cu 

complex as co-catalyst. As described above, mechanistic studies showed that deprotonation of 

the Cu(II)-coordinated alcohol is rate-limiting under optimized catalytic conditions, prior to a net 

hydride transfer (H+/2e-) from the resultant Cu(II) alkoxide. As a representative example, we shall 

consider the MeOH oxidation activity reported for this co-electrocatalytic system. The BDFE of 

the O-H moiety in MeOH has been estimated to be 96.4 kcal/mol94 and the expected weakening 

induced by coordination113 does not appear to be sufficient to generate net hydrogen atom 

donation to [TEMPOS By comparison, the known C-H BDEs of MeOH114 are weaker (96.1 ± 0.2 

kcal/mol) than the O-H BDE (104.6 ± 0.7 kcal/mol). However, for the reaction to proceed an 

intermediate Cu(II) methoxide species should experience the net loss of H+/2e- to generate 

formaldehyde under these conditions. Based on the applied potential, Badalyan and Stahl 

excluded a two-electron, one-proton TEMPO+/TEMPOH-based reaction cycle, which is 

catalytically competent at more oxidizing potentials.

Prior computational studies on the aerobic system by Ryland et al. suggested that the 

mechanism proceeded via a six-membered transition state involving an O-coordinated TEMPO^ 

leading to a Cu(I)-coordinated [R2N(H)O] intermediate (Figure 14). This [R2N(H)O] species is a 

valence tautomer of TEMPOH which rearranges to the latter as part of a thermodynamically 

favorable net dissociation reaction.115 Since the formation of Cu1 and TEMPOH is proposed to be 

thermodynamically favorable, the C-H substrate bond must be weakened through coordination, 

given the significant thermodynamic differences described above. We speculate here that the 

viability of this co-catalytic system at the Cu(II)/Cu(I) redox potential could then imply the 

existence of a redox equilibrium being established between formally [Cu(II)(OMe-)]+ and 

[Cu(I)(OMe^)]+ configurations. Equilibrium electron transfer involving the Cu center would weaken 

the C-H bonds of the methoxide, rendering the net transfer of a proton and an electron to the co­

catalyst TEMPO^ more thermodynamically viable. Thus, the favorable driving force of each step 

would be consistent with the authors’ proposal of net hydride abstraction from the intermediate 

Cu(II) methoxide being distributed as an electron to the Cu(II) center and a proton and electron 

to [TEMPO^.5 This mechanistic interpretation is based on the thermodynamic inaccessibility of 

[TEMPO]- and [TEMPOH]+ under reaction conditions as established by the authors, in conjunction 

with the low bond BDE of 21.1 kcal/mol estimated for [H-CH2OV16 This analysis also reconciles 

with the observation that thermodynamic driving force is almost always a primary determinant in 

HAT reactivity.117 An alternative way to consider an inner-sphere redox continuum in this context



is as a spin polarization effect on the alkoxide when coordinated to the d9 Cu(ll) center that makes 

net HAT from [Cu(ll)(OMe™)]+ to coordinated TEMPO" feasible when coupled with Cu(ll) 

reduction.117,118

It'
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(bpy)Cu'x „

O
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Figure 14. Mechanism for aerobic alcohol oxidation by the Cu(bpy)/TEMPO system proposed 
from hybrid functional DPT methods by Ryland et al. in Ref. 115 NMI = /V-methylimidazole; S = 
acetonitrile; Ri = H, alkyl, aryl; R2 =alkyl, aryl.

Aerobic oxidation reactions like the Cu/TEMPO system can be an entry point to co-catalytic 

systems since they generally involve electron and proton transfer to a substrate via a mediator, 

which is recycled by 02 during the reaction. The Co(salophen)/p-hydroquinone demonstrated by 

Anson and Stahl is an alternative version of this, where a co-electrocatalytic system for the ORR 

can be achieved when an electrode serves as the source of electrons instead of oxidizable 

substrates.6 Although HAT involving the EPTM was shown to play a role in the mechanism of 

ORR (Figure 8), the role of O-H BDFE in the reaction was not directly examined. While 2-chloro- 

p-benzoquinone was tested for comparison with p-hydroquinone as an EPTM, the 

computationally estimated BDFE of its O-H bond in DMSO of 84.7 kcal/mol is comparable to that 

of 83.4 kcal/mol predicted for p-hydroquinone at the same level of theory.119 Although the use of 

