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Abstract  

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

for the applied use of renewable energy resources and the development of associated technologies. 

The electrocatalytic conversion of 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 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 Cr(II)(bpy•–) active 

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

would impact 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 quantitative selectivity via a different 

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

indicate that changes in the overall reaction are the combined result of a decrease in intrinsic ligand 

charge (L3X vs L2X2) and an increase in ligand redox activity, which result in increased electronic 

coupling between the doubly reduced tpy fragment of the ligand and a Cr(II) center.  



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 

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 which 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 [Cr(II)(tbudhpy•)]– species 

(Figure 1) that exhibited anti-ferromagnetic coupling between a bpy-based radical anion and the 

Cr(II) center (S = 3/2). Based on 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 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. 

 
Figure 1. A 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 the new Cr(tpytbupho)Cl2 1 electrocatalyst 

operates with important differences in the overall mechanism, which arises from the expanded 

redox activity of the tpy fragment relative to bpy, achieving an active state best described as 

[Cr(II)(tpytbupho••)]– (Figure 1). Interestingly, these results also reveal that the charge of the 

supporting ligand plays an important role, since the benefit of expanded redox activity in 

[tpytbupho]– appears to be balanced by the shift from a 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 and carbonyl-containing 

complexes.  



Results and Discussion 

 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-

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

[tpytbupho(H)]0 in high yield. The Cr(tpytbupho)Cl2 1 complex was synthesized in a similar manner 

to our previous report (See Materials and Methods Section of SI for detailed procedures).18 Both 

[tpytbupho(H)]0 and 1 were characterized via HRMS, EA, NMR, and UV-vis spectroscopies (SI 

Materials and Methods Section, Table S1, and Figures S1-S5). The proposed molecular 

connectivity was supported by structural data obtained from single-crystal X-ray diffraction 

studies (Figure 2).  

 
Figure 2. (A) Molecular structure of [tpytbuphoH]0 obtained from single-crystal X-ray diffraction 
studies. All non-phenolate H atoms removed for clarity. Crystals were grown by slow cooling a 
saturated hexane solution of the ligand. (B) Molecular structure of Cr(tpytbupho)Cl2 1 obtained 
from single-crystal X-ray diffraction studies. Crystals were grown from slow evaporation of a 
DCM/MeCN mixture at room temperature. H atoms and MeCN molecule omitted for clarity. Blue 
= N, red = O, gray = C, green = Cl, maroon = Cr, white = H atoms; thermal ellipsoids at 50%. 



Cyclic voltammetry experiments were performed on Cr(tpytbupho)Cl2 1 in a solution of 0.1 

M tetrabutylammonium hexafluorophosphate (TBAPF6) in N,N-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 

versus Fc+/Fc (Figure 3, black and Figure S6). A small wave is observed at –1.85 V, following 

the second reduction, which we propose relates to equilibria involving solvent displacement of 

bound Cl– at Cr. This proposal is supported by CV data obtained with tetrabutylammonium 

chloride (TBACl) present as a source of excess Cl– anions (Figures S7 and S8). Under Ar 

saturation conditions with added TBACl, only three reduction waves are observed and there is a 

shift towards more negative potentials for all three reductions of Cr(tpytbupho)Cl2 relative to 

identical conditions in the absence of TBACl. These data suggest that overall, the complex 

undergoes three one-electron reduction events in the observed potential window, vide infra. 

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 3, green). In the absence of an added 

proton donor under CO2 saturation conditions, CV data indicates CO2 binding occurs: a pre-wave 

is observed at –2.13 V versus Fc+/Fc, slightly positive of the third reduction of Cr(tpytbupho)Cl2 

(Figure 3, red). The slight increase in current and loss of reversibility at the third reduction under 

aprotic conditions is consistent with limited aprotic CO2 reduction activity. 

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

potentials and large increase in current is observed which is consistent with the electrocatalytic 

CO2 reduction reaction (CO2RR) mediated by 1 (Figure 3, blue). At 0.1 M PhOH cross-tracing is 

apparent by CV, which disappears with increased PhOH concentrations (Figure S9) and at higher 



scan rates (Figure S10). Additionally, similar CO2RR reactivity in N,N-DMF is observed with 

H2O as a proton source instead of PhOH (Figure S11).  

 

Figure 3. Comparison of CVs of 1.0 mM Cr(tpytbupho)Cl2 1 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.  

Variable concentration studies suggest a linear relationship exists when the concentration 

of 1 and CO2 are independently varied (Figure S12 and S13, respectively). However, contrary to 

our previous report with Cr(tbudhbpy)Cl(H2O), the catalytic current of the Cr(tpytbupho)Cl2 system 

is immediately saturated and does not increase with larger [PhOH] (Figure S9). 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 catalytic mechanism with 1.  

