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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. 



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 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 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 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 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 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. 

 

Figure 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-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 hinderance) 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. 



Results: 

Electrochemistry of Cr Catalysts 

 The synthesis of the (tbudhphen)(H)2) ligand (Figure S2) 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 (see Supporting Information (SI)) 

and 2 was characterized by UV-vis (Figure S3), NMR (Table S2), electrospray ionization-mass 

spectrometry (ESI-MS) (SI), microanalysis (SI), and single-crystal X-ray diffraction (XRD) 

studies (Figure 2). 

 

Figure 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 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) 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 and S5). 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 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 4A, 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 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 4A). 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 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 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 

the rate of catalysis is likewise first-order with respect to all three components (Figures S6-S8). 

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 



 

Figure 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 

CO2 to CO with a Faradaic efficiency (FECO) of 94±11% over 4.6 turnovers (Figure S9 and Table 

S3). 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 S7) 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 S10 and Table S4). The results of this experiment showed no change 

in product selectivity (FECO = 101±3%, Table 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 non-quantifiable 

amount of CO and significant H2 was observed (Figure S11 and Table S5). 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 1).9 

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 compared the trends in activity when dibenzothiophene-5,5-

dioxide (DBTD) and 2,8-diphenyldibenzothiophene-5,5-dioxide (Ph2DBTD) are used as the RM 

(Figure 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 S12). Notably, previous studies comparing co-catalytic systems with these 



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 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 5B). For complex 2, the opposite 

trend is observed, with Ph2DBTD as the RM there is a larger increase in current density (Figure 

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 S15 and S16), RM 

(Figures S17 and S18), a fixed ratio of 2 and RM (Figures S19 and S20), PhOH (Figures S21 

and S22), and CO2 (Figures S23 and S24) 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. 



 

Figure 5. CVs of 1.0 mM Cr(tbudhbpy)Cl(H2O) 1 (A) or Cr(tbudhphen)Cl(H2O) 2 (B) 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 S25 and S26). 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 S6 and S7; Table 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 1). While the trend is the same 

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 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  

Table 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/ip
f 

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 + 
PhOHc –2.30 94±7 56.3 0.41 13.7 2.7 3.4 



2 + Ph2DBTD + 
PhOHc 

–2.20 102±3 126 0.28 7.08 1.4 15 

3 + PhOH9e –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 and 0.12 M PhOH; f – 1.0 mM catalyst and 0.5 M PhOH, scan rate = 100 mV/s. 
 

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 1; see the SI for 

details).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.  

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 

previously identified as suitable for modeling these systems (see SI for details).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 2).  

Table 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 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 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 the proposed 

dianionic 
4

0
𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐑𝐌)

−2
 assembly generated by the reaction described in Eq (1) for all 

known Cr-based systems are found in Table 3.  

3

1
𝐂𝐫(𝐂𝐎𝟐𝐇)

−1
+
2
𝐑𝐌

−1
	
𝑲𝑹𝑴

⇌
	4

0
𝐂𝐫(𝐂𝐎𝟐𝐇)(𝐑𝐌)

−2
+ 𝐃𝐌𝐅

     Eq (1) 



Table 3. Calculated free energies of [RM]– ligand displacement reaction summarized by Eq (1), 
calculated free energies of activation for the rate-limiting C−OH bond cleavage step and CO2 
binding. S = DMF, [Cr(tbudhbpy)]– = 1a, [Cr(tbudhphen)]– = 2a, and [Cr(tbudhtbubpy)]– = 3a. 

Cr Complex ∆G Eq (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 

 

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 

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 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 S28), 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 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. Following protonation and 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 

8 and Figures S39-S42). 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 S8), implying a relatively stronger contribution from PB to the favorable binding energy. 

Although in 
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 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 

S8). 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 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 (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]–.  

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 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, 
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 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.  



 

Figure 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. 

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 
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 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).  

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 1. 

The difference in calculated ∆G Eq (1) values (Table 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 1). As described 

above, increased binding favorability reflects both a greater contribution of the PB interaction to 

stabilizing the RM-bound intermediate 
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, 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 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 1). Notably, the calculated 

structures of the 
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 intermediate for 2 and 3 where RM is Ph2DBTD show a 

clear steric hindrance effect on the binding interaction (Figure 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 bonding. 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 

3 and Ph2DBTD for purely steric reasons. However, the ∆∆G for Eq (1) favors the association of 

complex 3 by about 0.5 kcal/mol relative to complex 2 (Table 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 (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 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. 

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. 
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