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ABSTRACT: Enzymes and heterogenous catalysts for COz reduction reactions (CO2RR) use secondary interactions between
metal sites and protein-derived coordination spheres to control the precise transfer of protons and electrons to minimize
overpotential and maximize selectivity over the competitive hydrogen evolution reaction. We now report a molecular cobalt
(IT) complex [1-Co]?* that uses a similar strategy under homogenous condition through the use of a redox non-innocent
ligand, Hbbpya, containing two 2,2'-bipyridine chelating groups linked by a -NH moiety. By acting as a structural anchor to
form a hydrogen-bonded network of four phenol groups, the -NH group enables efficient binding and protonation of COz ata
cobalt center to form CO under electrocatalytic conditions at a moderate overpotential and with high selectivity. Methylation
of the -NH group in [2-Co]?* results in a loss of CO2RR selectivity and increased production of hydrogen. The complexes [1-
Co]?* and [2-Co]?*, and their one and two electron-reduced counterparts are extensively characterized by X-ray diffraction,
cyclic voltammetry, electron paramagnetic resonance and density functional theoretical calculations. The electronic structure
of the catalytically active doubly-reduced [1-Co]° and [2-Co]° can be best described as containing a cobalt(I) center and a
mono reduced ligand system. Most importantly, in stoichiometric reactions, due to the presence of an efficient proton relay,
[1-Co]° performs fast two-electron reduction of CO2z to form [1-Co]?* and CO, thereby, avoiding the formation of the high-
energy CO: radical anion, reminiscent of the CO2RR mechanism proposed in NiFe-carbon monoxide dehydrogenase. In
contrast, a one-electron chemistry prevails in reactions of [2-C0]°? and CO:.

redox transformations required to convert COz to value

1. Introduction added products. In this regard, the small size of the

The transformation of CO2 into valuable carbon-based fuels
through reduction presents a sustainable approach to
addressing global energy demands and reducing
greenhouse gas emissions.”> Efficient catalysts are
necessary that can selectively perform CO:z reduction
reactions  (CO:RR)  over the Kkinetically and
thermodynamically competitive hydrogen evolution
reaction (HER). Furthermore, selectivity is also desirable as
CO:z reduction can lead to a variety of products in a fairly
narrow range of potential (Scheme 1).67 Toward these
goals, design and detailed study of homogeneous molecular
catalysts is of particular relevance, as it may present us with
an opportunity to understand the individual electron and
proton transfer steps involved in the complex multielectron

molecular systems and the fact that they can be tuned with
a level of atomic precision offer potential advantages over
the related biological® and heterogeneous catalysts8-12 for
COzRR. However, despite advances in the development of
molecular catalysts with highly specialized ligand scaffolds,
including cyclams,317 porphyrins,'8-26 phthalocyanines,? 27
corroles,?8-2% and polypyridines,30-37 the factors that lead to
high product selectivity, low overpotential, high turnover
number, and compatibility with aqueous electrolytes while
avoiding off-pathway HER during homogenous CO2RR, are
not well understood.

Detailed efforts have also been investigated in
understanding the role of the ancillary ligands in the
catalytic cycles for multielectron, multiproton redox
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Scheme 1. Overview of the Generation of Different
Reduced C1 Products during COzRR.
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transformations of COz2. In particular, in presence of redox-
active moiety in the ligand backbone,?84? preferential
electron capture may occur in the ligand-based orbitals,
which will reduce the nucleophilicity of the metal center,
thereby, decreasing the probability of metal-hydride
formation, which is a prerequisite*3-#’ for the formation of
formate or Hz products (Scheme 1). The use of redox-active
ligands can also introduce basic sites capable of increasing
the local proton concentration near the catalytic center,?2 48
49 thereby, improving catalyst performance and selectivity.
Otherwise poorly basic positions in the ligand-backbone
can become proton-responsive upon ligand-based
reduction and may function as proton relays,%-54 thereby
affecting the rate of proton assisted multielectron
processes, like proton or COz reductions. 5557

In this work, we compare the electrocatalytic
COzRR activities and selectivities of two molecular catalysts
[1-Co]?* and [2-Co]?* (Scheme 2) that contain a Co(II)-

center that is chelated to two 2,2'-bipyridine (bpy) groups
linked by -NH or -N(CHs) groups, respectively. Notably, the
iron,’8 cobalt,>® and copper ®“complexes based on the -NH
bridged ligand, N,N-bis(2,2’-bipyrid-6-yl) amine (Hbbpya),
were previously shown by one of us as efficient catalysts
for water oxidation. The water oxidation mechanism of the
[Cu(Hbbpya)]?* complex,® in particular, has been analyzed
in details by theoretical studies. The deprotonated complex
[Cu'(bbpya) (H20)]* is proposed to be the predominant
species under catalytic conditions, and the Cu centre
retained its +2 oxidation state throughout the catalytic
cycle, thereby, highlighting the non-innocent character of
the Hbbpya ligand. The cobalt complex of a similar ligand
system with a -N(C4Ho) bridge between the two bipyridine
units has been utilized by Mulfort and coworkers®! for Hz
production. An intramolecular proton transfer step that
generates the H-H bond between the metal hydride and
ligand proton is proposed to be vital for catalytic efficiency.

The ability of the redox-active bipyridine
components and nitrogen groups, to participate in electron
and proton transfer steps, inspired us to investigate the
electrocatalytic COz2RR capabilities of [1-Co]?* and [2-Co]?*.
While the incorporation of the redox-active bipyridine
moieties within the ligand scaffold can lead to metal-ligand
orbital mixing and delocalization of electron density away
from the metal centre to favour CO:z reduction over H*
reduction, the proton channels mediated by the bridging -
NH and -NCHs groups can impact product selectivity.
Interestingly, although both [1-Co]?* and [2-Co]?* can
perform CO:RR with moderate overpotential (500 mV),
only [1-Co]?* exhibits the high selectivity for CO production
(~95%) in CH3CN by employing phenol as a proton donor.
The mechanism of CO2RR has been clarified using
theoretical and kinetic studies of the overall catalytic
reaction as well as of each step in the catalytic cycle and by
chemical and electrochemical reductions of [1-Co]?* to

Scheme 2. Electronic and Geometric Structures of (A) [1-Co]?*, (B) [(bbpya)Co]*, and (C) [2-Co]?* Investigated in the

Present Study for Electrocatalytic COzRR.
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Figure 1. Single crystal X-ray diffraction (XRD) structures of (A) [1-Co]?+, (B) [(bbpya)Co]*, (C) [2-Co]2+, (D) [(bbpya)Co]°, and
(E) [2-Co]*. Thermal ellipsoids are drawn at the 50% probability level. See Table S1-S2 for the details of the crysatallographic data.

access the catalytically active doubly-reduced species [1-
Co]® which interacts with COz to form [1-Co-COz]. The
difference in COzRR selectivity in [1-Co]?* and [2-Co]?* is
attributed to the requirement for both an efficient proton
shuttle and a redox non-innocent ligand for COz to CO
conversion. A hydrogen bonded phenol containing network
mediated by the -NH bridge in [1-Co]?* drives the efficient
protonation of [1-Co-COz] leading to high selectivity for
COzRR over HER.

