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Abstract 

As the atmospheric concentration of carbon dioxide (CO2) continues to rise, new strategies for 

the conversion of waste CO2 to value-added products are of the upmost importance. While the 

electrocatalytic reduction of CO2 has been studied for several decades, improvements are still needed 

for implementation on an industrial scale. First-row transition metal catalysts are of interest due to their 

lower cost and high abundance on Earth compared to metals such as platinum. Until the last several 

years, no catalysts with a chromium (Cr) metal center capable of the CO2 reduction reaction (CO2RR) 

with quantifiable efficiencies had been reported. The first Cr-centered catalyst for the CO2RR 

contained a redox-active 2,2′-bipyridine-based N2O2 ligand framework. To understand the structure-

function relationship of the ligand framework on catalysis, four additional Cr-centered catalysts are 

discussed with modified bpy-based N2O2 or terpyridine-based N3O ligand frameworks. All of the 

catalysts are quantitatively selective for the reduction of CO2 to carbon monoxide (CO) and the most 

active of the series has a turnover frequency (TOF) of 9.29 s–1.  

The development of co-electrocatalytic systems utilizing redox mediators (RMs) is of growing 

interest as a general strategy for the improvement of electrocatalytic small molecule conversion. RMs 

assist in the transfer of electron equivalents from the electrode to the catalytic active site providing a 

kinetic improvement to the overall reaction. A series of dibenzothiophene-5,5-dioxide (DBTD)-based 

RMs are investigated with the Cr-based complexes to provide a foundational understanding of the co-

catalytic activity and mechanism. All co-catalytic systems maintain selectivity for CO and enhance the 

TOF of the parent catalyst by up to 142-fold. The RMs are proposed to operate via an inner-sphere 

electron transfer mechanism where the RM formally binds to the Cr center during co-catalysis. This 

key intermediate is stabilized by a pancake bonding (PB) interaction between the redox-active ligand 

backbone and the RM, which is also aided through dispersion interactions and a dative covalent 

interaction between the sulfone and Cr center. Through the analysis of electroanalytical experimental 

data and computational studies, the kinetic and thermodynamic properties which enhance or weaken 

the PB interaction are evaluated through iterative synthetic modification. 
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solvent molecule. 

Figure 4.4. (A) Comparison CVs of Cr(tbudhphen)Cl(H2O) 2 under Ar and CO2 saturation 
conditions with and without 0.6 M PhOH. (B) Comparison CVs of Cr(tbudhbpy)Cl(H2O) 1 and 
Cr(tbudhphen)Cl(H2O) 2 under CO2 saturation with 0.6 M PhOH. 

Figure 4.5. The structures of DBTD and Ph2DBTD (A). CVs of 1.0 mM Cr(tbudhbpy)Cl(H2O) 1 (B) 
or Cr(tbudhphen)Cl(H2O) 2 (C) in the absence (black) and presence of 2.5 mM DBTD (red) or 
Ph2DBTD (blue) as the RM and 0.5 M PhOH under CO2 saturation conditions. 

Figure 4.6. Molecular geometry of 4
0

𝐂𝐫
−1
⬚

 with H atoms omitted for clarity (A) Kohn-Sham orbital 

projection of SOMO (B), SOMO−1 (C), and SOMO–2 (D). 

Figure 4.7. Proposed catalytic mechanism for electrocatalytic CO2 reduction by Cr and co-
electrocatalytic reduction of CO2 by Cr and RM where Cr 1 or 2 and RM is DBTD or Ph2DBTD. 

Figure 4.8. Molecular geometry of 4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐏𝐡𝟐𝐃𝐁𝐓𝐃)
−2
⬚

 where Cr is the phen based 

complex 2 (A and B) or the tert-butyl substituted bpy complex 3 (C and D) with select H atoms 
removed for clarity. 

Figure 5.1. Structures of Cr catalysts and RMs discussed here. 

Figure 5.2. Molecular structure of BNTD obtained from single-crystal X-ray diffraction studies. 

Figure 5.3. (A) CVs of Cr(tbudhtbubpy)Cl(H2O) 3 and 2.5 mM BNTD alone and together under CO2 
saturation conditions with 0.5 M PhOH demonstrating the shift in catalytic potential. 

Figure 6.1. Potential new N2O2 ligand frameworks and DBTD-based RMs. 
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Figure 6.2. Proposed sulfone-based EPTMs. 

Figure 6.3. Overview of the ways in which RMs can interact with the catalytic species and 
parameters dictating this role. 
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1.1 Rising Energy Demands and Atmospheric Carbon Dioxide Concentrations 

 As the global energy demand continues to increase due to rising populations and the 

continued modernization of the developing world, the atmospheric concentration of carbon dioxide 

(CO2) is also expected to rise. In 2019, the atmospheric concentration of CO2 was the highest it 

had been in the last two million years and these concentrations continue to increase with the 

burning of fossil fuels.1 In the last decade, the rate of increase in CO2 concentrations has slowed 

due in part to the development and implementation of renewable energy technologies such as 

wind, solar, and hydroelectric power.1, 2 While these strategies have certainly made a difference, 

they suffer from inherent issues related to harnessing the energy they generate: the time and 

locations where these technologies can generate the most power generally do not align with when 

and where the largest demand exists.3 In order to adequately address these challenges and 

mitigate the effects of increased greenhouse gas emissions, new energy technologies are 

necessary.4 

1.2 Electrocatalytic Small Molecule Conversion 

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),5 nitrogen reduction reaction 

(N2RR),6 oxygen reduction reaction (ORR),7 and carbon dioxide reduction reaction (CO2RR)8 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. Using inspiration from 

a variety of electrocatalytic systems, the work presented in this thesis focuses on the development 

of new electrocatalytic systems for the conversion of CO2. 
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1.3 The CO2 Reduction Reaction (CO2RR) 

 The electrochemical reduction of CO2 can be used to address the issues discussed above 

in two possible methods (Figure 1.1). The first converts CO2 into a carbon-containing product that 

can be used directly as a fuel that could be stored or used immediately. When the use of these 

fuels is paired with carbon capture technology,9 a closed-carbon loop is created. This strategy 

results in no net change in the atmospheric CO2 concentration and would alleviate reliance on 

current petrochemical resources. Another strategy relies on the conversion of CO2 into commodity 

chemicals to be used in chemical industry. In this situation, the capture of CO2 in the flue gas 

released during production could be converted into a starting material for the same process which 

has the potential to both limit the environmental impact of releasing CO2 into the atmosphere and 

allow for savings by converting current waste into a useable starting material.4 Importantly, in 

order for either strategy to have significant impact they much also be paired with a renewable 

energy source to create the electrical energy required for the conversion of CO2. 

 

Figure 1.1. Schematic depicting possible strategies for the electrochemical conversion of 
CO2.From De Luna, P.;  Hahn, C.;  Higgins, D.;  Jaffer, S. A.;  Jaramillo, T. F.; Sargent, E. H., What 
would it take for renewably powered electrosynthesis to displace petrochemical processes? 
Science 2019, 364 (6438), eaav3506. Reprinted with permission from AAAS. 
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1.3.1 Challenges of the CO2RR  

While the reduction of CO2 to value-added products is an attractive strategy, the 

development of these systems is non-trivial due to the high chemical stability of CO2 (Figure 1.2) 

and the variety of possible carbon-containing products (Table 1.1). As depicted in Figure 1.2, 

CO2 is a linear molecule which allows for the electrons in the highest occupied molecular orbitals 

(HOMOs) to be highly delocalized across the molecule. However, due to the electronegativity of 

the oxygen atoms, the carbon is electrophilic and susceptible to nucleophilic attack which 

activates CO2 and bends the molecule changing the O–C–O bond to 120 degrees.10 This initial 

reaction step is difficult and accompanied by a high reaction barrier, such that many systems 

suffer from high overpotentials (discussed below, an electrochemical parameter related to the 

kinetic barrier).8 In many cases, this high thermodynamic stability is overcome by performing the 

reaction under protic conditions, in order to avoid high energy intermediates by favoring proton-

coupled electron transfer (PCET) steps.11 

 

Figure 1.2. Bond angle CO2 compared to activated CO2 bound to a metal center. 

There are a variety of possible reaction pathways for the CO2RR by molecular catalysts, 

with the two-electron/two-proton (2e–/2H+) products, carbon monoxide (CO) or formic acid 

(HCOOH) being the most common.12 Generally, whether the reduced metal center of a catalyst 

active site binds CO2 or a H+ first differentiates between these two products (Figure 1.3). If the 

reduced metal center binds CO2, an overall anionic intermediate forms which is then protonated 

to give [M–COOH]+. With the addition of another electron and proton a metal carbonyl is formed 

with water (H2O) as a co-product. Alternatively, if the reduced metal center binds a H+ to yield a 
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metal hydride, [M–H]+, CO2 can insert into the M–H bond and formic acid becomes the eventual 

product. Due to the formation of the metal hydride in the formic acid-producing pathway, the 

competitive hydrogen evolution reaction (HER) can be observed if acid pKa is not carefully 

considered.13 

 

Figure 1.3. Two most common 2e–/2H+ pathways for the CO2RR which determines selectivity 
between CO and HCOOH and competitive HER pathway.  

1.3.2 Electrochemical Concepts Relevant to the Development of Molecular 
Catalysts for the CO2RR 

 Molecular CO2RR catalysts are reported under a variety of conditions, therefore, it is 

necessary to define metrics to compare catalysts in the literature. To compare selectivities 

between catalysts, Faradaic efficiency (FE) is used. FE relates the number of moles of product 

formed to the number of moles of electrons passed during an electrochemical experiment, by 

accounting for the stoichiometry of electrons required for the formation of a given product. In other 

words, this value gives the percentage of electrons passed during an experiment that go towards 

the formation of a specific product.14 It is expected that for a stable electrocatalyst that the sum of 

the FEs for all products is 100%. If this is not the case, the catalyst is likely unstable and some of 

the electrons passed during the experiment are leading to the degradation of catalyst and 

therefore a loss of efficiency. 
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 In order for CO2RR catalysts to be effective in mitigating some of the challenges discussed 

above, they must also be energy efficient. The overpotential (η) of a catalyst is the property that 

defines the energy beyond the thermodynamic minimum (𝐸஼ைమ

଴ ) required to drive an 

electrochemical reaction at appreciable rates. As such, it represents the additional work required 

beyond the minimum amount to achieve appreciable rates. The potential where catalysis occurs 

for a molecular catalyst is best defined by using the potential where half the catalytic current is 

observed (𝐸௖௔௧/ଶ).15-17 The overpotential of a molecular CO2RR catalyst is thus defined by Eq 

(1.1).  

𝜂 = ห𝐸௖௔௧/ଶ − 𝐸஼ைమ

଴ ห             Eq (1.1) 

 The activity of a molecular electrocatalyst is defined by its turnover frequency (TOF) which 

can be derived from observed rate constant (𝑘௢௕௦) of the reaction.18 Both 𝑘௢௕௦ and TOF are 

measured per unit time and in homogeneous electrocatalysis the standard unit is s–1. It is 

important to differentiate the use of TOF and turnover number (TON): TON is frequently used to 

describe the total lifetime of a catalyst and is a unitless value, corresponding to an experiment run 

until catalytic activity is no longer observed. Cyclic voltammetry (CV) experiments can be used to 

calculate the TOF of the reaction using either the ratio of catalytic to non-catalytic current under 

kinetically limited conditions, or by a technique known as foot-of-the-wave analysis (FOWA). CV 

techniques can be greatly beneficial for such analysis, since the experiments have a short 

timescale and are a non-destructive measurement that requires only a small sample of catalyst. 

However, these techniques assume either that the system can be placed in a pure kinetic regime 

(limited only by the intrinsic catalyst performance) with Nernstian behavior and no side 

phenomena, or require a specific relationship between a reversible Faradaic feature with the 

catalytic one, which greatly limits the systems to which they can applied.16, 17, 19 An alternative 

technique relies on a larger-scale controlled potential electrolysis (CPE) experiment (so called 
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preparative conditions) which requires more materials and longer timescales, but generally 

provides a more accurate determination of the TOF.16, 17 The CPE experiment can also provide 

useful information regarding the stability of a molecular catalyst over longer time periods, 

depending on how performance changes over the course of an experiment.  

Using the integrated expression of current for a homogeneous electrocatalytic response, 

an equation for 𝑘௢௕௦ can be solved (Eq (1.2)) where 𝐽 is specific current density for a given product 

(A/cm2), 𝐹 is Faraday’s constant (C/mol), 𝑅 is the ideal gas constant (J/mol/K), 𝑇 is the 

temperature (K), 𝐸௔௣௣ is the potential applied during the CPE experiment (V), and 𝐸ଵ/ଶ is the 

standard potential of the catalyst (V), 𝑛௖௔௧
ఙ  is the number of electrons in the catalytic process (σ = 

1 under the assumption that all electrons are delivered to the catalyst by the electrode or σ = 0.5 

corresponds to homogeneous electron transfer occurring between catalyst molecules in 

solution),20 [𝑐𝑎𝑡] is the concentration of the catalyst (mol/cm3), and 𝐷௖௔௧ is the diffusion coefficient 

of the catalyst (cm2/s). With 𝑘௢௕௦ in hand, he TOFCPE of a catalytic system at a given potential can 

be calculated using Eq (1.3).  

𝑘௢௕௦ =
௃మቀଵାୣ୶୮ ቂ

ಷ

ೃ೅
൫ாೌ೛೛ିாభ/మ൯ቃቁ

మ

ிమ(௡೎ೌ೟
഑ [௖௔௧])మ஽೎ೌ೟

              Eq (1.2) 

𝑇𝑂𝐹 =
௞೚್ೞ

ଵାୣ୶୮ ቂ
ಷ

ೃ೅
൫ாೌ೛೛ିாభ/మ൯ቃ

              Eq (1.3) 

1.4 Molecular Catalysts Capable of the CO2RR 

 Keeping in mind the significant scale of the problems associated with CO2 discussed 

above that we seek to address and mitigate; the discussion here will focus on the most widely 

studied molecular catalysts that contain first-row transition metal centers. First-row transition 

metals are more abundant than precious metals, making them more cost-effective options for 

scalable systems.4 One of the earliest examples of a first-row transition metal catalyst for the 
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CO2RR is [Ni(cyclam)]2+ where cyclam is 1,4,8,11-tetraazacyclotetradecane (Figure 1.4).21-23 This 

singular catalyst has been the subject of study for decades now because it is highly selective for 

the production of CO and is able to operate in aqueous conditions. Many studies of [Ni(cyclam)]2+ 

have used a mercury (Hg) electrode, which presents a safety hazard and is not feasible for use 

when scaling up the reaction. Studies have shown that using a glassy carbon (GC) working 

electrode is possible, but the activity of the catalyst is not as high as when the Hg electrode is 

used.24 Additionally, the [Ni(cyclam)]2+ catalyst is prone to CO poisoning, eventually forming the 

highly toxic Ni(CO)4 complex, although this can be limited by the addition of CO scavengers.25 

 

Figure 1.4. General structures of selected previous CO2RR catalysts containing first-row 
transition metal centers. 

 While carbonyl-containing transition metal catalysts supported by 2,2′-bipyridine (bpy)-

based ligands have been studied for several decades with a variety of metal centers,26-29 it was 

not until 2011 that Mn-centered catalysts were first reported for the CO2RR (Figure 1.4).30 

Mn(bpy)(CO)3Br is selective for the formation of CO in the presence of weak Brønsted acids, but 

the activity of this parent catalyst is limited by the formation of a Mn–Mn dimer complex as an 

intermediate to the active species. Further study of similar Mn-centered catalysts has focused on 

the design of substituted ligand frameworks to improve the activity: by substituting bulky groups 

onto the bpy ligand framework, dimer formation is inhibited which in turn increases the observed 
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activity for the CO2RR. 31 Additionally, the dimer can be prevented from forming by substituting 

the bromide ligand for a cyanide (CN) group (Figure 1.4).32  

Finally, iron tetraphenylporphyrin ([Fe(TPP)]+; Figure 1.4) and its derivatives have been 

extensively studied as CO2RR catalysts for several decades.33 The parent [Fe(TPP)]+ catalyst is 

still among one of the most active and selective catalysts for the CO2RR, with CO as a product.34, 

35 Many derivatives of the parent TPP ligand framework have been synthesized to further improve 

the activity and understand the catalytic mechanism. The substitution of –OH groups and fluorine 

atoms on the phenyl ring at the meso position were both shown to increase the efficiency of the 

catalyst by increasing the activity while also decreasing the overpotential.35 Other work has also 

seen larger modifications such as the addition of secondary-sphere amide groups which increase 

the activity by stabilizing intermediates via hydrogen bonding36-38 and the use of hangman 

structures which both act to lower the barrier for CO2 activation.39 The molecular catalyst with the 

highest activity reported to this point (TOF =  106 s–1) is an iron porphyrin catalyst with charged 

trimethylanilinium groups substituted in ortho positions on the meso phenyl rings of the base 

[TPP]2– framework.34 The cationic functional groups stabilize the intermediate Fe–CO2 adduct 

through Coulombic interactions, providing both a significant increase in activity and a decrease in 

overpotential. A more detailed discussion of the mechanism of [Fe(TPP)]+ can be found below in 

Section 1.6.4.3.  

1.5 Chromium-Centered Molecular Catalysts for the CO2RR 

 For decades, it was thought that a catalyst with a chromium (Cr) metal center would not 

be capable of catalyzing the CO2RR. It was reasoned that later transition metal complexes with 

higher d-electron counts will have frontier orbitals with more 𝑑௭మ character than Cr making them 

more nucleophilic.13 As discussed above, the activation of CO2 is difficult and requires a 

nucleophilic attack on the carbon of CO2 to bend the molecule and activate it for possible 

transformation. Tory et al. reported a series of catalysts, M(bpy)(CO)4 where M = Cr, Mo, and W 
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which demonstrated that the Cr analogue had an electrochemical response, but the activity was 

so low that no FE was reported.40 A Cr(CO)6 complex was also reported by Grice and Saucedo, 

but again no selectivity or activity data was reported.41 

 In 2019, Hooe et al. reported the first Cr-centered molecular catalysts capable of the 

CO2RR with quantitative FE.42 The catalyst, Cr(tbudhbpy)Cl(H2O), where (tbudhbpy)2– is 6,6′-di(3,5-

di-tert-butyl-2-hydroxybenzene)-2,2′-bipyridine, (Figure 1.5) has a high selectivity for CO as a 

product with a FECO = 96 ± 8% at a relatively low overpotential of 110 mV. The incorporation of 

the redox non-innocent bpy into the ligand framework has been shown to play a key role in 

achieving this high selectivity with appreciable activity.43, 44 The active catalytic intermediate is 

proposed to be a Cr(II) metal center that is antiferromagnetically coupled to a bpy-based radical. 

Since the two electrons by which the catalyst is reduced are shared between the metal center 

and ligand framework, the binding of CO2 to the metal center over H+ is promoted through the 

limited sigma character of the frontier orbitals on the Cr center. The TOFCPE of this catalyst is 

reported as 4.35 s–1 at an applied potential of –2.1 V versus ferrocenium/ferrocene (Fc+/Fc),45, 46 

which is not competitive with the state-of-the-art catalysts discussed above. The development of 

new Cr-centered catalysts for the CO2RR with substituted ligand frameworks and redox mediators 

to improve activity is the subject of this thesis. 

 

Figure 1.5. Structure of Cr(tbudhbpy)Cl(H2O) catalyst reported by Hooe et al in Ref 42. 

1.6 Redox Mediators (RMs) in Homogeneous Co-electrocatalysis 

Much of the previous work in molecular electrocatalysis has relied on iterative changes to 

both the metal center and ligand framework. However, in many reports, these systems still require 
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large energy input due to the high overpotentials required to achieve relevant activity. Even in 

reports with low overpotentials, the activity does not meet what is necessary for implementation 

into larger scale technologies. Therefore, new strategies for improving this activity must be 

implemented. 

1.6.1 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).47, 48 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.49 During mitochondrial respiration, ubiquinone (UQ) assists in shuttling electrons 

and protons to several of the active sites in the electron transport chain (Figure 1.6).50 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.51, 52 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.53, 54 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 1.6. Mitochondrial electron transport chain highlighting redox mediators (1,4-
dihydronicotinamide adenine dinucleotide (NADH), flavin adenine dinucleotide (FADH2), 
dihydroubiquinone H2UQ, and iron–sulfur clusters (FeS)) which assist in the reduction of O2 to 
H2O. 

1.6.2 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.55, 56 

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.57, 58 Several other biosensors 

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

molecules such as H2O2
59 and bilirubin.60 Fuel cells that rely on co-catalysis with mediators have 

also been developed for the cathode61-64 or anode65 as well as for both half-cell reactions.66-68 

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.69 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.51 This is due to a reliance on outer-sphere ET during the reaction 

(which necessitates a favorable thermodynamic driving force70, 71) and the need to avoid 

competing ET pathways which lower selectivity (Figure 1.7). While the addition of RMs into such 
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systems has allowed for increased stability, this type of outer-sphere ET can still react with other 

small molecules present in the reaction medium57 leading to long-term instability and inefficiency. 

 

Figure 1.7. General inner- versus outer-sphere electron transfer mechanisms with a RM, 
independent of proton transfer, where X = substrate and [RM]* = activated mediator. 

 The use of RMs, commonly ferrocene (Fc) derivatives,72-74 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.75, 76 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.77-80 Additionally, RMs have been implemented in photocatalysis to assist 

in photosensitizer activation81-86 and in systems for heterogeneous CO2RR to improve activity and 

selectivity.87, 88 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.89 This section includes discussion of 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. 
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1.6.3 Recent Examples of RMs 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 AOR,47, 90, 91 N2RR,92, 93 the hydrogenation of unsaturated organic 

molecules,94 hydrogen oxidation (HOR),95 ORR,48, 96, 97 and CO2RR.45, 46, 98-100 Here, 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 are described. 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 here.76, 101, 102 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. 

1.6.3.1 RMs in the 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 1.8).47 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.103-107 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 1.8. (A) Structures from the redox cycle of 2,2,6,6-tetramethyl-1-piperidine N-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 Ref 47. 

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

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

diisopropylphosphino)ethyl]amide, (Figure 1.9) with several electron-rich phenol derivatives as 

the EPTM.90 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 Ir(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 1.9). 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. 
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Figure 1.9. Proposed catalytic cycle for oxidation of 2-propanol by Ir(PNP)(H)2, where PNP is 
bis[2-diisopropylphosphino)ethyl]amide, in the presence of the phenoxyl radical mediator. 
Reproduced from Ref. 108 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, RuIIIN (Figure 1.10).91 Under thermal catalytic conditions, the catalyst can oxidize 

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

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,109 noting that the two-electron, one-proton oxidation of the intermediate Ru(II) hydride 

complex RuH was likely to be the RDS of the catalytic cycle. Subsequently, inspired by previous 

work,47, 80 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.91 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 bond dissociation free energy (BDFE) of the relevant M–H intermediate must 

be similar to that of the EPTM–H bond, (2) the E1/2 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 
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than the targeted M–H intermediate, and (4) the pKa of the EPTM–H should be in the range where 

the 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 THF 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 1.10. 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 RuIIIN. Following HAT between RuH and RuIIIN, the resulting RuI and RuIINH products 
can be regenerated by the electrode to close the cycle. 

1.6.3.2 RMs in the Nitrogen Reduction Reaction (N2RR) 

Leveraging extensive work on the reduction of N2 with chemical reducing agents by the 

Peters group110, 111 Chalkley et. al were able to develop a homogeneous co-catalytic system with 

a Co-based EPTM for N2RR in 2018.92 Previously, in 2017 Chalkley et al. reported that P3
BFe+, 

where P3
B = 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.112 In the subsequent 2018 report, it was 
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established that the Cp*2Co EPTM could be electrochemically recycled during co-electrocatalytic 

N2RR with P3
BFe+.92 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*(η4-C5Me5H)-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 PCET reagent capable of generating N–H bonds 

during catalysis (Figure 1.11). 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.93 

 

Figure 1.11. Calculated thermodynamics and kinetics of synchronous PCET and asynchronous 
PCET (PT–ET) between P3

BFeNNH and [Cp*(exo-η4-C5Me5H)Co][OTf] to generate P3
BFeNNH2. 

Note: krel 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. 

1.6.3.3 RMs in the 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 
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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.94 To achieve 

this, a Ni-centered catalyst, [P4
MeNiII]2+, was paired with [CpCoCpNMe2]+ as an EPTM (Figure 1.12). 

For this Ni-based catalyst, the two-electron reduction potential of NiII to Ni0 generates a species 

which can be protonated by an acid of sufficient strength to form a readily reduced NiII–H. This 

means that, at a comparable potential to the NiII/Ni0 reduction, the reduction of NiII–H to NiI–H can 

occur, which initiates HER in the presence of the external acid. At potentials which are more 

positive than those required for NiII/Ni0 and NiII–H/NiI–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 [P4
MeNiII]2+, forming [P4

MeNiIII–H]2+. Under the 

conditions required for the reduction of the Co-based RM, the product NiIII–H hydride species is 

rapidly reduced to a NiII–H, but the applied potentials are not reducing enough to complete the 

NiII–H/NiI–H reduction. The result is that the intermediate compound NiII–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. 
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Figure 1.12. 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. 

1.6.3.4 RMs in the 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.95 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 
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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. 

1.6.3.5 RMs in the 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 1.13).48 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.113 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 2e–/2H+ product). However, when 

p-hydroquinone is present, the system selectivity shifts from H2O2 to H2O (the 4e–/4H+ product) 

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

mechanism: a Co(III)-superoxide intermediate reacts initially with H2Q via HAT, which is followed 

by a PCET step that leads to the formation of H2O. This pathway for H2O formation avoids the 

production of H2O2, an undesirable product in polymer electrolyte membrane fuel cells,114 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-ClH2Q), increased the rates of catalysis 

relative to BQ used at the same more positive potential. 
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Figure 1.13. The structures of the Co(salophen) catalyst (A) and p-hydroquinone (H2Q) and 2-
chlorohydroquinone (2-ClH2Q) EPTMs (B) from Ref 48. The relevant hydrogen atom transfer 
(HAT) and proton-coupled electron transfer (PCET) steps proposed (C) in the reduction of the 
Co(III) superoxide intermediate. 

Inspired by the work of Anson and Stahl,48 our lab has also studied the use of 

benzoquinone (BQ) as an EPTM with a Mn-centered catalyst, Mn(tbudhbpy)Cl where 

(tbudhbpy)(H)2 is 6,6′-di(3,5-di-tert-butyl-2-hydroxybenzene)-2,2′-bipyridine (Figure 1.14).96 In this 

example, a change in the intrinsic selectivity of the catalyst for H2O2
115, 116 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.117-126 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)1]2–.118, 127, 128 
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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 reactive129 

than p-hydroquinone generated under the conditions reported by Anson and Stahl with a much 

stronger acid,48 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 

conditions96 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. 

 

Figure 1.14. Structure of Mn(tbudhbpy)Cl catalyst developed in our lab, where (tbudhbpy)(H)2 is 
6,6′-di(3,5-di-tert-butyl-2-hydroxybenzene)-2,2′-bipyridine and summary of results in Ref 96. 
Reproduced from Ref. 130 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 
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mediator TEMPO and NOx species.97 Nitric oxide (NO) can react with half an equivalent of 

dioxygen to form nitrogen dioxide (NO2) in a reaction that is both thermodynamically favorable 

and kinetically facile. TEMPO, when added to the system, is oxidized by NO2 in the presence of 

trifluoroacetic acid to give an equivalent of H2O, while generating TEMPO+ and nitrite (NO2
–) as 

co-products. Based on literature precedent, under the protic reaction conditions NO2
– is thought 

to self-dimerize and be protonated twice to release H2O with the formation of N2O3, which can 

dissociate to regenerate NO and NO2. 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 NO2) 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. Neither component is a competent ORR catalyst individually, but 

the combination of NOx and TEMPO 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 the ORR, under the 

electrochemical conditions tested, the system was limited by the loss of NOx species to the 

gaseous headspace of the cell. 

1.6.3.6 RMs in the 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 1.15).98 Consistent with a co-electrocatalytic response, 
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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 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 potentials of the EPTM and catalyst are to 

one another, the more of an activity enhancement during co-electrocatalysis. 

 

Figure 1.15. Structures of the iron tetraphenylporphyrin ([Fe(TPP)]+) catalyst and RM with the 
highest activity for the CO2RR in Ref 98. 

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 previously36, 131 that the 

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

experiments suggested that the pyridine-based EPTMs were reduced by an ECEC mechanism 

(where E 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(I)+EPTM(I)⇌EPTM(II)+EPTM(0)),132 additional control compounds suggested that radical 
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mechanisms were unlikely to assist in catalysis. This is an important point because radical 

nicotamides have much lower BDFE values than the fully reduced compounds133 and could 

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

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

et al. reported a system for the reduction of CO2 to HCOOH using Mn(bpy)(CO)3Br31, 134 and an 

FeS cluster as an EPTM.100 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 BDFEs 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,31 but in the presence of the FeS cluster EPTM, the selectivity shifts 

to HCOOH. This is due to the EPTM promoting the formation of MnI(bpy)–H at more positive 

potentials than [Mn0(bpy•–)]– forms, the latter species being the initial step of the electrocatalytic 

reduction of CO2 to the alternative CO product (Figure 1.3).8 

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.42, 43 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)(H2O)Cl (Figure 1.16A) arose with sulfone-based RMs (Figure 

1.16B 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 
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with dibenzothiophene 5,5-dioxide (DBTD) as a RM.45, 46 The combination of Cr(tbudhbpy)(H2O)Cl 

and DBTD catalyzes the reductive disproportionation of CO2 to CO and carbonate (CO3
2–) 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 the catalyst to occur. DFT calculations indicated that Cr-

sulfone bond formation, dispersion effects, and through-space conjugation (TSEC)135 between 

the bpy-backbone of the ligand and DBTD stabilized the key intermediate prior to the RDS. In 

TSEC, a single electron is shared between two π systems of appropriate symmetry and 

orientation.135 Although an increase in activity also occurred under protic conditions when 

Cr(tbudhbpy)(H2O)Cl 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. 

 

Figure 1.16. Structures of both Cr-based catalysts and RMs from Refs. 45 and 99. 

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 TOF 
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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 intrinsic 

catalytic cycle occurs, such that the co-elecytrocatalytic cycle is competitive. 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 π systems share two electrons that are antiferromagnetically 

paired. Since it is known that PB can be improved by synthetically increasing the delocalization 

of the participating radical as well as increasing steric protection,136-139 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 1.16).99 The results of this 

study are discussed in Chapter 3 of this thesis. 

1.6.4 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.140 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. 
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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.141 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,36, 142-144 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,145 most commonly in combination with a solvent-dependent correction for the one-

electron reduction potential of H+.146 Initially, Bordwell et al. used the data from the solution-phase 

thermochemical cycle to estimate bond dissociation enthalpies (BDEs);146 however, since this 

initial implementation it is more common to determine 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 
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also note that the Mayer group has recently proposed to recalibrate these values by referencing 

PCET potentials against the standard potential of the 2H+/H2 couple in the solvent of interest.133, 

147 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.148 

1.6.4.1 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,47 TEMPO•/TEMPOH cycling (BDFE 66 kcal/mol in MeCN133) 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/mol133 and the expected weakening 

induced by coordination149 does not appear to be sufficient to generate net hydrogen atom 

donation to [TEMPO•]. By comparison, the known C–H BDEs of MeOH150 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 
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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 1.17). 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.151 Since the formation of CuI 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•].47 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–CH2O•].152 This analysis also reconciles 

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

HAT reactivity.153 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(II) center that makes 

net HAT from [Cu(II)(OMe–)]+ to coordinated TEMPO• feasible when coupled with Cu(II) reduction 

with corresponding C═O bond formation in the formaldehyde product.153, 154 
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Figure 1.17. Mechanism for aerobic alcohol oxidation by the Cu(bpy)/TEMPO system proposed 
from hybrid functional DFT methods by Ryland et al. in Ref. 151 NMI = N-methylimidazole; S = 
acetonitrile; R1 = 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 O2 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.48 Although HAT involving the EPTM was shown to play a role in the 

mechanism of ORR (Figure 1.13), 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.155 

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.48 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 
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the co-electrocatalytic activity implies that generating hydroquinones with lower O–H BDFEs 

could be a route to increased activity in future studies. 

1.6.4.2 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. 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.92 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 N2 with three equivalents of H2, requires an average BDFE 

of 49.9 kcal/mol.133 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.147 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.92 Given the existing knowledge of the reaction landscape for the multistep 

transformation of N2 to NH3, potential opportunities exist for kinetic interception strategies that 

could outcompete competitive H2 formation in the future.92, 93, 110, 112 

Galvin and Waymouth90 and McLoughlin et al.91 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.156, 

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

Wu et al.158 could be identified with suitable properties for enabling co-electrocatalysis. In order 
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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 of these values vary relatively little across solvents 

(e.g., metal hydride BDFE156, 157) and other thermodynamic parameters can scale reasonably well 

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

changes160 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: Dey 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.94 

1.6.4.3 Redox Potential Requirements for Co-electrocatalysis 

In contrast to these studies is the work of Smith et al.,98 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;88 however, Smith et al. 

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

CO2 on their own.161, 162 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(0)’ species at the electrode, [Fe(TPP)]2– (Figure 1.18).163 Upon CO2 

binding, the resultant [Fe(TPP)(•CO2)]2– adduct is stabilized by an equilibrium hydrogen bonding 

interaction with the proton donor in solution KAH 1, nota bene at low concentrations of added acid 

the catalytic current becomes second-order with respect to [acid]. This stabilization impacts KCO2, 
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particularly in ligand frameworks with positioned charged moieties or proton and hydrogen bond 

donors, which can have profound effects on the observed electrocatalytic response and caused 

a change in mechanism.36, 142, 164 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(II) carbonyl species. The release of CO then occurs via a 

comproportionation reaction with [Fe(TPP)]2–, completing the cycle. 

 

Figure 1.18. Previously proposed mechanism for CO2RR by [Fe(TPP)]+.165 

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 KAH 1 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 1.18, there are likely to be contributions from the overlapping catalytic 

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



55 
 

association to [Fe(TPP)(•CO2)]2– relative to KAH 1 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 could cause greater rate 

enhancements. 

1.7 Outline of Research Chapters 

The following research chapters focus on the development of new Cr-centered molecular 

electrocatalysts for the reduction of CO2 and new co-electrocatalytic systems with these Cr-

centered catalysts and sulfone-based RMs. Chapter 2 includes detailed experimental work on a 

terpyridine (tpy) catalyst with an N3O ligand framework166 based on the N2O2 ligand framework 

introduced above.42-44 Electroanalytical data demonstrating the activity, selectivity, and 

overpotential of the new catalyst is reported along with kinetic data and a proposed mechanism 

that is compared to the previous reports of the Cr(tbudhbpy)Cl(H2O) catalyst. 

Chapters 3, 4, and 5 all report new Cr-centered catalysts that are capable of the CO2RR 

on their own as well as new RMs that enhance the activity of the catalysts on their own. Chapter 

3 reports a ligand framework with tert-butyl groups substituted on the bpy backbone of the ligand 

framework which shows enhanced activity compared to the parent bpy-based catalyst. 

Additionally, the co-catalytic activity of both the bpy and tbubpy catalysts with the previously 

reported DBTD45, 46 and three new derivatives is reported and analyzed to gain new insights into 

the co-catalytic cycle.99 Chapter 4 reports a Cr catalyst with a phenanthroline-based N2O2 ligand 

framework and compares its co-catalytic activity with two sulfone-based RMs to gain further 
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insight into the forces critical for the formation of key co-catalytic intermediates.167, 168 In Chapter 

5, the study of a phenyl-substituted phenanthroline catalyst with a benzonaphthothiophene 7,7-

dioxide (BNTD) RM is discussed. Chapter 6 includes a summary of these results along with future 

directions and an outlook on the field. 
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2.1 Abstract 

Electrocatalyst design and optimization strategies continue to be an active area of 

research interest for the applied use of renewable energy resources. The electrocatalytic 

conversion of carbon dioxide (CO2) is an attractive approach in this context because of the added 

potential benefit of addressing its rising atmospheric concentrations. In previous experimental and 

computational studies, we have described the mechanism of the first molecular Cr complex 

capable of electrocatalytically reducing CO2 to carbon monoxide (CO) in the presence of an added 

proton donor, which contained a redox-active 2,2'-bipyridine (bpy) fragment, CrN2O2. The high 

selectivity for CO in the bpy-based system was dependent on a delocalized CrII(bpy•−) active state. 

Subsequently, we became interested in exploring how expanding the polypyridyl ligand core 

would impact the selectivity and activity during electrocatalytic CO2 reduction. Here, we report a 

new CrN3O catalyst, Cr(tpytbupho)Cl2 (1), where 2-(2,2':6',2''-terpyridin]-6-yl)-4,6-di-tert-

butylphenolate = [tpytbupho]–, which reduces CO2 to CO with almost quantitative selectivity via a 

different mechanism than our previously reported Cr(tbudhbpy)Cl(H2O) catalyst. Computational 

analyses indicate that, although the stoichiometry of both reactions is identical, changes in the 

observed rate law are the combined result of a decrease in the intrinsic ligand charge (L3X vs 

L2X2) and an increase in the ligand redox activity, which result in increased electronic coupling 

between the doubly reduced tpy fragment of the ligand and the CrII center. The strong electronic 

coupling enhances the rate of protonation and subsequent C–OH bond cleavage, resulting in CO2 

binding becoming the rate-determining step, which is an uncommon mechanism during protic CO2 

reduction. 

2.2 Introduction 

Rising concerns over increasing energy demands and global climate change have led to 

continued interest in the development of molecular catalysts capable of interconverting electrical 

and chemical energy.1-3 Specifically, the electrocatalytic reduction of carbon dioxide (CO2) to 
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carbon monoxide (CO) using renewable energy4-6 represents a potentially valuable pathway to 

the synthesis of liquid fuels via the Fischer–Tropsch process,7 in the manufacturing of acetic acid,8 

and in hydroformylation reactions.9 In homogeneous electrocatalysis for CO2 reduction, the 

Cr/Mo/W triad is underrepresented,4-6 with a limited number of reports of systems that are 

electrochemically or electrocatalytically active, few of which exhibit stability during electrolysis.10-

17 

Previously, we reported the first homogeneous Cr electrocatalyst for quantitative CO2 

reduction to CO, Cr(tbudhbpy)Cl(H2O), where 6,6'-di(3,5-di-tert-butyl-2-phenolate)-2,2'-bipyridine 

= [tbudhbpy]2−.18-20 We proposed a catalytic mechanism for the Cr(tbudhbpy)Cl(H2O) catalyst 

whereby C–OH bond cleavage was the rate-determining step, based on mechanistic and 

computational studies. The noteworthy kinetic selectivity of this complex for CO was ascribed to 

the electronic structure of the catalytically active species: a square-planar [CrII(tbudhpy•)]− species 

(Figure 2.1) that exhibited antiferromagnetic coupling between a bpy-based radical anion and the 

CrII center (S = 3/2). On the basis of previous reports about the role of electronic coupling in 

driving selectivity,21-27 we reasoned that the redox activity of our bpy-based ligand could be 

translated to expanded polypyridyl ligand frameworks to examine how electronic coupling 

between Cr and the reduced ligand frameworks impacts the catalytic performance. This was 

motivated by the known role of electronic coupling between 2,2':6',2''-terpyridine (tpy) fragments 

or 2,2':6',2'':6'',2‴-quaterpyridine (qpy) and later transition metals like Fe23, 24, 27 or Co27 in achieving 

high selectivity and activity at low overpotentials (η). 
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Figure 2.1. Comparison of the electronic structure of the active states for bpy- and tpy-based Cr 
complexes capable of mediating homogeneous electrocatalytic CO2 reduction to CO. 

Here we present a new molecular Cr catalyst, Cr(tpytbupho)Cl2 (1), where 2-(2,2':6',2''-

terpyridin-6-yl)-4,6-di-tert-butylphenolate = [tpytbupho]−, which exhibits activity for CO2 reduction 

to CO via a different mechanism relative to our initial Cr(tbudhbpy)Cl(H2O) catalyst. Experimental 

and computational analyses reveal that the new electrocatalyst 1 operates with important 

differences in the overall mechanism, which arise from the expanded redox activity of the tpy 

fragment relative to bpy, achieving an active state best described as [CrII(tpytbupho2•)]− (Figure 

2.1). Interestingly, these results also reveal that the charge of the supporting ligand plays an 

important role because the benefit of the expanded redox activity in [tpytbupho]− appears to be 

balanced by the shift from an L2X2 coordination environment to L3X. This study suggests that Cr 

electrocatalysts for CO2 reduction can benefit from ligand design strategies that have previously 

been explored only for later transition metals.23, 24, 27  

2.3 Results 

 The synthesis of 2-(2,2':6',2''-terpyridin-6-yl)-4,6-di-tert-butylphenol, [tpytbuphoH]0, was 

achieved via an initial coupling of 2,6-dibromopyridine to 2,2'-bipyridine to make 6-bromo-

2,2':6',2''-terpyridine.28 Subsequent microwave-assisted Suzuki-type cross-coupling of 6-bromo-



70 
 

2,2':6',2''-terpyridine with (3,5-di-tert-butyl-2-hydroxy-phenyl)boronic acid18 produced 

[tpytbupho(H)]0 in high yield. 1 was synthesized in a manner similar to that in our previous report.18 

Both [tpytbupho(H)]0 and 1 were characterized via  high-resolution mass spectrometry (HRMS) and 

elemental analysis (EA) as well as NMR and UV–vis spectroscopies (Table S2.2, and Figures 

S2.1-S2.5). The proposed molecular connectivity was supported by the structural data obtained 

from single-crystal X-ray diffraction studies (Figure 2.2).  

 

Figure 2.2. (A) Molecular structure of [tpytbuphoH]0 obtained from single-crystal X-ray diffraction 
studies. All non-phenol H atoms have been removed for clarity. Crystals were grown by slow 
cooling a saturated hexane solution of the ligand. (B) Molecular structure of 1 obtained from 
single-crystal X-ray diffraction studies. Crystals were grown from the slow evaporation of a 
dichloromethane/acetonitrile mixture at room temperature. H atoms and acetonitrile molecule 
have been omitted for clarity. Color code: blue, N; red, O; gray, C; green, Cl; maroon, Cr; white, 
H atoms. Thermal ellipsoids are at 50%. CCDC: 2086769 and 2086770. 

 
Cyclic voltammetry (CV) experiments were performed on 1 in a solution of 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6) in N,N-dimethylformamide (DMF). Under 

argon (Ar) saturation conditions, 1 displays three redox features at potentials more negative than 

the ferrocenium/ferrocene (Fc+/Fc) redox couple: Ep = −1.46 V, E1/2 = −1.64 V, and E1/2 = −2.18 V 
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versus Fc+/Fc (Figure 2.3, black and Figure S2.6), assigned as 𝐸ଵ
଴, 𝐸ଶ

଴, and 𝐸ଷ
଴, respectively. A 

small wave is observed at E1/2 = −1.85 V, following the second reduction, which we propose relates 

to equilibria involving the solvent displacement of a Cl− ion bound to Cr. This proposal is supported 

by CV data obtained with tetrabutylammonium chloride (TBACl) present as a source of excess 

Cl− anions (Figures S2.7 and S2.8). Under Ar saturation conditions with added TBACl, only three 

reduction waves are observed and there is a shift toward more negative potentials for the first and 

second reductions of 1 relative to identical conditions in the absence of TBACl; the minor wave 

observed at E1/2 = −1.85 V versus Fc+/Fc also disappears. These data suggest that, overall, the 

complex undergoes three one-electron reduction events in the observed potential window, with 

two chloride-loss equilibria affecting the first two reductions, Eq (2.1)-Eq (2.6), where L = 

[tpytbupho]– and S = DMF. These assignments are supported by experiments described above, as 

well as density functional theory (DFT) calculations, which show that the relevant equilibria 

depicted in Eq (2.1) and Eq (2.3) present reaction free energies of 0.9 kcal/mol (Keq = 0.22) and 

−0.3 kcal/mol (Keq = 1.7) as written, vide infra (Figure S2.9). 

 
[𝐶𝑟(𝐿)𝐶𝑙ଶ]଴ + 𝑆 ⇌ [𝐶𝑟(𝐿)𝐶𝑙(𝑆)]ା + 𝐶𝑙ି     Eq (2.1) 
[𝐶𝑟(𝐿)𝐶𝑙(𝑆)]ା +𝑒ି ⇌ [𝐶𝑟(𝐿)𝐶𝑙(𝑆)]଴    𝐸ଵ

଴ Eq (2.2) 
[𝐶𝑟(𝐿)𝐶𝑙(𝑆)]଴ + 𝑆 ⇌ [𝐶𝑟(𝐿)(𝑆)ଶ]ା + 𝐶𝑙ି     Eq (2.3) 
[𝐶𝑟(𝐿)(𝑆)ଶ]ା + 𝑒ି ⇌ [𝐶𝑟(𝐿)(𝑆)ଶ]଴     𝐸ଶ

଴ Eq (2.4) 
[𝐶𝑟(𝐿)(𝑆)ଶ]଴ ⇌ [𝐶𝑟(𝐿)(𝑆)ଶ]଴ + 𝑆      Eq (2.5) 
[𝐶𝑟(𝐿)𝑆]଴ + 𝑒ି ⇌ [𝐶𝑟(𝐿)𝑆]ି     𝐸ଷ

଴ Eq (2.6) 
 
 

Upon the addition of 0.1 M phenol (PhOH) under Ar saturation conditions, minimal shifts 

in the first two redox features of 1 are observed, but the third redox feature displays a slight 

increase in current with some loss of reversibility (Figure 2.3, green). In the absence of an added 

proton donor under CO2 saturation conditions, CV data indicate that favorable CO2 binding 

occurs: the third redox feature is observed to shift positively to Ep = −2.13 V versus Fc+/Fc (Figure 

2.3, red). The irreversibility observed at this feature and the appearance of a second irreversible 
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feature at a more negative potential (both with slight current increases) is consistent with limited 

aprotic CO2 reduction activity occurring after CO2 binding. 

Under CO2 saturation conditions in the presence of 0.1 M PhOH, a slight shift to positive 

potentials and a large increase in current are observed, which is consistent with the 

electrocatalytic CO2 reduction reaction (CO2RR) mediated by 1 (Figure 2.3, blue). At 0.1 M PhOH 

cross-tracing is apparent by CV, which disappears with increased PhOH concentrations (Figure 

S2.10) and at higher scan rates (Figure S2.11). Additionally, similar CO2RR reactivity in DMF is 

observed with H2O as a proton source instead of PhOH (Figure S2.12).  

 
Figure 2.3. Comparison of the CVs of 1.0 mM 1 under Ar and CO2 saturation conditions with and 
without 0.1 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc working electrode, 
glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc 
internal standard; 100 mV/s scan rate. 

Variable concentration studies imply a first-order concentration dependence of the 

catalytic current on 1 and CO2, which saturates at modest concentrations when independently 

varied (Figures S2.13 and S2.14, respectively). However, contrary to our previous report with 

Cr(tbudhbpy)Cl(H2O), the catalytic current of the system with 1 is immediately saturated and does 

not increase with larger [PhOH] (Figure S2.10). This observation is distinct compared to the 

Cr(tbudhbpy)Cl(H2O) system because it suggests that C–OH is no longer rate-limiting in the 
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catalytic mechanism with 1. Controlled potential electrolysis (CPE) experiments were performed 

at −2.3 V versus Fc+/Fc with 1 and 0.6 M PhOH under CO2 saturation conditions (Figure S2.16 

and Table S2.3). These results demonstrated a 93 ± 7% Faradaic efficiency for CO (FECO) for 1 

over 5 turnovers operating at an η of 260 mV with 2.66 ± 0.05% H2 detected (Table 2.1). Note 

that turnovers have been determined to show the catalytic nature of the process representing two 

electron equivalents of charge passed for 1 equiv of 1 in solution and do not represent a 

measurement to complete loss of activity. No liquid products were detected in the post-bulk 

solution by 1H NMR. The turnover frequency (TOFCPE) derived from this electrolysis experiment 

is 1.82 s−1, which is less than the TOF of 4.35 s−1 achieved by the bpy-based system during 

electrolysis.18, 19 The stability of the current during CPE is indicative of a stable catalytic system, 

which is supported by characterization of the post-CPE solution by UV–vis spectroscopy (Figure 

S2.17). To assess whether catalytic material had deposited during electrolysis, the working 

electrode was rinsed and used to perform a control electrolysis in the absence of 1 under 

otherwise identical conditions; nonquantifiable amounts of CO and significant H2 were observed 

(Figure S2.18 and Table S2.4). A control electrolysis experiment with PhOH under CO2 saturation 

conditions in the absence of 1 and a freshly polished electrode showed the same product makeup 

as the rinse test (Figure S2.19).  

Additionally, a CPE experiment was performed with 2% (v/v) H2O in DMF as the proton 

source instead of PhOH (Figure S2.20 and Table S2.5). With H2O as a proton source in CPE 

experiments, 1 maintained excellent selectivity for CO, with a FECO of 93 ± 4% over 8 turnovers 

with no quantifiable amount of H2 detected and a TOF of 3.25 s−1 at an η of 470 mV (Table 2.1). 

A control electrolysis experiment with 2% H2O in DMF showed no detectable CO and significant 

production of H2 (Figure S2.21). Both TOFCPE values are in good agreement with the TOFmax 

values of 4.37 and 13.7 s–1 calculated from CV data using the ratio of catalytic to Faradaic current 
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at scan rates of 100 mV/s using PhOH and H2O as the proton donor, respectively (Figures 2.3 

and S2.12). 

Table 2.1. Results from CPE experiments under CO2 saturation conditions. 

Trial Conditions 
Proton 
Donor 

Potential  
(V vs 

Fc+/Fc) 
FECO FEH2 TOFCPE (s–1) η (V) TONCO 

1 1+CO2 0.6 M PhOH −2.3 93 ± 7 2.66 ± 0.05 1.82 0.26 5.4 

2 1+CO2 1.0 M H2O −2.3 93 ± 4 – 3.25 0.47 7.5 

3 CO2
a 0.6 M PhOH −2.3 – – – n/a – 

aPerformed with a used working electrode from trial 1 in the absence of the Cr-based precatalyst. 
Turnovers correspond to moles of electrons passed in coulometry studies divided by two to 
account for CO formation. 