Controlled potential electrolysis (CPE) experiments were performed at –2.3 V vs Fc+/Fc 

with 1 and 0.6 M PhOH under CO2 saturation conditions (Figure S14 and Table S2). These results 

demonstrated a 95±10% Faradaic efficiency for CO (FECO) for 1 over 11 turnovers operating at an 



overpotential of 300 mV with no H2 detected (Table 1). The turnover frequency (TOF) derived 

from this electrolysis experiment was 2.04 x 104 s–1, which is comparable to the TOF of 1.89 x 104 

s–1 achieved by the dhbpy system.18-19 Additionally, a CPE experiment was performed with 2% 

H2O in N,N-DMF as the proton source instead of PhOH (Figure S15 and Table S3). With H2O as 

a proton source in CPE experiments, Cr(tpytbupho)Cl2 maintained excellent selectivity for CO, 

with a FECO of 93±4% over 8 turnovers with no quantifiable amount of H2 detected and a 

comparable TOF to conditions with PhOH present as the proton donor (Table 1).  

Table 1. Results from CPE experiments under CO2 saturation conditions. 

Conditions Potential  
(V vs Fc+/Fc) FECO TOFCPE s–1 η (V) TONCO 

[1] + PhOH –2.3 95±10 2.04 x 104 0.3 11 

[1] + H2O –2.3 93±4 1.12 x 104 0.41 7.5 

* –[1] = Cr(tpytbupho)Cl2 1. PhOH = 0.6 M [PhOH]. Turnovers correspond to moles of electrons 
passed in coulometry studies divided by two to account for CO formation. 

 

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. Based on 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, good correlation (R2 = 0.94) between 

experimental redox potentials and computational results is obtained, suggesting the level of theory 

was appropriate for modeling this system (see Table S4 and Figure S16). Note, 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

Cr𝑐ℎ𝑎𝑟𝑔𝑒.  



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 towards 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 state 

(high-spin Cr(II)), while differing in the number of ligand-centered reduction events (one for 

tbudhbpy, two for tpytbupho). The overall spin manifold is necessarily different: while S = 3/2 was 

found to be the preferential configuration for [Cr(II)(tbudhbpy•)]–, the lowest-energy spin 

configuration for the active species for [Cr(II)(tpytbupho••)]− was an overall triplet (S = 1), with a 

terpyridine triplet diradical antiferromagnetically coupled to a high-spin Cr(II) center (Figures 4A 

and S17A). This finding is in good agreement with previous studies of terpyridine-containing 

electrocatalysts.23-24 Notably, the pentacoordinate solvent adduct 31Cr−1 and tetracoordinate 

species 30Cr−1 of the tpy-based catalyst are almost equally stable (∆G = 0.2 kcal/mol), the former 

being the lowest-energy configuration. Quintet (50Cr−1) and septet (50Cr−1) configurations were 

found at 3.0 and 6.8 kcal/mol above 31Cr−1, respectively. 



 

Figure 4. Molecular geometry and spin density plots of 30Cr−1 (A) and 30Cr(CO2)−1 (B). For 
clarity, tbu groups and H atoms have been omitted. 

From 31Cr−1, the lowest-energy configurations for the transition state to bind CO2 (no 

axial DMF, Figure S18) and the corresponding adduct (Figure 4B and S17B) were located in the 

S = 1 surface. The barrier for this catalyst was found to be higher (30TS1−1, +12.2 kcal/mol) 

(Figure 5) than that located for CO2 binding for the dhbpy counterpart (+10.0 kcal/mol). 

Interestingly, 30TS1−1 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 TS 

geometry (see reference 19), conversely, for 30TS1−1 both electrons have predominantly Cr−C σ-

bond character (Figure S18). Furthermore, for the terpyridine-based catalyst CO2 binding is 



exergonic (30Cr(CO2)−1, −1.9 kcal/mol), in stark contrast with the endergonic binding calculated 

previously for the dhbpy system (+4.7 kcal/mol, Figure S19) and in good agreement with CV data 

for both systems. The electronic structure of the CO2 adduct confirms the partial charge transfer 

from the reduced ligand: 30Cr(CO2)−1 presents a singly reduced tpy fragment (Figure 4B). The 

barrier for the thermodynamically favorable (−15.8 kcal/mol) formation of a metal hydride was 

located at +20.7 kcal/mol above 31Cr−1, in agreement with the observed quantitative kinetic 

selectivity for CO (Figure S19).  