2. Results and Discussion

Ligand Synthesis and Characterization.

The ligand N, N-bis(2,2'-bipyrid-6-yl) amine (Hbbpya) has
been synthesized in three steps (Scheme S1, Figure S1-S4
for detailed characterization) with a slightly modified
procedure as described previously.>® The deprotonated
ligand (bbpya) was synthesized by adding 2 equivalents of
potassium tert-butoxide (KO'Bu) in a dimethyl formamide
(DMF) solution of Hbbpya (Scheme S2)(see SI for detailed
synthetic procedure). The synthesis of bbpya, was
confirmed by 'H, 13C nuclear magnetic resonance (NMR)
and attenuated total reflectance infrared (ATR-IR)
spectroscopies (Figures S5-S7). Notably, bbpya lacks the N-
H signatures of Hbbpya in form of a resonance at 9.91 ppm
in 'H NMR and a N-H vibration at 3325 cm! in ATR-IR. The
ligand Mebbpya, N-([2,2'-bipyridin]-6-yl)-N-methyl-[2,2'-
bipyridin]-6-amine, was synthesized by the reaction of
Hbbpya with KO'Bu and methyl iodide (Mel) in (DMF)
under a Nz atmosphere (Scheme S3, Figure S8 for
characterization).

Synthesis and Characterization of the Co(II) Complexes.

The syntheses of the [1-Co]?* and [2-Co]?* complexes have
been achieved by stirring the corresponding ligands
Hbbpya and Mebbpya, respectively, with an equivalent
amount of cobalt triflate Co"(OTf)z in acetonitrile (MeCN)
for 12 hours followed by removal of the solvent under
vacuum to yield the complexes as light yellow powders in
~77% yield (see SI for detailed synthetic procedure). The
complexes were purified by recrystallisation from
MeCN/diethylether (Et20). Single crystals suitable for X-ray
analysis of the resulting complexes were obtained by vapor
diffusion of Et20 into saturated solutions of the complexes
in MeCN. The solid-state structures of both [1-Co]?*and [2-
Co]?* exhibit a distorted octahedral geometry with four N
atoms from the bipyridine moieties coordinated at the
equatorial position (Figure 1). In the case of [1-Co]?*, both
the axial positions are occupied by the triflate (OTf) anions
(Figure 1A), whereas for [2-Co]?*, the axial positions are
coordinated by one MeCN and one -OTf ion, respectively
(Figure 1C). °F NMR of the complexes in CD3CN (Figures S9-
S$10) revealed a peak at -78 ppm corresponding to free -OTf
anions, suggesting that in solution, the -OTf ions are quickly
exchanged with solvent MeCN molecules in the axial
positions. In [2-Co]?*, the four N atoms from the bipyridine
moieties in the equatorial plane form a torsion angle (N1-
N2-N3-N4) of 11.200°, which is slightly higher compared to
that in [1-Co]?* (9.68°) (Figure S11A-B). Interestingly, the
two bipyridine planes in [2-Co]?* form an angle of 33.94°
(Figure S12B) with each other around the cobalt center,
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Figure 2. X-band EPR spectra of (A) [1-Co]?*, (B) [(bbpya)Co]* and (C) [2-Co]2+ in frozen butyronitrile solutions. Conditions:
microwave frequency~ 9.37GHz, microwave power 0.016mW, modulation amplitude 0.5mT, temperature 14K. Experimental
spectra are shown in black and the simulations in red. The following parameters were used for the simulations: (A) gx = 2.254, gy =
2.220, g = 2.026, Iwpp = [2.65 0.95], |Aco |, /MHz= 27, 91, 249; (B) gx = 2.301, gy = 2.226, g» = 2.017, lwpp = 0.89, |Aco |, /MHz= 19,
21, 280, anisotropic broadenings (in MHz): HStrain(1) = 309, HStrain(2) = 144, Hstrain(3) = 50 ; (C) gx = 2.271, gy = 2.215, g. =

2.025,lwpp = 2.55, |Aco |, /MHz= 36, 63, 258.

implying a more distorted structure in contrast to [1-Co]?*,
where the angle is only 11.96° (Figure S12A). Moreover, for
[2-Co]?+, the Co atom is 0.151 A out of plane from the mean
plane connecting the four coordinating nitrogen atoms from
the bipyridine units, whereas, in case of [1-Co]?*, it's only
0.026 A. Thus, [2-Co]?* exhibits a greater degree of

Table 1. Comparison of Bond Lengths in [1-Co]?",
[(bbpya)Co]*, and [2-Co]?* from Their Molecular
Structures (Figure 1)2and DFT Calculations.P

8 ) /_\
c10 N3\ /4N
R—N5 2N/Co\\N1
VN N\
............. R=-H-CHO
[1-cop+  LPPPYAICOL 5 5
coni XRD 1968(1)  1964(6) 1.980(1)
0 DFT 1955 1.924 1.988
conz XRD  1924(1)  1889(6) 1.916(1)
DFT 1911 1.897 1.937
conz XRD 1921(1)  1905(6) 1.928(1)
DFT 1914 1.893 1.928
cona XRD  1974(1)  1937(6) 1.960(1)
DFT 1935 1.951 1.962
cons XRD 3219(1)  3.273(3) 3.202(1)
DFT  3.193 3.267 3.191
cions XRD 1372(2)  1348(9) 1.394(2)
DFT 1377 1.340 1.390
clons XRD 1375(2)  1324(9) 1.392(2)
DFT 1377 1.346 1.397

aall bond lengths given in A, b using the BP86 functional.