2.4 Mechanistic Insight via Computational (DFT) Analyses 

In order to obtain additional insight, the reaction mechanism was interrogated by means 

of DFT calculations. CV data guided the initial investigation of the successive reduction events 

that the precatalyst undergoes to form the active species. On the basis of the proposal that 

solution equilibria involving the chloride ligands exists, five distinct redox events were examined 

for the overall three-electron reduction of complex 1. Importantly, a good correlation (R2 = 0.94) 

between the experimental redox potentials and computational results was obtained, suggesting 

that the level of theory was appropriate for modeling of this system (see Table S2.6 and Figure 

S2.22). Note that, in the shorthand notation used in the ensuing discussion to describe these 

calculations, the [tpypho]− ligand has been eliminated for clarity and the other numbers are defined 

as follows 𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑐𝑖𝑡𝑦
#𝑏𝑜𝑢𝑛𝑑 𝐷𝑀𝐹

Cr
𝑐ℎ𝑎𝑟𝑔𝑒

⬚
.  

Unlike our previous study with the Cr(tbudhbpy)Cl(H2O) catalyst,18, 19 the two-electron-

reduced species of Cr(tpytbupho)Cl2 is not reactive toward CO2. Consistent with experimental 

observations, it is the third overall reduction event (exp. E1/2 = −2.18 V vs Fc+/Fc) that produces 

an overall monoanionic species capable of binding and activating CO2. Therefore, the active 

species of both catalysts have analogous overall charge (1–) and formal metal oxidation states 
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(high-spin CrII), while differing in the number of ligand-centered reduction events (one for tbudhbpy 

and two for tpytbupho). In order to experimentally support this assignment, we synthesized a Zn 

complex in the same ligand framework, [Zn(tpytbupho)][OTf] (Figure S2.25). The CVs of this Zn 

complex reveal two quasi-reversible one-electron redox features at slightly more negative 

potentials than the second and third redox features observed for 1 (Figure S2.26). In this potential 

range, ZnII is expected to remain redox-inert, and therefore the absence of a third reduction 

feature for the Zn-based control complex is consistent with the proposal that two primarily ligand-

based reductions occur during the precatalytic activation of 1. The negative shift of the redox 

events for the Zn-based complex relative to 1 can be attributed to the absence of electronic 

coupling between the ligand and the d10 ZnII center, in comparison to the high-spin d4 CrII center. 

As a consequence of this increased ligand-based redox activity, the overall spin manifold 

is necessarily different between the tpy- and bpy-based complexes: while S = 3/2 was found to 

be the preferential configuration for [CrII(tbudhbpy•)]−, the lowest-energy spin configuration for the 

active species for [CrII(tpytbupho2•)]− was an overall triplet (S = 1), with a terpyridine triplet diradical 

antiferromagnetically coupled to a high-spin CrII center (Figures 2.4A and S2.23A). This finding 

is in good agreement with previous studies of terpyridine-containing electrocatalysts.23, 24 Notably, 

the pentacoordinate solvent adduct 3
1

Cr−1
⬚

 and tetracoordinate species 3
0

Cr−1
⬚

 of the tpy-based 

catalyst are almost equally stable (∆G = 0.2 kcal/mol), the former being the lowest-energy 

configuration. Quintet (5
0

Cr−1
⬚

) and septet (7
0

Cr−1
⬚

) configurations were found at 3.0 and 6.8 

kcal/mol above 3
1

Cr−1
⬚

, respectively. 
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Figure 2.4. Molecular geometry and spin density plots of 3
0

Cr−1
⬚

 (A) and 3
0

Cr(CO2)
−𝟏
⬚

 (B). For 

clarity, tbu groups and H atoms have been omitted. 

From 3
1

Cr−1
⬚

, the lowest-energy configuration for the transition state to bind CO2 (no axial 

DMF; Figures S2.23 and S2.24) and the corresponding adduct (Figure 2.4B and S23B) were 

located in the S = 1 surface. The barrier for this catalyst was found to be higher (3
0

TS1−1
⬚

, +12.2 

kcal/mol; Figure 2.5) than that located for CO2 binding for the dhbpy counterpart (+10.0 kcal/mol). 

Interestingly, 3
0

TS1−1
⬚

 presents a Cr−C bond distance of 2.35 Å, much shorter than the 2.64 Å 

found for the corresponding TS of the dhbpy system. This can be rationalized by analyzing the 

electronic structure of these species: for the dhbpy catalyst system, one of the two electrons that 

form the Cr−C bond is highly delocalized in a bpy-centered, metal-mixed π* orbital in the transition 

state geometry (see reference 19), conversely, for 3
0

TS1−1
⬚

, both electrons have predominantly 

Cr−C σ-bond character (Figure S2.24). Furthermore, for the terpyridine-based catalyst, CO2 

binding is exergonic (3
0

Cr(CO2)
−1
⬚

, −1.9 kcal/mol), in stark contrast to the endergonic binding 
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calculated previously for the dhbpy system (+4.7 kcal/mol; Figure S2.27) and in good agreement 

with the CV data for both systems. The electronic structure of the CO2 adduct confirms partial 

charge transfer from the reduced ligand: 3
0

Cr(CO2)
−1
⬚

 presents a singly reduced tpy fragment 

(Figure 2.4B). The barrier for the thermodynamically favorable (−15.8 kcal/mol) formation of a 

metal hydride was located at +20.7 kcal/mol above 3
1

Cr−1
⬚

, in agreement with the observed nearly 

quantitative kinetic selectivity for CO (Figure S2.27).  

 

Figure 2.5. Free energy profile of the electrocatalytic CO2RR cycle for 1. Precatalyst reduction 
steps are omitted for clarity. S indicates a solvent adduct of DMF; the procedure for the estimation 
of the barrier for CO release is described in the SI. 

PhOH favorably binds to 3
0

Cr(CO2)
−1
⬚

 to give 3
1

Cr(CO2)·PhOH−1
⬚

 at −5.9 kcal/mol relative 

to 3
1

Cr−1
⬚

, from which proton transfer has a barrier of only 0.1 kcal/mol (3
1

TS2−1
⬚

; Figure 2.6A) 

and is thermodynamically favorable by 12.1 kcal/mol relative to 3
0

Cr(CO2)
−1
⬚

 (PhOH 

homoconjugation in DMF and DMF binding to the product were taken into account19, 29). The 
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calculated reduction potential for the neutral six-coordinate hydroxycarbonyl complex 

3
1

Cr(CO2H) 0
⬚

 is −2.12 V, leading to the doublet species 2
1

Cr(CO2H)−1
⬚

 at potentials below the 

experimentally observed Ecat/2. The electronic structure of 2
1

Cr(CO2H)−1
⬚

 is comprised of a doubly 

reduced, triplet diradical terpyridine and a high-spin CrIII center (Figure S2.28). Hydrogen bonding 

of PhOH to 2
1

Cr(CO2H)−1
⬚

 to form 2
1

Cr(CO2H)·PhOH−1
⬚

 is slightly uphill (+2.3 kcal/mol). 

Importantly, the quartet configuration of the PhOH adduct, 4
0

Cr(CO2H)·PhOH−1
⬚

, becomes 

isoenergetic (just 0.2 kcal/mol above 2
1

Cr(CO2H)·PhOH−1
⬚

) upon DMF release, giving access to 

the lowest-energy C−OH bond cleavage transition state for this system (4
0

TS3−1
⬚

; Figure 2.6B) 

at only +6.3 kcal/mol above 2
1

Cr(CO2H)−1
⬚

 and free PhOH (Figure 2.5). By comparison the 

transition state for the doublet solvento species 2
1

TS3−1
⬚

 lies higher in energy at +10.6 kcal/mol 

above 2
1

Cr(CO2H)−1
⬚

 and free PhOH. C–OH bond cleavage therefore is both thermodynamically 

favorable (−17.4 kcal/mol) and does not appear to be rate-limiting. Notably, this reaction barrier 

is much lower than the corresponding C−OH bond cleavage in the dhbpy system (+10.4 kcal/mol). 
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Figure 2.6. Molecular geometries of 3
1

TS2−1
⬚

 (A) and 4
0

TS3−1
⬚

 (B). For clarity, tbu groups and H 

atoms have been omitted. 

The lowest-energy spin configuration of the metal carbonyl formed from C–OH bond 

cleavage is the doublet (2
1

Cr(CO) 0
⬚

), arising from antiferromagnetically coupled electrons 

delocalized through the terpyridine backbone and Cr−CO bond (Figure S2.29), from which we 

propose that CO dissociation is facile and irreversible (Figure S2.30).18, 19, 30, 31 It is worth noting 

that while doublet spin configurations are preferred for the reactants and products of the C–OH 

bond cleavage step, the lowest-energy transition state is a quartet. The spin change that occurs 

in the isoenergetic dissociation (+0.2 kcal/mol) of DMF from 2
1

Cr(CO2H)·PhOH−1
⬚

 to generate the 

five-coordinate 4
0

Cr(CO2H)·PhOH−1
⬚

 reflects the transfer of an electron from a primarily ligand-

centered orbital to a molecular orbital that is distributed between the Cr and tpy fragments 

(compare Figures S2.31 and S2.32). In the corresponding transition states for each spin 
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manifold, antibonding character builds up in the C–OH bond in 4
0

TS3−1
⬚

 (Figure S2.33), while the 

comparable frontier orbitals of 2
1

TS3−1
⬚

 show significant π bonding between Cr and C (Figure 

S2.34), reminiscent of the nascent carbonyl group. In other words, solvent dissociation allows 

electron transfer from tpy to the Cr orbitals relevant to bond cleavage, manifesting in a lower-

energy pathway as these orbitals become more reactive. While this electron transfer does not 

manifest in a formal shift from a CrIII(tpy2•–) configuration to CrII(tpy•–), it can be thought of as an 

intermediate scenario along this continuum.Alternate spin manifolds were considered for all 

intermediates and transition states but were found to be higher in energy. The relative energetic 

positioning of possible spin manifolds in the catalytic cycle also showed good agreement between 

the hybrid B3LYP functional32-35 and the meta-GGA revised TPSS functional,36, 37 indicating that 

method was appropriate for these assignments (Table S2.7).38 

2.5 Discussion  

It is striking that the tpy-based Cr complex 1 largely achieves comparable activity and 

selectivity at overpotentials similar to those of the bpy-based catalyst that we have reported 

previously. Unlike the bpy-based catalyst, however, complex 1 binds CO2 in the absence of a 

proton donor (Figure 2.3, red). Computational studies relevant to CO2 binding suggest that, in 

comparison to the bpy-based complex,18, 19 at the TS geometry the electrons forming the incipient 

Cr–C bond are relatively more localized on the metal and σ-based, which could contribute to the 

relatively heightened barrier for 1 in comparison to the bpy-based complex. Indeed, this is 

consistent with the need for charge reorganization from the doubly reduced tpy fragment to Cr 

being a key component. The formation of the CO2 adduct [Cr(tpytbupho•)(η1-CO2)]− is also 

significantly exergonic, in contrast to the endergonic formation of [Cr(tbudhbpy)(η1-CO2)]−.18, 19 This 

trend is consistent with differences in the operating potential: the catalytically relevant reduction 
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potential of complex 1 (E1/2 = −2.18 V) is 0.23 V more negative than the bpy-based complex (E1/2 

= −1.95 V). 

Facile access to the σ-basic character at Cr makes [CrII(tpytbupho2•)(DMF)]− more adept at 

interacting with the added proton donor PhOH than [CrII(tbudhbpy•)]−, which presents relatively 

more π-basic character. In CV studies with added PhOH under Ar saturation (Figure 2.3, green), 

a loss of reversibility occurs at the third reduction, consistent with an interaction between the Cr 

center and proton donor. Conversely, the bpy-based Cr catalyst exhibited no comparable activity 

with added PhOH.18, 19 DFT calculations show that the difference in the transition state energy 

(ΔTS) between the barrier for protonation and CO2 binding narrows across these two catalysts 

(ΔTS is 8.5 kcal/mol for [CrII(tpytbupho2•)(DMF)]−, versus 20.2 kcal/mol for [CrII(tbudhbpy•)]−;19 

Figure S2.27), consistent with the experimentally observed reactivity trends. Further, hydride 

formation from [CrII(tbudhbpy•)]− is exergonic (−7.2 kcal/mol), whereas comparable hydride 

formation from [CrII(tpytbupho2•)(DMF)]− is even more thermodynamically favored, –15.8 kcal/mol. 

The difference is apparent under electrocatalytic conditions: 1 produces minor amounts of H2 

(Table 2.1).  

An additional consequence of the more negative potentials required for CO2 binding by 1 

appears to be relatively lower barriers for protonation to generate and protonate a 

hydroxycarbonyl intermediate (Cr–CO2H) than those for the bpy-based analogue. Experimentally, 

saturation of the electrocatalytic current with an added proton donor occurs at low concentrations 

for 1, whereas a kinetic rate dependence was previously assessed for the bpy-based analogue. 

Computations again reflect these reactivity trends, suggesting that CO2 binding is the rate-

determining step for complex 1, as opposed to the bpy-based catalyst, where C–OH bond 

cleavage was determined to be the rate-determining step.  

Formation of a second key diradical state in the reduced ligand occurs again in 

[CrII(tpytbupho2•)(η1-CO2H)]− (S = 3/2), which precedes C–OH bond cleavage. During formation of 
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the Cr carbonyl and H2O coproducts, one of these ligand-based unpaired electrons is transferred 

to the π-back-bonding scaffold of the forming CO ligand. For [CrII(tbudhbpy•)(η1-CO2H)]− (S = 1), a 

similar reaction pathway occurs; however, the barrier is relatively more significant and defines the 

rate of the process.18, 19 It is noteworthy that the increased redox activity of tpy assists in 

diminishing the barrier of this chemical reaction step, because two charge equivalents are coupled 

to Cr and available for transfer rather than one. Although excellent agreement between the theory 

and experiment have been achieved here, we encourage the use of higher levels of theory for 

obtaining a priori predictive insight into the electronic structure of metal complexes whose spin 

manifolds might contain strongly coupled ligand and metal components to better assess the 

possibility of multiconfigurational active spaces.39 

2.6 Conclusions 

 We report a new Cr-based electrocatalyst for the reduction of CO2 to CO. Selective and 

stable Cr-based catalysts are underrepresented for the CO2RR.4-6 Indeed, there are limited overall 

examples of the Cr/Mo/W triad showing either electrochemical or electrocatalytic activity.10-17 By 

expansion of the polypyridyl core of the ligand, the ligand must be reduced twice to initiate the 

catalytic cycle, producing an active state that is best described as [CrII(tpytbupho2•)]− (S = 1). The 

formation of a ligand-based diradical occurs again later in the catalytic cycle, when the 

intermediate prior to C–OH bond cleavage, 2
1

Cr(CO2H)−1
⬚

, is generated, demonstrating that 

coupling between the tpy-based ligand and Cr center alters the rate-determining step of the 

catalytic cycle. These results suggest that the ligand design principles used to develop selective, 

active, and stable late-transition-metal catalysts for the CO2RR can be applied to metals much 

earlier in the transition-metal series to create new categories of carbonyl ligand-free catalysts. 
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2.7 Supplementary Information 

2.7.1 Materials and Methods 

General  

All chemicals and solvents (ACS or HPLC grade) were commercially available and used as 

received unless otherwise indicated. For all air-sensitive reactions and electrochemical 

experiments, HPLC-grade solvents were obtained as anhydrous and air-free from a PPT Glass 

Contour Solvent Purification System. Gas cylinders were obtained from Praxair (Ar as 5.0; O2 as 

4.0) and passed through activated molecular sieves prior to use. Gas mixing for variable 

concentration experiments was accomplished using a gas proportioning rotameter from Omega 

Engineering. UV-vis absorbance spectra were obtained on a Cary 60 from Agilent. An Anton-Parr 

Multiwave Pro SOLV, NXF-8 microwave reactor was used for microwave syntheses.  

 
Electrochemistry 

All electroanalytical experiments were performed using a Metrohm Autolab PGSTAT302N 

potentiostat. Glassy carbon working (⌀ = 3 mm) and non-aqueous silver/silver chloride 

pseudoreference electrodes behind PTFE tips were obtained from CH Instruments. The 

pseudoreference electrodes were obtained by depositing chloride on bare silver wire in 10% HCl 

at oxidizing potentials and stored in a 0.1 M tetrabutylammonium hexafluorophosphate/N,N-

dimethylformamide (TBAPF6/DMF) solution in the dark prior to use. The counter electrode was a 

glassy carbon rod (⌀ = 3 mm). All CV experiments were performed in a modified scintillation vial 

(20 mL volume) as a single-chamber cell with a cap modified with ports for all electrodes and a 

sparging needle. TBAPF6 was purified by recrystallization from ethanol and dried in a vacuum 

oven before being stored in a desiccator. All data were referenced to an internal ferrocene 

standard (ferricenium/ferrocene reduction potential under stated conditions) unless otherwise 

specified. All voltammograms were corrected for internal resistance and obtained at scan rates of 

100 mV/s unless otherwise specified. Ferrocene was purified by sublimation prior to use. 
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Controlled Potential Electrolysis (CPE) 

Bulk electrolysis experiments were performed in a glass Pine H-cell with two compartments 

separated by a glass frit. A 60 mL stock solution of DMF with 0.1 M TBAPF6 was prepared for 

each bulk electrolysis experiment. Approximately 26 mL of the stock solution was added to each 

half of the H-cell. One side of the H-cell contained the Cr(tpytbupho)Cl2 1 catalyst, any additional 

substrate, such as PhOH or H2O, and a glassy carbon or graphite rod working electrode. The 

other side of the H-cell contained approximately 0.075 M ferrocene as a sacrificial reductant along 

with a graphite rod counter electrode and a Ag/AgCl pseudoreference electrode. The electrolysis 

experiment was referenced by taking a CV of the side of the H-cell that contained the ferrocene 

solution. The H-cell was sealed with two septa that were connected by a piece of PTFE tubing 

which aided to maintain equal pressure between each half of the cell during the electrolysis. 

Before starting the electrolysis experiment, both sides of the H-cell were sparged with the desired 

gas for 20 minutes and the sealed cell was allowed to equilibrate for 1 hour. The resistance 

between the two halves of the H-cell was measured using the i-interrupt procedure available in 

the NOVA software provided by Metrohm. The electrolysis with 1 and PhOH was kept in the dark 

while potential was applied and during all product analysis. 

 
CPE Product Analysis  

During bulk electrolysis experiments, either 150 or 250 μL GC injections of the headspace were 

periodically taken for the detection and quantification of any gaseous products produced. After 

each bulk electrolysis experiment, the total volume of solution was measured. The total volume 

of the sealed H-cell was also measured to account for the total headspace volume for accurate 

quantification of gaseous products. A calibration curve for CO and H2 was used to quantify 

gaseous products produced during electrolysis experiments in the same manner as we previously 

reported.18 
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Analysis of gas phase products was done by sampling electrolysis headspace through syringe 

injections into an Agilent 7890B GC equipped with a specialty gas split column 5 Å mol 

sieve/Porabond Q column (15 m length; 0.320 mm diameter; 25.0 µm film) and thermal 

conductivity detector with He as a carrier gas. A calibration curve for CO and H2 was made in the 

H-cell with an experimental setup containing identical volumes of 0.1 M TBAPF6 in DMF to those 

used during electrolysis. Known volumes of CO and H2 were injected into the cell with stirring and 

250 μL injections of the headspace were taken for GC injections after equilibration. The limit of 

detection (LOD) and limit of quantitation (LOQ) for CO and H2 in the GC were determined from 

seven consecutive injections at the lowest observable concentrations of each gaseous product 

respectively. For CO, the LOD was determined to be 5.77 x 10-7 moles and the LOQ was 

determined to be 1.92 x 10-6 moles. For H2, the LOD was determined to be 4.55 x 10-6 moles and 

the LOQ was determined to be 1.52 x 10-5 moles.  

Calculation of Overpotential 
PhOH Conditions 
The calculation of overpotential for Cr(tpytbupho)Cl2 1 was performed according to reported 

methods.40 The following equation was used for the determination of the reaction standard 

potential in V with respect to the Fc+/Fc couple:  

𝐸஼ைమ/஼ை = −0.73 𝑉 − 0.059(𝑝𝐾௔)           Eq (S2.1) 

The pKa for PhOH in DMF is reported as 18.841: 

      𝐸஼ைమ/஼ை(𝑃ℎ𝑂𝐻) = −1.84 𝑉 𝑣𝑠 𝐹𝑐ା/𝐹𝑐            Eq (S2.2) 

The Ecat/2 determined experimentally for Cr(tpytbupho)Cl2 1 is –2.10 V vs Fc+/Fc for protic CO2 

reduction (1.0 mM Cr(tpytbupho)Cl2 1 and 37 mM PhOH under CO2 saturation); the overpotential 

is:  

     𝜂 = ห𝐸௖௔௧/ଶ − 𝐸஼ைమ/஼ைห = 260 𝑚𝑉                     Eq (S2.3) 
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This assumes no contribution from homoconjugation of the acid. We note that the 

homoconjugation constant (HA2
–) for PhOH in DMF has been reported as log(𝐾ு஺మ

ష) = 3.8.29 

Therefore, we emphasize that the described overpotential calculated above for PhOH is the lower-

limit approximation, as homoconjugation is expected to alter the effective overpotential. The 

overpotential equation can be modified to account for homoconjugation: 

        𝐸஼ைమ/஼ை = −0.73 𝑉 − 0.059(𝑝𝐾௔) −
ିଶ.ଷ଴ଷோ்

௡ி
log (𝑚𝐾ு஺మ

ష)          Eq (S2.4) 

Where n = number of electrons (2) and m = number of proton transfers (2). The modified equation 

provides a value of 𝐸஼ைమ/஼ை
଴ = –1.72 V and 𝜂 = 380 mV. This value does not account for the possible 

thermodynamic contributions of the water coordinated to the pre-catalyst, the equimolar quantities 

of water produced for each equivalent of CO generated, or any adventitious H2O present in the 

CO2, solvent, or electrolyte. Under CO2 saturation, any water present can form carbonic acid, 

pKa(DMF) 7.37,42 and generate new equilibria involving CO2 and bicarbonate. The role of carbonic 

acid (and the general hydration of CO2 in non-aqueous solvent systems) in altering the overall 

thermodynamics combined with the effects of homoconjugation has been assessed by 

Matsubara.43 Considering the role of water, Matsubara obtained a standard potential for CO2 

reduction to CO of –1.70 V versus Fc+/Fc for PhOH in DMF with 10 mM water present (see below). 

Note the same value is obtained considering 10 mM water only. 

For 10 mM H2O in DMF, where AH = PhOH:43 

3𝐶𝑂ଶ(௚) + 𝐻ଶ𝑂(௦௢௟,௫) + 2𝑒ି ⇌ 𝐶𝑂(௚) + 2𝐻𝐶𝑂ଷ (௦௢௟)
ି    𝐸଴ = −1.70 𝑉 𝑣𝑠. 𝐹𝑐ା/𝐹𝑐 

𝐶𝑂ଶ(௚) + 2𝐴𝐻(௦௢௟) + 2𝑒ି ⇌ 𝐶𝑂(௚) + 2𝐴ି
(௦௢௟) + 𝐻ଶ𝑂(௦௢௟,௫)  𝐸଴ = −1.96 𝑉 𝑣𝑠. 𝐹𝑐ା/𝐹𝑐 

𝐶𝑂ଶ(௚) + 4𝐴𝐻(௦௢௟) + 2𝑒ି ⇌ 𝐶𝑂(௚) + 2𝐻𝐴ଶ
ି

(௦௢௟)
+ 𝐻ଶ𝑂(௦௢௟,௫)  𝐸଴ = −1.70 𝑉 𝑣𝑠. 𝐹𝑐ା/𝐹𝑐 

2% H2O Conditions 

Matsubara has also assessed the standard potential for CO2 reduction to CO in DMF under 

various concentrations of H2O.43 The reported value of E0
CO2/CO (2% H2O) is –1.64 V vs. Fc+/Fc 
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and the Ecat/2 determined experimentally for Cr(tpytbupho)Cl2 1 is –2.10 V vs Fc+/Fc for protic CO2 

reduction (1.0 mM Cr(tpytbupho)Cl2 1 and 2%H2O under CO2 saturation); the overpotential is:  

     𝜂 = ห𝐸௖௔௧/ଶ − 𝐸஼ைమ/஼ைห = 470 𝑚𝑉                     Eq (S2.5) 

Computational Methods  

DFT calculations were performed on the Rivanna High-Performance Computing Cluster at the 

University of Virginia using the Gaussian 16 program, Rev B.01.44 The hybrid functional B3LYP32-

35 and the def2-SVP basis set for all atoms45, 46 were used for all calculations. Energies were 

refined by means of single point calculations with the larger def2-TZVP basis set. Unrestricted 

geometry optimizations were carried out without geometry constraints and dispersion effects were 

accounted for by using Grimme’s D3 parameter set with Becke-Johnson (BJ) damping.47 Bulk 

solvent effects (N,N-dimethylformamide = DMF) were included at the optimization stage with the 

CPCM model.48, 49 The stationary points and their nature as minima or saddle points (TS) were 

characterized by vibrational analysis, which also produced enthalpy (H), entropy (S) and Gibbs 

energy (G) data at 298.15 K. The minima connected by a given transition state were determined 

by Intrinsic Reaction Coordinate (IRC) calculations or by perturbing the transition states along the 

TS coordinate and optimizing to the nearest minimum. Free energies were corrected to account 

for concentration effects and for errors associated with the harmonic oscillator approximation. 

Thus, according to Truhlars’s quasi-harmonic approximation, all vibrational frequencies below 

100 cm-1 were set to this value.50 All anharmonic and concentration corrections were calculated 

with the Goodvibes 3.0.1 code51; the entropic quasi-harmonic treatment used a mixture of RRHO 

and Free-rotor vibrational entropies52 and the enthalpic quasi-harmonic treatment used the RRHO 

treatment with an approximation term for vibrational energy.53 The concentration corrections for 

all species under representative catalytic conditions were set to 1 mM, with the following 

exceptions: [PhOH] = 0.1 M; [CO2] = 0.23 M; [DMF] = 12.97 M. Kohn-Sham orbital projections 

and spin densities were plotted with isovalues of 0.045 and 0.005, respectively. The energetic 
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ordering of the spin manifold predicted by the hybrid B3LYP functional was checked38 by using 

single-point calculations with the meta-GGA revised TPSS functional36, 37 with single point 

calculations using def2-TZVP basis set. 

Determination of TOF from Preparative ElectrolysisThe integrated expression of current for a 

homogeneous electrocatalytic response (considering an application of steady-state conditions to 

the substrate) has been solved previously.54, 55  

𝑖

𝐹𝐴
=

𝑛௖௔௧
ఙ [𝑐𝑎𝑡]ඥ(𝑘௢௕௦𝐷௖௔௧)

1 + exp ቂ
𝐹

𝑅𝑇 ൫𝐸௔௣௣ − 𝐸ଵ/ଶ൯ቃ
 

where  

𝑘௢௕௦ = 𝑘௖௔௧[𝐶𝑂ଶ] 

where 𝑖 is the average current (Amps) specific to the reaction product of interest, 𝐹 is Faraday’s 

constant (96485 C mol–1), 𝐴 is the area of the electrode (cm2), 𝑛௖௔௧
ఙ  is the number of electrons in 

the catalytic process (2) with σ = 1 under the assumption that all electrons are delivered to the 

catalyst by the electrode, [𝑐𝑎𝑡] is the concentration of the catalyst (mol cm–3), 𝑘௢௕௦ is the apparent 

turnover frequency (s–1), [𝐶𝑂ଶ] is the concentration of CO2 saturated in DMF (mol cm–3), 𝐷௖௔௧ is 

the diffusion coefficient of the catalyst (cm2 s–1), 𝑅 is the ideal gas constant (Joule mol–1 K–1), 𝑇 is 

the temperature (K), 𝐸௔௣௣ is the applied potential during preparative electrolysis (V), and 𝐸ଵ/ଶ is 

the standard potential of the catalyst (V).  

and 

𝑖

𝐴
= 𝐽 = 𝐶𝑂 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

 

 



89 
 

Substituting and rearranging the first expression to solve for kobs 

𝑘௢௕௦ =
𝐽ଶ ቀ1 + exp ቂ

𝐹
𝑅𝑇 ൫𝐸௔௣௣ − 𝐸ଵ/ଶ൯ቃቁ

ଶ

𝐹ଶ(𝑛௖௔௧
ఙ [𝑐𝑎𝑡])ଶ𝐷௖௔௧

 

with 𝑘௢௕௦ in hand, the 𝑇𝑂𝐹 can be expressed for a given potential according to the following 

relationship 

𝑇𝑂𝐹 =
𝑘௢௕௦

1 + exp ቂ
𝐹

𝑅𝑇 ൫𝐸௔௣௣ − 𝐸ଵ/ଶ൯ቃ
 

Parameters for electrocatalysis mediated by Cr(tpytbupho)Cl2 1 in DMF under CO2 saturation not 

found in Table 2.1: 

- E1/2 catalyst: −2.18 V vs Fc+/Fc 

- Temperature: 298.15 K 

- [CO2]: 2.3 x 10−4 mol cm−3 

- Diffusion coefficient: 3.89 x 10−6 cm2 s−1 

- Electrode area: 2.61 cm2 (experiment with PhOH) or 3.66 cm2 (experiment with H2O) 

Determination of TOFmax from Cyclic VoltammetryThe expression for TOFmax for a 

homogeneous electrocatalytic response (considering an application of steady-state conditions to 

the substrate) has been solved previously.18, 56 

𝑇𝑂𝐹௠௔௫ = 0.1992
𝑛௣

ଷ

𝑛௖௔௧
ଶ

𝐹𝑣

𝑅𝑇
ቆ

𝑖𝑐𝑎𝑡

𝑖௣
ቇ

ଶ

 

Where 𝑛௣
⬚ is the number of electrons transferred under faradaic conditions, 𝑛𝑐𝑎𝑡

⬚  is the number of 

electrons transferred under catalytic conditions, R is the ideal gas constant, F is Faraday’s 

constant, v is the scan rate, T is temperature, 𝑖𝑐𝑎𝑡
⬚  is the catalytic current, and 𝑖௣

⬚is the Faradaic 

current. 



90 
 

Synthesis of 2-([2,2':6',2''-terpyridin]-6-yl)-4,6-di-tert-butylphenol, tpytbupho(H) 

The preparation of 6-bromo-2,2':6',2''-terpyridine was carried out as previously reported.28 The 

(3,5-di-tert-butyl-2-hydroxy-phenyl)boronic acid was prepared as we have previously reported.57 

Subsequent microwave assisted Suzuki-type cross coupling of 6-bromo-2,2':6',2''-terpyridine with 

(3,5-di-tert-butyl-2-hydroxy-phenyl)boronic acid was done in an analogous fashion to our previous 

establish synthetic method.18 To a single microwave tube was added 6-bromo-2,2':6',2''-

terpyridine (1.50 g, 0.481 mmol), sodium carbonate (3.50 g, 4.19 mmol), Pd(PPh3)4 (100 mg, 

0.0086 mmol), (3,5-di-tert-butyl-2-hydroxy-phenyl)boronic acid (2.16 g, 0.865 mmol), degassed 

toluene (50 mL), degassed DI water (10 mL), and degassed methanol (12 mL). The microwave 

was set to run for 120 minutes at 170 ºC at the highest ramp rate. After the reaction, the aqueous 

and organic layers were separated. The aqueous layer was washed with dichloromethane (DCM) 

(2x50mL) and the organic layer was washed with brine (3x50 mL). The organic layers were 

combined, dried over MgSO4, and condensed to dryness. Addition of 50 mL of methanol induced 

precipitation of the tpytbupho(H) ligand as a light-yellow solid which was collected via vacuum 

filtration. 94% isolated yield (1.98 g). 1H NMR (d2-CD2Cl2, 600 MHz): δ 15.20 (s, 1H, OH), 8.79 

(m, 1H, ArH), 8.70 (m, 1H, ArH), 8.54 (m, 1H, ArH), 8.38 (m, 1H, ArH), 8.20 (m, 1H, ArH), 8.05 

and 8.03 (m, 3H, ArH), 7.91(m, 1H, ArH), 7.77 (d, 1H, ArH), 7.46 (d, 1H, ArH), 7.37 (m, 1H, ArH), 

1.56 (s, 9H, -C(CH3)3), 1.40 (s, 9H, -C(CH3)3), 13C{1H} (d2-CD2Cl2, 600 MHz) NMR δ 158.94 (ArC), 

157.38 (ArC), 156.45 (ArC), 156.26 (ArC), 154.00 (ArC), 152.95 (ArC), 149.57 (ArC), 140.37 

(ArC), 139.07 (ArC), 138.68 (ArC), 137.95 (ArC), 137.33 (ArC), 126.76 (ArC), 124.43 (ArC), 

121.61 (ArC), 121.48 (ArC), 120.95 (ArC), 120.23 (ArC), 119.13 (ArC), 118.26 (ArC), 110.46 

(ArC), 35.70 (tbuC), 34.71 (tbuC), 31.79 (tbuC), 29.80 (tbuC). Elemental analysis for C38H48N2O2: 

calc’d: C: 79.60, H: 7.14 N: 9.60 found: C: 79.71 H: 7.30 N: 9.44. MSMS (m/z): calc’d: 438.2534 

found: 238.2551 

 

 



91 
 

Synthesis of Cr(tpytbupho)Cl2 (1) 

Metalation of tpytbupho(H) with Cr(III) to generate Cr(tpytbupho)Cl2 1 was achieved by stirring 

tpytbupho(H) (0.250 g, 0.571 mmol) with 1.05 equivalents of chromium(II) dichloride (0.0737 g, 

0.600 mmol) in tetrahydrofuran (150 mL) under an inert atmosphere overnight. Following 

exposure to air, the reaction mixture was filtered to collect the precipitate. The precipitate was 

washed with saturated aqueous ammonium chloride (25 mL). The solid was then dissolved in 

DCM and filtered through a PTFE syringe filter to remove any residual ammonium chloride. The 

solution was then condensed down. Then 20 mL of pentanes was added with sonication to collect 

the product as a dark red crystalline solid via vacuum filtration. 42.2% isolated yield (135 mg). 

Elemental analysis for C29H30Cl2CrN3O1 calc’d: C 62.26, H 5.41, N 7.51; found: C 62.41, H 5.23, 

N 7.42. MSMS (m/z): calc’d: 505.1821 found: 505.1821. Note MS results align with data in the 

absence of the chloride anions and in the presence of one bound hydroxy ligand. λmax: 243 nm (ε 

= 12900 M-1 cm-1), 282 nm (ε = 8390 M-1 cm-1), 350 nm (ε = 3700 M−1 cm−1), 428 nm (ε = 1400 M-

1 cm-1). 

Synthesis of [Zn(tpytbupho)][OTf] 

Metalation of tpytbupho(H) with Zn(II) to generate [Zn(tpytbupho)][OTf] was achieved by stirring 

tpytbupho(H) (0.0490 g, 0.112 mmol) with 1.1 equivalents zinc(II) triflate (0.0448 g, 0.123 mmol) in 

acetonitrile at room temperature under an inert atmosphere for 24 hours. Following exposure to 

air, the acetonitrile was removed via reduced pressure and the solid was recrystallized with 

minimal acetonitrile and diethyl ether. Then, the solid was collected via filtration and dissolved in 

DCM and filtered through a PTFE syringe filter to remove residual Zn salt. The solution was 

condensed to dryness to obtain a light-yellow solid. 52% isolated yield (38 mg). Elemental 

analysis for C30H30F3N3O4SZn·[CH2Cl2]1.5 calc’d: C 48.60, H 4.27, N 5.40; found: C 48.90, H 4.12, 

N 5.53. 1H NMR (d2-CD2Cl2, 600 MHz): δ 8.79 (d, 1H, ArH), 8.39 (m, 2H, ArH), 8.34 (m, 2H, ArH), 

8.33 (m, 2H, ArH), 8.22 (m, 1H, ArH), 7.93 (m, 1H, ArH), 7.64 (m, 1H, ArH), 7.50 (m, 1H, ArH), 

1.57 (s, 9H, -C(CH3)3), 1.39 (s, 9H, -C(CH3)3). 
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Evans’ Method Characterization of 1 

The spin state of the Cr(tpytbupho)Cl2 (1) catalyst was characterized as a Cr(III) species via Evans’ 

Method.58, 59 Three capillary inserts were made with a 50% v/v mixture of DMF and DMF-d7. Each 

insert was flame sealed, and then placed in an NMR tube. Then 5.9 mg of 1 was dissolved in 2.5 

mL of DMF. Approximately 0.6 mL of the solution of 1 was added to each of the three NMR tubes 

containing a flame sealed insert. 1H NMR spectra with 64 scans were then taken using a 600 MHz 

Varian NMR Spectrometer. The results of this experiment, which was run in triplicate, can be seen 

in Table S2.1. The average µeff of 1 was 3.89±0.03. 

X-ray Crystallography 

A single crystal of tpytbuphoH or Cr(tpytbupho)Cl2 1 was coated with Paratone oil and mounted on 

a MiTeGen MicroLoop. The X-ray intensity data were measured on a Bruker Kappa APEXII Duo 

system equipped with a fine-focus sealed tube (Mo Kα, λ = 0.71073 Å) and a graphite 

monochromator, and an Incoatec Microfocus IμS (Cu Kα, λ = 1.54178 Å) and a multi-layer mirror 

monochromator. The frames were integrated with the Bruker SAINT software package60 using a 

narrow-frame algorithm. Data were corrected for absorption effects using the Multi-Scan method 

(SADABS). Each structure was solved and refined using the Bruker SHELXTL Software 

Package61 within APEX360 and OLEX2.62 Non-hydrogen atoms were refined anisotropically. The 

O-H hydrogen atom in tpytbuphoH was located in the electron density map and refined 

isotropically.  All other hydrogen atoms in both structures were placed in geometrically calculated 

positions with Uiso = 1.2Uequiv of the parent atom (1.5Uequiv for methyl).  
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Table S2.1. X-ray crystallographic data for tpytbuphoH and Cr(tpytbupho)Cl2. 
 tpytbuphoH Cr(tpytbupho)Cl2 

CCDC number 2086770 2086769 
Formula C29H31N3O C31H33Cl2CrN4O 
FW (g/mol) 437.57  600.51  
Temp (K) 100(2)  100(2)  
λ (Å) 0.71073  1.54178  
Size (mm) 0.060 x 0.132 x 0.352 0.037 x 0.123 x 0.129  
Crystal habit colorless rod orange plate 
Crystal system triclinic monoclinic 
Space group P -1 P 21/c 
a (Å) 7.0865(11)  11.3002(4)  
b(Å) 10.0756(15)  14.6424(5)  
c (Å) 17.671(3)  17.6380(7)  
α (°) 82.004(5) 90 
β (°) 78.474(4) 96.229(3) 
γ (°) 70.496(4) 90 
Volume (Å3) 1161.8(3) 2901.19(18) 
Z 2 4 
Density (g/cm3) 1.251  1.375 
µ (mm-1) 0.076 5.182 
F(000) 468 252 
θ range (°) 1.18 to 27.57 3.93 to 68.34 
Index ranges -9 ≤ h ≤ 9  

-13 ≤ k ≤ 12 
-22 ≤ l ≤ 22 

-13 ≤ h ≤ 13 
-16 ≤ k ≤ 17  
-21 ≤ l ≤ 20 

Reflns collected 23615 34898 
Independent reflns 5353 [Rint = 0.0833] 5321 [Rint = 0.1056] 
Data / restraints /parameters 5353 / 0 / 308 5321 / 0 / 359 
GOF on F2 1.030 1.024 
R1 (I>2σ(I)) 0.0654 0.0518 
wR2 (all data) 0.1865 0.1392 
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Figure S2.1. MS results for tpytbupho(H) ligand. 
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Figure S2.2. MS results for Cr(tpytbupho)Cl2 1. 

  

Table S2.2. Evans’ method results for Cr(tpytbupho)Cl2 1 in DMF.58, 59

Trial 
Chemical 

Shift (ppm) 
Chemical 
Shift (Hz) 

Total Magnetic 
Moment (emu mol−1) 

Paramagnetic 
Moment (emu mol−1) 

µeff (Bohr 
Magnetons) 

1 0.111 66.6 0.00628 6.29 x 10−3 3.87 
2 0.114 68.4 0.00645 6.46 x 10−3 3.92 
3 0.112 67.2 0.00633 6.34 x 10−3 3.89 
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Figure S2.3. 1H NMR of tpytbuphoH ligand; CD2Cl2; 600 MHz Varian. 

 

 

Figure S2.4. 13C{1H} NMR of tpytbuphoH ligand; CD2Cl2; 150 MHz Varian. 
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Figure S2.5. (A) UV-vis serial dilution absorbance data obtained from Cr(tpytbupho)Cl2 1 in DMF 
solution. (B) Plot of absorbance versus concentration from data in (A) (λmax = 243 (12900 
M−1cm−1), 282 (8390 M−1cm−1), 350 nm (3700 M−1cm−1), and 428 nm (1400 M−1cm−1)). Conditions: 
varying concentration; quartz cell with 1 cm pathlength.   

2.7.2 Electrochemistry 

 

Figure S2.6. (A) CVs of Cr(tpytbupho)Cl2 1 at variable scan rates ranging from 50 (black) to 5000 
(red) mV/s, obtained under Ar saturation conditions. (B) Linear Fit of variable scan rate data from 
(A) demonstrating that Cr(tpytbupho)Cl2 1 shows a diffusion-limited current response. The data in 
(B) was obtained from the reversible redox feature at −2.18 V vs Fc+/Fc. Conditions: 1.0 mM 
analyte, 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter electrode, 
Ag/AgCl pseudoreference electrode; varied scan rate; referenced to internal ferrocene standard. 
Scan rates are 50, 100, 200, 300, 400, 500, 1000, 2000, 3000, 4000, and 5000 mV/s. 
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Figure S2.7. CVs of Cr(tpytbupho)Cl2 1 under Ar saturation conditions examining the effect of 
TBACl under aprotic conditions. Conditions: 1.0 mM analyte, 0.1 M TBAPF6/DMF; glassy carbon 
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 
mV/s scan rate; referenced to internal ferrocene standard. 

 

Figure S2.8. (A) CVs of Cr(tpytbupho)Cl2 1 and 57.8 mM TBACl at variable scan rates ranging 
from 50 (black) to 5000 (red) mV/s, obtained under Ar saturation conditions. (B) Linear Fit of 
variable scan rate data from (A) demonstrating that Cr(tpytbupho)Cl2 1 shows a diffusion-limited 
current response. The data in (B) was obtained from the reversible redox feature at −2.22 V vs 
Fc+/Fc. Conditions: 1.0 mM analyte, 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy 
carbon counter electrode, Ag/AgCl pseudoreference electrode; varied scan rate; referenced to 
internal ferrocene standard. Scan rates are 50, 100, 200, 300, 400, 500, 1000, 2000, 3000, 4000, 
and 5000 mV/s. 
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Figure S2.9. Free energy profile of the precatalyst reduction steps for 1. S indicates a DMF 
solvent adduct of DMF. 

 

 

Figure S2.10. CVs of Cr(tpytbupho)Cl2 1 obtained under CO2 saturation conditions with varying 
amounts of PhOH showing no dependence on acid concentration. Conditions: 1.0 mM analyte 
with 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter electrode, 
Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal ferrocene 
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standard. 

 

Figure S2.11. CVs of Cr(tpytbupho)Cl2 1 with 0.16 M PhOH under CO2 saturation conditions. 
These data are comparing the presence and absence of crossover tracing at 100 mV/s (A) and 
1000 mV/s (B), respectively. Conditions: 1.0 mM analyte, 0.1 M TBAPF6/DMF; glassy carbon 
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; varied 
scan rate; referenced to internal ferrocene standard.  

 

 

Figure S2.12. Comparison of CVs of 1.0 mM Cr(tpytbupho)Cl2 1 under Ar and CO2 saturation 
conditions with and without 0.28 M H2O. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working 
electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced 
to Fc+/Fc internal standard; 100 mV/s scan rate. 
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Figure S2.13. (A) CVs of Cr(tpytbupho)Cl2 1 at variable concentrations, obtained under CO2 
saturation with 0.50 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in (A) 
with only the first three points fitted due to saturation of the system at higher concentrations. 

 

Figure S2.14. (A) CVs of Cr(tpytbupho)Cl2 1 obtained under variable CO2 concentrations with 0.50 
M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon 
counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard. (B) Log–log plot from data obtained from CVs in (A) with only the first three 
points fitted due to saturation of the system at higher concentrations.  
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Figure S2.15. Comparison CVs of Cr(tpytbupho)Cl2 1 and Cr(tbudhbpy)Cl(H2O)18 obtained under 
(A) Ar saturation and without (B) and with (C) 0.1 M PhOH under CO2 saturation. Conditions: 1.0 
mM catalyst with 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter 
electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard. 

 



103 
 

 

Figure S2.16. (A) Current versus time trace from CPE experiment with Cr(tpytbupho)Cl2 1 and 
PhOH. (B) Charge passed versus time for the CPE experiment shown in (A). Conditions were 0.5 
mM Cr(tpytbupho)Cl2 1 and 0.6 M PhOH under a CO2 atmosphere at −2.3 V vs Fc+/Fc in 0.1 M 
TBAPF6/DMF; working and counter electrodes were graphite rods and the reference was a 
nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant; cell 
was kept in the dark while applying potential and product analysis. 

 

Table S2.3. Results from CPE experiment in Figure S2.16. 

Time (s) 
Charge 

(coulombs) 
moles (e−) 

Moles of 
CO 

FECO Moles of H2 FEH2 

*22000 14.9 1.54 x 10−4 7.16 x 10−4 92.71 2.07 x 10−6 2.68 

*22000 14.9 1.54 x 10−4 6.56 x 10−4 84.94 2.00 x 10−6 2.59 

*22000 14.9 1.54 x 10−4 7.79 x 10−4 100.87 2.08 x 10−6 2.70 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Figure S2.17. UV-vis spectrum of pre (black) and post (red) bulk CPE solution from experiment 
in Figure S2.16 after dilution. Conditions: 0.1 mL CPE solution in 2.9 mL 0.1 M TBAPF6/DMF; 
quartz cell with 1 cm pathlength. 

 

Figure S2.18. (A) Current versus time trace from rinse test CPE experiment. (B) Charge passed 
versus time for the CPE experiment shown in (A). Conditions were 0.6 M PhOH under a CO2 
atmosphere at −2.3 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode was the graphite rod 
used in the experiment shown in Figure S2.16 that was rinsed with DMF and not polished, counter 
electrode was a graphite rod, and the reference was a nonaqueous Ag/AgCl pseudoreference 
electrode; 0.075 M Fc was used as sacrificial oxidant. 
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Table S2.4. Results from CPE experiment in Figure S2.18. 

Time (s) Charge (coulombs) moles (e−) Moles of CO 

*20000 8.42 8.73 x 10−5 <LOQ 

*20000 8.42 8.73 x 10−5 <LOQ 

*20000 8.42 8.73 x 10−5 <LOQ 

* indicates a triplicate series of injections carried out upon completion of electrolysis  

 

 

 

 

Figure S2.19. (A) Current versus time trace from control CPE experiment with PhOH. (B) Charge 
passed versus time for the CPE experiment shown in (A). Conditions were 0.6 M PhOH under a 
CO2 atmosphere at −2.3 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode was a glassy 
carbon rod, counter electrode was a graphite rod, and the reference was a nonaqueous Ag/AgCl 
pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 
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Figure S2.20. (A) Current versus time trace from CPE experiment with Cr(tpytbupho)Cl2 1 and 
H2O. (B) Charge passed versus time for the bulk electrolysis experiment shown in (A). Conditions 
were 0.5 mM Cr(tpytbupho)Cl2 1 and 2% H2O under a CO2 atmosphere at −2.3 V vs Fc+/Fc in 0.1 
M TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode was a graphite 
rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was 
used as sacrificial oxidant. 

 

Table S2.5. Results from CPE experiment in Figure S2.20.

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

*16300 19.5 2.02 x 10−4 8.85 x 10−5 87.61 

*16300 19.5 2.02 x 10−4 9.69 x 10−5 95.92 

*16300 19.5 2.02 x 10−4 9.60 x 10−5 95.04 

* indicates a triplicate series of injections carried out upon completion of electrolysis 
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Figure S2.21. (A) Current versus time trace from CPE experiment with H2O. (B) Charge passed 
versus time for the bulk electrolysis experiment shown in (A). Conditions were 2% H2O under a 
CO2 atmosphere at –2.3 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode was a glassy 
carbon rod, counter electrode was a graphite rod, and the reference was a nonaqueous Ag/AgCl 
pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 

 

2.7.3 Computational Data 

Table S2.6. Experimental, calculated and calibrated redox potentials for successive redox events 

of precatalyst 1 (1a: 4
1

CrCl+1
⬚

 to 3
1

CrCl 0
⬚

, 1b: 4
0

CrCl2
0
⬚

 to 3
0

CrCl2
−1
⬚

, 2a: 3
2

Cr+1
⬚

 to 4
1

Cr 0
⬚

, 2b: 

3
1

CrCl 0
⬚

 to 4
0

CrCl−1
⬚

, 3: 4
1

Cr 0
⬚

 to 3
1

Cr−1
⬚

).

Redox label Experimental (V) Calculated (V) Calibrated 
1a −1.38 −1.36 −1.35 
1b −1.49 −1.53 −1.48 
2a −1.64 −1.65 −1.65 
2b −1.85 −1.77 −1.90 
3 −2.18 −2.35 −2.28 
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Figure S2.22. Plot of calculated versus experimental redox potentials at the triple-zeta level. 
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Figure S2.23. From left to right: molecular geometry, SOMO (β) and SOMO−1 (β) of 𝟑
𝟏

Cr−𝟏
⬚

 (A) 

and 𝟑
𝟎

Cr(CO2)
−𝟏
⬚

 (B). For clarity, tbu groups and H atoms have been omitted. 