2-chloro-p-benzoquinone results in greater rates of catalysis at more positive potentials than p- 

benzoquinone, as the authors point out this is likely due to the ability to generate greater amounts 

of 2-chloro-p-hydroquinone relative to p-hydroquinone at the chosen operating potential.6 Thus, 

it is the relative concentration of the activated mediator which results in an increased catalytic 

response, instead of a difference in BDFE. However, the known role of HAT in the co- 

electrocatalytic activity implies that generating hydroquinones with lower O-H BDFEs could be a 

route to increased activity in future studies.



3.2. Directing Selectivity for ETPMs with Weak X-H Bonds

There is an important limiting factor to targeting a specific reaction driving force for HAT or 

concerted proton-electron transfers, depending on desired product selectivity. The formation of 

weak X-H bonds in an EPTM, while desirable for activating relatively inert substrates, can lead 

to the competitive evolution of H2 through homolytic pathways. This parasitic pathway is evident 

in the work of Chalkley et al., who identified that C-H bonds with a calculated BDFE of 31 kcal/mol 

form when CoCp*2 is combined with ammonium-based acids.50 Generating an activated EPTM 

which contains an X-H bond with low BDFE is essential to achieving N2RR to NH3 mediated by 

Fe tris(phosphino)borane complexes: the gas phase reduction of N with three equivalents of H2, 

requires an average BDFE of 49.9 kcal/mol.94 Although the BDFE value for H2 is not known in the 

diethyl ether solvent used by Chalkley et al. during co-electrocatalysis, its value in the related 

ethereal solvent THF is 52.0 kcal/mol.111 Therefore, in all cases during electrocatalytic N2RR the 

thermodynamically preferred formation of H2 occurred, in some instances with competitive 

Faradaic efficiency to the desired NH3 product.50 Given the existing knowledge of the reaction 

landscape for the multistep transformation of N to NH3, potential opportunities exist for kinetic 

interception strategies that could outcompete competitive H2 formation in the future.50, 51,70, 72

Galvin and Waymouth48 and McLoughlin et al.49 have demonstrated the validity of this 

approach in the development of two transition metal-catalyzed catalyst systems for the AOR. For 

the example reported by McLoughlin et al., knowledge of the intrinsic mechanism of the 

mononuclear catalytic cycle mediated by the Ru complex was valuable, as metal hydride BDFEs 

generally fall in a relatively narrow range, which enabled more targeted selection of an EPTM.120, 

121 Thus, an additional Ru-based complex capable of HAT at a ligand-based radical reported by 

Wu et al.122 could be identified with suitable properties for enabling co-electrocatalysis. In order 

to avoid the energetic penalty of oxidizing the Ru-based catalyst twice, the EPTM needed to be 

oxidized at more negative potentials than the Ru(II) hydride intermediate, possess a pKa that was 

too weak to protonate the intermediate Ru(II) hydride to generate dihydrogen, and have a BDFE 

similar enough to the hydride to thermodynamically favor HAT from the Ru(II) hydride. Selecting 

a suitable EPTM was possible because some these values vary relatively little across solvents 

(e.g., metal hydride BDFE120, 121) and other thermodynamic parameters can scale reasonably well 

across solvents (e.g., pKa123). It is worth noting that this approach can also result in mechanistic 

changes124 and the best approach for success is undoubtedly one where experimentally 

measured values under relevant conditions have been established a priori. The design rules 

described by McLoughlin et al. are nonetheless quite effective for narrowing the EPTM screening 

process. Importantly, this strategy is generalizable to reductive processes as well: Derosa et al.



utilized a similar strategy based on the knowledge of M-H BDFEs to identify a RM that would 

generate M-H species en route to the reduction of CO2 to formic acid.52

3.3. Redox Potential Requirements for Co-Electrocatalvsis

In contrast to these studies is the work of Smith et al.,5e where the fundamental reaction step 

differs from a conventional HAT or a concerted proton and electron transfer step. The role of 

pyridine derivatives to act as catalysts for CO2 reduction inspires debate,46 however, Smith et at. 

focused on the generation of dihydropyridines which did not have sufficient hydricity to react with 