distortion in the ligand framework compared to [1-Co]?*.
The average Co-N bond distances in both [1-Co]?* and [2-
Co]?* are, however, identical at 1.946(1) A, which falls
within the range of reported polypyridine cobalt(Il)

complexes(Table 1).62 The 'H NMR spectra of [1-Co]?* and
[2-Co]?* show broad signals in the spectral window of +30
to -10 ppm, demonstrating the paramagnetic nature of the
complexes (Figure S13-S14). Similar electronic structures
for [2-Co]?* and [1-Co]?* in their ground state, in spite of
the slight differences in their geometrical structures, were
corroborated by the measurement of X-band EPR spectra,
which were recorded in frozen butyronitrile solutions at
14K. Both [1-Co]?* and [2-Co]?* exhibit an axial EPR
spectrum (Figure 2A, 2C), in which hyperfine splitting due
to 5°Co (I = 7/2) completely resolved along the z direction,
resulting in the g. component splitting into eight lines.
Simulations of the spectra unveiled optimised g tensors
with similar principal components [gsx gy gz] = [2.254,
2.220, 2.026] and [2.271, 2.215, 2.025] for [1-Co]?* and [2-
Co]?+, respectively, indicative of a low spin (S = 1/2) Co(II)
configuration with a dz? ground state. For [1-Co]?*, cobalt
hyperfine coupling constants [Ax, Ay, Az] = [27,91, 249] MHz
were determined, which is similar to those obtained for [2-
Co]?* ([36, 63, 258] MHz, Table 2.) Additionally, super-
hyperfine coupling due to two equivalent 14N (I = 1) nuclei
along the z direction (~40 MHz) could also be observed. The
sub-splitting into five lines with a characteristic 1:2:3:2:1
intensity pattern is, however, clearly resolved only for two
of the 5°Co splitted lines (the third and fourth from low
field). This super-hyperfine coupling probably originates
from the axially bound solvent (here, butyronitrile)
molecules. The characteristics of the EPR spectra of [1-
Co]?* and [2-Co0]?* are similar to those of the Co-complexes
based on similar ligand systems described by Mulfort and
coworkers,% wherein the 14N hyperfine splittings have been
assigned to two axial MeCN solvent molecules.

The complex [(bbpya)Co]* with the deprotonated
ligand was similarly obtained by reacting equimolar
amounts of Co"(0Tf)2 and bbpya in dry MeCN for 4 hrs (see
SI for detailed synthetic procedure, Figures S15-S16 for
characterization). Filtration of the resulting solution
followed by vapor diffusion of Etz0 into the filtrate at -25 °©
C yielded dark orange, needle shaped crystals of
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Table 2. Comparison of the g and Hyperfine Tensors for
the Cobalt Complexes [1-Co]?*, [2-Co]?*, and Their
Doubly Reduced Analogues from Least-square Fits of
the Spectral Simulations and DFT Computations.c

Complex g-values |A|, /MHz
[2.254, 2.220,
[1-Co? Exp. 2.026] 27,91, 249a
-Co|4*
DFT [2.120, 2.090, 35,42,221
2.008]
[2.271, 2.215,
[2-Cole Exp. 2.025] 36, 63, 258¢
-Co|4t
DFT [2.127,2.093, 31,58, 223
2.008]
[2.007,2.003,
Exp. 1.971] 0,43,18
[1-Co]? and 0,28,43>
DFT [2.007,1.998, SIS(;F;‘)ble
1.987]
[2.014,1.988,
Exp. 1.978]
[2-Co]® n.a.
DFT [2.007, 2.000,
1.989]

a hyperfine coupling for the 59Co nucleus, hyperfine coupling
for two inequivalent 14N nuclei, ¢ using the BP86 functional.

[(bbpya)Co]* suitable for X-ray analysis (Figure 1B). The
solid-state structure of [(bbpya)Co]* reveals a distorted
square pyramidal geometry around the cobalt center, with
four N atoms from the bipyridine moieties coordinated
equatorially at an average Co-N distance of 1.924(3)A,
indicating slightly shortened Co-N distances compared to
[1-Co]?>* and [2-Co]?** (Table 1). One of the two axial
coordination sites of Co is occupied by MeCN. Only one
counter anion was observed in the X-ray structure,
supporting a Co(II) oxidation state and an overall singly
charged complex, with a deprotonated amine moiety in the
ligand framework. The torsion angle (N1-N2-N3-N4) for
[(bbpya)Co]* is 12.91° , which is slightly larger compared
to [1-Co]?** (Figure S11). The X-band EPR spectrum of
[(bbpya)Co]* in frozen butyronitrile at 14K also exhibited
a signal characteristic of low spin Co(II) with well resolved
59Co hyperfine splitting (Figure 2B) along the z direction.
The perpendicular components of the spectrum are slightly
more broadened in comparison to those of [1-Co]?* and [2-
Co]?*. Simulation of the spectrum afforded the g components
lgx gy g-] = [2.301, 2.226, 2.017], thus slightly larger in the
perpendicular direction in comparison to [1-Co]?* and [2-
Co]?*. The 59Co hyperfine tensor [Ax, Ay, Az] =[27,91, 249] MHz
features the largest A, component of the three complexes.

Synthesis and Characterization of the Reduced
Complexes

[1-Co]?*/+/° and [(bbpya)Co]*/%/- Series: The black and red
traces in Figure 3 represent the cyclic voltammograms of
[1-Co]?* in MeCN solution containing 0.1 M [N(n-Bu)4]PFs
as the supporting electrolyte in a standard three-electrode
set-up consisting of a glassy carbon(GC) working electrode,

Current [uA]

24 21 48 45 12 -09
Potential vs. Fc/Fc* [V]

Figure 3. CV data of 0.5 mM solutions of [1-Co]2* (black trace),
[(bbpya)Co]*+, (blue trace) and [2-Co]2* (purple trace) under
Ar in dry MeCN with 0.1 M TBAPFs at a scan rate of 100 mV s-1.
The red trace shows the CV of [1-Co]2* when scanned up to -
1.65V.

a Ag/AgNOs reference electrode and a Pt-wire as counter
electrode. Ferrocene is used as an internal standard, and
potentials are referenced against the
ferrocenium/ferrocene couple (Fc*/Fc). Complex [1-Co]?*
features a reversible one-electron reduction at E72 = -1.21
V and two partially reversible reduction processes at Ered =
-1.78 V and -2.10 V (Figure S17A-F). We assign the first
reduction as cobalt centred and the second and third
reductions as ligand centred (Scheme 2) based on the
comparison of the CV of [1-Co]?* with the corresponding
Zn(II) complex (Table 3, Figure S18A, Figure S19-S20,
Figure S21A, and Table S3). This is also supported by