 
Figure 5. Free energy profile of the electrocatalytic CO2RR cycle for 1. Precatalyst reduction 
steps are omitted for clarity. S indicates a solvent adduct of N,N-DMF; procedure for the estimation 
of the barrier for CO release is described in the Supporting Information. 

PhOH favorably binds to 30Cr(CO2)−1 to give 31Cr(CO2)·PhOH−1 at −5.9 kcal/mol 

relative to 31Cr−1, from which proton transfer has a barrier of only 0.1 kcal/mol (31TS2−1, Figure 



6A) and is thermodynamically favorable by 12.1 kcal/mol relative to 30Cr(CO2)−1 (PhOH 

homoconjugation in N,N-DMF and N,N-DMF binding to the product were taken into account19, 

29). The calculated reduction potential for the neutral six-coordinate hydroxycarbonyl complex 

3
1Cr(CO2H) 0  is −2.12 V, leading to the doublet species 21Cr(CO2H)−1 at potentials below the 

experimentally observed Ecat/2. The electronic structure of 21Cr(CO2H)−1 is comprised of a 

doubly reduced, triplet diradical terpyridine and a high-spin Cr(III) complex (Figure S20). Despite 

hydrogen bonding of PhOH not being favorable for this species (+2.3 kcal/mol), the lowest-energy 

C−OH bond cleavage transition state (40TS3−1, Figure 6B) lies only +6.3 kcal/mol above 

2
1Cr(CO2H)−1 in the S = 3/2 surface (Figure 5). This thermodynamically favorable step (−17.4 

kcal/mol) does not appear to be rate-limiting and presents a notably lower barrier than the 

corresponding C−OH bond cleavage in the dhbpy system (10.4 kcal/mol). The lowest-energy spin 

configuration of the formed metal carbonyl is the doublet (21Cr(CO) 0 ), arising from 

antiferromagnetically coupled electrons delocalized through the terpyridine backbone and the 

Cr−CO bond (Figure S21), from which we propose CO dissociation is facile and irreversible 

(Figure S22).18-19, 30-31 



 

Figure 6. Molecular geometries of 31TS2−1 (A) and 40TS3−1 (B). For clarity, tbu groups and H 
atoms have been omitted. 

Discussion  

It is striking that the tpy-based Cr complex 1 largely achieves analogous activity, selectivity 

at comparable overpotentials to the bpy-based catalyst we have reported previously. Unlike the 

bpy-based catalyst, however, complex 1 binds CO2 in the absence of a proton donor (Figure 3, 

red). Computational studies relevant to CO2 binding suggest that, in comparison to the bpy-based 

complex, at the TS geometry the electrons forming the incipient Cr–C bond are relatively more 

localized on the metal and sigma-based, which could contribute to the comparatively heightened 

barrier for 1 than 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 product CO2 adduct [Cr(tpytbupho•)(η1-CO2)]− is also significantly exergonic in contrast to 



the endergonic formation of [Cr(tbudhbpy)(η1-CO2)]−. This trend is consistent with differences in 

operating potential: the catalytically relevant reduction 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). 

The facile access to σ-basic character at Cr makes [Cr(II)(tpytbupho••)(DMF)]− more adept 

at interacting with the added proton donor PhOH than [Cr(II)(tbudhbpy•)]−, which presents 

relatively more π-basic character. In CV studies with added PhOH under Ar saturation (Figure 3, 

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

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

activity with added PhOH. DFT calculations show that the difference in transition state energy 

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

(ΔTS is 8.5 kcal/mol for [Cr(II)(tpytbupho••)(DMF)]−, versus 20.2 kcal/mol for [Cr(II)(tbudhbpy•)]−, 

Figure S19), consistent with the experimentally observed reactivity trends.  Further, hydride 

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

formation from [Cr(II)(tpytbupho••)(DMF)]− is even more thermodynamically favored, –15.8 

kcal/mol. However, under electrocatalytic conditions 1 maintains quantitative selectivity for CO.  

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 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 diradical state for the reduced ligand occurs again in [Cr(II)(tpytbupho••)(η1-

CO2H)]− S = 3/2, which precedes C–OH bond cleavage. During the formation of the Cr carbonyl 

and water co-products, one of these ligand-based unpaired electrons is transferred into the π-back-

bonding scaffold of the forming CO ligand. For [Cr(II)(tbudhbpy•)(η1-CO2H)]− S = 1, a similar 

reaction pathway occurs, however, the barrier is relatively more significant and defines the rate of 

the process. It is likely that the increased redox-activity of tpy assists in diminishing the barrier of 

this chemical reaction step, since two charge equivalents are coupled to Cr and available for 

transfer, rather than one. 

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 

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

catalytic cycle, producing an active state which is best described as [Cr(II)(tpytbupho••)]− 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 21Cr(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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