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Abstract:
Electrocatalytic CO; reduction is an attractive strategy to mitigate the continuous rise in

atmospheric CO; 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 CO»
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 () of 280 mV and
turnover frequency (TOF) of 194 s7! is obtained, representing a two-fold increase in co-catalytic
activity over our original report at 130 mV lower overpotential. Importantly this work lays the

foundation of a powerful tool for developing catalytic systems for CO, reduction.



Introduction:
The interest in electrochemical carbon dioxide (CO») 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.! The reduction of CO; to CO could help to mitigate both of these issues through
conversion of CO; 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
In recent years, the focus of molecular electrocatalyst development has shifted towards the use of
abundant first-row transition metal centers to address the need for cost-effective and scalable
systems.*®

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.” Co-catalytic systems which utilize RMs
have been successfully developed for homogeneous O reduction, increasing the overall activity
of the system and shifting the selectivity of the reaction.!®-!? Parallel developments have enabled
electrocatalytic N> reduction, where weak C—H bonds are generated in a metallocene-based RM
to assist in the cleavage of inert bonds, '3 and alcohol oxidation, where RMs are utilized to facilitate
hydrogen atom transfer processes that work in conjunction with the catalyst.'* 1> Additional work
has focused on the use of small-molecule RMs for the CO; reduction reaction on heterogeneous
surfaces.'® Smith ef al. reported the first homogeneous co-electrocatalytic system for the reduction

of CO; using a NADH analogue as the RM and an Fe tetraarylporphyrin complex that shows



enhanced catalytic activity as a combined system.!” 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(*"dhbpy)CI(H>0) (1),® '® and dibenzothiophene 5,5-dioxide (DBTD) as the RM."?
When both species are present under aprotic conditions, the co-catalytic reductive
disproportionation of two equivalents of CO; occurs to produce CO and CO3*". Because neither
the catalyst nor the mediator demonstrates intrinsic reactivity for CO> reduction, an outer-sphere
mechanism could be excluded. For clarity, the following labeling scheme will be used for Cr

multiplicity charge

multiplicityRMcharge;
# bound DMF

complexes Cr(axial ligands) and for RM species

the ligand frameworks do not change the k* coordination mode during the reaction, so it is omitted
g g g

in the notation where possible for clarity. These studies suggested that that the assembly of

2pBTD ! with an intermediate bis-CO; adduct, gCr(COZCOZ)_l, through inner-sphere

coordination produces a dianion, gCr(COZ C0O,)(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 1) between the
ligand backbone of the catalyst and the RM. TSEC is a non-covalent interaction between cofacial

aromatic rings based on the interaction of their spatially delocalized 7 electrons.?
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Figure 1. Overview of protic CO; 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.® 2 It was proposed
that the association under protic conditions is driven in part by pancake bonding (PB, Figure 1),
which is a parallel n-stacking interaction between planar aromatic moieties with significant radical

character.?!2* Under co-electrocatalytic conditions, PB favors an equilibrium solvent displacement

from iCr(COZH)_l by 2DBTD ! to form the dianion gCr(COZH)(DBTD)_Z, 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 CO; reduction activity when PhOH is present, we could not definitively
discard the possibility that [DBTD]™ enhanced reactivity by outer-sphere electron transfer (Figure
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 m-electron delocalization in the participating radicals and their steric

protection from sigma-bonding interactions.?*



Here, we compare the activity and overpotential () 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.

Results:

Electrochemistry of Cr Catalysts
The synthesis of the 6,6'-di(3,5-di-fert-butyl-2-hydroxybenzene)-2,2'-bipyridine