Table 3. Comparison of the Ei/z Values for the Redox
Processes of [1-Co]?*, [(bbpya)Co]*, [2-Co]?*, and the
Corresponding Zn(II) Complexes.2b

Complex Co*/*  L/L™- L~/L*
[1-Co]?+ -1.21  -1.78(red)c -2.114
[2-Co]?+ -1.06 -1.63 -2.02
[(bbpya)Co]* -1.27  -2.084 -
[1-Zn]?* - -1.71(red)c -1.84(red)c
[2-Zn]?+ - -1.64 -1.82
[(bbpya)Zn]* - -1.85 -2.12

aa]l values given in V vs. Fc/Fc*, b for the redox couples within
a potential window of —-0.8 Vto —2.5 V, cas these redox features
are irreversible, only the potential of the reduction peak is
given, 4 reduction of the bbpya ligand.

chemical generation of the reduced species in organic
solvents, and their characterizations by UV-Vis absorption,
EPR and where possible, by X-ray diffraction studies (Figure
S21A, Table S3). The UV-Vis spectrum of [1-Co]?* in MeCN
displays a series of electronic transitions at 228 nm, 253
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Figure 4. (A) Comparison of the UV-Vis spectra of 0.25 mM [1-Co]2*(black) with chemically generated [1-Co]*(red), [1-Co]° (blue),
and [(bbpya)Co]- (green) in MeCN at 25 °C. (B) UV-Vis spectra of 0.25mM [2-Co]2*(black), and chemically generated [2-Co]* (red),
[2-Co]? (blue) and [2-Co]- (green) in MeCN at 25 °C. (C) Comparison of the X-band EPR spectra of [1-Co]2+ (black)with those of the
chemically generated [1-Co]* (red), [1-Co]° (blue)?3, and [(bbpya)Co]- (green) complexes in frozen butyronitrile solution. (D)
Comparison of the X-band EPR spectra of [2-Co]2*(black), with that of the chemically generated [2-Co]* (red), [2-Co]° (blue), and
[2-Co]- (green) complexes in frozen butyronitrile solution. EPR conditions: concentration 1mM, microwave frequency ~9.367 GHz,
microwave power 0.016mW, modulation amplitude 0.5 mT. All optimized spin-Hamiltonian parameters are listed in Table 2.2

conditions for this measurement are reported in Figure S26.

nm, 281 nm, 328 nm, 346 nm, and a shoulder around
434 nm (Figure 4A, black trace, Figure S22). These bands
are tentatively assigned to the T to * transitions associated
with the bipyridine moieties in the ligand framework and
metal to ligand charge transfer (MLCT) transitions
consistent with previous observations for complexes
containing polypyridine ligands.6> %4 One electron reduction
of [1-Co]?* to form [1-Co]* by the addition of one equivalent
reductant (decamethylcobaltocene, CoCp2*) leads to the
appearance of characteristic new transitions in the near-
infrared (NIR) region at 827 nm and 937 nm (Figure 4A, red
trace). [1-Co]* can also be generated by electrochemical
reduction of [1-Co]?* at-1.36 V (Figure S23). The NIR bands
are red-shifted to 849 and 968 nm in [1-Co]° (Figure 44,
blue trace), which is generated by addition of two
equivalents of CoCpz2* to [1-Co]?>* or electrochemical
reduction at -1.8V (Figure S24). Further reduction of [1-
Co]?* by three equivalents of reductant leads to an increase
in intensity of the bands near the UV region (Figure 44,
green trace). As mentioned before, the X-band EPR
spectrum of [1-Co]?* revealed a low spin Co(ll) signal

(Figure 2A) with g tensors [gx, gy, 2] = [2.254, 2.220, 2.026].
[1-Co]*, in contrast, is EPR silent consistent with a low spin
Co(I) assignment (Figure 4C, red trace, Figure S25). The EPR
spectrum of [1-Co]°® at 14K revealed a signal that is
diagnostic of a ligand radical centred around gav=1.993 and
extending over 15 mT (Figure 4C, blue trace). The
simulation of the spectrum revealed a slightly rhombic g
tensor with principal components [gx gy, gzl
[2.003,2.007,1.971], and hyperfine interactions arising
from two inequivalent nitrogen atoms, supposedly of the
pyridinyl moeities, which exhibit different spatial
orientations, with hyperfine tensors of [0, 43, 18] MHz and
[0, 28, 43] MHz respectively (Figure 5A). Spin
quantifications (Figure S26) revealed that the S = 1/2 EPR
signal of [1-Co]° accounts for only 10% of the initial Co(II)-
spins, as represented by the [1-Co]?* spins, thus implying
that [1-Co]° is metastable, and that a majority of it decays to
an EPR silent species. The nature of this species could be
established by chemical reduction of [1-Co]?* by two
equivalents of CoCpz* in MeCN.
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Figure 5. X-band EPR spectra of (A) [1-Co]° (experimental: blue and simulation: red), (B) [(bbpya)Co]-1 (experimental: green and
simulation: red) and (C) [2-Co]? (experimental: blue and simulation: red) respectively. The following parameters were used for the
simulations: (A) gx = 2.007, gy = 2.003, g. = 1.971 , lwpp = [ 1.97 0.96] , |Ax |, /MHz= 0, 42, 18, |Ax’|, /MHz= 0, 28, 43. (B) gx = 2.002,
gy=g.=1.970,lwpp =1.88, |An |, /MHz=0, 6, 36. (C) gx = 2.014, gy = 1.988, g. = 1.978, lwpp = [ 2.44 0.42] , anisotropic broadenings

(in MHz): HStrain(1) = 0, HStrain(2) = 38, Hstrain(3) = 134.