 

 

 

Figure S2.24. From left to right: molecular geometry, SOMO (β), SOMO−1 and SOMO−2 (α) of 
𝟑
𝟎

TS1−𝟏
⬚

. 
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Figure S2.25. 1H NMR of [Zn(tpytbupho)][OTf]; CD2Cl2; 600 MHz Varian. 

 

Figure S2.26. (A) CVs of [Zn(tpytbupho)][OTf] showing two consecutive scans, obtained under Ar 
saturation conditions. (B) CVs of [Zn(tpytbupho)][OTf] at variable scan rates (50 mV/s to 5000 
mV/s), obtained under Ar saturation conditions. Conditions: 1.0 mM analyte, 0.1 M TBAPF6/DMF; 
glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference 
electrode; varied scan rate; referenced to internal ferrocene standard. 
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The [Zn(tpytbupo)][OTf] complex has three quasi-reversible redox features at E1/2 = –1.75 V, a 
minor one at E1/2 = –1.91 V, and E1/2 = –2.29 V vs. Fc+/Fc. The minor feature at –1.91 V is ascribed 
to adsorption of the complex on the electrode: the redox feature grows after consecutive scans 
without polishing the electrode and the peak at –2.29 V becomes more irreversible as scan rate 
increases. Further, the electrode had to be thoroughly polished between every scan or an 
irreversible oxidation at –0.6 V on the return sweep appeared and increased in current over time. 

 

Figure S2.27. Free energy profile comparing Cr−CO2 binding and Cr−H formation for the tbudhbpy 
and tpytbupho systems. 

 

 

Figure S2.28. Molecular geometry and spin density plot of 𝟐
𝟏

Cr(CO2H)−𝟏
⬚

. 
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Figure S2.29. Molecular geometry and spin density plot of 𝟐
𝟏

Cr(CO) 𝟎
⬚

. 

 

 

Figure S2.30. Relaxed energy scan of the elongation of the Cr–CO bond from a stable S = 3/2 

adduct, 4
0

Cr(CO):  4
0

Cr(CO) 0
⬚

 is 1.6 kcal/mol higher in energy than the ground state, 2
1

Cr(CO) 0
⬚

 

and CO release in the scan trajectory (Cr–CO 2.53 (left) to 2.91 Å (right)) occurs at a barrier of 
approximately 1 kcal/mol. As a conservative estimate based on these data, a value of 5 kcal/mol 
has been assigned to the barrier for CO release. Below: initial (left) and final (right) geometry. 
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Figure S2.31. Molecular geometry (A), spin density (B) and SOMO (β) (C) and SOMO−1 (β) (D) 

of 𝟐
𝟏

Cr(CO2H)·PhOH−𝟏
⬚

.  For clarity, tbu groups and H atoms have been omitted. 
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Figure S2.32. Molecular geometry (A), spin density (B) and SOMO (β) (C) and SOMO−1 (α) (D) 

of 𝟒
𝟎

Cr(CO2H)·PhOH−𝟏
⬚

.  For clarity, tbu groups and H atoms have been omitted. 



115 
 

 

Figure S2.33. Molecular geometry (A), SOMO (β) (B) and SOMO−1 (α) (C) of 𝟒
𝟎

TS3−𝟏
⬚

. For 

clarity, tbu groups and H atoms have been omitted. 



116 
 

 

Figure S2.34. Molecular geometry (A), SOMO (β) (B) and SOMO−1 (β) (C) of 𝟐
𝟏

TS3−𝟏
⬚

. For 

clarity, tbu groups and H atoms have been omitted. 
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Table S2.7. Comparison of B3LYP and RevTPSS triple zeta SCF energies, in Hartree, relative 
energies in kcal/mol.

Species B3LYP RevTPSS 
B3LYP 

(kcal/mol) 
RevTPSS 
(kcal/mol) 

4
1

Cr 0
⬚

 −2656.60194657 −2655.92742124 0.0 0.0 

6
1

Cr 0
⬚

 −2656.59162488 −2655.91254116 6.5 9.3 

3
1

Cr−1
⬚

 −2656.69048036 −2656.01640600 0.0 0.0 

5
1

Cr−1
⬚

 −2656.68341960 −2656.00749525 4.4 5.6 

7
1

Cr−1
⬚

 −2656.67780096 −2655.99716419 8.0 12.1 

1
0

Cr−1
⬚

* -2407.977131 n/a 37.3  

3
0

Cr−1
⬚

 −2408.03652308 −2407.43662890 0.0 0.0 

5
0

Cr−1
⬚

 −2408.03080006 −2407.43008860 3.6 4.1 

7
0

Cr−1
⬚

 −2408.02468900 −2407.41963475 7.4 10.7 

3
0

CrCO2
−1
⬚

 −2596.73019452 −2596.08907217 0.0 0.0 

5
0

CrCO2
−1
⬚

 −2596.72234300 −2596.07328357 4.9 9.9 

3
1

CrCO2·PhOH−1
⬚

 −3153.03335400 −3152.22879139 0.0 0.0 

5
1

CrCO2·PhOH−1
⬚

 −3153.02575958 −3152.21284392 4.8 10.0 

3
1

CrCO2H
0
⬚

 −2845.88063286 −2845.15961583 0.0 0.0 

5
1

CrCO2H
0
⬚

 −2845.87149601 −2845.14660783 5.7 8.2 

2
1

CrCO2H
−1
⬚

 −2845.97920700 −2845.25545291 0.0 0.0 

4
1

CrCO2H
−1
⬚

 −2845.97219387 −2845.24606945 4.4 5.9 

6
1

CrCO2H
−1
⬚

 −2845.96446337 −2845.23647140 9.3 11.9 

2
1

CrCO 0
⬚

 −2769.98254100 −2769.30606300 0.0 0.0 

4
1

CrCO 0
⬚

 −2769.96697965 −2769.28513375 9.8 13.1 

6
1

CrCO 0
⬚

 −2769.96245460 −2769.25619377 12.6 31.3 

* - spin-contaminated; (S**2 before annihilation 2.0726, after 5.8791) 
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3.1 Abstract 

 Electrocatalytic CO2 reduction is an attractive strategy to mitigate the continuous rise in 

atmospheric CO2 concentrations and generate value-added chemical products. A possible 

strategy to increase the activity of molecular systems for these reactions is the co-catalytic use of 

redox mediators (RMs), which direct reducing equivalents from the electrode surface to the active 

site. Recently, we demonstrated that a sulfone-based RM could trigger co-electrocatalytic CO2 

reduction via an inner-sphere mechanism under aprotic conditions. Here, we provide support for 

inner-sphere cooperativity under protic conditions by synthetically modulating the mediator to 

increase activity at lower overpotentials (inverse potential scaling). Furthermore, we show that 

both the intrinsic and co-catalytic performance of the Cr-centered catalyst can be enhanced by 

ligand design. By tuning both the Cr-centered catalyst and RM appropriately, an optimized co-

electrocatalytic system with quantitative selectivity for CO at an overpotential (η) of 280 mV and 

turnover frequency (TOF) of 194 s−1 is obtained, representing a three-fold increase in co-catalytic 

activity at 130 mV lower overpotential than our original report. Importantly, this work lays the 

foundation of a powerful tool for developing co-catalytic systems for homogeneous 

electrochemical reactions. 

3.2 Introduction 

The interest in electrochemical carbon dioxide (CO2) reduction is two-fold: the association 

of climate change with the global rise in atmospheric CO2 concentrations and the increasing need 

to transition from non-renewable fossil fuel-derived hydrocarbons as chemical feedstocks and 

energy sources.1 The reduction of CO2 to carbon monoxide (CO) could help to mitigate both of 

these issues through conversion of CO2 into useful building blocks for the synthesis of chemical 

feedstocks and fuels while using renewable energy sources, such as sunlight and wind, as the 

source of electricity.2, 3 In recent years, the focus of molecular electrocatalyst development has 
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shifted towards the use of abundant first-row transition metal centers to address the need for cost-

effective and scalable systems.4-8  

Nature frequently leverages co-catalytic systems during reactions involving electron 

transfer. For example, during cellular respiration the electron transport chain uses several redox 

mediators (RMs) to shuttle protons and electrons between different redox-active cofactors. The 

final step of this cycle involves ubiquinone shuttling electrons and protons to cytochrome c 

oxidase as a part of the overall reduction of dioxygen to water.9 The use of RMs is necessary for 

enzymatic systems to transfer electron equivalents due to the limitations associated with relatively 

stationary active sites buried within protein superstructures that are spatially separated from redox 

centers in the electron transport chain.10 Co-catalytic systems which utilize RMs have been 

successfully developed for homogeneous O2 reduction, increasing the overall activity of the 

system and shifting the selectivity of the reaction.11-13 In these homogeneous systems, RMs 

deliver redox equivalents to the catalyst active sites with greater mobility than is possible in 

biological systems. Parallel developments have enabled electrocatalytic N2 reduction, where 

weak C–H bonds are generated in a metallocene-based RM to assist in the cleavage of inert 

bonds,14 and alcohol oxidation, where RMs are utilized to facilitate hydrogen atom transfer 

processes that work in conjunction with the catalyst.15-17 Additional work has focused on the use 

of small-molecule RMs to enhance the activation of photosensitizers,18-23 as catalysts in 

electrosynthesis,24 or to enhance the CO2 reduction reaction on heterogeneous surfaces.25, 26 

Smith et al. reported the first homogeneous co-electrocatalytic system for the reduction of CO2 

using a NADH analogue as the RM and an Fe tetraarylporphyrin complex that shows enhanced 

catalytic activity as a combined system.27 The NADH analogue transfers protons and electrons 

during the reaction, although the exact reaction sequence is currently unknown.   

Recently, we reported a co-electrocatalytic system comprised of a chromium-centered 

catalyst, Cr(tbudhbpy)Cl(H2O) (1), where the ligand precursor is (tbudhbpy(H)2) is 6,6'-di(3,5-di-tert-

butyl-2-hydroxybenzene)-2,2'-bipyridine,8, 28 and dibenzothiophene-5,5-dioxide (DBTD) as the 
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RM.29 When both species are present under aprotic conditions, the co-catalytic reductive 

disproportionation of two equivalents of CO2 occurs to produce CO and carbonate (CO3
2−). 

Because neither the catalyst nor the mediator demonstrates intrinsic reactivity for CO2 reduction 

under these conditions, an outer-sphere mechanism could be excluded. For clarity, the following 

labeling scheme will be used for Cr complexes 
multiplicity

# bound DMF
𝐂𝐫(𝐚𝐱𝐢𝐚𝐥 𝐥𝐢𝐠𝐚𝐧𝐝𝐬)

charge

⬚
 and for RM 

species 
multiplicity

⬚
𝐑𝐌

charge

⬚
; the ligand frameworks do not change the κ4 coordination mode 

during the reaction, so it is omitted in the notation where possible for clarity. These studies 

suggested that that the assembly of 2
⬚

𝐃𝐁𝐓𝐃
−1
⬚

 with an intermediate bis-CO2 adduct, 

4
0

𝐂𝐫(𝐂𝐎𝟐𝐂𝐎𝟐)
−1
⬚

, through inner-sphere coordination produces a dianion, 

3
0

𝐂𝐫(𝐂𝐎𝟐𝐂𝐎𝟐)(𝐃𝐁𝐓𝐃)
−2
⬚

, which mediates carbon–oxygen bond cleavage. Association between 

the catalyst and mediator monoanions under aprotic conditions is driven by contributions from 

dispersive interactions, Cr–O bond formation between the metal complex and [DBTD]−, and 

through-space electronic conjugation (TSEC, Figure 3.1) between the ligand backbone of the 

catalyst and the RM.29 TSEC is a non-covalent interaction between cofacial aromatic rings based 

on the interaction of their spatially delocalized π electrons.30  
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Figure 3.1. Overview of protic CO2 reduction co-electrocatalysis, through-space electronic 
conjugation, and pancake bonding interactions relevant to the results presented here. 

When phenol (PhOH) is added as a sacrificial proton source under co-catalytic conditions 

there is an increase in activity compared to when only 1 or DBTD is present.8, 29 It was proposed 

that the association under protic conditions is driven in part by pancake bonding (PB, Figure 3.1), 

which is a parallel π-stacking interaction between planar aromatic moieties with significant radical 

character.31-34 Under co-electrocatalytic conditions, PB favors an equilibrium solvent displacement 

from 3
1

𝐂𝐫(𝐂𝐎𝟐𝐇)
−1
⬚

 by 2
⬚

𝐃𝐁𝐓𝐃
−1
⬚

 to form the dianion 4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐃𝐁𝐓𝐃)
−2
⬚

, with contributions 

from chromium–sulfone coordination and dispersive interactions. In this bimolecular assembly 

under protic conditions, both the [RM]− and the bipyridine (bpy) fragment of the [Cr–CO2H]− 

complex are formally reduced by one electron, consistent with PB. However, since the Cr catalyst 

itself has intrinsic CO2 reduction activity when PhOH is present, we could not definitively discard 

the possibility that [DBTD]− enhanced reactivity by outer-sphere electron transfer (Figure 3.1). 

We reasoned that the strength of the interaction between the RM and Cr complex could be 

increased by synthetic means, since it has been noted that the strength of PB generally scales 

with respect to the extent of π-electron delocalization in the participating radicals and their steric 

protection from sigma-bonding interactions.34  



127 
 

Here, we compare the activity and overpotential (η) of two Cr catalysts with four RM 

architectures, to better understand and optimize the co-electrocatalytic system under protic 

conditions. These results suggest that extended aromatic character in the RM structure has the 

dual benefit of lowering its standard reduction potential while also favoring its binding to the Cr 

complex, resulting in inverse reaction scaling where increased activity occurs at lower 

overpotentials. We propose that mediator designs which extend aromatic character and match 

redox potential with the metal complex induce stronger interactions that improve the stability and 

activity of co-electrocatalysis, without requiring changes in the coordinating strength of the axial 

sulfone ligand. 

3.3 Results 

3.3.1 Electrochemistry of Cr Catalysts 

 The synthesis of the (tbudhbpy(H)2) ligand and its subsequent metalation to generate 

Cr(tbudhbpy)Cl(H2O) (1) were carried out as previously reported (Figure S3.1).8 To improve the 

catalyst activity we synthesized a ligand framework with electron-donating tert-butyl groups on 

the bpy-backbone, 6,6′-di(3,5-di-tert-butyl-2-hydroxybenzene)-4,4′-di-tert-butyl-2,2′-bipyridine 

(tbudhtbubpy(H)2) which allows us to probe ligand electronic effects on the catalyst and co-catalytic 

system (see Section 3.7 and Figures S3.2-S3.4). The metalation of (tbudhtbubpy(H)2) to form 

Cr(tbudhtbubpy)Cl(H2O) (2) was carried out in a similar fashion to 1 and 2 was characterized by UV-

vis (Figure S3.5), NMR (Table S3.3), electrospray ionization-mass spectrometry (ESI-MS), 

microanalysis, and single-crystal X-ray diffraction (XRD) studies (Figure 3.2).   
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Figure 3.2. Molecular structure of Cr(tbudhtbubpy)Cl(H2O) (2) obtained from single-crystal X-ray 
diffraction studies. Blue = N, red = O, gray = C, green = Cl, maroon = Cr, white = H atoms of 
bound water molecule; thermal ellipsoids at 50%; ligand H atoms and occluded diethyl ether 
molecules omitted for clarity; hydrogen atoms of the Cr-bound water molecule were located in the 
diffraction map and refined isotropically. CCDC 2150930. 

Cyclic voltammetry (CV) experiments were performed on 1 and 2 in N,N-

dimethylformamide (DMF) with 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as the 

supporting electrolyte. As reported previously, 1 exhibits three redox features under argon (Ar) 

saturation conditions, Ep = −1.66 and −1.78 V and E1/2 = −1.95 V versus the ferrocenium/ferrocene 

(Fc+/Fc) reduction potential.8 Complex 2 also exhibits three redox features, but due to the 

electron-donating quality of the tert-butyl groups on the bpy core of the ligand, all three are located 

at the more negative potentials of Ep = −1.76 and −1.87 V and E1/2 = −2.00 V vs. Fc+/Fc (Figure 

S3.6). The first two redox features of 1 were shown to be related to one another, previously 

assigned to the formation of a solvento species resulting from an equilibrium chloride 

displacement reaction.8, 28 Due to the consistencies in redox potential, reversibility, and relative 

current intensities of these features in 2, the same can be concluded here. As was the case with 

1, the first two reduction features coalesce at scan rates ≥2000 mV/s, which is consistent with this 

assignment (Figure S3.7).  

Upon the addition of PhOH under Ar saturation conditions, 1 and 2 demonstrate only a 

small change in the redox features, suggestive of either hydrogen bonding interactions between 

the reduced complex and PhOH or increased favorability of chloride anion solvation, but not 
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formal protonation.35-37 Under CO2 saturation without PhOH, there are minimal changes to the 

redox features for both catalysts, meaning that aprotic CO2 reduction is not inherent to either 1 or 

2. Variable scan rate analysis under both Ar and CO2 saturation shows that the electron transfer 

reaction is diffusion-controlled for 2 at the third reduction feature, indicating a homogenous 

electrochemical response (Figures S3.7 and S3.8) as was observed previously for 1.8 

The similarity of the redox activity between complexes 1 and 2 extends to catalytic 

behavior: 2 also catalyzes CO2 reduction at the third redox feature (Ecat/2 = −2.00 V vs. Fc+/Fc) in 

the presence of PhOH. However, 2 more than doubles the amount of current density (1.38 

mA/cm2, Figure 3.3B, red) under the same conditions as 1 (0.554 mA/cm2, Figure 3.3B, black). 

This significant increase in current density comes with a shift of only 50 mV to more negative 

potentials, increasing the η from 110 mV to 160 mV. Complex 1 was previously found to have 

first-order concentration dependences with respect to electrocatalytic current for PhOH, catalyst, 

and CO2.8 Performing the same variable concentration experiments with 2 (Figures S3.9-S3.11) 

established that in this system electrocatalytic current also has first-order concentration 

dependences with respect to PhOH (Figure S3.9), catalyst (Figure S3.10), and CO2 (Figure 

S3.11). 
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Figure 3.3. (A) Structures of Cr(tbudhbpy)Cl(H2O) 1 and Cr(tbudhtbubpy)Cl(H2O) 2, where S is a 
solvent adduct of water or DMF. (B) Comparison of CVs for different Cr catalysts (1.0 mM) under 
CO2 saturation conditions and 0.1 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc 
working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; 
referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 

To quantify the product selectivity and turnover frequency (TOF) of 2, controlled potential 

electrolysis (CPE) was performed with added PhOH under CO2 saturation conditions (Figure 

S3.12). Gaseous products were quantified by gas chromatography (GC, see SI). The results of 

this experiment (Table S3.4) show that 2 is selectively reducing CO2 to CO under these conditions 

with 95 ± 8% FECO over 13.0 turnovers (turnover represents two electron equivalents of charge 

passed for each equivalent of 2 in solution) with a TOFCPE of 9.29 s−1 which is in good agreement 

with the TOFmax value of 14 ± 1 s−1 determined by CV (Figures S3.13-3.14 and Table S3.5).38 

Note that in all instances turnovers have been determined to show the catalytic nature of the 

process and do not represent a measurement to complete loss of activity. 
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3.3.2 Electrochemistry of Redox Mediators 

To test the inner-sphere nature of the co-electrocatalytic mechanism we previously 

reported and further optimize the system,29 we prepared three new aromatic sulfone derivatives 

to establish structure-activity relationships with Cr catalysts 1 and 2. Triphenylothiophene-4,4-

dioxide (TPTD, Figure 3.4A) was synthesized by previously reported methods.39, 40 Additionally, 

both 2,8-dimesityldibenzothiophene-5,5-dioxide (Mes2DBTD) and 2,8-diphenyldibenzothiophene-

5,5-dioxide (Ph2DBTD) (Figure 3.4A) were prepared using Pd-catalyzed cross-coupling and 

characterized by NMR (Figures S3.15-S3.18), ESI-MS, microanalysis, and XRD studies (Figure 

3.4A). CV experiments were carried out under the same conditions as 1 and 2, in 0.1 M TBAPF6 

with DMF as the solvent. Under Ar saturation conditions, DBTD displays a reversible redox feature 

with an E1/2 = −2.25 V versus Fc+/Fc corresponding to a single-electron event.29 TPTD, 

Mes2DBTD, and Ph2DBTD also show single reversible one-electron redox features under Ar 

saturation conditions, but the E1/2 values for all three are shifted to more positive potentials 

compared to DBTD (Figure 3.4B). Mes2DBTD has the most similar redox feature to DBTD with 

an E1/2 = −2.24 V versus Fc+/Fc, while TPTD and Ph2DBTD shift to more positive potentials with 

E1/2 = −2.19 V and −2.12 V versus Fc+/Fc, respectively. 
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Figure 3.4. (A) Structures of redox mediators dibenzothiophene-5,5-dioxide (DBTD), 
triphenylothiophene-4,4-dioxide (TPTD), 2,8-dimesityldibenzothiophene-5,5-dioxide 
(Mes2DBTD), and 2,8-diphenyldibenzothiophene-5,5-dioxide (Ph2DBTD). TPTD, Mes2DBTD, and 
Ph2DBTD obtained from single-crystal X-ray diffraction studies. Yellow = S, red = O, gray = C; 
thermal ellipsoids at 50%; H atoms and occluded toluene molecules (Ph2DBTD only) omitted for 
clarity. CCDC 215497-215499. (B) Comparison of CVs for different RMs (2.5 mM) under Ar 
saturation. Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc working electrode, glassy carbon 
rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc internal 
standard; 100 mV/s scan rate. 

Control experiments performed with TPTD, Mes2DBTD, and Ph2DBTD demonstrate little 

reactivity with CO2 or PhOH on the CV timescale, as was previously observed for analogous 

experiments with DBTD (Figures S3.19-S3.21). Variable scan rate experiments were performed 

for all four sulfone derivatives to calculate their diffusion coefficients (Figures S3.22-S3.25).41 

Unsurprisingly, the experimentally determined diffusion coefficients for these molecules scale with 

their molecular weight: DBTD (6.22 x 10-6 cm2/s) > TPTD (3.93 x 10-6 cm2/s) > Ph2DBTD (3.68 x 
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10-6 cm2/s)  > Mes2DBTD (3.57 x 10-6 cm2/s). 3.3.3 Co-electrocatalysis Under Protic 

Conditions 

 Since the addition of PhOH as a sacrificial proton donor led to a large increase in catalytic 

activity for 1+DBTD in previous studies, we sought to see if a similar trend would be observed for 

1 with the new RMs and 2 with all four RMs. Briefly, the observed trend in current density under 

CV conditions for all the RMs when added to a solution of 1 and PhOH can be summarized: DBTD 

exhibits the greatest amount of current followed by TPTD, and the use of Ph2DBTD produces 

more current than Mes2DBTD despite having a standard reduction potential which is 120 mV more 

positive in its one-electron reduction potential (Figure 3.5A). The addition of all four RMs causes 

a significant increase in current and completely irreversible waveforms. Variable concentration 

studies were completed for 1, all four RMs, PhOH, and CO2. These data show that the observed 

current is proportional to the concentration of 1 (Figures S3.29-S3.31), RM (Figures S3.32-

S3.34), a fixed ratio of 1 and RM (Figures S3.35-S3.37), PhOH (Figures S3.38-S3.40), and CO2 

(Figures S3.41-S3.43) where RM is DBTD,29 TPTD, Mes2DBTD, or Ph2DBTD. 
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Figure 3.5. CVs of 1.0 mM Cr(tbudhbpy)Cl(H2O) 1 (A) or Cr(tbudhtbubpy)Cl(H2O) 2 (B) with 2.5 mM 
DBTD (black), TPTD (red), Mes2DBTD (green), and Ph2DBTD (blue) as the RM and 0.1 M PhOH 
under CO2 saturation conditions. Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc working 
electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced 
to Fc+/Fc internal standard; 100 mV/s scan rate. 

 When we compare the protic catalytic activity of 2 with all the RMs, we see a similar trend 

to the activity of 1 observed under comparable conditions. DBTD again shows the largest amount 

of current followed by TPTD under CV conditions (Figure 3.5B). However, for complex 2 there is 

a significant difference in the activity of the co-catalytic system with Ph2DBTD relative to that with 

Mes2DBTD; Ph2DBTD again outperforms Mes2DBTD as a RM when paired with 2 despite its more 

positive standard reduction potential. Since 2 is an intrinsically better catalyst than 1 under CO2 

saturation with a proton donor, we were delighted to find that co-electrocatalysis involving 2 and 
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the four RMs under protic conditions also reached much larger current densities than any 

combination involving 1. Variable concentration experiments were also performed for 2, all four 

RMs, a fixed ratio of complex 2 and all RMs, PhOH, and CO2, demonstrating proportional 

increases in current with respect to each reaction component (see Figures S3.48-S3.67).  

 CPE experiments were performed in the presence of 0.12 M PhOH with 1 or 2 and across 

three concentrations of DBTD, TPTD, Mes2DBTD, and Ph2DBTD (Figures S3.68-S3.74). The 

current observed during the CPE experiments with 1 as the catalyst scaled with increasing RM 

concentration at the tested catalyst:RM ratios of 1:1, 1:3, and 1:5 (Ref29 and Figures S3.68-

S3.70). However, this did not hold true for all RM combinations with 2. When TPTD, Mes2DBTD, 

and Ph2DBTD were used as the RM, the observed current scaled with respect to their 

concentration. However, when DBTD was used as the RM with 2, saturation was observed at the 

1:3 ratio with no further increase observed at the 1:5 ratio (Figure S3.71). Both catalysts with all 

mediators at all ratios tested were found to be quantitatively selective for CO (Tables S3.7-S3.27). 

However, since the 1:5 (catalyst:RM) produced the largest amount of CO on average for all the 

systems, we will focus the remainder of our analysis on these experiments. All combinations of 

the protic co-electrocatalytic systems show high activity with TOF values ranging from 64.0 to 208 

s−1 (Table 3.1), one to two orders of magnitude higher than the catalysts alone.  

As was the case for DBTD,29 control CPE experiments for TPTD, Mes2DBTD, and 

Ph2DBTD in the presence of PhOH without catalyst (Figures S3.75-S3.77) show non-quantifiable 

amounts of CO (Tables S3.28-S3.30) and no H2 production, implicating the possibility of a 

degradation pathway in the absence of the Cr complex. To understand the stability of DBTD 

during electrolysis, a control CPE of DBTD and PhOH under N2 was performed (Figure S3.78). 

Characterization of the pre- and post-CPE solution by gas chromatography/mass spectrometry 

(GC/MS) with appropriate controls demonstrates a minor amount of DBTD is reduced to the 

corresponding sulfoxide, dibenzothiophene 5-oxide (DBTO; Figure S3.78). However, while 
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comparable analysis of the CPE solution before and after the experiment under catalytic 

conditions (1, DBTD, and PhOH under CO2) also shows reduction of DBTD to DBTO, an 

additional product with a mass too high to be dibenzothiophene is detected, implying that 

reductive C–S bond cleavage is a possible degradation pathway (Figure S3.79). It is worth 

emphasizing that the high catalytic efficiencies observed under all measured conditions suggest 

that these pathways are minor contributors for all systems (Table 3.1). While our original report 

showed the appearance of aprotic CO2 reduction with 1 and DBTD, the new systems here showed 

passivation of the electrode during CPE experiments, suggestive of solubility issues under these 

conditions. 

Table 3.1. Results of CPE experiments with PhOH under CO2 saturation conditions. 

Conditions 
Potential 

(V vs 
Fc+/Fc) 

FECO (%) 
TOFCPE 

(s–1) 
η (V) 

Turnovers  
of CO 

w.r.t [1 or 2] 

Turnovers  
of CO 

w.r.t [RM] 
icat/ipe 

1 + PhOH29, a –2.30 111 ± 14 7.12 0.11 11.4 – 3.4 

1 + DBTD + 
PhOH29, b 

–2.30 102 ± 14 65.3 0.41 29 5.8 2.8 

1 + TPTD + 
PhOHc –2.25 98 ± 17 74.5 0.35 25 4.9 3.0 

1 + Mes2DBTD 
+ PhOHc 

–2.30 98 ± 6 64.0 0.40 19 4.7 2.6 

1 + Ph2DBTD 
+ PhOHc 

–2.20 100 ± 2 69.3 0.28 22 5.3 3.6 

2 + PhOHd –2.30 95 ± 8 9.29 0.16 13 – 8.4 

2 + DBTD + 
PhOHc 

–2.30 109 ± 9 163 0.41 28 6.5 5.8 

2 + TPTD + 
PhOHc 

–2.25 97 ± 6 208 0.35 31 8.0 6.6 

2 + Mes2DBTD 
+ PhOHc 

–2.30 98 ± 4 149 0.40 27 5.9 5.7 

2 + Ph2DBTD 
+ PhOHc 

–2.20 97 ± 5 194 0.28 35 8.8 7.1 

a – 0.5 mM catalyst and 0.6 M PhOH; b – 0.5 mM catalyst, 2.5 mM RM, and 0.6 M PhOH; c – 0.1 
mM catalyst, 0.5 mM RM, and 0.12 M PhOH; d – 0.1 mM catalyst and 0.12 M PhOH; e – scan rate 
= 100 mV/s. 
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The systems with 1 and 2 as the catalyst followed the same trend in TOFCPE for CO 

formation when comparing across the RMs: Mes2DBTD < DBTD < Ph2DBTD < TPTD (Table 3.1). 

As introduced above, our proposed inner-sphere mechanism for this co-electrocatalytic reaction 

relies on the binding of the reduced RM to an intermediate [Cr–CO2H]– species before the rate-

determining C−OH bond cleavage step.29 Although all RMs are reducing enough to transfer 

electron equivalents via an outer-sphere mechanism, the data presented in Table 3.1 are most 

consistent with the predominance of an inner-sphere RM pathway: the observed co-catalytic 

activity does not scale with the reduction potential of the RMs or their diffusion coefficients. For a 

purely outer-sphere mechanism, conformity to a Marcus theory-type model would be expected, 

where increased electrochemical driving force would equate to an increased rate of reaction 

(under the assumption that the inverted region or diffusion limit are not reached under 

experimental conditions).42 Instead, the two RMs with the most positive standard reduction 

potentials (TPTD and Ph2DBTD) demonstrate the greatest activity. Likewise, if outer-sphere 

electron transfer was the primary reaction pathway, the relatively slowly diffusing Ph2DBTD would 

be expected to show decreased activity compared to DBTD, however an opposite trend is 

observed experimentally. The relatively limited performance of the Mes2DBTD derivative despite 

a similar reduction potential to DBTD suggests that sterically encumbering the dibenzothiophene-

5,5-dioxide core has a kinetic effect, which is also consistent with an inner-sphere pathway 

causing the greatest activity enhancement. The optimized combination of 2+Ph2DBTD under 

protic conditions achieves a TOF of 194 s−1 at an η of 280 mV, which demonstrates a three-fold 

increase in activity at an η which is 130 mV lower in comparison to the previous system with 1 

and DBTD.29 

The trend in activity data derived from CPE is at first glance different than the overall 

current trend observed in the CV data (Figure 3.5). However, homogeneous current density is 

dependent on the diffusion coefficients of all reaction components under experimental conditions. 
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In an effort to account for the effect the diffusion coefficients have on the observed trend in the 

CV data, we have calculated the value of icat/ip (icat = catalytic plateau current and ip = Faradaic 

current) for each of the co-catalytic systems at the redox feature of the respective mediators 

(Table 3.1 and Figure S3.80). This experimental value can be used to calculate a TOFmax value 

from CV data,43 however, since the RMs and Cr complexes do not interact under Faradaic 

conditions, we are unable to use this method since diffusion coefficient and concentration are not 

properly normalized by the procedure. Therefore, the icat/ip ratio can only qualitatively represent 

relative catalytic activity when compared across systems. The trend observed for the icat/ip ratios 

is generally consistent with the TOFCPE: the co-catalytic Ph2DBTD and TPTD systems have larger 

activities than the other RMs.  

3.4 Computational Studies 

To gain insight into the assembly of RMs and catalysts, DFT calculations were done with 

the Gaussian 16 package at the B3LYP-D3(BJ)/def2-tzvp//B3LYP-D3(BJ)/def2-svp level of theory 

(see Section 3.7 for details).44-52 As previously reported,29 including dispersion corrections at the 

optimization stage is of paramount importance due to the key role of non-covalent interactions. 

The free energies of formation of the dianionic 4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐑𝐌)
−2
⬚

 assemblies for 1 and 2 
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Table 3.2. Calculated free energies of [RM]– ligand displacement reaction summarized by Eq 
(3.1), calculated free energies of activation for the rate-limiting C−OH bond cleavage step and 
experimental redox potentials of the RMs vs Fc+/Fc. S = DMF. 

Cr Complex RM ∆G Eq 
(3.1) 

(kcal/mol) 

∆G‡ C–OH 
(kcal/mol) 

RM0/– vs 
Fc+/0 

[Cr(tbudhbpy)(CO2H)S)]− none n/a 13.5 n/a 

[Cr(tbudhbpy)(CO2H)S)]− [DBTD]− −0.1 11.6 −2.25 

[Cr(tbudhbpy)(CO2H)S)]− [Mes2DBTD]− 0.5 – −2.24 

[Cr(tbudhbpy)(CO2H)S)]− [TPTD]− −2.9 11.6 −2.19 

[Cr(tbudhbpy)(CO2H)S)]− [Ph2DBTD]− −3.1 11.6 −2.12 

[Cr(tbudhtbubpy)(CO2H)S)]− none n/a 12.5 n/a 

[Cr(tbudhtbubpy)(CO2H)S)]− [DBTD]− −2.3 10.7 −2.25 

[Cr(tbudhtbubpy)(CO2H)S)]− [Mes2DBTD]− −2.0 – −2.24 

[Cr(tbudhtbubpy)(CO2H)S)]− [TPTD]− −6.6 10.9 −2.19 

[Cr(tbudhtbubpy)(CO2H)S)]− [Ph2DBTD]− −6.1 10.8 −2.12 

Despite Coulombic repulsion, the substitution of a DMF molecule for the reduced mediator 

is favorable in almost all cases, reaching large free energies of reaction of −6.1 and −6.6 kcal/mol 

for the combination of Ph2DBTD and TPTD with 2. These values show good correlation with the 

experimental TOF values for 2, while for 1 the trend is less pronounced (Figure 3.6). Indeed, 

while transition state energies determined for the dianionic assemblies of DBTD, TPTD, and 

Ph2DBTD RMs with both complexes 1 and 2 show minimal variance with respect one another, 

they are uniformly lower than the comparable transition state energy of the monoanionic DMF 

adduct (Table 3.2). In other words, the solvento species for both complexes 1 and 2 lies on a 

higher-energy pathway than any of the co-catalytic combinations studied. Importantly, this result 

implies that the equilibrium represented in Eq (3.1) has a direct effect on catalyst speciation 

relevant to the observed activity. 



140 
 

 

Figure 3.6. Correlation between computed DMF displacement energies and TOF. 

The apparent PB interaction can be visualized in the spin density plots and Kohn-Sham 

(KS) orbital representations of the singly occupied molecular orbitals of the 

4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐏𝐡𝟐𝐃𝐁𝐓𝐃)
−2
⬚

 adduct (Figure 3.7). In addition to the favorable energetics of the 

association of the Ph2DBTD and the Cr complex, these plots show antiferromagnetic coupling 

between Ph2DBTD and the bpy fragment of the ligand in singly occupied orbitals of relevant 

symmetries. While a PB between [RM]− and [Cr–CO2H]− requires sufficient extended aromatic 

character, another component of fundamental importance for any bonding interaction is that in 

order to be maximized, orbitals need to be close both in terms of orbital shape and energy. In 

other words, we propose that the PB is maximized as the standard potential of the RM approaches 

that of the catalyst because the radical-containing orbitals of the reduced aromatic fragments 

become closer in energy. Nuclear Independent Chemical Shift (NICS(0)) calculations on all RMs 

in the neutral and radical anion states indicate that the five-membered sulfone-containing ring 

goes from antiaromatic to aromatic upon reduction (Tables S3.31-S3.34). KS representations of 

all 4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐑𝐌)
−2
⬚

 adducts show that orbitals from this five-membered ring are key to the 
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proposed PB, interacting with the partially occupied π* orbitals of the bpy fragment in the Cr 

complex relevant to the co-catalytic pathway.28, 29 

It is worth stating again, however, that with the present data the observed correlation is 

weak for complex 1. This suggests that while RM redox potentials are to some extent an indirect 

measure of relevant orbital energies, there are additional kinetic components influenced by the 

steric bulk of the catalyst and the RM. This kinetic effect is seen most directly in the comparison 

of the experimental and computational data of DBTD and Mes2DBTD, which despite being nearly 

identical in terms of redox potential have significantly different activity.  

 

Figure 3.7. Molecular geometry of the 4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐏𝐡𝟐𝐃𝐁𝐓𝐃)
−2
⬚

 adduct (A) DFT-calculated spin 

density (B) Kohn-Sham orbital projection of SOMO (C) and SOMO−1 (D). 

3.5 Discussion 

Here, both the experimental and computational data indicate that the RM is operating by 

an inner-sphere mechanism under protic conditions (Figure 3.8). We propose that first, the four-

coordinate neutral catalyst, i, is reduced to the monoanionic Cr species ii. Based on calculations 

previously performed on the co-electrocatalytic mechanism of 1, CO2 readily binds to ii to form 

[Cr–CO2]− iii.8, 28, 29 With PhOH present this species is protonated, binds DMF and is then reduced 

A B

C D

S

N OCr
C
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to form the monoanionic [Cr–CO2H]− iv. The one electron reduced [RM]− binds to this species to 

form v, which we proposed to be the key intermediate, 4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐑𝐌)
−2
⬚

, stabilized by pancake 

bonding between the one-electron reduced bpy-backbone and the π-framework of the reduced 

RM. We propose that v is further stabilized when the π-framework of the RM is extended, due to 

closer energy levels of the orbitals involved in PB and greater dispersive interactions. 

Furthermore, extended aromatic character can protect the radical character of the RM in the 

reduced state, aligning with the improved performance of these mediators under electrolysis 

conditions. Following the addition of a second proton equivalent, the neutral RM is released along 

with water leaving [Cr–CO]− vi, which we have previously shown is not stable.8 This species then 

releases CO to form the monoanionic four-coordinate neutral Cr species ii, completing the cycle. 

  

Figure 3.8. Proposed catalytic mechanism for co-electrocatalytic CO2 reduction by Cr and RM 
under protic conditions where Cr is 1 or 2 and RM is DBTD, TPTD, Ph2DBTD, or Mes2DBTD. 



143 
 

Computational results show that the barrier for C–OH bond cleavage in all computed 

4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐑𝐌)
−2
⬚

 adducts is roughly equivalent for all possibilities and lower than the 

corresponding solvento species 4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐃𝐌𝐅)
−1
⬚

. This means that the equilibrium 

displacement of the axial solvent ligand by [RM]− dictates whether lower or higher energy catalytic 

pathways are accessible and will be directly reflected in the rate observed at co-catalytic 

potentials. Further, the minimal difference in barrier height across the 4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐑𝐌)
−2
⬚

 adducts 

and the minimal changes in the bond between sulfone and Cr center are consistent with the 

proposal that changes in dispersion effects and PB are responsible for the differences in binding 

energy (Table S3.35). Both TPTD and Ph2DBTD show increased activity compared to DBTD and 

Mes2DBTD as RMs when combined with 1 or 2, despite the more negative operating potentials 

of the latter pair, which is consistent with an inner-sphere process. Although the kinetic complexity 

of the system precludes straightforward analysis of variable concentration CV data, the 

proportional increase in current as the catalyst:RM ratio increased observed in CPE suggests that 

this equilibrium binding interaction is relevant to the catalytic rate expression. This leads to an 

inverse scaling effect between RM standard potential and the observed activity, with greater 

catalytic activity observed at lower reduction potentials. 

Previously, the existence of inverse potential scaling relationships in molecular 

electrocatalysts for CO2 reduction has been primarily explained through the kinetic stabilization of 

key intermediates. Initial work from Savéant and co-workers in 2016 showed that the inclusion of 

trimethylammonium groups on the catalyst ligand framework resulted in significant kinetic 

enhancements to CO production under protic conditions at low overpotentials.6 This kinetic effect 

at more positive catalyst standard reduction potentials was initially proposed to be the result of 

coulombic stabilization of a key [Fe–CO2] intermediate, however, a later computational study 

showed that the relatively long distance (3.8 Å) resulted in effective charge screening by the 
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implicit solvent used.53 Energy decomposition analysis showed that both through-space and 

through-structure effects contribute to the stabilization of the [Fe–CO2] intermediate, with through-

structure being stronger, but both being necessary to kinetic enhancements at low applied 

potentials. Nichols et al. then reported in 2018 that when hydrogen-bond donors are properly 

positioned in the secondary coordination sphere, significant increases in activity occur with minor 

variance in the standard reduction potential of the catalyst.54 Mechanistic experiments again 

indicated that this observation resulted from stabilization of the [Fe–CO2] intermediate and not the 

inclusion of acidic amide protons near the catalytic active site. Subsequently, Gotico et al. 

demonstrated that using urea functional groups as multipoint hydrogen-bond donors in similar 

frameworks could further enhance this kinetic stabilization effect.55 A recent report from McCrory 

and co-workers on a non-porphyrinic Co-based catalyst revealed a previously unobserved effect 

where the combination of ligand reduction potential and electrostatic effects could be manipulated 

to facilitate the storing of additional charge equivalents, improving catalytic activity for CO2 

reduction at lower catalyst standard potentials.56 

Our proposed mechanism for inverse potential scaling is unique with respect to these 

previous examples. Unlike the use of electrostatic effects to stabilize bound CO2 intermediates or 

facilitate the storage of electron equivalents in the ligand framework, dispersive interactions and 

PB drive the association of RM and Cr complex, surmounting the Coulombic repulsion between 

the two fragments. This co-catalytic assembly presents a lower barrier for the rate-limiting C–OH 

bond cleavage step. Importantly, this barrier is equivalent across all RMs and instead it is the 

favorability of the pre-equilibrium comprising the formation of the co-catalytic assembly that 

dictates the extent the faster mechanism contributes to the observed activity. Mediators with 

extended aromaticity operate at lower redox potentials, but present stronger PB and dispersive 

interactions with the metal catalyst, favoring the formation of the co-catalytic assembly and thus 

yielding enhanced reaction rates at lower overpotential.   
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3.6 Conclusion 

These results show that by tuning properties of both catalyst and RM, an increase in 

activity for the co-electrocatalytic reduction of CO2 can be achieved at lower overpotential by 

means of inner-sphere electron transfer. Through the addition of electron-donating groups to the 

bpy backbone in complex 2, we have improved the activity of our Cr-centered catalyst for CO2 

reduction. Consistent with the proposal in our initial report of co-catalytic systems with 1,29 these 

data provide a theoretical and experimental basis for an inner-sphere mechanism under protic 

conditions. By tuning the stereoelectronic properties of the catalyst and the RM, we have 

optimized our system to decrease the overpotential while increasing the activity, contrary to what 

would be predicted by a classical outer-sphere Marcus-theory type model.42 As a result, an 

equilibrium solvent displacement reaction can be used to access a lower energy catalytic 

pathway, with increased favorability driving the system to higher observed activity. Additionally, 

the selectivity of the parent Cr complexes is retained with all catalytically competent systems 

being quantitatively selective for CO. Importantly, implementing the strategies identified by this 

work will be a powerful tool for developing systems which improve the performance of molecular 

catalyst systems. We are exploring additional strategies to optimize the co-electrocatalytic 

response in ongoing studies. 

3.7 Supporting Information 

3.7.1 Materials and Methods 

General  

All chemicals and solvents (ACS or HPLC grade) were commercially available and used as 

received unless otherwise indicated. For all air-sensitive reactions and electrochemical 

experiments, HPLC-grade solvents were obtained as anhydrous and air-free from a PPT Glass 

Contour Solvent Purification System. Gas cylinders were obtained from Praxair (Ar as 5.0; CO2 

as 4.0) and passed through activated molecular sieves prior to use. Gas mixing for variable 
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concentration experiments was accomplished using a gas proportioning rotameter from Omega 

Engineering. UV-vis absorbance spectra were obtained on a Cary 60 from Agilent. An Anton-Parr 

Multiwave Pro SOLV, NXF-8 microwave reactor was used for microwave syntheses.  

Electrochemistry 

All electroanalytical experiments were performed using a Metrohm Autolab PGSTAT302N 

potentiostat. Glassy carbon working (⌀ = 3 mm) and non-aqueous silver/silver chloride 

pseudoreference electrodes behind PTFE tips were obtained from CH Instruments. The 

pseudoreference electrodes were obtained by depositing chloride on bare silver wire in 10% HCl 

at oxidizing potentials and stored in a 0.1 M tetrabutylammonium hexafluorophosphate/N,N-

dimethylformamide (DMF) solution in the dark prior to use. The counter electrode was a glassy 

carbon rod (⌀ = 3 mm). All CV experiments were performed in a modified scintillation vial (20 mL 

volume) as a single-chamber cell with a cap modified with ports for all electrodes and a sparging 

needle. Tetrabutylammonium hexafluorophosphate (TBAPF6) was purified by recrystallization 

from ethanol and dried in a vacuum oven before being stored in a desiccator. All data were 

referenced to an internal ferrocene standard (ferricenium/ferrocene (Fc+/Fc) reduction potential 

under stated conditions) unless otherwise specified. All voltammograms were corrected for 

internal resistance. Ferrocene was purified by sublimation prior to use. 

Controlled Potential Electrolysis (CPE) 

CPE experiments were performed in a glass Pine Research Instrumentation H-cell with two 

compartments separated by a glass frit. A 55 mL stock solution of DMF with 0.1 M TBAPF6 was 

prepared for each bulk electrolysis experiment. Approximately 26 mL of the stock solution was 

added to each half of the H-cell. One side of the H-cell contained the catalyst, any additional 

substrate, such as the mediator and/or PhOH, and a glassy carbon rod working electrode. The 

other side of the H-cell contained approximately 0.075 M ferrocene as a sacrificial reductant along 

with a graphite rod counter electrode and a Ag/AgCl pseudoreference electrode. The electrolysis 

experiment was referenced by taking a CV of the side of the H-cell that contained the ferrocene 
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solution. The H-cell was sealed with two septa that were connected by a piece of PTFE tubing 

which aided to maintain equal pressure between each half of the cell during the electrolysis. 

Before starting the electrolysis experiment, both sides of the H-cell were sparged with the desired 

gas for 20 minutes and the sealed cell was allowed to equilibrate for 1 hour. The resistance 

between the two halves of the H-cell was measured using the i-interrupt procedure available in 

the NOVA software provided by Metrohm.  

 

The concentration of catalyst was chosen so that the concentration of product within the H-cell 

remained in the optimal concentration range for GC product analysis described below. The ratio 

of catalyst to PhOH remained the same as well as the ratios for RM described for each individual 

experiment. 

Controlled Potential Electrolysis (CPE) Product Analysis  

During CPE experiments, either 50 or 250 μL GC injections of the headspace were periodically 

taken for the detection and quantification of any gaseous products produced. After each CPE 

experiment, the total volume of solution was measured. The total volume of the sealed H-cell was 

also measured to account for the total headspace volume for accurate quantification of gaseous 

products. A calibration curve for CO and H2 was used to quantify gaseous products produced 

during electrolysis experiments in the same manner as we previously reported.8  

 

Analysis of gas phase products was done by sampling electrolysis headspace through syringe 

injections into an Agilent 7890B GC equipped with a specialty gas split column 5 Å mol 

sieve/Porabond Q column (15 m length; 0.320 mm diameter; 25.0 µm film) and thermal 

conductivity detector with He as a carrier gas. A calibration curve for CO and H2 was made in the 

H-cell with an experimental setup containing identical volumes of DMF in 0.1 M TBAPF6 to those 

used during electrolysis. Known volumes of CO and H2 were injected into the cell with stirring and 

250 μL injections of the headspace were taken for GC injections after equilibration. The limit of 
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detection (LOD) and limit of quantitation (LOQ) for CO and H2 in the GC were determined from 

seven consecutive injections at the lowest observable concentrations of each gaseous product 

respectively. For CO, the LOD was determined to be 5.77 x 10−7 moles and the LOQ was 

determined to be 1.92 x 10-6 moles. For H2, the LOD was determined to be 4.55 x 10−6 moles and 

the LOQ was determined to be 1.52 x 10−5 moles.  

Gas Chromatography/Mass Spectrometry (GC/MS) Analysis of CPE Solutions 

The samples for GC/MS analysis were prepared by diluting 0.1 mL of the CPE solution with 0.9 

mL of dichloromethane (DCM). 1 µL of these solutions were injected by a 7693A ALS into a 7890B 

GC equipped with an ultra inert column (30 m length; 0.25 mm diameter; 0.25 µm film) and 5977B 

MSD. 