(*udhbpy(H).) ligand and its subsequent metalation to generate Cr(*“dhbpy)CI(H.0O) (1) was
carried out as previously reported (Figure S1).® To improve the catalyst activity we synthesized a
ligand framework with electron-donating fert-butyl groups on the bpy-backbone, 6,6'-di(3,5-di-
tert-butyl-2-hydroxybenzene)-4,4'-di-tert-butyl-2,2"-bipyridine (**"*dh®'bpy(H).) which allows us
to probe ligand electronic effects on the catalyst and co-catalytic system (see Supporting
Information (SI) and Figures S2-S4). The metalation of (®“dh®bpy(H),) to form
Cr(***dh®bpy)CI(H20) (2) was carried out in a similar fashion to 1 (SI) and 2 was characterized
by UV-vis (Figure S5), NMR (Table S3), 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(**dh®™bpy)CI(H,0) (2) obtained from single-crystal X-ray
diffraction studies. Blue = N, red = O, gray = C, green = CI, 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 (TBAPFg) as
the supporting electrolyte. As reported previously, 1 exhibits three redox features under argon (Ar)
saturation conditions, £, =—1.66 and —1.78 V and E12 =—1.95 V versus the ferrocenium/ferrocene
(Fc*/Fe) reduction potential.® Complex 2 also exhibits three redox features, but due to the electron-
donating quality of the fert-butyl groups on the bpy core of the ligand, all three are located at the
more negative potentials of £, = —1.76 and —1.87 V and E1» = —2.00 V vs. Fc'/Fc (Figure S6).
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.®
18 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 S7).

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
formal protonation.?>” Under CO; saturation without PhOH, there are minimal changes to the
redox features for both catalysts, meaning that aprotic CO> reduction is not inherent to either 1 or
2. Variable scan rate analysis under both Ar and CO; saturation shows that the electron transfer
reaction is diffusion-controlled for 2 at the third reduction feature, indicating a homogenous

electrochemical response (Figures S7 and S8) 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 CO> reduction at the third redox feature (Ecay2 = —2.00 V vs. Fc¢'/Fc) in
the presence of PhOH. However, 2 more than doubles the amount of current density (1.38 mA/cm?,
Figure 3B, red) under the same conditions as 1 (0.554 mA/cm?, Figure 3B, black). This significant
increase in current density comes with a shift of only 50 mV to more negative potentials, increasing
the n from 110 mV to 160 mV (see SI). Complex 1 was previously found to have first-order
concentration dependences with respect to electrocatalytic current for PhOH, catalyst, and CO,.}
Performing the same variable concentration experiments with 2 (Figures S9-S11) established that
this system also has first-order concentration dependences with respect to PhOH (Figures S9),

catalyst (Figure S10), and CO; (Figure S11) on electrocatalytic current.



Cr(*™"dhbpy)CI(H20) 1 Cr(*™dh"®“bpy)CI(H,0) 2

-3
B -1.5x10°; ——CO, +0.1 M PhOH + 1
——CO, +0.1 MPhOH +2

-1.0x10°*
E
9
< -4 |
< -5.0x10

0.0-

40 15 20 25
Potential (V vs. Fc*/Fc)

Figure 3. (A) Structures of Cr(*"dhbpy)CI(H20) 1 and Cr(**dh®'bpy)CI(H20) 2, where S is a
solvent adduct of water or DMF. (B) Comparison of CVs for different Cr catalysts (1.0 mM) under
CO; saturation conditions and 0.1 M PhOH. Conditions: 0.1 M TBAPF¢«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 quantify the product selectivity and turnover frequency (TOF) of 2, controlled potential
electrolysis (CPE) was performed with added PhOH under CO; saturation conditions (Figure
S12). Gaseous products were quantified by gas chromatography (GC, see SI). The results of this
experiment (Table S4) show that 2 is selectively reducing CO; 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™! which is in good agreement with
the TOFmax value of 14+1 s! determined by CV (Figures S13-14 and Table S5).?® 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.