Single crystals suitable for X-ray diffraction studies
were obtained by vapor diffusion of Et:0 into a
tetrahydrofuran (THF) solution. The solid-state structure
revealed the formation of a neutral [(bbpya)Co']® (Figure
1D) species comprising the deprotonated Hbbpya ligand.
The bbpya ligand surrounds the cobalt(I) ion with a torsion
angle (N1-N2-N3-N4) of 15.69° (Figure S11D), which is
slightly larger than that in [(bbpya)Co"]* (12.91 ° ,Figure
S11C). Intriguingly, the average Co-N distance in
[(bbpya)Co']® of 1.877(5) A (Table S4) is significantly
shorter than the average Co-N distance in [(bbpya)Co]*
(1.924(3) A), hence, establishing a stronger metal-to-ligand
back donation from the electron rich Co(I) center.
Electrochemical generation of [1-Co]° by electrolysis at-1.8
V also leads to the decay of [1-Co0]?, as evident from the low-
yield (~10%) generation of [1-Co]® (Figure S25, green
trace), as obtained from EPR spectroscopy. The conversion
of S = 1/2 [1-Co]° to the EPR silent S = 0 [(bbpya)Co']°
species is associated with the stoichiometric release of
hydrogen (Scheme 2A), which was detected by gas-
chromatography (Figure S27). This dehydrogenation step is
an inherent property of the reduced Hbbpya ligand.
Accordingly, the corresponding [(Hbbpya)Zn"]?+ ([1-Zn]?*)
complex undergoes a similar dehydrogenation step to yield
[(bbpya)Zn'']*, as evident from X-ray diffraction, NMR, and
EPR studies (Scheme S4 , Figures S28-S30). The complex
[(bbpya)Co']® can be further reduced by one electron to
[(bbpya*)Co']; which exhibits a § = 1/2 signal with gay =
1.980 and a width of 14.3mT, indicating that the unpaired
electron resides in a ligand centred orbital (Figure 4C, green
trace). The best simulation result was achieved with a
slightly axial g tensor [g1, gy] = [2.002, 1.970] and only one
14N hyperfine interaction prevalent along the parallel
direction with a coupling constant A, of 36 MHz (Figure 5B),
supposedly also representing pyridyl nitrogen(s). The
[(bbpya*)Co'] complex is also accessible by two electron
reduction of [(bbpya)Co']*, as corroborated by the
presence of two reduction processes in the CV (see Figure
3, blue trace, Scheme 2, and Figure S31).

[2-Co]?+/+/0/- Series: The CV of [2-Co]?* (Figure 3, purple
trace) shows three reversible redox couples at-1.06 V, -1.63
V and at -2.02 V (Figure S32). These values are consistent
with those of a previously reported cobalt complex of a
similar ligand system with a -N(CsHos) bridge between the
two bpy units instead of -N(CH3), as detailed by Mulfort and
co-workers. ¢1.63 Notably, all three redox couples are slightly
shifted anodically in comparison to [1-Co]?* (Table 3).
Again, based on comparison to the corresponding Zn(II)
complex (Figure S18B, Figure S21B, Figures S33-S35, Table
S3), we assign the first reduction event at -1.06 V as a metal
centred process, while the subsequent events likely pertain
to ligand centred processes (Scheme 2). One electron
reduction of [2-Co]?* also leads to the appearance of near-
IR bands in the UV-Vis absorption spectrum (Figure 4B, red
trace); the bands in EPR silent (Figure 4D, red trace) [2-Co]*
are observed at 832 and 945 nm, which are significantly red
shifted compared to [1-Co]*. Single crystals of X-ray quality
were obtained by slow evaporation of a propionitrile
solution of [2-Co]*. The X-ray diffraction analysis revealed
that [2-Co]* has a distorted square planar geometry (Figure
1E). The average Co-N distance in [2-Co]* is 1.887(7) A ,
which is significantly shorter than that in [2-Co]?*(1.946(1)
A), stressing a stronger Co(I) to ligand back-bonding
interaction in [2-Co]*. Further reduction leads to the
generation of [2-Co]°, where the near-IR absorption
features are red shifted to 942 and 1035 nm (Figure 4B, blue
trace), respectively. [2-Co]? is an EPR active species, as
expected, exhibiting a ligand based radical signal (Figure
4D, blue trace), which is centred around gav = 1.993, extends
over 20 mT, and is more rhombic in comparison to [1-Co]°.
The principal g components for [2-Co]® were determined as
g% gy, g2] = [2.014, 1.988, 1.978] from simulation (Figure 5C,
Table 2). While no hyperfine splitting structure is resolved in
the signal, residual hyperfine couplings from the 5°Co and/or
14N centres likely contribute to its linewidth, which has been
accounted for in the simulation by an anisotropic broadening.
Complex [2-Co]° could be further reduced by one electron
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Figure 6. Spin density plots at an isovalue of 0.003 as obtained
from DFT at the BP86 level for (left) [1-Co]2*, where the
unpaired electron is located in a dz2-type orbital; (right) [1-
Co]* where a low-spin Co(I) center is ligated to a single
unpaired electron delocalized over the entire ligand .

to generate [2-Co]-, which is EPR silent (Figure 4D, green
trace).

Electronic Structure Calculations

To aid the interpretation of the experimental results and verify
their implications for the electronic structure of [1-Co] and its
derivatives, we have conducted a series of electronic structure
calculations on the DFT level of theory. Prior to any discussion
of our results, we would like to point out that all electronic
states that feature antiferromagnetically coupled electron
spins, were described within the BS-DFT formalism. In
agreement with the X-band EPR results, various density
functionals of GGA (BP86) and hybrid type (TPSSh and B3LYP)
predict a low-spin Co(II) center with total spin of S =1/2 for [1-
Co]2+. The spin density shown in Figure. 6A reveals that the
unpaired electron is located in a d-? -type orbital of the Co
center and the computed g values of 2.120, 2.090 and 2.007
(BP86) reproduce the experimentally observed values well
(Table 2, Table S7). For the one-electron reduced species [1-
Co]*, the GGA functional BP86 converges to a Co(I) low-spin
state (S = 0), which is consistent with the experiment. However,
the other tested density functionals lead to a different
electronic ground state with a low-spin Co(Il) center whose
spin is antiferromagnetically coupled to a ligand radical (Figure
6; left). Our somewhat mixed findings demonstrate the
complicated character of the electronic structure in [1-Co]*.
Accordingly, initial studies with multireference (MR) electronic
structure methods indicate that the electronic ground state of
[1-Co]* is multiconfigurational in nature which has previously
been observed for other cobalt complexes with redox non-
innocent ligands.67-68 [n fact the NIR features at 827 nm and
937nm in the absorption spectrum, which presumably
originate from a Co(]) to ligand charge transfer transition in [1-
Co]*, corroborate that the Co(Il)-ligand radical state is indeed
close in energy relative to the ground low-spin Co(I)
configuration (Table S5). Upon a second reduction process, [1-
Co]? is formed. For this species, BP86 predicts a low-spin Co(I)
ground state that features a single unpaired electron
delocalized over the entire ligand (see Figure 6, right).
Comparison of the BP86 computed g values of 2.007, 1.998,
1.987 with their experimental counterparts (Table 2) indicates
that this state is realistic (Table S7). Furthermore, our
computational results indicate that the electronic ground
states of [2-Co]2+/+/0 have the same general character as the
corresponding [1-Co]2+/+/0 complexes (Table S8-S9).