Calculation of Overpotential for CO2 Reduction with PhOH Present (Adapted) 

The calculation of overpotential for all catalysts was performed according to reported methods.57 

The following equation was used for the determination of the reaction standard potential in V with 

respect to the Fc+/Fc couple:  

𝐸஼ைଶ/஼ை = −0.73 𝑉 − 0.059(𝑝𝐾௔)           Eq (S3.1) 

The pKa for PhOH in DMF is reported as 18.8:58  

      𝐸஼ைଶ/஼ை(𝑃ℎ𝑂𝐻) = −1.84 𝑉 𝑣𝑠 𝐹𝑐ା/𝐹𝑐            Eq (S3.2) 

The Ecat/2 determined experimentally for Cr(tbudhbpy)Cl(H2O) and Cr(tbudhtbubpy)Cl(H2O) is –1.95 

V8 and –2.00 V vs Fc+/Fc, respectively. For protic CO2 reduction (1.0 mM catalyst and 0.1 M 

PhOH under CO2 saturation); the overpotential is:  

𝜂 = ห𝐸௖௔௧/ଶ − 𝐸஼ைଶ/஼ைห                               Eq (S3.3) 

 
Cr(tbudhbpy)Cl(H2O)   𝜂 = 110 mV 

 Cr(tbudhtbubpy)Cl(H2O)   𝜂 = 160 mV 

This assumes no contribution from homoconjugation of the acid. We note that the 

homoconjugation constant (HA2
−) for PhOH in DMF has been reported as log(𝐾ு஺మ

ష) = 3.8.59 
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Therefore, we emphasize that the described overpotential calculated above for PhOH is the lower-

limit approximation, as homoconjugation is expected to alter the effective overpotential. The 

overpotential equation can be modified to account for homoconjugation: 

  𝐸஼ைଶ/஼ை = −0.73 𝑉 − 0.059(𝑝𝐾௔) −
ିଶ.ଷ଴ଷோ்

௡ி
log (𝑚𝐾ு஺మ

ష)          Eq (S3.4)     

Where n = number of electrons (2) and m = number of proton transfers (2). The modified equation 

provides E0
CO2/CO = −1.72 V and the following 𝜂 values:  

 Cr(tbudhbpy)Cl(H2O)   𝜂 = 230 mV 
 Cr(tbudhtbubpy)Cl(H2O)   𝜂 = 280 mV 
 

This value does not account for the possible thermodynamic contributions of the water 

coordinated to the pre-catalyst, the equimolar quantities of water produced for each equivalent of 

CO generated, or any adventitious H2O present in the CO2, solvent, or electrolyte. Under CO2 

saturation, any water present can form carbonic acid, pKa(DMF) 7.37,60 and generate new 

equilibria involving CO2 and bicarbonate. The role of carbonic acid (and the general hydration of 

CO2 in non-aqueous solvent systems) in altering the overall thermodynamics combined with the 

effects of homoconjugation has been assessed by Matsubara.61 Considering the role of water, 

Matsubara obtained a standard potential for CO2 reduction to CO of −1.70 V versus Fc+/Fc for 

PhOH in DMF with 10 mM water present (see below). Note the same value is obtained considering 

10 mM water only. 

For 10 mM H2O in DMF, where AH = PhOH:61 

3𝐶𝑂ଶ(௚) + 𝐻ଶ𝑂(௦௢௟,௫) + 2𝑒ି ⇌ 𝐶𝑂(௚) + 2𝐻𝐶𝑂ଷ (௦௢௟)
ି    𝐸଴ = −1.70 𝑉 𝑣𝑠. 𝐹𝑐ା/𝐹𝑐 

𝐶𝑂ଶ(௚) + 2𝐴𝐻(௦௢௟) + 2𝑒ି ⇌ 𝐶𝑂(௚) + 2𝐴ି
(௦௢௟) + 𝐻ଶ𝑂(௦௢௟,௫)  𝐸଴ = −1.96 𝑉 𝑣𝑠. 𝐹𝑐ା/𝐹𝑐 

𝐶𝑂ଶ(௚) + 4𝐴𝐻(௦௢௟) + 2𝑒ି ⇌ 𝐶𝑂(௚) + 2𝐻𝐴ଶ
ି

(௦௢௟)
+ 𝐻ଶ𝑂(௦௢௟,௫)  𝐸଴ = −1.70 𝑉 𝑣𝑠. 𝐹𝑐ା/𝐹𝑐 

 
Determination of TOFmax from Cyclic Voltammetry 
The expression for TOFmax for a homogeneous electrocatalytic response (considering an 

application of steady-state conditions to the substrate) has been solved previously.8, 62 
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𝑇𝑂𝐹௠௔௫ = 0.1992
௡೛

య

௡೎ೌ೟
మ
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൬

௜೎ೌ೟

௜೛
൰

ଶ

           Eq (S3.5)  

Where 𝑛௣
⬚ is the number of electrons transferred under faradaic conditions, 𝑛௖௔௧

⬚  is the number of 

electrons transferred under catalytic conditions, R is the ideal gas constant, F is Faraday’s 

constant, v is the scan rate, T is temperature, 𝑖௖௔௧
⬚  is the catalytic current, and 𝑖௣

⬚is the Faradaic 

current. 

Determination of TOF from Preparative Electrolysis 

The integrated expression of current for a homogeneous electrocatalytic response (considering 

an application of steady-state conditions to the substrate) has been solved previously:38, 63  

𝑖

𝐹𝐴
=

𝑛௖௔௧
ఙ [𝑐𝑎𝑡]ඥ(𝑘௢௕௦𝐷௖௔௧)

1 + exp ቂ
𝐹

𝑅𝑇 ൫𝐸௔௣௣ − 𝐸ଵ/ଶ൯ቃ
 where  

𝑘௢௕௦ = 𝑘௖௔௧[𝐶𝑂ଶ] 

where 𝑖 is the average current (Amps) specific to the reaction product of interest, 𝐹 is Faraday’s 

constant (96485 C mol−1), 𝐴 is the area of the electrode (cm2), 𝑛௖௔௧
ఙ  is the number of electrons in 

the catalytic process (2) with σ = 1 under the assumption that all electrons are delivered to the 

catalyst by the electrode electrode5 (σ = 0.5 corresponds to homogeneous electron transfer 

occurring between catalyst molecules in solution; used here for co-electrocatalytic conditions), 

[𝑐𝑎𝑡] is the concentration of the catalyst (mol cm–3), 𝑘௢௕௦ is the apparent turnover frequency (s−1), 

[𝐶𝑂ଶ] is the concentration of CO2 saturated in DMF (mol cm−3), 𝐷௖௔௧ is the diffusion coefficient of 

the catalyst (cm2 s–1), 𝑅 is the ideal gas constant (Joule mol−1 K−1), 𝑇 is the temperature (K), 𝐸௔௣௣ 

is the applied potential during preparative electrolysis (V), and 𝐸ଵ/ଶ is the standard potential of the 

catalyst (V).  

and 

𝑖

𝐴
= 𝐽 = 𝐶𝑂 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 



151 
 

Substituting and rearranging the first expression to solve for kobs 

𝑘௢௕௦ =
𝐽ଶ ቀ1 + exp ቂ

𝐹
𝑅𝑇 ൫𝐸௔௣௣ − 𝐸ଵ/ଶ൯ቃቁ

ଶ

𝐹ଶ(𝑛௖௔௧
ఙ [𝑐𝑎𝑡])ଶ𝐷௖௔௧

 

with 𝑘௢௕௦ in hand, the 𝑇𝑂𝐹 can be expressed for a given potential according to the following 

relationship 

𝑇𝑂𝐹 =
𝑘௢௕௦

1 + exp ቂ
𝐹

𝑅𝑇 ൫𝐸௔௣௣ − 𝐸ଵ/ଶ൯ቃ
 

Parameters for CPE experiments reported here not found in Table 3.1. 

- E1/2 catalyst: 
o −1.95 V vs Fc+/Fc for Cr(tbudhbpy)Cl(H2O) 1 
o −2.00 V vs Fc+/Fc for Cr(tbudhtbubpy)Cl(H2O) 2  

- Temperature: 298.15 K 
- [CO2]: 2.3 x 10−4 mol cm−3 
- Diffusion coefficient:  

o 2.0 x 10−6 cm2 s−1 for Cr(tbudhbpy)Cl(H2O) 1 
o 2.3 x 10−6 cm2 s−1 for Cr(tbudhtbubpy)Cl(H2O) 2 

- Electrode area: 3.93 cm2 
 
 

Calculation of Diffusion Coefficients 

The calculation of the diffusion coefficient for each redox mediator was performed by reported 

methods.41 Cyclic voltammetry (CV) experiments were done with a solution of 2.5 mM RM in 0.1 

M TBAPF6/DMF under Ar saturation conditions. The scan rate of these CVs was varied from 25 

mV/s to 5000 mV/s (Figures S22-S25). The increase in current observed as the scan rate 

increases can be represented by the following equation where ip is the peak current, n is the 

number of electrons, A is the area of the electrode, D is the diffusion coefficient, C is the 

concentration of analyte, and v is the scan rate: 

𝑖௣ = (2.69 × 10ହ)𝑛ଷ/ଶ𝐴𝐶𝐷ଵ/ଶ𝑣ଵ/ଶ 

By plotting the current density as a function of v1/2 (Figures S22-S24), the slope can be used to 

find D for each RM. 
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𝐷௖௔௧ =  
(slope)ଶ

𝑛ଷ𝐶ଶ(2.69 × 10ହ)ଶ
 

Calculation of icat/ip for Co-electrocatalytic Systems 

A common technique for evaluating diffusion, electrode surface area, and concentration 

independent observed rate constants (kobs) for a two-electron catalytic process is to determine 

icat/ip for a catalytic system, where icat is the catalytic plateau current and ip is the one-electron 

peak in the absence of substrate.43 Due to the complex nature of the co-catalytic systems we 

present here, we are unable to calculate kobs by this method. However, these ratios still offer an 

insightful measure into the relative current increase under catalytic conditions between systems 

that are sensitive to the diffusion coefficient of both co-catalysts. 

To calculate the values of ip and icat for all systems, the capacitive current must be subtracted from 

the measured current at either the peak or the plateau. To determine the potential to find the 

capacitive, peak, catalytic, and co-catalytic plateau currents, the first derivative was taken of the 

forward trace for CVs obtained with 1 or 2, RM, and PhOH under Ar (ip) and under CO2 (icat). 

Where the first derivative is equal to zero there is a plateau in the CV trace. The current in the CV 

at the same potential corresponding to a value of zero in the first derivative was used (Figure 

S3.80A). However, due to close overlap of features in the co-catalytic trace under CO2, the local 

minima corresponding to the inflection point of the curve were used to determine an effective 

current plateau (Figure S3.80B). All CV data used had a scan rate = 100 mV/s. 

Computational Methods  

Geometry optimizations were performed without geometry constraints at the DFT level with the 

Gaussian 16 program, Rev B.01,44 employing the hybrid functional B3LYP45-48 and the def2-SVP 

basis set was used for all atoms.49, 50 Dispersion and bulk solvent effects (N,N-dimethylformamide 

= DMF; ε = 37.219) were accounted for at the optimization stage, by using Grimme’s D3 

parameter set with Becke-Johnson (BJ) damping51, 52 and the CPCM continuum model,64 
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respectively. The stationary points and their nature as minima (no imaginary frequencies) were 

characterized by vibrational analysis using the IGRRHO approach as implemented by default in 

the software package, which also produced enthalpy (H), entropy (S) and Gibbs energy (G) data 

at 298.15 K. The minima connected by a given transition state were determined by perturbing the 

transition states along the TS coordinate and optimizing to the nearest minimum. Free energies 

were corrected (ΔGqh) to account for concentration effects and for errors associated with the 

harmonic oscillator approximation. Thus, according to Truhlars’s quasi-harmonic approximation 

for vibrational entropy and enthalpy, all vibrational frequencies below 100 cm−1 were set to this 

value.65 These anharmonic and concentration corrections were calculated with the Goodvibes 

code.66 Concentrations were set at 0.001 M for metal complexes, 0.005 for RM and RM−, and 

12.92 M for DMF. Energies were refined by means of single point calculations with the larger 

def2-TZVP basis set. The stability of the wavefunction and spin contamination were studied at 

the double- and triple-zeta levels of theory. Nucleus-Independent Chemical Shift (NICS)67 values 

were computed for the mediators by computing magnetic shielding tensors of ghost atoms placed 

at the centroid of each ring using the Gauge Independent Atomic Orbital (GIAO)68-71 method at 

the B3LYP-D3BJ/def2-TZVP level of theory with the ORCA 5.0 program.72 

Kohn-Sham orbital projections and spin densities were plotted in ChemCraft with contour values 

of 0.030 and 0.0025, respectively. The color scheme used for atoms is C = black, O = red, N = 

blue, H = grey, S = yellow and Cr = maroon. For added clarity, select figures were generated with 

truncated structures and omitted H atoms as indicated in the respective captions; all calculations 

were performed using the complete structural model. The labelling scheme for minima 

is 
multiplicity

# bound DMF
𝐂𝐫(𝒂𝒙𝒊𝒂𝒍 𝒍𝒊𝒈𝒂𝒏𝒅𝒔)

charge

⬚
 and 

multiplicity

⬚
𝐑𝐌

charge

⬚
 for RM species; the 

[tbudhbpy]2− or [tbudhtbubpy]2− ligand framework is a common feature of all Cr species and does not 

change its coordination mode during the reaction, so it is omitted in the notation where possible 

for clarity. 
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Single crystal X-ray diffraction 

A single crystal of each sample was coated with Paratone oil and mounted on a MiTeGen 

MicroLoop. The X-ray intensity data were measured on a Bruker Kappa APEXII Duo system 

equipped with an Incoatec Microfocus IμS (Cu Kα, λ = 1.54178 Å) and a multi-layer mirror 

monochromator, and a fine-focus sealed tube (Mo Kα, λ = 0.71073 Å) and a graphite 

monochromator or Bruker D8 Venture Kappa four-circle diffractometer system equipped with an 

Incoatec IμS 3.0 micro-focus sealed X-ray tube (Mo Kα, λ = 0.71073 Å) and a HELIOS double 

bounce multilayer mirror monochromator. 

The frames were integrated with the bruker SAINT software package73 using a narrow-frame 

algorithm. Data were corrected for absorption effects using the Multi-Scan method (SADABS or 

TWINABS).74 Each structure was solved and refined using the Bruker SHELXTL Software 

Package74 within APEX373 and OLEX2.75 Non-hydrogen atoms were refined anisotropically. The 

O-H hydrogen atoms were located in the electron density map and refined isotropically. All other 

hydrogen atoms were placed in geometrically calculated positions with Uiso = 1.2Uequiv of the 

parent atom (Uiso = 1.5Uequiv for methyl).  

Both polymorphs of tbudhbpy(H)2 were twinned. For polymorph 1, a two-domain twin was identified 

using CELL_NOW.76 Starting with 767 reflections, 620 reflections were fit to the first domain, and 

539 to the second domain (132 exclusively), with 15 unindexed reflection remaining. The twin 

domain was oriented at a 179.8º rotation about the reciprocal axis 0.000  0.001  1.000. The twin 

law was -0.998  -0.004   0.001 / 0.004  -1.002   0.001 / -0.642  -0.366   1.000. It was refined on 

on HKLF5 data, with the BASF for the twin domain refining to 0.33031. For polymorph 2, a three-

domain twin was identified using CELL_NOW.76 Starting with 1469 reflections, 1084 reflections 

were fit to the first domain, 1073 to the second domain (246 exclusively), and 189 to the third 

domain (43 exclusively) with 96 unindexed reflection remaining. The second domain was oriented 

at a 179.9º rotation about the reciprocal axis 0.000  0.000  1.000. The twin law was -0.999   0.002   
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0.004 / 0.000  -1.001  -0.002 / 0.539   0.999   1.000. The third domain was oriented at a 179.7º 

rotation about the real axis 1.000 -0.411 -0.412 and its twin law was -0.039  -0.398  -0.398 / -

0.553  -0.768   0.234 / -1.956   0.796  -0.193. It was refined on HKLF5 data, with the BASF for 

the twin domains refining to 0.47711 and 0.02195. For 2, one tert-butyl group was found to be 

disordered across two positions. The relative occupancy of the positions was freely refined, with 

constraints on the anisotropic displacement parameters of the disordered atoms. Chloroform and 

hexane solvent located in the crystal lattice was severely disordered and could not be adequately 

modeled with or without restraints. Thus, the structure factors were modified using the PLATON 

SQUEEZE77 technique, in order to produce a “solvate-free” structure factor set.  PLATON 

reported a total electron density of 326 e− and total solvent accessible volume of 1276 Å3. 
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Table S3.1. Crystallographic data for tbudhbpy(H)2, tbudhtbubpy(H)2, and Cr(tbudhtbubpy)Cl(H2O) 2. 
 tbudhbpy(H)2 

polymorph 1 

tbudhbpy(H)2 
polymorph 2 

tbudhtbubpy(H)2 Cr(tbudhtbubpy)Cl(H2O) 2 

CCDC number 1984949 1984950 2150929 2150930 
Formula C38H48N2O2 C38H48N2O2 C46H64N2O2 C99H139Cl5Cr2N6O6 
FW (g/mol) 564.78  564.78  676.99 1790.40  
Temp (K) 100(2)  100(2)  100(2)  100(2)  
λ (Å) 1.54178  0.71073  0.71073  1.54178  
Size (mm) 0.051 x 0.067 

x 0.157  
0.077 x 0.091 
x 0.589  

0.164 x 0.222 
x 0.362  

0.048 x 0.048 x 0.059  

Crystal habit yellow plate yellow plate yellow block orange plate 
Crystal system triclinic triclinic monoclinic triclinic 
Space group P -1 P -1 I 2/m P -1 
a (Å) 10.0611(10)  6.142(2) 13.809(3)  15.1726(10)  
b(Å) 11.5414(11)  9.094(3)  8.7376(17)  19.0611(13)  
c (Å) 15.8166(15)  15.431(5) 17.190(5)  20.9243(15)  
α (°) 77.316(7) 106.415(5) 90 84.198(5) 
β (°) 74.707(7) 93.806(5) 99.585(5) 81.186(5) 
γ (°) 65.801(7) 97.936(6) 90 73.704(5) 
Volume (Å3) 1602.9(3)  813.8(5) 2045.1(8) 5729.0(7) 
Z 2 1 2 2 
Density (g/cm3) 1.170  1.152  1.099  1.038  
µ (mm-1) 0.549  0.070  0.066  2.990  
F(000) 612 306 740 1912 
θ range (°) 2.92 to 68.33 2.36 to 25.26 1.76 to 29.63 2.14 to 50.63 
Index ranges -11 ≤ h ≤ 12 

-13 ≤ k ≤ 13 
0 ≤ l ≤ 19 

-7 ≤ h ≤ 7 
-10 ≤ k ≤ 10 
0 ≤ l ≤ 18 

-19 ≤ h ≤ 19 
-12 ≤ k ≤ 12 
-23 ≤ l ≤ 23 

-15 ≤ h<=15 
-19 ≤ k ≤ 19 
-20 ≤ l ≤ 20 

Data / restraints 
/parameters 

5760 / 0 / 400 3031 / 0 / 202 3058 / 0 / 149 11907 / 0 / 1104 

GOF on F2 1.068 1.047 1.023 0.996 
R1 (I>2σ(I)) 0.0738 0.0815 0.0450 0.0996 
wR2 (all data) 0.2099 0.2350 0.1281 0.3073 
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Table S3.2. Crystallographic data for TPTD, Mes2DBTD, and Ph2DBTD. 
 TPTD Mes2DBTD Ph2DBTD 
CCDC number 2154597 2154599 2154598 
Formula C18H10O2S  C30H28O2S  C31H24O2S  
FW (g/mol) 290.32  452.58  460.56  
Temp (K) 100.00  100.00  100.00  
λ (Å) 0.71073 0.71073 0.71073 
Size (mm) 0.438 × 0.164 × 

0.068 
0.375 × 0.095 × 
0.043 

0.233 × 0.064 × 
0.039 

Crystal habit colorless plate colorless rod colorless needle 
Crystal system monoclinic  orthorhombic  orthorhombic  
Space group P21/c  Pca21  Pbcn  
a (Å) 7.0219(4)  19.7648(12)  15.4383(16)  
b(Å) 20.7503(10)  7.4276(4)  20.371(2)  
c (Å) 17.2210(10)  16.1962(9)  7.3501(7)  
α (°) 90  90  90  
β (°) 91.096(2)  90  90  
γ (°) 90  90  90  
Volume (Å3) 2508.8(2)  2377.7(2)  2311.6(4)  
Z 8  4  4  
Density (g/cm3) 1.537  1.264  1.323  
µ (mm-1) 0.258  0.161  0.168  
F(000) 1200.0  960.0  968.0  
θ range (°) 2.562 to 28.294 2.061 to 26.377 1.999 to 28.296 
Index ranges 9 ≤ h ≤ 9 

-22 ≤ k ≤ 27 
-22 ≤ l ≤ 22 

-24 ≤ h ≤ 24 
-9 ≤ k ≤ 7 
-20 ≤ l ≤ 20 

-20 ≤ h ≤ 20 
-27 ≤ k ≤ 27 
-9 ≤ l ≤ 7 

Data / restraints 
/parameters 

6229/0/379  4845/1/305  2870/0/157  

GOF on F2 1.208  1.104  1.095  
R1 (I>2σ(I)) 0.0773 0.0754 0.0530 
wR2 (all data) 0.1738 0.1936 0.1153 

 

3.7.2 Synthesis and Characterization 

Synthesis of 6,6′-Di(3,5-di-tert-butyl-2-hydroxybenzene)-2,2′-bipyridine, tbudhbpy(H)2 

The synthesis of tbudhbpy(H)2 was carried out as previously reported.8 

Synthesis of Cr(tbudhbpy)Cl(H2O) (1) 

The metalation of tbudhbpy(H)2 to generate Cr(tbudhbpy)Cl(H2O) (1) was carried out as previously 

reported8 with one modification: the resulting product was further purified by dissolving in 

dichloromethane (DCM) and passing through a PTFE syringe filter to remove excess starting 

metal salt. 
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Synthesis of 6,6′-Di(3,5-di-tert-butyl-2-hydroxybenzene)-4,4’-di-tert-butyl-2,2′-bipyridine, 

tbudhtbubpy(H)2 

The starting materials for this reaction, dichloro-4,4′-di-tert-butyl-2,2′-bipyridine78, 79 and (3,5-di-

tert-butyl-2-hydroxy-phenyl)boronic acid8, were all prepared by previously reported methods. 

Two microwave tubes were each charged with 6,6′-dichloro-4,4′-di-tert-butyl-2,2′-bipyridine (0.755 

g, 2.24 mmol), unpurified (3,5-di-tert-butyl-2-hydroxy-phenyl)boronic acid (1.96 g, 38.2 mmol), 

sodium carbonate (1.76 g, 16.6 mmol), Pd(PPh3)4 (0.04 g, 0.03 mmol), and degassed toluene (30 

mL), water (12 mL), and methanol (8 mL). The microwave conditions were set to heat the reaction 

mixture to 170 °C as fast as possible and then held at that temperature for 140 minutes. After 

cooling, the two tubes were combined, and aqueous and organic fractions were separated and 

extracted. The organic layer was washed with brine (3 x 50 mL) and the aqueous layer was 

extracted with dichloromethane (4 x 75 mL). All organic fractions were combined and dried over 

MgSO4 before removing the solvent via reduced pressure leaving a bright yellow oil. Methanol 

was added to the flask to dissolve excess boronic acid still present and a yellow solid crashed out 

of solution. Finally, the solution was filtered and the solid collected on the frit was washed with 

additional methanol leaving a bright yellow solid with an isolated yield of 30.5% (0.922 g). 1H NMR 

(CD2Cl2, 600 MHz): δ 14.60 (s, 2H, OH), 8.22 (d, 2H, ArH), 7.98 (d, 2H, ArH), 7.74 (d, 2H, ArH), 

7.44 (d, 2H, ArH), 1.51 (s, 18H, −C(CH3)3), 1.50 (s, 18H, −C(CH3)3), 1.40 (s, 18H, −C(CH3)3). 

13C{1H} NMR (CD2Cl2, 150 MHz): δ 163.7 (ArC), 159.0 (ArC), 157.0 (ArC), 152.2 (ArC), 140.5 

(ArC), 126.56 (ArC), 121.5 (ArC), 119.0 (ArC), 117.7 (ArC), 116.8 (ArC), 110.5 (ArC), 35.9 (tbuC), 

35.7 (tbuC), 34.7 (tbuC), 31.8 (tbuC), 30.7 (tbuC), 29.8 (tbuC). Elemental Analysis for C46H64N2O2 

calc’d: C 81.61, H 9.53, N 4.14; found: C 81.10, H 9.79, N 4.15.  

Synthesis of Cr(tbudhtbubpy)Cl(H2O) (2) 

Metalation of tbudhtbubpy(H)2 with Cr(III) to generate Cr(tbudhtbubpy)Cl(H2O) (3) was achieved by 

stirring tbudhtbubpy(H)2 (0.295 g, 0.436 mmol) and 1.05 equivalents of chromium(II) dichloride 

(0.0562 g, 0.458 mmol) in tetrahydrofuran (60 mL) at room temperature under an inert 
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atmosphere for seven days. After exposing the reaction to air, the THF was removed under 

reduced pressure. The solid was then dissolved in DCM and washed with brine (3 x 50 mL) and 

saturated ammonium chloride (6 x 50 mL). The organic layer was then dried over MgSO4 and 

condensed under reduced pressure. The resulting solid was dissolved in minimal DCM and 

passed through a PTFE syringe filter. Finally, the DCM was removed, and the resulting solid was 

collected in a frit using pentanes to give a bright red solid. 54.5% isolated yield (0.185 g). 

Elemental analysis for C46H64ClCrN2O3·CH2Cl2 calc’d: C 65.23, H 7.69, N 3.24; found: C 65.36, H 

7.64, N 3.69. ESI-MS (m/z): [Cr(tbudhtbubpy)]–Cl–H2O+CH3OH calc’d: 458.4479 found: 758.4084. 

Synthesis of Triphenylothiophene 4,4-dioxide, TPTD 

The synthesis of triphenylothiophene 4,4-dioxide (TPTD) was carried out following a previously 

reported method.39, 40 

Synthesis of 2,8-Dimesityldibenzothiophene 5,5-dioxide, Mes2DBTD 

2,8-dibromodibenzothiophene 5,5-dioxide was prepared by a previously reported method.80, 81 

Three microwave tubes were each filled with 2,8-dibromodibenzothiophene 5,5-dioxide (0.503 g, 

1.35 mmol), (2,4,6-trimethylphenyl)boronic acid (0.553 g, 3.37 mmol), sodium carbonate (3.77 g, 

35.7 mmol), Pd(PPh3)4 (0.124 g, 0.108 mmol), and degassed toluene (30 mL), water (12 mL), and 

methanol (8 mL). The microwave conditions were set to heat the reaction mixture to 170 °C as 

fast as possible and then held at that temperature for 200 minutes. After cooling, the three tubes 

were combined, and the toluene layer was set aside. The aqueous layer was extracted with 

dichloromethane (6 x 100 mL). All organic fractions were combined and dried over MgSO4 before 

removing the solvent via reduced pressure leaving a white solid. The solid was first recrystallized 

by methanol and then a second recrystallization was done using minimal hot ethyl acetate and 

methanol to give a fluffy white solid. 51.9% isolated yield (0.949 g). 1H NMR (CD2Cl2, 600 MHz): 

δ 7.88 (dd, 2H, ArH), 7.57 (dd, 2H, ArH), 7.34 (dd, 2H, ArH), 6.96 (s, 4H, ArH), 2.31 (s, 6H, −CH3), 

2.02 (s, 6H, −CH3). 13C{1H} NMR (CD2Cl2, 150 MHz): δ 148.4 (ArC), 138.2 (ArC), 137.5 (ArC), 

137.0 (ArC), 135.9 (ArC), 132.7 (ArC), 132.3 (ArC), 128.9 (ArC), 123.5 (ArC), 122.6 (ArC), 21.3 
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(MeC), 21.0 (MeC). Elemental Analysis for C30H28O2S·[C4H8O2]1/3 calc’d: C 78.08, H 6.41, N 0.00; 

found: C 78.14, H 6.29, N 0.02. ESI-MS (m/z): calc’d: 452.1010; found 452.1803. 

Synthesis of 2,8-Diphenyldibenzothiophene 5,5-dioxide, Ph2DBTD 

2,8-Dibromodibenzothiophene 5,5-dioxide (1.00 g, 2.67 mmol), phenylboronic acid (0.750 g, 6.15 

mmol), K3PO4 (0.57 g, 2.7 mmol), Pd(PPh3)4 (0.15 g, 0.13 mmol), and 1,4-dioxane (100 mL) were 

added to a 250 mL pressure flask with a stir bar in an inert atmosphere glovebox. The reaction 

was stirred at 130 °C under inert atmosphere for 3 days. After cooling to room temperature, the 

reaction was exposed to air. The reaction was then diluted with brine (75 mL) and the dioxane 

layer was separated. The aqueous layer was then extracted with DCM (5 x 75 mL) and all organic 

layers were dried over MgSO4. Silica was added to the flask (15 g) and the solvent was removed 

to dryness under reduced pressure. The dry loaded sample was then separated by column 

chromatography with hexanes and DCM as eluent. Solvent mixture was initially 50% hexanes 

and 50% DCM and gradually adjusted to 100% DCM. The third fraction was collected and solvent 

was removed to yield an off-white solid with an isolated yield of 0.288 g, 29.2% yield. 1H NMR 

(CD2Cl2, 600 MHz): δ 8.74 (s, 1H, ArH), 8.06 (d, 1H, ArH), 7.97 (dd, 1H, ArH), 7.91 (d, 2H, ArH), 

7.57 (t, 2H, ArH) 7.50 (t, 1H, ArH). 13C{1H} NMR (CD2Cl2, 150 MHz): δ 147.8 (ArC), 139.8 (ArC), 

137.4 (ArC), 132.8 (ArC), 130.0 (ArC), 129.7 (ArC), 129.4 (ArC), 127.9 (ArC), 122.8 (ArC), 121.0 

(ArC). Elemental Analysis for C24H16O2S calcd: C 78.27, H 4.38, N 0.00; found: C 77.67, H 4.38, 

N 0.01. ESI-MS (m/z): calcd: 368.0871; found 368.0872. 

Evans’ Method Characterization of 2 

The spin state of the Cr(tbudhtbubpy)Cl(H2O) (2) catalyst was characterized as a Cr(III) species via 

Evans’ Method.82, 83 Three capillary inserts were made with a 50% v/v mixture of DMF and DMF-

d7. Each insert was flame sealed, and then placed in an NMR tube. Then 8.3 mg of 2 was 

dissolved in 3 mL of DMF. Approximately 0.6 mL of the solution of 2 was added to each of the 

three NMR tubes containing a flame sealed insert. 1H NMR spectra with 64 scans were then taken 
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using a 600 MHz Varian NMR Spectrometer. The results of this experiment, which was run in 

triplicate, can be seen in Table S3.3. The average µeff of 2 was 3.86±0.10. 

 

 

Figure S3.1. The two polymorphs of single crystal structures of tbudhbpy(H)2 ligandobtained from 
X-ray diffraction studies. Blue = N, red = O, gray = C; thermal ellipsoids at 50%; H atoms omitted 
for clarity. CCDC 1984950 (left) and 1984949 (right). 
 

 
Figure S3.2. 1H NMR of tbudhtbubpy(H)2 ligand; CD2Cl2; 600 MHz. 
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Figure S3.3. 13C{1H} 

 NMR of tbudhtbubpy(H)2 ligand; CD2Cl2; 150 MHz. 

 

Figure S3.4. Single crystal structures of tbudhtbubpy(H)2 ligand obtained from single-crystal X-ray 
diffraction studies. Blue = N, red = O, gray = C; thermal ellipsoids at 50%; H atoms omitted for 
clarity. CCDC 2150929. 
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Figure S3.5. (A) UV-vis serial dilution absorbance data obtained from Cr(tbudhtbubpy)Cl(H2O) 2 in 
a DMF solution. Conditions: varying concentration; quartz cell with 1 cm pathlength. (B) Plot of 
absorbance versus concentration (M) for Cr(tbudhtbubpy)Cl(H2O) 2 in DMF at 320 nm (13800 M−1 
cm−1); R2 = 0.995. All: λmax = 333 nm (13300 M−1 cm−1) and 383 nm (9780 M−1 cm−1). 

 

 

Table S3.3. Evans’ method results for Cr(tbudhtbubpy)Cl(H2O) (2) in DMF.82, 83

Trial Chemical 
Shift (ppm) 

Chemical 
Shift (Hz) 

Total Magnetic 
Moment (emu mol−1) 

Paramagnetic 
Moment (emu mol−1) 

µeff (Bohr 
Magnetons) 

1 0.0805 48.3 0.00542 5.96 x 10−3 3.77 
2 0.0896 53.8 0.00603 6.57 x 10−3 3.96 
3 0.0803 48.2 0.00541 5.94 x 10−3 3.76 
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3.7.3 Electrochemistry of 2 

 

Figure S3.6. Comparison of CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 under Ar and CO2 saturation 
conditions with and without 0.1 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working 
electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced 
to Fc+/Fc internal standard; 100 mV/s scan rate. 

 

 

 

Figure S3.7. (A) CVs of Cr(tbudhtbubpy)Cl(H2O) 2 at variable scan rates ranging from 25 (black) to 
5000 (red) mV/s, obtained under Ar saturation conditions. (B) Linear Fit of variable scan rate data 
from (A) demonstrating that Cr(tbudhtbubpy)Cl(H2O) 2 shows a diffusion-limited current response. 
The data in (B) was obtained from the reversible redox feature at −2.00 V vs Fc+/Fc. Conditions: 



165 
 

1.0 mM 2, 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter electrode, 
Ag/AgCl pseudoreference electrode; varied scan rate; referenced to internal ferrocene standard. 

Figure S3.8. (A) CVs of Cr(tbudhtbubpy)Cl(H2O) 2 at variable scan rates ranging from 25 (black) to 
5000 (red) mV/s, obtained under CO2 saturation conditions. (B) Linear Fit of variable scan rate 
data from (A) demonstrating that Cr(tbudhtbubpy)Cl(H2O) 2 shows a diffusion-limited current 
response. The data in (B) was obtained from the reversible redox feature at −2.00 V vs Fc+/Fc. 
Conditions: 1.0 mM 2, 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon 
counter electrode, Ag/AgCl pseudoreference electrode; varied scan rate; referenced to internal 
ferrocene standard.  

For all variable concentration studies without the presence of RMs (Figures S3.9-S3.11) analysis 

was adapted from Sathrum and Kubiak J. Phys. Chem. Lett. 2011, 2, 2372.84 F is Faraday’s 

constant, A is the electrode area, [Q] is the substrate concentration, kcat is the catalytic rate, D is 

the diffusion constant of the catalyst, [cat] is the concentration of the catalyst, and ncat is the 

number of electrons involved in the catalytic process. 

 

𝒊𝒄𝒂𝒕 = 𝒏𝒄𝒂𝒕𝑭𝑨[𝒄𝒂𝒕](𝑫𝒌𝒄𝒂𝒕[𝑸]𝒚)
𝟏
𝟐 
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Figure S3.9. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2, obtained under CO2 saturation 
conditions with variable PhOH concentration. Conditions: 1.0 mM 2, 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.36 V vs. Fc+/Fc.  

 

Figure S3.10. (A) CVs of Cr(tbudhtbubpy)Cl(H2O) 2 at variable concentrations, obtained under CO2 

saturation with 0.325 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at 
−2.36 V vs. Fc+/Fc. 
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Figure S3.11. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 obtained under variable 
CO2 concentration with 0.325 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working 
electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan 
rate; referenced to internal ferrocene standard. (B) Log–log plot from data obtained from CVs in 
A at −2.36 V vs. Fc+/Fc. 

 

Figure S3.12. (A) Current versus time trace from CPE experiment for 2+PhOH. (B) Charge 
passed versus time for the CPE experiment shown in A. Conditions were 0.1 mM 
Cr(tbudhtbubpy)Cl(H2O) 2 and 0.12 M PhOH under a CO2 atmosphere at −2.30 V vs Fc+/Fc in 0.1 
M TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode was a graphite 
rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was 
used as sacrificial oxidant. 
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Table S3.4. Results from CPE experiment in Figure S3.12, 2 + PhOH. 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

17914 6.58 6.82 x 10−5 3.64 x 10−5 106.8 

20000* 7.14 7.40 x 10−5 3.53 x 10−5 95.34 

20000* 7.14 7.40 x 10−5 3.16 x 10−5 85.34 

20000* 7.14 7.40 x 10−5 3.39 x 10−5 91.68 

* indicates a triplicate series of injections carried out upon completion of electrolysis.  
 

 

Figure S3.13. CVs of Cr(tbudhtbubpy)Cl(H2O) 2 with 0.1 M PhOH at variable scan rates ranging 
from 25 (black) to 5000 (red) mV/s, obtained under Ar (A) and CO2 (B) saturation conditions. 
Conditions: 1.0 mM 2, 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon 
counter electrode, Ag/AgCl pseudoreference electrode; varied scan rate; referenced to internal 
ferrocene standard.  
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Figure S3.14. Plots of (A) icat/ip versus the inverse of the square root of the scan rate and (B) TOF 
versus scan rate for Cr(tbudhtbubpy)Cl(H2O) 2, with 0.1 M PhOH from data in Figure S3.13. 
 
 

Table S3.5. TOF values determined from the icat/ip method with variable scan rates in Figure S3.13 
and S3.14.

Scan Rate (V/s) TOF (s−1) 
0.025 9.50 
0.05 10.1 
0.1 13.6 
0.2 13.2 
0.5 13.7 
1 14.3 
2 15.8 
4 15.8 
5 16.4 
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3.7.4 Characterization of RMs 

 
Figure S3.15. 1H NMR of Mes2DBTD; CD2Cl2; 600 MHz. 
 

 
Figure S3.16. 13C{1H} NMR of Mes2DBTD; CD2Cl2; 150 MHz. 
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Figure S3.17. 1H NMR of Ph2DBTD; CD2Cl2; 600 MHz. 
 
 

 
Figure S3.18. 13C{1H} NMR of Ph2DBTD; CD2Cl2; 150 MHz. 
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3.7.5 Electrochemistry of RMs 
 

 
Figure S3.19. CVs of 2.5 mM TPTD both with and without 0.1 M PhOH obtained under Ar and 
CO2 saturation conditions. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc 
internal standard; 100 mV/s scan rate. 

 
Figure S3.20. CVs of 2.5 mM Mes2DBTD both with and without 0.1 M PhOH obtained under Ar 
and CO2 saturation conditions. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc 
internal standard; 100 mV/s scan rate. 
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Figure S3.21. CVs of 2.5 mM Ph2DBTD both with and without 0.1 M PhOH obtained under Ar 
and CO2 saturation conditions. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc 
internal standard; 100 mV/s scan rate. 

 
Figure S3.22. (A) CVs of 2.5 mM DBTD at variable scan rates ranging from 25 (black) to 5000 
(red) mV/s, obtained under Ar saturation conditions. (B) Linear Fit of variable scan rate data from 
A demonstrating that DBTD shows a diffusion-limited current response. The slope highlighted in 
yellow was used to calculate the diffusion coefficient in Table S3.6. The data in B was obtained 
from the reversible redox feature at −2.25 V vs Fc+/Fc. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
varied scan rate; referenced to internal ferrocene standard. 
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Figure S3.23. (A) CVs of 2.4 mM TPTD at variable scan rates ranging from 25 (black) to 5000 
(red) mV/s, obtained under Ar saturation conditions. (B) Linear Fit of variable scan rate data from 
A demonstrating that DBTD shows a diffusion-limited current response. The slope highlighted in 
yellow was used to calculate the diffusion coefficient in Table S3.6. The data in B was obtained 
from the reversible redox feature at −2.19 V vs Fc+/Fc. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
varied scan rate; referenced to internal ferrocene standard. 
 

 
Figure S3.24. (A) CVs of 2.5 mM Ph2DBTD at variable scan rates ranging from 25 (black) to 5000 
(red) mV/s, obtained under Ar saturation conditions. (B) Linear Fit of variable scan rate data from 
A demonstrating that DBTD shows a diffusion-limited current response. The slope highlighted in 
yellow was used to calculate the diffusion coefficient in Table S3.6. The data in B was obtained 
from the reversible redox feature at −2.12 V vs Fc+/Fc. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
varied scan rate; referenced to internal ferrocene standard. 
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Figure S3.25. (A) CVs of 2.5 mM Mes2DBTD at variable scan rates ranging from 25 (black) to 
5000 (red) mV/s, obtained under Ar saturation conditions. (B) Linear Fit of variable scan rate data 
from A demonstrating that DBTD shows a diffusion-limited current response. The slope 
highlighted in yellow was used to calculate the diffusion coefficient in Table S3.6. The data in B 
was obtained from the reversible redox feature at −2.24 V vs Fc+/Fc. Conditions: 0.1 M 
TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCl 
pseudoreference electrode; varied scan rate; referenced to internal ferrocene standard. 
 
 
Table S3.6. Results of Diffusion Coefficient Calculations

 Number of 
electrons 

Concentration 
(mM) 

Slope Diffusion 
Coefficient (cm2/s) 

DBTD 1 2.50 −0.00168 6.22 x 10−6 

TPTD 1 2.40 −0.00128 3.93 x 10−6 
Ph2DBTD 1 2.50 −0.00129 3.68 x 10−6 

Mes2DBTD 1 2.50 -0.00127 3.57 x 10−6 
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3.7.6 Cyclic Voltammetry Under Protic Conditions 

 
Figure S3.26. Comparison of CVs of 1.0 mM Cr(tbudhbpy)Cl(H2O) 1 with and without 2.5 mM 
TPTD and 0.1 M PhOH under CO2 saturation conditions. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 

 

Figure S3.27. Comparison of CVs of 1.0 mM Cr(tbudhbpy)Cl(H2O) 1 with and without 2.5 mM 
Mes2DBTD and 0.1 M PhOH under CO2 saturation conditions. Conditions: 0.1 M TBAPF6/DMF; 
glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 
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Figure S3.28. Comparison of CVs of 1.0 mM Cr(tbudhbpy)Cl(H2O) 1 with and without 2.5 mM 
Ph2DBTD and 0.1 M PhOH under CO2 saturation conditions. Conditions: 0.1 M TBAPF6/DMF; 
glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 

 
Figure S3.29. (A) CVs of Cr(tbudhbpy)Cl(H2O) 1 at variable concentrations, obtained under CO2 
saturation with 2.5 mM TPTD and 0.325 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 
mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.34 V vs. Fc+/Fc. 
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Figure S3.30. (A) CVs of Cr(tbudhbpy)Cl(H2O) 1 at variable concentrations, obtained under CO2 
saturation with 2.5 mM Mes2DBTD and 0.325 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.36 V vs. Fc+/Fc. 
 

 
Figure S3.31. (A) CVs of Cr(tbudhbpy)Cl(H2O) 1 at variable concentrations, obtained under CO2 
saturation with 2.5 mM Ph2DBTD and 0.325 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.25 V vs. Fc+/Fc. 
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Figure S3.32. (A) CVs of 1.0 mM Cr(tbudhbpy)Cl(H2O) 1 with 0.325 M PhOH at variable TPTD 
concentrations, obtained under CO2 saturation. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 
mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.38 V vs. Fc+/Fc. 
 

 
Figure S3.33. (A) CVs of 1.0 mM Cr(tbudhbpy)Cl(H2O) 1 with 0.325 M PhOH at variable 
Mes2DBTD concentrations, obtained under CO2 saturation. Conditions: 0.1 M TBAPF6/DMF; 
glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference 
electrode; 100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from 
data obtained from CVs in A at −2.43 V vs. Fc+/Fc. 
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Figure S3.34. (A) CVs of 1.0 mM Cr(tbudhbpy)Cl(H2O) 1 with 0.325 M PhOH at variable Ph2DBTD 
concentrations, obtained under CO2 saturation. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 
mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.33 V vs. Fc+/Fc. 
 

 
Figure S3.35. (A) CVs where the concentrations of Cr(tbudhbpy)Cl(H2O) 1 and TPTD were varied 
at a fixed 1:5 ratio of 1:TPTD with 0.325 M PhOH under CO2 saturation conditions. Conditions: 
0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCl 
pseudoreference electrode; 100 mV/s scan rate; referenced to internal ferrocene standard. (B) 
Log-log plot from data obtained from CVs in A at −2.34 V vs. Fc+/Fc. 



181 
 

 
Figure S3.36. (A) CVs where the concentrations of Cr(tbudhbpy)Cl(H2O) 1 and Mes2DBTD were 
varied at a fixed 1:5 ratio of 1:Mes2DBTD with 0.325 M PhOH under CO2 saturation conditions. 
Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter 
electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard. (B) Log-log plot from data obtained from CVs in A at −2.40 V vs. Fc+/Fc. 
 
 

 
Figure S3.37. (A) CVs where the concentrations of Cr(tbudhbpy)Cl(H2O) 1 and Ph2DBTD were 
varied at a fixed 1:5 ratio of 1:Ph2DBTD with 0.325 M PhOH under CO2 saturation conditions. 
Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter 
electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard. (B) Log-log plot from data obtained from CVs in A at −2.27 V vs. Fc+/Fc. 
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Figure S3.38. (A) CVs of PhOH at variable concentrations, obtained under CO2 saturation with 
1.0 mM Cr(tbudhbpy)Cl(H2O) 1 and 2.5 mM TPTD. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 
mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.34 V vs. Fc+/Fc. 
 
 

 
Figure S3.39. (A) CVs of PhOH at variable concentrations, obtained under CO2 saturation with 
1.0 mM Cr(tbudhbpy)Cl(H2O) 1 and 2.5 mM Mes2DBTD. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.40 V vs. Fc+/Fc. 
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Figure S3.40. (A) CVs of PhOH at variable concentrations, obtained under CO2 saturation with 
1.0 mM Cr(tbudhbpy)Cl(H2O) 1 and 2.5 mM Ph2DBTD. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.27 V vs. Fc+/Fc. 
 
 

 
Figure S3.41. (A) CVs of 1.0 mM Cr(tbudhbpy)Cl(H2O) 1, 2.5 mM TPTD, 0.325 M PhOH at varied 
CO2 concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy 
carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced 
to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at −2.29 V vs. 
Fc+/Fc. 
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Figure S3.42. (A) CVs of 1.0 mM Cr(tbudhbpy)Cl(H2O) 1, 2.5 mM Mes2DBTD, 0.325 M PhOH at 
varied CO2 concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at 
−2.36 V vs. Fc+/Fc. 
 
 

 
Figure S3.43. (A) CVs of 1.0 mM Cr(tbudhbpy)Cl(H2O) 1, 2.5 mM Ph2DBTD, 0.325 M PhOH at 
varied CO2 concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at 
−2.26 V vs. Fc+/Fc. 
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Figure S3.44. Comparison of CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 with and without 2.5 mM 
DBTD and 0.1 M PhOH under CO2 saturation conditions. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 
 

 
Figure S3.45. Comparison of CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 with and without 2.5 mM 
TPTD and 0.1 M PhOH under CO2 saturation conditions. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 
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Figure S3.46. Comparison of CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 with and without 2.5 mM 
Mes2DBTD and 0.1 M PhOH under CO2 saturation conditions. Conditions: 0.1 M TBAPF6/DMF; 
glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 
 
 

 
Figure S3.47. Comparison of CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 with and without 2.5 mM 
Ph2DBTD and 0.1 M PhOH under CO2 saturation conditions. Conditions: 0.1 M TBAPF6/DMF; 
glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 
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Figure S3.48. (A) CVs of Cr(tbudhtbubpy)Cl(H2O) 2 at variable concentrations, obtained under CO2 
saturation with 2.5 mM DBTD and 0.325 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 
mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.41 V vs. Fc+/Fc. 
 

 
Figure S3.49. (A) CVs of Cr(tbudhtbubpy)Cl(H2O) 2 at variable concentrations, obtained under CO2 
saturation with 2.5 mM TPTD and 0.325 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 
mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.38 V vs. Fc+/Fc. 
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Figure S3.50. (A) CVs of Cr(tbudhtbubpy)Cl(H2O) 2 at variable concentrations, obtained under CO2 
saturation with 2.5 mM Mes2DBTD and 0.325 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.45 V vs. Fc+/Fc. 

 
Figure S3.51. (A) CVs of Cr(tbudhtbubpy)Cl(H2O) 2 at variable concentrations, obtained under CO2 
saturation with 2.5 mM Ph2DBTD and 0.325 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.32 V vs. Fc+/Fc. 
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Figure S3.52. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 with 0.325 M PhOH at variable DBTD 
concentrations, obtained under CO2 saturation. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 
mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.56 V vs. Fc+/Fc. 
 
 

 
Figure S3.53. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 with 0.325 M PhOH at variable TPTD 
concentrations, obtained under CO2 saturation. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 
mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.37 V vs. Fc+/Fc. 
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Figure S3.54. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 with 0.325 M PhOH at variable 
Mes2DBTD concentrations, obtained under CO2 saturation. Conditions: 0.1 M TBAPF6/DMF; 
glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference 
electrode; 100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from 
data obtained from CVs in A at −2.54 V vs. Fc+/Fc. 
 
 

 
Figure S3.55. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 with 0.325 M PhOH at variable 
Ph2DBTD concentrations, obtained under CO2 saturation. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.37 V vs. Fc+/Fc. 
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Figure S3.56. (A) CVs where the concentrations of Cr(tbudhtbubpy)Cl(H2O) 2 and DBTD were 
varied at a fixed 1:5 ratio of 1:DBTD with 0.325 M PhOH under CO2 saturation conditions. 
Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter 
electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard. (B) Log-log plot from data obtained from CVs in A at −2.43 V vs. Fc+/Fc. 
 
 
 

 
Figure S3.57. (A) CVs where the concentrations of Cr(tbudhtbubpy)Cl(H2O) 2 and TPTD were 
varied at a fixed 1:5 ratio of 1:TPTD with 0.325 M PhOH under CO2 saturation conditions. 
Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter 
electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard. (B) Log-log plot from data obtained from CVs in A at −2.41 V vs. Fc+/Fc. 
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Figure S3.58. (A) CVs where the concentrations of Cr(tbudhtbubpy)Cl(H2O) 2 and Mes2DBTD were 
varied at a fixed 1:5 ratio of 1:Mes2DBTD with 0.325 M PhOH under CO2 saturation conditions. 
Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter 
electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard. (B) Log-log plot from data obtained from CVs in A at −2.45 V vs. Fc+/Fc. 
 

 
Figure S3.59. (A) CVs where the concentrations of Cr(tbudhtbubpy)Cl(H2O) 2 and Ph2DBTD were 
varied at a fixed 1:5 ratio of 1:Ph2DBTD with 0.325 M PhOH under CO2 saturation conditions. 
Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter 
electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard. (B) Log-log plot from data obtained from CVs in A at −2.35 V vs. Fc+/Fc. 
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Figure S3.60. (A) CVs of PhOH at variable concentrations, obtained under CO2 saturation with 
1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 and 2.5 mM DBTD. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.42 V vs. Fc+/Fc. 
 
 

 
Figure S3.61. (A) CVs of PhOH at variable concentrations, obtained under CO2 saturation with 
1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 and 2.5 mM TPTD. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.43 V vs. Fc+/Fc. 
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Figure S3.62. (A) CVs of PhOH at variable concentrations, obtained under CO2 saturation with 
1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 and 2.5 mM Mes2DBTD. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.44 V vs. Fc+/Fc. 
 