Electrochemistry of Redox Mediators

To test the inner-sphere nature of the co-electrocatalytic mechanism we previously reported
and further optimize the system,!” we prepared three new aromatic sulfone derivatives to establish
structure-activity relationships with Cr catalysts 1 and 2. Triphenylothiophene-4,4-dioxide (TPTD,
Figure 4A) was synthesized by previously reported methods.?> 3° Additionally, both 2,8-
dimesityldibenzothiophene-5,5-dioxide (Mes;DBTD) and 2,8-diphenyldibenzothiophene-5,5-
dioxide (Ph,DBTD) (Figure 4A) were prepared using Pd-catalyzed cross-coupling and
characterized by NMR (Figures S15-S18), ESI-MS (SI), microanalysis (SI), and XRD studies
(Figure 4A). CV experiments were carried out under the same conditions as 1 and 2, in 0.1 M
TBAPF¢ with DMF as the solvent. Under Ar saturation conditions, DBTD displays a reversible
redox feature with an Ei» = —2.25 V versus Fc'/Fc corresponding to a single-electron event.!”
TPTD, Mes:DBTD, and Ph,DBTD also show single reversible one-electron redox features under
Ar saturation conditions, but the £, values for all three are shifted to more positive potentials
compared to DBTD (Figure 4B). Mes;DBTD has the most similar redox feature to DBTD with
an E1» =—2.24 V versus Fc'/Fc, while TPTD and PhoDBTD shift to more positive potentials with

Ein=-2.19V and —2.12 V versus Fc*/Fc, respectively.
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Figure 4. (A) Structures of redox mediators dibenzothiophene-5,5-dioxide (DBTD),
triphenylothiophene-4,4-dioxide (TPTD), 2,8-dimesityldibenzothiophene-5,5-dioxide
(Mes:DBTD), and 2,8-diphenyldibenzothiophene-5,5-dioxide (PhoDBTD). TPTD, Mes:DBTD,
and PhoDBTD obtained from single-crystal X-ray diffraction studies. Yellow = S, red = O, gray =
C; thermal ellipsoids at 50%; H atoms and occluded toluene molecules (PhoDBTD only) omitted
for clarity. CCDC 215497-215499. (B) Comparison of CVs for different RMs (2.5 mM) under Ar
saturation. Conditions: 0.1 M TBAPFs/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.

Control experiments performed with TPTD, Mes:DBTD, and Ph,DBTD demonstrate little
reactivity with CO2 or PhOH on the CV timescale, as was previously observed for analogous
experiments with DBTD (Figures S19-S21). Variable scan rate experiments were performed for
all four sulfone derivatives to calculate their diffusion coefficients (Figures S22-S25, see SI).3!

Unsurprisingly, the experimentally determined diffusion coefficients for these molecules scale



with their molecular weight: DBTD (6.22 x 10 ¢cm?/s) > TPTD (3.93 x 10°° cm?/s) > Ph,DBTD

(3.68 x 10°° cm?/s) > Mes,DBTD (3.57 x 10°% cm?/s).

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
has the highest increase in current followed by TPTD, and Ph,DBTD shows a slightly greater
current increase than Mes:DBTD despite having a standard potential which is 120 mV more
positive in its one-electron reduction potential (Figure SA). However, the addition of all four RMs
exhibit a significant increase in current and completely irreversible waveforms. Variable
concentration studies were completed for 1, all four RMs, PhOH, and CO». These data show that
the observed current is proportional to the concentration of 1 (Figures S29-S31), RM (Figure S32-
S34), a fixed ratio of 1 and RM (Figure S35-S37), PhOH (Figure S38-S40), and CO> (Figure

S41-S43) where RM is DBTD,!* TPTD, Mes;DBTD, and Ph,DBTD.
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Figure 5. CVs of 1.0 mM Cr(*"dhbpy)CI(H,0) 1 (A) or Cr(**dh®™bpy)CI(H.0) 2 (B) with 2.5
mM DBTD (black), TPTD (red), Mes;DBTD (green), and Ph,DBTD (blue) as the RM and 0.1 M
PhOH under CO; saturation conditions. Conditions: 0.1 M TBAPFs/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.

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 greatest increase
in current followed by TPTD under CV conditions (Figure 5B). However, for complex 2 there is
a significant difference in the activity of the co-catalytic system with PhoDBTD relative to that

with Mes;DBTD; Ph,DBTD again outperforms Mes;DBTD as a RM when paired with 2 despite



its more positive standard reduction potential. Since 2 is an intrinsically better catalyst than 1 under
CO; saturation with a proton donor, we were delighted to find that co-electrocatalysis involving 2
and 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 CO;, demonstrating proportional

increases in current with respect to each reaction component (see Figures S48-S67).