Electrocatalytic Reduction of CO: Catalyzed by [1-Co]?*
and [2-Co]?* in MeCN.

In spite of their similar electronic structures, [1-Co]?* and
[2-Co]?>* exhibit different reactivities and product
selectivity towards electrocatalytic COz2reduction reactions.
The different CO2RR abilities are reflected in the CVs of
[1-Co]?* and [2-Co]?* in the presence of CO: (Figure 7). In
[1-Co]?* (Figure 7A) the first two redox processes become
irreversible and undergo a cathodic shift relative to the CV
under argon. The most cathodic redox couple also becomes
completely irreversible; however, it is anodically shifted
with a 4-fold enhancement of peak intensity, even in the
absence of any added external proton source. The CV of [2-
Co]?+, in contrast, is less affected by the presence of CO:
(Figure 7B). For [1-Co]?* addition of a proton source in a
CO2 saturated MeCN solution triggers the emergence of
significant catalytic current with an onset potential of about
-1.65 V (corresponding to the [1-Co]*/[1-Co]® couple),
reaching a maximum at -2.1 V (Figure 7C). The current
increases with increasing phenol concentration and reaches
a plateau with 2.5M phenol concentration (Figure S36). This
increase in current could be attributed to enhanced CO:
reduction activity of [1-Co]?* in the presence of an acid

source (3M phenol) with a lf—‘” ~ 28. Incidentally, the first
P

reduction event remains nearly unchanged (Figure 7C,
inset), thereby establishing [1-Co]® as the reactive
intermediate responsible for CO2RR activity. For [2-Co0]?*, a
similar increase in activity (icet/ip) and positive shifts in the
onset potential could be observed in the presence of both
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CO2 and phenol (Figure 7D), but the magnitude of the

catalytic current is significantly smaller (X% ~ 10) relative

p
to [1-Co]?* when recorded at the same scan rate. These
findings suggest that [2-Co]?* is less effective in promoting
CO2 reduction in the presence of phenol, highlighting the
importance of the secondary coordination sphere (-NH vs -
NCH3 in [1-Co]?* and [2-Co]?*, respectively) in modulating
the CO2RR activity.

Controlled Potential Electrolysis (CPE) Studies for
Direct Product Measurements of Electrochemical
COzRR Catalyzed by [1-Co]?* and [2-Co]?".

To verify our findings regarding the trends of CO2RR activity
of [1-Co]** and [2-Co]?>* from CV experiments,
chronopotentiometry was conducted over 8h using a
0.5 mM complex solution in MeCN with 3 M PhOH as a
proton source at a constant COz pressure (1 atm). The
gaseous products were analysed in two-hour intervals for
the entire 8h period by injection into a gas chromatograph
with barrier discharge ionization detector (GC-BID).

At a potential of -1.8 V, [1-Co]?* shows a faradaic efficiency
(FE) of 79% for CO and only 2% for H: after Zh of
electrolysis (Figure8, Table 4). Over the 8 h of catalysis, the
FEn2 slightly increases up to 7%, while the FEco remained
stable at 75% with a selectivity of 95 % for CO. The high
selectivity for CO production and the overall FE are also
maintained in the corresponding deprotonated complex,
[(bbpya)Co]* (Table 4) over 8h. Bulk-electrolysis at a
potential of -1.68V, which is slightly more positive
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compared to [1-Co]?*, again produced CO nearly as the sole
product with a FE of 2 90%. The whole 8 hours of catalysis
produced only negligible amounts of Hz (FE of <2%). The
replacement of the -NH group in [1-Co]?* by-NCHs in [2-
Co]?*, however, led to a significant decrease in selectivity
for CO production and also in the overall activity (CO+H:
production all together). After 2 h of electrocatalysis by [2-
Co]?*at-1.75V, FEs 0of 40% and 26% are detected for CO and
Hg, respectively. The extent of HER increases with time and
H2 becomes the predominant product (over 60 % selectivity

[ve]

o

R
)

Current [pA]
A
o

&
o

-80 4

-100
-24 -2.1 -1.8 -1.5 -1.2 -0.9

Potential vs. Fc/Fc* [V]

501 50 AI o]

Current [pA]
N
o an o
o o o

—Ar
——CO02 + 3M Phenol
-250 4

1.8 15 12 -0.9

-300
-24 -2.41 -1.8 -1.5 -1.2 -0.9

Potential vs. Fc/Fc* [V]

Figure 7. CVs of 0.5 mM Ar (black) and COz saturated (red) MeCN solutions of (A) [1-Co]2+ and (B) [2-Co]2* in presence of 0.1M
TBAPFs. The corresponding CVs in presence of both COz and 3M phenol as proton source for [1-Co]2+ (blue) and [2-Co]2+ (green)
are shown in (C) and (D), respectively. Scans were performed at a scan rate of 100 mVs-1.
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Figure 8. Results of the product analysis of the long-term
electrolysis of COz saturated MeCN solutions of [1-Co]2+ (A),
[(bbpya)Co]* (B), and [2-Co]2+ (C) at -1.80 V, -1.69 V
and -1.75 V, respectively, in presence of 3 M PhOH.

for Hz production) between 4 and 8 h of electrocatalysis
(Figure 8, Table 4).

Kinetic Analysis of Electrochemical COz2RR Catalyzed by
[1-Co]?* and [2-Co]?+.