CO2 on their own.125,126 Therefore, as a design principle, the mediator was to transfer protons and 

electrons to the intermediates generated when CO2 binds to [Fe(TPP)]2" in the presence of proton 

donors. In the proposed mechanism for the CO2RR mediated by [Fe(TPP)]+, catalysis is initiated 

upon the generation of an 'Fe(O)' species at the electrode, [Fe(TPP)]2" (Figure 15).127 Upon CO2 

binding, the resultant [Fe(TPP)(*CC>2)]2“ adduct is stabilized by an equilibrium hydrogen bonding 

interaction with the proton donor in solution Kah.-i, nota bene at low concentrations of added acid 

the catalytic current becomes second-order with respect to [acid]. This stabilization impacts Kco2, 

particularly in ligand frameworks with positioned charged moieties or proton and hydrogen bond 

donors, which can have profound effects on the observed electrocatalytic response.91, 106,128 

Subsequently, a second proton donor association triggers electron transfer from the Fe center, 

with concomitant bond cleavage to generate the H2O co-product and a formally Fe(ll) carbonyl 

species. The release of CO then occurs via a comproportionation reaction with [Fe(TPP)]2”, 

completing the cycle.

[Fe(TPP)]- + CO

[Fe(TPP)]

[Fe(TPP)(CO)]'

[Fe(TPP)]

Figure 15. Previously proposed mechanism for CO2RR by [Fe(TPP)]+.129



Since an increase in catalytic current is observed when the reducible pyridine derivatives are 

added to the reaction, we can speculate that it is the rate-determining C-OH bond cleavage event 

that is being impacted. One possibility is that the favorable association of the EPTM to 

[Fe(TPP)(*CO2)]2- through hydrogen-bonding interactions supplants Kahj and the non-covalent 

interaction of the activated EPTM (a theoretical two-proton and two-electron donor) with metal- 

bound substrate can shunt the catalytic cycle directly back to [Fe(TPP)]2- with CO and H2O loss. 

Since these conditions include PhOH, which serves as a competent proton donor for the catalytic 

cycle depicted in Figure 15, there are likely to be contributions from the overlapping catalytic and 

co-catalytic mechanisms in the observed current. Modulation of EPTM equilibrium association to 

[Fe(TPP)(*CO2)]2- relative to Kahj would then be expected to shift the observed catalytic rate 

through control of the relative concentrations of the two possible active species in solution. This 

proposal is supported by the observation that the reduction potential of the EPTM needs to be 

slightly positive of that for the catalyst for the greatest enhancement to occur. Generating the 

reduced RM at potentials positive of the catalytic wave is advantageous for generating sufficient 

concentrations of the activated EPTM to compensate for the presumably sluggish kinetics of the 

2H+/2e- transfer during the co-catalytic cycle. This proposal suggests that the inclusion of stronger 

hydrogen bond donors on the EPTM should cause greater rate enhancements.

Our mechanistic analysis of the Cr(N2O2)/DBTD system initially suggested that the distinction 

between inner- or outer-sphere electron transfer by the RM in the catalytic cycle could not be 

clearly defined, since the RM reduction potentials were more negative than the intrinsic catalytic 

response.57,58 However, the balance between the intrinsic and co-catalytic cycles was found to 

be connected to the favorability of the equilibrium association of the RM to the catalyst (Figure 

16).59 Interestingly, RMs with more positive reduction potentials resulted in greater co- 

electrocatalytic activity, a form of inverse potential scaling. This observation suggests that a 

component of forming strong PB is the energetic matching of the participating aromatic 

components, in addition to the components possessing steric profiles which favor strong orbital 

overlap and significant dispersion effects. The Cr(N2O2)/DBTD co-electrocatalytic system differs 

from the others in that electron transfer unaccompanied by a proton is proposed to occur between 

the RM and metal center. However, it allows a dianionic species to be generated at potentials 

approximately 0.5 V more positive than is possible in the intrinsic Cr-based catalytic cycle, which, 

like the other approaches discussed above, results in the generation of a more reactive catalyst 

species at less negative potentials because of the cooperative interaction of two redox-active 

components. This suggests that further activity increases will be possible by achieving



overlapping reduction potentials for the catalyst and RM, as well as by introducing greater 

aromatic character to each.
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Figure 16. Proposed catalytic mechanism for co-electrocatalytic CO2 reduction by Cr and RM 
under protic conditions. Adapted from Ref.59 with permission from the Royal Society of Chemistry.