CPE experiments were performed in the presence of 0.12 M PhOH with 1 or 2 and across
three concentrations of DBTD, TPTD, Mes:DBTD, and Ph,DBTD (Figures S68-S74). 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 (Ref!® and Figures S68-S70).
However, this did not hold true for all RM combinations with 2. When TPTD, Mes,DBTD, and
PhoDBTD 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 S71). Both catalysts with all mediators at all
ratios tested were found to be quantitatively selective for CO (Tables S7-S27). 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™! (Table
1), one to two orders of magnitude higher than the catalysts alone. As was the case for DBTD,!
control CPE experiments for TPTD, Mes;DBTD, and PhoDBTD in the presence of PhOH without
catalyst (Figures S75-S77) show non-quantifiable amounts of CO (Tables S28-S30).
Additionally, to understand the stability of DBTD during electrolysis, a control CPE of DBTD and

PhOH under N, was performed (Figure S78). Characterization of the pre- and post-CPE solution



by gas chromatography/mass spectrometry (GC/MS) with appropriate controls demonstrates

minor amounts of DBTD is reduced to the corresponding sulfoxide, dibenzothiophene 5-oxide

(DBTO; Figure S78). However, while comparable analysis of the CPE solution before and after

the experiment under catalytic conditions (1, DBTD, and PhOH under CO) 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 S79). 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 1).

Table 1. Results of CPE experiments with PhOH under CO; saturation conditions.

Conditions Potential | FEco (%) | TOFcpe s | n(V) | Turnovers | Turnovers | icaip
(Vs of CO of CO
Fc'/Fc) w.r.t[1or2] | wr.t[RM]
1 +PhOH!"2 -2.30 111+£14 7.12 0.11 11.4 — 3.4
1+ DBTD +
nopoe | 230 | 102814 | 653 | 041 29 58 | 28
1+ TPTD +
PhOHE -2.25 98+17 74.5 0.35 25 4.9 3.0
1+ Mes:DBTD
+ PhOH® -2.30 98+6 64.0 0.40 19 4.7 2.6
1+ Ph,DBTD +
PhOH® -2.20 100+2 69.3 0.28 22 5.3 3.6
2 + PhOH! -2.30 95+8 9.29 0.16 13 — 8.4
2 +DBTD +
PhOH® -2.30 109+9 163 0.41 28 6.5 5.8
2+TPTD +
PHOLS 225 | 976 208 | 035 31 80 | 66
2 + Mes:DBTD
P 230 | 98+4 149 | 040 27 59 | 57
2 + Ph,DBTD +
PLOH 220 | 9745 194 | 0.28 35 88 | 7.1

2— 0.5 mM catalyst and 0.6 M PhOH

b 0.5 mM catalyst, 2.5 mM RM, and 0.6 M PhOH
¢—0.1 mM catalyst, 0.5 mM RM, and 0.12 M PhOH
d—0.1 mM catalyst and 0.12 M PhOH




The systems with 1 and 2 as the catalyst followed the same trend in TOFcpe for CO
formation when comparing across the RMs: Mes;DBTD < DBTD < Ph,DBTD < TPTD (Table
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—CO,H] species before the rate-
determining C—OH bond cleavage step.!® Although all RMs are reducing enough to transfer
electron equivalents via an outer-sphere mechanism, the data presented in Table 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).*? Instead, the two RMs with the most positive standard reduction potentials (TPTD
and Ph,DBTD) demonstrate the greatest activity. Likewise, if outer-sphere electron transfer was
the primary reaction pathway, the relatively slowly diffusing PhoDBTD would be expected to show
decreased activity compared to DBTD, however an opposite trend is observed experimentally. The
relatively limited performance of the Mes;DBTD 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+Ph,DBTD under protic conditions achieves a TOF
of 194 s7! at an n of 280 mV, which demonstrates a three-fold increase in activity at an | which is

130 mV less in comparison to the previous system with 1 and DBTD."