 

 
Figure S3.63. (A) CVs of PhOH at variable concentrations, obtained under CO2 saturation with 
1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 and 2.5 mM Ph2DBTD. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.32 V vs. Fc+/Fc. 
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Figure S3.64. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2, 2.5 mM DBTD, 0.325 M PhOH at 
varied CO2 concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at 
−2.42 V vs. Fc+/Fc. 
 

 
Figure S3.65. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2, 2.5 mM TPTD, 0.325 M PhOH at 
varied CO2 concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at 
−2.39 V vs. Fc+/Fc. 
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Figure S3.66. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2, 2.5 mM Mes2DBTD, 0.325 M PhOH 
at varied CO2 concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at 
−2.43 V vs. Fc+/Fc. 
 

 
Figure S3.67. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2, 2.5 mM Ph2DBTD, 0.325 M PhOH at 
varied CO2 concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at 
−2.33 V vs. Fc+/Fc. 
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3.7.7 Controlled Potential Electrolysis Experiments (Protic Conditons) 

 
Figure S3.68. (A) Current versus time trace from CPE experiments of 1+TPTD+PhOH. (B) 
Charge passed versus time for the CPE experiments shown in A. Conditions were 0.1 mM 
Cr(tbudhbpy)Cl(H2O) 1, 0.12 M PhOH, and either 0.1, 0.3, or 0.5 (blue) mM TPTD under a CO2 
atmosphere at −2.25 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode was a glassy carbon 
rod, counter electrode was a graphite rod, and the reference was a nonaqueous Ag/AgCl 
pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 
 
Table S3.7. Results from CPE experiment in Figure S3.68, 1:1 (1:TPTD) + PhOH (black). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

10828 4.17 4.32 x 10−5 2.02 x 10−5 93.5 

12125 4.66 4.83 x 10−5 2.70 x 10−5 111.9 

20000* 7.63 7.91 x 10−5 4.50 x 10−5 113.8 

20000* 7.63 7.91 x 10−5 4.19 x 10−5 105.9 

20000* 7.63 7.91 x 10−5 4.15 x 10−5 104.8 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
 
Table S3.8. Results from CPE experiment in Figure S3.68, 1:3 (1:TPTD) + PhOH (black). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

20000* 11.1 1.15 x 10−4 6.00 x 10−5 104.3 

20000* 11.1 1.15 x 10−4 5.97 x 10−5 103.7 

20000* 11.1 1.15 x 10−4 5.72 x 10−5 99.3 

* indicates a triplicate series of injections carried out upon completion of electrolysis 
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Table S3.9. Results from CPE experiment in Figure S3.68, 1:5 (1:TPTD) + PhOH (blue). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

15932 10.6 1.09 x 10−4 6.34 x 10−5 115.9 

17894 11.8 1.23 x 10−4 7.47 x 10−5 121.9 

20000* 13.2 1.37 x 10−4 5.83 x 10−5 85.2 

20000* 13.2 1.37 x 10−4 5.84 x 10−5 85.4 

20000* 13.2 1.37 x 10−4 5.76 x 10−5 84.3 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
 
 
 

 
Figure S3.69. (A) Current versus time trace from CPE experiments with 1+Mes2DBTD+PhOH. 
(B) Charge passed versus time for the CPE experiments shown in A. Conditions were 0.1 mM 
Cr(tbudhbpy)Cl(H2O) 1, 0.12 M PhOH, and either 0.1, 0.3 (red), or 0.5 (blue) mM Mes2DBTD under 
a CO2 atmosphere at −2.25 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode was a glassy 
carbon rod, counter electrode was a graphite rod, and the reference was a nonaqueous Ag/AgCl 
pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 
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Table S3.10. Results from CPE experiment in Figure S3.69, 1:1 (1:Mes2DBTD) + PhOH (red). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

5895 2.33 2.42 x 10−5 1.10 x 10−5 90.7 

8147 3.16 3.28 x 10−5 1.59 x 10−5 97.2 

9925 3.80 3.93 x 10−5 2.11 x 10−5 107.3 

12005 4.52 4.69 x 10−5 2.37 x 10−5 101.1 

13897 5.17 5.36 x 10−5 2.53 x 10−5 94.3 

15696 5.77 5.98 x 10−5 2.91 x 10−5 97.2 

20001* 7.16 7.42 x 10−5 3.33 x 10−5 89.7 

20001* 7.16 7.42 x 10−5 3.45 x 10−5 92.8 

20001* 7.16 7.42 x 10−5 3.47 x 10−5 93.4 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
 
Table S3.11. Results from CPE experiment in Figure S3.69, 1:3 (1:Mes2DBTD) + PhOH (red). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

16050 6.73 6.73 x 10−5 3.42 x 10−5 98.1 

18000 7.51 7.78 x 10−5 4.31 x 10−5 110.8 

20000* 8.31 8.61 x 10−5 4.35 x 10−5 101.1 

20000* 8.31 8.61 x 10−5 4.76 x 10−5 110.5 

20000* 8.31 8.61 x 10−5 4.41 x 10−5 102.4 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
 
Table S3.12. Results from CPE experiment in Figure S3.69, 1:5 (1:Mes2DBTD) + PhOH (blue). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

20000* 12.2 1.27 x 10−4 6.78 x 10−5 107.1 

20000* 12.2 1.27 x 10−4 5.85 x 10−5 92.3 

20000* 12.2 1.27 x 10−4 6.05 x 10−5 95.5 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Figure S3.70. (A) Current versus time trace from CPE experiments with 1+Ph2DBTD+PhOH. (B) 
Charge passed versus time for the CPE experiments shown in A. Conditions were 0.1 mM 
Cr(tbudhbpy)Cl(H2O) 1, 0.12 M PhOH, and either 0.1 (black), 0.3 (red), or 0.5 (blue) mM Ph2DBTD 
under a CO2 atmosphere at −2.20 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode was a 
glassy carbon rod, counter electrode was a graphite rod, and the reference was a nonaqueous 
Ag/AgCl pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 
 
Table S3.13. Results from CPE experiment in Figure S3.70, 1:1 (1:Ph2DBTD) + PhOH (black).

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

20000* 6.8 7.07 x 10−5 3.73 x 10−5 105.4 

20000* 6.8 7.07 x 10−5 3.62 x 10−5 102.4 

20000* 6.8 7.07 x 10−5 3.47 x 10−5 98.3 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
 
Table S3.14. Results from CPE experiment in Figure S3.70, 1:3 (1:Ph2DBTD) + PhOH (red). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

20000* 8.9 9.23 x 10−5 4.48 x 10−5 97.2 

20000* 8.9 9.23 x 10−5 4.65 x 10−5 100.8 

20000* 8.9 9.23 x 10−5 4.78 x 10−5 103.5 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Table S3.15. Results from CPE experiment in Figure S3.70, 1:5 (1:Ph2DBTD) + PhOH (blue). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

20000* 12.7 1.32 x 10−4 7.28 x 10−5 110.4 

20000* 12.7 1.32 x 10−4 6.76 x 10−5 102.6 

20000* 12.7 1.32 x 10−4 6.45 x 10−5 97.9 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
 

 
Figure S3.71. (A) Current versus time trace from CPE experiments with 2+DBTD+PhOH. (B) 
Charge passed versus time for the CPE experiments shown in A. Conditions were 0.1 mM 
Cr(tbudhtbubpy)Cl(H2O) 2, 0.12 M PhOH, and either 0.1 (black), 0.3 (red), or 0.5 (blue) mM DBTD 
under a CO2 atmosphere at −2.30 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode was a 
glassy carbon rod, counter electrode was a graphite rod, and the reference was a nonaqueous 
Ag/AgCl pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 
 
Table S3.16. Results from CPE experiment in Figure S3.71, 1:1 (2:DBTD) + PhOH (black). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

20000* 10.1 1.05 x 10−4 5.25 x 10−5 100.1 

20000* 10.1 1.05 x 10−4 5.64 x 10−5 107.7 

20000* 10.1 1.05 x 10−4 5.35 x 10−5 102.1 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Table S3.17. Results from CPE experiment in Figure S3.71, 1:3 (2:DBTD) + PhOH (red). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

20000* 16.2 1.68 x 10−4 8.22 x 10−5 98.1 

20000* 16.2 1.68 x 10−4 8.25 x 10−5 98.4 

20000* 16.2 1.68 x 10−4 8.41 x 10−5 100.4 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
 
Table S3.18. Results from CPE experiment in Figure S3.71, 1:5 (2:DBTD) + PhOH (blue). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

3758 3.07 3.18 x 10−5 1.34 x 10−5 84.4 

5893 4.81 4.98 x 10−5 2.74 x 10−5 110.0 

7873 6.42 6.65 x 10−5 3.88 x 10−5 116.9 

11924 9.70 1.00 x 10−4 5.93 x 10−5 118.1 

13648 11.1 1.15 x 10−4 6.74 x 10−5 117.4 

15918 12.9 1.34 x 10−4 7.46 x 10−5 111.6 

17982 14.5 1.51 x 10−4 8.37 x 10−5 111.2 

20000* 16.1 1.67 x 10−4 9.32 x 10−5 111.6 

20000* 16.1 1.67 x 10−4 9.20 x 10−5 110.1 

20000* 16.1 1.67 x 10−4 8.61 x 10−5 103.1 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Figure S3.72. (A) Current versus time trace from CPE experiments with 2+TPTD+PhOH. (B) 
Charge passed versus time for the CPE experiments shown in A. Conditions were 0.1 mM 
Cr(tbudhtbubpy)Cl(H2O) 2, 0.12 M PhOH, and either 0.1 (black), 0.3 (red), or 0.5 (blue) mM TPTD 
under a CO2 atmosphere at −2.25 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode was a 
glassy carbon rod, counter electrode was a graphite rod, and the reference was a nonaqueous 
Ag/AgCl pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 
 
Table S3.19. Results from CPE experiment in Figure S3.72, 1:1 (2:TPTD) + PhOH (black). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

20000* 9.43 9.78 x 10−5 4.99 x 10−5 102.1 

20000* 9.43 9.78 x 10−5 4.99 x 10−5 102.0 

20000* 9.43 9.78 x 10−5 4.54 x 10−5 92.8 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
 
Table S3.20. Results from CPE experiment in Figure S3.72, 1:3 (2:TPTD) + PhOH (red). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

5783 4.13 4.28 x 10−5 2.11 x 10−5 98.5 

7901 5.65 5.85 x 10−5 2.99 x 10−5 102.2 

20000* 14.2 1.47 x 10−4 8.01 x 10−5 108.9 

20000* 14.2 1.47 x 10−4 7.96 x 10−5 108.2 

20000* 14.2 1.47 x 10−4 7.65 x 10−5 104.0 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Table S3.21. Results from CPE experiment in Figure S3.72, 1:5 (2:TPTD) + PhOH (blue). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

5976 5.14 5.33 x 10−5 2.39 x 10−5 89.6 

7970 6.85 7.09 x 10−5 3.29 x 10−5 92.6 

9975 8.53 8.84 x 10−5 4.39 x 10−5 99.3 

11992 10.2 1.06 x 10−4 5.84 x 10−5 110.4 

13938 11.8 1.22 x 10−4 6.04 x 10−5 98.8 

15938 13.4 1.39 x 10−4 7.35 x 10−5 105.6 

17858 15.0 1.55 x 10−4 7.59 x 10−5 97.7 

20000* 16.7 1.73 x 10−4 7.96 x 10−5 91.9 

20000* 16.7 1.73 x 10−4 8.40 x 10−5 97.0 

20000* 16.7 1.73 x 10−4 7.86 x 10−5 90.7 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
 

 
Figure S3.73. (A) Current versus time trace from CPE experiments with 2+Mes2DBTD+PhOH. 
(B) Charge passed versus time for the CPE experiments shown in A. Conditions were 0.1 mM 
Cr(tbudhtbubpy)Cl(H2O) 2, 0.12 M PhOH, and either 0.1 (black), 0.3 (red), or 0.5 (blue) mM 
Mes2DBTD under a CO2 atmosphere at −2.30 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working 
electrode was a glassy carbon rod, counter electrode was a graphite rod, and the reference was 
a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 
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Table S3.22. Results from CPE experiment in Figure S3.73, 1:1 (2:Mes2DBTD) + PhOH (black). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

11926 5.76 5.97 x 10−5 2.82 x 10−5 94.6 

13952 6.48 6.72 x 10−5 3.54 x 10−5 105.5 

15926 7.15 7.41 x 10−5 3.79 x 10−5 102.2 

17896 7.78 8.07 x 10−5 4.12 x 10−5 102.1 

20000* 8.44 8.74 x 10−5 4.56 x 10−5 104.3 

20000* 8.44 8.74 x 10−5 5.06 x 10−5 115.7 

20000* 8.44 8.74 x 10−5 4.64 x 10−5 106.1 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
 
 
 
 
Table S3.23. Results from CPE experiment in Figure S3.73, 1:3 (2:Mes2DBTD) + PhOH (red). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

9923 4.85 5.02 x 10−5 2.31 x 10−5 91.8 

11855 5.76 5.97 x 10−5 3.07 x 10−5 102.7 

14146 6.82 7.07 x 10−5 3.94 x 10−5 111.4 

15810 7.59 7.86 x 10−5 4.17 x 10−5 105.9 

17805 8.50 8.80 x 10−5 4.39 x 10−5 99.6 

20000* 9.48 9.83 x 10−5 5.20 x 10−5 105.8 

20000* 9.48 9.83 x 10−5 5.54 x 10−5 112.7 

20000* 9.48 9.83 x 10−5 5.44 x 10−5 110.8 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Table S3.24. Results from CPE experiment in Figure S3.73, 1:5 (2:Mes2DBTD) + PhOH (blue). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

13925 10.8 1.12 x 10−4 5.78 x 10−5 103.2 

15940 12.4 1.28 x 10−4 6.01 x 10−5 93.9 

18120 14.0 1.45 x 10−4 6.98 x 10−5 96.1 

20000* 15.5 1.60 x 10−4 7.69 x 10−5 96.0 

20000* 15.5 1.60 x 10−4 7.92 x 10−5 99.0 

20000* 15.5 1.60 x 10−4 7.54 x 10−5 94.1 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
 
 
 
 

 
Figure S3.74. (A) Current versus time trace from CPE experiments with 2+Ph2DBTD+PhOH. (B) 
Charge passed versus time for the CPE experiments shown in A. Conditions were 0.1 mM 
Cr(tbudhtbubpy)Cl(H2O) 2, 0.12 M PhOH, and either 0.1 (black), 0.3 (red), or 0.5 (blue) mM 
Ph2DBTD under a CO2 atmosphere at −2.20 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode 
was a glassy carbon rod, counter electrode was a graphite rod, and the reference was a 
nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 
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Table S3.25. Results from CPE experiment in Figure S3.74, 1:1 (2:Ph2DBTD) + PhOH (black). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

7888 3.33 3.64 x 10−5 1.71 x 10−5 99.0 

9711 4.10 4.25 x 10−5 2.26 x 10−5 106.4 

20000* 8.35 8.65 x 10−5 4.94 x 10−5 114.3 

20000* 8.35 8.65 x 10−5 5.11 x 10−5 118.1 

20000* 8.35 8.65 x 10−5 4.88 x 10−5 112.8 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
 
Table S3.26. Results from CPE experiment in Figure S3.74, 1:3 (2:Ph2DBTD) + PhOH (red). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

20000* 13.6 1.41 x 10−4 6.83 x 10-5 96.7 

20000* 13.6 1.41 x 10−4 6.76 x 10−5 95.7 

20000* 13.6 1.41 x 10−4 7.14 x 10−5 101.0 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
 
 
Table S3.27. Results from CPE experiment in Figure S3.74, 1:5 (2:Ph2DBTD) + PhOH (blue). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

20000* 16.8 1.75 x 10−4 8.30 x 10−5 95.0 

20000* 16.8 1.75 x 10−4 8.09 x 10−5 92.6 

20000* 16.8 1.75 x 10−4 9.10 x 10−5 104.1 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Figure S3.75. (A) Current versus time trace from CPE experiment with TPTD+PhOH. (B) Charge 
passed versus time for the CPE experiment shown in A. Conditions were 0.5 mM TPTD and 0.12 
M PhOH under a CO2 atmosphere at −2.25 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode 
was a glassy carbon rod, counter electrode was a graphite rod, and the reference was a 
nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 
 
 
Table S3.28. Results from CPE experiment in Figure S3.75, Ph2DBTD + PhOH. 

Time (s) Charge (coulombs) moles (e−) Moles of CO 

20000* 3.94 4.08 x 10−5 < LOQ 

20000* 3.94 4.08 x 10−5 < LOQ 

20000* 3.94 4.08 x 10−5 < LOQ 

* indicates a triplicate series of injections carried out upon completion of electrolysis 
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Figure S3.76. (A) Current versus time trace from CPE experiment with Mes2DBTD+PhOH. (B) 
Charge passed versus time for the CPE experiment shown in A. Conditions were 0.5 mM 
Mes2DBTD and 0.12 M PhOH under a CO2 atmosphere at −2.30 V vs Fc+/Fc in 0.1 M 
TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode was a graphite rod, 
and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was used 
as sacrificial oxidant. 
 
 
 
Table S3.29. Results from CPE experiment in Figure S3.76, Mes2DBTD + PhOH. 

Time (s) Charge (coulombs) moles (e−) Moles of CO 

20000* 3.35 3.48 x 10−5 < LOQ 

20000* 3.35 3.48 x 10−5 < LOQ 

20000* 3.35 3.48 x 10−5 < LOQ 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Figure S3.77. (A) Current versus time trace from CPE experiment with Ph2DBTD+PhOH. (B) 
Charge passed versus time for the CPE experiment shown in A. Conditions were 0.5 mM 
Ph2DBTD and 0.12 M PhOH under a CO2 atmosphere at −2.20 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; 
working electrode was a glassy carbon rod, counter electrode was a graphite rod, and the 
reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was used as 
sacrificial oxidant. 
 
 
 
Table S3.30. Results from CPE experiment in Figure S3.77, Mes2DBTD + PhOH. 

Time (s) Charge (coulombs) moles (e−) Moles of CO 

20000* 3.48 3.61 x 10−5 < LOQ 

20000* 3.48 3.61 x 10−5 < LOQ 

20000* 3.48 3.61 x 10−5 < LOQ 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Figure S3.78. (A) Current versus time trace of control CPE experiment with DBTD and PhOH 
under N2. (B) Gas chromatograph of the pre- and post-CPE solution. The mass spectrum for the 
peak at 9.9 min in the pre-CPE sample (C) and 9.8 min for the post-CPE sample (D) corresponds 
to DBTD. The MS spectrum of the peak at 7.9 min in the post-CPE sample corresponds to 
dibenzothiophene 5-oxide (E). Conditions for (A) were 5 mM DBTD and 0.1 M PhOH under a N2 
atmosphere at −2.30 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working and counter electrodes were 
carbon cloth and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M 
Fc was used as sacrificial oxidant. 



212 
 

 
Figure S3.79. (A) Current versus time trace of control CPE experiment with 1, DBTD, and PhOH 
under CO2. (B) Gas chromatograph of the pre- and post-CPE solution. The mass spectrum for 
the peak at 9.8 min in the pre-CPE sample (C) and 9.7 min for the post-CPE sample (D) 
corresponds to DBTD. The MS spectrum of the peak at 6.9 min in the post-CPE sample likely 
corresponds to [1,1′-biphenyl]-2-thiol (E). The MS spectrum of the peak at 7.9 min in the post-
CPE sample corresponds to dibenzothiophene 5-oxide (F). Conditions for (A) were 0.5 mM 
Cr(tbudhbpy)Cl(H2O) 1, 2.5 mM DBTD and 0.6 M PhOH under a N2 atmosphere at −2.30 V vs 
Fc+/Fc in 0.1 M TBAPF6/DMF; working and counter electrodes were graphite rods, and the 
reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was used as 
sacrificial oxidant. 
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Figure S3.80. Example forward CV trace and first derivative plot used in icat/ip calculationsfor 1.0 
mM Cr(tbudhtbubpy)Cl(H2O) 2 with 2.5 mM DBTD and 0.1 M PhOH under Ar (A) and CO2 (B). 
 
3.7.8 Computational Studies 

 
Figure S3.81. Molecular geometry of the 4

0
𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐏𝐡𝟐𝐃𝐁𝐓𝐃)

−2
⬚

 adduct (A) DFT calculated 

spin density (B) Kohn-Sham orbital projection of SOMO (C) and SOMO−1 (D). Where Cr = 
Cr(tbudhbpy). 
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Figure S3.82. Molecular geometry of the 4

0
𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐓𝐏𝐓𝐃)

−2
⬚

 adduct (A) DFT calculated spin 

density (B) Kohn-Sham orbital projection of SOMO (C) and SOMO−1 (D). Where Cr = Cr(tbudhbpy). 
 
 

 
Figure S3.83. Molecular geometry of the 4

0
𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐌𝐞𝐬𝟐𝐃𝐁𝐓𝐃)

−2
⬚

 adduct (A) DFT calculated 

spin density (B) Kohn-Sham orbital projection of SOMO (C) and SOMO−1 (D). Where Cr = 
Cr(tbudhbpy). 
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Figure S3.84. Molecular geometry of the 4

0
𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐃𝐁𝐓𝐃)

−2
⬚

 adduct (A) DFT calculated spin 

density (B) Kohn-Sham orbital projection of SOMO (C) and SOMO−1 (D). Where Cr = Cr(tbudhbpy). 

 
Figure S3.85. Molecular geometry of the 4
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 adduct (A) DFT calculated spin 

density (B) Kohn-Sham orbital projection of SOMO (C) and SOMO−1 (D). Where Cr = 
Cr(tbudhtbubpy). 
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Figure S3.86. Molecular geometry of the 4

0
𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐌𝐞𝐬𝟐𝐃𝐁𝐓𝐃)

−2
⬚

 adduct (A) DFT calculated 

spin density (B) Kohn-Sham orbital projection of SOMO (C) and SOMO−1 (D). Where Cr = 
Cr(tbudhtbubpy). 
 
 

 
Figure S3.87. Molecular geometry of the 4

0
𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐃𝐁𝐓𝐃)

−2
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 adduct (A) DFT calculated spin 

density (B) Kohn-Sham orbital projection of SOMO (C) and SOMO−1 (D). Where Cr = 
Cr(tbudhtbubpy). 
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Figure S3.88. Molecular geometry of the 2

⬚
𝐓𝐏𝐓𝐃

−1
⬚

 adduct(A) DFT calculated spin density (B) 

Kohn-Sham orbital projection of SOMO (C).  

 
Figure S3.89. Molecular geometry of the 2

⬚
𝐏𝐡𝟐𝐃𝐁𝐓𝐃

−1
⬚

 adduct (A) DFT calculated spin density 

(B) Kohn-Sham orbital projection of SOMO (C). 

 
Figure S3.90. Molecular geometry of the 2

⬚
𝐌𝐞𝐬𝟐𝐃𝐁𝐓𝐃

−1
⬚

 adduct (A) DFT calculated spin density 

(B) Kohn-Sham orbital projection of SOMO (C). 
 
Table S3.31. Calculated NICS(0) values for DBTD. 

Ring [RM]0 NICS(0) [RM]– NICS(0) ΔNICS(0) 

A +2.913 –6.703 –9.616 

B –6.916 –1.709 +5.207 
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Table S3.32. Calculated NICS(0) values for TPTD. 

Ring [RM]0 NICS(0) [RM]– NICS(0) ΔNICS(0) 

A +4.084 –9.162 –13.246 

B –7.820 –1.190 +6.630 

C –1.836 –1.339 +0.497 

D –7.554 –9.010 +1.456 

 
Table S3.33. Calculated NICS(0) values for Ph2DBTD. 

Ring [RM]0 NICS(0) [RM]– NICS(0) ΔNICS(0) 

A +2.798 –5.583 –8.381 

B –6.181 –2.214 +3.967 

C –7.177 –5.980 +1.197 

 
 
Table S3.34. Calculated NICS(0) values for Mes2DBTD. 

Ring [RM]0 NICS(0) [RM]– NICS(0) ΔNICS(0) 

A +3.041 –6.074 –9.115 

B –6.462 –1.403 +5.059 

C –7.299 –7.283 +0.016 
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Table S3.35. Calculated centroid–centroid distances (benzene rings of the dibenzothiophene 
core to the bpy ligand of the Cr complex) and Cr–sulfone bond distances for all 
[Cr(L)(CO2H)(RM)]2– adducts. Where L is [tbudhbpy]2– or [tbudhtbubpy]2– and S=3/2. 

Cr Complex 
Centroid–Centroid 

Distances (Å) 
Cr–Sulfone Distance (Å) 

[Cr(tbudhbpy)(CO2H)(DBTD)]2– 3.329 
3.287 

2.189 

[Cr(tbudhbpy)(CO2H)(Mes2DBTD)]2– 
4.678 
3.889 

2.164 

[Cr(tbudhbpy)(CO2H)(TPTD)]2– 
3.252 
3.229 

2.195 

[Cr(tbudhbpy)(CO2H)(Ph2DBTD)]2– 
3.326 
3.278 

2.187 

[Cr(tbudhtbubpy)(CO2H)(DBTD)]2– 
3.361 
3.316 

2.185 

[Cr(tbudhtbubpy)(CO2H)(Mes2DBTD)]2– 
4.852 
3.862 

2.165 

[Cr(tbudhtbubpy)(CO2H)(TPTD)]2– 
3.314 
3.285 

2.188 

[Cr(tbudhtbubpy)(CO2H)(Ph2DBTD)]2– 
3.465 
3.649 

2.184 

 

3.7.9 Analysis of Electrochemical CO2 Reduction Under Aprotic Conditions 

 Previously we observed that the addition of DBTD to a solution of 1 under CO2 saturation 

conditions lead to the appearance of an aprotic catalytic feature that is not intrinsic to either 

component.29 The addition of TPTD (Figure S3.91) to a solution of 1 and CO2 leads to the 

appearance of an irreversible redox feature at the E1/2 of TPTD (−2.19 V vs. Fc+/Fc), although the 

increase is less than that observed for DBTD. Despite a 120 mV difference in standard potential, 

Mes2DBTD and Ph2DBTD RMs demonstrate roughly the same increase in the observed current 

density and some retention of the return oxidation feature of the RM. This suggests an excess of 

the RM radical anion is being generated with respect to its rate of interaction with complex 1, and 

as a result, on the return CV sweep the radical anion is still present for re-oxidation, leading to 

the observed quasi-reversibility. When we compare these data with the aprotic CV data for all 

four RMs with 2, we see a deviation from the trend described for 1 above: the addition of all RMs 

lead to a completely irreversible wave (Figure S3.91). Notably, TPTD shows a significant increase 

in current density over DBTD when added to a solution of 2 under CO2 saturation conditions 
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(Figure S3.91B, red). Variable concentration studies were completed for all systems that produce 

an electrochemically irreversible system under aprotic conditions: the observed current density is 

proportional to the concentration of all reaction components (Figures S92-S108). 

 CPE experiments were then performed to assess reaction efficiency under aprotic 

conditions. Unlike the results for 1+DBTD, all new systems reported here (1 with the new RMs 

and 2 with all RMs) demonstrated insignificant catalytic properties under tested electrolysis 

conditions. The CPE experiments for 1 with Mes2DBTD and TPTD as the RM and 2 with all four 

RMs led to a rapid loss of activity: following an initial stable period, current quickly diminishes 

(Figures S109-S114), with no amount of CO detected above limit of quantification (LOQ, see SI). 

Initial stability followed by rapid loss of activity suggests molecular adsorption to the electrode, 

resulting in a passivation of the electrode surface.85 Comparing these results with control CPE 

experiments of 1,29 2, DBTD,29 TPTD, Mes2DBTD, and Ph2DBTD individually under aprotic 

conditions (Figures S115-S118) also showed either no CO or the presence of non-quantifiable 

amounts of CO (Tables S3.42-S3.44). A similar phenomenon is observed when Ph2DBTD is used 

as the RM with 1 (Figure S3.119), but in this case the system has a FECO = 26±2% (Table S3.45) 

and 1H NMR of the post-bulk solution shows the appearance of carbonate (CO3
2−), but no other 

carbon-containing products (Figure S3.120). Although CV data indicates that some of these 

combinations should result in aprotic catalytic activity, these combinations are not stable under 

the tested electrolysis conditions.  
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3.7.10 Cyclic Voltammetry Under Aprotic Conditions 

 
Figure S3.91. CVs of 1.0 mM Cr(tbudhbpy)Cl(H2O) 1 (A) or Cr(tbudhtbubpy)Cl(H2O) 2 (B) with 2.5 
mM DBTD (black), TPTD (red), Mes2DBTD (green), and Ph2DBTD (blue) as the RM under CO2 
saturation conditions. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy 
carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc internal 
standard; 100 mV/s scan rate. 
 

 
Figure S3.92. (A) CVs of Cr(tbudhbpy)Cl(H2O) 1 at variable concentrations, obtained under CO2 
saturation with 2.5 mM TPTD. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at 
−2.29 V vs. Fc+/Fc. 
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Figure S3.93. (A) CVs where the concentrations of Cr(tbudhbpy)Cl(H2O) 1 and TPTD were varied 
at a fixed 1:5 ratio of 1:TPTD under CO2 saturation conditions. Conditions: 0.1 M TBAPF6/DMF; 
glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference 
electrode; 100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from 
data obtained from CVs in A at −2.30 V vs. Fc+/Fc. 

 
Figure S3.94. (A) CVs of 1.0 mM Cr(tbudhbpy)Cl(H2O) 1 and 2.5 mM TPTD at varied CO2 
concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon 
counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard. (B) Log-log plot from data obtained from CVs in A at −2.29 V vs. Fc+/Fc. 
The variable concentration experiment for TPTD with fixed concentrations of 1 and CO2 could not 
be completed. The co-catalytic effect quickly reached saturation and the irreversible redox feature 
became obscured by unbound TPTD in solution. 
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Figure S3.95. (A) CVs of Cr(tbudhtbubpy)Cl(H2O) 2 at variable concentrations, obtained under CO2 
saturation with 2.5 mM DBTD. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at 
−2.36 V vs. Fc+/Fc. 
 
 

 
Figure S3.96. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 at variable DBTD concentrations, 
obtained under CO2 saturation. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at 
−2.41 V vs. Fc+/Fc. 
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Figure S3.97. (A) CVs where the concentrations of Cr(tbudhtbubpy)Cl(H2O) 2 and DBTD were 
varied at a fixed 1:5 ratio of 1:DBTD under CO2 saturation conditions. Conditions: 0.1 M 
TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCl 
pseudoreference electrode; 100 mV/s scan rate; referenced to internal ferrocene standard. (B) 
Log-log plot from data obtained from CVs in A at −2.38 V vs. Fc+/Fc. 
 
 

 
Figure S3.98. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 and 2.5 mM DBTD at varied CO2 
concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon 
counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard. (B) Log-log plot from data obtained from CVs in A at −2.36 V vs. Fc+/Fc. 
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Figure S3.99. (A) CVs of Cr(tbudhtbubpy)Cl(H2O) 2 at variable concentrations, obtained under CO2 
saturation with 2.5 mM TPTD. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at 
−2.36 V vs. Fc+/Fc. 
 

 
Figure S3.100. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 at variable TPTD concentrations, 
obtained under CO2 saturation.Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at 
−2.38 V vs. Fc+/Fc. 
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Figure S3.101. (A) CVs where the concentrations of Cr(tbudhtbubpy)Cl(H2O) 2 and TPTD were 
varied at a fixed 1:5 ratio of 1:TPTD under CO2 saturation conditions. Conditions: 0.1 M 
TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCl 
pseudoreference electrode; 100 mV/s scan rate; referenced to internal ferrocene standard. (B) 
Log-log plot from data obtained from CVs in A at −2.48 V vs. Fc+/Fc. 
 
 

 
Figure S3.102. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 and 2.5 mM TPTD at varied CO2 
concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon 
counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard. (B) Log-log plot from data obtained from CVs in A at −2.37 V vs. Fc+/Fc. 
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Figure S3.103. (A) CVs of Cr(tbudhtbubpy)Cl(H2O) 2 at variable concentrations, obtained under 
CO2 saturation with 2.5 mM Mes2DBTD. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working 
electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan 
rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in 
A at −2.37 V vs. Fc+/Fc. 
 
 
 
 

 
Figure S3.104. (A) CVs where the concentrations of Cr(tbudhtbubpy)Cl(H2O) 2 and Mes2DBTD 
were varied at a fixed 1:5 ratio of 1:Mes2DBTD under CO2 saturation conditions. Conditions: 0.1 
M TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCl 
pseudoreference electrode; 100 mV/s scan rate; referenced to internal ferrocene standard. (B) 
Log-log plot from data obtained from CVs in A at −2.50 V vs. Fc+/Fc. 
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Figure S3.105. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 and 2.5 mM Mes2DBTD at varied CO2 
concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon 
counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard. (B) Log-log plot from data obtained from CVs in A at −2.37 V vs. Fc+/Fc. 
 
 
 
 

 
Figure S3.106. (A) CVs of Cr(tbudhtbubpy)Cl(H2O) 2 at variable concentrations, obtained under 
CO2 saturation with 2.5 mM Ph2DBTD. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working 
electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan 
rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in 
A at −2.21 V vs. Fc+/Fc. 
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Figure S3.107. (A) CVs where the concentrations of Cr(tbudhtbubpy)Cl(H2O) 2 and Ph2DBTD were 
varied at a fixed 1:5 ratio of 1:Ph2DBTD under CO2 saturation conditions. Conditions: 0.1 M 
TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCl 
pseudoreference electrode; 100 mV/s scan rate; referenced to internal ferrocene standard. (B) 
Log-log plot from data obtained from CVs in A at −2.22 V vs. Fc+/Fc. 
 
 
 

 
Figure S3.108. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 2 and 2.5 mM Ph2DBTD at varied CO2 
concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon 
counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard. (B) Log-log plot from data obtained from CVs in A at −2. 22V vs. Fc+/Fc. 
As was the case for 1 with TPTD, the variable RM experiment for Mes2DBTD and Ph2DBTD was 
not able to be performed. The co-catalytic effect quickly reached saturation and the irreversible 
redox feature became obscured by unbound RM in solution. 
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3.7.11 Controlled Potential Electrolysis Experiments (Aprotic Conditions) 

 
Figure S3.109. (A) Current versus time trace from CPE experiment with 1+Mes2DBTD. (B) 
Charge passed versus time for the CPE experiment shown in A. Conditions were 0.5 mM 
Cr(tbudhbpy)Cl(H2O) 1 and 2.5 mM Mes2DBTD under a CO2 atmosphere at −2.30 V vs Fc+/Fc in 
0.1 M TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode was a graphite 
rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was 
used as sacrificial oxidant. 
 
 
Table S3.36. Results from CPE experiment in Figure S3.109, 1:5 (1:Mes2DBTD). 

Time (s) Charge (coulombs) moles (e−) Moles of CO 

20000* 3.15 3.27 x 10−5 < LOQ 

20000* 3.15 3.27 x 10−5 < LOQ 

20000* 3.15 3.27 x 10−5 < LOQ 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Figure S3.110. (A) Current versus time trace from CPE experiment with 1+TPTD. (B) Charge 
passed versus time for the CPE experiment shown in A. Conditions were 0.5 mM 
Cr(tbudhbpy)Cl(H2O) 1 and 2.5 mM TPTD under a CO2 atmosphere at −2.25 V vs Fc+/Fc in 0.1 M 
TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode was a graphite rod, 
and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was used 
as sacrificial oxidant. 
 
 
Table S3.37. Results from CPE experiment in Figure S3.110, 1:5 (1:TPTD). 

Time (s) Charge (coulombs) moles (e−) Moles of CO 

20000* 4.08 4.23 x 10−5 < LOQ 

20000* 4.08 4.23 x 10−5 < LOQ 

20000* 4.08 4.23 x 10−5 < LOQ 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Figure S3.111. (A) Current versus time trace from CPE experiment with 2+DBTD. (B) Charge 
passed versus time for the CPE experiment shown in A. Conditions were 0.1 mM 
Cr(tbudhtbubpy)Cl(H2O) 2 and 0.5 mM DBTD under a CO2 atmosphere at −2.30 V vs Fc+/Fc in 0.1 
M TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode was a graphite 
rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was 
used as sacrificial oxidant. 
 
 
 
Table S3.38. Results from CPE experiment in Figure S3.111, 1:5 (2:DBTD). 

Time (s) Charge (coulombs) moles (e−) Moles of CO 

20000* 1.22 1.26 x 10−5 < LOQ 

20000* 1.22 1.26 x 10−5 < LOQ 

20000* 1.22 1.26 x 10−5 < LOQ 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Figure S3.112. (A) Current versus time trace from CPE experiment with 2+TPTD. (B) Charge 
passed versus time for the CPE experiment shown in A. Conditions were 0.1 mM 
Cr(tbudhtbubpy)Cl(H2O) 2 and 0.5 mM TPTD under a CO2 atmosphere at −2.25 V vs Fc+/Fc in 0.1 
M TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode was a graphite 
rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was 
used as sacrificial oxidant. 
 
 
Table S3.39. Results from CPE experiment in Figure S3.112, 1:5 (2:TPTD). 

Time (s) Charge (coulombs) moles (e−) Moles of CO 

20000* 1.26 1.30 x 10−5 < LOQ 

20000* 1.26 1.30 x 10−5 < LOQ 

20000* 1.26 1.30 x 10−5 < LOQ 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Figure S3.113. (A) Current versus time trace from CPE experiment with 2+Mes2DBTD. (B) 
Charge passed versus time for the CPE experiment shown in A. Conditions were 0.1 mM 
Cr(tbudhtbubpy)Cl(H2O) 2 and 0.5 mM Mes2DBTD under a CO2 atmosphere at −2.30 V vs Fc+/Fc 
in 0.1 M TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode was a 
graphite rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M 
Fc was used as sacrificial oxidant. 
 
 
 
Table S3.40. Results from CPE experiment in Figure S3.1, 1:5 (2:Mes2DBTD). 

Time (s) Charge (coulombs) moles (e−) Moles of CO 

20000* 0.912 9.46 x 10−6 < LOQ 

20000* 0.912 9.46 x 10−6 < LOQ 

20000* 0.912 9.46 x 10−6 < LOQ 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Figure S3.114. (A) Current versus time trace from CPE experiment with 2+Ph2DBTD. (B) Charge 
passed versus time for the CPE experiment shown in A. Conditions were 0.1 mM 
Cr(tbudhtbubpy)Cl(H2O) 2 and 0.5 mM Ph2DBTD under a CO2 atmosphere at −2.20 V vs Fc+/Fc in 
0.1 M TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode was a graphite 
rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was 
used as sacrificial oxidant. 
 
 
Table S3.41. Results from CPE experiment in Figure S3.114, 1:5 (2:Ph2DBTD). 

Time (s) Charge (coulombs) moles (e−) Moles of CO 

20000* 0.975 1.01 x 10−5 < LOQ 

20000* 0.975 1.01 x 10−5 < LOQ 

20000* 0.975 1.01 x 10−5 < LOQ 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Figure S3.115. (A) Current versus time trace from CPE experiment with 2 under aprotic 
conditions. (B) Charge passed versus time for the CPE experiment shown in A. Conditions were 
0.1 mM Cr(tbudhtbubpy)Cl(H2O) 2 under a CO2 atmosphere at −2.30 V vs Fc+/Fc in 0.1 M 
TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode was a graphite rod, 
and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was used 
as sacrificial oxidant. 
 
 
 

 
Figure S3.116. (A) Current versus time trace from CPE experiment with TPTD under aprotic 
conditions. (B) Charge passed versus time for the CPE experiment shown in A. Conditions were 
2.5 mM TPTD under a CO2 atmosphere at −2.25 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working 
electrode was a glassy carbon rod, counter electrode was a graphite rod, and the reference was 
a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 
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Table S3.42. Results from CPE experiment in Figure S3.116, 2.5 mM TPTD. 

Time (s) Charge (coulombs) moles (e−) Moles of CO 

20000* 8.67 8.98 x 10−5 < LOQ 

20000* 8.67 8.98 x 10−5 < LOQ 

20000* 8.67 8.98 x 10−5 < LOQ 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
 
 

 
Figure S3.117. (A) Current versus time trace from CPE experiment with Mes2DBTD under aprotic 
conditions. (B) Charge passed versus time for the CPE experiment shown in A. Conditions were 
2.5 mM Mes2DBTD under a CO2 atmosphere at −2.30 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working 
electrode was a glassy carbon rod, counter electrode was a graphite rod, and the reference was 
a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 
 
 
Table S3.43. Results from CPE experiment in Figure S3.117, 2.5 mM Mes2DBTD. 

Time (s) Charge (coulombs) moles (e−) Moles of CO 

20000* 6.42 6.65 x 10−5 < LOQ 

20000* 6.42 6.65 x 10−5 < LOQ 

20000* 6.42 6.65 x 10−5 < LOQ 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Figure S3.118. (A) Current versus time trace from CPE experiment with Ph2DBTD under aprotic 
conditions. (B) Charge passed versus time for the CPE experiment shown in A. Conditions were 
2.5 mM Ph2DBTD under a CO2 atmosphere at −2.20 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working 
electrode was a glassy carbon rod, counter electrode was a graphite rod, and the reference was 
a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 
 
 
Table S3.44. Results from CPE experiment in Figure S3.118, 2.5 mM Ph2DBTD. 

Time (s) Charge (coulombs) moles (e−) Moles of CO 

20000* 8.76 9.08 x 10−5 < LOQ 

20000* 8.76 9.08 x 10−5 < LOQ 

20000* 8.76 9.08 x 10−5 < LOQ 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Figure S3.119. (A) Current versus time trace from CPE experiment with 1+Ph2DBTD.(B) Charge 
passed versus time for the CPE experiment shown in A. Conditions were 0.5 mM 
Cr(tbudhbpy)Cl(H2O) 1 and 2.5 mM Ph2DBTD under a CO2 atmosphere at −2.20 V vs Fc+/Fc in 
0.1 M TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode was a graphite 
rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was 
used as sacrificial oxidant. 
 
 
 
Table S3.45. Results from CPE experiment in Figure S3.119, 1:5 (1:Ph2DBTD). 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

20000* 6.77 7.02 x 10−5 8.46 x 10−6 24.1 

20000* 6.77 7.02 x 10−5 8.99 x 10−6 25.6 

20000* 6.77 7.02 x 10−5 1.02 x 10−5 29.2 

* indicates a triplicate series of injections carried out upon completion of electrolysis  
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Figure S3.120. 13C{1H} NMRs in CD2Cl2 for product analysis of CPE solution with 1+Ph2DBTD. 
(A) 13C {1H} NMR in CD2Cl2 of DMF. (B) 13C {1H} NMR in CD2Cl2 and DMF from prepared sample 
of TBA+[HCO3]− that was synthesized according to reported procedures.86 (C) 13C{1H} NMR in 
CD2Cl2 from the post electrolysis solution of Cr(tbudhbpy)Cl(H2O) 1 and Ph2DBTD in DMF under 
a CO2 atmosphere at −2.20 V vs. Fc+/Fc (Figure S3.119). 
 
Table S3.46. Summary of Results from CPE experiments under aprotic conditions (Figures S109-
S115, S119 and Tables S3.36-S3.41, S3.45).

Conditions Potential 
(V vs 

Fc+/Fc) 

FECO 
(%) 

TOFCPE s−1 η (V) Turnovers  
of CO 

w.r.t [1 or 2] 

Turnovers  
of CO 

w.r.t [RM] 
129,a −2.30 0 – 0.11 – – 

1 + DBTD29,a −2.30 91±10 36.8 0.69 16 3.1 
1 + TPTDa −2.25 0 – 0.63 – – 

1 + Mes2DBTDa −2.30 0 – 0.68 – – 
1 + Ph2DBTDa −2.20 26±2 0.1 0.58 0.68 0.14 

2b −2.30 0 – 0.16 – – 
2 + DBTDb −2.30 0 – 0.69 – – 
2 + TPTDb −2.25 0 – 0.63 – – 

2 + Mes2DBTDb −2.30 0 – 0.68 – – 
2 + Ph2DBTDb −2.20 0 – 0.58 – – 

a – 0.5 mM Cr(tbudhbpy)Cl(H2O) 1 and 2.5 mM RM 
b – 0.1 mM Cr(tbudhtbubpy)Cl(H2O) 2 and 0.5 mM RM 
 
Table S3.47. Comparison of experimental and calculated reduction potentials for RMs.28 

Redox Mediator 
Calculated Potential (V vs 

Fc+/Fc) 
Experimental Potential (V vs 

Fc+/Fc) 
DBTD0/– –2.26 –2.25 
TPTD0/– –2.24 –2.19 

Mes2DBTD0/– –2.29 –2.24 
Ph2DBTD0/– –2.14 –2.12 
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4.1 Abstract 

 Due to the rise in atmospheric carbon dioxide (CO2) concentrations, there is a need for 

the development of new strategies to enhance the selectivity and activity of the electrocatalytic 

conversion of CO2 to value-added products. The incorporation of redox mediators (RMs) as co-

catalysts to enhance the transfer of redox equivalents during catalysis has been gaining more 

attention in recent years across a variety of small molecule transformations. We have shown that 

using Cr-centered complexes with sulfone-based RMs leads to an enhancement of CO2 reduction 

electrocatalysis under protic conditions via an inner-sphere mechanism. In these co-catalytic 

systems, an oxygen atom of the reduced RM binds to the Cr center to form a key intermediate 

stabilized by pancake bonding between the reduced aromatic components of the catalyst ligand 

backbone and the RM. This interaction facilitates the transfer of an electron and accesses a more 

kinetically favorable reaction pathway. Here, we show that expanding the aromatic character of 

the ligand backbone of the catalyst as well as the RM can cause a greater enhancement of co-

electrocatalytic activity. These results suggest that further activity improvements can be achieved 

by focusing on the kinetic and thermodynamic parameters which control association between the 

catalyst and RM. 

4.2 Introduction 

Since the industrial revolution, the amount of accumulated carbon dioxide (CO2) pollution 

in the atmosphere has been estimated to be 1.5 trillion tons, and this increase is the leading 

contributor to the current global climate crisis.1 Electrocatalytic reduction of CO2 to value-added 

chemical products could be used to both reduce current emissions and atmospheric 

concentrations. If earth-abundant transition metals and renewable energy sources, like wind or 

solar, are used to drive the electrochemical reduction of CO2 to carbon monoxide (CO), the 

production of chemical feedstocks and fuels could be decoupled from petrochemical sources and 

feasibly scaled.2 While earth-abundant transition metal complexes have been studied across a 
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range of metal centers for the reduction of CO2,3-6 the use of chromium (Cr)-centered 

homogeneous catalysts remains relatively underdeveloped with, to our knowledge, only three 

known catalysts reported by our group being active for the reduction of CO2 to CO.7-9 

 There is growing interest in the use of redox mediators (RMs) to improve catalytic small 

molecule conversion processes.10 Previous examples of using RMs have increased the activity 

of the catalytic system and/or shifted reaction selectivity by facilitating electron transfer, avoiding 

high energy intermediates, or avoiding competitive pathways.9-23 While these examples are 

inspired by relatively static biological systems, such as the electron transport chain24 and iron-

sulfur clusters,25-27 RMs are free to interact directly with molecular active sites, enabling the use 

of molecular design principles to consider kinetic aspects of the catalyst and mediator interaction, 

in addition to considering the thermodynamic positioning of redox processes in a manner 

analogous to the biological systems.28 When the transfer of electrons from RMs to an active site 

is linked to a proton transfer event, these co-catalysts have been referred to as electron-proton 

transfer mediators (EPTMs).13, 14 To our knowledge, only two examples of CO2 reduction with a 

RM that can be regenerated by the electrode have been reported outside of our group.20, 21 The 

system reported by Smith et al. relies on a NADH-inspired EPTM that works to enhance the 

transfer of an electron and proton to an iron porphyrin catalyst in order to increase the activity of 

the system.20 More recently, Dey et al. demonstrated that the selectivity of the classic 

Mn(bpy)(CO)3Cl catalyst can be shifted from CO to formic acid by using an iron-sulfur cluster 

EPTM which promotes the formation of a M–H species at modest reducing potentials.21  

Both of these previous reports rely on proton-coupled electron transfer reaction steps, 

where hydrogen atom equivalents are delivered to the metal center or metal-bound substrate.20, 

21 Our group has reported a series of systems with sulfone-containing RMs and Cr-centered 

catalysts that increase the rate of catalysis through an inner-sphere electron transfer mechanism 

sensu stricto, where the RM coordinates to the catalyst active site and transfers an electron 
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equivalent to the metal center directly.9, 11, 12 In a recent study, we proposed that this co-catalyst 

assembly is stabilized by pancake bonding (PB) between the RM and bipyridine (bpy) ligand 

backbone under protic conditions.9 A PB interaction occurs when highly delocalized π-radicals in 

aromatic systems are positioned within short distances of one another such that vertical atom 

overlap can occur, creating a pathway for electron transfer.29 We observed that as the reduction 

potential of our catalyst and RM are shifted closer to each other, the resulting PB is more favorable 

(Figure 4.1). Since all catalyst-RM adducts were found to have comparable calculated barriers 

for the proposed rate-determining step, it is the favorability of their association which dictates the 

observed activity. 

However, these studies also showed the effects of the steric profile of the catalyst in the 

case where tert-butyl groups were appended to the 4,4′ positions of the bipyridine-based ligand 

backbone. When the DBTD RM was modified at the 2,8 positions to tune its reduction potential 

and aromatic character, steric clash with these tert-butyl groups was introduced, resulting in a 

decrease of vertical atom-atom overlap (Figure 4.1). Consequently, energetically well-matched 

molecular orbitals were kinetically prevented from forming optimal interactions, lowering the 

quality of the PB interaction. Therefore, we were interested in exploring alternative catalyst ligand 

structures to address this limitation and explore how it was balanced with dispersion interactions. 

Our hypothesis was that increased aromatic character in the ligand backbone could better isolate 

the role of PB strength in co-electrocatalytic activity from other stereochemical forces. 
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Figure 4.1. Overview of thermodynamic and kinetic effects which play a role in pancake bonding 
between Cr catalyst and sulfone RM and the advantages of the new phen ligand framework 
presented in this work. The two other components which also contribute to the association of the 
catalyst and RM are dispersion interactions and Cr–O bond formation; X = Cl, L = H2O or DMF. 