4. Conclusions and Outlook

Overall, the relatively limited examples described above suggest that the identification of 

simple thermodynamic values from catalytic cycles is of continuing importance to guide 

exploratory screening of possible mediators. The logical manifestation of this idea is found in the 

work of McLoughlin et a/., who have selected a series of parameters for the identification of 

possible RMs for the AOR. Particularly compelling is their use of a transition metal complex as an 

EPTM, which they emphasize is attractive relative to organic molecules “...because the 

thermochemical properties (BDFE, pKa, £1/2) of these complexes can be readily modified by 

changing the nature of the ligand(s) and/or redox-active transition metal.”49 The importance of 

understanding the reaction landscape and the most prominent features is essential for this 

approach, as it is no coincidence that many of the co-electrocatalytic strategies discussed above 

access lower energy pathways by avoiding metal-based two-electron events to favor two 

distributed one-electron events. For kinetic and thermodynamic reasons, the movement of



electrons with protons can also offer significant advantages, as can shifting the redox reactions 

from outer- to inner-sphere (Figure 17).
products
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Figure 17. Overview of the ways in which RMs can interact with the catalytic species and 
parameters dictating this role.

The adaptation of aerobic reactions that use small molecule mediators to use electrodes to 

supply the necessary electrons or oxidizing equivalents has proven to be a powerful strategy for 

identifying new co-electrocatalytic electrochemical reactions.5, 6’ 38 However, there exists a 

multitude of molecular transformations that rely on the stoichiometric inclusion of reductants and 

oxidants that would benefit from electrification. Indeed, ferrocene derivatives have begun 

attracting attention as mediators in electrocatalytic oxidative transformations where the 

regeneration and stabilization of the catalytically active species is required62,130 or where catalyst- 

bound substrates can be activated.131 As mentioned in the introduction, the ability of ferrocenes 

to function as catalytic electron-transfer mediators is also well established,30"32 but these are not 

co-catalytic systems, and the mechanisms do not require inner-sphere electron transfer events.132 

We emphasize again that the limitation of the 50 mV separation identified in biological systems 

does not necessarily exist in abiotic ones.57'59 In biological systems with a variety of overlapping 

reaction pathways, selectivity is enforced by establishing energy gradients with gradual steps. 

However, synthetic reaction conditions can be specifically tailored such that reactions with larger 

driving forces can selectively occur, assuming this has a benefit on kinetic parameters117 and 

does not introduce large energy penalties. However, there are still additional challenges that must 

be addressed when designing co-electrocatalytic systems. As is the case with many complex 

chemical systems, there is the possibility of a competitive reaction pathway when introducing a 

RM such as direct reaction of the RM with substrate or interaction of the RM with catalytic 

intermediates outside of the step of interest which can lead to side products or deactivation of the 

active catalyst.



Lastly, we can consider what the field needs to accomplish moving forward in this area. An 

objection to these systems could be articulated thusly: why develop multicomponent co-catalytic 

systems instead of single component ones with ligand frameworks that directly incorporate RM 

elements? In redox-active catalyst systems, the coupling of redox-active moieties to active sites 

can indeed impact activity in a beneficial way,133-136 however the intrinsic redox response of any 

molecule reflects electronic interactions between the two components prior to reduction. Ignoring 

the potential synthetic challenges, spatially co-locating multiple redox-active moieties can be an 

intrinsic limitation to improving catalysis, given that the function of both the redox-active fragment 

and catalyst will change! Therefore, we believe there is continued value in understanding intrinsic 

catalytic cycles and using principles of molecular design to select secondary components, which 

impact catalyst speciation and the shunting of mechanistic pathways as described above. Given 

the density of information available about aerobic catalytic processes and those which use 

stoichiometric reductants or oxidants, we advocate for further studies on RM-based electrification 

of synthetic transformations. Likewise, with many well-established electrocatalysts for small 

molecule activation, it is surprising that so few co-catalytic examples exist, given the obvious 

precedents discussed in the introduction. Here, too, mechanistic information can allow for 

analogous advances, as we begin to better understand how electrons and protons shift during a 

reaction such that we can better direct their selective transfer.
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