Encouraged by the high selectivity of [1-Co]?* for
electrochemical CO2RR, and the change of selectivity for [2-
Co]?* towards competing HER we sought to evaluate the
kinetic factors leading to the different selectivity in [1-Co]?*
and [2-Co]?*. Accordingly, CV studies were conducted using

increasing phenol and phenol-d® concentrations (0.5 M-
3 M) (Figure S36-S37). The catalytic current increased
linearly with increasing H*/D* concentrations, and
plateaued at a 2.5 M concentration of PhOH/PhOD. Kinetic
isotope effect (KIE) values were determined from the linear
plots of (leat/I;) with respect to PhOH or PhOD
concentrations measured at a scan rate of 0.1 V/s. A KIE
value of 1.13 was calculated for [1-Co]?* (Figure S36),
which is consistent with the formation of a [Co-COzH]
intermediate (Scheme 1), and the involvement of a rate
determining hydrogen-bond mediated proton transfer step
in the C-OH bond cleavage process to yield CO.18 69-70
Interestingly, a significantly higher KIE of 7.73 was
determined for [2-Co]?*(Figure S37), which suggests the
generation of a Co-H intermediate (Scheme 1), instead.*+ 71-
72 Co-H can react either with a proton to produce Hz or with
COz to generate formate (HCOz; Scheme 1). The selectivity
between Hz and HCO2 largely depends on the hydricity of
the generated Co-H and the pKa of the proton donor during
catalysis.*” A hydricity of 42.42 kcal mol! (see SI) has been
determined for the cobalt-hydride species generated in the
reaction of [2-Co]° and H* using the empirical equation
developed by Kubiak et al*5 and the experimentally
determined reduction potential (E1/2) for the catalytically
relevant [2-Co]*/° couple. Based on the thermodynamic
product diagram describing metal hydride reactivity with
protons and CO: in acetonitrile,*> 47 [2-Co]?* operates in a
zone where H: evolution is energetically much more
favourable in comparison to the generation of HCO:H ( see
SI for details). For the preferential generation of HCO:H at
the pKa of the experimental condition, the hydricity value of
the corresponding metal hydride has to be below 40 kcal
mol-1.45-46 This explains why no HCO:H is detected during
electrocatalytic CO2RR mediated by [2-Co]?*.

Table 4. Quantification of the Gaseous Products During CPE of [1-Co]?*, [(bbpya)Co]* and [2-Co]?*ab

FE /% Selectivity (CO)
Complex Ea \% Time /h C " ITON (CO)c
p pp/ / ™ 0 Q/ % (CO)
2 2 79 2.9
4 3 83 5.4
[1-Co]?* -1.8 95 52
6 4 74 7.1
8 7 75 8.4
2 0 89 0.9
[(bbpya)Co] 1.69 i 0 oz L9 92 22
a)Col* —1.
by 6 2 79 3.1
8 2 84 45
2 26 40 1.5
4 35 31 2.2
[2-Co]2* -1.75 40 5
6 42 36 2.6
8 37 32 3.0

aConditions: 0.5mM complexes in COz saturated MeCN with 3 M phenol as proton source, breported values are averages from three
or more independent measurements, cTON is given after 8 h of electrolysis, TON has been calculated from the total amount of product
formed (CO) after 8 h of electrolysis with respect to catalyst concentration.
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Figure 9. (Right) Proposed reaction mechanism for COz reduction by [1-Co]2+ in the presence of 3 M phenol; (Left) Proposed
intermediate stabilised by H bonding from second-sphere histidine and lysin residues during CO2 activation by the [NiFe]-CODH

enzyme.

Stoichiometric Reactions of [1-Co]° and [2-Co]° with H*
and COz.

The conclusions derived from the kinetic analysis of
electrocatalytic CO2RR are also supported by the kinetics of
the stochiometric reactions of CO: and PhOH with
chemically generated doubly reduced [1-Co]° and [2-Co]°
complexes. Notably, reaction of [1-Co]® with CO2 at room
temperature led to the stoichiometric formation of CO with
the concomitant formation of the two electron-oxidized [1-
Co]?* species, as evidenced by EPR and UV-Vis studies
(Figures S38-S39). Reaction of the in-situ generated [1-Co]°
with CO: saturated acetonitrile (0.28M CO02)73 was
monitored by UV-Vis spectroscopy, and the kinetics were
evaluated by monitoring the decay of the characteristic NIR
band of [1-C0]? at 968 nm over time at -10°C (Figure S40A).
The decay of the band follows a first-order Kkinetics, for
which a pseudo-first-order rate constant of 0.197 s! was
determined (Figure S40B). [1-Co]° also decays in presence
of H* (0.28M PhOH) to form first the one-electron oxidized
[1-Co]* species, which then decays at a rate 54 times slower
(Figure S41) than that obtained for CO.. In [2-Co]° the
reactivity trend is reversed; a much faster reaction with H*
is observed leading to the stoichiometric formation of Ha
(Figure S42). Furthermore, in contrast to [1-Co]° which
acts as a two- electron reductant for COz, [2-Co]°® can only
transfer one-electron to CO2 forming the one-electron
oxidized [2-Co]* species, as evident from the immediate
generation of the UV-Vis band at 945nm corresponding to
[2-Co]*, in the reaction of [2-Co]° with COz (Figure S43). We
envisage, that an efficient proton coupled electron transfer
in the transient [1-Co!-CO2*] in presence of the -NH bridge
in the Hbbpya ligand leads to barrier less generation of [1-
Co"-COzH], which then undergoes spontaneous C-OH bond
cleavage to form CO and [1-Co]?*. This is also supported by
our theoretical calculations (see below). For the
corresponding complex involving the Mebbpya ligand, in
contrast, the protonation step is much slower, so that the
[2-Co'-CO2"] species has sufficient life-time to decay to [2-
Co]*and presumably C-C coupled products. Indeed, oxalate
is detected in the reaction in 10% yield. This also explains

the significantly lower FE of [2-Co]?* for CO and H:
production compared to [1-Co]?*(Figure 8, Table 4).

Proposed Mechanism Supported by DFT Calculations.
Based on these findings, a reaction mechanism can be
proposed for catalytic COz reduction by [1-Co]?* in the
presence of phenol as an acid source (Figure 9). The starting
[1-Co]?* must initially undergo a two-electron reduction
process to form [1-Co]°. In the absence of any substrate
(proton/CO2) the ligand undergoes a dehydrogenation
process to generate [(bbpya)Co]® (Scheme 2). The
calculated thermodynamic Gibbs free energy of -8.35 kcal
mol! using BP86 functional agrees with the spontaneous
dehydrogenation process from [1-Co]° (Table S14). Our
DFT calculations show that the -NH group in [1-Co]°
interacts via a hydrogen bond to a phenol moiety and
thereby acts as a structural anchor to organise further
phenol molecules that form a hydrogen bonded network.
This network efficiently stabilizes [1-Co]® and prevents a
dehydrogenation reaction. Moreover, the phenol network
facilitates the binding of CO2z to the Co center in [1-Co]°.
When four phenol molecules are assembled in the hydrogen
bonded network and a CO2 molecule approaches the Co
center, formation of [1-Co-COz] is exergonic by AG = -4.1
kcal moll. Interestingly, our simulations indicate that
formation of a hydrogen bond to one of the adjacent phenols
adds substantially to the negative free energy of this step
(see Figure 10). In [1-Co-COz] the bound substrate interacts
via hydrogen bond with one of the present phenol
molecules. The same phenol can readily transfer its proton
to the carboxylate group and the resulting phenolate is then
stabilized by three neighbouring phenol molecules, one of
which is polarized by a hydrogen bond to the NH group of
the Hbbpya ligand.