Here, we report a new catalyst for the reduction of CO2 to CO with a phenanthroline 

(phen)-based backbone inspired by our previous ligand frameworks. Additionally, we analyze this 

catalyst with two sulfone-based RMs and compare the trends in activity against our previously 

reported Cr catalysts with bipyridine- and tert-butyl-substituted bipyridine backbones.9 This new 

phenanthroline-based catalyst demonstrates that by considering the thermodynamic and kinetic 

aspects of pancake bond formation (vertical atom-atom overlap and steric hindrance) between 

the Cr complex and RM, significant enhancements in co-electrocatalytic rate can be achieved. 

Interestingly, we find there to be a compensatory relationship with the other contributors to the 

formation of the co-catalytic assembly: Cr-sulfone bond formation and dispersion interactions.4.3 

Results 

4.3.1. Electrochemistry of Cr Catalysts 

 The synthesis of the (tbudhphen)(H)2) ligand (Figure S4.2) was carried out as previously 

reported.30 The comparable metalation of the (tbudhphen(H)2) ligand to make 

Cr(tbudhphen)Cl(H2O) (2) used a modified literature procedure and 2 was characterized by UV-vis 

(Figure S4.3), NMR (Table S4.2), electrospray ionization-mass spectrometry (ESI-MS), 

microanalysis, and single-crystal X-ray diffraction (XRD) studies (Figure 4.2). 
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Figure 4.2. Molecular structure of Cr(tbudhphen)Cl(H2O) (2) obtained from single-crystal X-ray 
diffraction studies. Blue = N, red = O, gray = C, green = Cl, maroon = Cr, white = H atoms of 
bound water molecule; thermal ellipsoids at 50%; ligand H atoms and solvent molecules omitted 
for clarity; only one of two chemically equivalent by crystallographically distinct molecules in the 
asymmetric unit is shown. CCDC 2221536. 

Cyclic voltammetry (CV) experiments were performed on 2 in N,N-dimethylformamide 

(DMF) with 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting 

electrolyte like was done previously for Cr(tbudhbpy)Cl(H2O) (1) (structures shown in Figure 4.3). 

Under argon (Ar) saturation conditions, both catalysts exhibit three redox features and those for 

2 (Ep = –1.67 and –1.79 V and E1/2 = –1.96 V versus ferrocenium/ferrocene (Fc+/Fc), Figure 4.4) 

are approximately 10 mV more negative than those for 1 (Ep = –1.66 and –1.78 and E1/2 = –1.95 

V vs. Fc+/Fc).7 Due to the similarity in redox potentials, as well as the observed reversibility and 

relative current densities of these waves, we propose similar assignments to those previously 

reported for 1.7, 9, 31 For complex 2, the first two redox features are chemically related and coalesce 

at scan rates ≥2000 mV/s, consistent with their assignment to the end-states of a solvent 

displacement equilibrium involving the axial chloride ligand (Figure S4.4 and S4.5). Overall, these 

two chemically related features correspond to a single-electron reduction of the starting complex 

2. Similar to complex 1, the third feature observed for 2 at E1/2 = –1.96 V vs. Fc+/Fc represents 

the formal addition of a second electron overall. The addition of PhOH under Ar saturation leads 

to only a slight change in the observed redox features (Figure 4.4A, green), indicating a lack of 

intrinsic activity for hydride formation or hydrogen evolution.32-34 Additionally, the redox features 

for 2 remain unchanged under CO2 saturation in the absence of added proton donor (Figure 4.4A, 
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red), demonstrating the absence of aprotic CO2 reduction activity. The electrochemistry of the 

Cr(tbudhtbubpy)Cl(H2O) (3) catalyst is very similar to that of 1 and 2. However, due to the electron 

donating character of the tert-butyl groups substituted on the bpy backbone, all of the redox events 

are shifted to more negative potentials.9 

 

Figure 4.3. Structures of Cr catalysts discussed in this paper where S is either a H2O or DMF 
solvent molecule. 

The addition of 0.6 M PhOH under CO2 saturation conditions leads to a large increase in 

current density and loss of reversibility at the third redox feature (Ecat/2 = –1.96 V vs. Fc+/Fc), 

consistent with the electrocatalytic reduction of CO2 (Figure 4.4A, blue). Notably, there is not a 

significant difference between this increase in current density for 2 and that observed for 1 under 

otherwise identical conditions (Figure 4.4B). We attribute this similarity in part to minimal 

difference in catalyst standard reduction potential (E1/2 = –1.95 V for 1; E1/2 = –1.96 V for 2 vs 

Fc+/Fc). Complex 3 exhibits greater catalytic activity at a more negative standard reduction 

potential of E1/2 = –2.00 V vs Fc+/Fc, reflecting the contributions of the electron-donating tert-butyl 

groups. The catalytic activity of complexes 1 and 3 were previously found to have a first-order 

concentration dependences with respect to catalyst, PhOH, and CO2.7, 9 Comparable 

electroanalytical CV experiments with variable concentrations of 2, PhOH, and CO2 revealed that 
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the rate of catalysis is likewise first-order with respect to all three components (Figures S4.6-

S4.8). Interestingly, the saturation of catalytic current with respect to [PhOH] occurred at 0.6 M 

for 2, while the response saturated at 0.45 M for 1.7 Saturation of catalytic current density for 

complex 3 occurred at [PhOH] of 0.40 M.9 

Table 4.1. Results of CPE experiments with PhOH under CO2 saturation conditions.
Conditions Potential 

(V vs 
Fc+/Fc) 

FECO 
(%) 

TOFCPE 
(s–1) 

η (V) Turnovers  
of CO 

w.r.t [1 or 2] 

Turnovers  
of CO 

w.r.t [RM] 

icat/ipg 

1 + PhOH11, 12a –2.30 111 ± 14 7.12 0.11 11.4 – 7.2 

1 + DBTD + 
PhOH11, 12b –2.30 102 ± 14 65.3 0.41 29 5.8 4.6 

1 + Ph2DBTD + 
PhOH9c –2.20 100 ± 2 69.3 0.28 22 5.3 4.8 

2 + PhOHd –2.30 101 ± 3 4.90 0.12 5.21 – 8.3 

2 + DBTD + 
PhOHe –2.30 94 ± 7 56.3 0.41 13.7 2.7 3.4 

2 + Ph2DBTD + 
PhOHe –2.20 102 ± 3 126 0.28 7.08 1.4 15 

3 + PhOH9f –2.30 95 ± 8 9.29 0.16 13 – 8.4 

3 + DBTD + 
PhOH9c –2.30 109 ± 9 163 0.41 28 6.5 5.8 

3 + Ph2DBTD + 
PhOH9c –2.20 97 ± 5 194 0.28 35 8.8 7.1 

a – 0.5 mM catalyst and 0.6 M PhOH; b – 0.5 mM catalyst, 2.5 mM RM, and 0.6 M PhOH; c – 0.1 
mM catalyst, 0.5 mM RM, and 0.12 M PhOH; d – 0.5 mM catalyst and 1.0 M PhOH; e – 0.1 mM 
catalyst, 0.5 mM RM, and 1.0 M PhOH; f– 0.1 mM catalyst and 0.12 M PhOH; g – 1.0 mM catalyst 
and 0.5 M PhOH, scan rate = 100 mV/s. 
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Figure 4.4. (A) Comparison CVs of Cr(tbudhphen)Cl(H2O) 2 under Ar and CO2 saturation 
conditions with and without 0.6 M PhOH. (B) Comparison CVs of Cr(tbudhbpy)Cl(H2O) 1 and 
Cr(tbudhphen)Cl(H2O) 2 under CO2 saturation with 0.6 M PhOH. Conditions: 1.0 mM catalyst, 0.1 
M TBAPF6/DMF; glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl 
pseudoreference electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 

To compare the activity and selectivity of 1 and 2, controlled potential electrolysis (CPE) 

was performed at an applied potential of –2.3 V vs Fc+/Fc under CO2 saturation with added PhOH, 

with analysis of gaseous product formation by gas chromatography (GC). Initially, 0.6 M added 

PhOH was used with 2 to compare the activity and selectivity of the two catalysts, based on 

previously reported results for 1.7, 11, 12 Under these conditions, 2 is selective for the reduction of 
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CO2 to CO with a Faradaic efficiency (FECO) of 94 ±1 1% over 4.6 turnovers (Figure S4.9 and 

Table S4.3). Note that turnovers have been calculated to show the catalytic nature of the process 

and do not represent a measurement to the full loss of activity. Based on the observed current 

density in the CPE experiment, the turnover frequency (TOFCPE) was estimated to be 4.57 s–1 with 

0.6 M PhOH. Since 2 was shown to have a higher PhOH saturation (Figure S4.7) than 1 in initial 

CV studies,7 we performed a second CPE experiment under the same conditions, but with 1.0 M 

PhOH as the proton source (Figure S4.10 and Table S4.4). The results of this experiment showed 

no change in product selectivity (FECO = 101 ± 3%, Table 4.1) and only a minor increase in activity 

with a TOFCPE of 4.90 s–1. The electrode from this experiment was rinsed and the CPE experiment 

was repeated under analogous conditions in the absence of 2, where the formation of a 

nonquantifiable amount of CO and significant H2 was observed (Figure S4.11 and Table S4.5). 

These results are in good agreement with our previously reported PhOH control CPE experiments 

and are consistent with a homogeneous catalytic process.11, 12 The TOFCPE values obtained for 

both 1 and 2 are lower than that observed for catalyst 3, 9.29 s–1, which also showed selective 

Faradaic efficiency for CO (FECO = 95 ± 8%, Table 4.1).9 

4.3.2 Co-Electrocatalysis Under Protic Conditions 

We have previously established that the combination of Cr complexes with a bpy-based 

ligand backbone and aromatic sulfone-based RMs results in a co-electrocatalytic system and 

increased activity for the reduction of CO2 under protic conditions.9, 11, 12 For comparison with the 

phen-based system reported here, we analyzed the trends in activity when dibenzothiophene-

5,5-dioxide (DBTD) and 2,8-diphenyldibenzothiophene-5,5-dioxide (Ph2DBTD) are used as the 

RM (Figure 4.5A).9, 11, 12 Since the standard reduction potential of both RMs is more negative than 

that of the catalyst, the reduction potential of the mediator controls the co-electrocatalytic 

operating potential.9, 11, 12 DBTD and Ph2DBTD have E1/2 values of –2.25 V and –2.12 V vs Fc+/Fc, 

respectively (Figure S4.12). Notably, previous studies comparing co-catalytic systems with these 
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RMs have demonstrated inverse potential scaling with respect to activity: Ph2DBTD showed the 

highest catalytic activity at the lowest overpotential with complex 3.9 Figure 4.5 shows that the 

inclusion of both RMs results in an increase in the observed CV current density for complex 2 as 

well; however, the relative increase upon RM inclusion is different between 1 and 2. The co-

catalytic systems with 1 as the catalyst demonstrate more of an increase in current density when 

DBTD is the RM compared to the system with Ph2DBTD (Figure 4.5B). For complex 2, the 

opposite trend is observed, with Ph2DBTD as the RM there is a larger increase in current density 

(Figure 4.5C), suggesting that the association between 2 and Ph2DBTD is more favorable. 

Variable concentration experiments were performed for 2, RM, PhOH, and CO2. These data show 

that the observed current density is proportional to the concentration of 2 (Figures S4.15 and 

S4.16), RM (Figures S4.17 and S4.18), a fixed ratio of 2 and RM (Figures S4.19 and S4.20), 

PhOH (Figures S4.21 and S4.22), and CO2 (Figures S4.23 and S4.24) where RM is DBTD or 

Ph2DBTD. The complexity of the overall co-catalytic system, with overlapping chemical and 

catalytic components, precludes us from making definitive rate dependence assignments from 

these data. 
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Figure 4.5. The structures of DBTD and Ph2DBTD (A). CVs of 1.0 mM Cr(tbudhbpy)Cl(H2O) 1 (B) 
or Cr(tbudhphen)Cl(H2O) 2 (C) in the absence (black) and presence of 2.5 mM DBTD (red) or 
Ph2DBTD (blue) as the RM and 0.5 M PhOH under CO2 saturation conditions. Conditions: 0.1 M 
TBAPF6/DMF; glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl 
pseudoreference electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 

CPE experiments were performed to determine selectivity and activity of the co-

electrocatalytic systems under protic conditions (Figures S4.25 and S4.26). All CPE with the RMs 

were performed with a 1:5 ratio of catalyst:RM in order to compare to our previous systems.9, 11, 

12 As has previously been the case, all systems remain quantitatively selective for the formation 

of CO with no H2 production observed (Tables S4.6 and S4.7; Table 4.1).9, 11, 12 Complexes 1, 2, 

and 3 show an increase in catalytic activity of one to two orders of magnitude when a RM is added 

to the system and all catalysts show the same relative trend in activity with the two RMs presented 

here: Ph2DBTD is the more active co-catalyst than DBTD (Table 4.1). While the trend is the same 
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for both complex 1 and 2, there is a distinct difference in the relative increases when comparing 

systems. For the systems with 1, the TOFCPE values are relatively similar to one another, despite 

the 130 mV difference in RM reduction potential. However, the TOFCPE value more than doubles 

when switching the RM from DBTD to Ph2DBTD with 2 as the catalyst (Table 4.1). This observed 

increase in activity with a decrease in the co-electrocatalytic overpotential conforms to the inverse 

potential scaling relationship we have observed previously.9 In this inverse scaling relationship, 

the favorability of mediator association to access a lower energy reaction pathway increases as 

the difference in redox potential between the two components decreases. The TOFCPE values for 

the systems with 3 are still all higher than those for 2 due to the intrinsically higher activity of 

complex 3.9 However, the difference between the systems with 2 and 3 as the catalyst and 

Ph2DBTD as the RM do not scale based on the difference in inherent catalyst activity, consistent 

with a difference in the extent of the RM interaction between catalysts, vide infra. Previous CPE 

controls with the RMs on their own showed non-quantifiable amounts of CO and significant H2 

produced under comparable conditions.9, 11, 12 We note that the observed CV current densities 

cannot be directly compared: while these current plateaus do directly relate to electrocatalytic 

activity, the diffusion-limited Faradaic current of the pre-catalyst system cannot be properly 

accounted for. In this case, the RMs do not interact with the Cr complexes in the absence of CO2, 

preventing a rigorous analytical comparison. However, an approximate accounting of this 

component can be achieved through a modified icat/ip (icat = catalytic plateau current and ip = 

Faradaic current) ratio where the co-electrocatalytic current becomes icat and the current of the 

RM is ip, as previously described (Table 4.1).9 The trend in the icat/ip ratios is the same as the trend 

in TOFCPE values for the respective co-catalytic systems of each complex.  

4.3.3 Computational Studies 

To complement mechanistic experiments, DFT calculations were performed with the 

Gaussian 16 package at the B3LYP-D3(BJ)/def2-tzvp//B3LYP-D3(BJ)/def2-svp level of theory 



259 
 

previously identified as suitable for modeling these systems.35-43 All species are abbreviated as 

follows: 𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑐𝑖𝑡𝑦
# 𝑏𝑜𝑢𝑛𝑑 𝐷𝑀𝐹

𝑪𝒓(𝒂𝒙𝒊𝒂𝒍 𝒍𝒊𝒈𝒂𝒏𝒅𝒔)
𝑐ℎ𝑎𝑟𝑔𝑒

⬚
. Calculating the reduction potential which 

produces the catalytically relevant 4
1

𝑪𝒓
−1
⬚

 according to previous methods produced a value of –

2.09 V vs Fc+/Fc, in good agreement with the experimental value of –1.96 V vs Fc+/Fc. Based on 

previous results and those presented here, it is proposed that the active catalyst species is a four-

coordinate complex formulated as [Cr(tbudhbpy)]− (generated from 1) or [Cr(tbudhphen)]− 

(generated from 2). A comparison of the CO2 binding reaction to generate [Cr(tbudhphen)(CO2)]− 

and [Cr(tbudhbpy)(CO2)]− from these two species shows a minimal difference in the reaction barrier 

(Δ∆G‡ = 0.3 kcal/mol), but it was found to be less endergonic (Δ∆G = −1.1 kcal/mol) for 2 (Table 

4.2).  

Table 4.2. Calculated activation and reaction free energies for CO2 binding by [Cr(tbudhbpy)]− and 
[Cr(tbudhphen)]−. 

Cr Complex ∆G‡ Cr–CO2 
(kcal/mol) 

∆G Cr–CO2 
(kcal/mol) 

[Cr(tbudhbpy)(CO2)]− 10.4 4.6 

[Cr(tbudhphen)(CO2)]− 10.7 3.5 

A comparison of the barrier for C–OH bond cleavage induced by protonation, which has 

previously been assessed to be the turnover frequency determining transition state (TDTS) for 

the bpy-based catalytic cycle,31, 44 found that the barrier for the phen-based complex was again 

approximately isoergic with the bpy complex (Δ∆G‡ = 0.2 kcal/mol, Table 4.3). For both the bpy- 

and phen-based complex these species are proposed to be six-coordinate, with DMF bound to 

the axial position opposite to the [CO2H]– fragment. The equilibrium displacement of this axial 

DMF ligand by the reduced [RM]–, KRM, was also evaluated. We have previously shown that the 

favorability of this equilibrium can dictate the extent to which the catalytic response reflects the 

faster co-catalytic cycle over the relatively slower intrinsic one.9 The free energies of formation of 
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the proposed dianionic 4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐑𝐌)
−2
⬚

 assembly generated by the reaction described in Eq 

(4.1) for all known Cr-based systems are found in Table 4.3.  

⬚
3
1

𝐂𝐫(𝐂𝐎𝟐𝐇)
−1
⬚

+
2
⬚

𝐑𝐌
−1
⬚

 
𝑲𝑹𝑴

⇌
 

⬚
4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐑𝐌)
−2
⬚

+ 𝐃𝐌𝐅
             Eq (4.1) 

Table 4.3. Calculated free energies of [RM]– ligand displacement reaction summarized by Eq 
(4.1), calculated free energies of activation for the rate-limiting C−OH bond cleavage step and 
CO2 binding.  

Cr Complex ∆G Eq (4.1) 
(kcal/mol) 

∆G‡ C–OH 
(kcal/mol) 

Ref 

[1a(CO2H)(S)]− n/a 13.5 9 

[1a(CO2H)(DBTD)]2− −0.1 11.6 9 

[1a(CO2H)(Ph2DBTD)]2− –3.1 11.6 9 

[2a(CO2H)(S)]− n/a 13.7 this work 

[2a(CO2H)(DBTD)]2− −1.8 10.4 this work 

[2a(CO2H)(Ph2DBTD)]2− –5.6 11.9 this work 

[3a(CO2H)S)]− n/a 12.5 9 

[3a(CO2H)(DBTD)]2− −2.3 10.7 9 

[3a(CO2H)(Ph2DBTD)]2− −6.1 10.8 9 
aS = DMF, [Cr(tbudhbpy)]– = 1a, [Cr(tbudhphen)]– = 2a, and [Cr(tbudhtbubpy)]– = 3a. 

Interestingly, although for the bpy-based system the displacement of DMF by [DBTD]– is 

approximately isoergic (∆G = –0.1 kcal/mol), the formation of the same adduct with the phen-

based derivative is exoergic by –1.8 kcal/mol. This value is comparable to that which we have 

previously obtained for complex 3 of –2.3 kcal/mol at the same level of theory.9 This trend aligns 

with stronger interactions corresponding to closer energies of π* systems, but we emphasize that 

greater dispersive interactions are also likely to contribute. The barrier for the proposed TDTS of 

the phen-based derivative of 10.4 kcal/mol is lower than that determined for the bpy-based of 11.6 

kcal/mol. This barrier for the phen-based complex in the co-catalytic cycle again shows greater 

similarity with the barrier of 10.7 kcal/mol obtained for the more active catalyst, 3.9 
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The minimal difference in the barriers for CO2 binding calculated for the phen- and bpy-

based compounds implies an analogous electronic structure. Indeed, an assessment of the 

frontier KS orbitals and spin density of [Cr(tbudhphen)]− is consistent with the previous proposal of 

a S=3/2 ground state comprised of a Cr(II) center antiferromagnetically paired with a ligand-based 

radical anion (Figure 4.6).31, 44 Further, the distribution of added electron density in the ligands of 

[Cr(tbudhbpy)]− and [Cr(tbudhphen)]− shows insignificant differences, despite the additional six-

membered ring in the backbone of [Cr(tbudhphen)]−. In the transition state for CO2 binding, TSCO2, 

a molecular orbital with significant π* phen character contributes one of the two electrons 

necessary for the incipient Cr–CO2 bond (Figure S4.28), analogous to what was found in 

computational studies on the bpy-based compound. Similar to the bpy-based compound, the 

bending of the CO2 molecule in this transition state for the phen-based complex is asymmetric 

relative to the Cr–C bond vector, but only a single Cr−C σ bonding interaction is implied. 

 

 

Figure 4.6. Molecular geometry of 4
0

𝐂𝐫
−1
⬚

 with H atoms omitted for clarity (A) Kohn-Sham orbital 

projection of SOMO (B), SOMO−1 (C), and SOMO–2 (D).  

 Unsurprisingly, the minor electronic structure differences found between the phen-based 

and bpy-based monoanionic active species and their respective transition states for CO2 binding 

were also reflected in the respective TSs for the rate-determining step. Following protonation and 
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reduction of the CO2 adduct, association of the proton donor is expected to produce 3
1

𝐂𝐫(𝐂𝐎𝟐𝐇) •

(𝐏𝐡𝐎𝐇)
−1
⬚

, prior to C–OH bond cleavage. Analysis of the spin density and KS orbitals contributing 

to this interaction show that the redox activity of the phen-backbone again plays an analogous 

role to bpy in relaying an electron to the Cr center, with only trivial differences in delocalization. 

Examination of 𝐓𝐒
CO2H

⬚
 shows transfer of electron density from the partially populated π* orbital 

into the Cr center as proton transfer occurs. 

 The key differences between the phen- and bpy-based complexes appear to be primarily 

in the co-electrocatalytic cycle when Ph2DBTD is included as the RM. In addition to the free 

energies of formation of the 4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐑𝐌)
−2
⬚

 assembly, the quality of the pancake bonding 

interaction can be assessed by analyzing the vertical atom-atom overlap and distances between 

the ligand backbone and RM. PB is characterized as stronger than van der Waals interactions 

when the distances between the atoms are shorter and the vertical overlap between individual 

atoms is better, since orbital interactions can be maximized.29 There is no clear difference in the 

atom-atom overlap between all of the assemblies with 1 and 2 as catalyst and DBTD and 

Ph2DBTD as the RM (Figure 4.8 and Figures S4.39-S4.42). However, the centroid–centroid 

distances between the phen backbone of 2 and Ph2DBTD are overall shorter (3.238, 3.200, 3.253 

Å) than any of the other intermediates (Table S4.8), implying a relatively stronger contribution 

from PB to the favorable binding energy. Although in 4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐃𝐁𝐓𝐃)
−2
⬚

 both 1 and 2 have 

shorter distances between the central five-membered rings, the centroid–centroid distances for 

the two six-membered rings are longer (Table S4.8). Since PB is also characterized by highly 

delocalized π electrons, increased distances for portions of the π-framework sharing the radical 

electron density will decrease the contribution of PB to the interaction energy. Since the electron 

delocalization and KS orbital composition in the phen and bpy fragments remains similar in the 
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co-catalyst adducts, the data also imply that the relative contribution of dispersion interactions is 

increased for the phen backbone (2) relative to the bpy (1): [DBTD]– binding as summarized by 

Eq (4.1) is 1.7 kcal/mol more favorable than for the bpy analogue (1), which increases to be 2.5 

kcal/mol more favorable for [Ph2DBTD]–.  

4.3.4 Proposed Mechanism 

Based on these results, we can propose that complex 2 follows the same intrinsic and co-

catalytic cycles as complexes 1 and 3 (Figure 4.7).7, 9, 11, 12, 31, 44 To initiate the intrinsic catalytic 

cycle, a four-coordinate neutral Cr species derived from complex 2 is reduced to a monoanionic 

four-coordinate species (i). This monoanionic species is best described as high-spin Cr(II) 

antiferromagnetically paired with a phen-centered radical anion, (phen•–). This species then 

readily binds CO2 to form [Cr–CO2]– (ii) which can then go on to be protonated by PhOH while 

binding DMF, before a favorable one-electron reduction generates [Cr–CO2H]– (iii). Without a RM 

present (but at the potentials where the redox mediator is reduced), the catalyst can proceed via 

Pathway A, where protonation followed by reduction once again occurs to release H2O and leave 

[Cr–CO]– (v). This intermediate is not stable and will readily release CO to form i and close the 

catalytic cycle.7 When a RM is present, the singly reduced [RM]– will displace the DMF molecule 

in iii to give (iv) 4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐑𝐌)
−2
⬚

 defined by KRM as discussed above. This step allows for the 

reaction to proceed via Pathway B, where iv is protonated and water is released to give [Cr–CO]– 

(v). Since both catalysts are active for the reduction of CO2 to CO with or without the presence of 

the RM at the tested conditions, it is reasonable to assume both Pathway A and Pathway B are 

being accessed at the same time. Therefore, the observed TOF values will represent a 

combination of catalytic and co-catalytic pathways.  
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Figure 4.7. Proposed catalytic mechanism for electrocatalytic CO2 reduction by Cr and co-
electrocatalytic reduction of CO2 by Cr and RM where Cr 1 or 2 and RM is DBTD or Ph2DBTD. 
Initial reduction step to form i from catalyst as synthesized omitted for clarity.4.4 Discussion 

 As was the case with 1 and 3 previously,9 the experimental and computational results for 

2 indicate an inner-sphere electron transfer mechanism under co-electrocatalytic conditions. In 

this mechanism, the reduced RM binds to the Cr center to give 4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐑𝐌)
−2
⬚

 prior to the 

rate-determining step, C–OH bond cleavage. Although the absolute TOFCPE values determined 

for 1 with DBTD and PhOH present are approximately 10 s–1 faster than 2 under the same co-

electrocatalytic conditions, the enhancements under co-catalytic conditions correspond to 9-fold 

and 11-fold increases from the intrinsic activities determined for these catalysts, respectively. In 

other words, the co-catalytic enhancement for 2 is greater with DBTD than it is for 1, consistent 

with the greater KRM (1.7 kcal/mol more favorable ∆G).  
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The significant difference between 1 and 2 with Ph2DBTD as the RM can likewise be 

rationalized using the difference in the thermodynamics of the equilibrium binding step in Eq (4.1). 

The difference in calculated ∆G Eq (4.1) values (Table 4.3) increases to favor 2 by 2.5 kcal/mol 

without a significant change in reaction barrier, suggesting that KRM is one of the primary 

determinants in the observed increase in experimental TOFCPE values (Table 4.1). As described 

above, increased binding favorability reflects both a greater contribution of the PB interaction to 

stabilizing the RM-bound intermediate 4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐑𝐌)
−2
⬚

, as well as increased dispersion 

interactions.9 Here, two components are likely to contribute to the difference between 1 to 2: the 

slightly more negative reduction potential of 2, which better matches the RM reduction potential, 

and the increased aromatic character of the phen backbone, which should act to protect its radical 

character, as well as improve the magnitude of the PB and dispersion interactions. Since the 

computational data do not show significant delocalization of electron density into the additional 

six-membered ring of the phen backbone during key reaction steps, it is also clear that dispersion 

effects and steric protection are playing an increased role in stabilizing adduct formation. 

 Finally, we can compare the results described with complex 2 to those obtained with 

complex 3 (Figure 4.3C).9 The reduction potential of 3 is 40 mV closer to Ph2DBTD than 2, but 

the activity only increases by a factor of 21 from the intrinsic response (ratio of catalytic and co-

catalytic TOF values),9 in comparison to a factor of 26 for 2 (Table 4.1). Notably, the calculated 

structures of the 4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐑𝐌)
−2
⬚

 intermediate for 2 and 3 where RM is Ph2DBTD show a clear 

steric hindrance effect on the binding interaction (Figure 4.8). In the structure with 2 as the 

catalyst, there is very good vertical atom-atom overlap between the five and six member rings of 

Ph2DBTD and the phen backbone, maximizing orbital interactions for the pancake bond. For 

complex 3, which has a di-tert-butyl-substituted bpy backbone, steric hindrance prevents an 

optimal interaction and causes Ph2DBTD to be rotated to a position with poor vertical atom-atom 

overlap. This rotation and decrease in overlap will limit the strength of the PB interaction between 
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3 and Ph2DBTD for purely steric reasons. However, the ∆∆G for Eq (4.1) favors the association 

of complex 3 by about 0.5 kcal/mol relative to complex 2 (Table 4.3). This suggests that any 

relative decrease in the quality of the PB based on steric clash is compensated to some degree 

by contributions from dispersion. Further, because of the more reducing Cr potential for 3, the 

barrier for ∆∆G‡ C–OH is favored by 1.1 kcal/mol with respect to 2 following the association of 

[Ph2DBTD]–, which is reflected in the experimental observation of increased TOFCPE for 3. The 

relative uniformity of the ∆G‡ C–OH barrier decrease upon RM association for all complexes – 

and its independence from the thermodynamics of Eq (4.1) – also indicates that the nature of Cr-

sulfone bond formation in the axial position plays a key role. 

However, the performance of 3 relative to 1 and 2 with Ph2DBTD appears to be 

significantly underperforming in its potential co-electrocatalytic activity, which we propose is the 

consequence of the sterically controlled kinetic limitations on the association of the RM and Cr 

complex, prior to a formal bonding interaction. Interestingly, based on these data it also appears 

that PB and dispersion interactions have a compensatory relationship with respect to the 

favorability of Cr–RM adduct formation. 

 

Figure 4.8. Molecular geometry of 4
0

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐏𝐡𝟐𝐃𝐁𝐓𝐃)
−2
⬚

 where Cr is the phen based 

complex 2 (A and B) or the tert-butyl substituted bpy complex 3 (C and D) with select H atoms 
removed for clarity. 
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4.5 Conclusion 

Our previous reports demonstrate that increasing the PB interaction present in a key RM-

bound intermediate by more closely matching the reduction potential of catalyst and RM can 

increase activity. However, the evidence presented here demonstrates that dispersion interactions 

can compensate for ideal orbital overlap between the π frameworks to some degree and that 

steric hindrance of the Cr-center also plays a significant role in controlling the rate of association 

between the RM and the Cr complex during co-electrocatalysis. Indeed, the increased aromatic 

character of the phen-backbone produces noteworthy co-catalytic enhancements, with a minimal 

change in catalyst reduction potential. In order to improve these systems in the future, these 

results indicate that we must identify catalysts and RMs that have closely matched reduction 

potentials and isolate new derivatives which maximize the planarity of the RM and catalyst 

backbone. 

4.6 Supplementary Information 

4.6.1 Materials and Methods 

General 

All chemicals and solvents (ACS or HPLC grade) were commercially available and used as 

received unless otherwise indicated. For all air-sensitive reactions and electrochemical 

experiments, HPLC-grade solvents were obtained as anhydrous and air-free from a PPT Glass 

Contour Solvent Purification System. Gas cylinders were obtained from Praxair (Ar as 5.0; CO2 

as 4.0) and passed through activated molecular sieves prior to use. Gas mixing for variable 

concentration experiments was accomplished using a gas proportioning rotameter from Omega 

Engineering. UV-vis absorbance spectra were obtained on a Cary 60 from Agilent. An Anton-Parr 

Multiwave Pro SOLV, NXF-8 microwave reactor was used for microwave syntheses.  
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Electrochemistry 

All electroanalytical experiments were performed using a Metrohm Autolab PGSTAT302N 

potentiostat. Glassy carbon disc working electrodes (⌀ = 3 mm) and non-aqueous silver/silver 

chloride pseudoreference electrodes behind PTFE tips were obtained from CH Instruments. The 

pseudoreference electrodes were obtained by depositing chloride on bare silver wire in 10% HCl 

at oxidizing potentials and stored in a 0.1 M tetrabutylammonium hexafluorophosphate/N,N-

dimethylformamide (TBAPF6/DMF) solution in the dark prior to use. The counter electrode was a 

glassy carbon rod (⌀ = 3 mm). All CV experiments were performed in a modified scintillation vial 

(20 mL volume) as a single-chamber cell with a cap modified with ports for all electrodes and a 

sparging needle. TBAPF6 was purified by recrystallization from ethanol and dried in a vacuum 

oven before being stored in a desiccator. All data were referenced to an internal ferrocene 

standard (ferricenium/ferrocene (Fc+/Fc) reduction potential under stated conditions) unless 

otherwise specified. All voltammograms were corrected for internal resistance. Ferrocene was 

purified by sublimation prior to use. 

Controlled Potential Electrolysis (CPE) 

CPE experiments were performed in a glass Pine Research Instrumentation H-cell with two 

compartments separated by a glass frit. A 55 mL stock solution of DMF with 0.1 M TBAPF6 was 

prepared for each bulk electrolysis experiment. Approximately 26 mL of the stock solution was 

added to each half of the H-cell. One side of the H-cell contained the catalyst, any additional 

substrate, such as the mediator and/or PhOH, and a glassy carbon rod working electrode. The 

other side of the H-cell contained approximately 0.075 M ferrocene as a sacrificial reductant along 

with a graphite rod counter electrode and a Ag/AgCl pseudoreference electrode. The electrolysis 

experiment was referenced by taking a CV of the side of the H-cell that contained the ferrocene 

solution. The H-cell was sealed with two septa that were connected by a piece of PTFE tubing 

which aided to maintain equal pressure between each half of the cell during the electrolysis. 
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Before starting the electrolysis experiment, both sides of the H-cell were sparged with the desired 

gas for 20 minutes and the sealed cell was allowed to equilibrate for 1 hour. The resistance 

between the two halves of the H-cell was measured using the i-interrupt procedure available in 

the NOVA software provided by Metrohm. This measured resistance value was then used to 

correct for resistance using the iR compensation tool in the NOVA software for potentiostatic 

experiments. 

CPE Product Analysis  

During CPE experiments, 250 μL GC injections of the headspace were periodically taken for the 

detection and quantification of any gaseous products produced. After each CPE experiment, the 

total volume of solution was measured. The total volume of the sealed H-cell was also measured 

to account for the total headspace volume for accurate quantification of gaseous products. A 

calibration curve for CO and H2 was used to quantify gaseous products produced during 

electrolysis experiments in the same manner as we previously reported.7  

Analysis of gas phase products was done by sampling electrolysis headspace through syringe 

injections into an Agilent 7890B GC equipped with a specialty gas split column 5 Å mol 

sieve/Porabond Q column (15 m length; 0.320 mm diameter; 25.0 µm film) and thermal 

conductivity detector with He as a carrier gas. A calibration curve for CO and H2 was made in the 

H-cell with an experimental setup containing identical volumes of DMF in 0.1 M TBAPF6 to those 

used during electrolysis. Known volumes of CO and H2 were injected into the cell with stirring and 

250 μL injections of the headspace were taken for GC injections after equilibration. The limit of 

detection (LOD) and limit of quantitation (LOQ) for CO and H2 in the GC were determined from 

seven consecutive injections at the lowest observable concentrations of each gaseous product 

respectively. For CO, the LOD was determined to be 5.77 x 10−7 moles and the LOQ was 

determined to be 1.92 x 10-6 moles. For H2, the LOD was determined to be 4.55 x 10−6 moles and 

the LOQ was determined to be 1.52 x 10−5 moles.  



270 
 

Calculation of Overpotential for CO2 Reduction with PhOH Present (Adapted) 

The calculation of overpotential for all catalysts was performed according to reported methods.45 

The following equation was used for the determination of the reaction standard potential in V with 

respect to the Fc+/Fc couple:  

𝐸஼ைଶ/஼ை = −0.73 𝑉 − 0.059(𝑝𝐾௔)           Eq (S4.1) 

The pKa for PhOH in DMF is reported as 18.8:46  

      𝐸஼ைଶ/஼ை(𝑃ℎ𝑂𝐻) = −1.84 𝑉 𝑣𝑠 𝐹𝑐ା/𝐹𝑐            Eq (S4.2) 

The Ecat/2 determined experimentally for Cr(tbudhbpy)Cl(H2O) and Cr(tbudhphen)Cl(H2O) is –1.95 

V7 and –1.96 V vs Fc+/Fc, respectively. For protic CO2 reduction (1.0 mM catalyst and 0.1 M 

PhOH under CO2 saturation); the overpotential is:  

 

𝜂 = ห𝐸௖௔௧/ଶ − 𝐸஼ைଶ/஼ைห                               Eq (S4.3) 

 
Cr(tbudhbpy)Cl(H2O)    𝜂 = 110 mV 
Cr(tbudhphen)Cl(H2O)     𝜂 = 120 mV 
 
This assumes no contribution from homoconjugation of the acid. We note that the 

homoconjugation constant (HA2
−) for PhOH in DMF has been reported as log(𝐾ு஺మ

ష) = 3.8.47 

Therefore, we emphasize that the described overpotential calculated above for PhOH is the lower-

limit approximation, as homoconjugation is expected to alter the effective overpotential. The 

overpotential equation can be modified to account for homoconjugation: 

 

  𝐸஼ை /஼ை = −0.73 𝑉 − 0.059(𝑝𝐾௔) −
ିଶ.ଷ଴ଷோ்

௡ி
log (𝑚𝐾ு஺మ

ష)          Eq (S4.4)     

Where n = number of electrons (2) and m = number of proton transfers (2). The modified equation 

provides E0
CO2/CO = −1.72 V and the following 𝜂 values:  
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 Cr(tbudhbpy)Cl(H2O)    𝜂 = 230 mV 
 Cr(tbudhphen)Cl(H2O)     𝜂 = 240 mV 
 
This value does not account for the possible thermodynamic contributions of the water 

coordinated to the pre-catalyst, the equimolar quantities of water produced for each equivalent of 

CO generated, or any adventitious H2O present in the CO2, solvent, or electrolyte. Under CO2 

saturation, any water present can form carbonic acid, pKa(DMF) 7.37,48 and generate new 

equilibria involving CO2 and bicarbonate. The role of carbonic acid (and the general hydration of 

CO2 in non-aqueous solvent systems) in altering the overall thermodynamics combined with the 

effects of homoconjugation has been assessed by Matsubara.49 Considering the role of water, 

Matsubara obtained a standard potential for CO2 reduction to CO of −1.70 V versus Fc+/Fc for 

PhOH in DMF with 10 mM water present (see below). Note the same value is obtained considering 

10 mM water only. 

 
For 10 mM H2O in DMF, where AH = PhOH:49 
3𝐶𝑂ଶ(௚) + 𝐻ଶ𝑂(௦௢௟,௫) + 2𝑒ି ⇌ 𝐶𝑂(௚) + 2𝐻𝐶𝑂ଷ (௦௢௟)

ି    𝐸଴ = −1.70 𝑉 𝑣𝑠. 𝐹𝑐ା/𝐹𝑐 
𝐶𝑂ଶ(௚) + 2𝐴𝐻(௦௢௟) + 2𝑒ି ⇌ 𝐶𝑂(௚) + 2𝐴ି

(௦௢௟) + 𝐻ଶ𝑂(௦௢௟,௫)  𝐸଴ = −1.96 𝑉 𝑣𝑠. 𝐹𝑐ା/𝐹𝑐 
𝐶𝑂ଶ(௚) + 4𝐴𝐻(௦௢௟) + 2𝑒ି ⇌ 𝐶𝑂(௚) + 2𝐻𝐴ଶ

ି
(௦௢௟)

+ 𝐻ଶ𝑂(௦௢௟,௫)  𝐸଴ = −1.70 𝑉 𝑣𝑠. 𝐹𝑐ା/𝐹𝑐 

Determination of TOF from Preparative Electrolysis 

The integrated expression of current for a homogeneous electrocatalytic response (considering 

an application of steady-state conditions to the substrate) has been solved previously:50, 51  

𝑖

𝐹𝐴
=

𝑛௖௔௧
ఙ [𝑐𝑎𝑡]ඥ(𝑘௢௕௦𝐷௖௔௧)

1 + exp ൤
𝐹

𝑅𝑇
൬𝐸௔௣௣ − 𝐸ଵ

ଶ
൰൨

 

where 

𝑘௢௕௦ = 𝑘௖௔௧[𝐶𝑂ଶ] 
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and 𝑖 is the average current (Amps) specific to the reaction product of interest, 𝐹 is Faraday’s 

constant (96485 C mol−1), 𝐴 is the area of the electrode (cm2), 𝑛௖௔௧
ఙ  is the number of electrons in 

the catalytic process (2) with σ = 1 under the assumption that all electrons are delivered to the 

catalyst by the electrode electrode4 (σ = 0.5 corresponds to homogeneous electron transfer 

occurring between catalyst molecules in solution; used here for co-electrocatalytic conditions), 

[𝑐𝑎𝑡] is the concentration of the catalyst (mol cm–3), 𝑘௢௕௦ is the apparent turnover frequency (s−1), 

[𝐶𝑂ଶ] is the concentration of CO2 saturated in DMF (mol cm−3), 𝐷௖௔௧ is the diffusion coefficient of 

the catalyst (cm2 s–1), 𝑅 is the ideal gas constant (Joule mol−1 K−1), 𝑇 is the temperature (K), 𝐸௔௣௣ 

is the applied potential during preparative electrolysis (V), and 𝐸ଵ/ଶ is the standard potential of the 

catalyst (V). 

𝑖

𝐴
= 𝐽 = 𝐶𝑂 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

Substituting and rearranging the first expression to solve for kobs 

 

𝑘௢௕௦ =
𝐽ଶ ቀ1 + exp ቂ

𝐹
𝑅𝑇 ൫𝐸௔௣௣ − 𝐸ଵ/ଶ൯ቃቁ

ଶ

𝐹ଶ(𝑛௖௔௧
ఙ [𝑐𝑎𝑡])ଶ𝐷௖௔௧

 

 
with 𝑘௢௕௦ in hand, the 𝑇𝑂𝐹 can be expressed for a given potential according to the following 
relationship 

𝑇𝑂𝐹 =
𝑘௢௕௦

1 + exp ቂ
𝐹

𝑅𝑇 ൫𝐸௔௣௣ − 𝐸ଵ/ଶ൯ቃ
 

Parameters for CPE experiments reported here not found in Table 4.1. 

- E1/2 catalyst: 
o −1.95 V vs Fc+/Fc for Cr(tbudhbpy)Cl(H2O) 1 
o −1.96 V vs Fc+/Fc for Cr(tbudhphen)Cl(H2O) 2  

- Temperature: 298.15 K 
- [CO2]: 2.3 x 10−4 mol cm−3 
- Diffusion coefficient:  

o 2.0 x 10−6 cm2 s−1 for Cr(tbudhbpy)Cl(H2O) 1 
o 1.6 x 10−6 cm2 s−1 for Cr(tbudhphen)Cl(H2O) 2 

- Electrode area: 3.93 cm2, 2.51 cm2, 2.85 cm2, or 3.11 cm2 
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Calculation of Diffusion Coefficients 

The calculation of the diffusion coefficient for the Cr(tbudhphen)Cl(H2O) 2 catalyst was performed 

by reported methods.52 Cyclic voltammetry (CV) experiments were done with a solution of 1.0 mM 

catalyst in 0.1 M TBAPF6/DMF under Ar saturation conditions. The scan rate of these CVs was 

varied from 25 mV/s to 5000 mV/s (Figure S4.4). The increase in current observed as the scan 

rate increases can be represented by the following equation where ip is the peak current, n is the 

number of electrons, A is the area of the electrode, D is the diffusion coefficient, C is the 

concentration of analyte, and v is the scan rate: 

𝑖௣ = (2.69 × 10ହ)𝑛ଷ/ଶ𝐴𝐶𝐷ଵ/ଶ𝑣ଵ/ଶ 

By plotting the current density as a function of v1/2 (Figure S4.4), the slope can be used to find D 

for each RM. 

𝐷௖௔௧ =  
(slope)ଶ

𝑛ଷ𝐶ଶ(2.69 × 10ହ)ଶ
 

Calculation of icat/ip for Co-electrocatalytic Systems 

A common technique for evaluating diffusion, electrode surface area, and concentration 

independent observed rate constants (kobs) for a two-electron catalytic process is to determine 

icat/ip for a catalytic system, where icat is the catalytic plateau current and ip is the one-electron 

peak in the absence of substrate.53 Due to the complex nature of the co-catalytic systems we 

present here, we are unable to calculate kobs by this method. However, these ratios still offer an 

insightful measure into the relative current increase under catalytic conditions between systems 

that are sensitive to the diffusion coefficient of both co-catalysts. 

To calculate the values of ip and icat for all systems, the capacitive current must be subtracted from 

the measured current at either the peak or the plateau. To determine the potential to find the 
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capacitive, peak, catalytic, and co-catalytic plateau currents, the first derivative was taken of the 

forward trace for CVs obtained with 1 or 2, RM, and PhOH under Ar (ip) and under CO2 (icat). 

Where the first derivative is equal to zero there is a plateau in the CV trace. The current in the CV 

at the same potential corresponding to a value of zero in the first derivative was used (Figure 

S4.1A). However, due to close overlap of features in the co-catalytic trace under CO2, the local 

minima corresponding to the inflection point of the curve were used to determine an effective 

current plateau (Figure S4.1B). All CV data used had a scan rate = 100 mV/s and 1.0 mM catalyst 

with 0.5 M PhOH. 

 

Figure S4.1. Example forward CV trace and first derivative plot used in icat/ip calculations for 1.0 
mM Cr(tbudhtbubpy)Cl(H2O) 2 with 2.5 mM DBTD and 0.1 M PhOH under Ar (A) and CO2 (B). 

Computational Methods 

Geometry optimizations were performed without geometry constraints at the DFT level with the 

Gaussian 16 program, Rev B.01,35 employing the hybrid functional B3LYP36-39 and the def2-SVP 

basis set was used for all atoms.40, 41 Dispersion and bulk solvent effects (N,N-dimethylformamide 

= DMF; ε = 37.219) were accounted for at the optimization stage, by using Grimme’s D3 

parameter set with Becke-Johnson (BJ) damping42, 43 and the CPCM continuum model,54 

respectively. The stationary points and their nature as minima (no imaginary frequencies) were 

characterized by vibrational analysis using the IGRRHO approach as implemented by default in 

the software package, which also produced enthalpy (H), entropy (S) and Gibbs energy (G) data 

at 298.15 K. The minima connected by a given transition state were determined by perturbing the 
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transition states along the TS coordinate and optimizing to the nearest minimum. Free energies 

were corrected (ΔGqh) to account for concentration effects and for errors associated with the 

harmonic oscillator approximation. Thus, according to Truhlars’s quasi-harmonic approximation 

for vibrational entropy and enthalpy, all vibrational frequencies below 100 cm−1 were set to this 

value.55 These anharmonic and concentration corrections were calculated with the Goodvibes 

code.56 Concentrations were set at 0.001 M for metal complexes, 0.005 for RM and RM−, and 

12.92 M for DMF. Energies were refined by means of single point calculations with the larger def2-

TZVP basis set. The stability of the wavefunction and spin contamination were studied at the 

double- and triple-zeta levels of theory. Kohn-Sham orbital projections and spin densities were 

plotted with isovalues of 0.045 and 0.005, respectively.Single Crystal X-ray Diffraction 

A single crystal of tbudhphen(H)2 or Cr(tbudhphen)Cl(H2O) (2) was coated with Paratone oil and 

mounted on a MiTeGen MicroLoop. The X-ray intensity data were measured on a Bruker Kappa 

APEXII Duo diffractometer using either a fine-focus sealed tube (Mo Kα, λ = 0.71073 Å) and a 

graphite monochromator for tbudhphen(H)2 or an Incoatec Microfocus IμS (Cu Kα, λ = 1.54178 Å) 

and a multi-layer mirror monochromator for Cr(tbudhphen)Cl(H2O) (2). The frames were integrated 

with the Bruker SAINT software package57 using a narrow-frame algorithm. Data were corrected 

for absorption effects using the Multi-Scan method (SADABS or TWINABS).58 Each structure was 

solved and refined using the Bruker SHELXTL Software Package58 within APEX358 and OLEX2.59  

Non-hydrogen atoms were refined anisotropically. The O–H hydrogen atoms of tbudhphen(H)2 

were located in the electron density map and refined isotropically. All other hydrogen atoms were 

placed in geometrically calculated positions with Uiso = 1.2Uequiv of the parent atom (1.5Uequiv for 

methyl). 

For tbudhphen(H)2, a two-domain twin was identified using CELL_NOW.60 Starting with 2104 

reflections, 1588 reflections were fit to the first domain, 1493 to the second domain (515 

exclusively), with 1 unindexed reflection remaining. The twin domain was oriented at a 180.0º 
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rotation about the reciprocal axis 0.001   0.002   1.000. The twin law was -1.000   0.000   0.001 / 

-0.002   -1.001   0.005 / -0.652   -0.406   1.001.  The structure was refined on HKLF5 data with 

the BASF for the twin domains refined to 0.42813. The crystal of Cr(tbudhphen)Cl(H2O) (2) was 

also twinned. The TWINROTMAT feature of Platon61 was used to identify the two-fold rotation 

around the (0   1   0) axis. The resulting twin law was -1.000    0.000    0.000 / 0.571    1.000    

0.471 / 0.000    0.000   -1.000, and the BASF refined to BASF   0.03137. 