The trend in activity data derived from CPE is at first glance different than the overall

current trend observed in the CV data (Figure 5). However, homogeneous current density is



dependent on the diffusion coefficients of reaction components under experimental conditions. In
an effort to account for this difference and the effect it has on the observed trend in the CV data,
we have calculated the value of icat/ip (icat = catalytic plateau current and i, = Faradaic current) for
each of the co-catalytic systems at the redox feature of the respective mediators. Under appropriate
conditions, this experimental value can be used to calculate a TOFnax value from CV data and
represents relative catalytic activity when compared across systems (Table 1 and Figure S80; see
the SI for details).** The trend observed for the ica/ip ratios is generally consistent with the TOF cpe:
the co-catalytic Ph,DBTD and TPTD systems have larger activities than the other RMs. It should
be emphasized that since RM and Cr complexes do not interact under Faradaic conditions, we are
unable to use this method to calculate TOFmax values, although we note that the relative trend of

the current ratios still qualitatively describes differences in activity observed in CPE experiments.

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 SI for details).?**? As previously reported,!” 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 :)LCr(COZH)(RM)_2 assemblies for 1 and 2
summarized by Eq (1) are collected in Table 2.

iCr(COZH)_l +2rm L2 gCr(COZH)(RM)_2 + DMF Eq (1)



Table 2. 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
experimental redox potentials of the RMs vs Fc¢'/Fc. S = DMF.

Cr Complex RM AG Eq (1) AG* C-OH RM%" vs

(kcal/mol) (kcal/mol) Fc'?

[Cr(*dhbpy)(CO.H)S)] none n/a 13.5 n/a
[Cr(®™dhbpy)(CO.H)S)] | _ [DBTD]. 0.1 11.6 225
[Cr(*dhbpy)(CO-H)S)] | [Mes:DBTD] 0.5 i 224
[Cr(®™dhbpy)(CO:H)S)] | [TPTD] =29 11.6 ~2.19
[Cr(*dhbpy)(CO-H)S)] | [Ph.DBTD] 3.1 11.6 212

[Cr(*™dh™®™bpy)(CO.H)S)] none n/a 12.5 n/a
[Cr(™dh®bpy)(CO,H)S)| | [DBTD] 23 10.7 225
[Cr(™dh®'bpy)(CO,H)S)] | [Mes:DBTD] | —2.0 i 224
[Cr(™dh®bpy)(COH)S)| | [TPTD] 6.6 10.9 —2.19
[Cr(™dh®bpy)(CO.H)S)] | [Ph.DBTD] 6.1 10.8 212

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 Ph,DBTD 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 6). Indeed, while
transition state energies determined for the dianionic assemblies of DBTD, TPTD, and Ph,DBTD
RMs with both complexes 1 and 2 show minimal variance with respect one another (Table 2),
they are uniformly lower than the comparable transition state energy of the monoanionic DMF
adduct. 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 (1) has a direct effect on catalyst speciation relevant to the observed

activity.
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Figure 6. Correlation between computed DMF displacement energies and TOF.

The apparent PB interaction can be visualized in the spin density plots and Kohn-Sham

orbital  representations of the singly occupied molecular orbitals of the
gCr(COZH) (PhZDBTD)_2 adduct (Figure 7). In addition to the favorable energetics of the

association of the Ph,DBTD and the Cr complex, these plots show antiferromagnetic coupling
between Ph,DBTD and the bpy fragment of the ligand in singly occupied orbitals of relevant
symmetries. While a PB between [RM]™ and [Cr—CO>H]™ 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. 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 S31-S34). KS representations of all gCr(COZ H) (RM)_2 adducts show that orbitals from



this five-membered ring are key to the proposed PB, interacting with the partially occupied m*

orbitals of the bpy fragment in the Cr complex relevant to the co-catalytic pathway.'® 12

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 Mes:DBTD, which despite being nearly
identical in terms of redox potential have significantly different activity and calculated association

energies.

Figure 7. Molecular geometry of the gCr(COZ H)(Ph, DBTD)_2 adduct (A) DFT-calculated spin
density (B) Kohn-Sham orbital projection of SOMO (C) and SOMO™! (D).