When less than four phenol molecules are involved, the
protonation of [1-Co-COz] is less feasible. If only a single
phenol acts as proton source the reaction is predicted to be
endergonic by AG = +5.2 kcal mol! At this point it should be
noted that in [1-Co-COz], a direct interaction between the
NH moiety of the ligand and the bound CO: substrate is
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Figure 10. Free energy profile of CO2 reduction by [1-Co]° as obtained from DFT calculations (Tables S15-S17). TS1 corresponds to
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COzH]. The CO highlighted in blue indicates that the CO molecule has been computed separately leading to a considerable gain in
translational entropy. AH is a cluster of 4 phenol molecules while A- is a cluster of 3 phenols with one phenolate.

impossible on account of their large spatial separation of
4.13 A and the unfavorable N-H-0 angle of 39.8 °. Analogous
to its effect on substrate binding, loss of the phenol network
also impedes the subsequent protonation of [1-Co-COz]. If
only a single phenol acts as proton source the reaction is
predicted to be endergonic by AG = +5.2 kcal mol. In [2-
Co]°, owing to the absence of any anchor for a H-bonded
phenol network, presumably both COz and H* compete for
binding to the Co center, leading to the observed loss of
selectivity (see Scheme S5 for the proposed mechanism).
Notably, proton transfer chains as the one proposed here
are well known and excessively studied in water
networks.”475 At this point we would like to emphasize that
our results rather provide a “proof of principle” for the
sequential proton transfer, stabilization of the phenolate
and the involvement of the NH moiety as an external
polarizer and directing group. Of course, larger networks of
phenols as well as networks that also involve water
molecules (which are progressively formed during the CO:
reduction reaction) can facilitate the proton transfer.
Moreover, we do not further dive into the intricacies of the
dynamics of these proton transfer networks as this is well
beyond the scope of this study and not expected to yield
information that are relevant in this context. After one
proton is transferred, we assume that the phenol group is
readily recharged by either the excess phenol or water that
is being formed during the reaction. The subsequent second
protonation step that leads to the formation of [1-Co-CO]
and water is again facilitated by a phenol mediated proton
transfer to the COH group. However, owing to the C - O

bond breaking this step is associated with a reaction barrier
of AG# = 6.0 kcal mol-. TS3 is depicted in Figure 10.

3. CONCLUDING REMARKS

In nature, the enzyme CO-dehydrogenase (CODH) catalyzes
the selective and reversible (2e- + 2H*) conversion of COz to
carbon monoxide (CO), whereby efficient COz2reduction and
protonation at a binuclear NiFe cluster is mediated by
hydrogen bonding interactions from appropriately
positioned amino acid residues, as revealed by structural
studies of the active site.> 7¢77Pendant proton donors also
facilitate catalysis of HER in nature, for example hydrogen
evolution at the diiron site in FeFe-hydrogenase.> 78 These
studies have inspired the development of biomimetic
COzRR and HER catalysts that involve a transition-metal
center surrounded by ligands with pendant proton
donors.?2 48, 7983 For example, in CO2RR, which is more
relevant to the present study, the electrochemical COz-to-
CO activity of metal complexes was previously shown to
increase with the incorporation of pendant phenol or
secondary amine moieties into the ligand scaffold. The
higher efficiency and product selectivity have been
attributed to stabilization of the bound CO: by
intramolecular hydrogen bonds. In the present report of the
electrocatalytic CO2RR mediated by [1-Co]?* such a H-
bonding of the COz adduct is, however, unavailable; the ring
deformation required to position the N-H of the rigid
Hbbpya ligand for CO2 binding comes at a high energetic
cost, and is inaccessible under catalytic conditions. The
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observed lower catalytic efficiency and selectivity of the
methylated analogue, [2-Co]?*, can rather be explained by
the differences in the two protonation steps following CO:
binding that are necessary for the release of CO. Notably,
enhanced currents are observed at potentials near that for
the [1-Co]*/° or [2-Co]*/° couples upon addition of CO,
suggesting that [1-Co]° or [2-Co0]° can bind the substrate to
form [Co(CO2)] adducts. Stoichiometric and kinetic studies
and complementary DFT calculations suggest that the
protonation of [2-Co-C02]° occurs slowly and sequentially,
with the first protonation forming a COOH ligand and the
second protonation cleaving the C-OH bond to form water
and CO. The direct binding of H* to form a Cobalt-hydride
species competes with the COz binding to the Co center, as
evidenced by the large PhOH/PhOD KIE of 7.73 in the
reaction, and formation of both Hz and CO products. The
reaction of [1-Co]® with COz in contrast, leads to the
formation of the two-electron oxidation product [1-Co]?*,
with the concomitant release of CO. Thus, the two
protonation steps occur very fast in a concerted way from
PhOH to CO: and mediated by an efficient H-bonded
network involving four PhOH moieties and -NH group of the
Hbbpya ligand, as corroborated by the relatively lower
PhOH/PhOD KIE of 1.13. This also leads to the observed
much faster reaction of [1-Co]® with CO: relative to H*
which explains the high CO selectivity in CO2RR. The CO2RR
mechanism in [1-Co]?* is, therefore, reminiscent of the
proposed two-electron reduction of CO; at the Ni(0)Fe(II)
center in NiFe-CODH to form Ni-(COz%)Fel,, where the CO2%
moiety is stabilized by H-bonding interactions involving the
protein residues (Figure 9 inset).”” Notably, in preliminary
studies in water, an efficient proton channel is available for
both complexes and the difference in selectivity diminishes
and both complexes exhibit high TON and TOF. In the
absence of any stabilizing H-bonding interaction, one-
electron chemistry prevails in the reaction of [2-Co]° and
CO:z to form the high-energy CO: radical anion product,
which is avoided in biology and in [1-C0]°. CO2RR mediated
by [1-Co]?*, therefore, provides a relevant model for
biological systems, and offers a framework for tuning the
effect of the second coordination sphere on CO:z reduction,
and more generally, on multielectron, multiproton
reduction reactions.
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