Table S4.1. Crystallographic data for tbudhphen(H)2 and Cr(tbudhphen)Cl(H2O) (2). 
 tbudhphen(H)2 Cr(tbudhphen)Cl(H2O) (2) 
CCDC number 2221535 2221536 
Formula C40H48N2O2 C41H50Cl3CrN2O3 
FW (g/mol) 588.80  777.18  
Temp (K) 100(2)  100(2)  
λ (Å) 0.71073  1.54178  
Size (mm) 0.118 x 0.220 x 0.297 0.053 x 0.068 x 0.146  
Crystal habit yellow block red plate 
Crystal system triclinic triclinic 
Space group P -1 P -1 
a (Å) 9.9720(19)  12.9910(11)  
b(Å) 11.526(2)  15.9195(10)  
c (Å) 16.336(3)  20.9104(15)  
α (°) 77.658(5) 104.786(5) 
β (°) 75.462(5) 103.430(6) 
γ (°) 68.975(5) 99.273(6) 
Volume (Å3) 1680.5(5) 3953.7(5) 
Z 2 4 
Density (g/cm3) 1.164  1.306  
µ (mm-1) 0.071  4.552 
F(000) 636 1636 
θ range (°) 1.30 to 29.61 2.28 to 59.38 
Index ranges -13 ≤ h ≤ 13 

 
-15 ≤ k ≤ 16 
0 ≤ l ≤ 22 

-14 ≤ h ≤ 14 
-17 ≤ k ≤ 16 
-22 ≤ l ≤ 23 

Data / restraints /parameters 9432 / 0 / 418 11352 / 0 / 928 
GOF on F2 1.032 1.042 
R1 (I>2σ(I)) 0.0523 0.1122 
wR2 (all data) 0.1349 0.3376 
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4.6.2 Synthesis and Characterization 

Synthesis of 6,6’-Di(3,5-di-tert-butyl-2-hydroxybenzene)-1,10-phenanthroline, 
tbudhphen(H)2 

The synthesis of tbudhphen(H)2 was carried out as previously reported.30 

Synthesis of Cr(tbudhphen)Cl(H2O) (2) 

Metalation of tbudhphen(H)2 with Cr(III) to generate Cr(tbudhphen)Cl(H2O) (2) was achieved by 

stirring tbudhphen(H)2 (0.450 g, 0.764 mmol) and 1.05 equivalents of chromium(II) dichloride 

(0.0986 g, 0.802 mmol) in tetrahydrofuran (100 mL) at room temperature under an inert 

atmosphere for five days. After exposing the reaction to air, the solution was filtered to collect a 

minor amount of unreacted ligand and the filtrate was concentrated to dryness. The solid was 

then dissolved in DCM and washed with brine (3 x 50 mL) and saturated ammonium chloride (6 

x 50 mL). The organic layer was then condensed under reduced pressure and the resulting solid 

was washed with deionized water (200 mL) and boiling hexanes (300 mL). 72.3% isolated yield 

(0.382 g). Elemental analysis for C40H48ClCrN2O3 calc’d: C 69.40, H 6.99, N 4.05; found: C 69.39, 

H 7.40, N 4.03. ESI-MS (m/z): [Cr(tbudhphen)]–Cl–H2O calc’d: 638.2964 found: 638.2963.  

Synthesis of 2,8-Diphenyldibenzothiophene-5,5-dioxide, Ph2DBTD 

The synthesis of Ph2DBTD was carried out as previously reported.9 

Evans’ Method Characterization of 2  

The spin state of the Cr(tbudhphen)Cl(H2O) (2) catalyst was characterized as a Cr(III) species via 

Evans’ Method.62, 63 Three capillary inserts were made with a 50% v/v mixture of DMF and DMF-

d7. Each insert was flame sealed, and then placed in an NMR tube. Then 8.8 mg of 2 was 

dissolved in 3 mL of DMF. Approximately 0.6 mL of the solution of 2 was added to each of the 

three NMR tubes containing a flame sealed insert. 1H NMR spectra with 64 scans were then taken 

using a 600 MHz Varian NMR Spectrometer. The results of this experiment, which was run in 

triplicate, can be seen in Table S4.2. The average µeff of 2 was 3.83±0.02. 
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Table S4.2. Evans’ method results for Cr(tbudhphen)Cl(H2O) (2) in DMF.62, 63 
Trial Chemical 

Shift (ppm) 
Chemical 
Shift (Hz) 

Total Magnetic 
Moment (emu mol−1) 

Paramagnetic 
Moment (emu mol−1) 

µeff (Bohr 
Magnetons) 

1 0.098 58.8 0.00552 5.98 x 10−3 3.78 
2 0.100 60.0 0.00563 6.09 x 10−3 3.81 
3 0.102 61.2 0.00575 6.21 x 10−3 3.85 

 

 

Figure S4.2. The single crystal structure of tbudhphen(H)2 ligand obtained from X-ray diffraction 
studies. Blue = N, red = O, gray = C; thermal ellipsoids at 50%; H atoms omitted for clarity. CCDC 
2221535. 

Figure S4.3. (A) UV-vis serial dilution absorbance data obtained from Cr(tbudhphen)Cl(H2O) 2 in 
a DMF solution. Conditions: varying concentration of 2; quartz cell with 1 cm pathlength. (B) Plot 
of absorbance versus concentration (M) for Cr(tbudhphen)Cl(H2O) 2 in DMF at 329 nm (31100 M−1 
cm−1); R2 = 0.999. All: λmax = 416 nm (6430 M−1 cm−1) and 494 nm (4900 M−1 cm−1). 
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4.6.3 Electrochemistry of 2 

 

Figure S4.4. (A) CVs of Cr(tbudhphen)Cl(H2O) 2 at variable scan rates ranging from 25 (black) to 
5000 (red) mV/s, obtained under Ar saturation conditions. (B) Linear Fit of variable scan rate data 
from (A) demonstrating that Cr(tbudhphen)Cl(H2O) 2 shows a diffusion-limited current response. 
The data in (B) was obtained from the reversible redox feature at −1.96 V vs Fc+/Fc. Conditions: 
1.0 mM 2, 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter electrode, 
Ag/AgCl pseudoreference electrode; varied scan rate; referenced to internal ferrocene standard. 

Figure S4.5. (A) CVs of Cr(tbudhphen)Cl(H2O) 2 at variable scan rates ranging from 25 (black) to 
5000 (red) mV/s, obtained under CO2 saturation conditions. (B) Linear Fit of variable scan rate 
data from (A) demonstrating that Cr(tbudhphen)Cl(H2O) 2 shows a diffusion-limited current 
response. The data in (B) was obtained from the reversible redox feature at −1.96 V vs Fc+/Fc. 
Conditions: 1.0 mM 2, 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon 
counter electrode, Ag/AgCl pseudoreference electrode; varied scan rate; referenced to internal 
ferrocene standard. 
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At high scan rates in Figures S4.4 and S4.5, the first two reduction features condense into a 

single feature, consistent with outcompeting a solvent-displacement equilibrium as summarized 

below, where L = dhphen2– and S = solvent and 𝐸ଵ
଴ and 𝐸ଶ

଴ are the first and second reduction 

features observed at 100 mV/s. 

[𝐶𝑟(𝐿)𝐶𝑙] +𝑒ି ⇌ [𝐶𝑟(𝐿)𝐶𝑙]ି     𝐸ଵ
଴  

[𝐶𝑟(𝐿)𝐶𝑙]଴ + 𝑆 ⇌ [𝐶𝑟(𝐿)(𝑆)]ା + 𝐶𝑙ି      
[𝐶𝑟(𝐿)(𝑆)]ା +𝑒ି ⇌ [𝐶𝑟(𝐿)(𝑆)]଴    𝐸ଶ

଴  

For all variable concentration studies without the presence of RMs (Figures S4.6-S4.8) analysis 

was adapted from Sathrum and Kubiak J. Phys. Chem. Lett. 2011, 2, 2372.64 F is Faraday’s 

constant, A is the electrode area, [Q] is the substrate concentration, kcat is the catalytic rate, D is 

the diffusion constant of the catalyst, [cat] is the concentration of the catalyst, and ncat is the 

number of electrons involved in the catalytic process. 

𝒊𝒄𝒂𝒕 = 𝒏𝒄𝒂𝒕𝑭𝑨[𝒄𝒂𝒕](𝑫𝒌𝒄𝒂𝒕[𝑸]𝒚)𝟏/𝟐 

For the variable PhOH and CO2 concentration experiments in Figures S4.7 and S4.8, only points 

outside of the saturation range were included in the linear fits. 

 

Figure S4.6. (A) CVs of Cr(tbudhphen)Cl(H2O) 2 at variable concentrations, obtained under CO2 

saturation with 0.325 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at 
−2.17 V vs. Fc+/Fc. 
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Figure S4.7. (A) CVs of 1.0 mM Cr(tbudhphen)Cl(H2O) 2, obtained under CO2 saturation 
conditions with variable PhOH concentration.Conditions: 1.0 mM 2, 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.17 V vs. Fc+/Fc.  

 
Figure S4.8. (A) CVs of 1.0 mM Cr(tbudhphen)Cl(H2O) 2 obtained under variable CO2 
concentration with 0.325 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working 
electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan 
rate; referenced to internal ferrocene standard. (B) Log–log plot from data obtained from CVs in 
A at −2.17 V vs. Fc+/Fc. 
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Figure S4.9. (A) Current versus time trace from CPE experiment for 2+PhOH. (B) Charge passed 
versus time for the CPE experiment shown in A. Conditions were 0.5 mM Cr(tbudhphen)Cl(H2O) 
2 and 0.6 M PhOH under a CO2 atmosphere at −2.30 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working 
electrode was a glassy carbon rod, counter electrode was a graphite rod, and the reference was 
a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 

Table S4.3. Results from CPE experiment in Figure S4.9, 2 + 0.6 M PhOH. 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

20000* 12.9 1.34 x 10−4 5.83 x 10−5 87.02 

20000* 12.9 1.34 x 10−4 5.75 x 10−5 85.76 

20000* 12.9 1.34 x 10−4 7.35 x 10−5 109.6 

*indicates a triplicate series of injections carried out upon completion of electrolysis in Figure 
S4.9.  
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Figure S4.10. (A) Current versus time trace from CPE experiment for 2+PhOH.(B) Charge 
passed versus time for the CPE experiment shown in A. Conditions were 0.5 mM 
Cr(tbudhphen)Cl(H2O) 2 and 1.0 M PhOH under a CO2 atmosphere at −2.30 V vs Fc+/Fc in 0.1 M 
TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode was a graphite rod, 
and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was used 
as sacrificial oxidant. 

Table S4.4. Results from CPE experiment in Figure S4.10, 2 + 1.0 M PhOH. 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

20000* 13.5 1.40 x 10−4 6.72 x 10−5 95.80 

20000* 13.5 1.40 x 10−4 7.21 x 10−5 102.7 

20000* 13.5 1.40 x 10−4 6.35 x 10−5 90.48 

* indicates a triplicate series of injections carried out upon completion of electrolysis in Figure 
S4.10.  
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Figure S4.11. (A) Current versus time trace from rinse test CPE experiment. (B) Charge passed 
versus time for the CPE experiment shown in (A). Conditions were 1.0 M PhOH under a CO2 
atmosphere at −2.3 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode was the graphite rod 
used in the experiment shown in Figure S4.10 that was rinsed with DMF and not polished, 
counter electrode was a graphite rod, and the reference was a nonaqueous Ag/AgCl 
pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 

 

Table S4.5. Results from CPE experiment in Figure S4.11. 

Time (s) Charge (coulombs) moles (e−) Moles of CO Moles of H2 

*20000 3.74 3.87 x 10−5 <LOQ 8.17 x 10–6 

*20000 3.74 3.87 x 10−5 <LOQ 9.33 x 10–6 

*20000 3.74 3.87 x 10−5 <LOQ 8.50 x 10–6 

* indicates a triplicate series of injections carried out upon completion of electrolysis in Figure 
S4.11.  
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4.6.4 Electrochemistry with Redox Mediators 

 

Figure S4.12. CVs of 2.5 mM DBTD and Ph2DBTD obtained under Ar saturation conditions. 
Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon rod counter 
electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc internal standard; 100 mV/s 
scan rate. 

 

Figure S4.13. Comparison of CVs of 1.0 mM Cr(tbudhphen)Cl(H2O) 2 with and without 2.5 mM 
DBTD and 0.1 M PhOH under CO2 saturation conditions. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 
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Figure S4.14. Comparison of CVs of 1.0 mM Cr(tbudhphen)Cl(H2O) 2 with and without 2.5 mM 
Ph2DBTD and 0.1 M PhOH under CO2 saturation conditions.Conditions: 0.1 M TBAPF6/DMF; 
glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 

 
Figure S4.15. (A) CVs of Cr(tbudhphen)Cl(H2O) 2 at variable concentrations, obtained under CO2 
saturation with 2.5 mM DBTD and 0.325 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 
mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.42 V vs. Fc+/Fc. 
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Figure S4.16. (A) CVs of Cr(tbudhphen)Cl(H2O) 2 at variable concentrations, obtained under CO2 
saturation with 2.5 mM Ph2DBTD and 0.325 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.25 V vs. Fc+/Fc. 

 

Figure S4.17. (A) CVs of 1.0 mM Cr(tbudhphen)Cl(H2O) 2 with 0.325 M PhOH at variable DBTD 
concentrations, obtained under CO2 saturation. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 
mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.46 V vs. Fc+/Fc. 
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Figure S4.18. (A) CVs of 1.0 mM Cr(tbudhphen)Cl(H2O) 2 with 0.325 M PhOH at variable 
Ph2DBTD concentrations, obtained under CO2 saturation. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.29 V vs. Fc+/Fc. 

 
Figure S4.19. (A) CVs where the concentrations of Cr(tbudhphen)Cl(H2O) 2 and DBTD were 
varied at a fixed 1:5 ratio of 2:DBTD with 0.325 M PhOH under CO2 saturation conditions. 
Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter 
electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard. (B) Log-log plot from data obtained from CVs in A at −2.39 V vs. Fc+/Fc. 
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Figure S4.20. (A) CVs where the concentrations of Cr(tbudhphen)Cl(H2O) 2 and Ph2DBTD were 
varied at a fixed 1:5 ratio of 2: Ph2DBTD with 0.325 M PhOH under CO2 saturation conditions. 
Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter 
electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard. (B) Log-log plot from data obtained from CVs in A at −2.29 V vs. Fc+/Fc. 

 
 

 
Figure S4.21. (A) CVs of PhOH at variable concentrations, obtained under CO2 saturation with 
1.0 mM Cr(tbudhphen)Cl(H2O) 2 and 2.5 mM DBTD. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.39 V vs. Fc+/Fc. 
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Figure S4.22. (A) CVs of PhOH at variable concentrations, obtained under CO2 saturation with 
1.0 mM Cr(tbudhphen)Cl(H2O) 2 and 2.5 mM Ph2DBTD. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.27 V vs. Fc+/Fc. 
 
 

 
Figure S4.23. (A) CVs of 1.0 mM Cr(tbudhphen)Cl(H2O) 2, 2.5 mM DBTD, 0.325 M PhOH at varied 
CO2 concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy 
carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced 
to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at −2.42 V vs. 
Fc+/Fc. 
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Figure S4.24. (A) CVs of 1.0 mM Cr(tbudhphen)Cl(H2O) 2, 2.5 mM Ph2DBTD, 0.325 M PhOH at 
varied CO2 concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at 
−2.25 V vs. Fc+/Fc. 

 

 

 

 

Figure S4.25. (A) Current versus time trace from CPE experiment for 2+DBTD+PhOH.(B) Charge 
passed versus time for the CPE experiment shown in A. Conditions were 0.1 mM 
Cr(tbudhphen)Cl(H2O) 2, 0.5 mM DBTD, and 0.12 M PhOH under a CO2 atmosphere at −2.30 V 
vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode 
was a graphite rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 
0.075 M Fc was used as sacrificial oxidant. 
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Table S4.6. Results from CPE experiment in Figure S4.25, 2 + DBTD + PhOH. 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

20000* 7.33 7.59 x 10−5 3.22 x 10−5 84.80 

20000* 7.33 7.59 x 10−5 3.87 x 10−5 102.0 

20000* 7.33 7.59 x 10−5 3.60 x 10−5 94.85 

* indicates a triplicate series of injections carried out upon completion of electrolysis in Figure 
S4.25.  

 

 

Figure S4.26. (A) Current versus time trace from CPE experiment for 2+Ph2DBTD+PhOH. (B) 
Charge passed versus time for the CPE experiment shown in A. Conditions were 0.1 mM 
Cr(tbudhphen)Cl(H2O) 2, 0.5 mM Ph2DBTD, and 0.12 M PhOH under a CO2 atmosphere at −2.20 
V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode 
was a graphite rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 
0.075 M Fc was used as sacrificial oxidant. 

Table S4.7. Results from CPE experiment in Figure S4.26, 2 + Ph2DBTD + PhOH. 

Time (s) Charge (coulombs) moles (e−) Moles of CO FECO 

19999* 12.0 1.25 x 10−4 6.11 x 10−5 97.78 

19999* 12.0 1.25 x 10−4 6.52 x 10−5 104.5 

19999* 12.0 1.25 x 10−4 6.41 x 10−5 102.3 

* indicates a triplicate series of injections carried out upon completion of electrolysis in Figure 
S4.26.  
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4.6.5 Computational Data 

 

 

Figure S4.27. Molecular geometry of 𝟒
𝟎

𝐂𝐫
−𝟏
⬚

 for phen-based complex with H atoms and tbu 

moieties omitted for clarity (A) and SCF spin density (B). 

Figure S4.28. Molecular geometry of 𝐓𝐒
𝐂𝐎𝟐

⬚
 for phen-based complex with H atoms and tbu 

groups omitted for clarity (A), Kohn-Sham orbital projection of SOMO (B) and SOMO–2 (C). 

 

Figure S4.29. Molecular geometry of 𝐓𝐒
𝐂𝐎𝟐

⬚
 for phen-based complex with H atoms and tbu 

groups omitted for clarity (A) and SCF spin density (B).  
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Figure S4.30. Molecular geometry of 𝐓𝐒
𝐂𝐎𝟐

⬚
 for bpy-based complex 1 with H atoms and tbu 

groups omitted for clarity (A) and SCF spin density (B). 

 

Figure S4.31. Molecular geometry of 𝟑
𝟏

𝐂𝐫(𝐂𝐎𝟐𝐇) • (𝐏𝐡𝐎𝐇)
−𝟏
⬚

 for phen-based complex with 

select H atoms and all tbu groups omitted for clarity (A) with HOMO (B) and HOMO-4 (C) KS 
orbital projections. 

 

Figure S4.32. Molecular geometry of 𝟑
𝟏

𝐂𝐫(𝐂𝐎𝟐𝐇) • (𝐏𝐡𝐎𝐇)
−𝟏
⬚

 for phen-based complex with 

select H atoms and all tbu moieties omitted for clarity (A) and SCF spin density (B).  
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Figure S4.33. Molecular geometry of 𝐓𝐒
𝐂𝐎𝟐𝐇

⬚
 for phen-based complex with select H atoms and 

all tbu groups omitted for clarity (A) with HOMO (B) and HOMO-4 (C) KS orbital projections. 

 

Figure S4.34. Molecular geometry of 𝐓𝐒
𝐂𝐎𝟐𝐇

⬚
 for phen-based complex with select H atoms and 

all tbu groups omitted for clarity (A) with SCF spin density (B). 

 

Figure S4.35. Molecular geometry of 𝟒
𝟎

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐃𝐁𝐓𝐃) • (𝐏𝐡𝐎𝐇)
−𝟐
⬚

  with select H atoms and 

all tbu moieties omitted for clarity (A) with SOMO-alpha (B) and HOMO-beta (C) KS orbital 
projections.  
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Figure S4.36. Molecular geometry of 𝟒
𝟎

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐃𝐁𝐓𝐃) • (𝐏𝐡𝐎𝐇)
−𝟐
⬚

  with select H atoms and 

all tbu moieties omitted for clarity (A) and SCF spin density (B). 

 

Figure S4.37. Molecular geometry of 𝐓𝐒
𝐂𝐎𝟐𝐇
𝐃𝐁𝐓𝐃

 for phen-based complex with select H atoms and 

all tbu groups omitted for clarity (A) and SCF spin density (B). 

Figure S4.38. Molecular geometry of 𝐓𝐒
𝐂𝐎𝟐𝐇
𝐃𝐁𝐓𝐃

  with select H atoms and all tbu moieties omitted 

for clarity (A) with SOMO-alpha (B) and HOMO-beta (C) KS orbital projections.  



297 
 

 

Figure S4.39. Molecular geometry of 𝟒
𝟎

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐃𝐁𝐓𝐃)
−𝟐
⬚

 for the bpy-based complex viewed 

from the side (A) and top (B). 

 

Figure S4.40. Molecular geometry of 𝟒
𝟎

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐏𝐡𝟐𝐃𝐁𝐓𝐃)
−𝟐
⬚

 for the bpy-based complex 

viewed from the side (A) and top (B). 

 

Figure S4.41. Molecular geometry of 𝟒
𝟎

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐃𝐁𝐓𝐃)
−𝟐
⬚

 for the phen-based complex viewed 

from the side (A) and top (B). 
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Figure S4.42. Molecular geometry of 𝟒
𝟎

𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐃𝐁𝐓𝐃)
−𝟐
⬚

 for the tert-butyl substituted bpy-

based complex viewed from the side (A) and top (B). 

Table S4.8. Summary of calculated centroid-centroid distances for key RM bound intermediates 
found in Figure 8 and Figures S4.39-S4.42.

Cr Complex C1•••C4 (Å) C2•••C5 (Å) C3•••C6 (Å) 

[Cr(tbudhbpy)(CO2H)(DBTD)]2− 3.287 3.191 3.329 

[Cr(tbudhbpy)(CO2H)(Ph2DBTD)]2− 3.278 3.221 3.326 

[Cr(tbudhphen)(CO2H)(DBTD)]2− 3.259 3.183 3.266 

[Cr(tbudhphen)(CO2H)(Ph2DBTD)]2− 3.238 3.200 3.253 

[Cr(tbudhtbubpy)(CO2H)(DBTD)]2− 3.316 3.169 3.361 

[Cr(tbudhtbubpy)(CO2H)(Ph2DBTD)]2− 3.649 3.348 3.465 
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Optimizing the Relative Potentials of Redox Mediatory and 

Catalyst 
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5.1 Abstract 

  The effects of fixing redox mediator (RM) reduction potential relative to a series of Cr-

centered complexes capable of the reduction of CO2 to CO is disclosed. The greatest co-

electrocatalytic activity enhancement is observed when the reduction potential of catalyst and RM 

are identical, inferring that controlling the speciation of the Cr complex relative to RM activation is 

essential for improving catalytic performance. In all cases, the potential where co-catalytic activity 

is observed matches the reduction potential of the RM, regardless of the relative reduction 

potential of the Cr complex. 

5.2 Introduction 

 As the global energy demand continues to grow, so have anthropogenic emissions of 

carbon dioxide (CO2), with a corresponding increasing severity of associated climate change 

effects.1, 2 One possibility for mitigating these negative effects is through the development of 

electrocatalytic systems capable of the carbon dioxide reduction reaction (CO2RR), which can 

use renewable electricity to produce useful carbon-containing products.3, 4 The study of molecular 

catalysts for the CO2RR provides fundamental understanding of how the catalytic active sites can 

be tuned through mechanistic study. While molecular catalysts for CO2 reduction have been 

studied for decades,5-13 the incorporation of redox mediators (RMs) to assist in the transfer of 

electrons (often with protons) to catalyst active sites is a growing area of interest in the field.14 

While examples of RMs used with catalysts for the reduction of CO2 are currently limited,15-20 a 

few additional examples exist for the electrocatalytic conversion of a variety of small molecules.20-

31 

 Previously, the co-electrocatalytic reduction of CO2 with Cr-centered catalysts derived 

from dianionic N2O2 ligand frameworks and sulfone-based RMs has been studied.16-18 Initial 

studies used Cr(tbudhbpy)Cl(H2O) as the catalyst and dibenzothiophene 5,5-dioxide (DBTD; 
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Figure 1) as the RM, where CO2 was reduced to carbon monoxide (CO) under both aprotic and 

protic conditions.16 It was proposed that the DBTD RM operates via an inner-sphere electron 

transfer mechanism, where the reduced RM, [RM]–, binds to the intermediate resting state of the 

intrinsic catalytic cycle, [Cr–CO2H]–. This binding occurs via an equilibrium displacement of an 

axial solvent molecule, the favorability of which is due to three forces: Cr–O bond formation, 

dispersion interactions, and through-space electronic conjugation (specifically pancake bonding 

(PB) under protic conditions). A PB interaction is defined by two highly delocalized π-based 

radicals with short vertical distance and high atom-atom overlap, differentiating it from weaker π-

π stacking interactions.32-35 The resulting [RM–Cr–CO2H]2– adduct has a lower barrier for the rate-

determining step of the reaction (C–OH bond cleavage), so the favorability of this pre-equilibrium 

step controls the observed activity. After this initial report, additional studies interrogated the role 

of ligand and RM aromaticity on favoring the co-catalytic mechanism of the CO2RR by comparing 

the experimentally observed activity of catalysts Cr(tbudhphen)Cl(H2O) (2) and 

Cr(tbudhtbubpy)Cl(H2O) (3) (Figure 1) with a series of DBTD-derived RMs.17, 18 From these results, 

it was proposed that the PB interaction of the key intermediate of the co-catalytic cycle could be 

strengthened when the reduction potential of the RM is closer to that of the catalyst and when 

there is less steric clash between RM and catalyst, since these changes should favor vertical 

atom-atom overlap. 
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Figure 5.1. Structures of Cr catalysts and RMs discussed here. 

  Here, the relative position of Cr catalytic potential is varied with respect to RM potential, 

demonstrating that co-electrocatalytic activity is pinned to the RM potential under all conditions, 

even when the catalyst is formally reduced at more negative potentials. A new Cr-centered 

catalyst with phenyl groups substituted to the ligand phenanthroline backbone, 

Cr(tbudhPhphen)Cl(H2O) (1) is reported, as well as a new RM, benzonaphthothiophene-7,7-dioxide 

(BNTD), which is tested with complexes 1, 2, and 3 (Figure 5.1). Interestingly, these studies 

suggest that the optimal co-electrocatalytic response occurs when the RM and Cr catalyst are 

potential matched, implying that tuning relative concentrations in the reaction-diffusion layer offers 

additional reaction control. 

5.3 Results 

 A di-phenyl substituted phenanthroline ligand framework, 6,6′-di(3,5-di-tert-butyl-2-

hydroxybenzene)-4,7-di-phenyl-1,10-phenanthroline (tbudhPhphen(H)2) was synthesized from 2,9-

dichloro-4,7-diphenyl-1,10-phenanthroline using Pd-catalyzed cross-coupling methods. 

Subsequent metalation to make Cr(tbudhPhphen)Cl(H2O) (1) used a modified literature procedure 
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and was characterized by UV-vis (Figure S5.3), NMR (Table S5.2), electrospray ionization-mass 

spectrometry, and microanalysis. 

5.3.1 Electrochemistry of Cr Catalysts 

 Cyclic voltammetry (CV) experiments were performed on 1 in N,N-dimethylformamide 

(DMF) with 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting 

electrolyte. Under argon (Ar) saturation conditions, 1 exhibits three redox features (E1/2
 = –1.55 

and –1.93 V and Ep = –1.70 V versus ferrocenium/ferrocene (Fc+/Fc)); minimal changes are 

observed under CO2 saturation conditions (Figure S5.6A). This redox response is similar to what 

was previously observed for Cr-centered catalysts with structurally related N2O2 ligand 

frameworks17, 18, 36: the first two redox features relate to a chloride-loss equilibrium through solvent 

displacement and the molecule is reduced by two electrons overall by –1.93 V vs Fc+/Fc.  

Upon the addition of phenol (PhOH) under Ar saturation, only minor changes are observed 

(Figure S5.6A). However, under CO2 saturation with PhOH present, there is an increase in 

current density with complete loss of reversibility at the third reduction feature, indicating 

electrocatalytic reduction of CO2. When comparing the catalytic CV current density of 1 with that 

of 2 and 3, the relative current increase is consistent with a normal scaling relationship: as the 

Ecat/2 of the catalyst becomes more negative the catalytic current density increases (Figure 

S5.6B). The catalytic activity of 2 and 3 were previously found to be first-order with respect to 

catalyst, PhOH, and CO2.17, 18 When comparable variable concentration CV experiments were 

performed for 1, the system was found to be first-order with respect to 1 (Figure S5.9), but mixed-

order kinetics were observed for both PhOH (Figure S5.10) and CO2 (Figure S5.11) 

concentrations. This is attributed to the decreased intrinsic activity of 1, with a corresponding 

saturation of the current response at relatively low substrate concentrations.  
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Controlled potential electrolysis (CPE) was performed with 1 and 0.8 M PhOH under CO2 

saturation at an applied potential of –2.1 V vs. Fc+/Fc in order to determine the selectivity and 

turnover frequency (TOFCPE) of the catalyst (Figure S5.12). A 91±3% Faradaic efficiency for CO 

(FECO) at an overpotential of 90 mV with 6 ± 2% H2 detected (Table S5.3) and a TOFCPE of 0.24 

s–1 was observed (Table 5.1). The measured TOFCPE for 1 is much lower than that of 2 and 3, in 

agreement with the observed CV current density trends and a normal Tafel scaling relationship 

based on the Ecat/2 of the catalysts.5 It is important to note that the CPE experiments with 1 were 

performed at more positive potentials than other catalysts due to the increase in competitive 

hydrogen evolution reaction (HER) by the electrode at more negative potentials, which is 

attributed to its low intrinsic activity. 

5.3.2 Co-catalytic Activity 

 To examine how the relative position of the RM reduction potential with respect to the 

reduction potentials of 1, 2, and 3 impacts co-electrocatalysis, it was necessary to prepare a new 

RM, benzonaphthothiophene-7,7-dioxide (BNTD; Figures 5.2, S5.4, and S5.5). Under Ar 

saturation, BNTD displays a single reversible redox feature with an E1/2 = –1.96 V vs. Fc+/Fc, 

corresponding to a single-electron reduction that remains unchanged upon the addition of PhOH 

and CO2
 (Figure S5.15). The E1/2 of BNTD is more negative than the Ecat/2 of complex 1, equal to 

that of complex 2, and more positive than that of complex 3, enabling a systematic study of the 

relationship between Ecat/2 and the RM E1/2. Additionally, since BNTD is a similar size and shape 

to other tested derivates,17, 18 changes in should be due primarily to electronic and not steric 

effects. 
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Figure 5.2. Molecular structure of BNTD obtained from single-crystal X-ray diffraction 
studies.Yellow = S, red = O, gray = C; thermal ellipsoids at 50%; H atoms omitted for clarity. 

CV experiments with all three Cr complexes including BNTD as the RM led to the 

appearance of co-catalytic behavior with enhanced activity relative to their intrinsic activity (Figure 

S5.17). Interestingly, the observed Eco-cat/2 for all Cr complexes with BNTD is the same as the E1/2 

of BNTD, including 3, even though BNTD is reduced at potentials approximately 40 mV more 

positive than the Ecat/2 of 3 (–2.00 V vs Fc+/Fc; Figure 5.3). This demonstrates for the first time 

that the reducing power of the RM does not need to exceed that of the catalytically active Cr 

species for a co-catalytic response. Variable concentration CV experiments demonstrate that 

there is a proportional increase in current density with respect to concentration of catalyst 

(Figures S5.19, S5.25, S5.31, and S5.37), RM (Figures S5.20, S5.26, S5.32, and S5.38), a fixed 

ratio of catalyst to RM (Figures S5.21, S5.27, S5.33, and S5.39), PhOH (Figures S5.22, S5.28, 

S5.34, and S5.40), and CO2 (Figures S5.23, S5.29, S5.35, and S5.41). However, the complexity 

of the co-catalytic system precludes formal rate law assignments from these data. 
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Figure 5.3. (A) CVs of Cr(tbudhtbubpy)Cl(H2O) 3 and 2.5 mM BNTD alone and together under CO2 
saturation conditions with 0.5 M PhOH demonstrating the shift in catalytic potential. Conditions: 
1.0 mM catalyst, 2.5 mM RM, 0.1 M TBAPF6/DMF; glassy carbon disc working electrode, glassy 
carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc internal 
standard; 100 mV/s scan rate. 

CPE experiments were performed to determine the product selectivity and activity for CO2 

reduction with PhOH present for all three catalysts with the BNTD RM. For 1 with BNTD and 1.0 

M PhOH at an applied potential of –2.20 V, the system has a FECO of 97 ± 2% with non-quantifiable 

H2 detected and TOFCPE of 34.0 s–1, a 142-fold increase relative to its intrinsic activity (Table 5.1; 

Figure S5.43). As has been the case with previous studies,16-18 under these conditions the 

standard reduction potential of BNTD is more negative than that of 1. Comparable experiments 

with 2, which has the same standard reduction potential as BNTD of –1.96 V vs Fc+/Fc, show an 

increased TOFCPE of this system is 328 s–1, the largest activity we have reported for a co-catalytic 

system thus far, despite being only a 67-fold improvement over the intrinsic activity of 2. Finally, 

under the same conditions the TOFCPE of 3 with BNTD was determined to be 63.4 s–1 (Table 5.1), 

a 7-fold enhancement relative to its intrinsic activity. Although the reduction potentials of the Cr 

complexes shift relative to that of BNTD, quantitative selectivity is observed in all cases. 
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Table 5.1. Results of CPE Experiments with PhOH under CO2 Saturation Conditions 

Conditions 
Potential (V 
vs. Fc+/Fc) 

FECO (%) FEH2 (%) TOFCPE (s–1) η (V) 

1 + PhOHa –2.10 91 ± 3 6 ± 2 0.24 0.09 
1 + DBTD + 

PhOHb 
–2.30 77 ± 2 18 ± 1 27.4 0.41 

1 + BNTD + 
PhOHb –2.20 97 ± 2 NQ 34.0 0.12 

2 + PhOH18c –2.30 101 ± 3 – 4.90 0.12 
2 + DBTD + 

PhOH18b –2.30 94 ± 7 – 56.3 0.41 

2 + BNTD + 
PhOHb –2.20 103 ± 5 – 328 0.12 

3 + PhOH17d –2.30 95 ± 8 – 9.29 0.16 
3 + DBTD + 

PhOH17e –2.30 109 ± 9 – 163 0.41 

3 + BNTD + 
PhOHe –2.20 100 ± 2 – 63.4 0.12 

a0.5 mM catalyst and 0.8 M PhOH; b0.1 mM catalyst, 0.5 mM RM, and 1.0 M PhOH; c 0.5 mM 
catalyst and 1.0 M PhOH; d0.1 mM catalyst and 0.12 M PhOH; e0.1 mM catalyst, 0.5 mM RM, and 
0.12 M PhOH; NQ = non-quantifiable 

5.4 Discussion and Conclusions 

 In previous studies, it was proposed that closely matching the reduction potential of the 

catalyst with the RM resulted in more favorable association during the catalytic cycle and therefore 

an increase in the observed TOFCPE. This hypothesis was based on the assignment of an inner-

sphere electron transfer mechanism during co-catalysis, wherein the reduced RM binds to the Cr 

center prior to the rate-determining step of the reaction, C–OH bond cleavage.17, 18 Previous 

computational results revealed that the barrier of the rate-determining step is lower overall for the 

RM-bound species, [Cr(CO2H)RM]2–, compared to [Cr(CO2H)S]– (S = DMF), but that this barrier 

is not significantly different when comparing co-catalyst assemblies with the same metal complex 

and different RMs. Thus, the favorability of the equilibrium binding reaction between the Cr 

complex and RM directly impacted the observed TOF. Reasoning that the reduction potentials 

were an approximation of the relevant orbital energies, it was posited that closer energy 

differences would result in a stronger binding interaction and consequently a more favorable 
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equilibrium correlating to greater TOFs. This is again supported by the observed trend when 

comparing DBTD (E1/2 = –2.25 V vs Fc+/Fc) and BNTD (E1/2 = –1.96 V vs Fc+/Fc) as the RM. 

The results presented here suggest that once the equilibrium binding interaction is 

favorable enough, the relative composition of the reaction-diffusion layer also becomes important. 

That is, if the RM is generated at positive enough potentials, the co-catalytic cycle must compete 

less with the intrinsic catalytic cycle of the Cr complexes. Indeed, co-catalytic activity peaks with 

the combination of 2 and BNTD, where both active species are generated at an identical reduction 

potential. However, it is also clear from the results with complex 3 that even minor concentrations 

of the reduced catalyst are sufficient for co-catalysis to occur, given the general favorability of RM 

association and the corresponding rate enhancement. Using the Nernst equation, at 40 mV 

positive of the standard reduction potential it can be estimated that approximately 17.4% of 3 in 

the reaction-diffusion layer has been reduced to its active form, consistent with the reduced co-

catalytic enhancement observed. Smith et al. made a similar observation in their original report, 

proposing that a minimal potential difference offered the best enhancement for co-

electrocatalysis.15 In that previous study, the requirement for the RM to transfer 2e–/2H+ for co-

catalysis introduced a kinetic penalty, which was compounded by the high intrinsic activity of the 

catalyst, leading to greater competition between the intrinsic and co-catalytic pathways.14  

 It is striking that the E1/2 of BNTD becomes the Eco-cat/2 potential in all cases, regardless of 

the relative position of the Cr-based redox potential. This clearly demonstrates that the co-

catalytic benefit can be thought of as increasing the inventory of available electrons for catalytic 

CO2 conversion: the Cr complex becomes effectively over-reduced once the RM is activated, 

enhancing TOFs and, in the event that equilibrium binding is sufficiently favorable, forming as the 

only catalytic species in solution with minimal concentrations of activated catalyst. Going forward, 

these results suggest that effective co-catalyst design strategies must begin to incorporate an 
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understanding of relative speciation to achieve the highest activities, in addition to leveraging 

components of molecular design. 

5.5 Supplementary Information 

5.5.1 Materials and Methods 

General 

All chemicals and solvents (ACS or HPLC grade) were commercially available and used as 

received unless otherwise indicated. For all air-sensitive reactions and electrochemical 

experiments, HPLC-grade solvents were obtained as anhydrous and air-free from a PPT Glass 

Contour Solvent Purification System. Gas cylinders were obtained from Praxair (Ar as 5.0; CO2 

as 4.0) and passed through activated molecular sieves prior to use. Gas mixing for variable 

concentration experiments was accomplished using a gas proportioning rotameter from Omega 

Engineering. UV-vis absorbance spectra were obtained on a Cary 60 from Agilent. An Anton-Parr 

Multiwave Pro SOLV, NXF-8 microwave reactor was used for microwave syntheses.  

Electrochemistry 

All electroanalytical experiments were performed using a Metrohm Autolab PGSTAT302N or a 

Biologic SP-50 potentiostat. Glassy carbon disc working electrodes (⌀ = 3 mm) and non-aqueous 

silver/silver chloride pseudoreference electrodes behind PTFE tips were obtained from CH 

Instruments. The pseudoreference electrodes were obtained by depositing chloride on bare silver 

wire in 10% HCl at oxidizing potentials and stored in a 0.1 M tetrabutylammonium 

hexafluorophosphate/N,N-dimethylformamide (TBAPF6/DMF) solution in the dark prior to use. 

The counter electrode was a glassy carbon rod (⌀ = 3 mm). All CV experiments were performed 

in a modified scintillation vial (20 mL volume) as a single-chamber cell with a cap modified with 

ports for all electrodes and a sparging needle. TBAPF6 was purified by recrystallization from 

ethanol and dried in a vacuum oven before being stored in a desiccator. All data were referenced 
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to an internal ferrocene standard (ferricenium/ferrocene (Fc+/Fc) reduction potential under stated 

conditions) unless otherwise specified. All voltammograms were corrected for internal resistance. 

Ferrocene was purified by sublimation prior to use. 

Controlled Potential Electrolysis (CPE) 

CPE experiments were performed in a glass Pine Research Instrumentation H-cell with two 

compartments separated by a glass frit. A 55 mL stock solution of DMF with 0.1 M TBAPF6 was 

prepared for each bulk electrolysis experiment. Approximately 26 mL of the stock solution was 

added to each half of the H-cell. One side of the H-cell contained the catalyst, any additional 

substrate, such as the mediator and/or PhOH, and a glassy carbon rod working electrode. The 

other side of the H-cell contained approximately 0.075 M ferrocene as a sacrificial reductant along 

with a graphite rod counter electrode and a Ag/AgCl pseudoreference electrode. The electrolysis 

experiment was referenced by taking a CV of the side of the H-cell that contained the ferrocene 

solution. The H-cell was sealed with two septa that were connected by a piece of PTFE tubing 

which aided to maintain equal pressure between each half of the cell during the electrolysis. 

Before starting the electrolysis experiment, both sides of the H-cell were sparged with the desired 

gas for 20 minutes and the sealed cell was allowed to equilibrate for 1 hour. The resistance 

between the two halves of the H-cell was measured using the i-interrupt procedure available in 

the NOVA software provided by Metrohm. This measured resistance value was then used to 

correct for resistance using the iR compensation tool in the NOVA software for potentiostatic 

experiments. 

CPE Product Analysis  

During CPE experiments, 250 μL GC injections of the headspace were periodically taken for the 

detection and quantification of any gaseous products produced. After each CPE experiment, the 

total volume of solution was measured. The total volume of the sealed H-cell was also measured 
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to account for the total headspace volume for accurate quantification of gaseous products. A 

calibration curve for CO and H2 was used to quantify gaseous products produced during 

electrolysis experiments in the same manner as we previously reported.36  

Analysis of gas phase products was done by sampling electrolysis headspace through syringe 

injections into an Agilent 7890B GC equipped with a specialty gas split column 5 Å mol 

sieve/Porabond Q column (15 m length; 0.320 mm diameter; 25.0 µm film) and thermal 

conductivity detector with He as a carrier gas. A calibration curve for CO and H2 was made in the 

H-cell with an experimental setup containing identical volumes of DMF in 0.1 M TBAPF6 to those 

used during electrolysis. Known volumes of CO and H2 were injected into the cell with stirring and 

250 μL injections of the headspace were taken for GC injections after equilibration. The limit of 

detection (LOD) and limit of quantitation (LOQ) for CO and H2 in the GC were determined from 

seven consecutive injections at the lowest observable concentrations of each gaseous product 

respectively. For CO, the LOD was determined to be 5.77 x 10−7 moles and the LOQ was 

determined to be 1.92 x 10-6 moles. For H2, the LOD was determined to be 4.55 x 10−6 moles and 

the LOQ was determined to be 1.52 x 10−5 moles.  

Calculation of Overpotential for CO2 Reduction with PhOH Present (Adapted) 

The calculation of overpotential for all catalysts was performed according to reported methods.37 

The following equation was used for the determination of the reaction standard potential in V with 

respect to the Fc+/Fc couple:  

𝐸஼ை /஼ை = −0.73 𝑉 − 0.059(𝑝𝐾௔)           Eq (S5.1) 

The pKa for PhOH in DMF is reported as 18.8:38  

          𝐸஼ைଶ/஼ை(𝑃ℎ𝑂𝐻) = −1.84 𝑉 𝑣𝑠 𝐹𝑐ା/𝐹𝑐           Eq (S5.2) 



316 
 

The Ecat/2 determined experimentally for Cr(tbudhPhphen)Cl(H2O), Cr(tbudhphen)Cl(H2O), and 

Cr(tbudhtbubpy)Cl(H2O) is –1.93 V, –1.96 V18, and –2.00 V17 vs Fc+/Fc, respectively. For protic CO2 

reduction (1.0 mM catalyst and 0.1 M PhOH under CO2 saturation); the overpotential is:  

𝜂 = ห𝐸௖௔௧/ଶ − 𝐸஼ைଶ/஼ைห                               Eq (S5.3) 

Cr(tbudhPhphen)Cl(H2O) 1   𝜂 = 90 mV 
Cr(tbudhphen)Cl(H2O)  2   𝜂 = 120 mV 
Cr(tbudhtbubpy)Cl(H2O) 3   𝜂 = 160 mV 
 

This assumes no contribution from homoconjugation of the acid. We note that the 

homoconjugation constant (HA2
−) for PhOH in DMF has been reported as log(𝐾ு஺మ

ష) = 3.8.39 

Therefore, we emphasize that the described overpotential calculated above for PhOH is the lower-

limit approximation, as homoconjugation is expected to alter the effective overpotential. The 

overpotential equation can be modified to account for homoconjugation: 

     𝐸஼ைଶ/஼ை = −0.73 𝑉 − 0.059(𝑝𝐾௔) −
ିଶ.ଷ଴ଷோ்

௡ி
log (𝑚𝐾ு஺మ

ష)         Eq (S5.4)     

Where n = number of electrons (2) and m = number of proton transfers (2). The modified equation 

provides E0
CO2/CO = −1.72 V and the following 𝜂 values:  

 

 Cr(tbudhPhphen)Cl(H2O) 1  𝜂 = 210 mV 
 Cr(tbudhphen)Cl(H2O)  2  𝜂 = 240 mV 

Cr(tbudhtbubpy)Cl(H2O) 3  𝜂 = 280 mV 
 

This value does not account for the possible thermodynamic contributions of the water 

coordinated to the pre-catalyst, the equimolar quantities of water produced for each equivalent of 

CO generated, or any adventitious H2O present in the CO2, solvent, or electrolyte. Under CO2 

saturation, any water present can form carbonic acid, pKa(DMF) 7.37,40 and generate new 

equilibria involving CO2 and bicarbonate. The role of carbonic acid (and the general hydration of 

CO2 in non-aqueous solvent systems) in altering the overall thermodynamics combined with the 
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effects of homoconjugation has been assessed by Matsubara.41 Considering the role of water, 

Matsubara obtained a standard potential for CO2 reduction to CO of −1.70 V versus Fc+/Fc for 

PhOH in N,N-DMF with 10 mM water present (see below). Note the same value is obtained 

considering 10 mM water only. 

For 10 mM H2O in DMF, where AH = PhOH:41 

3𝐶𝑂ଶ(௚) + 𝐻ଶ𝑂(௦௢௟,௫) + 2𝑒ି ⇌ 𝐶𝑂(௚) + 2𝐻𝐶𝑂ଷ (௦௢௟)
ି   𝐸଴ = −1.70 𝑉 𝑣𝑠. 𝐹𝑐ା/𝐹𝑐 

𝐶𝑂ଶ(௚) + 2𝐴𝐻(௦௢௟) + 2𝑒ି ⇌ 𝐶𝑂(௚) + 2𝐴ି
(௦௢௟) + 𝐻ଶ𝑂(௦௢௟,௫) 𝐸଴ = −1.96 𝑉 𝑣𝑠. 𝐹𝑐ା/𝐹𝑐 

𝐶𝑂ଶ(௚) + 4𝐴𝐻(௦௢௟) + 2𝑒ି ⇌ 𝐶𝑂(௚) + 2𝐻𝐴ଶ
ି

(௦௢௟)
+ 𝐻ଶ𝑂(௦௢௟,௫) 𝐸଴ = −1.70 𝑉 𝑣𝑠. 𝐹𝑐ା/𝐹𝑐 

 

Determination of TOF from Preparative Electrolysis 

The integrated expression of current for a homogeneous electrocatalytic response (considering 

an application of steady-state conditions to the substrate) has been solved previously:42, 43  

𝑖

𝐹𝐴
=

𝑛௖௔௧
ఙ [𝑐𝑎𝑡]ඥ(𝑘௢௕௦𝐷௖௔௧)

1 + exp ൤
𝐹

𝑅𝑇
൬𝐸௔௣௣ − 𝐸ଵ

ଶ
൰൨

 

where 

𝑘௢௕௦ = 𝑘௖௔௧[𝐶𝑂ଶ] 

and 𝑖 is the average current (Amps) specific to the reaction product of interest, 𝐹 is Faraday’s 

constant (96485 C mol−1), 𝐴 is the area of the electrode (cm2), 𝑛௖௔௧
ఙ  is the number of electrons in 

the catalytic process (2) with σ = 1 under the assumption that all electrons are delivered to the 

catalyst by the electrode6 (σ = 0.5 corresponds to homogeneous electron transfer occurring 

between catalyst molecules in solution; used here for co-electrocatalytic conditions), [𝑐𝑎𝑡] is the 

concentration of the catalyst (mol cm–3), 𝑘௢௕௦ is the apparent turnover frequency (s−1), [𝐶𝑂ଶ] is the 
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concentration of CO2 saturated in DMF (mol cm−3), 𝐷௖௔௧ is the diffusion coefficient of the catalyst 

(cm2 s–1), 𝑅 is the ideal gas constant (Joule mol−1 K−1), 𝑇 is the temperature (K), 𝐸௔௣௣ is the applied 

potential during preparative electrolysis (V), and 𝐸ଵ/ଶ is the standard potential of the catalyst (V). 

𝑖

𝐴
= 𝐽 = 𝐶𝑂 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

Substituting and rearranging the first expression to solve for kobs 

 

𝑘௢௕௦ =
𝐽ଶ ቀ1 + exp ቂ

𝐹
𝑅𝑇 ൫𝐸௔௣௣ − 𝐸ଵ/ଶ൯ቃቁ

ଶ

𝐹ଶ(𝑛௖௔௧
ఙ [𝑐𝑎𝑡])ଶ𝐷௖௔௧

 

 

with 𝑘௢௕௦ in hand, the 𝑇𝑂𝐹 can be expressed for a given potential according to the following 

relationship 

𝑇𝑂𝐹 =
𝑘௢௕௦

1 + exp ቂ
𝐹

𝑅𝑇 ൫𝐸௔௣௣ − 𝐸ଵ/ଶ൯ቃ
 

Parameters for CPE experiments reported here not found in Table 5.1. 

- E1/2 catalyst: 
o −1.93 V vs Fc+/Fc for Cr(tbudhPhphen)Cl(H2O) 1 
o −1.96 V vs Fc+/Fc for Cr(tbudhphen)Cl(H2O) 2  
o –2.00 V vs Fc+/Fc for Cr(tbudhtbubpy)Cl(H2O) 3 

- Temperature: 298.15 K 
- [CO2]: 2.3 x 10−4 mol cm−3 
- Diffusion coefficient:  

o 2.21 x 10−6 cm2 s−1 for Cr(tbudhPhphen)Cl(H2O) 1 
o 1.60 x 10−6 cm2 s−1 for Cr(tbudhphen)Cl(H2O) 218 
o 2.18 x 10−6 cm2 s−1 for Cr(tbudhtbubpy)Cl(H2O) 317 

- Electrode area: 3.65 cm2 or 2.48 cm2 
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Calculation of Diffusion Coefficient 

The calculation of the diffusion coefficient for the Cr(tbudhPhphen)Cl(H2O) 1 catalyst was performed 

by reported methods.44 Cyclic voltammetry (CV) experiments were done with a solution of 1.0 mM 

catalyst in 0.1 M TBAPF6/DMF under Ar saturation conditions. The scan rate of these CVs was 

varied from 25 mV/s to 5000 mV/s (Figure S5.7). The increase in current observed as the scan 

rate increases can be represented by the following equation where ip is the peak current, n is the 

number of electrons, A is the area of the electrode, D is the diffusion coefficient, C is the 

concentration of analyte, and v is the scan rate: 

𝑖௣ = (2.69 × 10ହ)𝑛ଷ/ଶ𝐴𝐶𝐷ଵ/ଶ𝑣ଵ/ଶ 

By plotting the current density as a function of v1/2 for the reversible reduction (Figure S5.7), the 

slope can be used to find D for each molecule. 