Analysis of Electrochemical CO; Reduction Under Aprotic Conditions
Previously we observed that the addition of DBTD to a solution of 1 under CO; saturation

conditions lead to the appearance of an aprotic catalytic feature that is not intrinsic to either



component.!” The addition of TPTD (Figure S86) to a solution of 1 and CO: leads to the
appearance of an irreversible redox feature at the E12 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,
Mes:DBTD and Ph,DBTD 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 S86). Notably, TPTD shows a significant increase in
current density over DBTD when added to a solution of 2 under CO; saturation conditions (Figure
S86B, 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 S87-S103).

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 Mes;DBTD 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 S104-S109), 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.** Comparing these results with control CPE

experiments of 1,!° 2, DBTD,! TPTD, Mes;DBTD, and Ph,DBTD individually under aprotic



conditions (Figures S110-S113) also showed either no CO or the presence of non-quantifiable
amounts of CO (Table S41-S43). A similar phenomenon is observed when PhoDBTD is used as
the RM with 1 (Figure S114), but in this case the system has a FEco = 26+2% (Table S44) and
"H NMR of the post-bulk solution shows the appearance of carbonate (CO3%"), but no other carbon-
containing products (Figure S115). 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.

Discussion:

Here, both the experimental and computational data indicate that the RM is operating by
an inner-sphere mechanism under protic conditions (Figure 8). We propose that first, the four-
coordinate neutral catalyst, #, is reduced to the monoanionic Cr species ii. Based on calculations
previously performed on the co-electrocatalytic mechanism of 1, CO» readily binds to ii to form
[Cr—CO2] iii.® 1% 12 With PhOH present this species is protonated, binds DMF and is then reduced

to form the monoanionic [Cr—CO,H]" iv. The one electron reduced [RM]" binds to this species to
form v, which we proposed to be the key intermediate, gCr(COZ H) (RM) _2, stabilized by pancake

bonding between the one-electron reduced bpy-backbone and the n-framework of the reduced RM.
We propose that v is further stabilized when the n-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.® This species then releases

CO to form the monoanionic four-coordinate neutral Cr species ii, completing the cycle.
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Figure 8. Proposed catalytic mechanism for co-electrocatalytic CO> reduction by Cr and RM
under protic conditions where Cr is 1 or 2 and RM is DBTD, TPTD, Ph,DBTD, and Mes;DBTD.

Computational results show that the barrier for C-OH bond cleavage in all computed

gCr(COZH)(RM)_2 adducts is roughly equivalent for all possibilities and lower than the

corresponding solvento species gCr(COZH)(DMF)_l. 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 gCr(COZ H) (RM)_2 adducts suggests

that minimal changes exist in the bond between sulfone and Cr center, consistent with the proposal



that changes in dispersion effects and PB are responsible for the differences in binding energy.
Both TPTD and Ph,DBTD show increased activity compared to DBTD and Mes:DBTD 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 CO» 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.® This kinetic effect
at more positive catalyst standard reduction potentials was initially proposed to be the result of
Coulombic stabilization of a key [Fe—COz] intermediate, however, a later computational study
showed that the relatively long distance (3.8 A) resulted in effective charge screening by the
implicit solvent used.** Energy decomposition analysis showed that both through-space and
through-structure effects contribute to the stabilization of the [Fe—CO:] intermediate, with
through-structure being stronger, but both being necessary to kinetic enhancements at low applied
potentials. Nichols ef 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.*> Mechanistic experiments again



indicated that this observation resulted from stabilization of the [Fe—CO-] intermediate and not the
inclusion of acidic amide protons near the catalytic active site. Subsequently, Gotico et al.
demonstrate that using urea functional groups as multipoint hydrogen-bond donors in similar
frameworks could further enhance this kinetic stabilization effect.*® 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 CO:

reduction at lower catalyst standard potentials.*’

Our proposed mechanism for inverse potential scaling is unique with respect to these
previous examples. Unlike the use of electrostatic effects to stabilize bound CO, 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.

Conclusion:
These results show that by tuning properties of both catalyst and RM, an increase in activity
for the co-electrocatalytic reduction of CO:2 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 CO;
reduction. Consistent with the proposal in our initial report of co-catalytic systems with 1, 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.? 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.
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