𝐷௖௔௧ =  
(slope)ଶ

𝑛ଷ𝐶ଶ(2.69 × 10ହ)ଶ
 

Calculation of Active Species at a Given Potential 

The calculation of the percent of Cr(tbudhtbubpy)Cl(H2O) 3 reduced at a given potential can be 

achieved by rearranging the Nernst equation where 𝐸 is the experimental potential (–1.96 V), 𝐸଴ 

is the standard reduction potential of the catalyst (–2.00 V), 𝑅 is the ideal gas constant (Joule 

mol−1 K−1), 𝑇 is the temperature (K), 𝑛 is the number of electrons, 𝐹 is Faraday’s constant (96485 

C mol−1), [𝐴] is the concentration of catalyst, and [𝐵] is the concentration of reduced catalyst: 

𝐸 = 𝐸଴ − 2.303
𝑅𝑇

𝑛𝐹
logଵ଴ ቆ

[𝐵]

[𝐴]
ቇ 

 

𝐸଴ − 𝐸 = 2.303
𝑅𝑇

𝑛𝐹
logଵ଴ ൬

[𝐵]

[𝐴]
൰ 
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𝐸଴ − 𝐸

2.303
𝑅𝑇
𝑛𝐹

= logଵ଴ ൬
[𝐵]

[𝐴]
൰ 

 

𝐸଴ − 𝐸

2.303
𝑅𝑇
𝑛𝐹

= logଵ଴ ൬
[𝐵]

[𝐴]
൰ 

 

10

ாబିா

ଶ.ଷ଴ଷ
ோ்
௡ி =

[𝐵]

[𝐴]
 

 

𝑖𝑓 
[𝐵]

[𝐴]
= 0.211, 𝑡ℎ𝑒𝑛 

[𝐵]

[𝐴]
=  

211

1000
 

 

𝑎𝑛𝑑 %[𝐵] 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  
211

1211
• 100 = 17.4% 

 

Single Crystal X-ray Diffraction 

A single crystal of BNTD was coated with Paratone oil and mounted on a MiTeGen MicroLoop. 

The X-ray intensity data were measured on a Bruker D8 Venture Kappa four-circle diffractometer 

system equipped with an Incoatec IμS 3.0 micro-focus sealed X-ray tube (Mo Kα, λ = 0.71073 Å) 

and a HELIOS double bounce multilayer mirror monochromator.The frames were integrated with 

the Bruker SAINT software package45 using a narrow-frame algorithm. Data were corrected for 

absorption effects using the Multi-Scan method (SADABS).46 The structure was solved and 

refined using the Bruker SHELXTL Software Package47 within APEX445 and OLEX2.48 Non-

hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in geometrically 

calculated positions and were refined isotropically with Uiso = 1.2Uequiv of the parent atom.  
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Table S5.1. Crystallographic data for BNTD 
 BNTD 
Formula C16H10O2S 
FW (g/mol) 266.30 
Temp (K)  100(2) 
λ (Å) 0.71073 
Size (mm) 0.081 x 0.127 x 0.158 
Crystal habit yellow plate 
Crystal system triclinic 
Space group P -1 
a (Å) 7.6112(4) 
b(Å) 8.5345(5) 
c (Å) 9.9571(6) 
α (°) 111.229(2) 
β (°) 102.154(2) 
γ (°) 93.290(2) 
Volume (Å3) 583.02(6) 
Z 2 
Density (g/cm3) 1.517 
µ (mm-1) 0.270 
F(000) 276 
θ range (°) 2.27 to 27.48 
Index ranges -8 ≤ h ≤ 9 

  
-11 ≤ k ≤ 11 
  
-12 ≤ l ≤ 12 

Data / restraints /parameters 2657 / 0 / 172 
GOF on F2 1.075 
R1 (I>2σ(I)) 0.0399 
wR2 (all data) 0.1089 

 

5.5.2 Synthesis and Characterization 

Synthesis of 6,6’-Di(3,5-di-tert-butyl-2-hydroxybenzene)-4,7-di-phenyl-1,10-

phenanthroline, tbudhPhphen(H)2 

The synthesis of the 2,9-dichloro-4,7-diphenyl-1,10-phenanthroline starting material was adapted 

from a previously reported procedure49 using a 4,7-diphenyl-1,10-phenenthroline starting 

material. The (3,5-di-tert-butyl-2-hydroxy-phenyl)boronic acid starting material was synthesized 

as previously reported.36 
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A microwave tube was charged with 2,9-dichloro-4,7-diphenyl-1,10-phenanthroline (0.500 g, 1.25 

mmol), (3,5-di-tert-butyl-2-hydroxy-phenyl)boronic acid (0.935 g, 3.74 mmol), sodium carbonate 

(0.924 g, 8.72 mmol), Pd(PPh3)4 (0.072 g, 0.062 mmol), degassed toluene (30 mL), water (12 

mL), and methanol (8 mL). The microwave conditions were set to heat the reaction mixture to 170 

°C as fast as possible and then held at that temperature for 200 minutes. After the reaction cooled, 

the reaction layers were separated. The organic layer was extracted with brine (1 x 50 mL) and 

the aqueous layer was extracted with dichloromethane (3 x 50 mL). All organic fractions were 

combined and dried over MgSO4 before removing the solvent via reduced pressure leaving an 

orange solid. Methanol was added to the flask and the mixture was filtered leaving a bright orange 

solid with an isolated yield of 39.2% (0.362 g). 1H NMR (CD2Cl2, 600 MHz): δ 14.69 (s, 2H, OH), 

8.23 (s, 2H, ArH), 7.88 (d, 2H, ArH), 7.82 (s, 2H, ArH), 7.59 (m, 10 H, ArH), 7.53 (d, 2H, ArH), 1.58 

(s, 18H, −C(CH3)3), 1.40 (s, 18H, −C(CH3)3). 13C{1H} NMR (CD2Cl2, 100 MHz): δ 159.4 (ArC), 

157.5 (ArC), 150.8 (ArC), 143.3 (ArC), 140.9 (ArC), 138.6 (ArC), 138.3 (ArC), 130.3 (ArC), 129.3 

(ArC), 127.6 (ArC), 126.2 (ArC), 124.1 (ArC), 122.7 (ArC), 122.2 (ArC), 119.6 (ArC), 36.0 (tbuC), 

34.9 (tbuC), 32.0 (tbuC), 30.3 (tbuC). ESI-MS (m/z): [tbudhPhphen(H)2] calc’d: 740.4342 found: 

740.4342.  

Synthesis of Cr(tbudhPhphen)Cl(H2O) (1) 

Metalation of tbudhPhphen(H)2 with Cr(III) to generate Cr(tbudhPhphen)Cl(H2O) (1) was achieved by 

stirring tbudhPhphen(H)2 (0.190 g, 0.256 mmol) and 1.05 equivalents of chromium (II) dichloride 

(0.0331 g, 0.269 mmol) in tetrahydrofuran (75 mL) at room temperature under an inert 

atmosphere for 3 days. After exposing the reaction to air, the THF was removed under reduced 

pressure. Methanol was added to the flask to precipitate unreacted ligand and metal salt which 

was collected via filtration. The methanol was then removed under reduced pressure and the 

resulting red solid was dissolved in dichloromethane and extracted with brine (3 x 75 mL) and 

saturated ammonium chloride (5 x 100 mL). The organic layer was then dried over MgSO4 and 
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condensed under reduced pressure to leave a dark red crystalline solid. Water was added to the 

roundbottom and sonicated for several minutes to suspend the solid material. This solid was 

collected via vacuum filtration and was washed with 200 mL of hot pentanes for a 75.8% isolated 

yield ( 0.164 g). Elemental analysis for C52H56ClCrN2O3•0.5(CH2Cl2) calc’d: C 71.10, H 6.48, N 

3.16; found: C 71.45, H 6.54, N 3.22. ESI-MS (m/z): [Cr(tbudhPhphen)]–Cl–H2O calc’d: 790.3590 

found: 790.3582.  

Synthesis of Cr(tbudhphen)Cl(H2O) (2) 

The synthesis of Cr(tbudhphen)Cl(H2O) was carried out as previously reported.18 

Synthesis of Cr(tbudhtbubpy)Cl(H2O) (3) 

The synthesis of Cr(tbudhtbubpy)Cl(H2O) was carried out as previously reported.17 

Synthesis of Benzonaphthothiophene 7,7-dioxide, BNTD 

Benzonaphthothiophene (0.581 g, 2.48 mmol) was suspended in acetic acid (25 mL). While 

stirring at room temperature, 30% hydrogen peroxide (19 mL) was added dropwise to the mixture. 

The flask was then refluxed overnight and the precipitate changed from white to light yellow. After 

cooling the reaction to room temperature, the precipitate was collected via filtration and washed 

with water and diethyl ether for a 47.5% isolated yield (0.313 g). 1H NMR (DMSO-d6, 600 MHz): 

δ 8.96 (d, 1H, ArH), 8.79 (d, 1H, ArH), 8.30 (d, 1H, ArH), 8.21 (d, 1H, ArH), 8.09 (d, 1H, ArH), 8.02 

(d, 1H, ArH), 7.88 (m, 2H, ArH), 7.81 (t, 1H, ArH), 7.73 (t, 1H, ArH). 13C{1H} NMR (DMSO-d6, 150 

MHz): δ 137.4 (ArC), 136.4 (ArC), 135.3 (ArC), 134.8 (ArC), 132.7 (ArC), 131.3 (ArC), 130.4 (ArC), 

130.0 (ArC), 129.6 (ArC), 128.9 (ArC), 128.0 (ArC), 127.2 (ArC), 126.1 (ArC), 125.2 (ArC), 122.4 

(ArC), 116.8 (ArC). Elemental analysis for C16H10O2S calc’d: C 72.16, H 3.79, N 0.00; found: C 

71.91, H 3.62, N 0.01. ESI-MS (m/z): [BNTD] calc’d: 266.0402 found: 266.0401. 
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Figure S5.1. 1H NMR of tbudhPhphen(H)2 ligand; CD2Cl2; 600 MHz. 

 



325 
 

 

Figure S5.2. 13C {1H} NMR of tbudhPhphen(H)2 ligand; CD2Cl2; 100 MHz. 

 

Evans’ Method Characterization of 1  

The spin state of the Cr(tbudhPhphen)Cl(H2O) (1) catalyst was characterized as a Cr(III) species 

via Evans’ Method.50, 51Three capillary inserts were made with a 50% v/v mixture of DMF and 

DMF-d7. Each insert was flame sealed, and then placed in an NMR tube. Then 6.5 mg of 1 was 

dissolved in 3 mL of DMF. Approximately 0.6 mL of the solution of 1 was added to each of the 

three NMR tubes containing a flame sealed insert. 1H NMR spectra with 64 scans were then taken 

using a 600 MHz Varian NMR Spectrometer. The results of this experiment, which was run in 

triplicate, can be seen in Table S5.2. The average µeff of 1 was 4.2±0.1. 
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Table S5.2. Evans’ method results for Cr(tbudhPhphen)Cl(H2O) (1) in DMF.50, 51 
Trial Chemical 

Shift (ppm) 
Chemical 
Shift (Hz) 

Total Magnetic 
Moment (emu mol−1) 

Paramagnetic 
Moment (emu mol−1) 

µeff (Bohr 
Magnetons) 

1 0.08 32.0 0.00744 7.98 x 10−3 4.36 
2 0.08 32.0 0.00744 7.98 x 10−3 4.36 
3 0.07 28.0 0.00651 7.05 x 10−3 4.10 

 

 

 

 

Figure S5.3. (A) UV-vis serial dilution absorbance data obtained from Cr(tbudhPhphen)Cl(H2O) 1 
in a DMF solution. Conditions: varying concentration of 1; quartz cell with 1 cm pathlength. (B) 
Plot of absorbance versus concentration (M) for Cr(tbudhPhphen)Cl(H2O) 1 in DMF at 323 nm 
(25000 M−1 cm−1); R2 = 0.997. All: λmax = 425 nm (7040 M−1 cm−1) and 490 nm (5860 M−1 cm−1). 
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Figure S5.4. 1H NMR of BNTD; DMSO-d6; 600 MHz. 

 

Figure S5.5. 13C {1H} NMR of BNTD; DMSO-d6; 150 MHz. 

  



328 
 

5.5.3 Electrochemistry of 1 

Figure S5.6. (A) CVs of 1.0 mM Cr(tbudhPhphen)Cl(H2O) 1 with and without 0.5 M PhOH under Ar 
and CO2 saturation conditions. (B) CVs of Cr(tbudhPhphen)Cl(H2O) 1, Cr(tbudhphen)Cl(H2O) 2, and 
Cr(tbudhtbubpy)Cl(H2O) 3 with 0.5 M PhOH under CO2 saturation conditions.Conditions: 0.1 M 
TBAPF6/DMF; glassy carbon disc working electrode, glassy carbon rod counter electrode, 
Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 

 

Figure S5.7. (A) CVs of Cr(tbudhPhphen)Cl(H2O) 1 at variable scan rates ranging from 25 (black) 
to 5000 (red) mV/s, obtained under Ar saturation conditions. (B) Linear Fit of variable scan rate 
data from (A) demonstrating that Cr(tbudhPhphen)Cl(H2O) 1 shows a diffusion-limited current 
response. The data in (B) was obtained from the reversible redox feature at −1.93 V vs Fc+/Fc. 
Conditions: 1.0 mM 1, 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon 
counter electrode, Ag/AgCl pseudoreference electrode; varied scan rate; referenced to internal 
ferrocene standard. 
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Figure S5.8. (A) CVs of Cr(tbudhPhphen)Cl(H2O) 1 at variable scan rates ranging from 25 (black) 
to 5000 (red) mV/s, obtained under CO2 saturation conditions. (B) Linear Fit of variable scan rate 
data from (A) demonstrating that Cr(tbudhPhphen)Cl(H2O) 1 shows a diffusion-limited current 
response. The data in (B) was obtained from the reversible redox feature at −1.93 V vs Fc+/Fc. 
Conditions: 1.0 mM 1, 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon 
counter electrode, Ag/AgCl pseudoreference electrode; varied scan rate; referenced to internal 
ferrocene standard. 

At high scan rates in Figures S5.7 and S5.8, the first two reduction features condense into a 

single feature, consistent with outcompeting a solvent-displacement equilibrium as summarized 

below, where L = tbudhPhphen2– and S = solvent and 𝐸ଵ
଴ and 𝐸ଶ

଴ are the first and second reduction 

features observed at 100 mV/s.[𝐶𝑟(𝐿)𝐶𝑙] +𝑒ି ⇌ [𝐶𝑟(𝐿)𝐶𝑙]ି     𝐸ଵ
଴  

 
[𝐶𝑟(𝐿)𝐶𝑙]଴ + 𝑆 ⇌ [𝐶𝑟(𝐿)(𝑆)]ା + 𝐶𝑙ି      
 
[𝐶𝑟(𝐿)(𝑆)]ା +𝑒ି ⇌ [𝐶𝑟(𝐿)(𝑆)]଴    𝐸ଶ

଴  
 

For all variable concentration studies without the presence of RMs (Figures S5.9-S5.11) analysis 

was adapted from Sathrum and Kubiak J. Phys. Chem. Lett. 2011, 2, 2372.52 F is Faraday’s 

constant, A is the electrode area, [Q] is the substrate concentration, kcat is the catalytic rate, D is 

the diffusion constant of the catalyst, [cat] is the concentration of the catalyst, and ncat is the 

number of electrons involved in the catalytic process. 

𝒊𝒄𝒂𝒕 = 𝒏𝒄𝒂𝒕𝑭𝑨[𝒄𝒂𝒕](𝑫𝒌𝒄𝒂𝒕[𝑸]𝒚)𝟏/𝟐 
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For all concentration experiments in Figure S5.9-S5.11, only points where fully irreversible 

catalytic features and outside of the saturation range were included in the linear fits. 

 

Figure S5.9. (A) CVs of Cr(tbudhPhphen)Cl(H2O) 1 at variable concentrations, obtained under CO2 
saturation with 0.6 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc working 
electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s 
scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs 
in A at −2.06 V vs. Fc+/Fc. 

 

Figure S5.10. (A) CVs of 1.0 mM Cr(tbudhPhphen)Cl(H2O) 1, obtained under CO2 saturation 
conditions with variable PhOH concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. (B) Log-log plot from data obtained 
from CVs in A at −2.06 V vs. Fc+/Fc. 
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Figure S5.11. (A) CVs of 1.0 mM Cr(tbudhPhphen) 1 obtained under variable CO2 concentrations 
with 0.6 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc working electrode, glassy 
carbon rod counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from CVs in A at 
−2.06 V vs. Fc+/Fc. 

 

Figure S5.12. (A) Current versus time trace from CPE experiment for 1+PhOH. (B) Charge 
passed versus time for the CPE experiment shown in A. Conditions were 0.5 mM 
Cr(tbudhPhphen)Cl(H2O) 1 and 0.8 M PhOH under a CO2 atmosphere at −2.10 V vs Fc+/Fc in 0.1 
M TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode was a graphite 
rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was 
used as sacrificial oxidant. 
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Table S5.3. Results from CPE experiment in Figure S5.12, 1 + 0.8 M PhOH. 

Time (s) 
Charge 

(coulombs) 
Moles (e–) 

Moles of 
CO 

FECO 
Moles of 

H2 
FEH2 

49329* 13.6 1.41 x 10–4 6.58 x 10–5 93.3 2.95 x 10–6 4.18 
49329* 13.6 1.41 x 10–4 6.51 x 10–5 92.2 4.67 x 10–6 6.61 
49329* 13.6 1.41 x 10–4 6.40 x 10–5 90.7 3.85 x 10–6 5.45 
49329* 13.6 1.41 x 10–4 6.41 x 10–5 90.9 2.17 x 10–6 3.07 
49329* 13.6 1.41 x 10–4 6.06 x 10–5 85.8 6.20 x 10–6 8.79 

*indicates a series of injections carried out upon completion of electrolysis 

 

 

Figure S5.13. (A) Current versus time trace from CPE experiment for 1. (B) Charge passed 
versus time for the CPE experiment shown in A. Conditions were 0.5 mM Cr(tbudhPhphen)Cl(H2O) 
1 under a CO2 atmosphere at −2.10 V vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode was a 
glassy carbon rod, counter electrode was a graphite rod, and the reference was a nonaqueous 
Ag/AgCl pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 

 

Table S5.4. Results from CPE experiment in Figure S5.13, 1. 
Time (s) Charge (coulombs) Moles (e–) Moles of CO 

9633 1.25 1.30 x 10–5 < LOQ 
14803 1.54 1.59 x 10–5 < LOQ 
17157 1.65 1.71 x 10–5 < LOQ 
19999 1.77 1.84 x 10–5 < LOQ 
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5.5.4 Electrochemistry of BNTD 

 

Figure S5.14. CVs of 2.5 mM DBTD and BNTD obtained under Ar saturation 
conditions.Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc working electrode, glassy carbon 
rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc internal 
standard; 100 mV/s scan rate. 

 

Figure S5.15. CVs of 2.5 mM BNTD both with and without 0.1 M PhOH obtained under Ar and 
CO2 saturation conditions. Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc working electrode, 
glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc 
internal standard; 100 mV/s scan rate. 
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Figure S5.16. (A) CVs of 2.5 mM BNTD at variable scan rates ranging from 25 (black) to 5000 
(red) mV/s, obtained under Ar saturation conditions. (B) Linear Fit of variable scan rate data from 
A demonstrating that BNTD shows a diffusion-limited current response. The slope highlighted in 
yellow was used to calculate the diffusion coefficient. The data in B was obtained from the 
reversible redox feature at −1.93 V vs Fc+/Fc. Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc 
working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; 
varied scan rate; referenced to internal ferrocene standard. 

5.5.5 Cyclic Voltammetry with Cr catalysts and RMs 

 

Figure S5.17. Comparison CVs of 1.0 mM Cr(tbudhPhphen)Cl(H2O) 1, Cr(tbudhphen)Cl(H2O) 2, and 
Cr(tbudhtbubpy)Cl(H2O) 3 with (A) 2.5 mM DBTD and (B) BNTD and 0.5 M PhOH under CO2 
saturation conditions.Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc working electrode, 
glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc 
internal standard; 100 mV/s scan rate. 
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Figure S5.18. Comparison CVs of 1.0 mM Cr(tbudhPhphen)Cl(H2O) 1 with and without 2.5 mM 
DBTD and 0.1 M PhOH under CO2 saturation conditions.Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 

 

Figure S5.19. (A) CVs of Cr(tbudhPhphen)Cl(H2O) 1 at variable concentrations, obtained under 
CO2 saturation with 2.5 mM DBTD and 0.6 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. (B) Log-log plot from data 
obtained in A at –2.38 V vs. Fc+/Fc. 
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Figure S5.20. (A) CVs of 1.0 mM Cr(tbudhPhphen)Cl(H2O) 1 with 0.6 M PhOH at variable DBTD 
concentrations, obtained under CO2 saturation. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; 
referenced to Fc+/Fc internal standard; 100 mV/s scan rate. (B) Log-log plot from data obtained 
in A at –2.37 V vs. Fc+/Fc. 

 

Figure S5.21. (A) CVs where the concentrations of Cr(tbudhPhphen)Cl(H2O) 1 and DBTD were 
varied at a fixed 1:5 ratio of 1:DBTD with 0.6 M PhOH under CO2 saturation conditions.Conditions: 
0.1 M TBAPF6/DMF; glassy carbon disc working electrode, glassy carbon rod counter electrode, 
Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 
(B) Log-log plot from data obtained in A at –2.39 V vs. Fc+/Fc. 



337 
 

 

Figure S5.22. (A) CVs of PhOH at variable concentrations, obtained under CO2 saturation with 
1.0 mM Cr(tbudhPhphen)Cl(H2O) 1 and 2.5 mM DBTD. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. (B) Log-log plot from data 
obtained in A at –2.37 V vs. Fc+/Fc. 

 

 

Figure S5.23. (A) CVs of 1.0 mM Cr(tbudhPhphen)Cl(H2O) 1, 2.5 mM DBTD, 0.9 M PhOH at varied 
CO2 concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc working electrode, 
glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc 
internal standard; 100 mV/s scan rate. (B) Log-log plot from data obtained in A at –2.36 V vs. 
Fc+/Fc. 
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Figure S5.24. Comparison CVs of 1.0 mM Cr(tbudhPhphen)Cl(H2O) 1 with and without 2.5 mM 
BNTD and 0.1 M PhOH under CO2 saturation conditions. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 

 

 

Figure S5.25. (A) CVs of Cr(tbudhPhphen)Cl(H2O) 1 at variable concentrations, obtained under 
CO2 saturation with 2.5 mM BNTD and 0.6 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. (B) Log-log plot from data 
obtained in A at –2.05 V vs. Fc+/Fc. 
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Figure S5.26. (A) CVs of 1.0 mM Cr(tbudhPhphen)Cl(H2O) 1 with 0.6 M PhOH at variable BNTD 
concentrations, obtained under CO2 saturation. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; 
referenced to Fc+/Fc internal standard; 100 mV/s scan rate. (B) Log-log plot from data obtained 
in A at –2.06 V vs. Fc+/Fc. 

 

Figure S5.27. (A) CVs where the concentrations of Cr(tbudhPhphen)Cl(H2O) 1 and BNTD were 
varied at a fixed 1:5 ratio of 1:BNTD with 0.6 M PhOH under CO2 saturation conditions. 
Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc working electrode, glassy carbon rod counter 
electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc internal standard; 100 mV/s 
scan rate. (B) Log-log plot from data obtained in A at –2.05 V vs. Fc+/Fc. 
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Figure S5.28. (A) CVs of PhOH at variable concentrations, obtained under CO2 saturation with 
1.0 mM Cr(tbudhPhphen)Cl(H2O) 1 and 2.5 mM BNTD. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. (B) Log-log plot from data 
obtained in A at –2.07 V vs. Fc+/Fc. 

 

Figure S5.29. (A) CVs of 1.0 mM Cr(tbudhPhphen)Cl(H2O) 1, 2.5 mM BNTD, 0.9 M PhOH at varied 
CO2 concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc working electrode, 
glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc 
internal standard; 100 mV/s scan rate. (B) Log-log plot from data obtained in A at –2.07 V vs. 
Fc+/Fc. 
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Figure S5.30. Comparison CVs of 1.0 mM Cr(tbudhphen)Cl(H2O) 2 with and without 2.5 mM BNTD 
and 0.1 M PhOH under CO2 saturation conditions. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; 
referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 

 

 

 

Figure S5.31. (A) CVs of Cr(tbudhphen)Cl(H2O) 2 at variable concentrations, obtained under CO2 
saturation with 2.5 mM BNTD and 0.6 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; 
referenced to Fc+/Fc internal standard; 100 mV/s scan rate. (B) Log-log plot from data obtained 
in A at –2.14 V vs. Fc+/Fc. 
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Figure S5.32. (A) CVs of 1.0 mM Cr(tbudhphen)Cl(H2O) 2 with 0.6 M PhOH at variable BNTD 
concentrations, obtained under CO2 saturation. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; 
referenced to Fc+/Fc internal standard; 100 mV/s scan rate. (B) Log-log plot from data obtained 
in A at –2.16 V vs. Fc+/Fc. 

 

 

Figure S5.33. (A) CVs where the concentrations of Cr(tbudhphen)Cl(H2O) 2 and BNTD were 
varied at a fixed 1:5 ratio of 2:BNTD with 0.6 M PhOH under CO2 saturation conditions.1 
Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc working electrode, glassy carbon rod counter 
electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc internal standard; 100 mV/s 
scan rate. (B) Log-log plot from data obtained in A at –2.13 V vs. Fc+/Fc. 
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Figure S5.34. (A) CVs of PhOH at variable concentrations, obtained under CO2 saturation with 
1.0 mM Cr(tbudhphen)Cl(H2O) 2 and 2.5 mM BNTD. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. (B) Log-log plot from data 
obtained in A at –2.12 V vs. Fc+/Fc. 

 

Figure S5.35. (A) CVs of 1.0 mM Cr(tbudhphen)Cl(H2O) 2, 2.5 mM BNTD, 0.6 M PhOH at varied 
CO2 concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc working electrode, 
glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc 
internal standard; 100 mV/s scan rate. (B) Log-log plot from data obtained in A at –2.14 V vs. 
Fc+/Fc. 
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Figure S5.36. Comparison CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 3 with and without 2.5 mM 
BNTD and 0.1 M PhOH under CO2 saturation conditions.Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. 

 

Figure S5.37. (A) CVs of Cr(tbudhtbubpy)Cl(H2O) 3 at variable concentrations, obtained under CO2 
saturation with 2.5 mM BNTD and 0.5 M PhOH. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; 
referenced to Fc+/Fc internal standard; 100 mV/s scan rate. (B) Log-log plot from data obtained 
in A at –2.15 V vs. Fc+/Fc. 
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Figure S5.38. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 3 with 0.5 M PhOH at variable BNTD 
concentrations, obtained under CO2 saturation. Conditions: 0.1 M TBAPF6/DMF; glassy carbon 
disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; 
referenced to Fc+/Fc internal standard; 100 mV/s scan rate. (B) Log-log plot from data obtained 
in A at –2.17 V vs. Fc+/Fc. 

 

Figure S5.39. (A) CVs where the concentrations of Cr(tbudhtbubpy)Cl(H2O) 3 and BNTD were 
varied at a fixed 1:5 ratio of 3:BNTD with 0.5 M PhOH under CO2 saturation conditions. 
Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc working electrode, glassy carbon rod counter 
electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc internal standard; 100 mV/s 
scan rate. (B) Log-log plot from data obtained in A at –2.22 V vs. Fc+/Fc. 
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Figure S5.40. (A) CVs of PhOH at variable concentrations, obtained under CO2 saturation with 
1.0 mM Cr(tbudhtbubpy)Cl(H2O) 3 and 2.5 mM BNTD. Conditions: 0.1 M TBAPF6/DMF; glassy 
carbon disc working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference 
electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate. (B) Log-log plot from data 
obtained in A at –2.14 V vs. Fc+/Fc. 

 

Figure S5.41. (A) CVs of 1.0 mM Cr(tbudhtbubpy)Cl(H2O) 3, 2.5 mM BNTD, 0.6 M PhOH at varied 
CO2 concentrations. Conditions: 0.1 M TBAPF6/DMF; glassy carbon disc working electrode, 
glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to Fc+/Fc 
internal standard; 100 mV/s scan rate. (B) Log-log plot from data obtained in A at –2.14 V vs. 
Fc+/Fc. 
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5.5.6 CPE with Cr Catalysts and RMs 

 

Figure S5.42. (A) Current versus time trace from CPE experiment for 1+DBTD+PhOH. (B) 
Charge passed versus time for the CPE experiment shown in A. Conditions were 0.1 mM 
Cr(tbudhPhphen)Cl(H2O) 1, 0.5 mM DBTD, and 1.0 M PhOH under a CO2 atmosphere at −2.30 V 
vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode 
was a graphite rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 
0.075 M Fc was used as sacrificial oxidant. 

 

 

 

Table S5.5. Results from CPE experiment in Figure S5.42, 1 + DBTD + PhOH. 

Time (s) 
Charge 

(coulombs) 
Moles (e–) 

Moles of 
CO 

FECO 
Moles of 

H2 
FEH2 

20000* 10.3 1.07 x 10–4 4.22 x 10–5 79.2 1.05 x 10–5 19.8 
20000* 10.3 1.07 x 10–4 4.02 x 10–5 75.5 9.60 x 10–6 18.0 
20000* 10.3 1.07 x 10–4 4.06 x 10–5 76.1 9.32 x 10–6 17.5 

*indicates a series of injections carried out in triplicate upon completion of electrolysis 
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Figure S5.43. (A) Current versus time trace from CPE experiment for 1+BNTD+PhOH. (B) 
Charge passed versus time for the CPE experiment shown in A. Conditions were 0.1 mM 
Cr(tbudhPhphen)Cl(H2O) 1, 0.5 mM BNTD, and 1.0 M PhOH under a CO2 atmosphere at −2.20 V 
vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode 
was a graphite rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 
0.075 M Fc was used as sacrificial oxidant. 

 

Table S5.6. Results from CPE experiment in Figure S5.43, 1 + BNTD + PhOH. 

Time (s) 
Charge 

(coulombs) 
Moles (e–) Moles of CO FECO Moles of H2 

13569 5.80 6.01 x 10–5 2.80 x 10–5 93.1 <LOQ 
16528 7.06 7.32 x 10–5 3.53 x 10–5 96.6 <LOQ 
19211 8.21 8.51 x 10–5 4.22 x 10–5 99.2 <LOQ 
20791* 8.88 9.21 x 10–5 4.53 x 10–5 98.4 <LOQ 
20791* 8.88 9.21 x 10–5 4.52 x 10–5 98.2 <LOQ 
20791* 8.88 9.21 x 10–5 4.52 x 10–5 98.1 <LOQ 

*indicates a series of injections carried out in triplicate upon completion of electrolysis 
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Figure S5.44. (A) Current versus time trace from CPE experiment for 2+BNTD+PhOH. (B) 
Charge passed versus time for the CPE experiment shown in A. Conditions were 0.1 mM 
Cr(tbudhphen)Cl(H2O) 2, 0.5 mM BNTD, and 1.0 M PhOH under a CO2 atmosphere at −2.20 V vs 
Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode was 
a graphite rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 
M Fc was used as sacrificial oxidant. 

Table S5.7. Results from CPE experiment in Figure S5.44, 2 + BNTD + PhOH. 

Time (s) 
Charge 

(coulombs) 
Moles (e–) Moles of CO FECO 

11982 8.79 9.11 x 10–5 4.33 x 10–5 93.4 
13926 10.2 1.06 x 10–4 5.25 x 10–5 95.1 
15525 11.4 1.18 x 10–4 6.30 x 10–5 107 
18025 13.2 1.37 x 10–4 7.01 x 10–5 102 
20000* 14.7 1.52 x 10–4 7.91 x 10–5 104 
20000* 14.7 1.52 x 10–4 8.19 x 10–5 108 
20000* 14.7 1.52 x 10–4 8.27 x 10–5 109 

*indicates a series of injections carried out in triplicate upon completion of electrolysis 
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Figure S5.45. (A) Current versus time trace from CPE experiment for 3+BNTD+PhOH. (B) 
Charge passed versus time for the CPE experiment shown in A. Conditions were 0.1 mM 
Cr(tbudhtbubpy)Cl(H2O) 3, 0.5 mM BNTD, and 0.12 M PhOH under a CO2 atmosphere at −2.20 V 
vs Fc+/Fc in 0.1 M TBAPF6/DMF; working electrode was a glassy carbon rod, counter electrode 
was a graphite rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 
0.075 M Fc was used as sacrificial oxidant. 

 

Table S5.8. Results from CPE experiment in Figure S5.45, 3 + BNTD + PhOH. 

Time (s) 
Charge 

(coulombs) 
Moles (e–) Moles of CO FECO 

20000* 7.76 8.04 x 10–5 4.16 x 10–5 103 
20000* 7.76 8.04 x 10–5 3.99 x 10–5 99.2 
20000* 7.76 8.04 x 10–5 3.92 x 10–5 97.5 

*indicates a series of injections carried out in triplicate upon completion of electrolysis 
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6.1 Summary and Conclusions of Completed Research 

 The first portion of this Dissertation discussed Cr(tpytbupho)Cl2, a new Cr-centered catalyst 

with an N3O ligand framework based on terpyridine that is capable of the carbon dioxide reduction 

reaction (CO2RR). Cr(tpytbupho)Cl2 has quantitative selectivity for carbon monoxide (CO) when 

both phenol (PhOH) and water (H2O) are used as proton sources (faradaic efficiency (FECO) of 

93 ± 7% and 93 ± 4%, respectively). The electrochemical and kinetic properties of Cr(tpytbupho)Cl2 

offer an interesting comparison to the previously reported Cr(tbudhbpy)Cl(H2O) catalyst, which is 

based on a N2O2 ligand framework based on bipyridine (bpy).1 The increased redox activity of the 

terpyridine-based N3O ligand framework is consistent with experimental observations: 

Cr(tpytbupho)Cl2 must be reduced three times before the CO2RR is observed compared to only 

two reductions with the bpy-based N2O2 complex. These redox events are assigned to two ligand-

based reductions and one metal-based reduction with the active catalytic species consisting of a 

CrII center coupled to a doubly reduced ligand framework. The observed rate law of 

Cr(tpytbupho)Cl2 is zero-order with respect to proton concentration, based on which the rate-

determining step (RDS) of the reaction is assigned to CO2 binding. This is proposed to be the 

result of the increased anionic character of the active catalytic species which enhances the rate 

of protonation during C–OH bond cleavage, the rate-determining step for the N2O2 complex. This 

new mechanism is both different from the RDS of the N2O2 complex and uncommon during protic 

CO2 reduction. 

 The remainder of this Dissertation discussed studies on the use of sulfone-based redox 

mediators (RMs) with Cr-centered catalysts for the CO2RR. A previous report by our lab used the 

Cr(tbudhbpy)Cl(H2O) complex with dibenzothiophene-5,5-dioxide (DBTD) as the RM, which led to 

the enhancement of the protic CO2RR.2 A new Cr catalyst was synthesized with tert-butyl groups 

substituted on the bpy backbone of the ligand framework (Cr(tbudhtbubpy)Cl(H2O)) which lead to a 

more negative (50 mV) operating potential and about double the turnover frequency (TOF; 9.29 
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s–1) compared to the parent bpy. Three additional sulfone RMs were synthesized, 2,8-

dimesityldibenzothiophene-5,5-dioxide (Mes2DBTD), 2,8-diphenyldibenzothiophene-5,5-dioxide 

(Ph2DBTD), and triphenylothiophene-4,4-dioxide (TPTD), and the co-catalytic activity of all four 

RMs with both Cr catalysts was studied. All co-catalytic systems maintained quantitative 

selectivity for CO and enhanced the CO2RR activity by up to 22-fold with a maximum observed 

TOF of 208 s–1. This experimental data, along with computational results, supported a proposed 

mechanism for co-electrocatalysis that relies on an inner-sphere electron transfer mechanism 

where the reduced RM formally binds to the Cr center. This key intermediate is stabilized by a 

pancake bonding (PB) interaction between the radical in the bpy ligand backbone and the reduced 

RM. An unexpected inverse potential scaling relationship between the Eco-cat/2 and the TOF was 

observed: the RMs that were reduced at more positive potentials provided the greatest TOF 

enhancement. It was proposed that the reduction potentials were a qualitative measure of the 

relative frontier orbital energies which when closer in energy provided a more stable PB 

interaction.   

 In order to further optimize the co-catalytic association and tune the PB interaction a 

phenanthroline (phen) derivative of the Cr catalyst, Cr(tbudhphen)Cl(H2O), was synthesized. This 

catalyst has an almost identical Ecat/2 and TOF to the Cr(tbudhbpy)Cl(H2O) catalyst, which allowed 

for differences in co-catalytic enhancement to be pinned directly to the interaction of the catalyst 

with the RM and not the inherent catalyst activity which was the case in the previous study. The 

experimental electrochemical data as well as computational data supported the previous proposal 

of increased activity occurring when PB strength was increased favoring the formation of [RM–

Cr–COOH]2–. However, when adding steric bulk to both the RM and catalyst in order to tune their 

thermodynamic properties (reduction potential), the kinetic favorability of association was 

decreased and the restrictions on molecular alignment weakened the PB interaction which relies 

on direct atom-atom overlap. In these cases, this decrease in PB strength is compensated via 
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dispersive interactions between the RM and ligand backbone for interaction strength, but the 

enhancement on rate is limited compared to compounds with less hindrance. 

 The final portion of this Dissertation discussed the synthesis of a new RM, 

benzonaphthothiophene-7,7-dioxide (BNTD), and a Cr catalyst with phenyl groups substituted on 

the phenanthroline backbone, Cr(tbudhPhphen)Cl(H2O). The reduction potential of BNTD was more 

positive than DBTD by 290 mV (E1/2 = –1.96 V), while having a similar size and steric profile. This 

allowed for the study of co-electrocatalytic activity with three Cr catalysts that had reduction 

potentials more positive than, the same as, and more negative than the RM. In all cases, there is 

enhancement in the TOF when BNTD is present as the RM and this enhancement is maximized 

when the reduction potentials of both components are matched, supporting the proposals 

regarding strengthening the PB interaction made previously. This is the first and to this point only 

example of a system where co-catalysis for the CO2RR is observed when a RM is reduced positive 

of the catalyst. Additionally, the Eco-cat/2 with BNTD present as the RM is the same as its E1/2, no 

matter the Ecat/2 of the catalyst. This suggests that as long as the association of Cr complex and 

RM is favorable, the formation of any active catalyst will result in binding to the reduced RM to 

activate the co-catalytic pathway. Based on these results, future studies will need to incorporate 

an understanding of relative speciation to the molecular design of both RM and catalyst in addition 

to maximizing the PB interaction. 

6.2 Future Directions 

 The research presented in this Dissertation has laid the foundation for understanding the 

co-electrocatalytic mechanism with Cr-N2O2 catalysts and sulfone-based RMs for the CO2RR. 

Further optimization of these systems can likely be achieved by further structural modifications to 

both the ligand framework and RM structure (Figure 6.1). Since it is observed that matching the 

RM reduction potential to the catalyst reduction potential results in the highest activity of the co-

catalytic systems discussed here, synthesizing a RM with a reduction potential that matches the 
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most active of the reported Cr-catalysts, Cr(tbudhtbubpy)Cl(H2O), should result in an even larger 

TOF. This could be achieved by substituting BNTD with electron donating groups or DBTD with 

electron withdrawing groups. However, it is important to keep in mind that the synthetic design of 

these RMs should take into account the steric profile of the RM so that PB is not diminished by 

twisting out of an ideal vertical atom-atom overlap configuration. 

 

Figure 6.1. Potential new N2O2 ligand frameworks and DBTD-based RMs. 

 All of the RMs discussed here only transfer an electron equivalent and do not assist with 

the transfer of proton equivalents, even though proton transfer steps are important to the RDS of 

the proposed co-catalytic mechanism. The use of electron-proton transfer mediators (EPTMs) in 

co-catalytic CO2RR3, 4 and other electrocatalytic small molecule conversion5-12 has been 

previously reported, however, these systems due not operate via an inner-sphere mechanism. 

Synthetically placing functional groups on DBTD or a similar derivative (Figure 6.2) could 

leverage the benefits of the inner-sphere pathway as well as the benefits of EPTMs. Preliminary 

studies with 4-pyridine and 4-aniline substituted DBTD derivatives have been conducted which 

have shown possible co-catalytic activity via cyclic voltammetry (CV). However, further study is 

needed to optimize and understand the nature of the co-catalytic interaction.  
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Figure 6.2. Proposed sulfone-based EPTMs. 

Careful consideration must be taken to select a proton source with an appropriate pKa to 

protonate the desired functional groups, but not interact with the reduced sulfone. 

Electroanalytical, spectrochemical, and computational analysis will be crucial to the 

understanding of changes in the co-catalytic mechanism. It is possible that the new EPTMs will 

enhance the proton-coupled electron transfer steps in the proposed mechanism, or the co-

catalytic mechanism may change entirely. As discussed in Chapter 1, there are two pathways for 

the 2-electron/2-proton reduction of CO2 which diverge based on whether the metal center first 

binds CO2 or a proton. With the use of EPTMs there is a possibility that the formation of a M–H is 

favored and the selectivity of the catalyst is shifted as was the case in the study of Mn(bpy)(CO)3Br 

with iron-sulfur clusters by Dey et al.4 

6.3 Outlook on the Field 

Overall, the relatively limited examples of molecular co-electrocatalytic systems 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 al., who have selected a series of parameters for the 

identification of possible RMs for the alcohol oxidation reaction.7 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, E1/2) of these 

complexes can be readily modified by changing the nature of the ligand(s) and/or redox-active 
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transition metal.”7 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 in Chapter 1 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 6.3). 

 

Figure 6.3. 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, 11, 13 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 required14, 15 or where catalyst-

bound substrates can be activated.16 As mentioned in Chapter 1, the ability of ferrocenes to 

function as catalytic electron-transfer mediators is also well established,17-19 but these are not co-

catalytic systems, and the mechanisms do not require inner-sphere electron transfer events.20 It 

is important to emphasize again that the limitation of the 50 mV separation identified in biological 

systems does not necessarily exist in abiotic ones.2, 21, 22 In biological systems with a variety of 
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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 

parameters23 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 

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.  

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;24-27 however the intrinsic redox 

response of any molecule reflects electronic interactions between the two components prior to 

reduction. If the potential synthetic challenges are ignored, spatially co-locating multiple redox-

active moieties can be a fundamental 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 developing a mechanistic understanding of catalytic cycles and using the principles of 

molecular design to select secondary components, which impact catalyst speciation and offer the 

possibility of shunting of reaction pathways, as described for the [Fe(TPP)]+ catalyst in Chapter 

1.3, 28 Given the density of information available about aerobic catalytic processes and those which 

use stoichiometric reductants or oxidants, it is important 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 Chapter 1. Here, too, mechanistic information can allow for 
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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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1. “Comparisons of bpy and phen ligand backbones in Cr-mediated co-electrocatalytic CO2 
reduction” SERMACS Fall 2023, Durham, NC, October 27, 2023 (oral presentation). 

2. “Comparisons of bpy and phen ligand backbones in Cr-mediated co-electrocatalytic CO2 
reduction” SERMACS Fall 2023, Durham, NC, October 25, 2023 (poster). 

3. “Comparisons of bpy and phen ligand backbones in Cr-mediated co-electrocatalytic CO2 
reduction” UVA Department of Chemistry Annual Retreat, Charlottesville, VA, October 3, 
2023 (poster). 

4. “Comparisons of bpy and phen ligand backbones in Cr-mediated co-electrocatalytic CO2 
reduction” ACS National Meeting Fall 2023, San Francisco, CA, August 16, 2023 (oral 
presentation). 

5. “Comparisons of bpy and phen ligand backbones in Cr-mediated co-electrocatalytic CO2 
reduction” ACS National Meeting Fall 2023, San Francisco, CA, August 13, 2023 (poster). 

6. “Comparisons of bpy and phen ligand backbones in Cr-mediated co-electrocatalytic CO2 
reduction” Virginia Clean Energy and Catalysis Club 2023 Summit, Richmond, VA, August 
7, 2023 (poster). 

7. “Improving Co-Electrocatalytic Activity for CO2 Reduction at Lower Overpotentials 
Through Redox Mediator Tuning and Catalyst Design” Gordon Research Seminar on 
Inorganic Reaction Mechanisms, Galveston, TX, March 5, 2023 (oral presentation). 

8. “Improving Co-Electrocatalytic Activity for CO2 Reduction at Lower Overpotentials 
Through Redox Mediator Tuning and Catalyst Design” Gordon Research Conference on 
Inorganic Reaction Mechanisms, Galveston, TX, March 5-10, 2023 (poster). 

9. “Inverse Potential Scaling in Co-Electrocatalytic Activity for CO2 Reduction Through 
Redox Mediator Tuning and Catalyst Design” Electrochemistry, ACS National Meeting Fall 
2022, Chicago, Il, August 24, 2022 (oral presentation; session presider). 

10. “Inverse Potential Scaling in Co-Electrocatalytic Activity for CO2 Reduction Through 
Redox Mediator Tuning and Catalyst Design” Sci-Mix, ACS National Meeting Fall 2022, 
Chicago, Il, August 22, 2022 (Division of Inorganic Chemistry invited poster). 

11. “Inverse Potential Scaling in Co-Electrocatalytic Activity for CO2 Reduction Through 
Redox Mediator Tuning and Catalyst Design” Emerging Areas in Inorganic Chemistry, 
ACS National Meeting Fall 2022, Chicago, Il, August 21, 2022 (poster). 

12. “Inverse Potential Scaling in Co-Electrocatalytic Activity for CO2 Reduction Through 
Redox Mediator Tuning and Catalyst Design” Virginia Clean Energy and Catalysis Club 
2022 Summit, Charlottesville, VA, August 8, 2022 (contributed poster). 

13. “Inverse Potential Scaling in Co-Electrocatalytic Activity for CO2 Reduction Through 
Redox Mediator Tuning and Catalyst Design” International Conference on Carbon Dioxide 
Utilization (ICCDU) 2022, Princeton, NJ, June 28, 2022 (Outstanding Poster Award). 

14. “Inverse Potential Scaling in Co-Electrocatalytic Activity for CO2 Reduction Through 
Redox Mediator Tuning and Catalyst Design” ICCDU 2022, Princeton, NJ, June 27, 2022 
(contributed oral presentation). 

15. “Developing Enhanced Co-Electrocatalytic System for CO2 Reduction” UVA Department 
of Chemistry Annual Retreat, Charlottesville, VA, October 12, 2021 (1st place oral 
presentation). 
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16. “Through-Space Electronic Conjugation Enhances Co-Electrocatalytic Reduction of CO2 
to CO by a Molecular Cr Complex” ACS National Meeting, Atlanta, GA, August 22-26, 
2021 (virtual oral presentation). 

17. “Modulation of Co-electrocatalytic CO2 Reduction by Cr Complexes and 
Dibenzothiophene 5,5-dioxide Derivatives” Virginia Clean Energy and Catalysis Club 2021 
Summit, August 2, 2021 (virtual poster). 

18. “Efficient Conversion of Carbon Dioxide (CO2) to Useable Products for Fuels and 
Chemical Feedstocks” Research for Action Symposium for the University of Virginia’s 
Environmental Research Institute’s Climate Ambition Summit, March 31, 2021 (virtual 
poster). 

19. “Synthesis and Properties of an H2 Evolving Hydrogenase Mimic” University of Georgia 
Center for Undergraduate Research Opportunities Symposium, Athens, GA, April 9, 2019 
(oral presentation). 

 
HONORS & AWARDS 
UVA Chemistry Lifetime Service Award            April 2024 
UVA Chemistry Ritchie Research Award            April 2024 
Best Poster Presentation Award (1st Place), VA Clean Energy & Catalysis Summit    August 2023 
Graduate Student Symposium Travel Award, ACS Fall 2023     August 2023 
Sci-Mix Poster Session Participant, ACS Fall 2022       August 2022 
ICCDU Outstanding Poster Award             June 2022 
First place oral presentation, UVA Department of Chemistry Retreat   October 2021 
UVA Graduate School of Arts and Sciences Scholarship Recipient     August 2019 
UGA Department of Chemistry 2019 L. B. “Buck” Rogers Award          May 2019 
University of Georgia Honors Program              Fall 2015-Spring 2019 
Zell Miller Scholarship Recipient               Fall 2015-Spring 2019 
Phi Beta Kappa, University of Georgia             November 2018 
Charter Scholarship Recipient         August 2015 
 
TEACHING EXPERIENCE 
Head Teaching Assistant, General Chemistry          January 2021-May 2021 

University of Virginia 
 Prepared assignments and rubrics for the course, maintained electronic gradebook and 

assignments for all sections, managed 25 Teaching Assistants. 
Teaching Assistant, Inorganic Chemistry             August 2020-December 2020 

University of Virginia 
 Created and graded homework assignments to supplement course lectures. 
 Facilitated review sessions for 75-100 undergraduate students. 

Teaching Assistant, General Chemistry Lab            August 2019-May 2020 
University of Virginia 

 Prepared pre-lab lectures, facilitated laboratory experiments for students, and graded 
lab reports. 

 
INVOLVEMENT & OUTREACH 
UVA Chemistry Graduate Student Council, President    May 2023-April 2024 
UVA Chemistry Graduate Student Council, Social Co-chair   May 2022-April 2023 
UVA Chemistry Department Open House Planning Committee, Co-chair     2022 
UVA Chemistry Department Retreat Planning Committee       2021 
UVA ChemSciComm, Member       April 2021-May 2024 
Learning Ally, Volunteer in STEM books            2016-2021


